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Abstract

Structural and bonding insights into sodium vanadium phosphate (NVP) glasses are crucial for optimizing their per-
formance as cathode materials in sodium-ion batteries. This study quantitatively assesses the structural features and
bonding characteristics of two NVP glass compositions: (Na;0),—(V,0y)(1-20)—(P205) (@ = 0.375, 0.285). We
combine experimental characterization (differential scanning calorimetry, X-ray diffraction and X-ray photoelectron
spectroscopy,) and atomistic modeling (classical molecular dynamics (CMD), and Born-Oppenheimer molecular dy-
namics (BOMD)). This work provides a quantitative analysis of the different VO, units in the two NVP glass models,
superseding previous knowledge based largely on CMD simulations. Our results show that the account of the elec-
tronic structure, inherent in BOMD simulations is essential for capturing the V-O bonding environment. This includes
the splitting of the V-O peak in the pair distribution function due to both short V=0 and longer V-O bonds, a higher
degree of polymerization in the phosphate network and a more significant role for V3* as a network former.

Keywords: Sodium vanadium phosphate glasses, X-ray diffraction, X-ray photoelectron spectroscopy, molecular

dynamics, Born-Oppenheimer

1. Introduction

The incorporation of alkali ions, such as lithium and
sodium, into transition metal oxide (TMO) containing
glasses, like vanadium phosphate (VP) and vanadium
tellurite (VT) glasses, significantly enhances their func-
tional properties, making these materials highly attrac-
tive for solid-state batteries and electrochemical stor-
age devices [1-6]. This is due to their unique combi-
nation of properties, including high glass-forming abil-
ity, broad vitrification range, low glass transition and
melting temperatures, and high thermal expansion co-
efficients [7-9]. TMO glasses, such as those involv-
ing vanadium and iron oxides, are characterized by
multi-electron reactions, enhancing energy density per-
formance [5, 7, 8, 10]. Alkali ions in these glasses act as
modifiers by disrupting covalent bonds thereby allowing
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for mobile charge carriers and increasing ionic conduc-
tivity, crucial for energy storage efficiency [11]. While
initial studies focused on lithium oxide due to the domi-
nance of lithium-ion batteries [6, 12, 13], there is grow-
ing interest in sodium-based systems, such as sodium
vanadium phosphate (NVP) glasses, driven by sodium’s
abundance and lower cost [14—18].

Previous experimental studies on NVP systems have
predominantly concentrated on optical, magnetic, elec-
trical, and spectroscopic properties, with limited atten-
tion to detailed structural characterization [19-24]. This
gap has been partially addressed by classical molecu-
lar dynamics (CMD) simulations using empirical po-
tentials, which have been employed to model materi-
als relevant to energy storage applications [25-27], in-
cluding glasses and glass-ceramics [10, 28-30]. How-
ever, CMD struggles to accurately capture local transi-
tion metal bonding environments, particularly for vana-
dium oxides. Advances in high-performance comput-
ing, code efficiency, and parallelization now enable the
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study of complex glasses and amorphous materials us-
ing first-principles molecular dynamics (FPMD) [31—
34], whether through Car-Parrinello (CPMD) [35-37]
or Born-Oppenheimer (BOMD) [38] approaches. This
has been recently exemplified in our study of a proto-
typical VP glass, performed by combining CMD with
BOMD [38].

Our results for 50V,0,-50P,05 glass highlighted the
local coordination environment of vanadium sites, ad-
dressing the controversial presence of four-fold coor-
dinated V** ions. Experimental techniques such as
XANES [39-41], as well as NMR and EPR [42], have
suggested tetrahedral coordination for V#* in certain
glass systems. However, studies on crystalline vana-
dium oxides and amorphous Na,0O-V.0,-P,0Os sys-
tems indicate that only V>* ions adopt tetrahedral co-
ordination [43—47], leaving the coordination state of
V# unresolved. In our previous BOMD study on
50V,0,-50P,0s glass, we clearly demonstrated the ab-
sence of V** ions in four-fold coordination, showing the
predominance of V>* in this configuration, this result
being largely in contrast with the CMD models.

In the present work, we extend this combined
CMD/BOMD approach to NVP glasses. In particu-
lar, we study two (Na;0)q—(VOy)1-20)—(P205)o, a =
0.375, 0.285 glasses both experimentally and by MD
simulations. These glasses are synthesized using melt-
quenching technique and characterized experimentally
through density measurements, X-ray photoelectron
spectroscopy (XPS), differential scanning calorimetry
(DSC) and X-ray diffraction (XRD). X-ray diffraction,
in particular, provided total structure factors and pair
correlation functions, which are essential for evaluat-
ing the quantitative accuracy of our atomistic models.
On the atomic-scale simulation side, we first generated
NVP glass models via the melt-quenching approach by
CMD, followed by a BOMD refinement to obtain more
quantitative insights into the glass structure and proper-
ties. Notably, we employed the recently updated BMP-
shrm potential in our CMD simulations [25, 48, 49],
which outperforms other empirical potentials for VP
glasses [38]. The further refinement of CMD-derived
VP models through BOMD equilibration at 300K al-
lowed capturing the vanadium’s local environment by
accounting for electronic structure effects not within the
reach of CMD calculations.

The paper is organized as follows: Section 2 details the
experimental and computational methods. Results are
presented in Section 3 for thermal behaviour and Vana-
dium sites speciation, Section 4 for structure factors,
Section 5 for total and partial pair correlation functions,
coordination numbers, and structural units, and Sec-

tion 6 for bond angle distributions, Q" distributions and
preference ratios. Section 7 presents a detailed analysis
of the results, highlighting general remarks and revisit-
ing the structure of NVP glasses with respect to short-
and intermediate-range orders. Finally, concluding re-
marks are presented in Section 8.

2. Experimental and computational methodologies

2.1. NVP glass samples synthesis and characterization

Glasses were prepared using sodium carbonate
Na,COs3 (Strem Chemicals, 99.5%), vanadium pentox-
ide V,05 (Strem Chemicals, 99.5%), and ammonium
phosphate dibasic (NH4),HPO,4 (Sigma-Aldrich, 98%)
as raw materials. The precursors were weighed in
appropriate amounts, mixed in an agate mortar, and
heated in a platinum crucible to produce two glass com-
positions, (Nay0)y,—(VOy)1-20)—(P205),, with @ =
0.375 and 0.285. These are referred to as NVP25 and
NVP43, respectively, based on the total vanadium con-
tent, as shown in Table 1. A preliminary heat treat-
ment at 300°C for 2h was required in order to decom-
pose Na,COs and (NH4),HPO,4. The temperature was
then slowly raised at the heating rate of 5°C/min from
room temperature up to 900°C. The melt was kept at
this temperature for 1h with a homogenization each
15 min. Finally, the melt was quenched at room tem-
perature between two stainless steel plates to get glass
sample. Density was measured on the glass powder
using helium pycnometer (Micromeritics AccuPyc 11
1340) in a 1 cm? cell. The thermal properties of the
two glasses were determined using differential scan-
ning calorimetry (DSC, model TA Instrument AQ20)
from 40° to 550°C at 10 °C/min, allowing to deter-
mine the glass transition and crystallization onset tem-
peratures (T, and T, respectively), together with the
thermal stability that is defined according to the Diet-
zel criterion as AT=T.-T,. XPS measurements to deter-
mine the speciation of V sites were performed using a
Kratos Axis Ultra DLD spectrometer with a monochro-
matic Al Ka source (12 mA, 15 kV). The working func-
tion of the instrument was calibrated to give a bind-
ing energy of the metallic gold Au 4fs;, of 84.0 eV,
and the dispersion was adjusted to give a binding en-
ergy of metallic copper Cu 2p3,, at 932.6 eV. The
Kratos charge neutralization system was used for each
analysis, and still completed so as to set the V 2p3),
(V%) signal at 517.2 eV. The pressure in the analy-
sis chamber was around 5x107° Torr. Survey spectra
were obtained over an analysis area of approximately
700x300 um and a resolution of 160 eV (Pass Energy).



Table 1: Glass composition and V#* content of the two NVP synthesized and simulated models by CMD and BOMD.

Systems Na,0 V,0, [V,04 + V,05] P,0s | V¥
(%) (%) (%) | (%)

NVP25  Exp. 37.50  25.00[1.25+23.75] 37.50 | 5.0°
CMD | 37.50 25.00[2.78 +22.22] 37.50 | 11.1

BOMD | 37.5 25.00[2.78 +22.22]° 37.5 | 1LI°

NVP43  Exp. 28.50  43.00[5.59 +37.41]  28.50 | 13.0°
CMD | 2857 42.86[6.43 +36.43] 2857 | 16.7

BOMD | 28.57 42.86[7.86 + 35.00]° 28.57 | 18.3°

PEstimated by XPS measurements.
“Estimated by spin topology analysis at PBEO level from configurations sampled from BOMD trajectory.

Table 2: Density (d), glass transition (T,) and crystallization onset
temperature (T,) of synthesized NVP25 and NVP43 glasses.

Systems d? T To ATrg,
(gem’) (°C) (°C)  (°O)
NVP25 2.807 327 436 109
NVP43 2.939 297 377 80

4Estimated by He pycnometer measurements. PEstimated by DSC
measurements.

High Resolution spectra were obtained over the same
analysis area at a resolution of 20 eV (Pass Energy). The
spectra were analyzed using CasaXPS software [50] (v.
2.3.25) with curves generally mixing 70% Gaussian and
30% Lorentzian, and Shirley mode for inelastic electron
background subtraction.

The experimental total X-ray structure factor S(k) and
reduced total pair distribution functions G(r) of our
NVPs systems were determined through X-ray total
scattering following procedures similar to those em-
ployed in [51]. X-ray scattering measurements were
conducted at room temperature using a specialized lab-
oratory setup based on a Bruker D8 Advance diffrac-
tometer. This instrument was equipped with a silver
sealed tube (1 = 0.559422 A) and a rapid LynxEye XE-
T detector. Modifications were made to this setup to
maximize the collected intensities, minimize spurious
signals from the empty environment, and achieve good
counting statistics up to a large scattering vector length
of 21.8 A~!. Approximately 20 mg of each sample’s
powder were placed in a thin-walled (0.01 mm) borosil-
icate glass capillary with a diameter of about 0.7 mm
to limit absorption effects. The uR values (where R is
the capillary radius and y is the sample’s linear attenu-
ation coefficient) were estimated based on precise mea-
surements of the mass and dimensions of the samples,
yielding values of 0.17 and 0.22 for NVP25 and NVP43
glasses, respectively.

After sealing, the capillary was mounted on a gonio-
metric head and aligned so that its axis coincided with
the diffractometer’s goniometer axis. Data acquisition
involved multiple scans over the 0-152°, 50-152°, and
100-152° 20 ranges with a step size of 0.01°. These
scans were then merged, resulting in a total equivalent
acquisition time of approximately 50 hours per sample.
The raw data were corrected, normalized, and Fourier
transformed using custom software [52] to obtain the re-
duced atomic pair distribution functions G(r). Correc-
tions accounted for capillary contributions, empty en-
vironment, Compton and multiple scatterings, absorp-
tion, and polarization effects. The necessary X-ray mass
attenuation coefficients, atomic scattering factors, and
Compton scattering functions for data correction and
normalization were calculated from tabulated data pro-
vided by the DABAX database [53]. Absorption cor-
rections were evaluated using a numerical midpoint in-
tegration method, where the sample cross-section was
divided into small subdomains, following a method sim-
ilar to that proposed by A. K. Soper and P. A. Egel-
staf [54]. The normalization constant was determined
using the high-angle method, ensuring that the coher-
ently scattered intensity oscillated weakly around the
sample’s average atomic scattering factor at high scat-
tering vector lengths (from Kax/2 t0 Kiax)-

2.2. CMD and BOMD simulations details

The computational procedure employed in the pre-
vious work [38] was adopted, consisting of a full CMD
thermal cycle followed by a final equilibration by means
of BOMD at 300 K. We employed BMP-shrm (detail
in the SI) developed by Bertani et al. [48] based on the
original parameters developed for V>* and V*#* by Ori et
al. [25] and Pedone et al. [55] together with the V-O-V
and V-O-P three-body parameters recently reported by
Malavasi et al. [49]. This choice of potential parameters
was intended to exploit the best force field among the



three tested previously [38]. Three replicas of NVP25
and NVP43 with chemical compositions detailed in Ta-
ble 1 were generated randomly and placed in a cubic cell
with dimensions adjusted to match the reference densi-
ties values (see Table 2). In our CMD simulations, the
short-range interactions were truncated at a distance of
7.0 A and the long-range interactions were calculated
using the Ewald summation method with a precision of
1073 eV, up to a cutoff distance of 8.5 A. The velocity
Verlet algorithm was employed with a time step of 1 fs
to integrate the equation of motion. The NVP glasses
models were obtained by melt-quenching thermal pro-
cedure [38] with the Nosé-Hoover thermostat [56-58]
used to control the temperature. First, the initial struc-
tures were relaxed at 300 K in the NVT ensemble. Each
system was heated to 4000 K and kept for 150 ps at
this temperature followed by the cooling from 4000 K
to 300 K with a constant rate of 2.5 K/ps. The rele-
vant properties are averaged over the structures obtained
from the final 150 ps of a 300 ps trajectory at 300 K
across different replicas. BOMD calculations for these
two glasses were performed at 300 K after the CMD
dynamics. BOMD calculations for these two glasses
were performed at 300 K after the CMD dynamics.
BOMD simulations were performed using the Born-
Oppenheimer scheme, with atom-centered Gaussian-
type basis functions to describe the orbitals, and an aux-
iliary plane-wave basis set to re-expand the electron
density. We employed double-{ polarized MOLOPT
basis sets [59] for V, P, and O, and used a cutoff energy
of 800 Ry for the plane waves at the I" point only. Using
the CMD-derived structures as a starting point, we per-
formed a BOMD simulation at 300 K for approximately
5 ps using Goedecker—Teter—Hutter pseudopotentials to
describe core-valence interactions [60] together with the
semilocal Perdew-Burke-Ernzerhof (PBE) [61, 62] ex-
change—correlation functional within a spin unrestricted
DFT formalism. A final optimization of the electronic
structure was obtained employing PBEO hybrid func-
tional [63] containing 25 % nonlocal Hartree-Fock ex-
change, with a cutoff energy of 800 Ry. For the BOMD
analysis, the last 3 ps of the trajectories were used and
the results averaged over the three replicas. Final op-
timization using the PBEQ hybrid functional yields a
more accurate representation of the electronic struc-
ture, energy bandgap, and spin topology [64], consistent
with prior electronic analyses [38]. The CMD simula-
tions were performed using the DL-POLY code (ver-
sion 4.10.0) [65], while the BOMD simulations utilized
the CP2K package [66] with the DZVP-MOLOPT-SR-
GTH basis set [67].

3. Characteristic temperatures, thermal stability
and Vanadium sites speciation

The experimental and simulated chemical composi-
tions of the two NVP glasses are reported in (Table 1).
The densities of the synthesized glasses, NVP25 and
NVP43, are 2.807 and 2.939 g/cm?, respectively (Ta-
ble 2). These values indicate that NVP43 has a greater
mass per unit volume, likely due to its higher vana-
dium oxide content at the expense of sodium oxide. The
DSC thermograms of the two synthesized glasses are
presented in Figure 1. DSC thermograms illustrate the
thermal behavior of the two glass compositions, while
Table 2 lists the characteristic temperature values ob-
tained. NVP25 exhibits a higher glass transition tem-
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Figure 1: DSC plots of NVP25 (top) and NVP43 (bottom) glass pow-
der showing glass transition temperature (T,) and the crystallization
onset (T,).

perature (T,) of ~327°C compared to NVP43 (~297°C),
indicating a more rigid structure, likely due to its higher
phosphate content. Phosphorus, being a stronger net-
work former than vanadium, contributes to a more inter-
connected and rigid glass network. In contrast, NVP43,
with a higher vanadium content, forms a less rigid struc-
ture. Although NVP25 likely contains more sodium,
which typically increases flexibility, its higher T, em-



phasizes the dominant role of phosphorus in enhanc-
ing network stiffness. This is consistent with the even
higher T, of ~397°C in VP50 glass, further support-
ing the role of phosphorus [68]. NVP25 also shows a
higher crystallization temperature (T,) of ~436°C com-
pared to NVP43 (~377°C), indicating greater thermal
stability, with a larger AT=T.-T, = (109°C vs 80°C).
The lower crystallization intensity in NVP25 suggests
reduced or less extensive crystallization, aligning with
its increased stability. In contrast, NVP43 exhibits a
more pronounced crystallization due to its higher vana-
dium content. Overall, the higher T, and T, of NVP25
reflect a more thermally stable and rigid structure, while
NVP43 shows increased flexibility and crystallization.
The presence of a mixed valence for the vanadium (spe-
ciation of vanadium sites) in the synthesized NVP25
and NVP43 glasses was assessed in the synthesized
samples using XPS measurements. Figure 2 (Left)
presents the XPS spectra of the O 1s and V 2p core lev-
els for each sample. These spectra exhibit three distinct
features: (1) O 1s core level at about 531 eV; (2) V 2ps3»
at about 517.2 eV; and (3) V 2py, core level states at
about 524 eV [69]. Deconvolution of the V 2ps,, and V
2p1 /2 signals enables quantification of the relative con-
tent of V in different oxidation states, as reported in
Table 1. XPS analysis indicates that vanadium exists
primarily in the +5 oxidation state in both investigated
glasses, with a distinct presence of vanadium in the +4
oxidation state. Specifically, NVP25 and NVP43 show
V3*:V# ratios of 95:5% and 87:13%, respectively. The
presence of vanadium in other oxidation states, while
not entirely ruled out, is minimal and negligible.

The V speciation is approached differently in CMD and
BOMD simulations. In CMD, V speciation is prede-
termined by assigning potential parameters correspond-
ing to V>* and V** oxidation states[25, 48]. In BOMD
the initial configuration specifies only the total num-
ber of V sites, while the final distribution is determined
by analyzing the local V site spin topology of the con-
verged ground-state energy configuration using PBEO
hybrid functional calculations, following a procedure
validated for VP50 glass [38]. Converged spin local-
ization at V sites enabled a classification based on the
oxidation states in BOMD simulations. As previously
reported for VP50 glass, PBEO-level calculations were
necessary to obtain a well-defined spin distribution, fa-
cilitating clear distinction between Vo+ (o spin ~ 0) and
VA (o spin ~1) sites, as shown in Figure 2 (Right).
Based on these oy values, BOMD calculations
gives chemical compositions (in mol%) correspond-
ing to 37.5Na,0 - 25.0V,0,[22.2V,0s5 + 2.8V,04]
- 37.5P,0s5 and 28.5Na,O - 43.0V,0,[35.8V,05 +

7.2V,04] - 28.5P,05 for NVP25 and NVP43. Despite
a slight increase in V** content compared to the experi-
mental data, the BOMD V distribution aligns well with
the experimental compositions. Notably, NVP43 ex-
hibits a higher content of V4* than NVP25 (see Table 1).
Electronic density of states calculations using the PBEO
hybrid functional resulted in open bandgap values of
1.53+0.39 eV for the NVP25 model and 1.94+0.33 eV
for the NVP43 model. These values are consistent
with previous findings for VP50 [38], identifying the
two NVP models as semiconducting glasses with large
bandgaps, although slightly smaller than the 2.4-2.8 eV
range observed for VP50 glass.

4. Reciprocal space properties: X-ray Total Struc-
ture Factors

Figure 3 shows the reciprocal space X-ray total struc-
ture factors for the NVP25 and NVP43 glasses. The pat-
terns discernible in the plots reflects not only the distinct
peaks but also the presence of a degree of intermediate-
range order, as indicated by a small shoulder around ~1
A~ that was not observed in the VP50 glass [38]. This
feature implies additional structural features deserv-
ing further exploration through computational methods.
The X-ray scattering technique is found to be more sen-
sitive to the local arrangement of vanadium sites com-
pared to neutron scattering [38]. The BOMD simula-
tions align closely with the experimental data in terms
of peak positions and intensities, demonstrating their ef-
fectiveness in accurately capturing the glass structures
of NVP. In contrast, CMD simulations exhibit a sig-
nificant overestimation of the first peak intensity and a
pronounced peak at approximately ~2 A-'. BOMD, on
the other hand, shows less sharp peaks that are more
in line with the experimental data, although both meth-
ods underdescribe the shoulder at ~1 A‘l, which is a
signature of intermediate-range order, with BOMD per-
forming slightly better in this regard. These disparities
emphasize the inherent limitations of the CMD method-
ology, particularly its struggle to quantitatively model
the short- and intermediate-range order of vanadium-
containing glasses, which is critical for understanding
the local environment of vanadium sites. The differ-
ences between CMD and BOMD results (oiir{linish at
higher k values (beyond approximately 4 A ). This
supports the idea that CMD can serve as a useful tool
for preliminary structural modeling, while the consider-
ation of BOMD approaches is essential to obtain more
accurate and reliable structural descriptions of complex
oxide glasses like NVP25 and NVP43. This statement is
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Figure 2: (Color online) Left: XPS spectra of NVP25 (top) and NVP43 (bottom) glasses in the O 1s and V 2p regions, revealing the presence of
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Figure 3: (Color online) X-ray total structure factors for NVP25 and
NVP43 glasses, comparing CMD, BOMD, and experimental data.

further reinforced by the analysis of the R)‘j ® Values [70]
as defined by Eq. (1) and presented in Table 3.

¥ [Exp®? —Sim@]2 .

R)( =100 x Zi [Exp(i)]z

€]

R)S((k) quantifies the level of agreement of the theoretical
prediction with the experimental data, reminding that a

lower Rj(k) values indicate a better agreement. BOMD

yields R} values of (10.1+0.9)% for NVP25 and
(9.8+1.2)% for NVP43, whereas CMD results in signif-
icantly higher values of (14.4+0.2)% and (17.1+1.0)%,
respectively (see Table 3, first row). The improved
agreement with experimental data achieved by refin-
ing the CMD simulation with an equilibration at 300
K through BOMD is consistent with findings for VP50
glass reported in previous studies [38]. When com-
paring NVP25 and NVP43, notable differences in their
structural features emerge. Although NVP25 contains
a higher sodium oxide content, which typically sug-
gests a more disordered structure, the peaks for NVP43
are more broadened. This indicates that NVP43 has a
more complex structural environment, likely resulting
from its higher vanadium content, which contributes to
greater disorder within the glass structure.

5. Real space properties

5.1. Total pair distribution function

Figure 4 presents a comparative analysis of the re-
duced total X-ray pair distribution function G(r) for
NVP25 and NVP43 glasses. The experimental data,
which exhibits greater complexity than those of the
VP50 glass [38, 71] due in part to additional Na-O in-
teractions, are compared with results from CMD and



BOMD simulations. The experimental G(r) was derived
via Fourier transform of the total structure factors, as
outlined in Eq. (2).

kmux
G(r) = % fo k[S (k) — 1]sin (kr) dk 2)

This allows for direct comparison with our calculated
results for the NVP25 and NVP43 glasses (Eq. (3)).

G(r) = 4nrp [gior(r) — 1], 3)

where p is the number density and g(r) is the unit-
less total pair correlation function (gui(r) — 1 for
r — o0). The positions of the first four peaks’ max-
ima in the 1-4 A interval are summarized in Table 4,
comparing CMD and BOMD values with experimen-
tal data. The analysis reveals significant discrepancies
between CMD predictions and experimental measure-
ments, while BOMD results demonstrate markedly im-
proved agreement across the examined r range. In the
short-range order region (1-3 A), BOMD simulations
accurately capture the experimental features for both
glass compositions. The first peak, centered at approx-
imately 1.5-1.6 10\, attributed to P-O and V=0 bonds,
is well-reproduced by BOMD in terms of position, in-
tensity, and shape. In contrast, CMD simulations con-
sistently overestimate this peak’s intensity by about 20-
30%, indicating a greater degree of short-range over-
structuring, particularly pronounced for NVP43. Both
CMD and BOMD shift the experimentally observed
peak at about 1.96 A to lower values of around 1.8 A.
Beyond the short-range order (3-5 A), CMD shows a
consistent shift of approximately 0.5 A toward larger r
values compared to experimental data for both NVP25
and NVP43, indicating systematic errors in predicting
second-neighbor distances. Conversely, BOMD results
closely align with experimental peak positions, with de-
viations typically under 0.1 A (Table 4). BOMD also
better reproduces peak shapes and relative intensities
more accurately in the 2—4 A range, while CMD pre-
dicts shifted sharper, more intense peaks, particularly
overestimating and right-shifting the fourth peak by up
to 20-30% and 0.3 A for both NVP models. The su-
perior performance of BOMD in reproducing the ex-
perimental G(r) underscores the critical role of explic-
itly accounting for electronic structure effects in model-
ing sodium vanadium phosphate glasses. Furthermore,
the limitations of the CMD method are emphasized by
the (Rfm) parameter values calculated within the 1-4 A
range (Table 3, second row). CMD consistently yields
significantly higher R)((;(r) values compared to BOMD,
indicating poorer agreement with experimental data.

For instance, the NVP43 system exhibits an Rf(r) of
96.2 + 3.1% for CMD versus 65 + 4.8% for BOMD,
partially due to the observed shift between experimen-
tal and calculated second and 4th peak’s positions. This
comparative analysis demonstrates that BOMD simula-
tions provide a more accurate structural description of
NVP25 and NVP43 glasses compared to CMD, partic-
ularly in the short and medium-range order regions sig-
nificantly affecting the glasses’ physical and chemical
properties.
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Figure 4: (Color online) Reduced total pair distribution function G(r)
for NVP25 and NVP43 glasses, illustrating the comparison between
the calculated data (CMD and BOMD) and the experimental data in
the range 1-4 A range.

Table 3: Comparison of the agreement between CMD, and BOMD
simulations and experimental data using goodness-of-fit R, parame-
ters for X-ray total structure factor S(k) and reduced pair distribution
function G(r) of NVP25 and NVP43 glasses at 300 K.

NVP25 NVP43
X-rays CMD BOMD CMD BOMD

RS® 144+02 101+09 | 17110 9812
Rf“) 87.3+£23 629+20 | 962+3.1 650=48

Table 4: Peak positions in the total pair distribution function: Com-
parison of calculated values (CMD and BOMD) with experimental
measurements for NVP25 and NVP43 systems.

Peak NVP25 NVP43

positions | Exp. CMD BO Exp. CMD BO
1*" peak 1.51 1.50 1.50/1.62 | 1.59 1.51 1.59
2" peak | 1.96 1.80 1.84 1.96 1.79 1.78
3™ peak | 2.51 2.48 2.56 257 246 258
4 peak 326 352 3.39 3.23 353 337




5.2. Partial pair correlation function

Among the partial pair correlation functions for VP50
glass, the V-O correlation showed the most signifi-
cant improvements when moving from the initial CMD
model to BOMD calculations [38]. In this work, the
gvo(r) partial pair correlation functions (see Figure 5)
for NVP25 and NVP43 glasses reveal further discrep-
ancies between CMD and BOMD, particularly in the
short-range order. BOMD shows a clear splitting of the
first peak into two distinct maxima at 1.6 A and 1.8—
1.9 A, reflecting a better description of both V=0 and
V-0 bonds. CMD, on the other hand, produces an aver-
aged broader peak at 1.7-1.8 A, with only a small shoul-
der at 1.6 A for NVP25, indicating an oversimplified
representation of vanadium-oxygen interactions. Be-
yond 3 A, both methods follow similar trends, although
CMD consistently predicts slightly larger » values. The
discrepancies are more pronounced in NVP43, where
CMD struggles to accurately capture the increased com-
plexity of Na-V-P-O interactions, showing its limita-
tions with higher vanadium content. These results em-
phasize the fact that BOMD better captures vanadium’s
local coordination environment. Having established the
superior performance of BOMD in describing the V-
O local environment, the following analysis of all par-
tial pair correlation functions in this work is based on
BOMD data rather than CMD ones. Turning to the
other partial pair correlation functions, including the
breakdown of the V-O correlation into contributions
from V3*—-0 and V**—O, Figure 6 presents the BOMD-
derived functions for goo(r), gnao (1), gva+o(r), gvs+o(r),
and gpo(r) for NVP25 and NVP43 glasses. Table 5 re-
ports the bond lengths 7,3, corresponding to the posi-
tions of the maxima in the partial pair correlation func-
tions gop(r). In NVP25, the P-O correlation shows a
main peak at 1.50 A and a shoulder at 1.62 A. The
V3*-0 correlations exhibit peaks at 1.62 and 1.84 A,
corresponding to V=0 and V-O bonds, respectively.
V# -0 has a main peak at 1.89 A and a weak shoul-
der around 1.62 A, associated with the low concentra-
tion of V#*. The combined contributions at 1.62 A
account for the splitting of the first peak in the total
pair distribution function G(r) (Figure 4). For NVP43,
the P-O correlation shows a single peak at 1.53 A.
The V>*-0O correlation has a less-defined first peak at
1.62 A (V=0), with a second peak at 1.75 A, which is
shorter than the corresponding peak in NVP25 (1.84 A).
No significant differences are observed in the Na™-O
and O-O correlations between the two systems. The
shorter V>*—O distances compared to V#—0, as shown
in Table 5, are consistent with a well-known feature in
vanadophosphate crystalline phases: the increase in V-

O single bond length with decreasing vanadium oxida-
tion state [46, 47]. Both V>* and V** also exhibit at least
one characteristic vanadyl bond. BOMD calculations
successfully capture this nontrivial bonding pattern of
VO, polyhedra, showing good agreement with exper-
imental trends. Specifically, BOMD reproduces short
vanadyl bonds alongside longer single V-O bonds, with
bond lengths corresponding to oxidation state as fol-
lows: V3*—0 < V#*_0. The corresponding distances are
1.75-1.84 A and 1.89-1.90 A for NVP25 and NVP43,
respectively. These results improve upon previous find-
ings based solely on CMD simulations with empirical
force fields, as reported for LiVP systems [6], high-
lighting the critical need for first-principles approaches
to accurately describe such complex V-containing glass
systems.

The data for NVP25 and NVP43 closely align, demon-
strating that although the vanadium content is higher in
NVP43, the local bonding environments around vana-
dium and sodium remain similar across both systems.
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Figure 5: (Color online) Partial pair correlation function gyo(r) show-
ing results from CMD and BOMD. on the right side, a zoom in on the
first peak between 1 and 3 A.

5.3. Coordination number and structural units

In this section, the average coordination numbers for
Na, V, P, and O (BOMD data) are compared with ex-
perimental values (see Table 5). Phosphorus has a
well-defined average coordination number of 4.0 for
both systems, which aligns very well with experimen-
tal data. The total coordinations for vanadium predicted
by BOMD are 4.76 and 4.75, falling within the ex-
perimental range of 4.20-5.40. For sodium, the cal-
culated average coordination number is slightly higher
than the experimental reference in both systems. The
running average coordination number for cation-oxygen
pairs, shown in Figure S1 (Supplementary Informa-
tion), reveals distinct structural roles within the glass
network. The Na*—O coordination environment does
not exhibit a well-defined plateau, differing from other
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Figure 6: Partial pair correlation functions for NVP25 and NVP43
glasses, displaying CMD and BOMD results for goo(r), gnao(r), and
gpo (1), respectively, from left to right.

Table 5: Average coordination numbers n; bond lengths 1,z (in A)
(taken as the position of the first maximum of the pair correlation
functions g,p(r)), calculated for the NVP25 and NVP43 models and
averaged over the three replicas of BOMD data. We report the dis-
tances obtained from the first maximum of g,g(r). The average statis-
tical error across the replicas is 0.02 A.

Exp.® NVP25  NVP43

i 4.0-6.0 6.58 6.81
np 4.00 4.00 4.00
ny 4.20-5.40 4.76 4.75
Nys+ - 4.69 4.62
Ny - 5.37 5.38
1o 2.00-4.00 1.71 1.79
o | 2.30-2.60 233 2.34
750 1.52-1.60 | 1.50/1.62 153
o 1.58 1.62 1.62
1.90 1.84 1.78

Fysio | 1.59-1.78° 1.62 1.62
1.80-2.35° 1.84 1.75

Fysro | 1.59-1.74° 1.61 1.64
1.80-2.12° 1.89 1.90

foo | 2.52-2.79 2.56 2.58
vy 3.50 3.50 3.47
rpy 3.24 3.20 3.29

#Estimated from X-ray and neutron diffraction measurements on

Vx0-P,0s5 [72, 73] and Nay O-V O, [74] glasses. bCharacteristic

bond lengths intervals analysed from about 520 vanadophosphate
crystalline phases [8, 45, 46].

cations. Na™ features a high average coordination num-
ber in the 6-7 range and a bond length of approxi-
mately 2.33 A, interacting with neighboring oxygens
primarily through ionic bonds. In contrast, V4, V3*,
and P interact with neighboring bridging oxygens pre-

dominantly via covalent bonds [38]. This is in favor
of the glass-modifier role of Na*, contrasting with the
glass-former roles of P and V. Previous studies on amor-
phous systems containing V, including both pure vana-
dium oxides and vanadophosphates containing alkali
ions [26, 45, 46, 71, 75-78], have reported vanadium
coordination numbers ranging from 4 to 6. This indi-
cates that vanadium can act as either a glass network
former (i.e. low coordination) or a modifier (i.e. high
coordination), depending on the glass composition and
in accordance with Zachariasen’s model [79]. In the
present work for both NVP models, the coordination
number of V#* is higher than the one of V>* and phos-
phorus, yet the V#*—O bond distance remains compa-
rable to V3*—0, while being significantly shorter than
Na*-O bonds. This confirms that Na* is a network
modifier with high coordination, while V** behaves as
an intermediate-to-weak network former, with an aver-
age coordination between 5 and 6. In contrast, V>* pre-
dominantly acts as a strong-to-intermediate glass net-
work former (average coordination of 4 to 5), in part
similar to phosphorus (coordination of 4) within the
glass structure. To further obtain insights in the local
environment of V and Na, we examined the distribu-
tion of VO, and Na*O,, structural units. Table 6 gives
the BOMD-derived values for both systems. The VO,
units referred to total V are predominantly VOs (ap-
proximately 50%), followed by VO, (about 35%), with
a notable presence of VOg units (10-13%). These re-
sults align with findings from the VP50 system reported
in [38]. A breakdown of the vanadium oxidation states
in VO, units indicates that V>* acts as a strong glass net-
work former, predominantly existing as VO, (40-42%)
and VOs (51-54%) units, while V#* displays an inter-
mediate behavior, primarily existing as VOs (49-57%)
and VOg (41-44%) units.

This perspective contrasts with earlier findings, based
mainly on CMD simulations, pointing to both V>*
and V** as intermediate former or modifier based on
vanadium concentration. Previously, VH was thought
to exhibit low coordination (four-fold) [26, 41, 80].
However, BOMD provides an entirely different per-
spective: both V>* and V#* form structural polyhe-
dra that contribute to the glass network. V>* exhibits
low to intermediate coordination (4-5), reinforcing its
role as a strong-to-intermediate glass network former.
On the contrary V** primarily shows higher coordi-
nation (5-6), indicating an intermediate-to-weak role,
with both vanadium oxidation states displaying similar
bond distances with oxygen. For Na*O,, the coordina-
tion numbers for Na* fluctuate between 4 and 9 across
both systems, with Na*Og and Na*O; identified as the



dominant structural units.

Table 6: Distribution of the individual n, (/) structural units where an
atom @ ( 'V or Na) is [-fold coordinated to oxygen atom, computed for
the both NVP25 and NVP43 at BOMD level. These values have been
calculated including neighbours within the first minimum in gqg(r).
The average is taken over the three replicas with given error bars.
The cutoffs of 2.4 and 3.2 A were used for the V-O and Na—O bonds
respectively. Only fraction larger than 0.1 % are reported.

NVP25 NVP43
Vlm
=4 O4 | 365+£75 353+19
[=5 Os | 50684 54156
=6 O | 129+£09 10.6 £3.7
V5+
=4 04 | 40.1£72 421+26
=5 Os5 | 508+£86 53.6+3.5
I=6 O | 91x14 44+1.0
V4+
=4 O4 | 73+£103 27+1.8
I=5 Os | 486+71 567+159
=6 O¢ | 44038 40.7+17.7
Na*
[=5 Os | 127+£3.7 85+0.2
=6 O¢ | 332+19 31.7+£27
=7 O; ] 36.6+£53 348+22
[=8 Og | 147+0.1 172 +4.8
=9 09 | 19+02 56+1.7

6. Bond angle distributions, network connectivity,
and Na-glass former association preference

Figure 7 shows the bond angle distributions (BAD)
for NVP25 and NVP43 glass systems, centered around
various oxygen-containing triads. The V-O-V, V-O-P,
and P-O-P distributions provide insights into the con-
nectivity between different polyhedra in the glass net-
work. The V-O-P distribution shows a broad main
peak centered around 130—140° with a sharp, less in-
tense peak centered at 90°, indicating a variable form of
interconnectivity between the vanadium and phospho-
rus polyhedra. This broad distribution is indicative of a
range of V-O-P bond angles representative of the struc-
tural flexibility in the glass network. The slight differ-
ences between NVP25 and NVP43 in the main peak in
this distribution is a sign that the increase in vanadium
content affects the V-P connectivity to some extent. The
V-0O-V BAD displays a broader distribution compared
to V-O-P, with a main peak around 140°. This broadness
reflects the variety of V-O-V connections in the glass
network, including edge-sharing and corner-sharing be-
tween vanadium polyhedra. The similarity between
NVP25 and NVP43 in this distribution indicates that
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the V-V connectivity is not significantly affected by the
composition change. The P-O-P distribution shows a
sharp peak at about 125°, which is characteristic of P-
O-P linkages in phosphate glasses. The sharpness of
this peak, compared to the V-O-V and V-O-P distribu-
tions stand for a more rigid and well-defined local struc-
ture around phosphorus atoms. The O—P—O BAD has a
sharp peak centered at approximately 109°, indicative
of the tetrahedral geometry of POy units and persisting
across NVP25 and NVP43, as shown by the overlapping
peaks. The O—V3*—O BAD displays a broad distribution
ranging from approximately 70° to 120°, with a notable
concentration around 108°. This proves the presence
of different geometric configurations among the poly-
hedral units. Notably, the dominance of tetrahedral an-
gles highlights a substantial contribution of V>*Qy tetra-
hedra to the structural framework of the glass network.
In contrast, the O—V**—O distribution shows a primary
peak around 90°, a clear sign of the presence of octahe-
dral and pyramidal geometries within the glass network.
A secondary, smaller peak is observed near 170°, rather
than at 180°, indicating distorted octahedra and pyra-
mids. The absence of a significant peak around 109°
implies a low proportion of V4*Qy tetrahedra, which is
consistent with the V#*O,, structural unit analysis.

The network connectivity in NVP25 and NVP43 glasses
reveals a complex interplay between phosphate and
vanadium polyhedra, as demonstrated by Q" distribu-
tion analysis. Q" refers to a structural unit where n
bridging oxygen (BO) atoms are directly linked to a
network-forming ion, such as phosphorus in phosphate
glasses. This analysis provides valuable insights into the
degree of polymerization and the structural organization
of these glass systems [11, 26]. Here, we come back
to an explicit comparison between CMD and BOMD
data, with the intent of highlighting the most signifi-
cant differences. One of the most striking improvements
brought by BOMD is in the description of the phos-
phate network connectivity. For NVP25, both CMD
and BOMD agree on the predominance of Q? species,
but BOMD shows a higher proportion of Q? units. This
suggests a more cross-linked phosphate network and a
greater degree of three-dimensional connectivity than
was evident from CMD alone. The differences are
even more pronounced for NVP43. While CMD sug-
gests an almost equal distribution of Q!, Q?, and Q°
species, BOMD indicates a clear predominance of Q?
and Q°® units. This suggests that the phosphate net-
work in NVP43 maintains a higher degree of polymer-
ization than previously assumed from CMD, and con-
tradicts earlier views that increasing vanadium content
would significantly depolymerize the phosphate net-
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Figure 7: (Color online) Bond angle distributions for NVP25 (green line) and NVP43 (red line) models. The left panel shows angles centered
around oxygen: P-O—P, V-O—P, and V-O-V (top to bottom). The right panel displays angles centered around network formers: O—P-0, O-V>*—

0, and O-V**-0 (top to bottom).
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Figure 8: (Color online) Comparison of the Q" distribution, where
n represents the number of bridging oxygen atoms directly linked to
a network former P, between the CMD and BOMD simulations for
NVP25 and NVP43. The data presented is averaged over three repli-
cas, with the standard error bar indicated.

work. A comparison with previously reported data for
VP50 glass [38], where BOMD models show a major-
ity of Q* (55-60%) and a notable fraction of Q* (37—
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Figure 9: (Color online) Comparison of the Q" distribution, where
n represents the number of non-bridging oxygen ([NB]) atoms di-
rectly linked to a network former V4 and V3*, between the CMD
and BOMD simulations for NVP25 and NVP43. The data presented
is averaged over three replicas, with the standard error bar indicated.

42%) units, further supports the role of Na ions as net-
work modifiers, reducing the extent and interconnection
of the phosphate network.

Turning to the vanadium network, BOMD provides a
substantially different picture in terms of QE‘NB] (with
n indicating non-bridging oxygen ([NB]) in this case)



compared to CMD, particularly for V3* species. In
both NVP25 and NVP43, CMD predicts a dominance
of Q?NB] environments for V>*, with a largely intercon-
nected nature of such units. However, BOMD reveals
a much more diversified distribution of V3* environ-
ments, with significant proportions of Qfy, and Q}yy,
species. This BOMD result indicates that V>* plays a
more active role in network formation than previously
understood, potentially contributing to the overall com-
plex connectivity of the glass structure. For V4* species,
while both methods agree on a preference for Q([)N p) €N-
vironments, BOMD is in favor of a more uniform dis-
tribution across different Q species, especially in
NVP43.

To evaluate the preference of Na* ions for different
network-forming species (P, V>*, V**), we calculated
the normalized preference ratio rfj/“[; [81] defined as:

n
[NB]

Nat % CNNa+ —a

=L Naa 4
"B = N, ClNor “)

where N, is the number of glass-former species @ and
CNpat_o 1s the partial coordination number of Na*
around species a.

The calculated preference ratios are given in Table 7.
The unit ratio reflects the statistical distribution of Na*
ions around the a and S species, which is strictly
governed by their relative concentrations. Values less
than 1 indicate a preferential coordination of Na* ions
by species B, whereas values larger than 1 suggest a
stronger affinity of species « for coordinating Na™ ions.
The results show that Na* has a stronger affinity for P
compared to V in both systems (r\I\,I‘/‘; < 1). There is a
slight preference for V4 over V>* (r\l\]/j‘:/vs+ > 1), al-
though both V species are less favored than P. The pref-
erence for P over V is more pronounced in NVP25 com-
pared to NVP43, as indicated by the lower r\I\}‘/‘; value for
NVP25.

Table 7: Sodium-glass former connection preference ratio for NVP25
and NVP43

T T T T
R}\\/l/a,u Re]g-t- P R]\\/ZL+ P R}‘\/']-/?+ V5+
NVP25 | 0.60 0.60 0.65 1.09
NVP43 | 0.66 0.62 0.82 1.31

7. Discussion

7.1. General remarks

This study focussed on two sodium vanadium
phosphate (NVP) glass compositions, (NayO),—
(V:0y)1-20)—(P205), (@ = 0.375, 0.285), using a

combined approach of experimental characterization
and atomic-scale modeling with both classical and
Born-Oppenheimer molecular dynamics (CMD and
BOMD, respectively).  This approach provides a
comprehensive understanding of the structural and
bonding properties of these glasses. We underscored
the limitations of classical MD and currently available
empirical force fields, which, while valuable tools, fail
to accurately capture the local structure, particularly
regarding the complex interactions involving vana-
dium oxides. By explicitly incorporating electronic
structure effects, BOMD simulations demonstrate a
significantly enhanced ability to improve upon original
CMD models. Despite the shortness of the dynamical
equilibration at 300 K using BOMD, one can obtain
structural features of NVP glasses of unprecedented
quality, particularly for short- and medium-range order
distances, as demonstrated by their close agreement
with experimental X-ray diffraction data and pair distri-
bution function analysis. One of the key findings is the
important role of phosphorus in enhancing the rigidity
of the NVP glass network. Sodium typically acts as
a network modifier, disrupting the glass network, and
potentially decreasing rigidity. However, NVP25 (with
a higher content of sodium oxide) exhibits a higher
glass transition temperature compared to NVP43. This
is a key observation to understand the dominating
influence of phosphorus, a stronger glass network
former than vanadium, in dictating the overall rigidity
of the glass structure. BOMD provides valuable insight
into the speciation of vanadium sites within the glass
structure. The analysis reveals that vanadium exists
predominantly in the +5 oxidation state in both glasses,
with a smaller but not negligible presence of vanadium
in the +4 oxidation state. This is consistent with
experimental XPS measurements and highlights the
ability of BOMD to accurately capture the oxidation
states of transition metals in these glassy systems.

7.2. Revisiting NVP glasses structure: short- and inter-
mediate range-orders

A closer examination of the short-range and
intermediate-range orders in NVP glasses, using
BOMD-derived data, sheds light on the interplay be-
tween phosphate and vanadium polyhedra within the
glass network. The analysis of partial pair correla-
tion functions, coordination numbers, bond angle dis-
tributions, and Q" distributions allows obtaining a more
precise understanding of the structural features under-
lying the properties of these glasses. The splitting
of the V-0 peak in the pair distribution function, re-
vealed by BOMD simulations but not by CMD, reflects



Figure 10: Atomistic models of NVP25 (left) and NVP43 (right) glasses simulated using BOMD. Color legend (online): Na (yellow spheres),
V>+0, polyhedra (blue), V4*O,, polyhedra (light blue), PO4 polyhedra (orange), O (red spheres).

the presence of both V=0 and V-O bonds, indicat-
ing a more complex local environment around vana-
dium atoms than the one accounted for by classical
force fields. Additionally, BOMD simulations shows
a distinct difference in the average coordination num-
bers of V#* and V>*, with V#* exhibiting higher aver-
age coordination and an intermediate-to-weak network
former character, while V°*, with lower average coordi-
nation, acts predominantly as a strong-to-intermediate
network former. The analysis of bond angle distribu-
tions provides further evidence for the structural com-
plexity of NVP glasses. The broad distributions ob-
served for V-O-V and V-O-P angles, compared to
the sharper peak for O-P-O, are indicative of a greater
degree of flexibility and a range of possible configu-
rations for vanadium polyhedra within the glass net-
work. This flexibility, coupled with the varying roles
of V¥ and V>*, contributes to the unique properties
of NVP glasses. Finally, the Q" distribution analysis,
particularly the differences observed between CMD and
BOMD predictions, highlights the importance of ac-
curate modeling in understanding network connectiv-
ity. Figure 10 shows the degree of complexity of the
glass networks in NVP25 and NVP43, with the inter-
connected phosphate and vanadate polyhedra, as well
as the open structure facilitated by the incorporation of
Na ions. These BOMD insights allow us to revisit our
understanding of NVP glasses in several key points: 1)
The phosphate network appears to maintain a higher de-
gree of polymerization than previously thought, even at
higher vanadium contents. This could explain the ob-
served stability and favorable properties of these glasses
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in various applications [5, 6, 11, 15, 82]; ii) V3+ emerges
as a more active network former, potentially creating
additional linkages in the glass structure; iii) BOMD re-
veals a more diverse range of local environments, espe-
cially for vanadium species. This structural heterogene-
ity is crucial for understanding the glass’s behavior un-
der various conditions, such as its response to ion inser-
tion/extraction in battery applications.; iv) The BOMD
results provide a more complete view of how changing
vanadium content affects the glass structure, leading to
the conclusions that the relationship between composi-
tion and network connectivity is more complex than pre-
viously understood.

It remains true that certain aspects still require further
efforts, such as extending the thermal relaxation at the
BOMD level and enhancing the comparison with exper-
imental data on the total structure factor at the level of
the intermediate range order. This feature is still poorly
described by both CMD (to a greater extent) and BOMD
(to a lesser extent). We also remark that the signifi-
cant enhancement in the local V-O bonding environ-
ment achieved with BOMD enables a better quantifica-
tion of oxygen speciation, including bridging oxygens
(BO) and non-bridging oxygens (NBO) within the glass
network. Understanding these factors is crucial as they
significantly impact sodium ion mobility [80, 83-85].
Achieving such improved insight into network connec-
tivity will have important implications for interpreting
the macroscopic properties of NVP glasses, including
thermal stability, conductivity, and ion transport.



8. Conclusions

This study provides a comprehensive analysis of
two sodium vanadium phosphate (NVP) glasses by
combining experimental characterization with atomic-
scale modelling. It emphasizes the importance of
completing a classical molecular dynamics trajectory
with the use of first-principles molecular dynamics (of
the Born-Oppenheimer kind in this case) to describe
quantitatively the structural and bonding features
of these glassy systems. This is crucial even at the
relatively low temperature (T= 300 K), proving that
the account of electronic structure effects is able to
impact the network well beyond a mere structural
rearrangement. Although classical molecular dynamics
using the Bertani er al. force field [25, 48] provides
a valuable ground for structural modeling improving
upon other available force fields [38], it is unable
to describe correctly the local environment around
vanadium atoms, particularly the V-O bonding. The
present findings reveal that NVP25, which has a higher
phosphate content, exhibits a higher glass transition
temperature compared to NVP43, underscoring the sig-
nificant role of phosphorus as a strong network former
in enhancing the rigidity of the glass structure. BOMD
simulations also provide a clearer picture of vanadium
speciation, accurately identifying the presence of both
V4 and V>* oxidation states, along with the splitting
of V-O bonds. These details are beyond the reach of
CMD. V>* primarily works as a strong-to-intermediate
glass network former, while V# behaves more like a
intermediate-to-weak network former fully in line with
a number experimental results [43, 44, 86] but in con-
trast with previous models based on X-ray absorption
near edge structure (XANES) [41, 42, 87] data or CMD
calculations [6, 26, 41]. BOMD reveals a complex
interplay of short- and intermediate-range order within
the glass network, indicating a rich local environment
around vanadium atoms. Further investigation into
the roles of bridging and non-bridging oxygens could
provide deeper insights into their influence on ionic
conductivity in NVP glasses.
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