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Na-V-P-O glasses are promising cathode materials for sodium ion batteries, and yet a thorough understanding of their atomic10

scale behavior has so far been elusive. In this work we integrate structural and electrochemical experiments with first-principles11

and large-scale machine learning-accelerated molecular dynamics to elucidate quantitatively the interplay among structure,12

bonding, and ion mobility on space and time scales of unprecedented extensions. We unravel the existence of a broad V coordi-13

nation distribution together with heterogeneous Na-ion mobility featuring percolation channels. Our results are instrumental14

in the search of NVP glasses optimization for electrochemical applications.15

Sodium vanadium phosphate (NVP) oxides have long been a focus of research in energy storage, driven by the elec-16

trochemical properties of crystalline NVP phases.1,2 Nowadays glassy and glass-ceramic counterparts are emerging as17

valuable alternatives, targeting improvements upon the crystalline forms in terms of synthesis, stability, scalability, and18

cost.3–6 In particular, transition metal oxide-containing glasses enable multielectron reactions and impact thermal behav-19

ior, enhancing their energy storage potential.7,8 We present here a novel characterization of NVP glasses that integrates20

experiments with first-principles and machine learning-accelerated molecular dynamics simulations. Our focus is on the21

link between structural, bonding, and ion mobility properties in such non-crystalline systems. Notably, this integrated22

approach is applied to NVP glasses for the first time. While detailed structural data are available for binary systems such23

as VxOy–P2O5 and Na2O–VxOy (e.g., total structure factors and correlation functions), similar insights for ternary NVP24

glasses remain scarce.9,10
25

On the theoretical side, classical MD (CMD) has provided valuable insights, but current force fields struggle to capture26

the complex V local environment, particularly VOn polyhedra, as shown in recent studies of binary VP and ternary NVP27

glasses.11,12 In these systems, we find that the account of chemical bonding via first-principles molecular dynamics (FPMD)28

significantly improves the description of the local V environment. Relevant findings were the presence of distinct single29
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and double/vanadyl bonding fingerprints, the stronger network-forming role of V5+, and the higher degree of phosphate30

network polymerization, aligning well with experimental results.31

Overall, the present study advances the understanding of NVP glasses by providing a multifaceted characterization of32

a series of Na2O-VxOy-P2O5 glasses (Tables 1 and S1 in ESI). Within this purpose, experimental methods include X-ray33

diffraction, X-ray photoelectron spectroscopy (XPS), and electrochemical impedance spectroscopy (EIS). On the atomic-34

scale simulation side, we use a full thermal annealing within Born-Oppenheimer MD ( f -BOMD) instead of a short equili-35

bration at 300K (s-BOMD), as previously reported,11,12. To significantly extend the reach of space and time scale we take36

full advantage of machine learning interatomic potential (MLIP) trajectories based on Gaussian Approximation Potential37

(GAP), trained on f -BOMD data.13–15 f -BOMD enables full relaxation of the glass constituents during the melting and38

cooling processes, resulting in a more accurate medium-range structure compared to s-BOMD, which only allows local39

relaxation while retaining most of the CMD medium-range order.40

Table 1 Chemical compositions (in mol (%)) and the glass transition temperature (Tg), along with density (d) of Na2O-VxOy-P2O5 systems
NVP0, NVP10, and NVP28 glasses. See ESI for simulated compositions.

System Na2O VxOy [V2O4 + V2O5]a P2O5 db Tg
c

(%) (%) (%) (g/cm3) (°C)
NVP0b – 50.0 [17.6 + 32.4] 50.0 2.800 395d

NVP10 10.0 40.0 [13.2 + 26.8] 50.0 2.777 439
NVP28 28.5 43.00 [5.59 + 37.41] 28.5 2.939 297

a,b,cEstimated by XPS (a), He pycn. (b), and DSC (c) (see ESI). dFrom ref. 9.
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Fig. 1 X-ray S(k) (top) and G(r) (bottom) of NVP10 glass, showing the comparison between the calculated data (CMD, s-BOMD,
f -BOMD, and MLIP) and the experimental data.

Indeed, by comparing the performances of the different models, Figure 1 underpins the significant improvements of41

f -BOMD over CMD and s-BOMD for NVP10, in terms of X-rays total structure factors S(k) and reduced total pair corre-42

lation functions G(r). These changes are exemplified, for both S(k) and G(r) (Table 2 and S5 in ESI), by the substantial43
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Fig. 2 Left: Partial pair correlation function gVO(r) for NVP10 glass obtained by CMD, s-BOMD, f -BOMD, and MLIP. Right: Atomistic
models by f -BOMD (Na (yellow), V (blue), P (orange), and O (red)) with (top) local spin density isosurfaces (0.05 a.u., in purple) and
(bottom) Wannier centers (green) within a V local environment in a VOn polyhedron.

reduction in the Rχ parameter measuring the quantitative agreement with respect to experimental data. In reciprocal44

space, f -BOMD enhances S(k) by providing a broadened first peak and a minor contribution around 1 Å−1, more accu-45

rately capturing intermediate-range order. In direct space and referring to G(r), f -BOMD performs better when compared46

to experimental data for the first and second peak, by revealing effectively the presence of single V–O and double V=O47

bonds, respectively. This holds true also for the fourth peak, corresponding to polyhedral connections involving V–V and48

V–P distances. Figure 2 provides in a comparative fashion the partial pair correlation function gVO(r) for V–O pairs ob-49

tained from the different computational schemes. The s-BOMD model features well separated single and double V–O50

bonds, with peaks at ∼1.6 Å (V=O) and ∼1.83 Å (V–O), consistent with previous results11,12, improving upon the single51

broadened peak obtained with CMD. This separation is better defined within f -BOMD showing a well-defined minimum52

between peaks, and a V–O bond distance (∼1.88 Å) closer to experimental data (∼1.92 Å).53

Table 2 Comparison of the agreement between CMD, s-BOMD, f -BOMD, and MLIP models (small (∼400 atoms) and large (∼3200
atoms)) and experimental data using goodness-of-fit Rχ parameters for X-ray total structure factor S(k) of NVP0, NVP10, and NVP28
glasses at 300 K, as well as for neutron total structure factor for NVP0.

NVP0 NVP10 NVP28

Method Size RSX (k)
χ RSN(k)

χ RSX (k)
χ RSX (k)

χ

CMD small 11.3±0.1 9.8±0.1 17.2±0.1 17.1±1.0
s-BOMD small 8.4±0.2 8.4±0.2 14.4±0.2 9.8±1.2
f -BOMD small - - 12.8±0.1 -
MLIP small 8.7±0.1 9.9±0.1 11.5±0.5 10.4±0.5

large 7.1 ±0.1 8.1 ±0.1 11.9±0.1 10.3±0.1
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Table 3 Average V coordination number (nV ), bond lengths (ri j (in Å), taken as the position of the first maximum of the gαβ (r)), and
distribution of individual nV (l) structural units of V of l-fold coordinated computed for NVP10 glass, comparing CMD, s-BOMD, f -BOMD,
and MLIP models.

Exp. CMD s-BOMD f -BOMD MLIP
nV 4.20-5.40 4.33 4.73 4.60 4.93
rVO 1.59-1.78 - 1.59 1.57 1.56

1.8-2.3(1.92) 1.78 1.82 1.86 1.86
Structural units

l =3 VO3 5.1±2 - - -
l =4 VO4 60.6±2 38.4±2 44.7±0.1 19.4±3.3
l =5 VO5 30.1±2 50.2±3 50.3±0.2 64.8±1.6
l =6 VO6 4.2±1 11.4±5 5.0±0.1 15.9±2.5

In Figure 2, present a spin topology analysis of the NVP10 model obtained from f -BOMD, characterized by spin local-54

ization on V sites corresponding to paramagnetic V4+ and allowing for a precise speciation between V5+ and V4+ sites.55

Additionally, we provide an atomistic perspective on the unique bonding characteristics of VOn polyhedra, based on max-56

imally localized Wannier functions (WFCs).11 Within the spin-unrestricted DFT-BOMD framework, this method concur57

to identify different bonding types: single V–O bonds, defined by two WFCs shared between connected atoms, and dou-58

ble/vanadyl V=O bonds, characterized by more than two WFCs shared between connected atoms. Accurate assessment59

of the local V environment enables better partitioning bridging and non-bridging oxygen contents (BO and NBO, respec-60

tively) in the glass network, a key factor impacting Na ion dynamics.16–18 In Table 3, we also report the V coordination61

number (nV ), calculated by integrating the first peak of the gVO(r), as well as the distribution of individual nV (l) structural62

units for V with l-fold coordination in the NVP10 glass. The f -BOMD data provide a novel perspective, distinct from CMD63

results and building upon s-BOMD data, showing a higher nV (4.6) and a broad coordination distribution (4 to 6), with64

a dominant presence of VO5 polyhedra (∼50%). These findings strongly underscore the role of V as a network former in65

the glass structure.11,12
66

To enhance computational efficiency without compromising the accuracy achieved through BOMD, we leveraged accelerated-67

MD by a MLIP of GAP type, fitted over the NVP10 model for the f -BOMD datasets (Fig. S2 in ESI). Our new MLIP shows68

a remarkable overall performance in terms of energy, forces, and virials amounting to 5.8 meV/atom, 0.4 eV/Å and 16.969

meV/atom respectively when calculated with respect to DFT accuracy for testing sets. Close behaviors are found on train-70

ing and testing sets. Figure 1 compares the performance of the newly developed MLIP for NVP10 glass, showing that71

the MLIP model closely matches f -BOMD results for both S(k) and G(r), accurately describing the NVP10 structure and72

bonding distances. This is further substantiated by the comparable Rχ values for the MLIP and f -BOMD in ∼400-atom73

models, with additional improvements observed when considering a significantly larger system (∼3200 atoms, clearly a74

dimension beyond the capability of FPMD/BOMD when aiming at the production of a significant time trajectory). MLIP75

also reproduces accurately V–O and V=O bond distances, nV , and nV (l) when compared to f -BOMD data. The MLIP76

approach allows reducing drastically the computational cost from about 220 days for f -BOMD to 4 days with MLIP (Table77

S6 in ESI).78
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Figure 3 allows a comparison between the total correlation functions T (r) for NVP0 and G(r) for NVP28 glasses, highlight-79

ing the robustness and transferability of our MLIP to compositions beyond the training set (see also structure factors S(k)80

comparison in Fig. S4 and S5 in ESI). For NVP0, key improvements include the precise description of the first peak near
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Fig. 3 Comparison of experimental and calculated total correlation functions data for NVP0 (T (r)) and NVP28 (G(r)) glasses.

Fig. 4 Left: MSD of Na ions in NVP28 glass at 1200 K, simulated by MLIP, highlighting highly mobile (green) and trapped ions (orange).
Center: Snapshot with Na ions color-coded by MSD value and POn/VOn units as transparent polyhedra. Right: Arrhenius plot of ionic
conductivity (log(σ) vs. 1000/T), comparing this work (green circles: sim. and exp.) with exp. data for other Na-ion NVP glasses (grey
and orange symbols.19,20)

81

1.8 Å−1 in S(k) (Fig. S4) and all four characteristic peaks in X-rays T (r). Notably, MLIP captures the second peak in T (r)82

at ∼1.9 Å (V–O bond) and the low-k region of S(k), reflecting its improved ability to model short-range V–O bonds and83

intermediate-range order. For NVP28, a high-Na2O composition relevant to energy applications, MLIP outperforms both84

s-BOMD and CMD, particularly for the first peak in S(k) (Fig. S5), the low-k region, and the 4th peak of G(r) near 3.3 Å,85

thereby highlighting realistic VOn/POn polyhedral interconnections.86

Fig. S6 in ESI is indicative of the performance of our MLIP when describing NVP thermal relaxation, leading to an estimated87
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glass transition temperature (Tg) in the range 540-650K when comparing 400- and 3200-atom models, a large improve-88

ment with respect to the typical overestimation of CMD (∼1500K), and fairly in line with respect to the experimental value89

of ∼570K.18,21 The accurate structural and thermal description of NVP28 by our MLIP allows the reliable assessment of the90

ionic conductivity (σion) via Na diffusion coefficients obtained from mean square displacements (MSD).22–24 MSD analysis91

(Fig. 4) reveals a highly heterogeneous dynamical pattern for Na ions, with a temperature- and composition-dependent92

fraction of them exhibiting negligible mobility and vibrating within local cages, while some atoms do feature significantly93

higher mobility. This heterogeneity correlates with partial Na ordering, forming Na-rich regions and percolation channels.94

Such ordering, especially at intermediate range distance, is reflected by a peak in the Faber-Ziman partial structure factor95

at ∼1 Å (Fig. S7).25 At T= 473 K, the NVP28 glass exhibits a total experimental conductivity of 3.3×10−5 S/cm (Fig. 4),96

determined by EIS. The nearly ideal semicircle of the Nyquist plot (Fig. S8), though slightly depressed26, suggests a coex-97

istence of minor ionic (Na+) and dominant electronic conductivity, driven by small polaron hopping of V4+ and V5+ sites.98

This is consistent with the relatively low ionic conductivity contribution (∼5%) from Na+ ions estimated via MLIP (Fig. 499

and S6 in ESI). Notably, Fig. 4 also includes data for two additional NVP glasses with similar Na2O content but differing100

by V/P ratios and V speciation, where mixed ionic and electronic conductivity has been reported, with ionic contributions101

reaching up to ∼50%.19,20 While the comparable total conductivity across these results is consistent, the structural differ-102

ences underscore the need for deeper investigations. This is where the new MLIP, with its ability to provide an accurate103

description of the structure and a detailed partitioning of BO/NBO roles in Na-ion dynamics. This study establishes a104

comprehensive understanding of the structural and dynamic properties of Na-V-P-O glasses, leveraging a novel combina-105

tion of experiments, first-principles simulations, and ML-accelerated MD. By providing unprecedented insights into the106

medium-range order, vanadium speciation, and Na-ion transport pathways, this work lays the foundation for the design of107

high-performance glass-based materials for energy storage applications. The demonstrated accuracy and scalability of the108

MLIP approach open avenues for extending these methods to other complex amorphous systems, accelerating innovation109

in glass science and energy technology.110
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