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Modelling and understanding the battery electrochemical performance at high rates is a great challenge. Known
for its fast rate and good cyclability, niobium pentoxide (Nb2Os) is a promising anode material for lithium-ion
batteries and is specifically modelled and investigated in this work. Commercially sourced Nb,Os was charac-
terised using scanning electron microscopy, X-ray diffraction, and micro-computed tomography. The NbyOs
material was found to contain large rod- and ball-like polycrystalline particles of tens of microns in size and have
mixed T-NbyOs and H-Nb,Os phases. The electrochemical performance of the material after ball milling was
tested via cyclic voltammetry and constant-current cycling at different C-rates up to 50C (10,000 mA g™ 1). The
material achieved a similar charge capacity (143 mAh g™!) to T-NbyOs at 0.5C and this capacity could be
retained by more than 55% when C-rate was increased to 10C. The experimental results were used to support the
development of the Doyle-Fuller-Newman electrochemical model for Nb,Os. By model parameterization, the
reference exchange-current density and solid-state diffusivity of the present NbyOs were estimated to be 9.6 x
107* Am~2 and 6.2 x 107 m? s7!, respectively. The model achieved accurate prediction of the battery per-
formance up to currents of 5C with the obtained constant properties. However, the properties of NbyOs were
found to be rate-dependent at higher C-rates when good agreements between the model and experiment were
maintained. The decrease of the two properties at 10—50C revealed that there was a change of dominant charge
storage mechanism from diffusion-controlled lithium insertion to capacitive effects, which was experimentally
observed in the cyclic voltammetry.

1. Introduction

Recent progress in battery management systems (BMSs) and energy
density have favored the deployment of lithium-ion batteries (LIBs) as
the leading electrochemical energy storage systems [1]. However,
existing battery chemistries are still far from meeting the high-power
demand on electric vehicles, where charging the batteries at a compa-
rable speed to refueling combustion engine vehicles remains a burden to
the consumer, hindering its mainstream adoption. To tackle this prob-
lem, the US Department of Energy has launched a plan to develop
extreme fast charging (XFC) technology that targets the addition of 200
miles of driving range in 10 min charge for electric vehicles [2].

The major obstacle to battery fast charging lies in the graphite anode
which is widely employed in commercial LIBs. It has a limited solid-state
diffusivity for lithium ions and is subjected to substantial degradation at
high C-rates [3,4], where the C-rate refers to the inverse of time (in
hours) required to fully charge/discharge the battery based on its
theoretical capacity. Hence, many alternative battery anode materials
are under investigation for fast charging applications [5]. Owing to its
excellent rate capability at up to 60C [6], good theoretical capacity of
201.7 mAh g’1 [7], and robust pH and temperature stability [8],
niobium pentoxide (Nb2Os) is an emerging and promising material for
lithium-ion battery anodes and supercapacitors [9-11]. It shows great
capacity and reaction rate for lithium intercalation in the potential
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window between ca. 1.0 and 2.0 V vs. Li"/Li, in which formation of solid
electrolyte interphase (SEI) and dendrites can be reduced [12].
Depending on the crystallization temperature and synthesis methods,
Nb2Os can have up to 12 different polymorphs [13], and several of them,
including pseudohexagonal (TT-NbyOs) [14-16], orthorhombic
(T-NboOs) [8], tetragonal (M-NbyOs) [17], monoclinic (B-NbyOs,
H-Nb,0Os) [12,18], have been carefully explored by combining a range of
modification methods such as niobium pentoxide/carbon hybrids [19,
20] and different metal species [21,22]for battery anode materials to-
wards fast and safe energy storage.

Among these possible polymorphs, orthorhombic T-NbyOs and
monoclinic H-NbyOs are widely studied due to their distinctive perfor-
mance enhancement over the others. In general, the charge can be stored
through different mechanisms in these materials, including diffusion-
controlled lithium insertion, charge transfer with atoms on the surface
or in the interlayer lattice planes (pseudocapacitance), and double-layer
capacitance [23]. T-NbyOs has a special ‘intercalation pseudocapaci-
tance’ behavior which allows fast two-dimensional Li+ transport within
its crystal structure with no phase transition during (de)intercalation
[24,25]. This mechanism endows the material with excellent rate per-
formance and appreciable specific capacity, i.e., a supercapacitor-like
feature [24]. On the other hand, H-Nb,Os presents a battery-like char-
acteristic, where lithium intercalation is controlled by diffusion and the
material undergoes a phase change upon (de)lithiation [26]. As a result,
H-Nb,Os5 shows high specific capacity but moderate rate performance.

In contrast to the experimental investigations carried out on NbyOs
polymorphs, very few modelling efforts have been made to understand
its electrochemical performance. Battery models are important tech-
niques to reveal the underlying physical mechanisms of the experi-
mental phenomena and elucidate their contributions to a measurement,
as well as providing the basis for advanced BMS [27,28]. To date,
various battery models have been developed at multiple length and time
scales, from the atomic-level density functional theory (DFT) to
system-level equivalent circuit models [29,30]. The most well-known
battery model is arguably the Doyle-Fuller-Newman (DFN) model
developed by John Newman and colleagues [31-33], which is often
applied to simulate cell performance [34] and can account for electrode
microstructure [35]. However, the feasibility of the battery models at
high C-rate cycling is unclear and has not been widely discussed. The
complex physics and microstructure in the battery which are normally
simplified or neglected in many cell-level models, can have significant
impacts on the cell behaviours at high C-rates. Therefore, modelling
high-rate battery performance is very challenging and crucial in many
high-power applications. It is desirable to develop an electrochemical
model at high C-rates, using Nb,Os as an exemplar, and simulate its
performance at a wide range of C-rates. Through parameterization of its
key physicochemical properties, we believe that the battery electro-
chemical model can give us insights into the key charge storage mech-
anisms of Nb,Os.

Herein we establish a DFN electrochemical model to investigate the
performance of Nb,Os for the first time and parameterise its important
physicochemical properties with the support of multiscale character-
ization. A commercial NbyOs material obtained from mass production
without careful nanostructuring and crystal phase control was adopted
for electrochemical energy storage. The X-ray diffraction (XRD) analysis
indicates that the material is a mixture of T-NbyOs and H-Nb,Os phases.
The battery material is tested at C-rates up to 50C. It exhibits a battery-
like behavior at low C-rates as the charge capacity is dominated by
diffusion-controlled lithium insertion, whereas the pseudocapacitance
dominates the charge storage behavior at high C-rates. Through
parameterising and tracking the significant changes of exchange current
density and solid-state diffusivity, we demonstrate that the battery
model can be an effective tool to predict the electrochemical perfor-
mance of NbyOs and capture the evolution of its charge storage
mechanism.
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2. Experimental
2.1. Sample fabrication

Commercial niobium (V) oxide (Nb,Os) was purchased from Sigma-
Aldrich (UK) Co., Ltd. The received Nb,Os is a mixture of large clusters
and powders. In this case, the NbyOs was ball milled at 350 rpm for 3 h
to reduce its particle size which is suitable for further battery ink
preparation and lithium intercalation. To prepare the Nb,Os working
electrodes, 80 wt% ball-milled Nb,Os, 10 wt% conductive carbon black
(Timical Super P C65, Imerys) and 10 wt% polyvinylidene difluoride
(PVDF, Solvay) were dissolved in N-methyl-2-pyrrolidone (NMP, Fisher
Scientific) solution and mixed in a planetary centrifugal mixer (Thinky
ARE-250) to form a viscous slurry. The slurry was cast onto a 20 pm
thick aluminium foil using a doctor blade (Elcometer 3580) and dried on
a heating plate at 60 °C for 3 h and subsequently in a vacuum oven at
80 °C overnight. The electrode coating was then calendered to a uniform
thickness and punched into circular electrodes with 15 mm diameter.
The mass of the electrodes was weighed accurately by an analytical
balance (Ohaus; 8 = 0.01 mg), and the areal mass loadings of NbyOs
were measured to be 2.0—2.5 mg cm 2.

Standard CR2032 coin cells (Hohsen) were assembled in an argon-
filled glovebox (02<0.5 ppm, H,0<1.0 ppm), with lithium metal foil
(15.6 mm diameter, 250 pm thick, PI-KEM) as the counter electrode,
glass microfiber separator (GF/A, Whatman), and 100 pL 1.0 M LiPF¢ in
(1:1 vol%) ethylene carbonate/dimethyl carbonate (EC:DMC, Solvionic)
electrolyte.

2.2. SEM and XRD analysis

The morphology and microstructures of samples were characterized
by scanning electron microscope (SEM) (ZEISS Evo MA10 and ZEISS
GeminiSEM 360). X-ray diffraction (XRD) patterns were obtained by
Rigaku Smartlab XRD with a Cu X-ray radiation source. Rietveld
refinement was performed in GSAS-II software. For the commercial
NbyOs material, the unit cell parameters and background were refined
and used as the initial structure. The unit cell parameters and phase
ratios are allowed to vary. The pattern was fit between 20° and 50° 20
values.

2.3. Micro-CT characterization

A 1 mm disc of as-prepared electrode was cut by laser (A Series/
Compact Laser Micromachining System, Oxford Lasers), and was
mounted on the head of a pin by epoxy resin. The prepared sample was
then scanned by lab-based X-ray micro- Computed Tomography (CT)
system (Zeiss Xradia 620 Versa, Carl Zeiss). A total of 1201 projections
were acquired over a 360° rotation with an exposure time of 10 s per
projection. The sample was placed between the X-ray source and de-
tector providing a voxel resolution of 396 nm using the 20 x objective
magnification. The micro-CT was operated at 140 kV source acceleration
voltage.

Micro-CT projections were reconstructed using a filtered-back pro-
jection algorithm (XMReconstructor, Carl Zeiss Inc.). The reconstructed
micro-CT datasets were imported into Avizo 2022.1 (ThermoFisher) for
further segmentation and quantification. A median filter was applied to
increase the signal to noise ratio. The scans of the pristine material,
imaged by micro-CT, were segmented (based on grayscale values) into
two phases consisting of active materials and the background (carbon
binder domain, CBD, and pore space).

2.4. Electrochemical testing
The electrochemical tests of the coin cells were performed in a BCS-

805 BioLogic battery cycler. The cells were cycled between 1.2 and 3.0 V
vs. Lit/Li. The pseudo-open-circuit potential (OCP) of NbyOs was
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measured at a charge/discharge rate of C/25, where the C-rate is
calculated based on the theoretical capacity of Nb,Os at 201.7 mAh g~ *.
Cyclic voltammetry (CV) tests were carried out at scan rates of 0.1, 0.2,
0.5,1,2,5mV s~ L. Rate capability tests were conducted in a wide range
of C-rates from 0.5C to 50C, and each galvanostatic discharge/charge
was carried out after a constant current-constant voltage (CC-CV)
charge/discharge until the current decayed to C/100.

3. Modeling

In this work, a full Doyle-Fuller-Newman (DFN) battery electro-
chemical model is employed to simulate cell performance and parame-
terize the key physicochemical properties of NbyOs. This model is
developed from the porous electrode and concentrated solution theories
in a pseudo-2D geometry, which assumes homogenously distributed
spherical electrode particles within the NbyOs porous electrode. As
shown in Fig. 1, the entire cell is simplified into 1D layers of aluminium
current collector, Nbo,Os working electrode, lithium counter electrode
and separator, and another 1D along the radial direction of electrode
particles is considered for lithium intercalation into NbyOs.

Charge balances in both the solid and liquid phases of NbyOs
working electrode are considered as below:

Vi = —ai b}
where i, = — oV, T= - KV + 2RI Ving,. T, and 1, are the

solid-phase and liquid-phase current density; a is the specific interfacial
surface area within the porous electrode; i is the reaction current per unit
area of the pore surface; ¢, and ¢, are the solid-phase and liquid-phase
electrical potentials, respectively; ¢ and « are the effective electrical
conductivity in the solid and liquid, respectively; «p is the effective
conductivity associated with concentration overpotential; R is the uni-
versal gas constant and F is Faraday’s constant; T is temperature.

The liquid-phase mass balance of Nb,Os working electrode is
expressed as:

dey — ai
e—+V:N;=— 3
o =7 3
= 0
N
where N; = — DV + % tis time, ¢ is the electrode porosity, cj is the

liquid-phase salt molarity, and ﬁl is the superficial salt flux; D, is the
liquid-phase Fickian salt diffusivity, and t{ is the cation transference
number.

The intercalation dynamics in solid electrode particles is governed by
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Fig. 1. P2D model geometry of Nb,Os half-cells.
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Fickian diffusion as:

% = Dy i rz% 4)
ot 12 or or

Here, r is radial position within the intercalation particle at a given
location, c; is the molar concentration, and Dy is the solid-phase diffu-
sivity of lithium in the intercalation particle. A zero-flux condition is
defined at the center of the active particles and a Neumann boundary
condition is used to relate the interfacial current density i to the con-
centration gradient, expressed as:

dc dc,

_DSE o =0, —Dsg

i
tro = F %)

where ry is the average radius of the solid electrode particles.
The charge transfer on the electrode-electrolyte interface is calcu-
lated via Butler-Volmer kinetics:

i=io {exp (‘%’7) - exp( — %)} (6)

where iy = ioref(Comax — Courf) “CLe2eCl, 1 = ¢y— ¢ — Eeq. do is the
exchange-current density, a is the symmetry factor, 5 is the surface
overpotential; ig rer is the reference exchange-current density, ¢ max is
the maximum lithium concentration that is allowed in the solid elec-
trode, and c; £ is the surface concentration of electrode particles; Eeq is
the equilibrium potential of the material.

For the lithium counter electrode, the lithium ions are assumed to be
stripped or plated on the electrode surface and the intercalation dy-
namics are ignored. Eq. (6) is used to calculate the charge transfer of
lithium stripping/plating with the exchange-current density defined as
[36]:

iy = dorercy; “cf 7)

where cy; is the lithium concentration of lithium metal.

The above DFN model has been established on an open-source Py-
thon Battery Mathematical Modelling (PyBaMM) platform [37,38]. The
platform employs state-of-the-art automatic differentiation and numer-
ical solvers and can compute the model differential equations as fast as
within 0.1 s. Hence, we adopt the DFN model in PyBaMM to simulate the
electrochemical tests of NbyOs vs Li*/Li in half cells.

4. Results and discussions
4.1. Structural characterization

The morphologies of the material were firstly studied by SEM. The
size of commercial NbyOs secondary particles was found to be around
tens of microns and showed a mixture of rod and ball structures as
illustrated in Fig. 2a. Although one of the advantages of NbyOs elec-
trodes is their ability to have fast diffusion even with large size distri-
butions, the original large-size particles would likely exhibit a
significant diffusion resistance at high C-rates and were therefore
considered unfavorable for making battery electrodes. The raw NbyOs
powder was thus processed by ball mill and prepared as the working
electrode. The high-magnification SEM image (Figs. 2b and S1)
demonstrated that the majority of the ball milled Nb,Os particles were
reduced to around 1 micron in size, which is beneficial for electrolyte
diffusion and lithium intercalation. This unique structure provides more
surface area between the electrode and electrolyte and facilitates rapid
charge and discharge.

An XRD pattern of the commercial NboOs is shown in Fig. 2¢. The
XRD peaks of the material at 22.6°, 28.4°, 28.9° and 36.6° can be
indexed to (001), (180), (200) and (181) planes of T-Nb,Os (PDF No. 30-
0873) [15]. The XRD peaks at 23.7°, 38.9° and 47.5° could be assigned
to (110), (-713) and (704) planes of H-NbyOs (PDF No. 37-1468) [15].
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Fig. 2. SEM images of commercial Nb,Os (a) before (low magnification) and (b) after (high magnification) ball milling. (¢) XRD pattern of commercial Nb,Os. (d)
Reconstructed CT image of particles of commercial Nb,Os electrode. Spatial distribution of (e) particle sizes and (f) shape factor of commercial Nb,Os electrode.

The XRD results indicated the main structure of commercial Nb,Os was
a mixture of T-Nb,Os (32.2 wt%) and H-Nb2Os5(67.8% wt%) according
to XRD refinement and fitting result (Fig. S2).

The macroscopic 3D morphology of the fabricated commercial
Nb,Os electrode was examined using X-ray micro-CT, which depicted
the NbyOs particles distribution in 3D space (Fig. 2d-f). After extracting
the active material phase according to the grey scale level using
thresholding segmentation, the distribution of the active materials can
be visualized (Fig. 2d). Fig. 2e shows the spatial distribution of particle
sizes, which demonstrates the sizes of particles varying from 0.5 to 29
um and the particles show a homogeneous spatial distribution. Hence
the particle size distribution of the entire electrode can be analyzed in

Fig. S3 and fitted by a lognormal function. The mean particle diameter
based on the number of particles for each size is calculated to be 1 um,
which will be used for model simulation. In addition, the shape factor f
of the particles, which describes their sphericity, is defined as:

A3

= 36n12 ®

f
where A and V are the area and volume of particles in 3D space.

As the shape factor approaches 1, the particle is closer to a perfect
sphere. Fig. 2f illustrates the spatial distribution of shape factor for the
prepared electrode. It is observed that the majority of particles possess a
shape factor below 6 and the particles are evenly distributed across the



J. Lin et al.

electrode thickness.

4.2. Electrochemical tests

The electrochemical tests were performed on the NbyOs half cells, as
outlined in Section 2.4. The first three cycles of the pseudo-OCP mea-
surements are presented in Fig. 3a. The initial discharge (lithiation)
capacity at 196.7 mAh g~! was close to the Nb,Os theoretical capacity
(201.7 mAh g_l). However, the first charge (delithiation) capacity was
only 150.4 mAh g™, followed by similar capacities in later cycles. This
reveals an irreversible capacity loss in the initial cycle of NbyOs [12,26].
The effect of the ball milling process was instigated by comparing it to a
raw NbyOs sample which was assembled into half cells and its
pseudo-OCP measurements are provided in Fig. S4. It was observed that
the the ball milling process could help to improve cell capacity and rate
capability, although there was a drop of initial Coulombic efficiency
from 89 to 76% possibly due to more defects in the crystal structure and
increased surface areas for irreversible structural change and parasitic
electrochemical reactions [39]. Furthermore, the pseudo-OCP of the
present Nb,Os (a mixture of T- and H-NbyOs) is normalized in SOC% and
compared with those of single T-NbyOs and H-NbOs [12] in Fig. 3b. As
can be seen, T-Nb,Os has a nearly linear decrease in OCP between 10
and 100% SOC, whereas the OCP of H-NbyOs has a voltage plateau at
1.6—1.7 V due to the phase transition during (de)lithiation. As a result,
the present NbyOs exhibits a very similar OCP curve to T-NbyOs, but still
has a small and visible plateau at 1.65 V (see Fig. 3a), indicating the
influence of the H-phase identified via XRD.

Cyclic voltammetry (CV) tests were further conducted on the present

(a) 3.0
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Nb,Os. Fig. 3¢ shows the CV measurements at 0.1 mV s~* for the first
three cycles between 1.2 and 3.0 V (vs. LiT/Li). The CV curves in the
second and third cycle slightly deviated from the first formation cycle
but remained stable. The material exhibits a wide window of redox re-
actions in the voltage range of 1.2-2.2 V, and a pair of cathodic and
anodic peaks were clearly observed at 1.60 and 1.75 V, respectively,
which correspond to the reactions of the Nb>"/Nb** couples. This in-
dicates that the present Nb,Os has a battery-like behavior where the
lithiation is dominated by diffusion-controlled lithium insertion in the
solid state. CV curves at various scan rates of 0.1-5.0 mV s~ are pre-
sented in Fig. 3d. As the scan rate increased, the cathodic peak (I)
became less obvious and shifted to below 1.2 V (out of the test range) at
5.0 mV s~, while the anodic peak (II) shifted to higher voltages due to
polarization and expanded to a wider voltage window.

Furthermore, the reaction current (I) at a characteristic site of the CV
diagram can be correlated with the scan rate (v) using the following
power function [6,8,40]:

I(v) = a’ ©)

where a and b are coefficients to be fitted. The value of b can vary from
0.5 to 1.0 and give insights into the dominant charge storage mecha-
nisms of the material. b=0.5 represents a diffusion-controlled insertion
process which is the case for most battery materials; b=1.0 indicates a
capacitive charge storage like most supercapacitors.

Accordingly, the source of reaction current at a certain voltage can
be broken down into the lithium insertion (k;v) and capacitive effects
(kav'/2) [23], expressed as:

(b) 3.0 T T T T

Present

- - = H-Nb,0;

0
[
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s

—
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Fig. 3. (a) Pseudo-OCP of Nb,Os for the first three cycles tested at C/25 between 1.2 and 3.0 V vs. Li*/Li. (b) Pseudo-OCP of present Nb,Os in comparison with H-
Nb»Os and T-Nb,Os. The capacities were rescaled to 0—100%SOC. The data for H- and T- were obtained from [12]. Cyclic voltammetry of Nb,Os (c) for the first three

cycles at 0.1 mV s~! scan rate and (d) at 0.1—5 mV s~ ! scan rates.
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I(v) = kv'? + ko (10)

where k; and k; are fitted parameters.

Eqg. (9) was used to fit the reaction current of the cathodic (I) and
anodic (II) peaks at different scan rates and obtain their b values in
Fig. 4a. The b values of peak I (by) and peak II (by) are 0.67 and 0.78,
respectively, both of which are close to 0.5 and reveal a diffusion-
controlled lithium insertion dominating the charge storage. Moreover,
the reaction current over the entire CV (cf. Fig. 3d) was fitted by Eq.
(10), and the contribution of the capacitive effect to the electrochemical
reaction was quantified. An example of 5 mV s~ scan rate (equivalent to
10Q) is given in Fig. 4b, where the capacitive effect is highlighted by the
shaded area on the CV curve. The percentage of overall capacitive effect
over the full voltage window is estimated by its enclosed area at 53.4%,
and charge storage at voltage above 2.0 V is found to be dominated by
capacitance as the material’s state of lithiation is approaching 0. The
contributions of capacitance at different scan rates are summarized in
Fig. 4c. It is clear that the capacitive effect contributes only a small
percentage to the charge transfer at lower scan rates. The majority of
lithium ions are still stored through diffusion-controlled insertion in the
present Nb,Os. It is also expected that the capacitive effect is more
pronounced at higher scan rates, as the rate of charge transfer and
lithium intercalation is limited to fulfil the required scan rate and the
rest will be supplemented by capacitance.

Rate capability tests were performed on the NbyOs cells for C-rates
up to 50C, and each C-rate was repeated for 3 cycles. As NbyOs is an
anode material, its charge (delithiation) capacity from 1.2 to 3.0 V vs.
Li*/Li, which corresponds to discharge in a full-cell configuration, is
reported in Fig. 5a. The variation of cell specific capacity for every 3
cycles at the same rate was less than 3.0%, hence cell voltage responses
of the second cycle at each C-rate are provided in Fig. 5b. The average
charge capacity for the present material at 0.5C was 143 mAh g%, and
more than 55% of the capacity (referring to 0.5C) was retained when the
applied current is below 10C. There was still 20 mAh g~ charge ca-
pacity remaining at 50C. This result demonstrates a good rate capability
of the material which can satisfy most fast discharging/charging appli-
cations [2,37]. At 20 and 50C, cell capacity was limited by large po-
larization and mainly contributed by capacitance, so the capacity
retention was reduced to 41% and 20%, respectively, while still exhib-
iting a reasonable amount of charge storage. The electrochemical per-
formance of the present NbyOs is compared with similar Nb,Os anodes
from the literature in Table 1. To enable a fair comparison, only data for
Nb,Os cycled in the same voltage range (1.2—3.0 V vs. Li*/Li) as the
present study were collected, and their specific capacities tested at 0.5C
(if available) were compared. The maximum rate capability tested in
different studies were also reported. It could be observed that the Nb,Os
material tested in this study showed comparable capacity at 0.5C with
T-NbyOs, TT-NbyOs and amorphous Nb2Os [12,41], but slightly worse
than specially nanostructured H-Nb,Os [12,42] and T-NboOs [43], all of
which were developed for battery energy storage. The rate performance
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of the present NbyOs was superior or similar to most of the developed
Nb,Os at identical C-rates (e.g., 5C, 50C), with the only exception being
H-Nb,Os nanowire [42].

In addition, the charge-discharge cycle performance of the present
Nb,Os was tested at 5 and 10C and are provided in Fig. 5c-d. The initial
specific capacity of the material was 105 mAh g ! and 76 mAh g ! at 5C
and 10C, respectively, and it could still retain ca. 98 mAh g1 (94%) and
70 mAh g1 (92%) capacity after 200 cycles. Hence, the present NbyOs
was deemed promising for high-power battery energy storage, and a
suitable example for development and investigation of the DFN model in
high C-rate applications, as well as physicochemical parameterisation of
Nby0s.

4.3. Model parameterization

Battery modelling can give insights into the material properties,
fundamental electrochemical processes, and cell performance. Here we
applied the DFN electrochemical model to simulate the cell rate per-
formance tests (cf. Fig. 5) and parameterise key physicochemical prop-
erties, i.e., reference exchange-current density (ipref) and solid-state
diffusivity (D), of the present NbyOs. The cell voltage at 0.5C was
used to train the battery model, where a cost function (g) is defined as
the error between the simulated (V™) and experimental (V,%*?) voltage
and minimized by fitting the properties via a nonlinear least squares
approach [44], expressed as below:

N " expy 2
B stlm _ W p
g=>y. (—AVCXP an

=1

where AV®?P is the cell voltage range.

A detailed list of model parameters to set up the battery model are
provided in Table 2. The OCP of NbyOs was taken from Fig. 3, and the
electrolyte properties (e.g., effective ionic conductivity, diffusivity)
were provided by Landesfeind et al. [45] which have been well docu-
mented in the PyBaMM library.

The model parameters obtained at 0.5C were employed to simulate
cell performance at other C-rates and validated against the test results.
The comparison between experiments and simulations at 0.5—5C are
plotted in Fig. 6a. At 0.5C, the reference exchange-current density (i,ref)
and solid-state diffusivity (Ds) of Nbo,Os were parameterized to be 9.6 x
100* Am 2 and 6.2 x 107** m? s7!, respectively. This allowed the
simulated voltage to agree with the experiment within 40 mV maximum
discrepancy. The parameters were demonstrated to be reliable when
being verified with tests at 1, 2 and 5C, where the predicted cell voltage
deviated from the experiment by 300 mV at most which appears at the
beginning of charge. However, when the applied current was extended
to 10C and above, significant differences were observed between the
simulations and experiments (see short dash lines in Fig. 6b). This
occurrence is attributed to the changes in the cell electrochemical pro-
cesses and the limitations of the DFN model applied here. As has been

T T T T (C) 60 T T T T T T
534

[

S
T
L

S
=
T
L

1)
S
T

Capacitive contribution (%)
> g

5.0mV/s

1.0 - - : : 6 ———
(a) (b)
< s .
g by, =0.78 _
£ b, = 0.67 <
3 0ot . £
- —
<
Q
S
w005 .
2 —e— Peak |
—e—Peak Il
10 A L . . 3 L
-1.0 0.5 0.0 0.5 1.0 12 14 16

log (scan rate, mV/s)

18 20 22 24 26 28 30
E vs. LI/Li" (V)

=

311
23.5
19.5 J
15.6 ﬁ
01 02 05 1 2

Scan rate (mV/s)

Fig. 4. (a) Fitting of b values for anodic peak I (b;) and cathodic peak II (by) with Eq. (9). (b) Capacitive contribution (red shadow area) to the overall electrochemical
reactions at 5 mV s~ scan rate. (c) Capacitive contributions at 0.1-5 mV s~! scan rates.



J. Lin et al.

wn
o
T

N
[
T

Specific capacity (mAh/g)

Cycle number

(c) 120 . . ’ 120
~
%0 100
< 110 N
£
2 I 480
8 100 1'\/7’—\
15 360
Q
£ 9%
S 90}
3 140
»n
80 L L L 20
0 50 100 150 200

Cycle number

Columbic efficiency (%)

Electrochimica Acta 443 (2023) 141983

3.0
(b)
25 ]
>
N
e
é 2.0 4
S|
% -
> 22 /
Hos 52 -
~—05C——1C —2C =
——5C ——10C——20C ‘o
10 —50C Time (s)
’ 1000 2000 3000 4000 5000 6000
Time (s)
(d) 90 T r T 120
100
so = N

Specific capacity (mAh/g)
3
Columbic efficiency (%)

460
60 |
440
50 . . . 20
0 50 100 150 200

Cycle number

Fig. 5. (a) Specific capacity and (b) Cell voltage of Nb,Os at different C-rates between 0.5 and 50C. Data for 10—50C are highlighted on the inset. Each C-rate was
tested for three cycles, and the cell voltage at the second cycle was plotted. Galvanostatic charge-discharge cycle performance at (¢) 5C and (d) 10C.

Table 1
Summary of the electrochemical performance of Nb,Os anodes.
Material Capacity mAh Rate capability Voltage Refs.
g ! mAh g~! range
Vvs. Lit/Li
T-NbyOs 156@0.2C 8@60C 1.2-3.0 [12]
T-Nb,Os 127@0.5C 114@5C 1.2-3.0 [41]
T-NbyOs 205@0.5C 54@50C 1.2-3.0 [43]
nanobelt
H-Nb,Os5 181@0.2C 25@5C 1.2-3.0 [12]
H-Nb,Os 176@0.5C 139@2.5C 1.2-3.0 [42]
nanowire
TT-Nb,Os 164@0.5C 80@5C 1.2-3.0 [41]
amorphous 93@0.5C 47@5C 1.2-3.0 [41]
NbyOs
Present work 143@0.5C 102@5C, 29@50C 1.2-3.0

Table 2
Model parameters of Nb,Os used in the DFN model.
Parameter Symbol  NbyOs Separator  Li metal
Thickness (pm) L 48 30 250
Particle radius (pm) To 1.0 — -
Effective electrical 05 100 - 1.1 x 107
conductivity (S mh
Maximum Li concentration Csmax 33,633 - 76,9001
(mol m~3)
Initial electrolyte o 1000
concentration (mol m~>)
Porosity (—) € 0.90 0.66 -
Symmetry factor (—) a 0.5 - 0.31501
Reference exchange-current To,ref 9.6 x - 3.38 x 1072
density (A m~2) 1074f (36
Solid-state diffusivity (m? D 6.2 x - -
s 10-14¢

seen in the CV diagram (cf. Fig. 4), charge storage at C-rates beyond 10C
starts to be dominated by capacitance, whereas this physics has not been
thoroughly considered in the DFN model and its contribution is often
lumped in the effective charge transfer and lithium diffusion rates. This
requires the model parameters to be adjusted or refitted to take into
account the change of charge storage mechanism. The refitted cell
voltages are presented in Fig. 6b at 10C—50C, and the values of ig rr and
D over the entire C-rate range are shown in Fig. 6¢ and d. By tuning the
relevant parameters, the DFN model is still able to fit the experiment at
extremely high C-rates. The drops of fitted ig rer and D at high C-rates,
particularly ip e which decreases by 3 orders of magnitude at 50C,
indicate reduced charge transfer rate and lower contribution from
diffusion-controlled lithium insertion. Instead, the large polarisation at
high C-rates drives more lithium ions to be stored in near-surface or
interlayer lattice planes. In consistence with ig ref, D is reduced by one
order of magnitude to 8.0 x 107'* m? s7! at 50C. The variation is

Note: “f” stands for “fitted”.

slightly minor to i as lithium insertion into the NbyOs crystal
interlayer space is fast and not largely affected by C-rates which has been
shown in T-NbyOs [8]. The magnitude of Dy characterised via the DFN
model agreed well with that from a GITT approach where it was found in
the range of 107*-107® m? s~ for T-NbyOs and H-Nb,Osg [26].

Besides, the heterogeneity of electrode microstructure can play an
important role at high C-rates, which may affect the concentration
gradient and electrode wetting and consequent effective values of ma-
terial properties. However, this is not likely to be the main cause of the
validation discrepancy seen in this study, as large porosity was obtained
in the NbyOs electrode and the model could work well for some com-
mercial chemistry between 5 and 10C [46]. The accuracy of the
volume-averaging assumption in the DFN model can be further inves-
tigated via microscale modelling in the future [47].
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current density ig rer and (d) solid-state diffusivity D of Nb,Os and validate at 1-5C. The model parameters obtained at 0.5C was also validated at 10—50C (short
dash line) and were refitted at each C-rate to simulate the cell voltage (solid line). The fitted values of iy rf and D are also given in (c) and (d).

In general, we have demonstrated that the physicochemical prop-
erties of NbyOs are stable at C-rates below 5C and the DFN model can
accurately simulate the material’s electrochemical response. The effec-
tive properties at higher C-rates appear to be rate-dependent, which
informs the variation of NbyOs’s charge storage mechanisms. Through
the input of fitted parameters, the DFN model can predict the cell per-
formance over a wide range of C-rates. The model can be significantly
useful in cell design, simulation, and diagnostics, when the NbyOs ma-
terial is combined with other cathode materials and scaled up to battery
devices.

5. Conclusions

A DFN electrochemical model was developed for NbyOs as a high-
rate battery anode material. The electrochemical performance of a
commercial NbyOs material was investigated for model development
and physicochemical parameterization. The NbyOs material was a
mixture of T-Nb,Os5 and H-Nb,Os phases and possessed large-size porous
polycrystalline particles in rod and ball structure which were formed by
amalgamation of many nano-sized particles.

CV and rate capability tests were performed on the Nb,Os material
using coin cells. A quantitative analysis of the material’s CV showed that
the capacitive contribution to charge storage varied from 15.6 to 53.4%
when the scan rate was increased from 0.1 to 5 mV s~ !. Hence the charge
storage of the present Nb,Os was dominated by diffusion-controlled
lithium insertion at low scan rates, and the capacitive effects started
to play a vital role at higher scan rates. The average charge capacities for
the Nb,Os material were 143 (0.5C), 132 (1C), 120 (2C), 102 (5C), 78
(10C), 58 (20C) and 29 (50C) mAh g’l, respectively. The material

showed an excellent capacity retention of more than 55% when the
applied current is below 10C.

The DFN model was applied to simulate the rate performance of the
present NbyOs. The exchange-current density and solid-state diffusivity
of NbyOs was parameterized at 0.5C to be 9.6 x 100*Am2and 6.2 x
10714 m?2 s7!, respectively. Further validation of the model parameters
at other higher C-rates proved that the DFN model was highly reliable
for C-rates up to 5C. Beyond 5C, apparent modifications of the material
properties had to be made by refitting the model. This provided us
insightful information of the change in the material’s electrochemical
behavior. The drop of exchange-current density and solid-state diffu-
sivity by 1—3 orders of magnitude at 10—50C revealed that the charge
storage mechanism was gradually dominated by capacitive effects
which agreed well with the experimental observations but have not been
sufficiently considered in the present DFN model.
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