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Structure of crystalline and amorphous materials in the NASICON system
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The structure of crystalline and amorphous materials in the sodium (Na) super-ionic conductor
(NASICON) system Nai45Al;Gea—5(PO4)3 with z = 0, 0.4 and 0.8 was investigated by combining
(i) neutron and X-ray powder diffraction and pair-distribution function analysis with (ii) > Al and
31P magic angle spinning (MAS) and *'P /?*Na double-resonance nuclear magnetic resonance (NMR)
spectroscopy. A Rietveld analysis of the powder diffraction patterns shows that the z = 0 and = =
0.4 compositions crystallize into space group type R3 whereas the x = 0.8 composition crystallizes
into space group type R3c. For the as-prepared glass, the pair-distribution functions and 27 Al MAS
NMR spectra show the formation of sub-octahedral Ge and Al centered units, which leads to the
creation of non-bridging oxygen (NBO) atoms. The influence of these atoms on the ion mobility
is discussed. When the as-prepared glass is relaxed by thermal annealing, there is an increase in
the Ge and Al coordination numbers that leads to a decrease in the fraction of NBO atoms. A
model is proposed for the z = 0 glass in which super-structural units containing octahedral Ge®
and tetrahedral P®® motifs are embedded in a matrix of tetrahedral Ge®) units, where superscripts
denote the number of bridging oxygen atoms. The super-structural units can grow in size by a
reaction in which NBO atoms on the P® motifs are used to convert Ge® to Ge(® units. The
resultant P motifs thereby provide the nucleation sites for crystal growth via a homogeneous

nucleation mechanism.

I. INTRODUCTION

Homogeneous (or internal) nucleation in bulk glass can
be used to create a uniform distribution of crystallites
of controllable size and shape throughout a material.
The process is crucial in the production of many glass-
ceramics that include photosensitive and photochromic
materials, along with tough fracture-resistant ceramics
that have uses ranging from cookware to missile nose-
cones [1]. The creation of a uniform distribution of crys-
tallites also makes homogeneous nucleation an attractive
option for optimizing the properties of superionic con-
ducting materials for battery and sensor applications. A
case example is provided by the technologically relevant
Naj;,Al,Ges—(POy)s (0 < 2 < 1) (NAGP) system in
which the structure of the crystalline phase is based on
that of the sodium (Na) super-ionic conductor (NASI-
CON) NaGeg(PO4)3 [2]

Initial work on these highly-conducting materials,
which are candidates for the electrolyte in all-solid-state
sodium ion batteries [3, 4], focused on pressed powders.
However, it was discovered that they can also be prepared

* Corresponding author: p.s.salmon@bath.ac.uk

via the glass-ceramic route, giving the significant advan-
tage of moldable bulk materials [5]. It is therefore desir-
able to know the glass structure, and how this structure
changes during thermal annealing and the early stages of
crystal nucleation and growth. The latter is of general
scientific interest for any glass undergoing homogeneous
nucleation, but has not been explored in non-siliceous
systems [6].

In this paper we investigate the structure of NAGP
materials with z = 0, 0.4 and 0.8. Here, the structure of
the crystalline phase with z = 0 is based on a negatively
charged three-dimensional framework in which tetrahe-
dral PO, units are linked via bridging oxygen (BO) atoms
to four octahedral GeOg units. This framework of corner-
sharing polyhedra contains interstitial sites in which the
Na' ions reside [2], and where the size of a connection
between sites determines the extent to which it acts as
a bottleneck for ion motion [7]. The ionic conductivity
increases when a proportion of the Ge** ions are alio-
valently substituted by AI3T ions, and additional Na™
ions enter interstitial sites to compensate for the charge
deficit [8]. For glassy NAGP materials, the ionic con-
ductivity also increases with xz, and the addition of Al
improves the glass-forming ability [8]. The lithium ana-
logues Lij;,Al,Gea,(POy4)s (LAGP) of these materi-
als nucleate homogeneously [9], and have already found
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commercial usage as separator membranes in lithium-
air batteries and related systems [3, 10]. Comparatively
little is known, however, about the Na-containing ma-
terials, although solid-state nuclear magnetic resonance
(NMR) experiments on the LAGP [11] and NAGP [12]
systems indicate that all structural aspects of the glass-
to-crystal transition are the same, suggesting the same
crystallization mechanisms. Homogeneous nucleation in
NAGP glasses is supported by the results obtained from
differential scanning calorimetry experiments on mono-
lithic versus powdered samples [8].

The structure of the NAGP materials was probed by
combining neutron diffraction (ND) and X-ray diffraction
(XRD) with 27Al and 3'P magic angle spinning (MAS)
and 3P /23Na double-resonance NMR spectroscopy. The
structure of the glass was investigated in its as-prepared
condition and after thermal annealing near the glass-
transition temperature T in order to investigate the ini-
tial stages of thermal relaxation. The structure of the
fully crystallized glass was also investigated by apply-
ing (i) the Rietveld method [13, 14] to refine powder
diffraction patterns and (ii) the pair-distribution func-
tion method. The results for the crystalline materi-
als provided a starting point for interpreting the pair-
distribution functions measured for the vitreous materi-
als. Here, the analysis was helped by the provision of site-
specific information on the coordination environments of
P and Al from the solid-state NMR experiments. In turn,
the pair-distribution functions provided information on
the Ge coordination environment, which is largely inac-
cessible from NMR spectroscopy.

The paper is organized as follows. The diffraction the-
ory for pair-distribution function analysis is outlined in
section IT and the experimental methods are described in
section III. The results are presented in section IV and
are discussed in section V where a model is proposed for
the glass structure. Conclusions are drawn in section VI.

II. THEORY FOR PAIR-DISTRIBUTION
FUNCTIONS

In a diffraction experiment the total structure factor
[15]
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is measured, where k£ denotes the magnitude of the scat-
tering vector; ¢, = N, /N denotes the atomic fraction of
chemical species a where N, is the number of atoms of
type o and N = ) N, is the total number of atoms;
wq (k) represents the k-dependent X-ray atomic form-
factor f, (k) or the k-independent coherent neutron scat-
tering length b, of chemical species a; the mean value
(wk)) = >, cawa(k); and Sap(k) is a Faber-Ziman
partial structure factor. Neutral atom form-factors were
used in the XRD data analysis [16]. The neutron scatter-

ing lengths of the elements in NAGP materials are by,
= 3.63(2) fm, ba; = 3.449(5) fm, bge = 8.185(20) fm, bp
= 5.13(1) fm and bp = 5.803(4) fm [17].

The corresponding real-space information can be rep-
resented by the total pair-distribution function

2 / Ak k[S(k) — 1] M(E)sin(kr) (2
0

=D(r)® M(r),

D'(r)

where r is a distance in real space and ® denotes the
one-dimensional convolution operator. M (k) is a win-
dow function that originates from the finite k-range that
is accessible to a diffractometer, which extends to a max-
imum value kp.x. This accessibility has the effect of ap-
plying to S(k) — 1 the step modification function defined
by M(k) =1 for k < kpax and M (k) = 0 for k > Kkpax-
M(r) is the real-space manifestation of M (k) and is a
symmetrical function. In a neutron diffraction experi-
ment, where the scattering lengths are £ independent,
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where p is the atomic number density and gos(r) is a
partial pair-distribution function. At r-values smaller
than the distance of closest approach between two atoms
gap(r) = 0. It follows that, in the absence of Fourier
transform artifacts such as those originating from M (&),
D'(r) = —4mpr, which is often called the density line.

In order to distinguish between features in D’(r) that
describe the glass structure from those that are an arti-
fact of M (r), each peak i in rg.g(r) can be represented
by the Gaussian function
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where rfm, afyﬁ and 7/ (i) are the peak position, standard
deviation and coordination number of chemical species 3
around «, respectively [18]. The contribution of each
peak pr (r) to S(k) — 1 is given by

Xp[—W], (5)
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where Wi, = (2= dap)chchwi, (k)w(k)/ (w(k))® and
dqp is the Kronecker delta.

In the case of the ND data, the method of least squares
was used to fit D'(r) to a sum of Gaussian functions
convoluted with M (r) such that

D'(r) = 47TpZ W, sphp(r) @ M(r) — dmpr.  (6)

In the case of the XRD data, each pf, (k) function was
Fourier transformed to real-space using the same M (k)
function as used for the experimental data. For a selected



region in r-space, the method of least squares was then
used to fit an appropriate sum of these Fourier transforms
to T'(r) = T'(r) ® M (r) using the program PXFIT (A. C.
Hannon, private communication), where T'(r) = D(r) +
T%(r) and T°(r) = 4mpr. For ease of comparison with the
neutron diffraction results, the fitted functions are pre-
sented as D'(r) = [T(r) — T°(r)] @ M (r) = T'(r) — 4mpr,
noting that T°(r)®@ M (r) = T°(r) because M (k = 0) = 1.
The goodness-of-fit was assessed by the parameter [19]

5, Dexp(ry) = Dielr)2 )
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calculated over the fitted range, where ‘exp’ and ‘fit’ de-
note the measured and fitted functions, respectively.

The use of a step modification function in Eq. (2) leads
to sharp peaks in D’(r), which is the reason for its ap-
plication, but can also lead to Fourier transform arti-
facts that include large excursions below the density line
D'(r) = —4mpr on each side of the first peak in D’(r).
The latter can be suppressed by using the Lorch [20, 21]
modification function M (k) = sin (7k/kmax) / (7k/kmax)
for k < kmax, M (k) =0 for k > kpax, but at the expense
of broadened peaks.

IIT. EXPERIMENT
A. Sample preparation and characterization

The glasses were made using the method described in
[8]. For each composition, part of the glass was kept in
its as-prepared condition; part was annealed at a thermal
treatment temperature Tr near to T, for a time chosen
to relax the glass structure whilst minimising the forma-
tion of crystallites; and part was annealed at Tt for a
time chosen to fully crystallize the material. For the z
= 0 composition, two additional parts of the as-prepared
glass were taken for further investigation. One part was
annealed at Tt = 876 K for 0.25 h and the other part
was annealed at the same temperature for 0.5 h.

The glass transition temperature Ty and crystalliza-
tion temperature Ty were measured for ~20 mg mono-
lithic samples using a differential scanning calorimeter
(Netzsch DSC404) with a heating rate of 10 K/min. The
mass density of the glasses was measured using a Quan-
tachrome 1200e pycnometer operated with He gas. The
density of the crystals was taken from the powder diffrac-
tion work. Parameters describing the samples and their
thermal history are listed in Table I.

B. Powder diffraction experiments

The neutron powder diffraction patterns were mea-
sured using the fine resolution powder diffractometer
E9 (FIREPOD) [22] at the reactor source BER II,

Helmholtz-Zentrum Berlin (HZB), Germany. The data
sets were collected at ambient temperature (295 K) us-
ing an incident wavelength A\ = 1.7982(1) A. The sam-
ples were handled in air and held in vanadium cans
of 5 mm diameter. The X-ray powder diffraction pat-
terns were measured using a Rigaku SmartLab system
with Bragg-Brentano diffraction geometry, monochro-
matic copper Kaj radiation, and a fixed 0.66° divergence
slit. The instrument was equipped with a Johansson-type
Ge-crystal monochromator and a HyPix-3000 2D single
photon counting detector.

Rietveld refinement [13, 14] of the crystal structures
was performed using the FullProf suite [23, 24]. The ND
and XRD patterns for each sample were refined simul-
taneously. The crystal structure data were standardized
using STRUCTURE TIDY [25]. Crystal structures were
drawn using the three-dimensional visualization system
for electronic and structural analysis (VESTA) package,
version 3.3.1 [26].

C. Pair-distribution function experiments

Two sets of ND experiments were performed on the
NAGP materials to measure the total pair-distribution
functions.

The first set of experiments used the diffractome-
ter D4c at the Institut Laue-Langevin [27] with A =
0.4955(1) A (for the samples annealed at Trr = 876 K)
or A = 0.4980(1) A (all other samples). This instrument
was chosen because of its stability and high count-rate
over a wide k-range, which enables it to probe small dif-
ferences in structure [28]. The powdered samples were
held in a cylindrical vanadium container of inner diame-
ter 6.8 mm and wall thickness 0.1 mm. Diffraction pat-
terns were measured at room temperature (~298 K) for
each of the samples in its container, the empty container,
the empty instrument, and a cylindrical vanadium rod
of diameter 6.08 mm for normalization purposes. The
diffraction pattern was also measured for a slab of neu-
tron absorbing °B,C of dimensions similar to the sample
in order to estimate the effect of the sample’s attenuation
on the background count-rate at small scattering angles
[29]. The data analysis followed the procedure described
in [30].

The second set of experiments used the diffractometer
GEM at the ISIS pulsed neutron source [31]. This in-
strument was chosen because it accesses a much larger
kmax value than D4c, thus improving the resolution of
the peaks in D’'(r). The powdered samples were held
in a cylindrical vanadium container of inner diameter
6 mm and wall thickness 40 wm. Diffraction patterns
were measured at room temperature (~298 K) for each
of the samples in its container, the empty container,
the empty instrument, and a cylindrical rod of the al-
loy Vo.9486Nbg.0514 (diameter 7.95 mm) for normalization
purposes. The data sets were processed using the Gu-
drun analysis program [32] with inelasticity corrections



TABLE I. Parameters describing the Naj,Al,Gea_(PO4)s samples and their thermal history. Glass transition temperature
Ty as—prepared and number density pas—prepared Of the as-prepared glass; crystallization temperature Ty and thermal treatment
temperature Trr; time tannear used to prepare the annealed glass from the as-prepared glass; glass transition temperature
Ty annealed and number density pannealed Of the annealed glass; thermal treatment time tcrys¢ used to crystallize the as-prepared
glass; number density pcrystal Of the crystalline phase; and melting point temperature Tiels.

T Tg,asfprepared Pas—prepared Tx TTT tanneal Tg,annealed Pannealed tcryst Pcrystal Tmelt
X) (A7%) (XK) (K) () X) (A7%) (h) (A7%) (K)
0 881(2) 0.0780(1) 926(2)  873(1)  0.25 886(2) 0.0791(1) 17 0.0882(1)  >1523
876(1) 025 - 0.0790(1)
876(1) 0.5 - 0.0798(1)
04  845(2) 0.0774(1) 905(2)  845(1) 2 851(2) 0.0786(1) 17 0.0879(1)  1458(3)
0.8  813(2) 0.0771(1) 896(2)  810(1) 20 810(2) 0.0783(1) 55 0.0885(1)  1362(3)

calculated according to [33].

In each set of experiments, the relative counting times
for the sample-in-container and empty container mea-
surements were optimized in order to minimize the statis-
tical error on the container-corrected intensity [34]. Self-
consistency checks were also made to assess the reliability
of the measured functions. For instance, it is necessary
that (i) each of the measured total structure factors sat-
isfies the sum-rule relation [ dk k? [S(k) — 1] = —27%p;
(ii) the measured D’(r) functions oscillate about the den-
sity line D'(r) = —4mpr at r-values smaller than the dis-
tance of closest approach between two atoms; and (iii)
when these oscillations in D’(r) are set to the density-
line values, the back Fourier transform is in good overall
agreement with the original total structure factor.

The XRD experiment was performed on beamline 6-
ID-D at the Advanced Photon Source with an inci-
dent photon energy of 80.019 keV. The scattered X-rays
were counted using a Varex 4343CT amorphous silicon
flat panel detector, which was placed at a distance of
271.932 mm from the sample position as deduced from
the diffraction pattern measured for crystalline CeOs.
The powdered glass samples were held in cylindrical Kap-
ton polyimide tubes of 1.00(1) mm internal diameter
and 0.051(6) mm wall thickness. Diffraction patterns
were collected for each sample in its container, an empty
container and the empty instrument. The data were
converted to one-dimensional diffraction patterns using
FIT2D [35] and the corrections for background scatter-
ing, beam polarization, attenuation and Compton scat-
tering were made using PDFgetX2 [36].

D. Solid-state NMR experiments

Single-pulse 27Al MAS NMR spectra were measured
using a Bruker AVANCE 600 spectrometer with a 2.5 mm
probe operated at 20.0 kHz. A pulse length of 0.34 s,
corresponding to a flip angle of 7/6 and relaxation de-
lays in the range 0.1-2 s, was used. Chemical shifts
are reported against a 1 M solution of Al(NO3)s using
Al(POs3)s (isotropic chemical shift diso = —20.8 ppm) as a

secondary reference. Lineshapes were fitted to the Czjzek
model [37] simulating a wide distribution of quadrupolar
coupling constants, as implemented in DMFit [38].

Solid-state 3'P NMR experiments were performed us-
ing an Agilent DD2 spectrometer interfaced with a 5.64 T
magnet and a commercial 3.2 mm probe operated at
a spinning speed of 10.0 kHz. Chemical shifts were
referenced using powdered BPOy (450 = —29.27 ppm
against H3POy 85%) as a secondary reference. Experi-
mental spectra were simulated using the DMFit software
[38]. 23Na{3!'P} rotational echo double resonance (RE-
DOR) experiments [39] were performed using a Bruker
AVANCE 600 spectrometer with a 2.5 mm triple reso-
nance probe and spinning frequency of 10 kHz, operated
with the following conditions: 23Na detection using a
rotor synchronized Hahn spin-echo sequence with 180°
refocusing pulses of 3.25 us length, and a 3'P dipolar re-
coupling m-pulse of 3.5 us length, at a spinning speed of
15.0 kHz and a relaxation delay of 1 s. 3'P{?**Na} rota-
tional echo adiabatic passage double resonance (REAP-
DOR) spectra were measured with the same apparatus
used for the REDOR experiments and the pulse sequence
proposed by Gullion [40], applying all the 180° pulses on
the 3'P detection channel and the adiabatic passage pulse
(1/3 of the length of the rotor period) to the 23Na nuclei.
Spinning and nutation frequencies were 10.0 and 80 kHz,
respectively.

IV. RESULTS
A. Powder diffraction

The NASICON aristotype crystallizes into space group
type R3c, as originally determined by Hagman and
Kierkegaard [41] for NaZry(POy4)s. In the solid solution
series Najy,Ti,Ges_,(POy4)s at room temperature, the
boundary phases NaTiz(POy4)s (NTP) and NaGe(PO4)3
(NGP) crystallize into this structure type and the lower
symmetry form R3, respectively [2, 42]. The R3c and R3
space groups have a group-subgroup relation that leads
to a splitting of crystallographic sites. According to the



TABLE II. Crystal structure of Nag.gg(2)Ge1.96(2)(PO4)s (NAGP with = 0) obtained from the simultaneous refinement of
X-ray and neutron diffraction data. Space group R3, ¢ = b = 8.10363(18) A, ¢ = 21.5362(7) A, a = 8 = 90°, v = 120°, Rexp

=2.35, R, = 2.82 Ry, = 3.52.

Atom Wyckoff-site T z SOF Biso (A2)
Na(1) 3a 0 0 1 1.25(19)
Na(2) 3b 0 1/2 0.965(19) 4.0(4)
Na(3) 18f 0.0367 1/3 0.0802 0.004(5) 4.0
Ge(1) 6c 0 0.14380(11) 0.973(7) 0.68(7)
Ge(2) 6c 0 0.35227(10) 0.982(7) 0.62(6)
P(1) 18f 0.2856(3) 0.0012(5) 0.25105(19) 1 0.80(4)
0(1) 18f 0.0150(5) 0.1976(5) 0.18974(17) 1 1.174(8)
0(2) 18f 0.2166(5) 0.0733(5) 0.30457(15) 1 1.17(7)
0(3) 18f 0.1703(5) 0.1875(5) 0.08814(15) 1 0.98(7)
0(4) 18f 0.1348(5) 0.2076(5) 0.40533(14) 1 0.82(7)

TABLE III. Crystal structure of Naj 42(2)Alo.43Geq.57(2)(PO4)3 (NAGP with & = 0.4) obtained from the simultaneous refine-
ment of X-ray and neutron diffraction data. Space group R3, a = b = 8.2218(4) A, ¢ = 21.4570(15) A, o = 8 = 90°, v = 120°,

Rexp = 2.39, Ry, = 3.65, Ryp = 4.59.

Atom Wyckoff-site T y z SOF Biso (Az)
Na(1) 3a 0 0 0 1 1.41(19)
Na(2) 3b 0 0 1/2 0.964(14) 6.8(5)
Na(3) 18f 0.037(2) 1/3 0.080(5) 0.144(7) 8.5(10)
Ge(1) 6c 0 0 0.14560(17) 0.800(10) 0.59(9)
Al(1) 6c 0 0 = z(Gel) = [1 - SOF(Gel)] = Biso(Gel)
Ge(2) 6c 0 0 0.35360(18) 0.768(9) 1.29(9)
Al(2) 6c 0 0 = z2(Ge2) = [1 - SOF(Ge2)] = Biso(Ge2)
P(1) 18f 0.0046(6) 0.2877(3) 0.2500(3) 1 1.16(7)
0(1) 18f 0.0272(8) 0.1999(10) 0.1916(3) 1 2.17(17)
0(2) 18f 0.2134(9) 0.0585(8) 0.3067(3) 1 1.57(15)
0(3) 18f 0.1827(7) 0.1727(7) 0.0888(2) 1 1.04(13)
0(4) 18f 0.1457(8) 0.1977(8) 0.4065(3) 1 1.79(14)

literature, the solid solutions crystallize into the NGP-
type phase for x < 1 or the NTP-type phase for z > 1
[2, 42, 43].

The crystal structures of the NAGP compounds were
refined using the Rietveld method. The z = 0 and = =
0.4 compositions were assigned to the NGP-type struc-
ture whereas the z = 0.8 composition was assigned to
the higher symmetry NTP-type structure. The Rietveld
refinements are shown in Figs. 1-3 where, for each exper-
iment, the intensity is plotted versus sin 8/ = k/47 and
20 is the scattering angle [15]. The corresponding crys-
tal structure data are summarized in Tables IT-IV where
SOF represents a site occupation factor, Bjs, represents
a Debye-Waller factor and Rexp, R, and Ry represent
the expected, profile and weighted profile R-factors [44],
respectively.

The crystalline NAGP compounds were found to be
almost phase pure. For the z = 0 sample, the XRD pat-
tern shows some peaks from a non-determined impurity
phase, but according to the peak intensities the phase
fraction is <1%. For the z = 0.4 sample, no impurities
could be identified. For the z = 0.8 sample, some impu-
rity peaks and shoulders are present and the intensities

suggest a phase fraction of a few percent. The diffrac-
tion background for the x = 0 and x = 0.4 samples is
flat, which suggests full crystallization. The background
for the z = 0.8 sample is increased slightly, suggesting
some amorphous residue.

Maldonado-Manso et al. [43] reported differences be-
tween the nominal and actual compositions of NAGP
and related compounds prepared via a solid-state reac-
tion. To check for non-stoichiometry, different refinement
strategies were tested. In the initial model, only the phos-
phorus SOF was set to unity. Refinement did not show
any indication for non-stoichiometry at the oxygen sites,
so the occupancies of these sites were also set to unity.
The germanium site occupancies for the x = 0 sample
were refined and showed negligible deviation from full oc-
cupancy. Hence, for the aluminium substituted samples,
the combined occupation factor SOF(Ge) + SOF(Al) for
each site was set to unity but the Al/Ge-ratio was allowed
to vary. The diffraction patterns for the = 0 sample can
be reproduced with two fully occupied sodium sites Na(1)
and Na(2). Nevertheless, the aluminium substituted
samples show occupancy of an additional Na(3) site. Ac-
cordingly, this site was included in the refinement of the



TABLE IV. Crystal structure of Naj 72(2)Alo.804Ge1.196(12)(PO4)s (NAGP with x = 0.8) obtained from the simultaneous
refinement of X-ray and neutron diffraction data. Space group R3c, a = b = 8.2927(3) A, ¢ = 21.4139(12) A, o = 8 = 90°, v
= 120°, Rexp= 2.16, Ry = 2.71, Rwp = 3.45. Atomic labels are given according to the crystal structures for x = 0 and = 0.4

which are of lower symmetry.

Atom Wickoff-site T Yy z SOF Biso (AZ)
Na(1)/Na(2) 6b 0 0 0 1 5.51(16)
Na(3) 18e 0.6455(14) 0 1/4 0.241(6) 3.8(5)
Ge(1)/Ge(2) 12¢ 0 0 0.14614(6) 0.598(5) 0.87(7)
Al(1)/A1(2) 12¢ 0 0 = 2(Gel/2) 0.402(5) = Biso(Gel/2)
P(1) 18e 0.2854(2) 0 1/4 1.000 1.12(6)
0(1)/0(2) 36f 0.0400(3) 0.2043(3) 0.19142(10) 1.000 1.71(6)
0(3)/0(4) 36f 0.1896(3) 0.1599(3) 0.09106(10) 1.000 1.61(6)
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FIG. 1. Rietveld refinement results for the crystal structure FIG. 2. Rietveld refinement results for the crystal structure

of NAGP with z = 0. Each panel shows the measured inten-
sity Iobs (red curve), calculated intensity Icaie (black curve)
and difference of intensities Iobs — Icalc (blue curve), along
with the positions of the Bragg reflections allowed by the
space group for the structure (vertical black bars). The re-
fined composition is Nag.g9(2)Ge1.96(2)(PO4)3 and the refine-
ment details are given in Table II.

= 0 data with coordinates fixed at those obtained for the
x = 0.4 sample. The refinement showed the Na(3) site to
be unoccupied within the estimated standard deviation.
For the NAGP samples with nominal compositions x =
0, 0.4 and 0.8, the refined compositions were found to be
Nao.99(2)G61.96(2)(PO4)3» N31442(2)A10.43G61.57(2)(PO4)3
and Nay 79(2)Alg.s04Ger.196(12) (PO4)3, respectively.

of NAGP with x = 0.4. Each panel shows the measured inten-
sity Iobs (red curve), calculated intensity Icaie (black curve)
and difference of intensities Iobs — Icalc (blue curve), along
with the positions of the Bragg reflections allowed by the
space group for the structure (vertical black bars). The re-
fined composition is Na1‘42(2)A10,43Ge1'57(2)(PO4)3 and the
refinement details are given in Table III.

The crystal structures obtained from powder diffrac-
tion are illustrated in Fig. 4. They serve as a starting
point for interpreting the pair-distribution functions. A
summary of the coordination numbers and bond lengths
is given in Table V.

The structures have a single phosphorus site in which
a phosphorus atom is coordinated tetrahedrally by four
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FIG. 3. Rietveld refinement results for the crystal structure
of NAGP with x = 0.8. Each panel shows the measured inten-
sity Iobs (red curve), calculated intensity Icaic (black curve)
and difference of intensities Iobs — Icalc (blue curve), along
with the positions of the Bragg reflections allowed by the
space group for the structure (vertical black bars). The re-
fined COHlpOSitiOI’l is Na1A72(2)A10,804Gel.196(12) (PO4)3 and the
refinement details are given in Table IV.

symmetry independent oxygen atoms. The tetrahedra
are quite regular with a narrow distribution of P-O dis-
tances ranging from 1.50 to 1.54 A. The phosphorus site
occupation was set to unity in all the Rietveld refine-
ments.

In the lower symmetry R3 structure, there are two six-
fold coordinated germanium sites. The Ge(1) site has
three O(1) and three O(3) neighbors while the Ge(2) site
has three O(2) and three O(4) neighbors. In the higher
symmetry R3c structure, the germanium sites are equiv-
alent, i.e., Ge(1) = Ge(2), and O(1) = O(2) with O(3) =
O(4). The octahedra are fairly regular with a narrow dis-
tribution of Ge-O distances ranging from 1.83 to 1.90 A
for all compounds. Sixfold coordinated Ge*T and Al
ions have similar ionic radii of 0.67 and 0.675 A [45], re-
spectively, so no change in bond lengths is expected as
Ge is substituted by Al in the NAGP compounds.

In the lower symmetry R3 structure, there are two six-
fold coordinated sodium sites Na(1l) and Na(2). The
Na(1) site is at the center of a trigonal prism formed
by six symmetry equivalent oxygen atoms O(3), and the
Na(2) site is similarly coordinated by O(4) oxygen atoms.

In the higher symmetry R3c structure the Na(1) and
Na(2) sites are equivalent. In the z = 0 and = = 0.4
compounds, the Na(1) site is fully occupied and the SOF
was set to unity during the last refinement cycle. The
Na(2) site is almost fully occupied and was refined. In
the = 0.8 compound, the single Na(1)/Na(2) site is fully
occupied and its SOF was set to unity. The Na(1)-O and
Na(2)-O distances are similar in all three compounds,
ranging from 2.39 to 2.52 A. The crystal structures also
have a low-symmetry Na(3) site at the center of an ir-
regular polyhedron of eight oxygen atoms with a broad
distribution of Na(3)-O distances ranging from 2.04 to
2.78 A (Table V). This Na(3) site also has two phospho-
rus atoms at a similar distance (2.6 to 2.8 A) to several of
the oxygen atoms and there is a third Na(3)-P distance
of about 3 A, which is slightly shorter than the Na-Na
and the Na-Ge/Al distances. In the x = 0 compound,
the Na(3) sites are unoccupied. In the z = 0.4 and z
= 0.8 compounds, however, the Na(3) site occupancy is
14% versus 24%, respectively. According to the review
by Guin and Tietz [7], the sodium ions move from Na(1)
to Na(2) sites via Na(3) sites. The high mobility leads
to large Debye-Waller factors for the sodium atoms.

B. NMR spectroscopy

The 3'P MAS NMR spectra taken for both the glassy
and crystallized NAGP samples with x = 0, 0.4 and
0.8 confirm the results obtained in previous work [12].
The data sets for the x = 0 composition are shown in
Fig. 5. The spectrum for the as-prepared glass is about
25 ppm wide and somewhat asymmetric. Its center of
gravity [—28.9 ppm, Fig. 5(a)] suggests that P®) units
are the majority phosphate species [12] where the super-
script denotes the number of BO atoms per P atom. The
spectrum differs significantly from that measured for the
crystalline state [—37.4 ppm, Fig. 5(d)], indicating that
the local structures in the glassy and crystalline mate-
rials are quite different. For the crystal, the chemical
shift of —37.4 ppm characterizes a Pf;ge unit, in which
phosphorus is connected to four six-fold coordinated Ge
atoms. The spectrum of the as-prepared glass can be de-
convoluted into two Gaussian components at —25.3 and
—36.5 ppm having an area ratio of roughly 2:1 (Table VI),
consistent with the prediction of the structural model to
be introduced in section V C.

There are, however, many other possibilities for decon-
voluting the 3'P MAS NMR spectrum into two Gaus-
sians. Independent evidence in favor of this particular
deconvolution is therefore required. Such evidence is
provided by a REAPDOR experiment [40] where, in the
31p{23Na} double resonance experiment conducted here,
the magnetic dipole-dipole coupling strength between the
observed 3!'P nuclei and the surrounding 23Na nuclei was
probed. This magnetic dipole coupling, which is aver-
aged out by magic-angle spinning, can be re-introduced
by irradiating the 23Na nuclei on resonance during the ro-



TABLE V. Element-oxygen distances for the first coordination spheres in crystalline NAGP with z = 0, 0.4 or 0.8.

=0 z =04 x =038
Atom pair Multiplicity Distance (A) Distance (A) Distance (A)
Na(1) - O(3) 6x 2.392(4) 2.402(4) 2.439(2)
Na(2) - O(4) 6x 2.518(3) 2.481(6) 2.439(2)
Na(3) - O(1) 2.62(10) 2.582(11)
-0(1) 2.78(5) 2.588(5)
-0(2) 2.50(5) 2.582(11)
- 0(2) 2.53(10) 2.588(5)
-0(3) 2.191(18) 2.200(3)
-0(3) 2.344(10) 2.463(13)
- 0(4) 2.038(10) 2.200(3)
-0(4) 2.487(16) 2.463(13)
Ge(1)/AI(1) - O(1) 3% 1.827(5) 1.833(3) 1.832(3)
-0(3) 3x 1.882(4) 1.904(5) 1.881(2)
Ge(2)/A1(2) - 0(2) 3% 1.855(5) 1.865(7) 1.832(3)
- 0(4) 3x 1.863(4) 1.849(8) 1.881(2)
P-0(1) 1.534(6) 1.503(9) 1.537(3)
- 0(2) 1.520(6) 1.541(8) 1.537(3)
-0(3) 1.520(4) 1.531(8) 1.528(2)
-0(4) 1.543(6) 1.514(6) 1.528(2)

TABLE VI. Deconvolution of the *!P MAS-NMR spectra for glassy (as-prepared versus annealed) and crystalline NAGP with
x = 0. The parameters describe the fractional area, d;so and FWHM of the peaks fitted to the spectra. For one of the annealed
glasses, the crystalline contribution to the lineshape is indicated by a subscript. The errors on the fitted areas are +1% for
the single-pulse spectra versus 5% for the REAPDOR lineshapes. The errors on dis, and the FWHM are 0.5 ppm for the
single-pulse spectra versus +2 ppm for the REAPDOR lineshapes.

Material Fitted spectrum Species Area (%) diso (ppm) FWHM (ppm)
Glass: as-prepared single-pulse p® 68 —25.3 17.5
P 32 —36.5 16.9
Glass: as-prepared REAPDOR S p® 42 —26.9 15.8
p® 58 —37.0 15.3
Glass: as-prepared REAPDOR AS  P® 80 —28.6 20.3
1248 20 —36.6 17.0
Glass: annealed at Trr = 873 K for 0.25 h single-pulse P® 63 —24.8 16.6
148 37 —36.3 15.3
Glass: annealed at Trr = 876 K for 0.25 h single-pulse p® 61 —24.8 17.0
pW 39 ~36.3 15.5
Glass: annealed at Trr = 876 K for 0.5 h single-pulse p® 49 —24.8 17.0
p® 48 —36.3 15.3
P&, 3 -37.3 2.7
Crystal single-pulse p® 100 —37.4 1.0

tor period, resulting in a decrease in signal intensity. A
comparison is then made between the intensities Sy of the
regular MAS NMR signal and S of the MAS NMR signal
observed with simultaneous irradiation of the 22Na nuclei
for a fixed dipolar re-coupling time. The corresponding
difference in signal intensity AS = Sy — S depends on
the strength of the dipolar coupling between the 3'P and
23Na sites and thus has the potential to distinguish be-
tween different local environments in a glass.

Figure 6 shows the Fourier transforms of the echoes

obtained after a 1.4 ms mixing time in NAGP glass with
x = 0. The data indicate that the dipolar dephasing is
indeed non-uniform as a function of the isotropic chem-
ical shift: The 3'P nuclei on the high-frequency side of
the resonance display stronger dipolar dephasing than
those on the low-frequency side. Based on these data
it was possible to achieve a consistent deconvolution of
the echo signal with dipolar dephasing (which emphasizes
the less-strongly coupled P nuclei), and the difference
signal AS (which emphasizes the more-strongly coupled
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FIG. 4. The R3-type NAGP crystal structure. The unit cell
is shown top left, the GeOg-octahedra are shown middle left,
and the POg4-tetrahedron is shown bottom left. The different
sodium centered polyhedra are shown on the right. The po-
sitions of the different sodium centered polyhedra in the unit
cell are shown in the center. In the higher symmetry R3c
structure several of the sites are equivalent: Ge(1l) = Ge(2),
Na(1) = Na(2), O(1) = O(2) and O(3) = O(4).

31P nuclei), in terms of two lineshape components near
—27(2) and —37(1) ppm (see Fig. 6). Table VI summa-
rizes the lineshape parameters for the two-component fit
for the single-pulse spectra and the REAPDOR data. In
the latter experiments, the ratio of areas of the high-
frequency component to the low-frequency component
was found to be lower than 2:1 for the S signal and higher
than 2:1 for the AS signal, consistent with the difference
in dipolar coupling strengths between the two sites. The
component near —27 ppm is identified with P®) units
and the component near —37 ppm is identified with P(*)
units. The chemical shift of the latter is close to that
found for the P units in the crystalline state.

Figures 5(b) and 5(c) show the 3'P MAS NMR spec-
tra for the annealed glasses with composition x = 0. In
the case of the sample annealed at 873 K for 0.25 h, the
data show clearly that the material remains completely
amorphous. Some subtle lineshape changes are, however,
evident (Fig. S1), which may be attributed to a struc-
tural re-arrangement in the glass caused by the onset of

(b)
(c)
(d)
20 0 20 40 60 -80
,,("'P) /ppm
FIG. 5.  The single-pulse *'P MAS NMR spectra (black

curves) measured for the NAGP materials with z = 0: (a) as-
prepared glass; (b) glass annealed at Trrr = 873 K for 0.25 h;
(c) glass annealed at Trr = 876 K for 0.5 h; (d) crystalline
material. In (a)—(c), the spectra are fitted to two Gaussian
peaks (blue and green curves) with the ratio of areas listed
in Table VL. In (c), an additional small peak (violet curve) is
included to account for a small amount of crystalline material.
The sum of fitted functions is given by the red curve. In (d)
the spectrum is fitted to a Gauss-Lorentz curve.

20 0 -20 -4|0 -éO I -80
5. ('P) lppm

FIG. 6. The *'P{**Na} REAPDOR results for NAGP glass
with z = 0. The Fourier transforms of S (top) and AS =
So — S (bottom) are plotted, where the spectra were obtained
for a dipolar mixing time of 1.4 ms. Each spectrum is fitted
to two Gaussian peaks (blue and green curves) and the sum of
fitted functions is given by the red curve. The weaker signals
are attributed to spinning sidebands.

the nucleation process. For example, the full-width at
half-maximum (FWHM) of the lineshape increases from
21.7(5) ppm for the as-prepared glass to 22.8(5) ppm for
the annealed glass. Table VI indicates that the change
to the principal lineshape involves a change to the ratio
of the relative areas of the two lineshape components, in-
dicating a moderate increase in the fraction of P*) units
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FIG. 7. The (a) *'P{**Na} REAPDOR and (b) **Na{*'P}
REDOR data sets for as-prepared glassy versus crystalline
NAGP with x = 0. In (b), the solid curves show fits to the
data sets using Eq. (8) for the data range AS/Sy < 0.3. The
results indicate consistently that the magnetic dipole-dipole
coupling between the nuclei >>Na and 3'P is stronger in the
crystal as compared to the glass.

having the same local coordination environment as the
crystalline phase. This finding was confirmed by fixing
the chemical shifts and linewidths for the P(3) and P®)
sites at the average of the values listed in Table VI for the
as-prepared and annealed glasses, and fitting the spectra
for both glassy samples with the peak areas as the only
adjustable parameters. The peak areas showed a change
in the ratio of P():P®) sites from 33.5(1.0):66.5(1.0) for
the as-prepared glass to 36.0(1.0):64.0(1.0) for the an-
nealed glass. In the case of the sample annealed at 876 K
for 0.5 h, the change in peak areas is more dramatic, with
the P®):P®) ratio increasing to approximately 1:1. For
this sample, a small amount of crystalline material is also
detected.

Finally, the ?*Na/3!'P double resonance experiments
also allow for a comparison between the 3'P/?3Na dipolar
coupling strengths of glassy and crystalline materials, by
plotting the normalized difference signal as a function of

10

the dipolar mixing time N7, (= number of rotor cycles x
rotor period). The corresponding 3'P{?*Na} REAPDOR
curves are compared in Fig. 7(a) and illustrate qualita-
tively that the internuclear 3'P/?3Na dipole-dipole inter-
actions are significantly stronger in the crystalline rather
than the glassy material. A more quantitative estimate
can be found on the basis of the 2*Na{3'P} REDOR re-
sults [39] shown in Fig. 7(b). In this experiment, the
dephasing of the 23Na nuclei in the dipolar field created
by the 3'P spins is being observed. The simpler spin
dynamics arising from the spin-1/2 character of the re-
coupled 3'P nuclei permits an approximate analysis in
terms of dipolar second moments MyNa—p), using the
formula

As 4
50_37'(2

in the limit of short mixing times when AS/Sy; < 0.2
to 0.3 [46], where f is a calibration factor on the order
of unity. The quantity M;n.—p) can be calculated from
the internuclear distances using Van Vleck theory [47];
it is proportional to the sum of the inverse sixth pow-
ers of all Na-P internuclear distances present, and can
thus be computed from any crystal structure. For crys-
talline NAGP with z = 0, a theoretical value MyNa_p)
= 4.1 x 10° rad?s~2 is expected, and the experimen-
tal data obtained by us on this compound indicate an
f-value of 0.72. Applying this calibration factor to the
REDOR data obtained on the glass gives Myna_p) =
3.3 x 10° rad?s72, i.e., a 20% lower value as compared
to the crystalline compound. It follows that the mean
Na-P® distance back-calculated from Mj(Na—p) in the

NAGP crystal is shorter than the average of the Na-P(3)
and Na-P@ distances back-calculated from MyNa—p) in
the glass.

The 2" Al MAS NMR spectra taken for the glassy and
crystallized NAGP samples with x = 0.4 and 0.8 are
shown in Fig. 8. The lineshapes were fitted using a Czjzek
model [37] that accounts for a distribution of quadrupo-
lar coupling constants originating from a distribution of
local field gradients. The fitted parameters are listed in
Table S1.

For the glasses, the spectra feature broad resonances
at isotropic chemical shifts around 46(1), 15(1) and
—12(1) ppm that can be attributed to aluminium in
fourfold, fivefold and sixfold coordination environments,
respectively. For some of the glassy samples, a sharp
peak near —20 ppm is observed, which indicates a small
amount of a yet unidentified crystalline impurity with
aluminum in sixfold coordination. For the z = 0.8 com-
position, the presence of this site in the as-prepared glass,
but its absence in the annealed material, suggests a non-
uniform distribution of more ordered regions when the
glass is first formed.

For the crystallised materials prepared by thermally
annealing the glass for an extended period of time, the
27T A1 MAS NMR spectra show that crystalline NASICON
is the dominant phase. The data set for the z = 0.8 com-

(NT,)* JMy(Na—p) (8)
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TABLE VII The Al speciation in the NAGP materials with = 0.4 and = = 0.8 found from the *” Al MAS NMR experiments.
The mean Al-O coordination number is also given. The error on the fraction of Al in a fourfold, fivefold or sixfold coordination
environment is £2% in the present work versus +3% in [12]. Crystalline coordination environments are identified by a subscript.

Material AIIV) (%) Al(IV)eryst (%) AL(V) (%) ALVI) (%) Al(VDeryse (%) 7% Reference
0.4 Glass: as-prepared 37.2 - 39.8 23.0 - 4.86(6) Present work
43 - 33 20 4 4.81(8) [12]
Glass: annealed 32.9 - 37.9 27.7 1.5 4.96(6) Present work
Crystal 2.5 - 11.5 25.3 60.8 5.84(8)
0.8 Glass: as-prepared 39.6 - 35.7 24.3 0.4 4.85(6) Present work
40 - 34 22 4 486(8) [12]
Glass: annealed 36.4 - 33.0 30.6 - 4.94(6) Present work
Crystal 6.8 3.7 6.4 17.6 65.5 5.73(8)
I 1 crease in the mean Al-O coordination number when the
as-prepared glass is thermally annealed.
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FIG. 8.  The single-pulse 2"Al MAS NMR spectra (black Sk ]
curves) measured for (a) as-prepared glassy, (b) annealed C ]
glassy and (c) crystalline NAGP with (I) z = 0.4 or (II) = 3; B
= 0.8. The Czjzek fits to the spectral components are given N ]
by the blue or cyan curves for Al(IV), the green curve for 2 o B
Al(V) and the violet or magenta curves for Al(VI). The sum r x=08 4
of fitted functions is given by the red curve. 1:*
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position shows a small amount of four-fold coordinated
aluminum in an AIPOy4 impurity phase. The results for
both compositions indicate that a small fraction of alu-
minum atoms remain in a glass-like domain where they
occur in all three coordination environments, which con-
tributes towards an average Al-O coordination number
less than six (Table VII).

In Table VII, the results for the aluminium specia-
tion are compared to those obtained for a different set
of NAGP samples in previous work [12]. For the as-
prepared glass, there is some variation in the speciation
that may be influenced by the sample preparation proce-
dure, although the NMR spectra in [12] were measured at
a lower field strength of 5.7 T (cf. 14.1 T in the present
work) where the resolution of the individual 27Al reso-
nances is substantially lower. The results show an in-

0 5 10 15 20 25 30
Scattering vector k (./0\'1)

FIG. 9. The total structure factors S(k) for crystalline
NAGP with z = 0, 0.4 and 0.8 measured using GEM (red
curves) or D4c (black curves). The vertical error bars are
smaller than the line thickness at most k£ values. For clarity
of presentation, several of the curves are displaced vertically
and the GEM data sets are shown only to 30 A1,

C. Pair-distribution functions

The S(k) functions measured by ND (using GEM or
D4c) and XRD are shown in Figs. 9-12. For the crys-
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FIG. 10. The total structure factors S(k) for as-prepared
versus annealed glassy NAGP with x = 0, 0.4 and 0.8. The
red curves give the GEM data sets and the black or blue curves
give the D4c data sets, where the latter correspond to the x =
0 glass annealed at Trr = 876 K for either 0.25 or 0.5 h. The
vertical error bars are smaller than the line thickness at most
k values. For clarity of presentation, several of the curves are

displaced vertically and the GEM data sets are shown only to
30 A~

talline materials, there are discrepancies between the in-
tensity of Bragg peaks measured using GEM versus D4c
that originate from (i) differences between the k-space
resolution function of the diffractometers and (ii) the
possibility of some preferred orientation of the crystal-
lites (Fig. 9). For the glassy materials, the GEM and
D4c data sets for the as-prepared glasses are in overall
agreement (Fig. 10). The XRD patterns indicate a small
amount of crystallinity for the annealed x = 0 and =z =
0.8 samples (Fig. 12) that is not observed using ND with
D4c, which may reflect the enhanced k-space resolution
of the X-ray diffractometer. For all the glassy materials,
the S(k) functions display a shoulder at k; ~0.85 A~!
that is indicative of ordering on a real-space length scale
of 2m/ky ~7.4 A. In Nay0-GeO4y-P505 glasses, the ap-
pearance of a similar feature has been linked to an inho-
mogeneous distribution of Na and Ge atoms [48].
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FIG. 11.  The total structure factors S(k) for crystalline
NAGP with z = 0, 0.4 and 0.8 measured using XRD. Several
of the curves are displaced vertically for clarity of presenta-
tion.

1. Structure of NAGP with x = 0

For crystalline NAGP with z = 0, the D’(r) functions
measured using GEM and XRD are shown in Fig. 13. By
comparison with the powder diffraction work (Table V),
the first peak at 1.52 A and the second peak at 1.86 A
originate from P-O and Ge-O correlations, respectively,
and the third peak will have a contribution from both
Na-O and O-O correlations. The D’(r) functions were
therefore fitted by using the following protocol.

A single peak was used to represent the P-O correla-
tions. A single peak was also used to represent the Ge-O
correlations in the ND work whereas two peaks were used
to represent these correlations in the XRD work, where
the large atomic number of Ge (Z = 32) makes the results
particularly sensitive to the germanium coordination en-
vironment. A single peak was used to represent the Na-
O correlations with a coordination number fixed at the
value found from the Rietveld refinement. Two peaks
were used to represent the O-O correlations because each
BO atom is shared between a PO, tetrahedron and a
GeQOg octahedron, i.e., it has three nearest-neighbor O
atoms within a tetrahedron and four nearest-neighbor O
atoms at a longer distance within an octahedron (the fifth
O atom within an octahedron is at an even longer next
nearest-neighbor distance). The coordination numbers
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FIG. 12.  The total structure factors S(k) for as-prepared

(black curves) versus annealed (red curves) glassy NAGP with
z = 0, 0.4 and 0.8 measured using XRD. Several of the curves
are displaced vertically for clarity of presentation.

for these peaks were fixed at fL8 = 3 and ﬁ8 = 4, respec-
tively. The fitted D’(r) functions gave nQ = 3.58(5) with
nQ, = 5.98(5) for GEM [Fig. 13(b)] versus n = 3.78(3)
with 78, = 5.90(1) for XRD [Fig. 13(c)]. In compari-
son, for the x = 0 glass, a similar fit to D’(r) using a
single Gaussian peak for the P-O correlations gave n9 =
3.32(5) (GEM) versus 78 = 3.61(3) (XRD).

The P-O coordination number found from both ND
and XRD is smaller than the value 79 = 4 expected
from Rietveld refinement and from 3'P MAS NMR ex-
periments (sections IVA and IV B). In the latter, the
measured chemical shifts are typical of phosphorus in a
fourfold coordination environment, and are quite differ-
ent to the chemical shift of phosphorus in a POg coor-
dination environment, which is observed near 100 ppm
in the crystalline molecular systems P,O7; and P4Og¢S,
as referenced to an aqueous solution of HsPO,4 [49]. A
measured P-O coordination number 78 < 4 is typical
of diffraction work on phosphate materials [48, 50, 51],
where the shortfall is often attributed to the k-space res-
olution of the diffractometer [19, 52].

Several steps were taken in order to investigate the ori-
gin of the reduced n$ values. In this analysis, the GEM
data set for crystalline NAGP with = 0 was used as
an exemplar because (i) the large kyax value of ~39 A1
leads to well-resolved peaks in D’(r), (ii) the analysis is
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FIG. 13. The D'(r) functions for crystalline NAGP with z =
0 as obtained from the GEM data by the application of either
(a) a Lorch or (b) a step modification function with kmax =
39.1 A=! and from (c) the XRD data by the application of
a step modification function with kmax = 24.99 A=, In (a)
the vertical downward arrow indicates the minimum after the
second peak. In (b) and (c¢) the measured functions (filled
circles) are fitted using a single Gaussian peak to describe the
P-O correlations (blue broken curve). The other peaks show
the fitted contributions from the Ge-O [red solid curve(s)],
Na-O (magenta solid curve) and O-O (green broken curves)
correlations. The black solid curves give the overall fits. The
displaced green solid curves show the residuals where (b) Ry
= 5.06% or (c) Ry = 2.97% for the fitted range 1.30-2.70 A.
In (a) and (b) the curves has been displaced vertically for
clarity of presentation.

simplified by the absence of Al-O correlations, and (iii)
the crystal structure is known.

(1) The coherent neutron scattering length of P is re-
ported to be in the range 5.0-5.3 fm [53-55] with a rec-
ommended value bp = 5.13(1) fm [17]. The data analysis
was repeated using bp values that extend over this range,

but a notable increase in 7 was not observed.

(2) The data set was reanalysed using the density p
= 0.0843(1) A=% measured by He pycnometry. A fit to
the D’(r) function using the strategy reported above led,
however, to a reduced coordination number 79 = 3.44(5)
with n8, = 5.71(5).

(3) The Lorch [20] modification function was used in
Eq. (2) to suppress Fourier transform artifacts, which fa-
cilitates the extraction of coordination numbers by direct
integration over the peaks in D'(r). Here, the mean co-
ordination number of atoms of type 3, contained in a
volume defined by two concentric spheres of radii r; and



r; centered on an atom of type «, is given by

7
i’ = 47‘1’[)05/ drr?gas(r). (9)
T

(3

The resultant D’(r) function is shown in Fig. 13(a). In-
tegration to the first minimum at 1.67 A gives ﬁg =
3.7(1), whereas integration to the second minimum at
2.19 A gives an increased value 79 = 4.3(2) if the Ge-O
coordination number is set at n&, = 6. The measured
D’(r) function therefore has sufficient area to accommo-
date a P-O coordination number of four, which suggests
a broader distribution of P-O distances than found by
fitting a single peak.

(4) In view of the findings in step (3), the fitting proce-
dure was adapted to include a second P-O Gaussian peak.
This requirement may originate from different coordina-
tion environments for the BO atoms in a phosphate tetra-
hedron. All of these BO atoms are shared between a P
and Ge atom but only two [O(3) and O(4)] have nearest-
neighbor sodium atoms, where the Na-O distance is 2.39—
2.52 A (Table V). The fitted GEM and XRD D’(r) func-
tions are shown in Fig. 14(a) and Fig. 15(a), respectively,
and the peak parameters are summarized in Tables S2
and S3. Inclusion of the second P-O peak increases the
P-O coordination number to 79 ~ 3.9 and leads to a
Ge-O coordination number 78, = 5.90(4)-5.95(5), which
compares to an expected value of ﬁge = 6. The Ge-O
distance of 1.857(2) A obtained from ND is in agreement
with the mean Rietveld value of 1.857 A (Table V), and
the Ge-O distances of 1.847(1) and 1.871(1) A obtained
from XRD compare to average short and long Rietveld
Ge-O distances of 1.841 and 1.873 A, respectively (Ta-
ble V).

The GEM results for the crystalline material (Ta-
ble S2) provided starting parameters for fitting the D4c
data set. The fitted D’(r) function is shown in Fig. 16(a),
where the peaks are broadened relative to GEM because
of the smaller value kmax = 22.25 A1 of D4c, and the
peak parameters are summarized in Table S4. The fit
gives nQ = 4.00(4) with ng, = 5.97(5).

For the as-prepared glass, the GEM and XRD data sets
were fitted using two Gaussian peaks representing the
nearest-neighbor P-O correlations and one Gaussian peak
representing the nearest-neighbor Ge-O correlations. Ad-
ditional peaks at larger-r values were used in order to
constrain the fitted functions at lower . The fitted D’(r)
functions are shown in Fig. 14(b) (ND) and Fig. 15(b)
(XRD) and the P-O and Ge-O peak parameters are sum-
marized in Tables S5 and S6. The GEM results provided
starting parameters for fitting the D4c data set for the as-
prepared glass, where the fitted D’(r) function is shown
in Fig. 16(b) and the P-O and Ge-O peak parameters
are summarized in Table S7. The results give a P-O co-
ordination number of ﬁg = 4 within the experimental
error and an average Ge-O coordination number iQ, ~ 5
that is significantly smaller than found for the crystalline
phase.
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FIG. 14. The fitted D’(r) functions for (a) crystalline and
(b) as-prepared glassy NAGP with © = 0 measured using
GEM. In a given panel, the filled circles give the measured
function, the black solid curve gives the fitted function, and
the other curves show the contributions from the P-O (blue
broken curves), Ge-O (red solid curve), Na-O (magenta solid
curve) and O-O (green broken curves) correlations. The dis-
placed green solid curve shows the residual. For the glass, the
Na-O and O-O correlations are introduced to constrain the
peaks fitted at smaller r-values.

For the annealed glass, the fits were initiated using
starting parameters obtained for the as-prepared glass.
The fitted D’(r) functions are shown in Fig. 15(¢) (XRD)
and in Figs. 16(c) and S2 (ND). The P-O and Ge-O peak
parameters are summarized in Tables S8 and S9. The
results do not indicate a change to 7% but show that,
relative to the as-prepared glass, ﬁge increases with the
time of thermal annealing.

2.  Structure of NAGP with x > 0

The GEM and XRD D’(r) functions for crystalline and
glassy NAGP with £ = 0.4 and x = 0.8 are shown in
Figs. 17-20. By comparison with the powder diffrac-
tion results (Table V), the first peak in each D’(r) func-
tion at ~1.52 A is attributed to P-O correlations, the
second peak at ~1.86 A will have contributions from
both Ge-O and Al-O correlations, and the third peak
will have contributions from both Na-O and O-O corre-
lations. In view of the results obtained in section IV C1,
the nearest-neighbor P-O correlations in D’(r) were rep-
resented by two Gaussian peaks. The parameters describ-
ing the Gaussian peaks for the nearest-neighbor Al-O cor-
relations were constrained using the information obtained
from other techniques.

For the crystalline materials, the Al-O coordination
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FIG. 15. The fitted D’(r) functions for (a) crystalline, (b)
as-prepared glassy and (c) annealed glassy (Trr = 873 K)
NAGP with x = 0 measured using XRD. In a given panel,
the filled circles give the measured function, the black solid
curve gives the fitted function, and the other curves show the
contributions from the P-O (blue broken curves), Ge-O [red
solid curve(s)], Na-O (magenta solid curve) and O-O (green
broken curves) correlations. The displaced green solid curve
shows the residual. For the glass, the Na-O and O-O correla-
tions are introduced to constrain the peaks fitted at smaller
r-values.

number was fixed at 7§, = 6 and the position of the
Gaussian peak was set at the mean nearest-neighbor Al-
O distance of 1.86 A found from powder diffraction (Ta-
ble V). The third peak was treated in the same way as
D'(r) for crystalline NAGP with x = 0. The fitted GEM
D’(r) functions for the x = 0.4 and z = 0.8 compositions
are shown in Fig. 17(a) and Fig. 18(a), respectively, and
the peak parameters are summarized in Table S2. The
fitted XRD D’(r) functions for the x = 0.4 and « = 0.8
compositions are shown in Fig. 19(a) and Fig. 20(a), re-
spectively, and the peak parameters are summarized in
Table S3. The P-O coordination numbers are in the range
3.85(3)-3.99(3) and, within the experimental error, the
Ge-0 coordination number is consistent with the powder
diffraction value ﬁge = 6.

The GEM results (Table S2) provided starting param-
eters for fitting the D4c data sets for the crystalline
materials. The fitted D’(r) functions for the z = 0.4
and x = 0.8 compositions are shown in Fig. 21(a) and
Fig. 22(a), respectively, and the fitted P-O and Ge-O
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FIG. 16. The fitted D'(r) functions for (a) crystalline, (b)
as-prepared glassy and (c) annealed glassy (Trr = 873 K)
NAGP with £ = 0 measured using D4c. In a given panel, the
filled circles give the measured function, the black solid curve
gives the fitted function, and the other curves show the con-
tributions from the P-O (blue broken curves), Ge-O (red solid
curve), Na-O (magenta solid curve) and O-O (green broken
curves) correlations. The displaced green solid curve shows
the residual. For the glass, the Na-O and O-O correlations are
introduced to constrain the peaks fitted at smaller r-values.

parameters are summarized in Table S4. The fitted co-
ordination numbers are 7% = 4 and ng, = 6 within the
experimental error.

For the glassy materials, three Gaussian peaks were
used to represent the nearest-neighbor Al-O correlations
for fourfold, fivefold and sixfold coordinated aluminium
atoms. The relative abundance of these species was fixed
in accordance with the aluminium speciation found from
2TA1 MAS NMR experiments (Table VII). The peak po-
sitions for fourfold and fivefold coordinated aluminium
atoms were set at 1.76 A and 1.84 A, respectively, which
are the Al-O bond lengths calculated from the bond va-
lence method [56]. The position of the peak for sixfold co-
ordinated aluminium atoms was set at the average Al-O
bond length of 1.86 A found from the powder diffraction
work (Table V). The width of the Gaussian peak describ-
ing AlO4 units was set at 0.05 A, which is a typical value
for Al1Oy4 units in alumino-phosphate glasses [50], and the
width of the Gaussian peak describing AlOg units was set
at 0.07 A, which is representative of the value found in
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FIG. 17. The fitted D’(r) functions for (a) crystalline and

(b) as-prepared glassy NAGP with z = 0.4 measured using
GEM. In a given panel, the filled circles give the measured
function, the black solid curve gives the fitted function, and
the other curves show the contributions from the P-O (blue
broken curves), Al-O (cyan solid curves), Ge-O (red solid
curve), Na-O (magenta solid curve) and O-O (green broken
curves) correlations. The displaced green solid curve shows
the residual. For the glass, the Na-O and O-O correlations are
introduced to constrain the peaks fitted at smaller r-values.

the crystalline NAGP materials with x = 0.4 and z = 0.8
(Table S2). The width of the Gaussian peak describing
AlO5 units was set in between these values at 0.06 A.
Additional peaks at larger-r values were used in order to
constrain the fitted functions at lower r.

For the as-prepared glasses with z = 0.4 and x = 0.8,
the fitted GEM D’(r) functions are shown in Fig. 17(b)
and Fig. 18(b), respectively, and the fitted P-O and Ge-O
peak parameters are summarized in Table S5. The results
provided starting parameters for fitting the D4c data sets
for the as-prepared glasses. The fitted D4c D'(r) func-
tions for the x = 0.4 and = = 0.8 compositions are shown
in Fig. 21(b) and Fig. 22(b), respectively, and the fitted
peak parameters are summarized in Table S7. The fitted
XRD D’(r) functions for the as-prepared glasses with z
= 0.4 and z = 0.8 are shown in Fig. 19(b) and Fig. 20(b),
respectively, and the fitted P-O and Ge-O peak parame-
ters are summarized in Table S6. The results give a P-O
coordination number of 7Y = 4 within the experimental
error and indicate a reduction in the average Ge-O co-
ordination number as more aluminium is added to the
glass structure.

The XRD and D4c results obtained for the as-prepared
glasses provided starting parameters for fitting the data
sets for the annealed glasses, where the aluminium speci-
ation was taken from 27Al MAS NMR experiments (Ta-
ble VII). The fitted XRD D’(r) functions for the z = 0.4
and z = 0.8 compositions are shown in Fig. 19(c) and
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FIG. 18. The fitted D’(r) functions for (a) crystalline and
(b) as-prepared glassy NAGP with z = 0.8 measured using
GEM. In a given panel, the filled circles give the measured
function, the black solid curve gives the fitted function, and
the other curves show the contributions from the P-O (blue
broken curves), Al-O (cyan solid curves), Ge-O (red solid
curve), Na-O (magenta solid curve) and O-O (green broken
curves) correlations. The displaced green solid curve shows
the residual. For the glass, the Na-O and O-O correlations are
introduced to constrain the peaks fitted at smaller r-values.

Fig. 20(c), respectively, and the fitted P-O and Ge-O
peak parameters are summarized in Table S8. The fitted
D4c D'(r) functions for the = 0.4 and x = 0.8 composi-
tions are shown in Fig. 21(c) and Fig. 22(c), respectively,
and the fitted P-O and Ge-O peak parameters are sum-
marized in Table S9. The results do not show a change
to ﬁg but, for each composition, indicate an increase in
n, relative to the as-prepared glass.

V. DISCUSSION
A. Crystal versus glass structure

The P-O and Ge-O bond distances and coordina-
tion numbers obtained from the ND and XRD pair-
distribution function analyses are summarised in Ta-
ble VIII. The diffraction results for the glasses show
Ge-O coordination numbers that are markedly smaller
than ﬁge = 6, which indicates the presence of polyhedral
GeOs5 and/or GeOy4 units. This observation of a substan-
tial difference between the crystal and glass structures
is supported by solid-state NMR experiments [12]. For
example, the 3'P chemical shifts differ by more than 10
ppm; P-O-P linkages are absent in the crystal but maybe
present at low concentrations in the glass; and P®) phos-
phate units dominate the structure of the glasses but are
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TABLE VIII. The mean P-O and Ge-O bond distances and coordination numbers obtained from Gaussian peak fits to the
r-space functions measured using ND and XRD for the as-prepared and annealed NAGP glasses and corresponding crystalline
phases. The shorter and longer P-O bond distances, obtained by representing the nearest-neighbor P-O correlations by two

Gaussian functions, are distinguished.

Material rpo(short) (A) rpo(long) (A) 7S (sum) raeo (A) Qe

0.0 Glass: as-prepared 1.513(13) 1.573(15) 3.97(3) 1.826(2) 5.07(7)
Class: annealed(® 1.512(17) 1.568(26) 3.97(4) 1.831(1) 5.11(2)
Glass: annealed® 1.498(4) 1.584(5) 3.99(3) 1.831(5) 5.09(5)
Glass: annealed(® 1.491(4) 1.588(5) 3.99(3) 1.835(5) 5.21(5)
Crystal 1.517(10) 1.546(10) 3.93(5) 1.858(1) 5.94(3)

0.4 Glass: as-prepared 1.509(15) 1.568(19) 3.99(1) 1.826(2) 4.93(8)
Glass: annealed 1.507(18) 1.572(17) 3.95(5) 1.831(1) 5.07(12)
Crystal 1.513(14) 1.545(13) 3.93(7) 1.861(2) 6.02(3)

0.8 Glass: as-prepared 1.510(12) 1.571(15) 3.96(4) 1.824(4) 4.84(12)
Glass: annealed 1.509(14) 1.571(18) 3.95(5) 1.833(2) 4.97(15)
Crystal 1.512(10) 1.546(8) 3.98(5) 1.857(3) 6.03(4)

8

(@) Trp = 873 K for 0.25 h; @ Tpr = 876 K for 0.25 h; 9 Tpp = 876 K for 0.5 h

absent in the isochemical crystals where all the phos-
phate units are P®). In the case of NAGP with = = 0,
23Na spin-echo decay spectroscopy finds that the second
moment quantifying the strength of Na-Na interactions
is about twice as large in the glass as compared to the
isochemical crystal, which suggests that some Na-Na dis-
tances are shorter in the glass than the crystal. Further-
more, Al is exclusively six-coordinated in the aliovalently
(Al + Na) substituted crystalline materials but is found
in a mixture of fourfold, fivefold and sixfold coordination
environments in the glass (Table VII).

B. Structural model for M;0-Al,03-GeO3-P>05
materials

In order to investigate the network connectivity via
the BO versus NBO content of the NAGP materials, it
is instructive to consider a simple model based on the
oxygen coordination number [48]. Let’s assume that all
oxygen atoms are part of a network and occupy either
NBO or BO sites with coordination numbers of one or
two, respectively. Then the fraction of NBO atoms is
given by

fxBo = Nxpo/No = 2 — ab — ag® — ad), (10)

where Nxpo is the number of NBO atoms and Ng is the
total number of oxygen atoms. For a fully polymerised
network, ﬁo + ”o +n _Al = 2 and fxgo = 0. For a
fully depolymerised network, ﬁg + ﬁge + ﬁél =1 and
fnBo = 1. The model does not allow for the formation
of threefold coordinated oxygen atoms as supported, for
example, by 17O NMR experiments on GeOQ-P505 glass
[64]. The number of O-8 bonds between oxygen and
atoms of chemical species 8 is equal to the number of
(£-0 bonds, i.e., Noﬁg = Ngﬁg where Ng is the number

of B atoms, such that coﬁg = cﬂﬁg. Hence, the fraction
of NBO atoms can be re-written as

fNBO = (260 — Cpﬁg — CGeﬁge — CAlT_lgl) /CO. (11)

In the following it will be assumed that all the nearest-
neighbor oxygen atoms to Ge and Al are BO atoms, in ac-
cordance with the crystal structures where each of these
oxygen atoms is shared with a phosphorus atom. The
number of NBO atoms per phosphorus atom is given by
NNBO/NP = (CO/CP),fNBO where NP is the number of
phosphorus atoms. Hence, if the P-O coordination num-
ber ﬁg = 4 and NBO atoms reside on phosphorus atoms
alone, the number of BO atoms per phosphorus atom

Npo/Np =4 — (co/cp) fxBo- (12)

In the case of glassy (GeOs),(NaPOs)i_,, for exam-
ple, O-1s X-ray photoemission spectroscopy (XPS) ex-
periments indicate that most of the NBO atoms are
bound to P and not Ge, e.g., 100% for z = 0 ver-
sus 82.5% for x = 0.5 [65]. For MyO-P;05 materials,
Eq. (12) will also give the nearest-neighbor P-P coordi-
nation number 7if,. The number of NBO atoms per M
atom Nxpo/Num = (co/em) fuso where Ny is the num-
ber of M atoms. The number of BO atoms per M atom
Npo/Num = (co/em) (1 = fnBo)-

The nearest-neighbor O-O coordination number is
given by

ng = fxponNso + fBONBO (13)

where the fraction of BO atoms fgo = 1 — fxpo. The
coordination numbers n§, and AQpo for the BO and
NBO atoms will depend on the network connectivity. For
example, the structure of crystalline NAGP with z = 0
is based on a network of corner-sharing tetrahedral POy
and octahedral GeOg units in which each BO atom is
shared between a tetrahedron and an octahedron. Each
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TABLE IX. The parameters predicted by the structural model of Sec. VB using 79 = 4 and the reported values of 78, and

ﬁgl for several crystalline M20O-Al;03-GeO2-P205 materials.

Material NQe A fxBO NnBo/Np Ngo/Np NnBo/Num Ref.
P05 - 0.4 1 3 - [57]
NaPOj; - - 2/3 2 2 2 [58]
NaszPO, - - 1 4 0 4/3 [59]
GeP»07 6 - 0 0 4 - [60]
KGeOPO, 6 - 0 0 4 0 [61]
Cs2GeP4Ors 6 - 0.30769 1 3 2 2]
KGGQ(PO4)3 6 - 0 0 4 0 [62]
NAGP® 6 6 0 0 4 0 [2, 43]
LAGP® 6 6 0 0 4 0 [63]
@z =0or0.127. b z = 0, 0.24, 0.40, 0.44, 0.47 or 0.48.
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FIG. 19. The fitted D’(r) functions for (a) crystalline, (b) as-
prepared glassy and (c) annealed glassy NAGP with z = 0.4
measured using XRD. In a given panel, the filled circles give
the measured function, the black solid curve gives the fitted
function, and the other curves show the contributions from
the P-O (blue broken curves), Al-O (cyan solid curves), Ge-
O [red solid curve(s)], Na-O (magenta solid curve) and O-O
(green broken curves) correlations. The displaced green solid
curve shows the residual. For the glass, the Na-O and O-O
correlations are introduced to constrain the peaks fitted at
smaller r-values.

BO atom therefore has three nearest-neighbor O atoms
within a tetrahedron and four nearest-neighbor O atoms
within an octahedron such that n3 = n9, = 7.

Distance r (A)

FIG. 20. The fitted D’(r) functions for (a) crystalline, (b) as-
prepared glassy and (c) annealed glassy NAGP with z = 0.8
measured using XRD. In a given panel, the filled circles give
the measured function, the black solid curve gives the fitted
function, and the other curves show the contributions from
the P-O (blue broken curves), Al-O (cyan solid curves), Ge-
O [red solid curve(s)], Na-O (magenta solid curve) and O-O
(green broken curves) correlations. The displaced green solid
curve shows the residual. For the glass, the Na-O and O-O
correlations are introduced to constrain the peaks fitted at
smaller r-values.

The parameters predicted by the structural model for
a variety of crystalline MyO-Al;O3-GeO2-P2O5 materi-
als (Table IX) match the measured values. For the cases
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FIG. 21. The fitted D’(r) functions for (a) crystalline, (b) as-
prepared glassy and (c) annealed glassy NAGP with z = 0.4
measured using D4c. In a given panel, the filled circles give
the measured function, the black solid curve gives the fitted
function, and the other curves show the contributions from
the P-O (blue broken curves), Al-O (cyan solid curves), Ge-
O (red solid curve), Na-O (magenta solid curve) and O-O
(green broken curves) correlations. The displaced green solid
curve shows the residual. For the glass, the Na-O and O-O
correlations are introduced to constrain the peaks fitted at
smaller r-values.

of crystalline NAGP [2, 43] and LAGP [63], the AI** ions
substitute at the sites of the Ge** ions such that ﬁgl =
7‘189 = 6, so there is no change to Nygo/Np or Nnpo/Num
and fypo = 0. By contrast, in glassy NAGP the Ge-O
and Al-O coordination numbers take values smaller than
six, so NBO atoms appear. The fraction of NBO atoms
increases as the composition is changed from z = 0 to
x = 0.8, leading to an increase in Nypo/Np and a de-
crease in JVNB()/JVNa (Flg 23((})—(6)) The NNBo/Np ra-
tios are consistent with a mixture of P®®) and P species,
as found from 3'P solid-state NMR experiments (sec-
tion IVB). If all the phosphate groups are either P(3)
or P® it follows that the fraction of P®) species for the
as-prepared glass is 0.618(44) at = 0 versus 0.770(52)
at x = 0.8. The annealing procedure leads to a reduc-
tion in fygo for each of the glasses, corresponding to a
small increase in the Ge-O and Al-O coordination num-
bers, which leads to a decrease in both Nypo/Np and
NxBo/Nna-
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FIG. 22. The fitted D’(r) functions for (a) crystalline, (b) as-
prepared glassy and (c) annealed glassy NAGP with z = 0.8
measured using D4c. In a given panel, the filled circles give
the measured function, the black solid curve gives the fitted
function, and the other curves show the contributions from
the P-O (blue broken curves), Al-O (cyan solid curves), Ge-
O (red solid curve), Na-O (magenta solid curve) and O-O
(green broken curves) correlations. The displaced green solid
curve shows the residual. For the glass, the Na-O and O-O
correlations are introduced to constrain the peaks fitted at
smaller r-values.

C. Super-structural units

A challenge is to provide a structural model for NAGP
glasses in which the phosphate species are constrained
to be either P4 or P® and the mean Ge-O and Al-O
coordination numbers are both substantially larger than
four. A starting point is provided by the model of Ren
and Eckert [66] for sodium phosphosilicate glasses, which
invokes super-structural units containing sixfold coordi-
nated silicon atoms (Fig. 24). For simplicity, the focus
in the following will be on the NAGP glass with x = 0.
BO atoms will be denoted by ¢ and, as before, the num-
ber of BO atoms per Ge or P atom will be denoted by a
superscript.

The NAGP glass composition for x = 0 can be written
as (NapPsGeO1g)1/2(GeO2)3/2. In the Ren and Eckert
model, the NasPgGeO1g part of the glass is built from
[Ge(G)Pé?’)@lo@él/gOg}z* super-structural units, where
the negative charge on a unit is compensated by two
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FIG. 23. Composition dependence of the (a) electrical con-

ductivity o at 573 K and (b) activation energy E, in crys-
talline versus as-prepared glassy NAGP [4, 8], and (c)-(e)
several of the parameters describing the NBO atoms in as-
prepared versus annealed NAGP glasses. In (a) and (b), the
crystalline materials were obtained from the as-prepared glass
either (i) by thermal annealing at a temperature in the range
917-939 K for 3 h (Ortiz-Mosquera et al. [8]) or (ii) by a two
stage process in which crystals were first nucleated by heating
for 2 h at a temperature between T, = 851 K and Tx = 937 K
and the resultant material was then annealed at 1023 K for
18 h (Zhang et al. [4]). In (a), the results for the glass are
scaled by a factor of 27. In (b), error bars are smaller than
the symbol size. In (c)-(e), the parameters were obtained
from the structural model of section VB using 75 = 4, the
7% values from 2" Al MAS NMR and the average 7Q, values
from diffraction. For the x = 0 composition, the annelaed
glass corresponds to Trr = 873 K.

Nat ions, and the GeO, part of the glass is built from
charge-neutral corner-sharing tetrahedral Ge® units.
The model therefore contains only P®), Ge® and Ge(®
species. All NBO atoms reside within the P®) motifs of
a super-structural unit, where charge-shuttling ensures
that they carry a partial charge of —(2/6)e = —0.33e
and e is the elementary charge. The model delivers a co-
ordination number ﬁge = 4.5 for NAGP glass with z = 0,
which is smaller than the value found from the diffraction
experiments (Table VIII).

A larger coordination number can be obtained, how-
ever, by using the NBO atoms within the P®) motifs of
a super-structural unit to convert Ge® to Gel® units

FIG. 24. Two of the [Si(ﬁ)PéS)@m@MzOe]Q* super-structural
units in the Ren and Eckert [66] model for glassy NasPgSiO1s,
where charge-shuttling ensures that the NBO atoms in the
P® phosphate motifs carry a partial negative charge. Other
super-structural units (not shown) ensure that the top and
bottom rows of Na' ions have a 1/4 share in each unit and
that the remaining Na™ ions have a 1/2 share in each unit.
The charge of —4e on the illustrated units is therefore bal-
anced by the net charge of (5e x 1/2) 4+ (6e x 1/4) = +4e
on the illustrated Na™ ions. Reprinted with permission from
J. Ren and H. Eckert, J. Phys. Chem. C 122, 27620 (2018).
(©2018 American Chemical Society.

according to the scheme

2[P® 03 50]+Ge Dy /5 — 2[PDD, o] T +[Ge DD 0] >~
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In the crystal structures (section IV A), P(H)-0-P(*) 1§nk?
ages are absent, i.e., the phosphate chains in the Ren and
Eckert model must dissociate as Ge(®) species join to ex-
pand a super-structural unit. It is therefore proposed
that a proportion y of the initial super-structural units
are converted to [GG(G)Pé4)®6®18/2]4+ units according to
the scheme

1
Na® + 3 [Ge(ﬁ) Pés) D10D4/2 Og] 2=

3 3(1 —
+ EyGe(4)@4 gt %Ge“)@ 12—

Na‘t + @[Gewm?)@wm 12062~
+%[Ge(6)P((54)®6®18/2]4+

3 3(1—
+ %[Ge(6)®6/2]27 + %GQ(ZL)QAL/Q. (15)

In each of the new [Ge(6)Pé4)@6@18/2]4+ units there are
no internal P4-0-P® linkages, i.e., each of the six P(¥)
motifs has three BO atoms that form external connec-
tions.

Now 18, = 4fce +6fcew , Where fgoo is the fraction
of Ge atoms, and fge) + fae@ = 1. The revised model
of Eq. (15) gives fgee = (1 + 3y)/4, so it follows that
nS, = 3(y + 3)/2. The fraction of NBO atoms is given
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TABLE X. Parameters predicted for the £ = 0 composition by the model of section V C and the ratio fps)/fpa) measured in
the 3'P MAS NMR experiments. The 78, values are taken from Table VIII and the NMR results are taken from Table V1.

Material e y fnBo NxBo/Nxa  fe® /fpw  fpe /fpw (NMR)
Glass: as-prepared 5.07(7) 0.382 0.154(11) 1.85(13) 1.62(22) 2.13(6)
Glass: annealed at Trr = 873 K for 0.25 b 5.11(2) 0.407 0.148(3)  1.78(4) 1.46(6) 1.70(5)
Glass: annealed at Trr = 876 K for 0.25 h  5.09(5)  0.393 0.152(8)  1.82(10) 1.54(16) 1.56(4)
Glass: annealed at Trr = 876 K for 0.5 h  5.21(5) 0.473 0.132(8)  1.58(10) 1.11(11) 0.96(3)

by
fxpo = (1—y)/4 (16)

and fnpo + fso = 1. All the phosphate motifs are either
P®) or P®, where P®) has one NBO atom and P® has
only BO atoms, so

fp@ = Nno/Np = (1 —y), (17)

fpe + fpew =1 and NNBO/NP“‘NBO/NP = 4. The P@
motifs carry a formal charge of +e, so they will interact
more weakly with Nat ions than the P() motifs, which
offers a route to distinguishing between these phosphate
units by using solid-state NMR (section IV B). The num-
ber of NBO atoms per sodium atom

NxBo/Nna = 3(1 —y) (18)

and NNpo/Nna+ Npo/Nna = 12. All of these equations
are in accord with those found in Sec. V B, which were
derived on the basis of a maximum oxygen coordination
number of two.

In the y = 1 limit, 28, = 6 and fypo = 0 such that
fp@ = 1, as found for crystalline NAGP with x = 0
(Sec. IV A). Hence, each Ge(®) motif will be connected to
six P® motifs within a super-structural unit and the
[Ge(6)Pé4)@6@18/2]4+:[Ge(6)@6/2]2’ ratio of 1:3 means
that each P®) motif can be connected to four Ge(® mo-
tifs. The model thereby enables the strict P(Y)-0-Ge(6)-
O-PW and Ge®-0-PW-0-Ge(® connectivity found in
the crystal structure.

For NAGP with z = 0, the parameters predicted by
the super-structural model on the basis of the measured
Ge-0 coordination numbers are summarized in Table X.
The results indicate that super-structural units can grow
on thermal annealing by converting P(®) to P®) motifs in
order to accommodate more Ge(®) units, i.e., the super-
structural units provide the nucleation sites for crystal
growth via a homogeneous nucleation mechanism (sec-
tion I).

In accord with the solid-state NMR results of Sec-
tion IV B, the model predicts that P(3) units are in the
majority in the glass and interact more strongly with
sodium ions than P units, which carry a formal positive
charge. The model also predicts that P(3) units are re-
placed by P units as crystallization progresses, a find-
ing that is also supported by the solid-state NMR results

TABLE XI. The Al-O and Ge-O coordination numbers for
the NAGP glasses with © = 0.4 and = = 0.8 found from the
2TA1 MAS NMR (Table VII) and diffraction (Table VIII) ex-
periments.

Material % Qe
0.4 Glass: as-prepared 4.86(6) 4.93(8)
Glass: annealed 4.96(6) 5.07(12)
0.8 Glass: as-prepared 4.85(6) 4.84(12)
Glass: annealed 4.94(6) 4.97(15)

(Table X). In the analogous LiGey(PO4)s system, Ra-
man spectra for the glass show a band attributed to P(3)
phosphate species near 1280 cm ™!, which is not found in

the crystalline phase where all the phosphate species are
P@ [67].

D. Model development

In the original Ren and Eckert [66] model, which corre-
sponds to y = 0 in section V C, the Ge®):Ge(®) ratio is 3:1
and ﬁge = 4.5. For simplicity, the adapted model does
not invoke Ge(®) units, although it does give a mean Ge-O
coordination number nQ, = 5 if there are equal numbers
of Ge® and Ge(® units (y = 1/3). The additional Ge(®)
units form bridges between the super-structural motifs
via PM-0-Ge®-0-P® connections.

Fivefold coordinated germanium atoms may neverthe-
less exist. For example, since Ge and Al atoms can be
substituted for one another in the crystalline NAGP ma-
terials, this possibility also exists for the NAGP glasses
where Al(V) species are observed in the 2”Al MAS NMR
experiments (Table VII). Indeed, the mean coordination
numbers ﬁgl and ﬁge take similar values for each of the
as-prepared glasses, and both values increase when the
material is thermally annealed (Table XI).

Ge(® units could be introduced into the model for the
glass via a scenario in which a germanium atom in the
GeOQs part of the glass accepts the NBO atom of only one
P®) unit, which would lead to a new P®-0-Ge® con-
nectivity linking the super-structural unit to the GeOq
part of the glass. Unfortunately, neither diffraction nor
the deduction from the NMR results can give more than
an average coordination number for the Ge atoms. As



a matter of fact, none of the available structural tech-
niques have been able to unambiguously identify distinct
Ge® units in germanate glasses. Fivefold coordinated
germanium atoms, along with threefold coordinated oxy-
gen atoms, could also be introduced into the model for
the glass by enabling their presence in the GeOs part of
the network structure.

In its simplest form, the super-structural model of
section V C could be extended to aluminum containing
glasses by treating the Ge and Al atoms as equivalent
and introducing sodium to charge compensate. A more
realistic model would benefit from knowledge of the P()
and P® nearest-neighbors. For example, each P() unit
comprises at least three different subtypes, depending on
whether the BO atoms are connected to three Ge, two
Ge and one Al, or one Ge and two Al atoms (the environ-
ment with three Al atoms will have a negligible statisti-
cal probability). In principle, one could try to identify
these neighbors with the help of 3 P{?Na} REAPDOR
in combination with 3!P{?7"Al} REAPDOR experiments,
but the analysis will be complicated.

E. Ion transport

The electrical conductivity in electrolytes with the NA-
SICON structure is considered to be predominantly ionic,
with an ion transport number approaching unity [68]. For
these materials, in which the electrical conduction origi-
nates from the migration of a single charge carrier species,
the ionic conductivity is given by o = neu, where n is
the effective carrier concentration, e is the charge on the
mobile Na™ ions, and p is the ion mobility. In the case
of polycrystalline materials there will be contributions to
this conductivity from ion transport both in grains and
at grain boundaries. A contribution from grain bound-
aries will not feature in conductivity measurements on
glass, provided the samples are unpowdered.

In crystalline NAGP, the electrical conductivity in-
creases by almost two orders of magnitude and the ac-
tivation energy F, for the conductivity decreases as the
composition is changed from 2 = 0 to z = 0.8 [Fig. 23(a)-
(b)], i.e., as GelT ions are aliovalently substituted by
AI3* ions and additional Na* ions are introduced to com-
pensate for the charge deficit. This substitution does not
generate NBO atoms, i.e., in the absence of coordination
defects, fnpo = 0 across the composition range. The con-
ductivity is between 3.2 and 40 times larger than that of
the isochemical as-prepared glass [8].

For the glass, the composition dependence of o for the
crystalline materials can be roughly matched by scaling
[Fig. 23(a)]. The conductivity of the glass also increases
with the concentration of Nat ions but the mobility of
these ions is smaller in the more disordered glass struc-
ture. NBO atoms are present in the glass as part of the
P®) motifs on the super-structural units (section V C).
They are negatively polarized and presumably influence
the Na™ ion mobility, although the role that they play is
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unclear. While it has been suggested that NBO atoms at
the P sites in phosphate glasses can act as local traps
for Na™ ions [69], the traps generated by NBO atoms at
the P®) sites of the super-structural units carry only a
fractional negative charge and are thus expected to be
significantly more shallow.

VI. CONCLUSIONS

The structure of crystalline NAGP with = 0, 0.4
and 0.8 was investigated using neutron and X-ray powder
diffraction and pair-distribution function analysis. The
latter indicates deformable tetrahedral PO, units in that
the distribution of P-O distances is broader than can be
accommodated by using a single Gaussian peak to de-
scribe the nearest-neighbor P-O correlations. The ionic
conductivity increases with z as more Na™ ions are intro-
duced. The ion transport does not involve NBO atoms
because they are absent from the crystal structures.

The structure of the corresponding glasses was inves-
tigated by neutron and X-ray pair-distribution function
analysis and solid-state NMR, spectroscopy. There is a
substantial reduction in the Ge-O and Al-O coordina-
tion numbers from the value nQ, = 1§, = 6 found in the
crystalline phases, which leads to the creation of NBO
atoms. The fraction of these atoms fypo is quantified
via a structural model based on the oxygen coordination
number. The ionic conductivity of the glass increases
with the concentration of Na™ ions, an enhancement that
is accompanied by an increase in both fygo and the ra-
tio NBO:P versus a decrease in the ratio NBO:Na. The
effect of NBO atoms on the Na™ ion mobility is in need
of further investigation.

A structural model is proposed for the z = 0 glass
by adapting the Ren and Eckert [66] model for phos-
phosilicate glasses. Here, the super-structural units of
this model can be modified by using the donor func-
tion of a doubly-bonded NBO atom on a P®) motif to
convert Ge(® atoms to higher-coordinated germanium
atoms, thereby converting P4 to P motifs and in-
creasing the size of a super-structural unit. The P
species have a formal positive charge, so that they do
not attract sodium ions. Accordingly, they interact more
weakly with Na*t ions than the P(3) species. Justification
for the structural model is provided by a deconvolution of
the 3'P MAS NMR spectra, for the as-prepared glass that
is consistent with the 3'P{?*Na} REAPDOR results.

When the as-prepared glass is thermally annealed, the
31P MAS NMR spectra show an increase in the fraction
of P species, indicating a further progression to the
super-structural modification process. This modification
is also seen by a moderate increase in the Ge-O coordina-
tion number found from the diffraction experiments and
a concomitant reduction in fxpo. The P™) species gen-
erated within the modified super-structural units by the
reaction between P®) and Ge* motifs therefore provide
the nucleation sites for crystal growth via a homogeneous



nucleation mechanism.

Supplementary Material

Figure S1 in the supplementary material gives a more
detailed comparison of the 3'P MAS NMR spectra shown
in Fig. 5 for the as-prepared glass and the glass annealed
at Trr = 873 K for 0.25 h. Figure S2 shows the fitted
D’(r) functions measured using D4c for the NAGP sam-
ples with = = 0 annealed at Tt = 876 K for either 0.25
or 0.5 h. Table S1 lists the parameters obtained from
the fits to the 27Al MAS NMR spectra shown in Fig. 8.
Tables S2-S9 list the parameters obtained from the fits
to the real-space functions measured by ND or XRD that
are shown in Figs. 14-22 and Fig. S2.
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