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Abstract—The local structural environment around Ni(ll) in a series of crystalline model compounds and
K-Ni-, Na-Ni-, and Ca-Ni-silicate glasses and melts has been evaluated by using high-resolution Ni K-edge
XANES spectroscopy and anharmonic EXAFS data analysis. The glasses show NBO/T contents ranging from
0 (albitic composition) to 1 (alkali-disilicate composition) and Ni contents ranging from 40 ppm to 2 wt.%.

The pre-edge feature for model compounds vary not only in normalized height as a function of Ni-
coordination but also in position (by0.5 eV) as confirmed by ab initio XANES calculations. In addition, the
pre-edge position is indirectly correlated with the average Ni-O distance. By using these correlations, Ni is
predicted to be 4-coordinated, on average, in the potassic glasSexordinated in the sodic glasses, and
>5-coordinated in the calcic glasses. The EXAFS-derived distances and coordination numbers are consistent
with these conclusions, with the average Ni-O distances ranging between 1.96 and 2.03(2) A. In contsast, NiO
units are dominant in the melts examined (Na-disilicate composition with 4000 ppm of Ni).

Variation in NBO/T or in Ni concentration does not affect the local environment of Ni in these silicate
glasses whereas the type of network modifier present in the glass (K vs. Na ¥sMga does. This finding
explains the overall good agreement between this study and a previous XAFS study on silicate glasses with
higher Ni concentrations and less polymerization (Galoisy and Calas, 1993a). In Part 2 of this series, these new
correlations between Ni K-pre-edge features and Ni coordination number are used to characterize Ni structural
environments in sodium trisilicate and albitic glasses containing 2000 ppm of Ni and exposed to pressures up
to 5 kbars with 0 to 8 wt.% water. These hydrated glasses show major changes in their crystal field spectra,
which correspond to major changes in the local coordination environment of Ni as revealed by XAFS
spectroscopy.Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION or in distorted 6-coordinated environments (Keppler, 1992).
Another interpretation of crystal-field spectra for sodic silicate
glasses (Galoisy and Calas, 1993a) concluded that Ni(ll) is
dominantly 5-coordinated (as trigonal bipyramids), with some
variable amount of tetrahedrally coordinated Ni(ll). Parallel
X-ray absorption fine structure (XAFS) spectroscopy studies of
Ni (=2000 ppm) in silicate glasses and melts (Galoisy and
Calas, 1993a; Farges et al., 1994; Farges and Brown, 1996)
confirmed the presence of 5-coordinated Ni(ll) in sodic silicate
glasses, a result that is also consistent with a neutron scattering
study of Ni-bearing sodium silicate glass (Gaskell et al., 1992).
This model has recently been questioned by Nowak and Kep-
pler (1998) who concluded that near infra-red spectra of albitic

Nickel is an important trace cation in silicate minerals and
melts and is known to partition strongly from silicate melts into
metallic or oxide crystals (Takahashi, 1978; Mysen et al., 1982;
Colson et al., 1988; Seifert et al., 1988; Burns, 1993; Mala-
vergne et al., 1997; Taura et al., 1998). In addition, the crystal-
chemistry of (divalent) nickel was extensively studied in light
of the thermodynamic and rheological properties of silicate
melts, especially during basalt production and migration (Kinz-
ler, 1990; Dingwell et al., 1994; Holzheid et al., 1996; Courtial
etal., 1997; Ertel et al., 1997). A fundamental understanding of
the partitioning behavior, including possible changes in the

structural environment of Ni(ll) in the melt as a function of . : . - .

, . glasses containing=4000 ppm of Ni are inconsistent with the
melt composition, temperature, pressure,@tiand other vari resence of 5-coordinated Ni environments. However, the
ables is required for understanding processes such as differen-p ‘ '

N , . ) glasses investigated in the earlier ultraviolet/vis, XAFS, neu-
tiation in the Earth’s mantle and core, which are believed to be : . . ]

. . . tron scattering, and infrared studies had somewhat different
major Ni reservoirs. o . . . . .

S . o bulk compositions, including different Ni concentrations,
The coordination environment of Ni(ll) in silicate melts has . . . . .
. - which may explain the different interpretations.

long been inferred from ambient temperature/pressure crystal-

) . . S Here, we present the results of a high-resolution XAFS
field spectroscopy on Ni-bearing glasses. In sodic silicate spectroscony study. including theoretical modeling of the pre-
glasses, Ni is believed to occur in a mixture of 4-, and 6-co- P Py Y 9 g P

ordinated environments (Calas and Petiau, 1983; Burns, 1993) ilc;g_lﬁl,i_Xﬁl_\lNEi_S ::g (E:Zﬁ\ﬁiiﬁE:tcgrg:;:g;zn;’itﬁfvl\:r(il(l))ulg :I%voe/r_?l

ratios (ranging from O to 1) and Ni-contents (ranging from 40

* Author to whom correspondence should be addressed ( farges@univ- PPM t0 2 wt.%). The coordination environment of Ni(ll) was
mlv.fr). analyzed by using empirical correlations between Ni K-pre-
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Table 1. Synthesis conditions and electron microprobe analysis for selected glasses.
Temp. Duration
Glass (°C) (h) NiO Sio, AlLO, Na,0 K,0 CcaO MgO b

KS3 0.4 1100 4 0.3 69.3 29.4 99.0
Na,NiSizOg 1550 1 22.7 56.9 20.3 99.9
NS2 2 1200 4 2.0 65.5 32.4 99.9
NS3 2 1200 4 1.9 72.6 25.3 99.8
ALB 0.4 1550 4 0.3 68.9 19.1 12.0 100.3
Ni : CaMgSiOg 1550 12 1.4 55.6 25.5 17.4 99.9
Average error 20 0.1 0.2 0.8 0.5 1.5 1.0 0.3 0.3

edge intensity and energy position in crystalline model com-
pounds containing Ni(ll) in different coordination environ-
ments. Ab initio multiple-scattering calculations of the pre-

2.3. XAFS Data Collection

Ni K-pre-edge, XANES, and EXAFS spectra for model compounds
and glasses were collected at the Stanford Synchrotron Radiation

edge and XANES spectra are also presented and are comparedaboratory (Palo Alto, CA, USA) on wiggler beam line V-1 at the Ni

with the experimental spectra. The Ni(ll) coordination environ-

ments in these glasses were also evaluated by using averag

Ni-O distances and coordination numbers derived from an

K-edge (8.33 keV). The storage ring operating conditions were 3 GeV

&lectron energy and 30 to 100 mA electron current. A Si(220) double-

crystal monochromator was used for these experiments (energy reso-
lution [FWHM] of ~1.5 eV at the Ni K-edge for a beam height-efl

anharmonic analysis of EXAFS data. In addition, we report mm). To remove the high-energy harmonics from the incident X-ray
quantitative evaluations of the effects of disorder, based on ab beam, the monochromator was detuned so that the intensity of the
initio calculations of the XAFS spectra (pre-edge, XANES and incoming beam was reduced by 25%. XAFS data for most model

EXAFS) and the influence of multiple scattering around Ni on €0MPounds and NAIiSI;O, glass were collected in transmission mode
because of their high Ni-contents. The optimum thicknesses of samples

the .experimental spectra. Th? conclusiolns from this study are for transmission experiments were calculated by using the computer
similar to those reported earlier by Galoisy and Calas (1993a, code “absorbance 2.1” (written by F. Farges) to result in an absorbance

b) for more Ni-rich and less polymerized silicate glass compo-

sitions, and they establish experimental and theoretical proto-

cols for collecting and interpreting XAFS spectra of Ni(ll) in

() and an edge jump\u/w) close to 1 at 8.5 keV (typical thicknesses
are 5-30um depending on Ni concentration). The appropriate amounts
of powdered model compounds (size fraction below &) were
mixed with boron nitride to reach a dilution level corresponding to the

water-bearing Na-Ni-silicate glasses presented in Part 2 (Fargescalculated theoretical thickness. Each mixture was compacted in a

et al., 2000).

2. ANALYTICAL METHODS
2.1. Model Compounds

NiCr,0, and Rb- and CNiSizO,, leucites were used as models for
4-coordinated Ni(ll), designated B§!Ni (Manceau and Calas, 1986;
Bell and Henderson, 1996). #NiPO, was used as a model for
5-coordinated Ni(ll) (Lyutin et al., 1973). Model compounds contain-
ing 6-coordinated Ni(ll) werd®'NiO (green: Bobrovskii et al., 1973),
Cd®INiSi,Og (Ghose et al., 1987)-1°!Ni,SiO, (olivine polymorph;
Lager and Meagher, 1978), nepouif@Ni,Si,O5(OH), (Brindley and
Wan, 1975),a-°INi(OH), (Greaves and Thomas, 1986), as well as
INITIO; and!®NiAl ,0,. To test our methods, we also studied several
samples that contain Ni(ll) at more dilute levels, including Ni-bearing-
olivine and diopside (Ni occupying 10 mol.% of the octahedral sites)
and Ni sputtered ory-Al,O5 (Ni : Al ,05).

2.2. Silicate Glasses

The glass compositions studied were prepared by mixing appropriate

amounts of dehydrated, reagent grade oxides {SMD,O;, NiO), and
dried carbonates (NEO;, K,CO;, CaCQ) in an agate mortar, decar

Teflon sample holder of 1 mm thickness, with Kapton windows {20
thickness). A Cu-foil was used to provide an accurate and absolute
energy calibration of the monochromator (Pettifer and Hermes, 1985).

For the model compounds and glasses with more dilute Ni concen-
trations (such as Ni: AD; and the albitic glasses for which self-
absorption effects are negligible), XAFS spectra were collected in the
fluorescence mode. Powdered samples were loaded into 2-mm-thick
Teflon sample holders. The incident- and transmitted-beam intensities
were monitored with ionization chambers by usingds the absorbing
gas. The fluorescence yield was measured as a function of X-ray energy
by using a Stern—Heald-type detector (Lytle et al., 1984) with Xe in the
fluorescence detector ion chamber. A CoO filteu(@bsorbance) and
Ag-Soller slits were used to minimize unwanted elastic scattering and
filter fluorescence, respectively. In order to monitor energy calibration
during data collection, a third ionization chamber (filled with Ar) was
used to collect XAFS spectra on crystalline NiO in transmission mode
simultaneously with the collection of fluorescence XAFS spectra of the
models compounds and glasses. The reproducibility level of the high-
resolution XANES spectra for all samples was 0.05 eV, based on the
pre-edge position for NiO, measured at 8331.25 eV compared to
metallic Ni.

XANES spectra were collected from 130 eV below to 220 eV above
the Ni K-edge (8200-8550 eV), with 0.5 eV steps, to allow a proper
normalization of these spectra in height. Energy steps of 0.05 eV were

bonating (by heating slowly from 20—800°C over 12 h), and melting in used for the pre-edge region (8326—8334 eV). We used a reduced
a Pt crucible. The melts were quenched and the resulting glasses wereheight for the horizontal slits (0.3 mm) to collect the XANES spectra
reground then remelted and quenched to enhance homogeneity. Somainder relatively high-resolution conditions (see below). This protocol

Ni (10-20 atom.%) was lost to the Pt-crucible during melting. Glass
compositions determined by electron microprobe analysis are listed in
Table 1 and are within 95% of their nominal compositions. KS2 and

results in enhanced resolution of pre-edge and XANES features, but it
does not affect the EXAFS region of the spectrum where features are
not as well defined (Fig. 1). The Ni pre-edge spectra for most model

compounds and glasses were collected twice within a 1-yr interval to
check for reproducibility; no differences were observed between du-
plicate spectra.

In contrast, we used low-resolution conditions (2 mm vertical slits
after the monochromator) to achieve the higher flux needed for col-
lecting high-quality EXAFS spectra up to 9200 keV. Step sizes varied
from a minimum of 2 eV in the low energy region to a maximum of 5

KS3 stand for potassium di- and trisilicate compositions (nominally
K,Si,05 and K;Si;O;). Similarly, NS2, NS3, and NS4 are the desig
nations for sodium di-, tri-, and tetrasilicate compositions B0,
Na,Si;O;, and NaSi,Oy). ALB represents an albitic composition
(NaAlSi;Og). The designation “NS2 2" represents a sodium disilicate
glass with 2 wt.% Ni. Similarly, “ALB 0.4” is the designation for an
albitic glass with 4000 ppm Ni.
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Fig. 1. Ni K-edge XANES spectra collected for nepouite

(*®'Ni,Si,05,(0H),) under low-, medium-, and high-resolution condi
tions, respectively, at LURE on the EXAFS2 spectrometer by using
Si(311)-monochromator crystals; at SSRL on BL 4-3 using Si(220)-
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spectra for the nepouite model compound by using synchrotron radia-
tion arising from storage rings of different generation (first, second, and
third generations, using the spectrometers “EXAFS2,” “4-3,” and
“ID26” at the LURE, SSRL, and ESRF facilities, respectively; Fig. 1).
Each of these spectra were collected under the highest resolution
possible locally. To compare these spectra, the spectrum collected at
LURE was deconvoluted by using the RECOVERY computer code
(Kosarev, 1990), which removes the spectral distortion inherent to any
experimental measurement. This method is based on the Maximum
Likelihood principle, which allows the maximum value of resolution
improvement to be achieved according to Shannon’s information the-
ory. We chose a point spread function (PSF) as a Gaussian function of
1.6 eV, assuming the estimated core-hole width of Ni (1.2 eV) (Brown,
1980) and an experimental convolution of 0.4 eV. Analysis of
RECOVERY data processing suggests that the high-resolution XANES
spectrum of nepouite collected at ESRF (third generation source) is
close to the broadening-free spectrum. On this absolute resolution
scale, the “high-resolution” XANES spectra from beamline 4-3 at
SSRL (second generation) were in fact collected under a “medium”
resolution. A major application of this new strategy is the analysis of
disorder effects in materials. XANES spectra for well locally structured
materials will benefit highly from third generation sources (dramatic
improvement in resolution, as for nepouite), whereas disordered mate-
rials won't benefit as much (as we tested this on the glasses and melts
of this study). Also, we found that the deconvoluted pre-edge spectrum
(Fig. 1) consists of one main feature, in agreement with theory (see
below). Finally, a deep improvement in the robustness of theoretical
XANES calculations can be performed on such deconvoluted spectra,
as new features are revealed.

Thus, XANES spectra were modeled by using the ab initio code
FEFF (Version 8.2; g8-release; Rehr et al., 1992; Ankudinov et al.,

monochromator crystals and 2-mm vertical aperture slits; and at ESRF 1998), which is based on full multiple scattering (FMS) theory and

on ID26 using Si(220)-monochromator crystals and 0.3 vertical aper- provides better convergence in this energy region. We optimized the
ture slits. The bottom curve is the spectrum calculated from the top choice of parameters in the FEFF8 calculations to result in a close
spectrum (LURE), using the deconvolution RECOVERY package, match between the calculated and experimental spectra for model
which removed the experimental broadening of the high-resolution compounds, as outlined previously elsewhere (Farges et al., 1996a). A

spectrum using Shannon’s information theory (Kosarev, 1990).

eV at the highest energies of the scan (equivalent to coriststefps of
0.05/A). For glasses with dilute Ni concentrations, 4 to 16 EXAFS
scans were averaged together to increase the signal-to-noise ratio.
In situ, high-temperature XANES spectra were collected at the ESRF
(Grenoble, France) on the new undulator beamline ID26 designed for
collecting XAFS spectra on ultradilute samples (Gauthier et al., 1999;
Soleet al., 1999). The storage ring operating conditions were 6 GeV
electron energy and 140 to 200 mA electron current. The first harmonic
of a 35-mm period undulator was used, as well as a Si(220) double-
crystal monochromator. Harmonics rejection and focusing were per-
formed by using a flat mirror coated with amorphous Si and a curved
bimorph SiQ mirror. The second mirror focus the beam in the hori
zontal plane, and the spot size on the sample was typically<0135
mm. XANES spectra were collected at the Ni K-edge by using a

self-consistent field (SCF) multiple-scattering (MS) procedure was
used to better model charge transfer between atoms during the photo-
electric process in a cluster consisting-e80 to 50 atoms (up to 4 A
around the central atom) in Nigd,, KNiPO,, and nepouite (card
“SCF 4.0") (13 iterations were required before reaching convergence
and Hedin—-Lunqvist potentials were used). Then, the XANES spectra
were calculated assuming the full-multiple scattering formalism (in-
cluding quadrupolar elements): card “FMS 2.5 07).

2.4.2. EXAFS spectra

EXAFS spectra were analyzed in accordance with the International
XAFS Standards and Criteria established by the International XAFS
Society using the XAFS package (version 2.5b; Winterer, 1996). XAFS
spectra were normalized in absorbance by using a Victoreen and a
cubic spline function (with=10 external double knots, which provided
an excellent background subtractioB), was determined as the inflec-
tion point of an error function fit to the edge jump:8338 = 1 eV).

The normalized EXAFS oscillations weké-weighted (range 1-13/A)

fluorescence-mode furnace (see Farges et al., 1994 for details on dataand Fourier transformed (FT) by using a Kaiser—Bessel filter (with a

collection and temperature control). Fast, highly linear, and low-noise

values of 4). The normalizedk?-weighted EXAFS oscillations were

Pin diodes detectors were used to monitor the beam intensity (using amodeled by using a theoretical EXAFS spectrum calculated with
Ti fluorescence foil) and to detect the fluorescence signal (using a CoO FEFFS for a NiQSi, cluster (as in CNiSisO,,; Bell and Henderson,

filter of 6 w absorbance to minimize the elastic scattering).

2.3. XAFS Data Analysis
2.2.1. Pre-edge and XANES spectra

1996). Disorder effects were modeled by using the cumulant expan-
sions theory (Crozier et al., 1988).

Based on previous low-temperature EXAFS measurements (Galoisy
and Calas, 1993a), the influence of thermal disorder at 20°C is negli-
gible as compared to structural disorder. At high temperatures, the use

Pre-edge and XANES spectra were reduced by using a protocol of cumulant expansions has been shown to be acceptable in accounting
described in Farges et al. (1996a). In order to test the energy resolution for anharmonicity effects in Ni K-edge EXAFS spectra at temperatures
of our XANES experiments, we have collected Ni K-edge XANES up to 1150°C (Farges et al., 1994).
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Fig. 2. High-resolution Ni K-edge XANES spectra for model compounds in which Ni(ll) is 4, and 5-coordinated (a, left),
or 6-coordinated (b, middle; and c, right).

3. RESULTS level is located between the energetically favorable orbitals (all
occupied) and the partially empty and energetically unfavor-
able orbitals (see also Heumann et al., 1997), the 1s-3d transi-
3.1.1. Model compounds tion will occur at different energies, depending on crystal field
splitting.

The plot of pre-edge absolute position versus normalized
intensity (Fig. 3b) shows distinct domains f6Ni, BINi, and
[¥INi. The average pre-edge positions f&iNi and *!Ni are

3.1. Pre-edge Features and XANES Spectra

Pre-edge features (feature A on Fig. 1) are most likely due to
the transition of a 1s electron of Ni from its core atomic state
to a final unoccupied state (a relaxed excited state due to the
presence of a core hole screened by the other electrons of Ni). .
In addition, within the dipole approximation (ground and re- separated byvo.s ev. Flgure. 3b also suggest's that the use Of,
laxed states have the same parity), a transition to the final statethe pr_e-e_dge height alone gives less robust mforma_tlor_] on _N'
(here a third state) is not Laporte forbidden as long as the final co0rdination number. indeed, a m_o[re centrosymmetric site with
state has some metal 4p (Westre et al., 1997) and/or ligand 2p@ 'oWwer Ni-coordination (such as in KNiPO,) has a pre-edge
character from the oxygen ligands (Kuzmin et al., 1997). Ab neight similar to that of a less centrosymmetric, but more
initio simulations of the pre-edges of Ni have not been suc- Mghly coordinated Ni-environment (such as "OuiSi,O).
cessful until recently (e.g., Garcia et al., 1995; Kuzmin et al., However, we can clearly distinguish between distorted NiO
1997) because of the amount of p-d mixing, which makes the and (régular or distorted) Nigenvironments based on a com
theoretical simulations more challenging. However, a multiplet Pination of pre-edge position and normalized height.
analysis of Ni pre-edges would be required for a more complete ~ 1he position and height of pre-edge features for Ni-bearing
understanding of the origin of the Ni K-pre-edge feature. olivine and diopside (Table 2) are similar to those measured for

Figure 2 shows the normalized XANES spectra for Ni(ll)- @-NizSiO,, CaNiS;Og, and the other compounds examined
bearing model compounds for which the position and height of here containing regular or distorted 6-coordinated Ni(ll). Fi-
the pre-edge feature have been evaluated. In addition to thenally, the pre-edge for Ni-sputtered grAIO; (Ni : Al O;) is
well-established changes in pre-edge height as a function of consistent with the presence BfNi, in agreement with its
Ni-coordination (see Calas and Petiau, 1985; Manceau and optical absorption spectrum (Galoisy and Calas, 1993a).
Calas, 1985; Galoisy and Calas, 1993a), the normalized pre- Theoretical multiple-scattering calculations of the Ni K-edge
edges foFINi(I1), BINi(11), and !Ni(ll) show different energy XANES spectra using FEFF8 (Fig. 4) confirmed that the edge
positions (Fig. 3a). This is due to the fact that the third orbitals crest (feature C) and the first EXAFS oscillation (feature E) are
are nearly filled and only the less energetically favorable or- shifted toward lower energy with increasing Ni(ll)-coordina-
bitals are able to receive a core 1s electron. Because the Fermition. Also, our calculations show that feature D results from
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Fig. 3. (a, left) Comparison of pre-edge features for 4, 5-, and 6-coordinated Ni(ll) (open squares, diamonds and circles,
respectively) as compared to that for a 50 : 50 mixture of 4-, and 6-coordinated Ni(ll) (black diamonds); (b, right) Plot of
the pre-edge information (energy position, bottom axis vs. normalized height, vertical axis) for the model compounds of this
study and the mixtures between 4- and 6-coordinated Ni(ll). Also shown on the top x-axis is the corresponding average Ni-O
distance measured in these model compounds by using X-ray or neutron scattering methods.

multiple-scattering effects, which are enhanced in highly cen- with our experimental results (0.062 and 0.036; Table 2).
trosymmetric polyhedra like a regular octahedron. Finally, the Thanks to the use of FEFF8.2, we were able to calculate
pre-edge (feature A) varies in absolute position and relative well-resolved pre-edges for 6-coordinated Ni(ll), as these fea-
height with varying Ni(ll)-coordination as observed experi- tures are related mostly to quadrupolar transitions (Heumann et
mentally: when Ni(ll) is tetrahedrally coordinated, the normal- al., 1997). Finally, feature B (often partially hidden by the edge
ized pre-edge is shifted toward lower energiesy.55 eV as jump) is probably related to a ks 4s transition as for Fe(ll)
compared to 6-coordinated Ni(Il). Also, the calculated pre-edge (Waychunas et al., 1983) which are enhanced for centrosym-
height of*!Ni is twice that of®!Ni(ll), in excellent agreement metric environments. However, more detailed studies are re-

Table 2. Ni pre K-edge information for selected Ni(ll) model compounds.

Pre-edge information

Absolute position Half-width
Model compound Normalized height (eV) (eV)

BINiCr,0, 0.062 8330.81 1.48
Cs,*INiSig0;, 0.042 8330.80 1.51
BINi : AlLO, 0.041 8330.83 1.50
50 : 50%INi — [PINj® 0.042 8331.00 1.58
KEINiPO, 0.036 8330.97 1.61
leINi,Si,O5(OH), 0.021 8331.28 1.39
[eINiO 0.018 8331.25 1.25
a-°'Ni(OH), 0.022 8331.23 1.30
a-°INi,SiO, 0.023 8331.17 1.43
Cd®INiSi,0q 0.019 8331.17 1.34
CINITIO, 0.024 8331.25 1.46
a-(Mgo 4°'Niy ,),Si0, 0.024 8331.20 1.42
Ca(Mg, d°'Nig, 1)Si,06 0.017 8331.26 1.46
Average error 0.002 0.05 0.05

aas NiCr0, for ¥INi and NiO for °'Ni.
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that the pre-edge position is measured with the same level of
NiO, resolution and accuracy as in this study.

————— NiO5 290 K

3.1.3. Silicate glasses

Figure 5 shows the normalized XANES spectra for Ni in a
variety of silicate glasses containing from 40 ppm to 22.7 wt.%
NiO, with NBO/T ratios ranging from O (albitic) to 1 (Na or
K-disilicate). Table 3 shows the pre-edge information for these
glasses (data are plotted in Fig. 6). For the sodic glasses, there
is little influence of either NBO/T ratio or Ni-content on the
average Ni-coordination, which remains constant near 5.0 (av-
erage Ni-O distancéNi-O) = 2.00 = 0.02 A). The pre-edges
for the two calcic glasses are located on the high energy side of
the domain for'®Ni, resulting in slightly higher predicted
(Ni-O) ~ 2.02-2.03(1) A. In contrast, the pre-edge information
for potassic glasses is consistent with the presence of domi-
/ nantly “INi ((Ni-O) ~ 1.95(1) A).

S e e o e S B B The XANES spectra for all glasses (Fig. 5) show a white line
8320 8340 8360 8380 8400 8420 (feature C) and a shoulder (feature D) that are similar to those
Energy (eV) in the calculated spectra for 5- or 6-coordinated Ni (see Fig. 4).

Fig. 4. Calculated XANES spectra (using FEFF 8.2, including qua However, because of the presence of a relatively intense pre-

drup%lar' transitions) for 4-, 5?, and G—CO%rdinated' Ni(ll), shg\/ﬂng edge peak (feature A) and a moderate “white line” (feature C),

variation in the pre-edge feature (A), the edge crest (feature C), and the the K-edge XA_NES Sp_eCt"a fqr Ni in the glasses StUdieC_l here
first EXAFS oscillation (E). Atomic clusters for these spectra were are more consistent with dominant amounts for 5-coordinated

taken from the local structure around Ni in NiQr,, KNIPO,, and Ni. No additional features in the Ni K-edge XANES of the
nepouite, respectively. Inset: zoom of the pre-edge feature (A), Show- gjaqas were observed. Such additional features, if present
ing variation in pre-edge absolute position and normalized height with d indi . | Is of d6 di d’ i or/and ’
Ni(Il)-coordination, consistent with the experiment. could indicate minor levels of 4- and 6-coordinated Ni or/an

the presence of next-nearest neighbors around Ni (network
formers and modifiers) and/or multiple scattering features (high
probability, based on theoretical calculations using FEFF) or/
and multi-electronic excitations (low probability but an accu-
rate estimation is required).

normalized absorbance

quired to ascertain the origin of this feature, as it can be due to
metallic Ni or a transition involving second neighbors nickel
orbitals.

3.2. EXAFS
3.1.2. Mixtures of coordinations

. . . . . 3.2.1. Model compounds
The pre-edge information for an experimental analysis of six

different mixtures offINi(ll) and ©INi(ll) (in the form of X Figure 7 shows the raw, normalized, and-weighted
MINiCr,0, + (1 — X) [®INiO) is shown in Figure 3b. The = EXAFS spectra for selected Ni-model compounds. Their cor-
pre-edge position and height vary slightly hyperbolically as a responding FTs are shown in Figure 8. The first peak in the FTs
function of the average Ni-coordination (Fig. 3b). However, near 1.6 A (FTs are uncorrected for Ni-O phase-shifts) corre-
within uncertainties, this variation is quasi-linear. In particular, sponds to the Ni-O correlation pair. The medium-range envi-
the pre-edge information for the 50 : 50 mixture [¥Ni and ronment around Ni (peaks above 3 A on the FT; Fig. 8) in the
[INi is located roughly half-way between those for NjOy, model compounds examined is variable, ranging from highly
and NiO. Therefore, it is not possible here to distinguish clearly ordered in NiO to relatively disordered in Ni-bearing olivine
between a sample containing 100%Ni and one containing (a-Ni : Mg,SiO,, with two octahedral sites, M1 and M2, and
50%[“INi + 50%®INi. By using pre-edge information, we can  preferential partitioning of Ni into the M1 site). Table 4 shows
only determine the average Ni-coordination, even under high- the EXAFS-derived structural parameters obtained for the ox-
resolution conditions. However, because of the quasi-linear ygen environment around Ni in these model compounds. The
variation of the pre-edge position as a function of Ni coordi- EXAFS-derived meakNi-O) distances are, on average, within
nation, the pre-edge position is linearly correlated with the 0.02 A of the values obtained from X-ray diffraction. The
average Ni-O distance (see Fig. 3b, top scale, using crystal EXAFS-derived coordination numbers are within 20% of the
structure information for the model compounds). This correla- X-ray diffraction-derived coordination numbers. The results of
tion between the pre-edge position an the average Ni-O dis- fitting by using both the cumulant expansion and analytical
tance is indirect: the pre-edge position is related to the crystal- distribution function treatments of anharmonicity are very sim-
field splitting, which is related to the Ni-coordination (whichis ilar (except for theAc? values, which may vary depending on
correlated with the average Ni-O distance). Therefore, one can the model used). The anharmonic parameM. is not neg-
estimate the average Ni-O distance with an uncertainty of ligible in KFINiPO,, suggesting that disorder effects are im-
+0.01 A in these types of oxides using this correlation between portant in some of these materials. However, because the
average Ni-O distance and Ni K-pre-edge position, assuming average Ni-O distance is within 0.02 A of that expected from
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Fig. 5. Ni K-edge XANES spectra for the glasses of this study. (a, left) albitic glasses; (b, middle) other sodic glasses;
(c, right) calcic and potassic glasses. A is the pre-edge feature, C the edge crest, and D the first EXAFS oscillation.

X-ray diffraction measurements, this anharmonic model (cu- third-neighbor environments around Ni when it substitutes in
mulant expansions theory) appear to work well, even for highly small amounts for Mg in olivines (Galoisy et al., 1995) and
disordered oxygen environments around Ni. clinopyroxenes.

In Ni-bearing olivine and diopside, EXAFS results are con-
sistent with pre-edge information, and suggest the presence of
distorted 6-coordinated environments in these phases, as ex-
pected. There are major differences in the medium-range en-
vironment of Ni in the Ni-bearing silicates relative to their average Ni-O distance (A)
respective Ni-rich end-members;Ni,SiO, or CaNiSLOg (See 1.95 2.00 2.05 2.10

Fig. 8). These differences may be due to different second- and N e T

[4] O Ca-glasses
Table 3. Ni pre K-edge information for the Ni-bearing silicate g_ ¢ ALB
glasses. - = H NS3
Pre-edge information "gn _ ¢ K-glasses
Q
Absolute Half- =
Normalized position width g ;_
Glass height (eV) (eV) .
KS2 2 0.045 8330.80 1.54
KS3 0.4 0.045 8330.78 1.49 E i [6]
NS2 2 0.038 8331.03 1.58 =]
NS2 0.4 0.038 8330.99 1.59 =~
NS2 0.004 0.037 8331.06 1.55 <7
NS3 2 0.040 8330.98 1.52 i
NS3 0.4 0.038 8330.96 1.57
NS4 0.4 0.035 8330.91 1.45 TTT T[T T T T[T T T[T T[T T T [ TTT T[T TrrT
Na,NiSizOg 0.038 8330.00 154 8330.8 8331.0 8331.2
ALB 2 0.041 8330.89 1.50 Energy (eV)
ALB 0.4 0.037 8331.05 1.60
éLEI_g.AOat 1150°C 00(')03%5 8?3%?1(')%2 11520 Fig. 6. Plot of pre-edge information for the glasses of this study
Nia' Clla%\/lssgo 0.036 8331.08 1.58 superimposed on the template from Fig. 3b, which is based on model
Average error 0.002 0.05 0.05 compounds. Sodium silicate glasses are located in the domain corre

sponding to an average coordination of Ni5.0.
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Fig. 7. Ni K-edge normalizedk®>-weighted EXAFS spectra for model compounds of this study.

3.2.2. Silicate glasses
Figure 9a shows the raw, normalizdd;weighted EXAFS

glasses, a Ni-O peak is observed near 1.5 A in the FTs. Table
5 shows the anharmonic, least-squares-fitting results obtained
spectra for selected silicate glasses (see Galoisy and Calasfrom the models presented in Figure 9a. The fit-quality param-
1993a for EXAFS spectra of potassium bearing glasses) and éter AE, is within the experimental resolution. The EXAFS-

their corresponding best models calculated, assuming O and Siderived average Ni-O distance is 1.97 to 2.03 A for the glasses
first-, and second neighbors (see below). Figure 9b show the considered. The EXAFS-derived distances are in good agree-
FTs for the experimental spectra shown on Figure 9a. For all ment with those estimated from the pre-edge position (see

~
El Ni-O
N’ _’ﬁ
il =
E
£ CaNisi,0, |
=
%0 nepouite
£ i,8i,0{OH), N
Ni:CaMgSi,0 | <
NN
| :
A
a-Nisio, [
— KNiPO,
Cs,NiSi{0
NiCr,0, Ni:0-Mg,SiO,
e l||l||l|l|l|lll|ll||||l|IIIIlIIIIIIIII_ ||IlllllIllllllllll[llllilllllllIllllll =
0 2 4 0 4 6 8

R+0¢(A)

Fig. 8. Fourier Transforms of the normalized;weighted EXAFS spectra for model compound EXAFS spectra shown

in Fig. 7.
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Table 4. EXAFS least-squares fitting results for the Ni-O pair correlation in selected model compounds compared to X-ray diffraction-derived Ni-O
distances, where available (in bold).

Structural data Fit quality
b
N (R) (A) Ad? (A?) AC; (A3 AE, (eV) X 107
BINiCr ,0,
4x 0Oat1.95A 4.2 (1) 1.96 (1) 0.523 (3) 0.000 (1) -1.2(4) 0.77
Cs,INiSis0;,
4x Oat1.88A 4.4(2) 1.92 (1) 0.332 (5) 0.000 (0) -2.3(8) 3.30
KINiPO,
5% Oat2.01A 5.0 (1) 2.02 (1) 4.321(2) 0.003 (1) -1.3(7) 0.021
50:50 mix 4:6 (2x O at 1.95 A and 3x O at 2.08 A)
[56]>< O at2.03 A 5.7 (2) 2.04 (1) 2.243 (1) 0.001 (1) —-2.0 (12) 0.427
NiO
6 X O at2.08 A 5.6 (1) 2.08 (1) 0.048 (5) 0.000 (1) -2.1(9) 0.606
[®INi;Si,05(0OH) 5
6 X Oat2.07 A 5.9(2) 2.06 (1) 0.321 (4) 0.000 (1) —-0.0 (2) 0.014
a-®INi,SiO,
6 X O at2.09 A 5.8(2) 2.09 (1) 5.740 (8) 0.001 (1) +1.4 (2) 0.359
Cal®NiSi, 04
6 X O at 2.08 A 5.5(2) 2.09 (1) 2.655 (3) 0.001 (1) +1.5 (5) 6.716
©INi: a-Mg,SiO,
5.5 (3) 2.09 (2) 4.390 (5) 0.000 (0) -0.7 (2) 0.024
CaMg, ¢°'Nig.1Si,06
6.1(3) 2.08 (2) 4.100 (6) 0.000 (1) +1.2 (4) 1.010

2 Absolute values, calculated by using FEFF8 ab initio amplitude and phase functions.

b y2 of the least-squares fit to the data.

N, (R), Ac?, andAC, are the total number of O first neighbors around NR0%), the average Ni-O distance .01 A), the relative Debye—Waller
type-factor ¢-0.005 &), and the relative third cumulant-0.001 &), and the asymmetry parameter@.1), respectively.

earlier discussion in Section 3.1.3). The average Ni-O distance distances derived from neutron scattering for the CajQgi

is slightly shorter for the albitic glasses (1.97-1.98 A) and glass; Gaskell et al., 1992; see also Galoisy and Calas, 1991).
slightly longer for the calcic glasses (2.02—2.03 A) than the The anharmonic parameteXC,, although small, is not negli-
average value for 5-coordinated Ni(ll), again in agreement with gible, indicating a small amount of positional disorder in the
the distances estimated from the pre-edge positions (and Ni-Ofirst- and second-coordination shells around Ni in these glasses.

= o)
=
~ Ni-O
S
ALB 0.2 2
=
ALB 2 g
\ Y ‘ . <
' o A NaNi g Ni-Si
] D Tl
4 NS4 0.4 I
N M7 M) | NS3 02
n— oy v 1 AL
+ , Ni-DIOP
. 'y f 4 CaNiSi, O .
v.‘ LINLINL I L L L L L L L L L LB 4 LINLL  L  L B  BLBLO O
0 2 4 6 8 10 12 14 0 1 2 3 4 5 6
k (A1) R+0(A)

Fig. 9. (a, left) Ni K-edge normalized?-weighted EXAFS spectra for selected glasses and the best model fit to these
spectra assuming two shells of O and Si neighbors around Ni; (b, right) FTs of the spectra shown in on Fig. 9a.
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Table 5. EXAFS least-squares fitting results for the Ni-O and Ni-Si pair correlations in selected Ni-bearing silicate glasses (calculated errors are
in parentheses).

Structural data Fit quality
Ao? AC, AE, X2 °
Shell N (R) (A) (A? (A3 E, (eV) (eV) X 107
Ni : CaMgSiOg (0] 5.2(8) 2.02 (1) 0.2 (1) 0.4 (1) 8339.5 (4) -1.0 0.196
Si 3(1) 3.19(3) 0.2 (1) 24(2) -4.0
CaNiSi,Og (0] 5.2 (5) 2.03 (1) 0.3(1) 1.1(1) 8339.5 (1) -1.0 0.283
Si 2(1) 3.19(3) 0.3(1) 0.0 (1) -1.1
NS4 0.4 (0] 5.3(4) 1.99 (1) 0.1(1) 0.3(2) 8339.4 (4) 0.9 0.751
Si 2(1) 3.18(5) 0.4 (1) 0.0 (2) 0.1
NS3 0.2 (0] 4.7 (6) 1.99 (1) 0.2(1) 0.5(3) 8337.8 (4) 0.0 0.588
Si 2(1) 3.28(3) 0.7 (2) 0.0 (1)
Na,NiSizOg (0] 5.3(5) 1.98 (1) 0.2 (1) 0.2 (1) 8339.1 (2) 0.3 0.623
Si 3(1) 3.19(3) 2.0(1) 1.0(1) 0.8
ALB 2 O 4.6 (5) 1.97 (1) 0.2 (1) 0.1(1) 8338.1 (2) -1.4 0.645
Si 3(1) 3.27(3) 0.6 (1) 0.5(1) 5.6
ALB 0.4 e} 4.6 (6) 1.98 (1) 0.2 (1) 1.2(2) 8338.0 (4) -0.9 0.985
Si 3(1) 3.25(4) 0.4 (2) 0.0 (0) -1.7
Average least- O 0.5 0.01 0.1 0.1 0.5 0.5
squares precision Si 1 0.05 0.2 0.2 0.5

2 Absolute values, calculated by using FEFF8 ab initio amplitude and phase functions.

b y2 of the least-squares fit to the data.

N, (R), Ac?, andAC, are the total number of O first neighbors around NR0%), the average Ni-O distance .01 A), the relative Debye—Waller
type-factor ¢-0.005 &), and the relative third cumulant-0.001 &), respectively.

Another contribution to the EXAFS is observed near 2.9 Ain  glasses derived by using the standard harmonic EXAFS model
the FTs. Ab initio calculations, using the FEFF8 code based on (Galoisy and Calas, 1993a), although the average Ni-O dis-
the structure of C$INiSis0,, and KPINiIPO,, suggest that  tances are slightly higher in our analysis, which is consistent
multiple scattering within the NiQ and NiQ, coordination with slightly higher average coordination of Ni.
spheres does not contribute significantly to the FT feature near The effect of Ni concentration (which ranges from 2 wt.% to
3 A observed for some of the glasses. This small contribution 40 ppm for albite glass) on the local environment of Ni in our
is best fit by Si atoms in the medium-range environment around silicate glasses is quite small. These results are consistent with
Ni in these glasses. The average Ni-Si distance is 3.20(5) A, solubility measurements of Ni in silicate melts of various
and the number of Si second neighbors is relatively smait (2 ~ compositions (Dingwell et al., 1994; Ertel et al., 1997; Forten-
1 Si). Here again, the anharmonic parameters are relatively fant and Dingwell, 1998), which suggest that the minimum in
small. As for previous EXAFS studies (Galoisy and Calas, Ni solubility (~1800 ppm) is found for compositions poor in
19934, b), there is no clear evidence for Ni-Ni pairs, as detected alkalis (<25 mol.% Na or K-metasilicate in haplobasaltic and
by neutron-scattering on concentrated Ni-glasses, like anorthite-diopside eutectic melt compositions). Although the
CaNiSpL,Og (Cormier et al., 1995). This is related to the large EXAFS spectrum for the most dilute glass (ALB 0.004) cannot
structural disorder in the medium-range environment of Ni in be analyzed even though we collected and averaged a number
silicate glasses, which strongly limits the possible paths of the of scans, its Ni K-edge XANES spectrum (Fig. 5a) is similar to

photoelectron induced by synchrotron X-rays. those of the other ALB glasses examined in this study. Finally,
we have investigated the effect of NBO/T in sodic glasses and
4. DISCUSSION found that there is no detectable effect within the EXAFS

least-squares fitting errors.

The pre-edge analysis protocol is not able to establish di-

Our new XAFS data analysis protocols for Ni(ll) in silicate rectly if the sodic glasses contain mostly 5-coordinated Ni or a
glasses involving high-resolution pre-edges, XANES analysis, ~50 : 50 mixture of™Ni and ®!Ni. However, the disorder
and explicit treatment of anharmonic effects provide a coherent parameters)c?) for the sodic glasses are much smallef(01
picture of the local coordination environment of Ni in the A?®) than that measured for the 50 : 50 mixturd®iKi and®'Ni
silicate glasses examined here. By accurately monitoring the (~0.022 22, Table 4). Therefore, we conclude that Ni is
pre-edge position, we are able to derive an average coordina-present dominantly in one coordination environment in sodic
tion for Ni of ~5.0 oxygens for all sodic an¢t5.3 oxygens for glasses, possibly as trigonal bipyramids, based on previous
the calcic silicate glasses investigated. The estimated averagecrystal-field spectroscopy interpretations (Galoisy and Calas,
Ni-O distances based on the pre-edge position for these glassed993a). Indeed, this geometry is the dominant one ar&UiNd
are 1.97 to 2.04 A (Fig. 6), which are consistent with the in Ni-containing oxide-type compounds (see Nord and Stefani-
EXAFS-derived distances (1.97-2.03 A; Table 5). The results dis, 1981 for a short review). Thus, the pre-edge positions,
of this anharmonic data analysis protocol are generally consis- intensities of the pre-edge features, and EXAFS parameters are
tent with those from previous studies on more concentrated not consistent with dominant amounts of Ni6ites in any of

4.1. Coordination of Ni in Silicate Glasses and Melts
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Fig. 10. (a, left) Ni K-edge XANES spectra (ID 26, ESRF) collected from an albitic glass and melt to 1150°C containing
4000 ppm Ni; (b, right) normalized pre-edges (feature A in Fig. 10a), showing an enhanced contribution due to tetrahedral
Ni(ll) in the melt phase of sodium-disilicate.

these glasses. However, a continuous range of sites for Ni, 4.2. Medium-Range Environments of Ni in Silicate
ranging from 4- to 6-coordinated Ni environments, is likely to Glasses
be present in all the glasses investigated, as indirectly suggested
by crystal-field spectroscopy of Ni (see Galoisy and Calas, Our EXAFS analysis detects a contribution near 3 A in the
1993a) and molecular dynamics of the isostructural Fe(ll) in a FTs (uncorrected for phase shift) for most of the glasses ex-
silicate glass of hedenbergite composition (Rossano et al., amined which is not caused by multiple scattering (based on ab
2000). For instance, the quench rates for sodic glasses influencenitio EXAFS calculations for the KNiP@model compound).
highly the color of these glasses, ranging from deep brownish- Instead, the presence of second-neighbor Si atoms (based on
violet (for very fast quench rates) to brownish (relatively EXAFS fitting results, see Section 3.2.2) is the most likely
slower quench rates), suggesting the presence of lower coordi-cause of this feature. The presence of Si atoms at 3.2 A
nation environments around Ni in ultra-quenched glasses. (Ni-O-Si angle~125°, assuming a Si-O distance .6 A in

Our finding of dominantly 5-coordinated Ni in the sodic silicate glasses; Brown et al., 1995) from the central Ni atoms
silicate glasses examined here is in contrast with the coordina- is similar to the medium-range structure around Ni in crystal-
tion of Ni in sodic melts. Ni K-edge XANES and EXAFS line CsNiSisO,, (except that the Ni-coordination is 4 in that
information reported for a sodium disilicate melt containing 2 model compound). In this leucite-related structure, Nabd
wt.% of Ni (Farges et al., 1994) suggested the presence of SiO, tetrahedra share corners with average inter-tetrahedral
dominant amounts of 4-coordinated Ni. This result is confirmed Ni-O-Si angles (135°) that are lower than the mean Si-O-Si
in this study for lower Ni-concentrations and more polymerized angles (144°), in agreement with the inverse correlation be-
compositions (Fig. 10a,b). In situ, Ni K-edge XANES and tween T-O bond length and the mean T-O-T angle in frame-
pre-edge information for Na-disilicate and albitic melts, both work silicates (Brown et al., 1969; Hill and Gibbs, 1979;
doped with 4000 ppm Ni, were collected by using a newly Navrotsky et al., 1985). Because of the similarities in the
designed undulator spectrometer (ID26 at ESRF, Grenoble), XANES and EXAFS spectra between Ni-bearing leucite and
now available on third generation synchrotron sources. The Ni silicate glasses, alkalis should also be present around Ni, but at
pre-edge spectrum for both melts (1150°C and 1350°C, respec-distances above 3.5 A, and with a range of distances, which
tively) is typical of 4-coordinated Ni(ll) and is shifted by 0.15 makes them difficult to detect with EXAFS and XANES meth-
eV toward lower energy and increased two times in normalized ods. Indeed, the bonding of Nj@olyhedra 6 = 4, 5, 6) to
height as compared to the room temperature glass spectrum, innetwork modifiers is strongly suggested by: 1) the variation of
excellent agreement with crystal-field interpretations of an al- average Ni-coordination in the Ni-silicate glasses examined
bitic sample doped with 2 wt.% Ni (Keppler, 1996). with different network modifiers (Na, K, and Ca); 2) the Ni
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solubility data (which is low in alkali-poor compositions;
Fortenfant and Dingwell, 1998) and bond valence models (Ga-
loisy and Calas, 1993a,b).

Then, generic bond-valence models for Ni in the silicate

F. Farges et al.

4.3. Conclusions and Prospectives for High-Pressure
Hydrous Glasses and Melts

Ni-bearing melts are characterized by lower average Ni

glasses investigated here can be depicted as follows in potassicco0rdination numbers, which is related to the relatively higher

sodic, and calcic glasses:

(a) potassic glass

si

(b) sodic glass
Si

(c) calcic glass

I K Na Si
1.0 vu 1.0 vu 1.0vu
K Na Ca
L4l ——O/ 5l Nj na B NI -
0.5vu ?K . 0.4 vu 035w —Ca
K Na
0.12 vy 0.16 vu 0.33vu
Ys=198 Y s=2.09 Y s=201

By applying Pauling’s second rule to these three examples,
one can extract an unified Pauling relationship:

E s:SNi+ESNF+

cations NF

z

Zy, X 2 Sw (1)
NM

in which s, Syr and s, as the average bond valence for the

Ni-O, NF (network-former)-O and NM (network-modifier)-O

bonds. 4 and 7, hold for the formal valence of network

formers to network modifiers, respectively.

Because of Pauling’s second rule, one can also write:

2
S\“_NNi

E s=|Zy|

cations

and (2,3)

from which, we can extract {j, the predicted nickel coordi-
nation:

B 2

N

- ZNF (4)
2 _

+ —
ZNM S\IM

thermal expansion of network modifiers to which Ni adapts its
continuum of possible sites (Brown et al., 1995). The coordi-
nation environment of transition metal ions in silicate glasses
and melts is controlled by several factors. First, the relative
flexibility of individual metal-oxygen first-neighbor bond dis-
tances (particularly around network modifiers such as Na and
Ca) makes that these cations can adapt for a given bonding
situation as a function of pressure, temperature or composition.
This effect is related to the relative difficulty to define a
coordination numbesensu-strictofor such cations in disor-
dered systems, so the variety of local topologies existing in
glasses and melts is adequate for transition elements. This is
generating a continuum of environments, centered to the value
measured by XAFS spectroscopy. Second, the general require-
ment of Pauling’s bond valence sum rule should be satisfied in
silicate glasses and melts (Farges et al., 1991; Galoisy and
Calas, 1993a; Brown et al., 1995).

Based on these type of structural models, a “complexation”
of Ni by OH™ groups or water molecules should result in
dramatic changes in the local structural environment of Ni,
because protons in the form of hydroxyl groups contribute
~0.7 valence units to the bond valence sum, which is three
times higher than the amount contributed by alkalis. Part Il of
this series focuses on the effect of water on the local environ-
ment of Ni in sodium silicate melts quenched from 5 kbars
where changes in the local structural environment around Ni
are dramatic.
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