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Toward higher-power Li-ion batteries: Unravelling kinetics and 
thermodynamics of MoNb12O33 vs. NMC622 

Yazid Lakhdar a, Yongxiu Chen a, Harry Geary b, Maurits E. Houck b, Alexander S. Groombridge b, 
Peter R. Slater c, Emma Kendrick a,* 

a School of Metallurgy and Materials, University of Birmingham, Edgbaston Birmingham, B15 2TT, UK 
b Echion Technologies Ltd, 9 Cambridge South, West Way, Sawston, Cambridge, CB22 3FG, UK 
c School of Chemistry, University of Birmingham, Edgbaston Birmingham, B15 2TT, UK   

H I G H L I G H T S  

• Insights into the diffusion kinetics and thermodynamics of MoNb12O33. 
• Formation of an unstable/reversible SEI layer at the surface of MoNb12O33 above 1.0 V. 
• Excellent capacity retention and rate performance in full cell up to 20C even at 0 ◦C. 
• Diffusion and reaction rate limiting factors in an NMC622.||Nb12MoO33 full cell  

A R T I C L E  I N F O   
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A B S T R A C T   

Wadsley-Roth niobates are promising anode materials for high-power lithium-ion batteries. The kinetics and 
thermodynamics of Li-ion transport in MoNb12O33 (MNO) electrodes were investigated, and its performance in 
high-power cells alongside a LiNi0.6Mn0.2Co0.2O2 (NMC622) cathode were optimised. Electrodes and cells were 
designed with an areal capacity of 1.2 ± 0.2 mAh cm2, 90 wt% active material, and a negative-to-positive ca
pacity ratio of ~1.2. Galvanostatic intermittent titration techniques and electrochemical impedance spectroscopy 
(EIS) were employed to elucidate kinetic and thermodynamic electrochemical parameters. MNO exhibited an 
exchange current density of ~0.012–0.021 mA cm− 2 and high lithium diffusion coefficients of ~10− 9 cm2 s− 1 at 
50 % state of charge (SOC) and 25 ◦C. Lithiation and delithiation rate tests in MNO||Li and NMC622||MNO cell 
configurations at 15 ◦C and 0 ◦C highlighted the exceptional rate performance. Rapid charging of full cells was 
achieved at all tested temperatures, with charging times of 3 min–75 % state of charge at 25 ◦C, 6 min at 15 ◦C, 
and 30 min at 0 ◦C. Notably, a 6-min charge (10C rate) at 0 ◦C still provided 50 % of the initial capacity. EIS at 
various SOC levels indicated the formation of an unstable or reversible solid electrolyte interphase (SEI) layer on 
the MNO anode at 70–100 % SOC.   

1. Introduction 

Electric vehicle (EV) sales are entering an age of exponential growth 
spearheaded by the announced targets from multiple governments to 
ban the sale of new petrol and diesel cars within 10–15 years [1]. Both 
the range and the charging speed of EVs have seen tremendous im
provements since the first generations of the Tesla Roadster and the 
Nissan Leaf, with some high-end mass-produced EV models now able to 
go more than 400 miles on a single charge and to charge from 20 to 80 % 
in ~15 min using ultra-fast DC chargers. However, charging EVs at very 

high current rates may reduce significantly the capacity and cycle life of 
battery packs based on current Li-ion technologies, and there is still 
room to increase the charging speed to bring it closer to the time 
required to fill up an internal combustion engine car, i.e. 2–5 min, 
especially at low temperatures. Furthermore, portable electronics, 
drones, vertical take-off and landing aircrafts, and power tools also 
require rechargeable batteries with increased power densities for faster 
charging and higher power delivery, respectively. 

Niobium oxides are an emergent class of anode materials that could 
represent one of the solutions to enable long-lasting high-power lithium- 
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ion batteries for EVs, drones, portable electronics, and power tools [2]. 
These materials have a dominant Li+ intercalation potential above 1.0 V 
(vs. Li+/Li), which likely makes them safer and more stable than 
SEI-forming graphite anodes, whilst having a much higher theoretical 
capacity than competing high-voltage Li4Ti5O12 (LTO) anodes [3]. 

The reversible intercalation of Li+ ions in Wadsley-Roth niobium 
oxide phases was first demonstrated by Cava et al. in 1983 [4]. 
Wadsley-Roth crystallographic shear structures have open ReO3-like 
channels that enable fast Li+ diffusivity, combined with shear planes 
that provide excellent stability and reversibility [5]. In fact, the diffusion 
of Li+ ions in Wadsley-Roth niobium oxides was found to proceed 
intrinsically faster than in other high-power battery materials such as 
LTO or LiFePO4 (LFP). Furthermore, niobium oxides also tend to have a 
higher theoretical capacity than LTO thanks to the double Nb5+/Nb4+

and Nb4+/Nb3+ redox couples, and the potential to include other 
redox-active cations. 

Since TiNb2O7 was demonstrated as an alternative anode in 2011 
[6], a large number of Wadsley-Roth niobium oxide materials have been 
demonstrated as negative electrodes in Li-ion batteries in the last 10 
years, such as Ti2Nb4O14 [7], Al0.5Nb24.5O62 [8], PNb9O25 [9], 
WNb12O33

10, GeNb18O47 [11], Cr0.5Nb24.5O62 [12], AlNb11O29, [13,14] 
and Nb2O5 [15]. 

However, there is still relatively little known in the literature about 
the kinetics and thermodynamics of Li-ion batteries based on niobium 
oxide anodes with real-world practical electrode compositions and 
design, particularly at low temperatures. The discharge rate for a 
Al0.5Nb24.5O62-based full cell at 0 ◦C was investigated, but charging 
performance was not reported, and significant drop in capacity was 
observed. C/10, 1C, and 5C demonstrated a capacity of ~175, 125, and 
75 mAh g− 1, respectively, at 0 ◦C [8]. Nb16W5O55 demonstrated good 
cyclic stability in half-cell up to 404 cycles at low temperatures (0 and 
− 20 ◦C) but was shown to experience significant specific capacity loss 
and poor rate performance at these lower temperatures [44]. The same 
niobium tungsten oxide (NWO) displayed again good cyclic stability in 
NMC622||NWO full cell but significant capacity loss at reduced tem
perature, with an ~22 % loss at 10 ◦C compared to 25 ◦C at 2C and as 
much as ~71 % less capacity at 10C [45]. 

Moreover, many investigations on niobium oxide anodes in the 
literature have reported highly impressive cycle life results and rate 
performance as high as 100C; however, in many cases the electrode 
design is often far from representative of real-world electrodes. These 
anode compositions often comprise only about 80 wt% active material, 
and sometime even as little as 65 wt% active material with 25 wt% 
conductive carbon additives – which in volume translates to as much as 
~40 vol% of conductive carbons in these electrodes [8,12,16]. These 
high carbon content electrodes result in large capacitive contributions 
from the high surface area carbons, which overstate the electronic and 
ionic conductivity of these materials and significantly reduce practical 
energy density if used in a commercial Li-ion battery. Finally, the active 
mass loading of these electrodes is consistently between only 1 and 3 mg 
cm− 2, which can inflate the observed rate capability and cycling per
formance of these materials, compared to that in a more typical com
mercial electrode [8,16–19,44] 

In this work, we attempt to provide a comprehensive understanding 
of the kinetics and thermodynamics of the Li-ion insertion/extraction 
processes in a modified MoNb12O33 negative electrode, optimised for 
power applications. Electrode coatings of 60–80 GSM were targeted, 
with a 90:5:5 wt/wt/wt ratio of active material, conductive carbon ad
ditives, and binder, respectively, corresponding to a volume ratio of 
approximately 78:11:11 v/v/v. Galvanostatic Intermittent Titration 
Technique (GITT) and Potentiostatic Electrochemical Impedance Spec
troscopy (PEIS) at various temperatures were used to elucidate the ki
netic and thermodynamic transport properties. Rate capability testing 
was also performed in half cells (MNO||Li) and in full cells (NMC622|| 
MNO) at low temperatures (15 ◦C and 0 ◦C), and compared to the rate 
performance at 25 ◦C. 

2. Experimental 

2.1. Materials 

The active anode material was a modified MoNb12O33 molybdenum- 
niobium oxide powder (MNO developmental material, Echion Tech
nologies Ltd., UK). Some of the manufacturer’s modifications to this 
niobium oxide material included doping and carbon-coating [20]. The 
cathode material was a commercial grade Ni0.6Mn0.2Co0.2O2 powder 
(NMC622, Targray, Canada). Carbon additives included carbon black 
powder (TIMCAL Super C45 or C65) and short carbon nanotubes 
(MWCNTs, NC7000, Nanocyl SA, Belgium). The binder was poly 
(vinylidene fluoride) (PVDF, Solvay). The current collector for both 
anode and cathode was a 16 μm thick battery grade aluminium foil. 

The electrolyte used in all cells was a solution of 1 M LiPF6 in 50:50 
EC:DEC v/v (Sigma-Aldrich, Merck, U.K.). Lithium foil (PI-KEM) used as 
the counter electrode in half cells was rolled to ~70 μm thickness. A 
single 16 μm thick tri-layer polymer film (Celgard H1609) was used as 
the separator. 

2.2. Materials characterisation 

The average particle size dispersion of the raw MNO anode and 
NMC622 cathode powders was obtained by laser diffraction using a 
particle size analyser (Helos, Sympatec GmbH, Germany). A scanning 
electron microscope (TM3030+ Benchtop SEM, Hitachi, Japan) was 
used to observe the morphology of the raw active material powders. 
Cross-sections of the anode and cathode electrodes were obtained using 
a Hitachi Ion Milling System (IM4000 plus) at an accelerating voltage of 
5 kV for 3 h. SEM images of pristine (non-cycled) electrode coatings 
were obtained at a working distance of 8 mm in an FEI Quanta SEM 
under an acceleration voltage of 15 and 20 kV for the cathode and 
anode, respectively. Cross-sections and raw powder images were ana
lysed using an image processing software (ImageJ) to validate the 
average particle size measured by laser diffraction. 

2.3. Electrodes and cells manufacturing 

This work followed the detailed procedures for electrode slurry 
mixing and coating, as well as electrode calendering and cell building 
provided by Lakhdar et al. in a previous publication [21]. 

Briefly, anode and cathode electrodes consisted of 90 wt% active 
material, 5 wt% conductive carbons, and 5 wt% binder. The carbon 
additives ratio was 9:1 wt/wt carbon black/carbon nanotubes. First, a 
Thinky mixer was used to disperse the carbon additives in a PVDF/NMP 
solution. Active material powders were then progressively added to the 
mix (2000 rpm for 3min between each step). Both anode and cathode 
inks were coated onto 15 μm aluminium foil using a draw-down doctor 
blade (K Paint Applicator, RK Printcoat Instruments, U.K.) The mass 
loading of active materials in the electrodes was 6.0 ± 1.0 mg cm− 2. The 
volume fraction of active material in the electrodes was calculated from 
the porosity of the electrodes, which was determined from the thickness 
of the electrode coatings, the weight ratio of each material in the elec
trode composition, and the true density of each material. As the battery 
cells in this study were power-focused, the electrodes were coated to 1.2 
± 0.2 mAh cm− 2, which is similar to some electrode designs in some 
commercial high-power battery cells [22]. Electrode coatings were first 
dried at 80 ◦C on a hot plate and then transferred in a vacuum oven at 
120 ◦C overnight. Calendering was performed on a hot rolling press 
(MSK-HRP-01, MTI Corporation, USA) at 80 ◦C to obtain the desired 
electrode thickness and density, targeting a porosity of 25–30 % based 
on electrode design optimisation from previous work [21]. Calendered 
coatings were then cut into individual electrode disks with a diameter of 
14.8 mm and 15 mm for the cathode and anode, respectively. Full cells 
had a negative-to-positive capacity ratio of ~1.2 [21]. The entire 
preparation, from ink mixing and electrode coating to cell 
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manufacturing, was performed in a dry room (dew point − 45 ◦C). 

2.4. Electrochemical analysis 

After cell assembly, a 12-h resting period was allowed for the elec
trolyte to fully soak the electrodes and separator. Cells first underwent 
two CC-CV charge - CC discharge formation cycles at 25 ◦C using a low 
current density of 10 mA g− 1. The current decay cut-off was set to 4 mA 
g− 1 during the constant voltage step. Voltage windows were 1.1–2.5 V 
for MNO||Li anode half cells and 2.7–4.3 V for NMC622||Li cathode half 
cells, and 1.1–3.1 V for NMC622||MNO full cells. The rated capacity of 
the MNO and the NMC622, respectively, were determined from low rate 
cycles at 20 mA g− 1 in half cells to be 210 mAh g− 1 for the former and 
175 mAh g− 1 for the latter. 

Electrochemical impedance spectroscopy was performed in poten
tiostatic mode (PEIS) on a VMP3 potentiostat (Biologic, France) at 0, 20, 
40, 60, 80, and 100 % states of charge (SOC) using a C/10 charge for half 
cathode, half anode, and full cells. At each x% SOC, which were esti
mated by Coulomb counting, PEIS was performed after allowing a 30 
min rest period to reach equilibrium. A frequency range of 10 mHz–400 
kHz (with 10 points per decade) was applied with a 5 mV amplitude. For 
the data analysis, the ZFit function of the EC-Lab® software was used for 
the equivalent circuit models fitting. The tortuosity of battery electrodes 
has been shown to have a significant influence on the rate performance 
and cycling stability of lithium-ion cells [23]. PEIS was thus performed 
in symmetric cell setup, where two identical electrodes on current col
lector foil are placed either side of a separator in a coin cell using an 
ion-blocking electrolyte preventing insertion of the mobile ions, to 
calculate the tortuosity factor of the negative and positive electrodes 
[24–27]. 

Rate performance testing was performed for both lithiation and 
delithiation in lithium metal anode-half cells, and charge and discharge 
in full cells at 25, 15, and 0 ◦C. 

For the positive electrode half-cell charge (delithiation) rate tests, a 
fixed CC-CV discharge (lithiation) was used with a constant current rate 
of C/2 and a C/20 current limit during the constant voltage step at 2.7 V. 
Then, variable nC (n = 0.1, 0.5, 1, 2, 5, 10, 20) CC delithiation charge 
rates were used in turn to respectively charge to 4.3 V vs. Li/Li+. For 
lithiation rate testing, a fixed C/2 CC charge (delithiation) to 4.3 V vs. 
Li/Li+ followed by a CV step to a current limit of C/20 was applied. 
Lithiation rates were tested to a 2.7 V vs. Li/Li+ cut-off limit by using nC 
(n = 0.1, 0.5, 1, 2, 5, 10, 20) CC discharge rates. Similar rate tests were 
performed on the negative electrode, where fixed C/2 CC-CV lithiation 
and delithiation were performed to 1.1 V vs. Li/Li+ and 2.5 V vs. Li/Li+, 
respectively, and variable nC constant current delithiation and lithiation 
rates at nC (n = 0.1, 0.5, 1, 2, 5, 10, 20) were investigated. 

In full cell configuration, charge and discharge was performed be
tween 3.1 V and 1.0 V with the same current rates and temperatures as 
the MNO||Li half-cells. A summary of the cycling protocols is shown in 
Table S1 in Supplementary Information. 

The galvanostatic intermittent titration technique (GITT) was per
formed in half coin cells at 25 ◦C to obtain the OCV and the apparent 
lithium diffusion coefficient (DLi), Moreover, the series resistance ob
tained from PEIS measurements was subtracted from the DC-IR 
measured by GITT to calculate the charge transfer resistance (Rct), 
from which the exchange current density (j0) could then in turn be 
calculated. GITT was performed in the desired voltage window using a 
series 10 min current pulses at C/10 each followed by a 2.5 h resting 
period to ensure complete relaxation to OCV. Detailed explanations of 
the implications and limitations of GITT have already been provided 
elsewhere [28]. The diffusion coefficients extraction from GITT origi
nated from the research work by Weppner and Huggins [29]. In this 
work, the Sand equation was used to fit the voltage transient during the 
current pulse as shown in Eq. (1) [28,30]. 

DLi+ =
4
π

(
iVm

nFS

)2

⎛

⎜
⎜
⎝

dE/dδ
dE/dt0.5

⎞

⎟
⎟
⎠

2

(1)  

where i represents the current passing through the electrode in amps (A); 
Vm is the molar volume of active materials (cm3 mol− 1); n is the trans
ferred electrons in reaction (n = 1); F is the Faraday constant (C mol− 1), 
and S is the active surface area between electrode and electrolyte (m2). S 
is estimated from the average particle size of the active materials, and 
the thickness, coat weight, and porosity of the coatings, as in previous 
work [23]. dE/dδ is the slope of the coulometric titration curve, which is 
found by plotting the steady state voltages E(V) measured after each 
titration step. dE/dt0.5 is the slope of the linearized plot of the potential E 
(V) during the current pulse. The stoichiometry in half cell was obtained 
using Eq. (2) at different SOCs: 

Sto=
CLi,x% × εac × Th × M

GSM
(2)  

where CLi,x% is the lithium concentration in the electrode (mol m− 3); εac 
is the active material volume fraction; Th is the thickness of electrode 
material (m); M is the molar mass of active material (g mol− 1); GSM 
stands for grams per square meter and is the mass loading of active 
materials (g m− 2). The exchange current density j0, expressed in A m− 2, 
reflects the rates of electron transfer as lithium ions migrate between the 
electrolyte and the electrode, was calculated from the Rct obtained from 
GITT through the instantaneous voltage change U(IR) when a current 
pulse is switched on or off. The IR drop is comprised of an ohmic 
overpotential and a charge-transfer overpotential (ηohm+ηct). The ohmic 
overpotential can be determined from the ohmic resistance (ηohm = Rs ×

I), where Rs is the series resistance, and I is the applied current. The 
overpotential relating to the charge-transfer in each pulse (ηct) is ob
tained from Eq. (3). 

ηct =U(IR) − ηohm (3) 

Finally, j0 and Rct are obtained from the linearization of the Butler- 
Volmer equation for small current densities, using the standard 
assumption that alpha – the charge-transfer coefficients for the anodic 
and cathodic directions of the half-reaction in electrode – is 0.5 for both 
the forward and backward reactions (αa = αc = 0.5) [31], as shown in 
Equation (4) through (6) [32]. 

j= j0

[

exp
(

αaF
RT

ηct

)

− exp
(

−
αcF
RT

ηct

)]

(4)  

j=
[

αaF
RT

ηct +
αcF
RT

ηct

]

= j0
(αa + αc)F

RT
ηct (5)  

j0 =
RT
F

j
ηct

=
RT
SF

1
Rct

(6)  

where R is the gas constant (8.314 J mol− 1 K− 1) and T is the temperature 
(298.15 K). 

One study showed that the high rate performance of fast-charging 
battery electrodes is as much reaction rate-limited as it is diffusion- 
limited [33]. Reaction kinetics were found to be a critical rate-limiting 
parameter of the 20C charge performance of a H-phase Nb2O5 [15]. 
The reaction rate factor of the positive and negative electrodes in full cell 
were calculated from the exchange current density (j0) obtained from 
PEIS analysis according to Equation (7), where k is the reaction rate (A 
m− 2 (m3 mol− 1)1.5), whilst ce and cs are the electrolyte concentration 
and the lithium concentration in the host particle (mol m− 3), respec
tively [23]. 
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k =
j0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

cecs
(
cmax

s − cs
)√ (7)  

3. Results 

3.1. Physical analysis 

The particle size distribution of the MNO anode and NMC622 cath
ode powders were determined by combining SEM images of the raw 
active powders and electrode cross-sections, processed using ImageJ, 
with laser diffraction particle size analysis measurements. Results are 
shown in Fig. 1. The average particle diameter (D50) approximated from 
SEM image processing for MNO and NMC622 was 2.5 and 9.9 μm, 
respectively, which were validated by the laser diffraction measure
ments that came in at 2.2 μm for MNO (Fig. 1e) and 10.1 μm for NMC622 
(Fig. 1f). These values compared well with the literature for both MNO 
[8,16] and NMC [30,34]. As expected, NMC particles were found to be 
highly spherical (Fig. 1b) and their relatively large size resulted in the 
formation of large masses of conductive carbon powder in between NMC 
particles (Fig. 1d). On the other hand, the MNO powder was less 
spherical (Fig. 1a), although it was assumed to be spherical for the 
purpose of the GITT analysis. Its smaller particle size led to a more 
compact electrode microstructure with more point-to-point contact be
tween active particles compared with the NMC, and a more evenly 
distributed network of carbon black throughout the electrode 
cross-section (Fig. 1c). 

From PEIS of symmetric cells, shown in Fig. S1 in Supplementary 
Information, the tortuosity factor of the MNO and NMC622 electrodes 
used for rate testing was calculated at 1.68 and 1.36, respectively. Both 
of these tortuosity factors are relatively low due to the low thickness of 
these power-focused electrodes – 20 μm and 19 μm for negative and 

positive electrode, respectively. The slightly lower tortosity of the NMC 
electrode compared to the MNO electrode may be down to the much 
bigger average particle size of the NMC powder (Fig. 1f) combined with 
the low thickness of the electrode resulting in large carbon domains and 
pores between active particles (Fig. 1d) and providing relatively 
straightforward ionic pathways through the electrode microstructure. 

The separator was a Celgard® H1609 tri-layer PP/PE/PP micropo
rous membrane with a thickness of 16 μm and variable porosity between 
the different layers but a porosity of 50 % overall according to the 
manufacturer’s specifications. The physical properties of the various cell 
components are summarised in Table 1. 

The electrolyte we used in all battery cells in this work was a 1.0 M 
LiPF6 in EC:DEC (1:1 v/v). The diffusion coefficient of lithium salts 
(LiPF6 or LiClO4) with a concentration of 0.1–2 mol dm− 3 in typical 
liquid electrolyte carbonate solvents – such as EC:DEC, PC, or PC:EC: 
DEC – was consistently shown in the literature to range between 1 ×
10− 5 and 6 × 10− 5 cm2 s− 1 at 25 ◦C [35]. In particular, electrolytes 
identical to the one used in the present work were determined to have a 
lithium diffusion coefficient of 2.2 ± 0.5 × 10− 6 cm2 s− 1 (average of 
three independent studies) [36–38]. Furthermore, the ionic conductivity 
κ, thermodynamic factor (TDF), and cation transference number t+ of 
this electrolyte were found to be approximately 0.8 S m− 1, 1.86, and 0.2, 
respectively [38]. 

3.2. Formation, GITT, and stoichiometry 

First, the first two formation cycles of the MNO and NMC622 half 
cells, respectively, as well as of the NMC622||MNO full coin cell, all 
performed using a current density of 10 mA g− 1, are provided in Fig. S2 
in Supplementary Information. 

The Galvanostatic Intermittent Titration Technique (GITT), where a 
constant current pulse is applied for a set short duration followed by a 

Fig. 1. SEM images of the raw MoNb12O33 (a) and NMC622 (b) powders and the electrode cross-sections of the MoNb12O33 anode (c) and NMC622 cathode (d), each 
with their respective associated images processed using ImageJ for particle size determination, where active material particles are presented in white while pores and 
carbon domain are shown in black. Particle size distribution of the MNO (e) and NMC622 (f) powders from laser diffraction analysis. 
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longer rest period to reach OCV, was used to obtain the OCV, Stoichi
ometry, dQ/dV, and DLi plots for both lithiation and delithiation, as well 
as the Rct and j0 plots. In these GITT tests of the negative and the positive 
electrodes half-cells, respectively, we applied a 20 mA g− 1 current pulse 
for 10 min followed by a 2.5 h rest period to allow for complete 
relaxation. 

Fig. 2 shows the GITT time plot (Fig. 2 a and 2.b) and capacity plot 
(Fig. 2c and 2d) for the MoNb12O33 anode half-cell between 1.0 and 2.2 
V. A gravimetric capacity of ~230 mAh g− 1 was obtained. The hysteresis 
– defined as the difference of open circuit potential between charge and 
discharge at a given state of charge – was found to be largest around 0 % 
and 50 % SOC (Fig. 2e). Increasingly bigger IR drops were also observed 
upon delithiation of the MNO, as increased polarisation above 2.2 V 
resulted in significantly higher overpotentials (Fig. 2f). 

Fig. S3 in Supplementary Information shows the same GITT time and 

capacity plots for the NMC622 cathode half-cell between 2.7 and 4.3 V. 
A gravimetric capacity of ~175 mAh g− 1 was obtained, with low hys
teresis <40 mV at all SOCs (Fig. 3e) and bigger IR drops upon lithiation 
than delithiation (Fig. 3f). 

The dQ/dV plot of the MoNb12O33 (Fig. 3a) is nearly identical to that 
of a WNb12O33 material of similar Wadsley-Roth shear ReO3-type 
structure [10], albeit having its peaks shifted to slightly lower poten
tials, with a small oxidation peak at 1.11 V and a larger one at 1.70 V. 
The dQ/dV and stoichiometry plots of the NMC622||Li half-cell are 
shown in Fig. 3 b and Fig. 3 d, respectively, and are similar to results in 
the literature on the same material [30]. 

3.3. Diffusion coefficients 

The apparent lithium solid phase diffusion coefficients DLi in each 
active materials were determined by GITT from half-cells measurement. 
DLi is essentially an effective diffusion coefficient as the transport 
properties are also affected by the mass loading of active material and 
the porosity [30]. The limitation of Li+ diffusion in the electrode to the 
particle surfaces can be considered negated in GITT, because the diffu
sion coefficient is calculated from the equilibrium voltages, and there
fore concentrations of lithium within the particles and in the electrolyte 
are assumed to be at equilibrium. Therefore, although the pore structure 
of the anode and cathode are extremely different at the particle level 
(Fig. 1); any contribution to the Li+ transport from the electrolyte 
transport in the pore networks should be excluded as GITT was con
ducted at low current densities (0.1C). 

Fig. 4 a shows that the apparent lithium diffusion coefficient of the 
MoNb12O33 anode DLi/MNO ranged between 2 × 10− 11 and 1.2 × 10− 9 

cm2 s− 1, which is higher than that of the niobium oxides TiNb2O7 (10− 15 

cm2 s− 1) [39] and NiNb2O6 (10− 12 cm2 s− 1) [40] reported in the liter
ature, although it should be noted that despite it being common practice, 
comparing values of DLi across studies is relatively difficult and inac
curate due to differences in measurement and analysis methods. Fig. 4 b 
shows that the diffusion coefficient of the NMC622 cathode DLi/NMC 
varied between 1 × 10− 14 and 4 × 10− 11 cm2 s− 1, which is consistent 
with values calculated for this material in the literature [25]. Therefore, 
DLi of MNO was higher than that of NMC622 at all SOCs, during both 
lithiation and delithiation, thus highlighting the superior ionic 

Table 1 
Physical characteristics of the materials, electrodes, and half-cells used in GITT 
experiments.  

Negative Electrode Property Positive Electrode Property 

MNO d50 (μm) 2.2 NMC622 d50 (μm) 10.1 
MNO true density 4.62 NMC622 true density 4.78 
MNO molar mass (g/mol) 1776 NMC622 M mass (g/mol) 96.94 
MNO molar volume (cm3/mol) 384.4 NMC622 M volume (cm3/ 

mol) 
20.28 

Areal capacity (mAh/cm2) 1.2 Areal capacity (mAh/cm2) 1.0 
Active mass loading (mg/cm2) 5.7 Active mass loading (mg/ 

cm2) 
5.7 

Thickness (μm) 20 Thickness (μm) 19 
GSM 64 GSM 63 
Porosity (%) 27 Porosity (%) 23 
Active material volume fraction 0.57 Active volume fraction 0.59 
Negative electrode diam. (mm) 15 Positive electrode diam. 

(mm) 
14.8 

Active surface area (cm2) 54.94 Active surface area (cm2) 11.78 
Conductivity (S/m) 22 Conductivity (S/m) 12 
Electrolyte Other cell components 
LiPF6 in electrolyte (mol/dm3) 1 Al current collector thickness 

(μm) 
15 

Quantity of electrolyte in cells 
(mm3) 

70 Separator thickness (μm) 16   

Separator porosity (%) 50  

Fig. 2. GITT time plot for an MoNb12O33 anode half-cell (a) and close-up view highlighting the pulse and rest characteristics (b). GITT capacity plot (c) with close-up 
view (d), as well as potential hysteresis (e) and IR drops (f). 
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conductivity of MoNb12O33 and indicating that the cathode would be the 
diffusion-limiting electrode in NMC622||MNO full cells. This is a strik
ing difference from the work that Chen et al. reported on an NMC622|| 
graphite system with comparable active mass loadings and similar GITT 
parameters and analysis [30]. In that case, it was the NMC622 that had 
the highest diffusion coefficient out of the two materials at most SOCs 
(DLi/NMC > DLi/graphite at SOC >30 %) and the graphite anode was thus 
determined to be the diffusion rate-limiting electrode. This demon
strates the faster kinetics of this MoNb12O33 material over commercial 
graphite and explains in part its suitability for high-power battery 
storage applications. 

3.4. Temperature dependence of electrode impedance 

The exchange current density, j0, and the charge transfer resistance, 
Rct, were first calculated from the GITT analysis, and the resulting 
graphs of Rct and j0 at 25 ◦C are plotted in Fig. 5. The Rct of the MNO||Li 
half-cell system (Fig. 5a) was found to be significantly higher than that 
of NMC622||Li (Fig. 5a), which is consistent with the overpotential is
sues reported in MNO||Li anode half-cells [21]. However, in order to 

make a valid comparison between the MNO and NMC, it is better to 
normalise the resistance for the electrochemically active surface area of 
each electrode. The exchange current density, calculated from the Rct 
according to Eq. (6), is normalised for the active surface area and 
therefore makes for a better comparison. 

The exchange current densities of MNO and NMC622 were calcu
lated from GITT and are plotted in Fig. 5 c and Fig. 5 d, respectively. At 
50 % SOC, the exchange current density j0,a was ~0.011 mA cm− 2 for 
MNO, compared to a j0,c of 0.17 mA cm− 2 for NMC622 at the same SOC.. 
These values are remarkably comparable to a recent study performed on 
Nb2O5 and NCA, which also found an order of magnitude difference 
between j0 of the negative and positive electrodes [15]. Care must be 
taken in these comparisons however, as this order of magnitude differ
ence may be due calculation differences, and specifically the surface 
area determination methods, which may be overestimating the elec
trochemically active surface area of the MNO electrode and/or under
estimating that of the NMC electrode. 

Furthermore, to determine the temperature dependency of Rct and j0, 
impedance measurements in potentiostatic mode (PEIS) were carried 
out at 0, 5, 15, 25, 30, and 40 ◦C with MNO||Li and NMC||Li half-cells; 

Fig. 3. dQ/dV plot for the MoNb12O33 anode half-cell (a) and Ni0.6Mn0.2Co0.2O2 cathode half-cell (b), and Stoichiometry plot for MNO (c) and NMC622 (b), 
calculated from GITT testing results. 

Fig. 4. Diffusion coefficient for MNO anode half-cell (a) and NMC 622 cathode half-cell (b) calculated from GITT testing results.  
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the temperature and SOC dependency of these impedance measure
ments are shown in Fig. 7 and Fig. S4, respectively. The PEIS data of the 
MNO||Li cell was fitted to the equivalent circuit shown in Fig. 6 and the 
exchange current densities were thus calculated. Fig. 8 shows the fitting 
of PEIS data of MNO||Li at 25 ◦C and demonstrates that this equivalent 
circuit provided an excellent fit at all SOCs. Table 2 shows the Rct values 
obtained at different temperature and their respective calculated j0. 

The equivalent electric circuit showed in Fig. 6 was used to fit the 
PEIS spectra recorded for the MNO||Li half-cell. It contains a serial 
ohmic resistor Rs in series with a first paralleled element containing a 
resistor RSEI and a constant phase element QSEI, and finally another 
constant phase element Qdl in parallel with a resistor Rct that is in series 
with a constant phase element Qdif. The PEIS analysis for the NMC622|| 
Li half-cells, with the equivalent circuit and Nyquist plots, is provided in 
Fig. S4 in Supplementary Information and discussed briefly as the EIS of 
NMC cathodes has already been studied extensively elsewhere [41,42]. 

In the equivalent circuit of the MNO||Li, Rs corresponds to the series 
resistance associated with the internal ohmic resistance of the bulk 
materials and components in the cells, especially the electrolyte and the 
separator but also including the current collectors and electric contacts. 
These components do not have a capacitance or inductance associated 
with them and therefore the value of Rs can be deducted directly on the 
Re(Z) axis. RSEI and QSEI respectively correspond to the interfacial 
resistance and capacitance associated with the presence of solid elec
trolyte interphase (SEI) layer at the surface of the working electrode 
which may slow the ionic transport at the electrode-electrolyte 

interface. Rct on the other hand corresponds to the charge transfer 
resistance at the electrode-electrolyte interface, which is associated with 
the capacitive effects of the electrical double layer, captured by the 
constant phase element Qdl. Finally, Qdif represents the diffusion of the 
Li-ions within the active material lattice and into the bulk of the elec
trolyte phase, which is captured at the low frequency region of the EIS 
spectra (we do not use a Warburg element here as W should only be used 
for semi-infinite diffusion, while the diffusion tails of these batteries 
clearly had a capacitive and resistive effects associated to them and 
therefore Q makes more sense than W for the PEIS fitting). 

The EIS spectra of the MNO||Li half-cell appear to be mostly made of 
a single depressed semi-circle that spans the high and medium fre
quencies, and a diffusion tail at low frequencies, which progressively 
tapers off due to increased resistance as the SOC increases, Fig. 7(a and 
b). The semi-circle, which we attributed to the charge transfer process, 
ends at ~10 Hz at temperatures above 25 ◦C but is progressively shifted 
down to 1 Hz as the temperature decreases towards 0 ◦C, which points to 
a slow-down of the rate of the charge transfer process at low tempera
tures. This slow-down is clearly the result of increased resistance at the 
electrode-electrolyte interface at low temperature, which is also evi
denced by the increasingly higher Rct with decreasing temperature [32]. 
On the other hand, the Rct also clearly decreases above 50 % SOC, as 
shown on the Nyquist plot of the PEIS at various temperatures at 80 % 
SOC (Fig. 7 c). This is further confirmed by the PEIS plots at 60 and 80 % 
SOC at 25 ◦C in Fig. 8. At the same time, in the low-frequency region, the 
length and height of the diffusion tail increases as the SOC increases 
from 20 % to 50 % and then 80 %, suggesting an increase of the resis
tance and capacitance associated with this process as the SOC increases. 
This is further confirmed in Fig. 8 where it becomes evident that the 
magnitude and shape of these semi-circles at 25 ◦C varies significantly 
between 0 % SOC (high voltage cut-off) and 100 % SOC (lower voltage 
cut-off). Indeed, what initially appears to be a Warburg element based 
on the straight diffusion tail at 0 % SOC progressively tappers off as the 
SOC increases, indicating that a resistance is associated with this slow 
diffusion process, to eventually form another depressed semi-circle at 
100 % SOC. This different behaviour during EIS at 0 % and 100 % SOC is 

Fig. 5. Charge transfer resistance (Rct) and exchange current density (j0) of the MNO anode, Rct,a (a) and j0,a (b), and of the NMC cathode, Rct,c (c) and j0,c (d), 
calculated from the GITT data in half-coin cells. 

Fig. 6. Equivalent electric circuit diagram used to fit the PEIS data for MNO||Li 
half cells. 
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to be expected as battery electrodes typically experience significant 
polarisation effects at these states of charge, especially in half-cell, 
which bring it outside of the linear voltage region. Therefore, we 
assigned the second semi-circle at 100 % SOC to increased charge 
transfer resistance due to polarisation effects and overpotentials. 

Finally, the inserts showing the high-to-medium frequency region of 
each Nyquist plot at 25 ◦C in Fig. 8 show that there is a change in the 
morphology of the semi-circle at 80 % and 100 % SOC compared to 
lower SOC, with the appearance of an interfacial resistance RSEI at SOC 
>60 %, which may suggest the formation of a thicker SEI layer at the 
surface of the MNO particles below 1.6 V. This is further confirmed when 
analysing the frequency at which the top of the main semi-circle is 
reached, showing that the top is reached at 1460 Hz at 20, 40 and 60 % 
SOC but there is a shift to lower frequency (730 Hz) at 80 % SOC, 
indicating a slowdown of the ionic transport process due to increased 
interfacial resistance at the liquid/solid interphase. However, the fact 
that the semi-circle associated with RSEI tends to increase above 70 % 
SOC and then nearly disappear throughout cycling below 70 % SOC 

Fig. 7. Temperature dependency of PEIS in MNO||Li half cells between 0 ◦C and 30 ◦C at 20 % SOC (a), 50 % SOC (b), 80 % SOC (c).  

Fig. 8. Nyquist plot of the PEIS of an MNO||Li anode half-cell between 0 % and 100 % SOC in 20 % SOC increments. The fit (red lines on the plots) was performed 
using an R1+[Q2/R2]+[Q3/(R3+Q4)] equivalent circuit. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 2 
Series bulk resistance (Rb), charge transfer resistance (Rct), exchange current 
density (j0), and reaction rate (k) of MNO and NMC electrodes at 50 % SOC at 
various temperatures calculated from PEIS data.  

Electrode   Temperature  

5 ◦C 15 ◦C 25 ◦C 35 ◦C 

MNO Rb (Ω) 2.5 1.9 0.94 0.93 
Rct (Ω) 152 97.9 22.49 26.81 
j0, 

MNO 

(mA cm− 2) 0.0029 0.0046 0.0208 0.0180 

k, 

MNO 

(A m− 2 (m3 

mol− 1)1.5) 
3.75E- 
8 

6.02E- 
8 

2.71E- 
7 

2.35E- 
7 

NMC622 Rb (Ω) 1.44 0.95 0.76 0.27 
Rct (Ω) 9.4 3.6 2.3 1.1 
j0, 

NMC 

(mA cm− 2) 0.217 0.586 0.948 2.050 

k, 

NMC 

(A m− 2 (m3 

mol− 1)1.5) 
2.18E- 
6 

5.89E- 
6 

9.53E- 
6 

2.06E- 
5  
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indicates that the SEI or SEI-like layer that forms at the surface of the 
MNO particles is likely thin and/or unstable, resulting in a weak energy 
barrier and low interfacial resistance for the Li ions to overcome during 
the intercalation process, and little to no effective Li consumption from 
SEI growth during cycling of the MNO. 

The charge transfer resistance, exchange current density, and reac
tion rate of the negative and positive electrodes were also determined by 
fitting the experimental PEIS data obtained in half cells at various 
temperatures and SOCs. The values calculated for each of these pa
rameters at 50 % SOC for both electrodes are shown in Table 2. 

Both Rb and Rct were significantly higher for the MNO than the NMC, 
which is consistent with the values extracted from GITT (Fig. 5). This 
trend was observed at all temperatures, whilst the expected increase of 
the resistances at low temperatures was also observed. The value of j0, 

MNO at 50 % SOC obtained from PEIS agreed well with that calculated 
from GITT though slightly higher at 0.019 mA cm− 2 for the former 
compared to 0.012 mA cm− 2 for the latter. Nevertheless, the general 
trend of exchange current density calculated at 0, 20, 40, 50, 80, and 
100 % SOC, respectively, were in good agreement between GITT and EIS 
(Fig. S5 and Fig. S6 in Supplementary Information). 

The reaction rate of MNO, kMNO, ranged within 10− 8-10− 7 A m− 2 (m3 

mol− 1)1.5 whereas that of the NMC622, kNMC, was higher at 10− 7-10− 5 

A m− 2 (m3 mol− 1)1.5, indicating that the negative electrode is the 
reaction-limited electrode. 

Finally, the charge transfer reaction activation energy of MoNb12O33 
(Ea,MNO) and of NMC622 (Ea,NMC) were determined from the slope of the 
Arrhenius plots at various SOCs (Fig. 4 and Fig. S6 in Supplementary 
Information) [43]. Ea was determined to be equivalent for MNO and 
NMC622 at 50 % SOC, being 50.3 and 51.6 kJ mol− 1, respectively. 
However, while these values remained relatively comparable in the 
range 0–50 % SOC, they deviated significantly at higher SOCs, with Ea, 

MNO of 50.3 and 47.3 kJ mol− 1 at 80 % and 100 % SOC, respectively, 
whilst Ea,NMC increased to 72.6–83.2 kJ mol− 1 above 75 % SOC. As 
expected from theory, the activation energy of MNO is approximately 
constant with concentration. 

3.5. Rate performance of half-coin and full-coin cells at low temperatures 

Temperature has a substantial impact on the rate performance of Li- 
ion batteries, which is typically negatively affected at low temperatures 
due to more sluggish ion transport through the electrolyte and the active 
material particles, slower interfacial Li-ion flux at the liquid/solid 
interphase, a slower reaction rate and higher potential hysteresis [38]. 
However it is challenging to decouple the contribution of the negative 
electrode from the positive electrode, as the lithium metal in half cells 
significantly influences the results. Fig. S7 in Supplementary Information 
displays the rate capability of a 1.1 mAh cm2 MNO||Li anode half-cell at 
25 ◦C, 15 ◦C, and 0 ◦C, upon asymmetric delithiation and lithiation, 
respectively. First, the difference between the delithiation and lithiation 
rate performance is evident at all temperatures, with much higher ca
pacity retention at high rates upon delithiation (half-cell charge) than 
during lithiation (half-cell discharge). This is consistent with results 
previously reported with this material in half-cells, and full-cells should 
not be expected to display the same shortcomings [21]. The ultrahigh 
delithiation rate performance of this half-cell is outstanding at 25 ◦C, 
with 90 % and 64 % capacity retention at 10C and 20C, respectively, 
compared with the capacity at 1C. There was a sharp drop in capacity 
retention at those same ultrahigh rates at 15 ◦C, with only 60 mAh g− 1 

being obtained at 10C compared to 180 mAh g− 1 at 10C at 25 ◦C, while a 
20C delithiation rate yielded 130 mAh g− 1 at 25 ◦C but 0 mAh g− 1 at 
15 ◦C. Nevertheless, the low-rate and high-rate performance of half-cells 
remained excellent at 15 ◦C, with merely 5–10 % difference compared to 
the capacity at 25 ◦C with current rates up to 2C, and only a 16 % dif
ference at 5C. However, little to no capacity could be extracted at rates ≥
5C at 0 ◦C, although this issue was not observed in full cells, as discussed 
in the next section. Nevertheless, the 2C capacity at 0 ◦C remained 

appreciable, yielding 150 mAh g− 1, which is 75 % of the 2C capacity at 
25 ◦C. 

The rate capability of an NMC622||MNO full cell was also charac
terised from 0.1C to 20C at the same three temperatures, and the 
resulting voltage profiles are plotted in Fig. 9. First, the issue with poor 
capacity retention at high rates upon lithiation of the MNO anode in 
half-cell was not observed in full cells. Instead, in full cells, the capacity 
retention at all rates was nearly identical in charge and discharge at all 
temperatures, as evidenced in Fig. 9. This difference in high rate per
formance in half and full cells was expected based on previous electro
chemical testing of this material, indicating that the limitations 
observed in half-cell are due to the lithium metal electrode stripping and 
plating at high rates [21]. Furthermore, the percentage of capacity 
retention was higher in full cells than in half cells at all rates, and there 
was also significantly less capacity fade at high and ultrahigh rates at 
low temperatures in full cells. Indeed, a 20C charge of NMC622||MNO 
full-cells, starting from 0 % SOC, yielded 75 % capacity at 25 ◦C and 65 
% SOC at 15 ◦C, whilst 75 % of the capacity could be achieved in 6 min at 
15 ◦C using a 10C current rate. Although the internal resistances 
measured by PEIS in full cell increased significantly at low temperatures 
(Fig. 10), the rate performance of NMC622||MNO remained outstanding 
at 0 ◦C, as a 2C charging rate provided 75 % capacity. Furthermore, a 5C 
charge at 0 ◦C provided as much as 65 % capacity, whilst a 10C charge 
(6 min) yielded 50 % capacity in full cells. These results confirm that the 
lower performance at 0 ◦C in half-cell is likely caused by exacerbated 
lithium stripping and plating at low temperature due to the use of Li 
metal as the negative electrode. 

The capacity retention of this MoNb12O33 electrode at high current 
rates is much greater than that of half cells and full cells based on 
NiNb2O6 electrodes reported in the literature [40]. Indeed, the NiNb2O6 
displayed a capacity retention at 10C compared to 1C of 64 % in half cell 
and only 31 % in NMC811||NiNb2O6 full cell, whereas the present 
MoNb12O33 electrode provided 89 % capacity retention on charge in 
both half and full cells. 

Furthermore, few low temperature charge and discharge rate results 
of niobium oxide-based Li-ion cells have been reported to date in peer- 
reviewed publications. One study of an LiNi0.5Mn1.5O4|| Al0.5Nb24.5O62 
cell that reported only the discharge rate at 0 ◦C with much lower per
formance than the present study, while using significantly higher carbon 
black loadings and a 75 % lower active mass loading in their electrodes 
[8]. Niobium tungsten oxide Nb16W5O55 was shown to experience sig
nificant specific capacity loss and relatively poor rate performance at 
low temperatures (0 and − 20 ◦C) in half-cell [44], It also displayed 
inferior capacity retention at 10 ◦C in NMC622||NWO full cells, with a 
~22 % specific capacity loss at 2C and ~71 % lower capacity at 10C 
[45]. 

The superior rate performance of the molybdenum niobate material 
in the current study can be explained in part by its significantly higher 
solid diffusion coefficient (Fig. 4) as well as lower bulk and solid-state 
resistances (Fig. 8), which may be due to the various particle engi
neering modifications done by the manufacturer, including doping 
strategy, carbon coating morphology, and control of the particle size 
distribution [15,20] 

The Nyquist and Bode plots of an NMC622||MNO full cell after for
mation at various temperatures between 40 ◦C and 0 ◦C are displayed in 
Fig. 10a and Fig. 10 b, respectively. All the Nyquist spectra are clearly 
made up of a first small semi-circle at high frequencies; followed by a 
bigger yet incomplete second semi-circles at medium frequencies; and 
finally, a diffusion tail at high frequencies. 

First, the ohmic series resistance Rs of the full cell remains identical 
between 40 and 15 ◦C, well below 1 Ω. However, Rs increases to above 1 
Ω at 5 ◦C and reaches 2 Ω at 0 ◦C. This resistance increase, although 
relatively small in absolute terms, remains significant in % terms and 
likely contributes somehow to lowering the high-rate performance of the 
NMC622||MNO cell at 0 ◦C. 

The diameter of the first semi-circle at high frequencies is mostly 
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unaffected by the temperature decrease, and the frequencies associated 
with this semi-circle remain identical at all temperatures, which points 
to very little impact of temperature on the resistance and rate of the 
associated process in full cell. The fact that high-rate processes were not 
substantially affected by temperature in full cell may partially explain 
why full cells retained their high-rate performance at low temperature 
much better than half-cells. Furthermore, it is important to note that 
much smaller resistances are observed overall in full cell than in half cell 
at all temperatures, which also supports the fact that full cells would 
display better rate performance than half-cells. 

However, the Rct – represented by the diameter of the second semi- 
circle at higher frequencies – increased substantially as the 

temperature decreased. Finally, the low frequency response, which is 
ascribed to the diffusion of the ionic species in the host materials lattices 
and in the electrolyte, displayed the expected trend of increased ionic 
transport resistance with decreasing temperature. Furthermore, the 
frequency at which the diffusion tail starts is progressively shifted to 
lower frequencies with decreasing temperatures. This resistance in
crease and frequency shift were substantial and explain in part the lower 
rate performance with falling temperatures from 25 ◦C to 0 ◦C, espe
cially at very high rates (10C and 20C) at 0 ◦C where bulk diffusion is 
highly impeded by Rdif that is nearly one order of magnitude higher than 
at 20 ◦C. 

Diffusion coefficients are measured at low current densities, and the 

Fig. 9. Rate capability of NMC622||MNO full coin cells at 25 ◦C, 15 ◦C, and 0 ◦C showing the outstanding rate performance of these battery cells on both charge (top) 
and discharge (bottom) even at low temperatures. NMC622||MNO full cells were cycled between 1.1 and 3.1 V. The fixed low-rate discharge/charge applied during 
these asymmetric charging and discharging rate tests, respectively, were CCCV profiles at 0.5C with 0.05C cut-off (not shown on these graphs). Voltages are expressed 
vs. Li/Li+. 

Fig. 10. Nyquist plot (left) and Bode plot (right) from the PEIS of an NMC622||MNO full coin cell between 0 ◦C and 40 ◦C. PEIS was performed using a 5 mV 
amplitude between 400 kHz and 10 mHz at each temperature. 
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negative electrode has significantly lower current densities than the 
cathode, indicating that the rate kinetics are much slower in the negative 
electrode than the positive, at an electrode level. However, these are 
recorded in a half cell configuration, where at higher current densities 
the lithium stripping and plating on the counter electrode may cause a 
greater kinetics limitation than occurs at the working electrode. In a full 
cell configuration, we can observe that good rates are possible, we can 
assume that the a potential cause of rate limitation is likely to occur at 
the positive electrode because of the slow diffusion coefficient we have 
observed, however higher overpotentials may be observed at the nega
tive electrode because of the high exchange current densities and over 
potentials measure, indicating slower reaction rates. In every full cell 
system, there is a balance between ionic and electronic transport prop
erties. To improve the electrode and cell rate further, these results 
suggest that the particle size of the positive electrode should be reduced, 
and potentially some surface modification of the negative electrode 
would improve the kinetics at the surface. 

4. Conclusions 

In this work, we characterised and tested lithium-ion battery cells 
based on an MoNb12O33 (MNO) molybdenum niobium oxide anode and 
an NMC 622 cathode. Asymmetric charge and discharge rate tests at 
high current rates and low temperatures in half-cell and full cell, as well 
as GITT and PEIS, provide a comprehensive overview of the kinetics and 
thermodynamics of the Li-ion insertion/extraction mechanisms in these 
electrodes. 

From GITT experiments, the MNO had an exchange current density 
of ~0.012 mA cm− 2 at 50 % SOC and a high apparent Li diffusion co
efficient of ~10− 9 cm2 s− 1. The analysis of PEIS data at 25 ◦C yielded an 
exchange current density of 0.019 mA cm− 2 at 50 % SOC and a reaction 
rate of 2.49 10− 7 A m− 2 (m3 mol− 1)1.5 and a charge transfer reaction 
Arrhenius activation energy of 50 ± 2.7 kJ mol− 1. Niobium oxides are 
typically believed to not form an SEI layer at all due to having a potential 
above 1.0V. However, PEIS results in this study suggested the possible 
formation of an unstable or reversible SEI layer at the surface of the 
MNO, with the emergence of an additional impedance contribution 
during EIS at 70–100 % SOC. 

Lithiation and delithiation rate tests at 15 ◦C and 0 ◦C highlighted the 
exceptional rate performance of this MNO anode material even at low 
temperatures using a liquid organic electrolyte. Indeed, NMC622||MNO 
full cells could be charged and discharged from 0 to 75 % capacity in 3 
min using a 20C current rate at 25 ◦C and in 6 min using 10C rate at 
15 ◦C. Despite the increased impedance, charge transfer resistance, and 
reaction rate measured by PEIS at low temperatures, the rate perfor
mance of NMC622||MNO full cells remained outstanding at 0 ◦C as they 
could be charged from 0 to 75 % in 30 min using a 2C current rate, while 
a 6 min charge (10C rate) at 0 ◦C still provided 50 % capacity. These 
results highlight the superior rate performance of MoNb12O33-based 
batteries over graphite-based batteries even at low temperatures. 

Future works may use the parameter dataset with validation data 
from this study in further DFN modelling and simulation studies. It 
would also be useful to investigate the effect of higher electrode active 
mass loadings (3–5 mAh cm− 2) on the rate capability and cycling per
formance of cells using Wadsley-Roth niobium oxides, to better define 
the electrode and cell design boundaries for power cells and energy cells, 
respectively. 
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