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Abstract

The atomic structure of a series of sodium iron phosphate glasses is studied using
different experimental techniques: X-ray and neutron diffraction, infrared
spectroscopy, extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near edge structure (XANES). Detailed information about the atomic
pair correlations is obtained. The high resolution of neutron diffraction in real
space resolves two P-O distances at 1.48 A and 1.59 A as expected. All the
glasses are found to consist of a phosphate tetrahedral network with
metaphosphate chains and pyrophosphate units, and every phosphate unit is
found to have two or three non-bridging oxygen (NBO) links available to
coordinate with Na and Fe cations. The Fe-O coordination number in these
glasses is found to decrease from 5.7 to 4.8 with increasing the Fe content,
whereas the Na coordination number of approximately 5 is detected for all the

samples.
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1. Introduction

Although there are limited recorded applications of phosphate glasses due to
their poor chemical durability [1], the interestinthese glasses has
grown up recently. This growth comes as a result of adding cation additives to
the phosphate glasses as these additives are found to improve the properties of
these glasses. For example, the addition of iron oxides to phosphate glass gives
extremely good resistance to hydrolysis [2]. Good chemical durability of iron
phosphate glass has opened a huge area of potential applications, such as
producing effective laser materials [3] and for vitrification of high-level nuclear
waste (HLW) [4, 5]. This has been recognised as due to the replacement of P-O-
P bonds by the Fe-O-P bonds and the strong cross-linking of the P chains by the
Fe ions. The Fe®" cation is suggested to strengthen the network of the phosphate
glasses and most likely to act as a network former [6]. Although the majority of
HLW, which is highly radioactive and heat-generating, is currently immobilised
by vitrification in borosilicate glasses, iron phosphate glasses are found to be
more effective [7]. This is because borosilicate glasses have some shortcomings
which include a narrow capacity to immobilise certain elements, e.g., P, S, Mo,
noble metals and halogen [7]. P2Os—Al,03—Na>O glasses have been used in the
immobilisation of Russian HLW, and currently interest is shown in the P>Os—
Fe2O3 system due to its thermal properties, chemical durability, waste-loading
and elemental solubility properties [8]. Fe2O3—P20Os glasses with high Fe2Os
content have received a lot of attention as they display short-range
antiferromagnetic ordering at low temperatures [9]. In addition, iron phosphate

glass fibres have been found to own excellent modulus values and strength that



permit them to rival E-glass [10]. Such glasses are also of extensive importance
because of their semiconducting properties arising from the presence of both
oxidation states Fe?* and Fe* [11, 12] .

An investigation of sodium iron phosphate glass proved that the addition of Na to
iron phosphate glasses has an effect on the chemical durability, glass transition
temperature and thermal expansion coefficient [13]. Additionally, Na-Fe
phosphate glasses were found to have a good chemical durability in water and
saline solution [6]. Yu et al. [6] reported that the P-O network becomes stronger
with increasing Fe;Os or Na)O content, however, several years ago most
published articles about phosphate glasses for waste immobilisation placed
emphasis on Pb-Fe phosphate glasses [14, 15]. The effect of modifier additions,
including Na on the thermal properties, chemical durability, oxidation state and
structure of Fe-P glasses has been recently studied by Bingham et al. [16],
however, concern remains regarding studying the structure of Na-Fe phosphate
glasses. This is significant in order to understand the effect of network modifier
Na* as well as the environment of iron in different compositions which can be

relevant to achieving the immobilisation of nuclear wastes.

This work is directed toward sodium iron phosphate glasses with composition
(40-x)Na20. xFe203.60P20s where x = 10, 20, 30 and 40. These compositions
have been chosen as they represent the glass-forming region as reported by
Parsons and Rudd [17]. The O/P ratio in these glasses is in the range of
metaphosphate to pyrophosphate compositions [3]. A range of techniques were
therefore applied to sodium iron phosphate glasses, including X-ray and neutron
diffraction, X-ray absorption spectroscopy,®” FTIR spectroscopy and X-ray

fluorescence spectroscopy. Different cations may give rise to the structural



differences in either crystalline or glasses samples [18]. The detailed
investigation of these particular compositions is helpful in presenting a thorough
understanding and the determination of the changes induced by adding Fe or Na.
Hoppe et al. [19, 20] reported that both the type and the concentration of metal
ion have been found to affect the P-Op and P-On, bond distances and the
differences between the two bond distances become smaller as the attractive

forces of metal cation increase.

Previous infrared and Mdossbauer spectroscopy measurements [21] of Na-Fe
phosphate glasses showed that the increase in Na2O or Fe;O3 content led to a
change of iron coordination from FeOe to FeOs. Moreover, X-ray photoelectron
and Mossbauer spectroscopy indicated that Fe?* and Fe®* were present in the

glasses and improve the chemical durability with increasing Fe* concentration

[6].

2. Method

2.1. Glass preparation

Raw materials including sodium pyrophosphate (NaszP.0O7), ammonium
phosphate monobasic (NHsPO4) and iron oxide (Fe-Oz) are mixed in a Pt/Au
(5%Au/95%Pt) crucible. The mixtures are melted at 1,200°C for two hours in a
Carbolite AAF 1200 Furnace. After two hours the samples are quenched to the
room temperature in air by pouring on to a copper plate. Four compositions of
the Na,O-Fe,03-P20s system have been investigated in this work and are listed
in Table 1 with their densities, which have been measured using a helium

micropycnometer. Moreover, other initial sample characterisations have been



performed using TGA/DTA to measure the onset glass transition temperatures,
Tg, which are reported in Table 1. The Tq values are found to be in agreement
with those reported by Parsons and Rudd [17]. Both the density and the glass
transition temperature increased with increasing iron oxide as expected, however,
a maximum is observed at around the 30% Fe>O3 content after which Tg falls, as
observed by [17]. The T4 value decreased slightly in the sample with 40% Fe>O3
which has been reported to have the best chemical durability [22]. This effect can
be attributed to the inclusion of Fe ions in the phosphate backbone and indicates

the structural changes.

2.2. FTIR spectroscopy
Infrared spectra are measured by a Varian 660 FTIR spectrometer controlled by
Resolution software. Samples are mixed with dry KBr in the ratio of 4:200 and

measured for 16 scans in transmission mode over the range 4,000-400cm,

2.3. X-ray fluorescence (XRF) and diffraction (XRD)

XRF measurements are made using PANalytical MiniPal4 at the Rutherford
Appleton Laboratory in the UK, and the XRD data are also collected at the same
laboratory, using a PANalytical X’pert Pro diffractometer. The XRD
diffractometer is optimised for studying the structure of amorphous materials by
mounting the samples in capillaries and using a silver anode tube to produce the
X-rays. The powdered samples are enclosed in a 1mm diameter tube; this allows
data to be collected over a wide angular range with a Qmax up to ~ 20 A where

Q = 4rsinB/A. Other XRD data are collected on beamline MCX in the Elettra


http://www.panalytical.com/index.cfm?pid=1307

synchrotron, Italy, where the powdered samples are enclosed in a 0.7mm

diameter silica capillary.

The raw X-ray data is then analysed to convert to the interference function i(Q).
The resulting scattering intensity, 1(Q), exposes structural information via a
Fourier transform (FT) to obtain the total correlation function, as given in
Equation (1):
Qmax
T (N =27"p r+ [M(Q)-Q-i\ (Q)-sin(Qr)-dQ Equation (1)
Qmin
where r is the atomic separation, p is the density and M(Q) is the applied

modification function to reduce the FT termination artefacts which arise from the

finite range of Q. The Lorch modification function is used in this work.

In order to obtain some information about the structure from the real space
correlation function, it is essential that the correlation functions, pij(r) are

modelled using equation (2)

N, @; sin QR; exp(—0-5Q20i,?)
C;QR;

p; (Q) = Equation (2)

where Nij, Rij and ojj are the coordination number, atomic separation and disorder
parameter of atom type i in relation to atom type j, respectively. The parameter c;
refers to the concentration of atom j. The weighting factor wij is then given by

Equation (3):
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Equation (3)




where fi(Q) refer to the variation in scattering strength of different atom types.
The pij(Q) values are demonstrated in Q-space using Equation (2), then summed
and Fourier transformed using Equation (1). They are subjected to the same
Fourier effects as the experimental data. The sum of p;;(Q) is similar to the ix(Q)
in Equation (1). Finally, the NXfit program [24] is used to obtain the information

on the structure from the experimental data.

2.4. Neutron diffraction (ND)

SANDALS instrument at target station 1 on the ISIS spallation neutron source at
the Rutherford Appleton Laboratory, UK has been used to collect the neutron
diffraction data. Time-of-flight data is composed over a wide range of Q (up to
40 A™Y). The sample can is a TiZr container, 4mm thick x 34mm wide x 37.5mm
high. The mixture of 70% titanium with 30% zirconium provides a ‘null
scatterer’ as the coherent scattering is zero. A sequence of modifications [23] is
made to the raw data using the GUDRUN program [23]. In addition, the ND data
is adjusted for the magnetic scattering, which is increased with increasing the

extent of Fe (see Figure 5).

Although the principles behind neutron diffraction are similar to those for X-
rays, the differences arise because X-rays scatter from the electron clouds while
neutrons scatter from nuclei. The entire correlation function for ND is given by
Equation (4):
2 5 Qmax

Ty (r) =47y r(;cibij +;QIM (Q)-Q-iy(Q)-sin(Qr)-dQ Equation (4)
Here, bi refers to the scattering length. As in XRD, the Lorch function is also
used here. Equation (5) demonstrates a pair correlation function of any atom pair

and wij is given by:



wij = (2 - 6j)ciCbb; Equation (5)

Again, the NXfit program [24] is employed to obtain information about the

structure directly from the experimental data.

2.5. X-ray absorption spectroscopy

The EXAFS and XANES data are collected using the facilities on beamlines X1
and Al at the DORIS Synchrotron at Hasylab in Germany. (The EXAFS and
XANES measurements were first made using the X1 beam line. Later they were
made using the Al beam line in order to improve energy resolution, but only a
modest improvement was achieved.) Data are collected around the Fe K edge at
7111 eV. The fine-milled powder is diluted with polyvinyl pyrrolidone (PVP)
and compacted into pellets of 13mm diameter. Three ionisation chambers are
used to record the incident, transmitted and calibrated beam intensities in a
double crystal Si(111) monochromator. A 5um Fe foil is located between the
second and third chambers in which the foil absorption spectrum is recorded
simultaneously with the sample spectrum. In order to analyse the data, XANDA,
VIPER and EXCURV98 programs are used. The k®-weighted EXAFS signal y(k)
is fitted to achieve standards for structural parameters containing N, R and the
Debye-Waller factor, A = 202 Fitting of the EXAFS spectrum is restricted

between k = 2.5 and 12.5 A1, The EXAFS oscillations y(k) are given by:

N i 2,2
x(K)= So(k)ZZ?‘ f (71', k, Rj }e_ZRJ' /ﬂ(k)e—ZUjk
IR

xsin(2kR. +25(k) +w(k.R))

Equation (6)



where K, f(z,k R;j) and A(k) are the photoelectron wavevector, backscattering and
mean free path, respectively. d(k) and w(k,R;) are the phase shifts experienced by
the photoelectron at the central and neighbouring atoms, respectively. The term
So(K)? refers to the decrease in amplitude due to many body effects. (So(k)? = 1
when neglecting these effects). This factor is known as AFAC. It is only
measured experimentally using crystalline standards of reference samples. The
magnitude of AFAC is found = 0.8 by fitting the data of a-Fe20s, y-Fe2O3 and
FesO4. Equation (7) introduces a non-linear least squares fit in k space with a k®
weighting to minimise the fit index (FI) in order to obtain the samples’ structural
features.

FI=Y (K34 —x0))? Equation (7)

where ' and yF are the theoretical and experimental EXAFS, respectively.
Fitting quality is adjudged from the discrepancy index (Rexars) as in Equation

(8). An acceptable value of Rexars is between 20% and 40%.

N
Sk () £ (k)
Rexars == N x100% Equation (8)
> K10 (k)
j=1




3. Results

3.1. FTIR spectroscopy

Fourier-transform infrared spectroscopy (FTIR) spectra of the samples in the
frequency range of 400-1,600cm™ are shown in Figure 1. They consist of a
number of overlapping bands that are typical of FTIR spectra from phosphate
glasses, and the band locations are tabulated in Table 2. The structures of the
phosphate glasses are well known to consist of POjq tetrahedral units connected
by bridging oxygens to form the network [3]. The bands in the range of 480-
530cm! are assigned to the FeOas, FeOg and bending harmonics of O-P-O groups
[21], and the intensity of these bands is constant with increasing iron oxide. The
700-780cm™ band is ascribed to the symmetric stretching modes of the P-O-P
linkages [25]. The bands at 900-941cm™ and 960cm™ are due to P-O-P
asymmetric bond stretching and isolated PO4 respectively [26]. Their intensities
shift to higher wavenumbers and the amplitudes increase with adding more
Fe,Os content, indicating an increase in Q° units replacing Q! and Q2. The shift to
higher wavenumbers shows that the chain length is shorter for the Fe-rich
samples due to the depolymerisation of the glass structure [27, 28].

The band in the range of 1,078 to 1,178cm ™ is assigned to the ionic groups of P-
O™ [29, 30], and its amplitude is constant with increasing the Fe content. The
band near 1,074cm™! is found to be shifted to a higher frequency and its intensity
increases with increasing Fe>Os content, suggesting that the Fe-O-P bonds would
form and replace the P-O~ and P-O-P bonds [31]. A strong band near 1,245-
1,282cm™t is given to asymmetric stretching modes of the two NBO atoms

bonded to phosphorus atoms (PO2), or Q? units in the phosphate tetrahedra [27,



29, 32]. Its amplitude decreased with increasing Fe-.O3 and it disappeared in the
sample with 40% Fe>Oz. This confirms that the phosphate chains are shortened
as the Fe ions are incorporated into the glass network and Q? units [29] are

replaced by Q* and Q°.

3.2. X-ray fluorescence

XRF spectroscopy shows several transitions (Figure 2) which help with
determination of the chemical composition of the materials under investigation.
The obvious transitions are P K, and Fe K, at 2.01 KeV and 6.4KeV respectively.
(The XRF spectrum does not show Na because the measurements were made in
air.) The smaller peak at 7.08 KeV comes from Fe Kg transition. Figure 3
compares the Fe/P ratio in glasses calculated theoretically with the XRF
experimental measurements. The straight line is an indication of the accurate

determination of the composition of the samples.

3.3. X-ray and neutron diffraction measurements

The experimental ND and XRD interference functions i(Q) are presented in
Figure 4. The dashed lines in XRD data are the results from the Elettra
synchrotron, Italy. Hannon [33, 34] developed a method to correct the magnetic
scattering for ND data. Figure 5 presents the FTs of neutron and X-ray
diffraction i(Q). The maximum Q values used in the FT of the X-ray data are ~
20 A for 10Fe and 20Fe, and a value of 18.5 A™* has been chosen as Qmax in the
30Fe sample, and 40 A~* was used for neutron i(Q) for all samples. (The 40Fe
sample was not studied using XRD because the high Fe content caused too much

absorption, and was not studied using ND because the amount of glass produced



by melt quenching was too small.) Due to the overlapping correlations at R ~3.5
A, the fitting of the data is restricted to correlations up to ~ 3.5 A. A reasonable
fit of an individual pair correlation depends on the contribution of other
correlations at the distance at which it is located. Therefore, it is essential to use
two or three peaks after the last correlation to act as ‘background’, which do not
essentially yield a real feature [24]. The XRD and ND data are separately fitted
with the same order of interatomic correlations as discussed below. However, the
high Q value for neutron diffraction data helped to clarify the P-O peak into
contributions from P-Onp and P-Op. The optimised structural parameters values

gained from fitting XRD and ND data are tabulated in Table 3.

The first common feature characterising both ND and the XRD data in phosphate
glasses is the P-O interatomic correlation at ~1.54 A. The second correlation is
the Fe-O for which the coordination number appears to decrease with increasing
Fe,Os. This distance is attributed to Fe®" rather than Fe?* (as discussed in
XANES results). The shorter Fe-O bond distances are consistent with the smaller
coordination number in the direction of increasing Fe>Os content. It was difficult
to fit Fe?*-O accurately, however, missing this peak will slightly alter Fe** and
Nal* correlations. The next correlation to be fitted is Na-O at 2.3 A for the first
coordination shell. However, this peak appears as a broad shoulder at the low
side of the O-O peak. The average Na-O interatomic distance and the average
coordination number are in agreement with the experimental results of R=2.38 A
and N = 5 obtained by Hoppe et al. [35] using XRD and ND for the sodium
phosphate glasses. The region from 2.5 to ~ 2.9 A is dominated by the O-O
interatomic correlation. The first O-O peak at 2.5 A is attributed to O-P-O

distance while the second peak originates from O-Fe-O. There is a narrow peak



at 2.9 A representing P-P nearest neighbours in the phosphate network. The 10Fe
sample has [O]/[P] = 3; this means that each P atom is probably coordinated by
four O atoms in Q? units. This is confirmed through the P-P coordination number
~ 2 as expected with the interatomic distance of ~ 2.9 A, while the P-P
coordination number is 1.5 in the 30Fe sample because the O/P ratio is increased
to 3.33. Although the Fe-P interatomic distance acts as a background, it is
expected to be at 3.2 A, however, the coordination number cannot be accepted as
reliable because of the overlapping of this peak with other peaks, such as Fe-Na
distance, which is reported to be close to this distance as well [18]. Note that for
the 40Fe composition, the XRD data outlined in Table 3 is obtained by Karabulut

et al. [36] and ND data by Wright et al. [9].

3.4. X-ray absorption measurements (XANES)

Iron is naturally found in four to six-fold coordination surroundings. Figures 6
and 7 present the XANES spectra for all samples with the reference samples
from beamlines X1 and Al, respectively. The target atom’s oxidation state and
its local surroundings are determined by the shape and position of the edge
through the comparison with well-known standard crystal structures. The
sequence of the main edge position, which is closer to Fe,O3 than Fes3Os,
indicates that the samples under investigation have mostly Fe®* with a small
amount of Fe?* (less than 25%). This is reasonably consistent with the results of
Mossbauer spectroscopy for sodium iron phosphate glasses with quite similar
compositions that indicated 12-20% Fe?* [13]. A Mossbauer study of 40Fe;Os-
60P20s5 glasses with additions of up to 10 mol% of both UO2 and NaxO together

showed 11-16% of Fe?* [37]. In addition, it is clear that the environment of iron



in all glasses is similar but not identical because the pre-edge peak at
approximately 7,113 eV increases in intensity as iron content increases. It is well
known that the intensity of the pre-edge peak increases when iron changes
coordination from octahedral to tetrahedral [38]. The inset in these figures
highlights the pre-edge region which confirms that the coordination number of
iron decreases with increasing iron content. Hence, the XANES results are clear
evidence that iron coordination is less than 6 and decreases toward 5 as iron

content increases.

3.5. EXAFS
Figures 8 and 10 show the EXAFS spectra for the four samples with associated

fitting in k space from beamlines X1 and Al respectively. Their corresponding
FTs are shown in Figures 9 and 11. The accuracy of coordination numbers, N,
from the EXAFS fitting is limited because of the correlation with the Debye-
Waller (DW) factor, A. Therefore, one of them needs to be fixed to typical values
reported from the literature. In the present fitting, all of the parameters have been
allowed to vary first until the reasonable DW factor has been found which gave a
realistic value for N and R. EXAFS results are reasonably established to be
precise to +0.02 A for R. However, N is only exact to +20%. An AFAC value of
0.8 is found by fitting the data for crystal FeO, alpha Fe>O3, gamma Fe.Os and
FesOs. Two shells have been fitted: Fe-O at approximately 2 A and Fe-P at
approximately 3.2 A. Although there is an overlapping correlation at 3.2 A
between Fe-Na and Fe-P shells, only one shell could sensibly be fitted
independently and Fe-P has been chosen as the highest backscattering

contribution. In fact, the possible overlap with Fe-Na correlation increased the



uncertainty in the fitted Fe-P shell in addition to the usual difficulty in getting a
reasonable value for the coordination number of fitting the second shell in
EXAFS data from glasses due to structural disorder. Table 4 summarises the
results from fitting EXAFS data from beamlines X1 and Al. An additional shell
referring to Fe-Fe correlation could be fitted in the 40Fe sample at ~ 3.5 A. From
Table 3 and Figures 9 and 11 it can be concluded that the Fe-O peak shifted to
smaller R with increasing iron oxide content as well as the coordination number
of Fe-O getting lower. The lower values of Fe-O coordination numbers observed
in the data obtained from beamline Al could be attributed to the presence of a

nickel mirror which is used to focus the X-ray beam.

4. Discussion

As expected, phosphorus is coordinated to four oxygen atoms. In fitting the
neutron diffraction data there was a possibility of further resolving the P-O peak
using the full range of the ND data into the contributions from P-Onp at ~ 1.50 A
and P-Oy at ~1.58 A. These interatomic distances matched well with the previous
studies of metaphosphate and pyrophosphate glasses [39]. The results in Table 3
are in agreement with Hoppe et al.’s [20] observation that both P-On, and P-Op
bond distances become larger as the metal cation concentration increases.
However, the average P-O distance remains the same over a broad range of
composition. This is also noticed for the Si-O distance in sodium iron silicate
glasses [40].

Phosphorus is coordinated to four O atoms in tetrahedral arrangement. On
average, each O atom is surrounded by four others at a distance of ~ 2.52 A.

Using an average P-O distance of 1.54 A, the average O-P-O bond angle is



calculated at 110° which confirms the tetrahedral environment. The [O]/[P] ratio
is a vital parameter to track the glass structural changes. The main part of the
presented ND and XRD results contribute to the knowledge of the environment
of the Fe modifier in the glasses. This is the most prominent peak in the XRD
and neutron T(r). The Fe-O coordination numbers decreased with increasing
mixed iron oxide. This trend was observed by Hoppe et al. [39] and Wright et al.
[9] in their articles on iron phosphate glasses. The effect of metal concentration
on metal cation coordination number was investigated by Hoppe and his
colleagues. They proposed that at low metal cation content, the metal cation
coordination is high because the ratio of the number of non-bridging oxygen
atoms, Onb, plus terminal oxygens, Or, to the number of metal cations is
relatively high. However, this ratio is reduced when the metal cation
concentration increases, therefore the metal coordination number decreases. A
minimum metal cation coordination number is obtained when adding more metal
cation content. After this has happened, the metal-oxygen polyhedra begin to
share edges and corners. Then the metal cation coordination increases and
presents a more compact structure. It is logical to assume that the amount of Na*
has a slighter effect on the structure compared with Fe3* because the latter creates

more NBO.

Generally speaking, Fe*" plays the key role in adapting the properties of
phosphate glasses through strengthening the cross-bonding of the phosphate
matrices. The XANES results indicate one quarter of Fe is present as Fe?* based
on the position of the absorption edge (the so-called "half height" method), and
this is consistent with Mossbauer studies of similar glasses [6, 37]. The same

"half height™ method was used in a Fe K-edge XANES study of 31Fe304-69P20s



glasses with up to 15mol% Na2O added [41], and showed a amount of 25-30%
Fe?* (which is higher due to the FesO4 reactant and a higher P.Os content). The
same study [41] analysed the Fe K-edge pre-edge peak by fitting a minor
contribution (at 7112.4 eV) due to Fe?*, and a dominant contribution (at 7114.5
eV) due to Fe3* with a significant amount of Fe®* having coordination number
below 6. The same peak fitting analysis of the pre-edge peak was used in a study
of 40Fe;03-60P20s glasses with additions of up to 10 mol% of both UO, and
Na,O together [37] and also showed a dominant contribution due to Fe** with a
significant amount of Fe3* having coordination number below 6. The above
studies reporting qualitative results from fitting of pre-edge peaks were possible
due to using the SSRL beamline 4-1 with superior energy resolution. (The lower
energy resolution of the XANES data in the present study would make fitting of
pre-edge peaks inaccurate.)

EXAFS provides quantitative results concerning the Fe-O coordination number.
The present study shows a clear increase in from below 5 for 40Fe203-60P20s
glass to 5.7 for 30Na20-10Fe203-60P20s glass. EXAFS studies in the literature
have shown similar results. EXAFS showed an Fe-O coordination number of 4.8
in a 31Fe203-69P20s glass, which increases with addition of up to 15 mol% Na
[41]. EXAFS showed and Fe-O coordination number of 5.2 in as 5UO2-5Na,O-
36Fe203-54P,05 glass, which increased to 5.6 in a 10U0O2-10Na,O-32Fe20s3-
48PP»0s glass [37].

The diffraction results presented here agree with the EXAFS data as the Fe-O
coordination number decreases from ~ 5.7 to 4.5. Wright et al. [9], in their ND
study of 40Fe,03-60P,0s glass, found that the Fe**-O coordination number is 5

with bond distance 1.94 A. Similar results were obtained in their follow on study



[42] of iron phosphate glasses with a wider composition range of 30-44mol%
Fe>0s. Bingham and Barney [43] made a combined XRD and ND study of alkali
iron phosphate glasses xK20(1-x)(40Fe203-60P20s) with x=0-0.4. They found
15-26% Fe?* and Fe-O coordination numbers of 5.2-5.4 (note that differently to
the present study, their samples had K instead of Na, and the P>Os content
decreased to 36 mol% instead of staying constant at 60 mol%).

The second type of cation-oxygen bond is Na-O correlation. Table 3 shows that
each sodium atom is coordinated by ~ 5 oxygen atoms with a typical distance of
~ 2.34 A. There is a clear difference between Na-O distances from ND and XRD
data, and the difference increases as Na.O content decreases. This is because Fe-
O and O-O distances heavily overlap with Na-O distances. The most accurate
results were obtained for the highest Na.O content which is in the 10Fe sample.
This gives an Na-O distance of 2.33 A. The relation of Na-O bond lengths and
the calculated bond valence is determined by the Brese and O’Keeffe relation

[44] as given in Equation (9):

~R A
Mo _Fab } Equation (9)

r
v =ex
hao p{ 0.37A
where rva.o = 1.80 A is the bond valence parameter. The factor of 0.37 A is an
empirical derived constant. Applying this to the diffraction results as each
sodium atom is coordinated by five oxygen atoms with a mean separation of 2.33
A and the calculated bond valence is vna-o = 0.24, which corresponds well with

the bond valence of Na'* ion.

Conclusion



A complete atomic structure study of a series of Na-Fe phosphate glasses is
concluded using several experimental techniques, complementary X-ray and
neutron diffraction, IR, EXAFS and XANES. The high resolution of neutron
diffraction in real space resolves two P-On, and P-Oy distances at ~ 1.50 A and
158 A as expected. The glass networks vary from metaphosphate to
pyrophosphate as iron content increases from 10 to 40%Fe2Os. The addition of
either Na or Fe has an effect on the intermediate range order of phosphate
structure. Each phosphate unit has two or three NBO atoms available to
coordinate with Na and Fe cations. The Na-O correlation is recognised at R~
2.34 A with Nna-o ~ 5. XANES confirms that Fe is found to occur mainly as Fe®*
in all the glasses. As expected, the addition of iron oxide decreased the
connectivity, however, the coordination of the iron by NBO atoms is also
decreased. The XRD, ND, XANES and EXAFS results all indicate a clear trend
of reducing the Fe-O coordination number from ~ 5.7 to 4.5 as iron content

increases from 10 to 40%Fe,0s.
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Table 1: Glasses compositions, densities and glass transition temperatures

Sample Composition Density (g/cm?®) DSC (Tg°C)
+0.05 +5°C
10Fe  30%Na20-10%Fe203-60%P205 2.65 381
20Fe  20%Na20-20%Fe203-60%P20s 2.84 481
30Fe  10%Na20-30%Fe203-60%P,05 2.97 527
40Fe  0%Na>0-40%Fe>03-60%P20s5 3.03 498




Table 2: Positions (cm™) of the bands and their assignments of FTIR spectra
of the four samples

Wavenumber (cm™) Assignment Trend of intensity
with increasing Fe
content
480-530 Bending harmonics of O-P-O Constant
units with Fe as modifier
700-780 Symmetric stretches of P-O-P Decreasing

bridge corner shared in Q*
(P207)* units

900-941 Asymmetric stretching Shift to higher
vibrations of P-O-P frequency
960 QP (PO4)* Shift to higher
frequency
1078-1178 Vibrations of P-O" group Constant
1245-1282 Asymmetric stretching Decreasing

vibrations of two Onp in (PO2) or

QZ




Table 3: Structural parameters obtained from the fitting of X-ray and
neutron diffraction data

Sample Correlation X-ray diffraction Neutron diffraction
R/A N s/A RIA N o/ A
(x0.02)  (20.2) (x0.01)  (¥0.02)  (+0.2) (x0.01)
10Fe P-O 154 4.1 0.05 1.49 1.9 0.08
P-O - - - 1.58 2.0 0.09
FeO 2.00 5.7 0.06 1.98 55 0.11
Na-O 2.33 5.0 0.15 2.30 5.0 0.15
0-0 2.51 4.0 0.06 2.52 3.8 0.10
P-P 2.89 1.9 0.09 2.88 2.0 0.07
0-O0 2.99 6.0 0.22 3.05 5.9 0.21
Fe-P 3.20 6.0 0.15 3.50 4.0 0.08
20Fe P-O 1.55 4.1 0.06 1.50 2.1 0.07
P-O - - - 1.58 1.8 0.08
FeO 1.99 5.4 0.05 1.98 5.1 0.10
Na-O 2.34 5.0 0.11 2.24 5.1 0.09
0-0 2.50 3.9 0.08 2.51 3.7 0.10
P-P 2.90 1.9 0.12 2.89 1.8 0.10
0-0 3.00 6.0 0.22 2.98 5.8 0.25
Fe-P 3.28 6.2 0.18 3.28 6.4 0.11
30Fe P-O 1.54 4.0 0.06 1.52 2.3 0.07
P-O 1.59 1.6 0.09
FeO 1.97 5.2 0.06 1.97 5.2 0.12
Na-O 2.36 4.8 0.11 2.23 5.0 0.08
0-0 2.49 4.0 0.10 2.52 3.9 0.11
P-P 2.94 1.6 0.04 2.89 15 0.07
0-0 2.84 6.0 0.29 3.00 6.0 0.22
Fe-P 3.28 6.5 0.16 3.40 6.0 0.13
40Fe P-O 152 3.6+0.02 - 153 3.94+0.3 -
FeO 193 4.6+0.3 - 1.94  5.0+05 -

0-0 245  5.0+0.5 - 253 5.0+05 -




Table 4: Fe K-edge EXAFS-derived structural parameters from beamlines
X1 and Al. Reasonable estimates of errors are £0.02 A in R, £20% in N and
A. The italic numbers mean that these values have been fixed during the

fitting.

Sample | Correlation Beamline X1 Beamline Al

R N Al R% | R N Al R%
(A) (A?) A) (A?)

10Fe Fe-O 198 57 0014 123(198 57 0.013 20.6
Fe-P 320 25 0.010 320 2.0 0.010

20Fe Fe-O 197 55 0015 185|196 52 0.014 21.0
Fe-P 3.19 19 0.010 316 15 0.010

30Fe Fe-O 195 53 0016 235(196 48 0.016 25.0
Fe-P 3.17 1.4 0.010 316 1.0 0.010

40Fe Fe-O 190 45 0.014 20.0(190 40 0.015 320
Fe-P 322 2.7 0.015 322 23 0.015
Fe-Fe 352 17 0.015 351 1.6 0.015




Figure 1: FTIR spectra for the four samples
Figure 2: XRF spectra for the three samples
Figure 3: The relationship between the theoretical and experimental Fe/P ratio

Figure 4: The Q-space interference function, i(Q), obtained from neutron
diffraction (top) and X-ray (bottom). The dashed lines in ND data represent the
data before removing magnetic scattering. In ND each graph has been shifted by
0.2, while the X-ray i(Q) has been shifted by 0.4, for clarity.

Figure 5: The total correlation function T(r) from ND (top) and XRD (bottom)
(solid line) together with fit (dashed line). Each ND graph has been shifted by 2,
while XRD has been shifted by 10, for clarity.

Figure 6: Fe K-edge XANES spectra for the samples and the crystal standards
samples from beamline X1.

Figure 7: Fe K-edge XANES spectra for the samples and the crystal standards
samples from beamline Al.

Figure 8: The Fe K-edge k®weighted EXAFS spectra of the samples (from
beamline X1). The solid lines are the experimental data and the dashed lines are
the theoretical fits.

Figure 9: The Fourier transform of the Fe K-edge k® weighted EXAFS spectra of
the samples (from beamline X1). The solid lines are the experimental data and
the dashed lines are the theoretical fits.

Figure 10: The Fe K-edge k3 weighted EXAFS spectra of the samples (from
beamline Al). The solid lines are the experimental data and the dashed lines are
the theoretical fits.

Figure 11: The Fourier transform of the Fe K-edge k® weighted EXAFS data of
the samples (from beamline Al). The solid lines are the experimental data and
the dashed lines are the theoretical fits.
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Figure 2: XRF spectra for the three samples
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Figure 4: The Q-space interference function, i(Q), obtained from neutron
diffraction (top) and X-ray (bottom). The dashed lines in ND data represent
the data before removing magnetic scattering. In ND each graph has been
shifted by 0.2 for clarity, while the X-ray i(Q) has been shifted by 0.4 for
clarity.
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Figure 5: The total correlation function T(r) from ND (top) and XRD(bottom) (solid
line) together with fit (dashed line). Each NDgraph has been shifted by 2 for while
XRD has been shifted by 10 clarity.
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Figure 7: Fe K-edge XANES spectra for the samples and the standards crystal samples
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Figure 8: The Fe K-edge k¥’ weighted EXAFS spectra of the samples (from beamline

X1). The solid lines are the experimental data and the dashed lines are the theoretical

fits.
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Figure 9: The Fourier transform of the Fe K-edge K weighted EXAFS spectra of the

samples (from beamline X1). The solid lines are the experimental data and the dashed
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lines are the theoretical fits.
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Figure 10: The Fe K-edge k&’ weighted EXAFS spectra of the samples (from

beamline Al). The solid lines are the experimental data and the dashed lines are the

theoretical fits.
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Figurell: The Fourier transform of the Fe K-edge k¥’ weighted EXAFS data of the
samples (from beamline A1). The solid lines are the experimental data and the dashed

lines are the theoretical fits.



