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Abstract

Highly-concentrated molybdenum-phosphate glasses with analyzed compositions of Mo greater than 0.65 have been
studied by X-ray photoelectron spectroscopy (XPS) and magnetization measurements. 1 eV shifts in the binding energies of
P2p, P2s, Mo3d, and Mo3p from their respective values in P,Og and MoQO; can be accounted for by changes in the next
nearest neighbor environment of the P and Mo atoms upon the mixing of the two glass formers. The Ols spectrum is
deconvoluted into two peaks with the lower-energy peak being associated with the oxygen atoms of the non-bridging P=0
structure as well as from various M—O bonds and the higher-energy peak with the bridging oxygen atoms of the P—-O-P
structure. From the amount of Mo®™ reduced to Mo>™, as determined from the magnetization results, the variations in the
areas of these Ols peaks are discussed in terms of an existing structural model based on this binary glass being composed of

a mixture of the structural groupings which occur in the crystalline phases of the MoO,:P,05 system.

PACS: 61.43.Fs; 61.43.— j; 75.20.Ck

1. Introduction

Studies of oxide glasses containing large concen-
trations of transition-metal (TM) oxides continue to
be of interest because of their semiconducting prop-
erties and potential applications [1-4]. The electrical
conduction in these glasses results from electron
hopping between two TM ions having different va-
lence states. However, a more detailed modeling of
the conduction process is limited because of numer-
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ous material factors including the type and concen-
tration of the TM ion, the number of valence states
associated with the TM ion, the glass preparation
conditions, and the microstructures within the glass
matrix. Thus, information on the structure of a glass
is imperative for further elucidating our understand-
ing of the glass properties.

X-ray photoelectron spectroscopy (XPS) has
proven to be not only a powerful tool for investigat-
ing the electronic structure in solids, but also the
bonding and hence the local structure [5-7]. When a
specimen is irradiated by a beam of X-rays, photo-
electrons can be ejected from its atoms with kinetic
energies E,. From the conservation of energy, the
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binding energy Ep of the emitted electron is essen-
tially given by .

Ey=hv—E,—~W-C, (1)

where hv is the energy of the incident X-ray radia-
tion, W the work function of the spectrometer, and C
an energy.shift induced by charging effects. The
binding energy of the emitted electron and corre-
spondingly the measured kinetic energy of the photo-
electron will be determined by the atomic orbital in
question, which itself is characteristic of the material
depending upon the local chemical or structural con-
figuration. This ‘chemical shift” which is on the
order of 1-10 eV as compared to a total binding
energy of 100—1000 eV can be detected and used for
structural analysis. More recently this technique has
been shown to be a useful quantitative probe of the
short-range structure in the oxide glasses as well. In
particular, the Ols spectrum is typically resolved
into separate contributions from bridging and non-
bridging oxygen resulting from different structural
units in the oxide glasses. It is known from both XPS
studies of crystalline silicates [8] and silicate glasses
[9] that oxygen atoms with negative charge can be
distinguished from oxygen atoms without formal
charge. Thus the lower-binding-energy Ols peak is
reported to represent the non-bridging oxygen atoms
(Si=0) and the higher-binding-energy peak corre-
sponds to the bridging oxygen (Si—O-Si).

The molybdenum phosphate (MoO,:P,05) glass
system represents a rather unique system in that it
forms stable glasses over a wide and continuous
composition range extending to about 86 mol%
MoO; [10]. This range is perhaps the widest for a
simple binary mixture of a glass former (P,0;) with
another oxide (MoO,;) that does not form a stable
glass itself. Moreover, since unmodified Mo-phos-
phate glasses are semiconducting [11] and can be
chemically intercalated with Li,O and Ag,O [12],
these glasses have technological potential in electro-
chemical applications. The Mo ions are multivalent,
existing in at least two valence states as Mo®* with
one unpaired electron and Mo®™ with a fully-filled
3d shell. Earlier electron paramagnetic resonance
(EPR) studies [13—15] on these Mo-phosphate glasses
have identified the presence of octahedrally coordi-
nated Mo>" ions with the octahedron being tetrago-
nally distorted. More recently, numerous groups have

applied infrared absorption [16-21], paper chro-
matography [22], X-ray photoelectron spectroscopy
(XPS) [23], and other techniques to investigate the
structural aspects of the MoO;:P,0; glasses. The
resulting structural model for this binary glass sys-
tem is that the glass consists of a mixture of several
structural groupings: P,O5, MoO,;, MoO,(PO,),
(molybdenum metaphosphate), (MoO,),P,0,
(molybdenum pyrophosphate), and MoOPO,
(molybdenum orthophosphate) which occur in crys-
talline phases for this binary system [10]. Thus the
MoOPO, structure is the only one having Mo in the
Mo>" spin-state. In the present work, we have used
magnetization measurements to deduce the relative
abundance of Mo”" in concentrated Mo-phosphate
glasses (greater than 65 mol%). These data in combi-
nation with the analyses of the XPS spectra should
provide additional insight into the structure of these
glasses and the validity of this structural model.

2. Experimental procedures
2.1. Glass preparation

The Mo-phosphate glasses were prepared by melt-
ing dry mixtures of reagent grade MoO; and P,O; in
alumina crucibles with the batch composition
[(M00,),(P,05),_,] where z=0.55, 0.60, 0.65,
0.70, 0.75 and 0.80. Since-the oxidation and reduc-
tion reactions in a glass melt are known to depend on
the size of the melt, the sample: geometry, whether
the melt is static or stirred, thermal history and
quenching rate, all glass samples were prepared un-
der similar conditions to minimize these factors.
Approximately 40 g of chemicals were thoroughly
mixed to obtain homogenized batches. The crucible
containing the batch mixture was placed in a furnace,
heated at 300°C for an hour in order to minimize
volatilization, and subsequently transferred to a melt-
ing furnace maintained at a temperature of 1200°C.
The melt was left for about 4 h under atmospheric
conditions in the furnace during which the melt was
occasionally stirred with an alumina rod. The ho-
mogenized melt was then cast onto a stainless steel
plate mold to form glass buttons. The batch and
actual compositions of the various Mo-phosphate
glasses studied are listed in Table 1 with the actual
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Table 1
Batch and actual composition of various (MoO,).(P,Os), .
glasses

Sample Batch Actual (from ICP)
2 z (1-2z)
G55 0.55 0.65 0.35
G60 0.60 0.70 0.30
G863 0.65 0.68 0.32
G70 0.70 0.65 0.35
G75 0.75 0.74 0.26
G80 0.80 0.74 0.26

compositions determined by inductively coupled
plasma spectroscopy (ICP). Even though a uniform
spread in batch Mo compositions was attempted, the
resulting glasses formed essentially at three Mo val-
ues: 0.65, 0.69, and 0.74. It is expected that the
actual compositions of these glasses might vary from
the batch compositions due to the loss of oxygen as
Mo®" ions are reduced to Mo>" and to different
vaporization rates of MoQO; and P,O; during the
melting process. Generally the reduction of Mo®™
has been found to be small in previous investigations
[10.24], thus the variation in the vaporization rates is
the more probable source for the deviation from the

batch compositions.

2.2. Magnetization measurements

The temperature-dependent dc magnetizations
were measured using a Quantum Design SQUID
magnetometer (Model MPMSR?2) in a magnetic field
of 10.00 Oe over a temperature range of 5.0 K to
300 K at temperature intervals of 2.5 K. The magne-
tization of the sample holder is negligible below 100
K for all samples and less than a 5% correction at
the highest temperature for samples with a total
magnetization less than 1 X 107 emu. The overall
accuracy of magnetization measurements is esti-
mated to be approximately 3%, due to the uncer-
tainty of the magnetometer calibration. The relative
abundance of Mo®* (S =1/2) can be deduced from
the magnetization data since Mo®* (S = 0) will not
contribute to the overall paramagnetic response. Thus
the magnetization at low temperatures is given by

M(emu/g) = Nyos+8S(S + 1) uy H/3kT
=NMo-‘+Pe2ffH/3kTa (2)

where py = 1.7 ug for Mo®* [14] and NS is the
concentration of Mo®* per gram of the glass sample.

2.3. X-ray photoelectron spectroscopy (XPS)

High resolution photoelectron spectra were gath-
ered on a VG Scientific ESCALAB MKII spectrom-
eter equipped with dual aluminum-magnesium an-
odes using Al Ke radiation (hv= 1486.6 eV) as
described elsewhere [25]. The electron analyzer was
set at a bandpass energy of 20 eV. The energy scale
of the spectrometer was calibrated using the core
level of Cu2p;,, (932.4 V) and the energy separa-
tion between Cu2p; ,, and Cu2p, ,, of 19.8 eV. The
charging of non-conducting glass samples was
avoided by flooding the sample with a separate
source of low-energy electrons. The energy and in-
tensity of these external electrons were adjusted to
obtain the best resolution as judged by the narrowing
of the full-width at half-maximum (FWHM) of the
photoelectron peaks. At the optimum settings of the
neutralizing gun (electron kinetic energy between 5
and 10 eV and electron emission current at the
sample between 1 and 5 nA), the position of the
adventitious Cls line was within £0.5 eV of 284.6
eV. This peak arises due to hydrocarbon contamina-
tion, and its binding energy is generally accepted as
remaining constant irrespective of the chemical state
of the sample. For the sake of consistency, all ener-
gies are reported with respect to the Cls transition at
284.6 eV. Glass rods of approximately 5 mm diame-
ter were broken by vacuum cleavage inside the
preparation chamber of the spectrometer in order to
obtain fresh glass surfaces. The typical time required
to collect an XPS spectrum for a sample was ~ 4 h
and the base pressute in the analysis chamber during
these measurements was less than 5 X 107" mbar.

3. Results

Fig. 1 shows a low-resolution XPS spectrum from
the surface of sample G60 (actual Mo content of 70
mol%) and typifies the spectra of the other Mo-phos-
phate glass samples as well. In addition to the char-
acteristic photoelectron and Auger electron transi-
tions associated with the glass constituents, the Cls
transition from the surface hydrocarbon contamina-
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Fig. 1. A low-resolution XPS spectrum from a fractured surface of a Mo-phosphate glass obtained using Al Ko (v = 1486.6 eV).

tion is clearly evident at 284.6 eV. Also peaks
corresponding to the core levels of Al2p at 75.6 eV
and Al2s at 121.1 eV can be observed upon magnifi-
cation of the spectrum. A possible source for the Al
could be the inclusion of alumina from the crucibles
used in the melting of the glass mixtures. From the
XPS analysis, the Al content is estimated to be less
than 1.5 at.% and is consequently neglected in other
quantitative analyses of the XPS spectra.

In Fig. 2, high-resolution spectra for the Ols core
level for the Mo-phosphate glasses are compared
with the spectrum of P,O; powder which consists of
two overlapping peaks. It is well-known that the
orthorhombic P,O;, being based on an assembly of
discrete molecules, consists of PO, tetrahedra shared
by three neighboring tetrahedra while the other oxy-
gen atom is double-bonded to a phosphorus atom
[26]. From the charge density on the non-bridging
oxygen atom being about —0.96 and on the bridging
atom —0.65, a shift of the non-bridging atom peak
towards a lower binding energy with respect to the
bridging-oxygen-atom peak would be expected [27].
Therefore, the lower binding energy peak Ols(1) at
531.7 eV is associated with the non-bridging oxygen
(P=0 bonds) and the higher energy peak O1s(2) at
533.5 eV with the bridging oxygen (P—O-P bonds)
for the P,0; powder. In addition, the ratio of the

T T T T T T T

G75

Mo- Phosphate glasses

INTENSITY (ARBITRARY UNITS)

527 530 533 53¢

BINDING ENERGY (eV)

Fig. 2. High-resolution Ols spectra for six Mo-phosphate glasses
and P,O; powder.
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Fig. 3. High-resolution Ols spectrum (points) and resulting peaks from the deconvolution fitting (solid lines) for sample G65.

areas under the P=0 and P-O-P peaks should be
1:1.5 as there should be one non-bridging oxygen
atom and 1.5 bridging-oxygen atom for every phos-
phorus atom. A quick visual inspection of the P,O;
spectrum would suggest that the ratio of the two
peaks is in reasonable agreement with this predic-
tion.

In comparison to P,0s, the Ols spectra for all the
Mo-phosphate glasses show a sizeable increase in
the relative intensity of the lower binding energy
peak as compared to the higher binding energy peak,
but essentially no shift in the binding energies of the
Ols peaks. This change in relative intensities of the
two peaks suggests an increase in the number of
non-bridging bonds in the glasses. In order to quan-
tify this change in relative intensities, each Ols
spectrum was deconvoluted into two Lorentzian—
Gaussian peaks with a linear sloping background by
means of a least-squares-fitting program [28] as
shown in Fig. 3. The ratio of the integrated areas of
these peaks I,/I;, as summarized in Table 2, should
represent the relative concentrations of the bridging
oxygen atoms (P—O-P bonds) to other oxygen bonds
including the non-bridging oxygen atoms of the P=0
bonds. The analysis indicates that only about 10% of
the oxygen atoms involve bridging P-O-P bonds for

these highly concentrated Mo-phosphate glasses.
Since the uncertainty in these determinations is com-
parable to the relatively low fraction of P-O-P
bonds present, no further definitive statement can be
made about the Mo concentration dependence upon
these ratios. :

The variations in the binding energies of the P2p,
P2s, Mo3d, and Mo3p electrons have also been
examined. Figs. 4 and 5 compare high-resolution
XPS spectra of the P2p and P2s core levels for the
glasses to that of the P,O; powder. Each spectrum
appears to consist of a.single peak -whose width
remains essentially unchanged; however, both the

Table 2 .

Comparisons of the binding energies from the Ols peaks (in eV)
and the corresponding ratio 7, /1, of the area of the O1s(2) peak
to the area of the' O1s(1) peak

Sample  OIs(1) O1s(2) A(Ols) L/L
' (£0.1eV)  (£01eV) (£02eV) (£0.03)
P,04 531.7 533.5 1.8 1.50
G55 531.7 533.7 2.0 0.13
G60 531.9 533.7 1.8 012
G65 531.7 533.7 2.0 0.08
G70 531.6 533.7 2.1 0.05
G75 531.8 5337 1.9 - 0.04
G800’ 531.8 533.7 .9 0.05
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Fig. 4. High-resolution P2p spectra for the Mo-phosphate glasses
and P,O5 powder. .
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Fig. 5. High-resolution P2s spectra for the Mo-phosphate glasses.

P2p and P2s peaks for the glasses shift by about 1
eV to lower energies. (See Table 3 for peak positions
and FWHM.) The core level spectra of Mo3p and
Mo3d for the MoO,; powder and Mo-phosphate

good agreement with those reported in the literature
[29]. In comparison to MoQy;, the binding energies of
the 3ds,,, 3d; 5, 3p3,, and 3p; , core levels for the
glasses (see Table 3) shift to higher energies by

about 1 eV.
Another feature of the Mo3d and Mo3p spectra is

glasses displayed in Figs. 6'and 7 show two distinct
peaks with the peak positions for the MoO; being in

Table 3
Peak positions and their corresponding FWHM (full-width at half-maximum) for the core levels Mo3d, Mo3p, P2p, and P2s (in eV).
AMo3d’s and AMo3p’s are the energy separations between the 3d;,,~3ds,, and 3p, ,,—3p; ,» peaks, respectively. The uncertainty in the
peak positions is £0.1 eV

AMo3p’s P2p P2s

Sample Mo3ds,, Mo3d; AMo3d’s Mo3p; /, Mo3p; 2

G55 2334 (1.9) 236.5 3.1 399.2 (3.4) 416.9 17.7 134.2 (2.4) 1917 (3.1)
G60  2337(L9) 236.8 3.1 399.5 (3.4) 417.0 17.5 134.2 (2.4) 191.8 (3.1)
G65 T 2334(1.9) 2365 3.1 399.3 (3.4) 416.8 17.5 1342 (2.4) 191.6 (3.1)
G70 233.4 (2.0) 236.5 3.1 399.2 (3.4) 416.8 17.6 134.1 2.4) 191.5 3.1
G75 233.5(1.9), 2367 3.2 399.4 (3.4) 416.8 17.4 134.2 (2.3) 191.6 (3.0)
G80 233.7 (1.9) 236.8 3.1 399.4 (3.4) 417.0 17.6 1342 (2.3) 191.7 3.0)
MoO, 2327 (1.5) 235.8 3.1 398.6 (3.2) 416.1 17.5 - -

P,0; - T - - - - - 1352(2.3) 192.6 (3.0)
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that the energy separation between the 3d;,, and
3ds,, peaks as well as the energy separation be-
tween the 3p, ,, and 3p;,, peaks remain essentially
unchanged in going from MoO; to the MoO;:P,0;
glass system. It has been shown that the change in
the 2p,,,-2p;,, separation for TM ions in oxide
glasses can occur for different spin-states on the ions
[30]. For example, TM ions containing between 4
and 7 inner d-electrons (Fe®*, Fe*", Co?*) can form
vastly different high-spin and low-spin complexes
resulting in significant changes of the 2p; ,,~2p;
separation, while other TM ions (Ni?*, Zn?") typi-
cally form one type of complex with little or no
change in the separation. The lack of any significant
change in the 3d;,,~3d;,, and 3p, ,—3p; , separa-
tions in the present investigation suggests that the
Mo ions remain essentially Mo®" for both the MoO,
powder and the MoO;:P,0; glasses with only small
amounts of Mo®” being present and even lesser
amounts of the lower valence states of Mo.
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Fig. 6. High-resolution Mo3p spectra for the Mo-phosphate glasses
and MoO, powder.
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Fig. 7. High-resolution Mo3d spectra for the Mo-phosphate glasses
and MoQO; powder.

In order to quantify the relative abundance of
Mo’" and Mo®*, two different procedures were
utilized. As shown in other XPS studies of TM-oxide
glasses [6,31], the peaks associated with the 2p and
2d binding energies have been successfully decom-
posed into two contributions representing the differ-
ent spin-states of the TM ions. From the areas under
the peaks, the relative abundance of the two spin-
states was determined, similar to the deconvolution
analysis of the Ols spectra. Unfortunately, the sepa-
ration of the Mo3d; ,, spectra into two peaks is not
clearly discernible by visual inspection as seen in
Fig. 7. In addition the overlap from the Mo3d;,,
peak makes this type of analysis more susceptible to
larger uncertainties, especially if one of the two
spin-state ions is only a small fraction of the total
Mo content. Nevertheless, an attempt to deconvolute
the entire Mo3d spectra into four peaks with a linear
sloping background was undertaken. As shown in
Fig. 8, reasonable fits can be obtained utilizing this
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Fig. 8. High-resolution Mo3d spectrum (points), peaks from deconvolution analysis (dashed lines), and the resulting fit (solid line) for

sample G65.

multi-variable analysis procedure with the peak val-
ues summarized in Table 4 !. The lower energy
peaks deconvoluted from the experimental Mo3d; ,
and Mo3d,,, peaks and denoted as Mo3d(l) in
Table 4 would be associated with the Mo’* since
ions with the lower oxidation state tend to have
lower binding energies as stated previously. To quan-
tify the amount of Mo®* present, the ratios of the
areas  Ayysi/(Ayoss T Aposs) combining both
Mo3d;,, and Mo3d;,, peaks were determined and
indicate that there is less than 10% Mo®* in most of
the glass samples. The fairly large uncertainty in
these determinations is mainly the result of the indis-
cernible nature of the core peaks associated with the

! Note that the ratios of the Mo®*:Mo®* contributions to the
individual 3d;,, and 3d;,, peaks are not the same in order to
obtain a better fit to the XPS spectrum. Fixing a ratio based on the
deconvolution to one of the peaks would result in a significantly
poorer fit to the other peak and either an overestimation of the
Mo®* contribution to the 3ds,, peak basing the ratio on the
3d;/, peak or an underestimation of the Mo** contribution to the
3d;,, peak basing the ratio on the 3ds , peak. By not fixing the
ratio and adding the areas under the peaks for each Mo ion
contribution, we have effectively averaged these two fitting proce-
dures to determine the Mo®* content.

Mo>* ions. Since similar difficulties are also present
in the analysis of the Mo3p spectra, the results are
not included in this discussion.

The other procedure to determine the Mo®* con-
tent is by magnetic measurements [32]. The magneti-
zation M results for the Mo-phosphate glasses in a
magnetic field of 10 Oe as a function of temperature
T are shown in Fig. 9 as plots of 1 /M versus 7. As
mentioned previously, molybdenum can exist in two
oxidation states, Mo®" (non-magnetic) and Mo’>*
(magnetic) with an effective magnetic moment pg
=~ 1.7 uy. The magnetization data for the glasses
were fitted to Eq. (2) assuming the Mo>” ions are
the only contribution to the magnetization. From
these fits (solid lines in Fig. 9), the number of Mo’ *
ions (ions/gram) for each glass sample was deter-
mined and are given in Table 5 as a ratio of
Mo’* /Mo, Except for sample G70, the Mo~
abundance is less than 10% and seems to decrease
for increasing Mo content in these highly Mo con-
centrated glasses. This observation is consistent with
the proposed structural model by Bridge and Patel
[10] where the content of MoOPO, (with' Mo®"
present) decreases for MoO; content greater than 66
mol% in this glass system. It is unclear why sample
G70 has a relative Mo®" abundance twice as large
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Table 4 :

Peak positions from the deconvolution of the Mo3ds,, and Mo3d,,, peaks and the corresponding ratio of the combined areas
Aptos+/(Ayos+ + Apios ) Of the Mo3d(1) peaks (Mo’ ™) to the total integrated areas. The FWHM (full-width at half-maximum) are 1.9 eV
and 1.5 eV for the Mo3d(1) and Mo3d(2) peaks, respectively. The uncertainty in the peak positions is 0.1 eV

Sample  Mo3d;,,(1) (eV)  Mo3ds,,(2) (€V)  Mo3d, (1) V) Mo3d; ,5(2) (V) Apsess/(Aptes+ + Anos ) (£0.03)

G55 232.2 2334 235.5 236.6 0.11
G60 2323 233.7 235.6 236.8 0.087
G635 232.1 233.4 235.5 236.6 0.077
G70 2322 2334 2354 236.5 0.15
G75 232.2 233.5 235.5 236.7 0.069
G80 2323 233.7 235.7 236.8 0.087
Table 5

Magnetic determinations of Mo content and calculated molar fractions of various structural units in the Mo0O;:P,05 glass system, and
comparisons of area fractions of Ols peaks to ratio of bridging to ‘non-bridging’ oxygen atoms f(calc) to area fractions of the Ols peaks,

12/11

Sample MoO;, content  NJL pk:/3k Mo>* /Mo,y Molar fraction . f L/
(emu K /Qe @) (cale) (XPS)
batch  actual (Mo00,),P,0; Mo0O,(PO;), MoO; MoOPO,
G55 055 065 1.49 x 107¢ 0.090 0.60 0.26 - 0.14 0.14 0.13
G60 060 0.70 7.68 X 1073 0.040 0.72 - 0.21 0.07 0.09 0.12
G65 0.65 070 731X 1073 0.041 0.73 - 0.20 0.07 0.09 0.08
G70 070 065 325X107*  0.196 0.37 0.37 - 0.27 0.15 005
G75 075 074  643%x107° 0.034 0.54 - 041 005 0.08 004
G80 0.80. 075  455x107° 0.024 0.50 - 046  0.04 0.08 005
as sample G55 which has a similar molar fraction of MoO, vaporization causing a greater loss of MoO,
Mo as determined from the ICP compositional analy- than observed for most of the other glass samples
sis. Perhaps during the melting process, an enhanced resulted in an enhancement of the Mo®* reduction as

well. Overall the relative Mo®* abundances deter-
( ' k mined from the magnetization data are reasonably
Mo-phosphate glasses well correlated with the determinations from the
XPS data, although the latter are consistently larger.
This is not surprising since XPS measurements are
very sensitive to the surface ions and the reduction
of Mo is known to occur upon the exposure of
samples to X-ray radiation during XPS measure-
ments [29].

2.5E405

2.0E+05

1.5E+03

1OE+05 |

1/M (g/emu)

5.0E+04
4. Discussion

0.0E+00 & - . : _
0 2 40 60 80 100 In order to account for the observed features in

T(X)
. i o . the Ols, P2p, P2s, Mo3d, and Mo3p spectra of the
Fig. 9. The inverse of the mass magnetization as a function of Mo-phosphate olass system. a elass structure consist-
temperature for a magnetic field of 10 Oe. The experimental data phosp > M a8

are shown by points and the solid lines represent least-squares fits ing of a mixture of several structural groupings:
to the data. : P,0;, M0oO;, Mo0O,(PO;), (molybdenum metaphos-
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phate), (Mo0,),P,0, (molybdenum pyrophosphate),
and MoOPO, (molybdenum orthophosphate) will be
considered. It naturally follows that these MoO;:P,O;
glasses will contain oxygen atoms in some or all of
the following structural units:

P=0, P-0-P, Mo-0O-Mo, Mo-O‘-Mo, Mo -0, and Mo-O-P.
Mo

Utilizing these structural units, the observed features
of the various spectra can now be explained, e.g., the
increase in the relative intensity of the O1s(1) peak
to the O1s(2) peak. The O1s(1) and O1s(2) peaks in
the P,O; powder have been assigned to oxygen in
P=0 and P-O-P, respectively, owing to the elec-
tron charge density arguments presented in their
preceding section. For crystalline MoQ,, a single
Ols peak at 530.7 eV is observed [23] which indi-
cates that oxygen in the various Mo-O units cannot
be distinguished by their s electron energies. Since
there is essentially no shift in the Ols peaks of the
Mo-phosphate glasses from those of the P,Os pow-
der, it is reasonable to assume that there is no large
shift in the Ols peak of the Mo-O units with the
addition of P,Os. Thus it is logical to conclude that
oxygen in the

P=0,Mo-0-Mo, Mo-OIvMo, and Mo - O
Mo

units contribute to the O1s(1) peak at approximately
531.7 eV while those in the P-O-P units are the
sole contribution to the O1s(2) peak at 533.7 eV in
these binary glasses. In addition, the assigning of the
Mo-O-P structural unit to the O1s(1) peak rather
than to the O1s(2) peak is consistent with previous
XPS studies [23]. Consequently, the increase in the
intensity of the O1s(1) peak with the incorporation
of Mo in these MoO,: P,O; glasses is the result of
additional M-O type bonds associated with this pro-
posed glass structural units as well as a decrease in
the relative percent of P-O-P bonds to P=0 bonds.

The 1 eV shifts to lower binding energies of the
P2p and P2s electrons for the glasses probably arise
from a difference in the molecular environment sur-
rounding the P atom between the P,O5 and Mo-phos-

phate glass structures. From the structural representa-
tions [10,23] of the crystalline phases in this binary
glass system, one finds the next nearest neighbors in
P,O; are all P atoms which are progressively re-
placed by Mo atoms as the MoO, content increases.
Since the Pauling electronegativity of Mo (1.8) is
lower than that of P (2.1), Mo has less of an affinity
for electrons than P. Thus the electron density at the
P atom increases with increased Mo content which
leads to a decrease in the P2p and P2s binding
energies in these highly concentrated Mo-phosphate
glasses.

For the Mo atom, the 1 eV shifts to higher
binding energies of the 3ds,,, 3d;,,, 3p;,, and
3p1,, core levels for the glasses could resuit from a
difference in the formal oxidation state as well as a
difference in the molecular environment [33]. The
binding energy typically increases with an increase
in the oxidation state of a metal atom. In the present
work the oxidation states of the Mo ions either
remain unchanged or are reduced to a lower valence
state, e.g., Mo®" — Mo**. Consequently the energy
of the Mo3d and Mo3p levels should either remain
unchanged or decrease upon going from the oxide to
glass, in contradiction to the observed overall in-
crease in binding energy. Instead, an explanation
similar to the one given in the preceding paragraph
seems to account for this 1 eV increase in energy. As
indicated from the structural representation, a Mo
atom is surrounded by an increasing number of P
atoms and a decreasing number of Mo atoms at the
next-nearest-neighbor positions as the P,O5 content
is increased. The electron density at the Mo atom
would correspondingly decrease and the Mo3d and
Mo3p binding energies increase. Thus the local envi-
ronmental change resulting from the formation of the
Mo-phosphates is probably the dominant process
responsible for the higher-energy shift of the Mo3d
and Mo3p levels. Although the electron density ex-
planation is the primary source for the overall 1 eV
shifts in binding energies of the Mo and P in the
glasses from the crystalline MoO; and P,O;, other
factors such as oxidation state of Mo would be
necessary to explain the absence of any significant
concentration dependence in these binding energies
over the narrow MoO, concentration range of 0.65
to 0.74 studied in this investigation.

With the determination of Mo®* abundance from
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both XPS and magnetization measurements, the ratio
of bridging to non-bridging oxygen atoms can be
computed based on the structural model for the
MoO;:P,0; glass system and can be compared to
those determined from the Ols spectra analysis. For
this structural model based on the glass consisting of
a mixture of P,05, MoO,, MoO,(PO,),,
(M00,),P,0,, and MoOPO,, the glass composition
can be written as

xMo,0; yMoO;(1 — x — y)P,0s (3)

where x and y are molar fractions of Mo>* and
MoS*, respectively. Then the corresponding mole
fractions of the various structural groupings are given
by 2

2x+2y—1 2—4x—-3y
————|(M00,),P,0; | ———
11—y - 1—y
2x
XMo0,(PO;), 1= MoOPO, (4)
-y
for 50 < Mo oxide < 66.6 mol%, and
1—2x—y 4x+3y—-2
——— 7 |(M00,),P,0;| ————
dx+2y—1 - 4x+2y—1
MoO 2x MoOPO 5
X _——
Ol axray 1] O ()

for 66.6 < Mo oxide < 86 mol%. Utilizing the Mo
oxide content (2x+7y) determined from the ICP
analysis and the Mo’* /Mo, ratio (2x/(Q2x +y))
from the magnetization measurements, the molar
fractions for the various structural groupings have
been determined and are listed in Table 5. Except for
sample G70, the glass structure appears to consist
mainly of the molybdenum pyrophosphate structure
and either the molybdenum metaphosphate or MoO,
structure. From the schematic two-dimensional rep-
resentation of these structures, the number of the
various bonding schemes for the oxygen atoms can
be deduced as detailed by Chowdari et al. [23].
Simply, MoO,{(PO,), has two bridging O atoms of

% These formulae are corrected from the originals presented in
Refs. [10,23] as the limit dividing the two formulae should be 66.6
mol% and the numerator for the (MoO,),P,0, molar fraction
should be [2x +2 y— 1] for Mo oxide content less than 66.6%.

the P-O-P bond structure and six ‘non-bridging’ O
atoms with the P=0 and the various Mo-O bond
structures, (MoO,),P,0, has one bridging O atom
to 10 ‘non-bridging’ O atoms, while MoOPO, and
MoO, have only ‘non-bridging’ O atoms (five and
three, respectively). Using the molar fractions of
these individual structural units from Table 5, the
relative number of bridging and ‘non-bridging’ O
atoms are obtained. For example in sample G55,
there are 0.52 bridging O atoms and 1.56 ‘non-bridg-
ing’ O atoms from the 0.26 mol of MoO,(PO,),,
0.60 bridging to 6.0 ‘non-bridging’ O atoms from
the 0.60 mol of (M0O,),P,0,, and 0.70 ‘non-bridg-
ing’ O atoms from the 0.14 mol of MoOPO,. The
resulting calculation of the ratio f (=
bridging / ‘non-bridging’ O atoms) is 0.13 which is
in very good agreement with the ratio of I,/I,
determined from the deconvolution analysis of the
O1ls spectrum for sample G55. The other calculated
ratios of f are in fair agreement with those deduced
from the Ols spectra except for G70. Uncertainties
in both the determinations of Mo content and Mo>™
abundance can have an effect in the values of these
ratios. For example, a 10% change in the Mo>"
content results in a negligible change in f for sample
G70 while a 10% increase in the Mo content gives
rise to a 50% decrease in f. Thus the disparities in
the calculated f to the I,/I, ratios are most proba-
bly the result of uncertainties in the Mo content and
any nonuniformity in the Mo concentration through-
out the glass samples. If one consequently excludes
the results from sample G70, there appears to be
overall trend for the percent of the bridging P-O-P
bonds (I,/I,) to decrease with increasing MoO,
content for the composition of Mo-phosphate glasses
investigated. This decrease would arise from an in-
crease in the crystalline MoO, structure and a de-
crease in the molybdenum orthophosphate structure
with increasing MoQO, content in the phosphate
glasses.

5. Conclusions

Binding energy for the P2p, P2s, Mo3d, Mo3p,
and Ols core levels of the Mo-phosphate glass sys-
tem energies of P2p and P2s were found to decrease
and those of the Mo3ds,,, 3d; 5, 3p;/,, and 3p; ,




G.D. Khattak et al. / Journal of Non-Crystalline Solids 212 (1997) 180-191 191

to increase with the mixing of the two glass formers.
Results are consistent with the proposition that
Mo0O,:P,0; binary glass is composed of a mixture of
the structural groupings that occur in the crystalline
phases of the Mo—P-O system and support a more
general picture that the local glass structure of the
transition-metal (TM) oxide phosphate glasses con-
sists of an admixture of structural groupings of crys-
talline phases representative of the TM~P~O system.
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