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a b s t r a c t 

Sodium-ion batteries (SIBs) have been heralded as the most promising “beyond lithium” energy storage 

technology. This proclamation is based on recent technological trends and the outstanding performance 

of the state-of-the-art prototype 18650 and pouch cells. However, improving the design and performance 

of SIBs requires an in-depth understanding of the electrochemical behavior of the electrodes from both 

an experimental and physics-based modeling perspective. In this contribution, experimental characteri- 

zations of SIB electrode materials based on N a 3 V 2 ( P O 4 ) 2 F 3 (NVPF) cathode and hard carbon (HC) anode 

are presented. The goal of this experimental investigation is to understand the individual electrode be- 

havior and further elucidate relevant parameters for physics-based models. As a result, geometric, ther- 

modynamic, and kinetic parameters are deduced from the two SIB electrodes. Based on the analyses of 

Na//NVPF and Na//HC half-cells, diffusion mass transport limitations and Ohmic losses are identified for 

both electrodes. These overpotential losses are equally present in full cell SIBs composed of NVPF and HC 

electrodes. These results are useful in the setup of SIB physics-based models. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Sodium-ion batteries (SIBs) are an emerging class of recharge- 

ble batteries, which have been proclaimed as the most viable 

omplementary technology to the ubiquitous lithium-ion batteries 

LIBs) [1–3] . Although both LIBs and SIBs were discovered around 

he same time in the 1970 s , interests in SIBs quickly faded soon 

fter, due to the failure of Na intercalation in graphite and the 

ack of alternative anode materials [4] . The rejuvenated interest in 

IBs can be traced to the discovery of hard carbon (HC) as SIB an-

de by Stevens and Dahn in the year 20 0 0 [ 5 , 6 ]. Since then, un-

recedented progress has been witnessed in the SIB technology, 

redominantly in the last decade [7] . This is evidenced by several 

ilestone achievements such as the discoveries of new classes of 

athode materials and the assembly of full cell SIBs [ 8 , 9 ]. In addi-

ion, commercialization effort s also began in the last decade, and 
∗ Corresponding author. 
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ave been spearheaded by start-ups such as Faradion, Tiamat, Al- 

ris, and HiNa [10–15] . The main driver for this technological trend 

s the supply shortage risk of LIB materials [1] . Therefore, the avail- 

bility of several nickel- and cobalt-free chemistries is expected to 

esult in sustainable, low-cost and high energy dense SIBs. 

Among the several possible combinations of SIB active ma- 

erials, one of the most promising is the one based on the 

 a 3 V 2 ( P O 4 ) 2 F 3 (NVPF) cathode and HC anode [13] . This battery 

as first developed via the collaboration of the French National 

enter for Scientific Research (CNRS), Alternative Energies and 

tomic Energy Commission (CEA), and the Collège de France, un- 

er the umbrella of the French network for electrochemical energy 

torage (RS2E) [10] . These effort s culminated in the first cylindri- 

al 18,650 SIBs in 2015 [10] . In other investigations, the electrolyte 

omposed of NaP F 6 salt and equal weight mixtures of ethylene car- 

onate (EC) and propylene carbonate (PC) was identified as a sta- 

le electrolyte composition in SIB systems [16] . It is therefore judi- 

ious, to further investigate this combination of electroactive com- 

ounds, in order to understand the characteristics of the HC//NVPF 

IB. 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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NVPF and HC are two electrode materials with different struc- 

ures and charge storage mechanisms. NVPF belongs to the NA- 

ICON (Natrium Superionic Conductor) family of compounds [17–

9] . Charge insertion in NVPF occurs via the reversible intercala- 

ion mechanism [ 20 , 21 ]. Because of the multiple oxidation states 

f vanadium, i.e. V 

3+ , V 

4+ , and V 

5+ and the inductive effects of the 

 P O 4 ) 
3 − and F − anions, NVPF exhibits a high cathodic voltage [22–

4] . The charge transfer process in NVPF can be written as 

 a 3 V 

III 
2 ( P O 4 ) 2 F 3 � NaV 

IV 
2 ( P O 4 ) 2 F 3 + 2N a + + 2 e −. (1) 

Eq. (1) is a general electrochemical half-reaction showing the 

eversible exchange of 2 N a + per formula unit in NVPF. This results 

n a theoretical capacity of 128 mAh g −1 , which makes NVPF one 

f the most stable and high energy dense SIB cathode materials 

2] . 

On the other hand, the HC anode is structurally composed of 

raphene-like parallel layers embedded in a microporous amor- 

hous phase [5] . Charge insertion in HC occurs via mechanisms 

f mesopore/nanopore filling and adsorption on graphene layers 

25–27] . It should be mentioned that correlating the microstruc- 

ural properties of HC to the observed voltage profiles remains 

ontroversial and an active area of research [ 2 , 28 ]. Nevertheless, 

C achieves an impressively high specific capacity of about 300 

Ah g −1 which approximates to that of graphite in LIBs. 

In this work, the experimental methods applied to both NVPF 

nd HC electrodes are described, in order to derive parameters 

or physics-based, pseudo-two-dimensional (P2D) modeling. The 

2D equations and model structure are described elsewhere [29] . 

hese models generally require many parameters, which are clas- 

ified as geometric, thermodynamic, transport, and kinetic proper- 

ies [ 30 , 31 ]. As many as 35 model parameters were recently iden-

ified [32] . For a new battery chemistry, such as the SIB, the need

or reliable, experimentally determined parameters cannot be over- 

tated. This problem is further complicated by the fact that most 

arameters are either unknown or not agreed upon. Yet, these 

odel inputs within reasonable accuracy constitute the backbone 

or accurate, physics-based models. It is therefore imperative that 

he battery modeling parameters be derived from dedicated exper- 

ments designed for this purpose. 

The physical and electrochemical parameters of room temper- 

ture SIBs based on NVPF and HC electrodes and 1 M NaP F 6 
 C 0 . 5 : P C 0 . 5 (w/w) electrolyte are herein determined using half- 

ell and full cell experimental setups. The experiments are specif- 

cally designed for parameter determination and P2D model val- 

dation. Physical property tests based on Scanning Electron Mi- 

roscopy (SEM), electrochemical tests based on three-electrode 

alf-cell gravimetric intermittent titration technique (GITT) tests, 

nd three-electrode full cell (dis)charge rate tests are used as a 

trategy to yield 15 model parameters in a few dedicated inves- 

igations. From the GITT analyses, concentration-dependent kinetic 

ate parameters and diffusion coefficients can be further derived 

33] . Because battery manufacturers do not typically provide the 

equisite extensive parameter set, these experimental characteriza- 

ions are necessary complementary tools to enable accurate P2D 

odeling. 

. Experimental 

A PAT-Cell (EL-Cell GmbH, Hamburg, Germany) was used as the 

lectrochemical test cell. The PAT-Cell is composed of an 18 mm 

iameter PAT-core in which battery electrodes can be assembled. 

he PAT-core components include a factory-assembled separator 

urrounded by a prefabricated Na-metal ring, which acts as the ref- 

rence electrode (Na-RE). This configuration allows the Na-RE to be 

lose enough to the battery electrodes for accurate measurements. 

n addition, two stainless steel upper and lower plungers complete 
2 
he PAT-core configuration, allowing external electrical contact and 

niform pressure distribution on the electrodes. In configuring the 

AT-core, it is also important to select the correct lower plunger 

ize, which ensures good electrode contact with the separator and 

voids electrolyte leakage. Detailed images of the EL-Cell PAT-cell 

re shown in Fig. 1 . 

Half-cells and full cells were thus assembled in an argon-filled 

love box (Innovative Technology, Inc. Newburyport, MA), where 

xygen and moisture levels were controlled below 1 ppm. These 

onditions prevent surface oxidation of the highly reactive metallic 

odium electrodes. After assembly, the PAT-Cells were hermetically 

ealed with a polyethylene sealing ring and placed in a climate 

hamber (Maccor, model MTC-010) at 25 °C. Cell voltage measure- 

ents were recorded using Maccor® automated cycling equipment 

Model 4200), and cycling programs were configured in Maccor®

tandard test software (MacTest 32). 

Reproducible results were obtained with the PAT cells. Further- 

ore, the Na-RE was stable at all test conditions. The half-cell con- 

guration allows individual electrodes to be cycled to their full 

apacity. As metallic Na counter electrodes (CE) were used, it is 

ecessary to use thick separators, which can withstand dendrite 

rowth. Na-RE in a three-electrode configuration was used to ob- 

ain accurate measurements of the working electrode potentials. 

uch a design eliminates additional overpotentials arising from the 

hick separator and metallic CE. 

.1. Electrodes 

Dry, double-side coated NVPF and HC electrodes with single- 

ide mass loadings of 12 and 6 mg c m 

−2 respectively, were 

sed. These coated electrodes were supplied by the manufacturer 

SAFT/CEA). The electrode balancing work was completed in the 

ecently concluded in the EU-funded NAIADES project [ 34 , 35 ]. Be- 

ause sodium does not alloy with aluminum at the anode-side, alu- 

inum was used as the current collector for both electrodes. The 

dvantages of using aluminum instead of copper as the anodic cur- 

ent collector have been discussed recently [1] . The double-coated 

lectrodes were first scrapped on one side to delaminate and ex- 

ose the current collector using a surgical blade. It is advisable 

o delaminate only the small area intended to be cut out because 

ingle-side coated electrodes curl and become difficult to handle. 

8 mm diameter electrodes were then cut to size using an 18 mm 

iameter electrode punching tool. Better cuts were obtained when 

he laminated side was cut facing up on a soft plastic base. This 

rocedure was followed for both the NVPF and HC electrodes. 

Unlike lithium, which is commercially available as a foil, sodium 

s sold in cubes immersed in mineral oil. To prepare thin sodium 

lectrodes, sodium metal cubes (Aldrich, 99.9%) were first washed 

ith propylene carbonate to remove the mineral oil and then 

iped dry with a soft tissue. The cube was then cut in half using 

 surgical blade to expose the pristine metal surface. The half-cube 

nd aluminum foil were then sealed in a polypropylene plastic bag. 

his procedure was carried out inside the glove box. 

To prepare flat sodium electrodes, the sealed bag was taken 

utside the glove box, and the cube was pressed against the alu- 

inum foil using a hydraulic press until a flat electrode surface 

as obtained. The plastic protects the pristine metal surface from 

he air contamination and sticking to the press. The aluminum 

oil, therefore, becomes the current collector. Sodium electrodes 

ith a thickness of 400 μm were thus obtained. After pressing, 

he sealed sodium electrode was reintroduced in the glove box, 

nd 18 mm diameter electrodes cut to size using the electrode 

unching tool. Other studies have established that the procedure 

or making sodium electrodes has a significant impact on the sta- 

ility of electrochemical results [36–38] . This is consistent with our 
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Fig. 1. The PAT-Cell components and configuration. Image of the PAT-Cell inside a climate chamber showing the potentiostat cable connectors and PAT-Stand which enables 

the connection with the PAT-Cell to the potentiostat cables (a). Components of the PAT-Cell (b). 
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wn findings. The sodium electrodes obtained after pressing are 

hown in the Supplementary Information (Fig. S1). 

.2. Electrolyte 

1 M NaP F 6 E C 0 . 5 : P C 0 . 5 (w/w) electrolyte was prepared starting 

ith pure solvents and salt. Equal mass samples of EC and PC were 

ixed before being heated and stirred at 60 °C. The heating al- 

ows EC to melt and dissolve. The salt, NaP F 6 (Kishida, anhydrous, 

9.0%) was finally dissolved in the E C 0 . 5 : P C 0 . 5 (w/w) solvent to 

ake an electrolyte of 1 M concentration, which was used in all 

nvestigations. This procedure was carried out in the glove box. No 

lectrolyte additives were used, and all electrolytes and salts were 

sed as received. 

.3. Physical property analyses 

Scanning electron microscopy (SEM) micrographs obtained on 

uanta FEG 650 (FEI, USA) environmental SEM operated at a volt- 

ge of 20 kV were used to analyze the morphology of the NVPF 

nd HC electrodes as well as the 25 μm FS 3005–25 separator 

Freudenberg Viledon). Gold sputtering was applied to the samples 

o enhance conductivity and reduce charge accumulation during 

easurements. The particle size distribution and the average par- 

icle radii of the positive and negative electrodes were determined 

rom the scan images. 

The thicknesses of the double-side coated NVPF and HC elec- 

rodes, and the aluminum current collectors were measured by a 

igital-micrometer screw gage (Helios Preisser, Digi-Met). Thick- 

ess measurements were taken at random points of the electrodes. 

he average, single-side coating thickness was obtained by sub- 

racting the current collector thickness from the average double- 

ide coating thickness and dividing by 2. Electrode porosity was 

rovided by the manufacturer (SAFT/CEA), while the thickness and 

orosity values of the separator were taken from the correspond- 

ng datasheets [39] . 
3 
.4. Electrochemical testing 

The voltage profiles of the NVPF and HC electrodes were de- 

ermined by three-electrode, half-cell measurements. These cells 

ere composed of the aforementioned Na metal electrode as CE, 

 prefabricated Na-RE, and either a NVPF or HC porous electrode 

s working electrodes. In addition, 1 M NaP F 6 electrolyte and a 

20 μm thick FS-5P separator (Freudenberg Viledon FS 2226E + Ly- 

all Solupor 5P09B) were used. The FS-5P separator is composed 

f two layers of nonwoven polypropylene fiber (FS: 180 μm thick, 

7% porous) and a microporous polyethylene film (5P: 38 μm thick, 

6% porous). Because of this composition and thickness, the FS-5P 

eparator has a high porosity, good wettability, and high resistance 

o dendrite growth. These characteristics make it a good choice for 

alf-cell tests. 

After assembly in the argon-filled glove box, the PAT-Cell was 

ermetically sealed and placed in a climate chamber at 25 °C. 

he Na//NVPF half-cells underwent 5 formation cycles at a con- 

tant current of 0.1 mA / 0.039 mA c m 

−2 (corresponding to ap- 

roximately C/30, where C-rate is based on the storage capacity 

btained at slow (dis)charge rate) in the cell voltage range of 3.0 

o 4.3 V vs. Na + /Na. The formation stage allows the growth of a 

rotective surface layer on the active electrode particles and re- 

ults in stable cycles [40] . After the formation stage, the cells were 

harged in 3 consecutive stages: (i) 0.1 mA constant current (CC) 

harging until the upper cutoff cell voltage of 4.3 V, (ii) constant 

oltage (CV) charging for 3 h at 4.3 V, and (iii) open-circuit voltage 

OCV) relaxation for 1 hour. The CV stage allows the maximum cell 

apacity to be reached, while the OCV period allows the sodium 

oncentration gradients to equilibrate. After charging, the cell un- 

erwent discharge rate testing at different currents of 0.1, 0.2, 0.3, 

nd 0.4 mA, corresponding to C/30, C/15, C/10, and C/7.5, respec- 

ively. After each discharge rate test, the above-mentioned 3 stage 

harging protocol was repeated to maintain consistency in the ini- 

ial discharging starting point. 

The Na//HC half-cells similarly underwent an identical forma- 

ion and cycling procedure in the voltage range of 0.3 mV to 2.0 V 
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s. Na + /Na. The formation stage consisted of 5 CC (dis)charge cy- 

les at 0.2 mA / 0.078 mA c m 

−2 , corresponding to approximately 

/15. After formation, a 3-stage discharge protocol was applied 

omprising of: (i) 0.1 mA CC until a cutoff voltage of 2 V has been

eached (ii) 3 h CV at 2 V followed by (iii) a 1-hour OCV relax-

tion period. Discharge herein refers to Na extraction from the HC 

lectrodes, which increases the electrode potential. The half-cells 

ere then sodiated upon charging at different rates of 0.1, 0.12, 

.14, and 0.16 mA (C/30, C/25, C/21, and C/19) until the cutoff volt- 

ge of 0.3 mV. Because of a long and flat voltage plateau close to 

 V vs. Na + /Na, finding the optimal lower cutoff voltage for the 

C electrode is indeed challenging [ 36 , 41 ]. This is because dur-

ng charging, it is important to maintain HC electrode potentials 

bove zero volts, to avoid Na plating and dendrite formation. How- 

ver, the cutoff potentials are defined by the total cell voltage, a 

alue which contains contributions of all overpotentials, including 

he activation and charge transfer overpotential of the CE electrode 

nd the electrolyte Ohmic drop. For the HC electrode, a cell cutoff

oltage of 0.3 mV, however, resulted in a high electrode capacity 

ithout Na plating. This cutoff voltage value can be different in 

ther setups. 

.5. Determination of electrode parameters using GITT 

Galvanostatic intermittent titration technique (GITT) was per- 

ormed with the assembled Na//NVPF and Na//HC half-cells. Start- 

ng with a fully discharged Na//NVPF half-cell, 30 GITT steps were 

pplied, which comprised of a CC charging pulse of 0.1 mA (C/30) 

ntil the cell capacity reached 0.1 mAh followed by an OCV rest 

eriod of 1 hour. Because Coulomb counting was used to define 

he pulse duration (and not time), each GITT pulse was approxi- 

ately 1 hour long. A low current of C/30 was applied during the 

C period, in order to minimize voltage overpotentials. The OCV 

tage was set for a duration of 1 hour, a time in which voltage

elaxation is expected to reach a steady-state. After the 30 GITT 

teps, the cells were then fully charged to 4.3 V in CV mode for 

 h. 

GITT with the assembled Na//NVPF half-cells was similarly per- 

ormed using discharge current pulses. Starting with the fully 

harged cells, 30 GITT steps were applied, which comprised of a 

C discharge pulse of 0.1 mA (C/30) until the discharge capacity 

eached 0.1 mAh, followed by an OCV relaxation period of 1 hour. 

fter the 30 GITT steps, the cells were then finally discharged to 

 V in the CV mode for 5 h. 

The GITT procedure with the assembled Na//HC half-cells was 

erformed using discharge current pulses. The cells were initially 

harged using a CC of 0.1 mA (C/30) until the cell voltage reached 

.3 mV. This cutoff voltage corresponds to fully charged HC elec- 

rodes. Afterward, 29 GITT steps were applied to the cells, which 

omprised of CC discharge at 0.1 mA until the capacity reached 0.1 

Ah followed by OCV relaxation for 1 hour. The Na//HC half-cells 

ere then finally were discharged at a CV of 2 V for a period of

 h. Because of the challenges at low anode potentials, namely the 

isk of Na plating and the flat low voltage profile of the HC elec- 

rodes, the GITT procedure could only be performed with discharge 

urrent pulses. 

.6. Full cell cycling 

Galvanostatic discharge cycles of the HC//NVPF full cells were 

erformed in a three-electrode setup, which included a Na-RE. The 

node and cathode were comprised of 18 mm diameter, single-side 

oated NVPF and HC electrodes, respectively. In addition, a 25 μm 

S 3005–25 separator and 1 M NaP F 6 E C 0 . 5 : P C 0 . 5 (w/w) elec- 

rolyte were used. Unlike in the half-cell configurations, wherein 

hick, 220 μm separators had to be used, thin 25 μm separator 
4 
ere used in the full cells. This is because there is less risk of 

hort circuits as a result of dendrite formation in full cells. Further- 

ore, a thin separator resembles the thickness used in practical 

IBs. Therefore, the full cell setups closely mimic the performance 

f real SIBs. 

After assembly in the argon-filled glove box, the PAT-Cell was 

ermetically sealed and placed in a climate chamber at 25 °C. 5 

ormation cycles at 0.2 mA were applied to the cells in the voltage 

ange of 2.0 to 4.2 V. This allowed a solid electrolyte interface (SEI) 

ormation and stabilization of the cell capacity. After formation, 

he cells underwent multiple discharge cycles at different current 

ensities of 0.5, 1, 2.5, 5, 7.5, 10, 12 and 24 A m 

−2 , correspond- 

ng to 0.05, 0.1, 0.3, 0.6, 0.9, 1.2, 1.4 and 3 C, respectively, where 

C-rate = 8.3 A m 

−2 . To maintain consistency in the starting point 

f discharging, the charging cycle was performed in three stages: 

i) galvanostatic CC charging at 0.2 mA, until the cell voltage of 

.2 V (ii) potentiostatic CV charging at 4.2 V for 3 h and (iii) OCV

elaxation for 1 hour. This 3-stage charging procedure is designed 

o maintain constant initial concentrations without concentration 

radients in either the electrode particles or the electrolyte. This 

harging procedure results in initial conditions consistent with the 

nitial value considerations in the P2D model. 

. Results and discussion 

In the nomenclature of variables, a distinction is made be- 

ween electrode and electrolyte parameters. In addition, an effort 

s herein made to distinguish between positive (NVPF) and neg- 

tive (HC) electrode parameters. For instance, the concentration, 

iffusion coefficient, and kinetic rate parameters are written in the 

orm: c θ,m 

, D θ,m 

and k m 

, respectively. The subscript θ symbolizes 

he phase of the variable, which can either be in the solid phase 

 θ = 1 ) or in liquid/electrolyte phase ( θ = 2 ) and the subscript m

ymbolizes the cell domain, which can either be the positive NVPF 

lectrode ( m = p), the negative HC electrode ( m = n ) or the sepa-

ator ( m = s ). 

.1. Physical analyses 

Fig. 2 shows SEM micrographs of the NVPF and HC electrodes 

t different magnifications. The NVPF and HC active particles have 

 diameter of the order of 1 μm and 10 μm, respectively. A meso- 

orous phase of conductive additives and binders can similarly be 

bserved at a sub-micron scale. The NVPF particles have in general 

mooth, spherical shapes, while the HC particles have irregular cu- 

ic shapes with sharp edges. The edges on the HC particles con- 

titute highly reactive sites for electrochemical reactions [42] . The 

VPF electrode exhibits a dual-scale porosity in its microstructure 

ue to the agglomeration of active particles. Similar agglomerates 

ave also been identified in LiN i 0 . 5 C o 0 . 2 M n 0 . 3 electrodes [43] . Out- 

ide these agglomerates, macropores with a diameter of approx- 

mately 3 μm can be identified in the NVPF electrode at a mag- 

ification of 13.0 0 0. This dual-scale porosity is known to improve 

he overall rate performance of the electrodes [44] . This is because 

he macropores result in electrodes with low tortuosity and act as 

ransport “highways” for Na + ions in the electrolyte. 

Fig. 3 a and b show the particle size distribution of NVPF and 

C electrodes. The average active particle radii of NVPF and HC 

re 0.59 and 3.48 μm, respectively. The two electrodes, however, 

xhibit a wide dispersion of particle sizes. The distribution of HC 

lectrode particles, in particular, has a high standard deviation of 

.5 μm. In contrast, the NVPF electrode shows a standard devia- 

ion of 0.5 μm. The irregular shapes and the large particle size dis- 

ribution in the HC electrode increase the slurry viscosity, which 

as been reported as one of the challenges encountered during HC 

lectrode coating at industrial scale [ 2 , 45–47 ]. 
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Fig. 2. Top view SEM micrographs of NVPF and HC electrodes at different magnifications. 

Fig. 3. Electrode particle size distribution of NVPF (a) and HC (b). Particle sizes determined from SEM micrographs. 
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Fig. 4 a and b show SEM images of the FS 3005–25 separa- 

or used in the full cell SIBs. This separator is composed of a 

olypropylene fiber base impregnated by a mixture of binder and 

 l 2 0 3 ceramic particles. The fibers and the particles can be ob- 

erved at both magnifications. Fig. 4 c shows the cross-section im- 

ge of a double-side coated NVPF and HC electrode with a sepa- 

ator in between. On each electrode, 3 layers representing the Al 

urrent collector (in the middle) and two porous electrode coat- 

ngs on either side of the Al current collector can be observed. It 

an also be observed that the NVPF electrode is more compact and 

ence has less porosity than the HC electrode. The average thick- 

ess of the Al current collector is 22 μm while the average thick- 
5 
ess of double-side coated NVPF, and HC electrodes including the 

urrent collector are 158 and 149 μm, respectively. 

Table 1 summarizes the physical electrode properties obtained. 

hese electrode dimensions constitute important inputs in P2D 

odels because the optimization of the electrode thickness and 

article size, starting with unknown parameters, requires remesh- 

ng and changes to the model time step, which can cause model 

nstability. Moreover, the determination of extended parameters 

uch as diffusion coefficients and kinetic rate constants is depen- 

ent on the accurate knowledge of the particle size and electrode 

hickness measurements. For these reasons, it is important to carry 

ut extensive physical property characterizations of battery elec- 
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Fig. 4. SEM micrographs of a FS 3005–25 separator at a magnification of 800 (a) and 12.0 0 0 (b). Cross-sectional view of double-side coated NVPF electrode, HC electrode, 

and FS 3005–25 separator (c). 

Table 1 

Summary of physical properties of the main SIB components. 

Parameter Unit Description NVPF HC Separator 

L double μm Double-side coating thickness (average) 153-163 (158) 137-155 (149) - 

L CC μm Current collector thickness 22 22 - 

δm μm Single-side thickness 68 64 25 

R m μm Mean particle radius 0.59 3.48 - 

ρm g c m 

−3 Density 3.2 (a) 1.6-2.0 (b) (1.95) 1.4 

A c m 

2 Area 2.545 2.545 2.545 

εel 
m - Electrolyte volume fraction 0.20-0.25 0.49-0.52 0.55 

(a) data derived from Dugas et al. [40] 

(b) data derived from available literature sources [ 40 , 48–50 ] 
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rodes. Nevertheless, holistically incorporating the material prop- 

rties in P2D models is not straightforward either. This is because 

2D models conceptually consider spherical, monodisperse parti- 

les whereas, in reality, electrodes can have a broad particle size 

istribution, and the particles can have a variety of shapes (as 

hown in Figs. 2 and 3 ). In most cases however, the particles can

e assumed spherical, and the average particle size and electrode 

hickness can be used as the approximate and representative phys- 

cal parameters. 

.2. Na//NVPF half-cell 

Fig. 5 shows the results from 3-electrode electrochemical test- 

ng of a Na//NVPF half-cell in the voltage range of 3 to 4.3 V. The

oltage profile of the NVPF electrode exhibits a characteristic steep 

oltage step around 3.7 to 4.1 V vs. Na + /Na. Fig. 5 a shows for-

ation (dis)charge cycles performed at 0.1 mA (0.039 mA c m 

−2 , 

/30). The electrode records a reversible capacity of 94, 98, and 

03 mAh g −1 in the 1st, 2nd and 5th cycle, respectively. In the 1st 

ycle, voltage artifacts around 3.8 V are observed. Note, these 1st 

ycle artifacts are only recorded in Na//NVPF half-cells, and are re- 

ated to secondary electrochemical reactions occurring at the Na 

E [37] . Subsequent cycles, however, demonstrate voltage stability 

nd improved Coulombic efficiency. Fig. 5 b shows dQ/dV curves for 
6 
he 2nd and 5th cycle. Despite an increase in electrode capacity 

n the 5th cycle, the derivatives look similar four voltage plateaus 

arked in Roman numerals I to IV can therefore be distinguished 

n the voltage range of 3.6 to 4.3 V vs. Na + /Na. Such a step-wise

oltage profile is associated with crystallographic phase transitions 

n the NVPF electrode material [ 51 , 52 ]. 

Fig. 5 c shows the low current voltage discharge profiles of 

n NVPF electrode at 0.1, 0.2, 0.3, and 0.4 mA, corresponding to 

/30, C/15, C/10, and C/7.5, respectively. The Roman numerals I 

o IV are again used to mark the respective voltage plateaus. Us- 

ng the extrapolation-to-zero-current method, the equilibrium po- 

ential (EMF) can be determined from the voltage profiles at low 

ates. The as-obtained EMF is shown in Fig. 5 c by the black line.

etails of the extrapolation-to-zero-current method have been de- 

cribed by Danilov et al. [53–55] . Fig. S2 in the Supplementary In- 

ormation shows more details about the determination of the NVPF 

MF. Based on the NVPF EMF, a reversible electrode capacity of 101 

Ah g −1 is determined. Fig. 5 d shows the NVPF electrode over- 

otential and rate-dependent discharge capacity as a function of 

ischarge current. Considering more or less linear dependencies, 

he NVPF storage capacity decreases with increasing current den- 

ity at a rate of 28 h c m 

2 g −1 , while the average overpotential in- 

reases at a rate of 370 � c m 

2 . The average overpotential is calcu- 

ated from the voltage difference between the EMF and the various 

oltage discharge curves. These numbers are highly relevant for a 
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Fig. 5. Na//NVPF half-cell tests. Formation (dis)charge cycles, showing the electrode potential as a function of the transferred charge (a). dQ/dV curves of the 2nd and 5th 

cycle vs . the electrode potential (b). Low-current voltage discharge profiles of the NVPF electrode obtained at C/30, C/15, C/10, and C/7.5 (c). NVPF electrode rate-dependent 

discharge capacity (red line) and average overpotential (blue line) as a function of discharge current density (d). 
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omparison with those found for the HC electrode to be presented 

elow. 

.3. Na//HC half-cell 

Fig. 6 a shows the (dis)charge formation cycles obtained with a 

C electrode at 0.2 mA (C/15 rate). Using a cutoff cell voltage of 

.3 mV, the electrode has a first cycle capacity and irreversible ca- 

acity loss of 125 and 9 mAh g −1 , respectively. The first cycle ir- 

eversible capacity loss is defined as the difference between the 

harging and discharging capacities. This difference is caused by 

ntrapped Na in the micropores [56] . The HC irreversible capac- 

ty loss of only 9 mAh g −1 is impressively low. By comparison, 

arger irreversible capacity losses of approximately 62 mAh g −1 

ave been reported before [40] . Because in a full cell configura- 

ion, the cathode is the only source of intercalated N a + and the 

tandard practice is to oversize the anode to avoid Na plating, any 

rreversible capacity related to the anode is therefore highly detri- 

ental to the storage capacity [56] . The relatively low irreversible 

apacities of HC found herein is therefore very favorable for assem- 

ling high capacity SIBs. 

The subsequent HC cycles in Fig. 6 a show improved Coulombic 

fficiencies. For example, the irreversible capacity loss found in the 

th cycle reduces to only 1 mAh g −1 . However, the HC electrode 

hows a significant voltage difference between (dis)charge cycles. 

ecause this has an effect of reducing the energy efficiency of full 

ells, this phenomenon will be discussed in relation to full cell SIB 

oltage profiles. 
7 
Fig. 6 b shows the dV/dQ curves of the HC electrode in the 1st 

nd 5th cycles. Identical dV/dQ profiles for the two cycles demon- 

trate a highly stable cycling behavior. The charge and discharge 

lateaus are located at 0.06 and 0.12 V vs. Na + /Na, respectively. An 

EI peak located at 0.9 V, as previously reported by Dugas et al . 

40] , is however not so pronounced in the present study due to 

he fact that no electrolyte additives were used. 

Fig. 6 c shows the voltage curves of an HC electrode during 

harging at 0.1, 0.12, 0.14, and 0.16 mA (C/30, C/25, C/21, C/19). 

gain, using the extrapolation-to-zero-current method [53–55] , the 

MF of the HC electrode has been determined. Fig. S3 shows the 

etails of this determination for the HC EMF. Based on the EMF, 

 reversible electrode capacity of 222 mAh g −1 is obtained (black 

urve in Fig. 6 c). At the low charging current of 0.1 mA (C/30),

he HC electrode has a capacity of 187 mAh g −1 . Increasing the 

harging rate from 0.1 mA to 0.16 mA results in a 23% decline in 

lectrode capacity, i.e. from 187 to 144 mAh g −1 . Such a rapid de- 

line demonstrates the difficulty to access the full capacity of the 

C electrode because of the flat, low-voltage plateau toward full 

harge. It also points to a potential challenge for fast charging HC- 

ased SIBs; because of the very low rates required to reach the full 

apacity while avoiding Na plating on the anode. 

Fig. 6 d shows the variation of the electrode capacity and av- 

rage overpotential as a function of current density. The average 

verpotentials at different char ge rates are calculated as the aver- 

ge voltage difference between the HC EMF and the HC voltage 

rofile at a given charge rate. As the current density increases, the 

ate-dependent electrode capacity linearly decreases at a rate of 
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Fig. 6. Formation (dis)charge cycles of a Na//HC half-cell, showing the electrode potential vs . transferred charge (a). dQ/dV curves of the 1st and 5th cycles vs . electrode 

potential (b). Low current voltage charge curves at C/30, C/25, C/21, and C/19 (c). HC charge capacity (red line) and overpotentials (blue line) at the different discharge rates 

(d). 
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780 h c m 

2 g −1 , while the overpotential increases linearly at a rate 

f 1600 � c m 

2 . Both numbers are significantly higher in compar- 

son to those of the NVPF electrode ( Fig. 5 d), indicating that the

C electrode can be considered as the rate-limiting and capacity- 

imiting electrode in charging SIBs. 

.4. GITT measurements 

Fig. 7 shows an overview of the 30 GITT steps obtained for the 

VPF electrode in the voltage range of 3.0 to 4.3 V during charg- 

ng (a) and discharging (b). The CC pulses are shown in red sym- 

ols while the OCV rest periods are shown in blue. Fig. 7 also 

hows in more detail, the cathode voltage profiles, in the voltage 

ange of 3.6 to 3.7 V vs. N a + / Na during charging (c) and discharg-

ng (d). At this higher magnification, 2 Vage plateaus separated 

y about 20 mV can be identified, which were hardly visible in 

ig. 7 a and b. The voltage plateaus correspond to phase transition 

egions, while the voltage slopes correspond to solid solution re- 

ions [57] . Fig. 7 further shows in more detail, the GITT profiles 

n the upper-voltage plateau region, in the voltage range of 4.1 to 

.2 V vs. N a + / Na during charging (e) and discharging (f). Voltage 

lateaus can also be identified in this voltage region, although the 

eparation of the plateaus is not as distinct as in the low voltage 

egion. In Fig. 7 c to f, variations in the GITT relaxation periods can 
8 
e discerned at voltage slopes and voltage plateaus. These changes 

an be attributed to changes in the diffusion coefficient and phase 

ransition in the material [58] . 

Fig. 8 a shows the 29 GITT steps obtained for the HC electrode 

uring discharging in the voltage range of 0.3 mV to 2.0 V. The 

C pulse and OCV relaxation are shown in red and blue dots re- 

pectively. Fig. 8 also shows in more detail, the GITT profiles in the 

oltage sloping region (b) and in the low voltage plateau region 

c). Compared to the NVPF GITT profiles in Fig. 7 , the OCV voltage

elaxation toward steady-state occurs faster for the HC electrode. 

his indicates a higher solid-state diffusivity of Na in the HC com- 

ared to the NVPF electrode. 

GITT data in combination with a half-cell P2D model and opti- 

ization can be used to simultaneously determine solid-state dif- 

usion coefficient ( D 1 ,m 

) and the kinetic rate constant ( k m 

) as a 

unction of the transferred charge [ 59 , 60 ]. The details of this op-

imization procedure and the P2D GITT model setup have been re- 

ently described elsewhere [33] . 

Fig. 9 shows the calculated diffusion coefficient ( D 1 ,p ) and rate 

onstant for the charge transfer reaction ( k p ) of the NVPF elec- 

rode. The EMF of the NVPF cathode is, for comparative reasons, 

lso shown in (a), this allows a correlation between the EMF with 

he relevant parameters and various phase changes occurring in 

he NVPF electrode. Fig. 9 b and c show D 1 ,p and k p as a func- 
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Fig. 7. GITT measurements of a Na//NVPF half-cell. Voltage profiles of 30 GITT steps obtained during charging (a) and discharging (b) in the voltage range of 3.0 to 4.3 V. 

Magnified view of profiles in the lower voltage plateau during charging (c) and discharging (d). Magnified view of profiles at the upper voltage plateau region during charging 

(e) and discharging (f). 

9 
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Fig. 8. GITT measurements of a Na//HC half-cell configuration. 29 discharge GITT 

steps are obtained in the cell voltage range 0.3 mV to 2.0 V (a). Magnified view of 

discharge GITT profiles obtained in the upper (b) and lower voltage region of HC 

(c). 
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Fig. 9. NVPF parameters derived from GITT P2D simulations. EMF voltage curve of 

an NVPF electrode as determined by the extrapolation-to-zero-current method (a). 

Calculated diffusion coefficients, D 1 ,p (b) and charge transfer rate constants, k p (c) 

as a function of transferred charge in the electrode. 
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ion of transferred charge, respectively. There is a clear shift in the 

iffusion coefficient moving from the lower voltage plateau region 

average D 1 ,p = 1 . 1 · 10 −17 m 

2 s −1 ) to the upper voltage plateau re- 

ion (average D 1 ,p = 5 . 8 · 10 −17 m 

2 s −1 ). On the other hand, the k p 
alues (c) show an exponential increase as a function of the trans- 

erred charge at toward the end of the charging process. An av- 
10 
rage value of k p = 1 . 3 · 10 −12 m 

2 . 5 mo l −1 . 5 s −1 is obtained for all 

easurements. However, not all D 1 ,p and k p values could be accu- 

ately determined using the P2D GITT model, in particular at the 

teep voltage slope regions. This is because the single phase region 

s very short and it is therefore difficult to accurately define the 

MF at steep voltage slope regions [33] . 

Fig. 10 shows results of the calculated diffusion coefficient 

 D 1 ,n ) and rate constants ( k n ) for the HC electrode. The EMF of HC

s shown in Fig. 10 a in order to align the EMF and the calculated

arameters. Fig. 10 b and c show D 1 ,n and k n , as function of trans- 

erred charge, respectively. Comparing NVPF and HC, two materials 

ith different crystallographic structures and charge storage mech- 

nisms, it is evident that the HC parameters do not exhibit a large 

ariations as a function of transferred charge. Average values of 

 1 ,n = 3 . 6 · 10 −16 m 

2 s −1 and k n = 5 . 5 · 10 −12 m 

2 . 5 mo l −1 . 5 s −1 are 

btained. In addition HC parameters D 1 ,n and k n ( Fig. 10 b and c) 

re higher than NVPF parameters D 1 ,p and k p ( Fig. 9 b and c), This 

eans solid-state mass transport and kinetic rates are higher in HC 

ompared to NVPF particles. 

Using the following diffusion length expression, it is now pos- 

ible to estimate the time it takes for the diffusion of N a + in NVPF

nd HC particles. The diffusion time is calculated as 

m 

= 

R 

2 
m 

4 D 1 ,m 

, m = { n, p } , (2) 

here τm 

is the diffusion time in electrode particle m [s] and R m 

s the mean particle radius. Taking D 1 ,p = 1 . 1 · 10 −17 m 

2 s −1 and 

 1 ,n = 9 · 10 −16 m 

2 s −1 , the average diffusion coefficients toward 
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Fig. 10. HC parameters derived from GITT P2D modeling. The EMF profile of an HC electrode is determined by the extrapolation-to-zero-current method (a). Calculated 

diffusion coefficients, D 1 ,n (b) and kinetic rate constants, k n (c) as a function of transferred charge. 
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he end of discharge, the diffusion times obtained for NVPF and HC 

articles are τp = 2 h and τn = 1 hour, respectively. This shows that 

iffusion limitations are more severe in NVPF particles, where large 

oncentration gradients can be expected at moderately high dis- 

harge rates above 0 . 5 C. That is despite the submicron mean size

f the NVPF particles. The implication of these results in the P2D 

odel setup is that the NVPF particles should have a fine mesh 

lose to the particle surface and use concentration dependent D 1 ,p 

nd k p parameters, in order to obtain accurate concentration pro- 

les [61] . 

.5. Complete batteries 

In complete SIBs based on an NVPF cathode, a HC anode and 

 Na-RE, the individual electrode potentials for the NVPF ( V p ) and 

C ( V n ) are related to the full cell voltage ( V bat ) as 

 bat = V p − V n . (3) 

Fig. S4 of the Supplementary Information shows the voltage 

rofiles obtained during the formation cycles for a HC//NVPF SIB. 

hese profiles were obtained at a constant current of 0.2 mA 

0.07C) and cutoff voltages 2 and 4.2 V. In the first formation cycle 

black curves), a high capacity of 3.3 mAh is recorded. Note, the 

rst cycle voltage profile of NVPF shown in Fig. S4b does not ex- 

ibit the same voltage artifacts as was the case in the Na//NVPF 

alf-cells ( Fig. 5 a), thus confirming the effect of the Na CE to the

oltage artifacts. 
11 
Fig. 11 shows the 5th (dis)charge cycle during formation. 

ig. 11 a shows profiles of V bat while the individual voltage pro- 

les V p and V n .are shown in Fig. 11 b and c, respectively. It should 

e emphasized that the difference V p − V n exactly matches V bat . 

or example, at the lower cutoff voltage of 2 V, V p = 3 . 64 V and

 n = 1 . 64 V vs. N a + / Na , as expected. A characteristic feature of the

C//NVPF voltage profiles is the pronounced voltage difference be- 

ween (dis)charge cycles. This was also identified in the half-cell 

dis)charge profiles ( Figs. 5 a and 6 a). Integration of the area be-

ween the (dis)charge voltage curves for V p and V n and comparing 

hese two areas to the area in V bat reveals that V n accounts for 60% 

f the total voltage difference in full cell (dis)charge cycles. There- 

ore, the HC electrode has the largest contribution to the round- 

rip energy loss. 

In terms of electrode balancing, the SIB shown in Fig. 11 is de- 

igned to maximize energy density. At full charge, the HC anode 

ttains a high gravimetric capacity of 177 mAh g −1 at a low elec- 

rode potential at 0.05 V. During the same charging cycle, the NVPF 

athode also attains a high reversible capacity of 89 mAh g −1 at 

.25 V. These gravimetric capacity calculations were based on the 

lectrode loading of 6 mg c m 

−2 for HC and 12 mg c m 

−2 for NVPF. 

evertheless, safely charging such a high energy density SIB can 

e quite challenging because of the strong rate-dependent storage 

apacity of the HC electrode, especially in the low voltage plateau 

egion (see Fig. 6 d). This means, very low charging rates must be 

pplied to reach full charging capacities. In practice, this will in- 

vitably prolong the charging period of energy optimized SIBs us- 

ng HC anodes. 
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Fig. 11. Formation (dis)charge cycles of HC//NVPF full cell at 0.2 mA (0.07 C). Full cell voltage profile (a). NVPF cathode voltage profile (b). HC anode voltage profile (c). (b) 

and (c) measured with respect to the Na-RE. 
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Fig. 12 shows the voltage discharge curves of a HC//NVPF SIB at 

he various indicated discharge currents, in the operation range of 

 to 4.2 V. Fig. 12 a shows V bat measured between the NVPF and HC

lectrodes. Fig. 12 b and c show V p and the V n measured vs . Na-RE, 

espectively. The capacity of the HC//NVPF full cell at 0 . 5 A m 

−2 

0.05 C) is 2.81 mAh ( Fig. 12 a). At higher discharge rates, the dis-

harge capacity decreases due to kinetic and mass transport limi- 

ations. Increasing the discharge rate from 0 . 5 to 24 A m 

−2 (0.05 

o 3 C), decreases the cell capacity from 2.81 to 0.94 mAh. This 

orresponds to a 66% decrease in storage capacity. 

Another effect of increasing the discharge rate is the decrease 

n the cutoff electrode potentials of both V p (b) and the V n (c). The 

bsolute potential change of an electrode ( �V m 

) can be calculated 

s 

V m 

= 

∣∣V 

ini 
m 

− V 

cut 
m 

∣∣, m = { n, p } (4) 

here V 

ini 
m 

is the initial OCV of electrode m at full charge and 

 

cut 
m 

is the cutoff electrode potential of electrode m at a given dis- 

harge rate. �V m 

thus defines the contribution of electrode m to 

he full cell voltage drop. Therefore, the electrode with the largest 

V m 

can be viewed as the discharge capacity-limiting electrode 
12 
t a given C-rate. At the slow discharge rate of 0 . 1 C, the nega-

ive electrode is the discharge capacity-limiting electrode because 

V p = 0 . 7 V is less than �V n = 1 . 5 V. However, at 3C discharge

ate, the positive electrode becomes the discharge capacity-limiting 

lectrode, because �V p = 1 . 6 V is larger than �V n = 0 . 6 V. This

eans that the full cell V bat profiles are dominated by the voltage 

hange of the HC electrode at slow discharge rates, while at high 

ischarge rates, they are dominated by the voltage change of the 

VPF electrode. The high �V p at high discharge rates corroborates 

he low diffusivity and rate constants found in the NVPF material 

compare Figs. 9 and 10 ). 

Fig. 13 a shows the evaluation of individual electrode voltage 

rop as a function of the discharge current density. The initial volt- 

ge drop ( iR ) contributions from the anode and cathode are shown 

n Fig. 13 a. The initial voltage drop is calculated as the difference 

etween V 

ini 
m 

and the electrode potential soon after the discharge 

urrent pulse is applied. Linear dependencies are obtained for both 

lectrodes, consistent with Ohm’s law. The slope of these lines de- 

ermines the electrode Ohmic resistance, which includes that of 

he current collector, the porous electrode contact resistance, the 

orous matrix resistance, and electrolyte resistance. The NVPF and 

C electrode specific resistances are calculated to be 99 . 4 � c m 

2 
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Fig. 12. HC//NVPF full cell voltage discharge profiles at different indicated C-rates (a). NVPF cathode potential during CC discharge (b). HC anode potential during CC discharge 

(c). (a) and (b) measured with respect to the Na-RE. 

Fig. 13. Initial voltage drop contributions for the cathode (red) and anode (blue) at different discharge rates (a). Rate-dependent capacity as a function of current densities 

(b). 
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nd 43 . 2 � c m 

2 , respectively. Therefore, improvements to the SIB 

ells should further seek to reduce the NVPF electrode Ohmic re- 

istance, which is very high and more than twice that of the HC 

lectrode. This resistance results in Joule heating in the cells, which 

an hinder the scalability of the cells and modules in large bat- 
13 
ery pack installations. Previous modeling reports have identified 

he contact resistance as the most dominant factor to the initial 

oltage drop [ 62 , 63 ]. Moreover, the NVPF material is a known poor

lectric conductor [64] . Therefore, there is a need to optimize the 

arbon conductive filler and NVPF electrode porosity. Such multi- 
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arameter optimization objectives can be guided by P2D model- 

ased design [65] . 

The results in Fig. 13 a may appear to contradict the low overpo- 

entials in NVPF (shown in Fig. 5 d) and the high overpotentials in 

C (shown in Fig. 6 d). This is because Ohmic losses only consider 

lectronic conductivity in the solid components of the electrode. 

n contrast, total overpotentials additionally account for electrode 

inetics and species mass transport in the electrodes and in the 

lectrolyte [66] . 

Fig. 13 b shows the capacity decrease of the full cell SIB as a 

unction of the discharge current density. The capacity decreases 

xponentially as a function of discharge rate. Using this data, we 

an deduce an empirical model for the rate-dependent capacity of 

he SIB 

C ( i ) 

C 0 
= 1 −

(
1 − C ( i 1 C ) 

C 0 

)
·
(

i 

i 1 C 

)n 

, (5) 

here C(i ) is the cell capacity at discharge rate i [mAh], C 0 is the

ell capacity extrapolated to zero current [mAh], i 1 C is the 1-hour 

ischarge current [ A m 

−2 ] and n is the dimensionless exponent. 

or this SIB, C 0 = 2 . 9 mAh , C( i 1 C ) = 2 . 3 mAh , i 1 C = 8 . 33 A m 

−2 and

 = 0 . 7 . Eq. (5) is analogous to Peukert’s law [ 67 , 68 ] and can be ap-

lied to deduce C(i ) for a constant discharge rate, and benchmark 

he rate performances of different SIBs. The only unknowns are C 0 
nd n which can be found by optimization. Alternatively, C 0 can be 

aken from the EMF. A further simplification is that Eq. (5) is di- 

ensionless and therefore can be applied to any SIB cell of a dif- 

erent dimension. Nevertheless, this relationship is not applicable 

t the very high discharge rates. 

Using the maximum cell capacity of 2.9 mAh and electrode 

oading of 12 and 6 mg c m 

−2 for NVPF and HC, respectively, it is 

ow possible to determine Q 

re v 
m 

the maximum reversible capacities 

f both electrodes. Q 

re v 
p = 95 mAh g −1 and Q 

re v 
n = 190 mAh g −1 for 

VPF and HC electrodes, respectively. These values are close to the 

MF capacities of 101 mAh g −1 ( Fig. 5 c) and 222 ( Fig. 6 c) obtained

n Na//NVPF and Na//HC half-cells, respectively. The half-cell and 

ull cell values therefore only differ slightly. 

For modeling purposes, it is also convenient to determine the 

aximum and minimum reversible concentrations in the particles. 

his definition can be given as 

 

max 
1 ,m 

= 3 . 6 

ρm 

Q 

max 
m 

F 
, m = { n, p } (6) 

 

min 
1 ,m 

= 3 . 6 

ρm 

Q 

min 
m 

F 
, m = { n, p } (7) 

here c max 
1 ,m 

and c min 
1 ,m 

are the maximum and minimum concen- 

rations in the electrode particles, respectively [ mol m 

−3 ], ρm 

is 

he active material density [ g m 

−3 ], Q 

max 
m 

the maximum gravimet- 

ic capacity in the electrode [ mAh g −1 ], Q 

min 
m 

the non-extractable 

harge [ mAh g −1 ], and F is the Faraday constant 96,485 [ C mo l −1 ]. 

he factor 3.6 originates from the conversion of charge units from 

oulomb to mAh. Based on Eq. (1) , Q 

max 
p = 128 mAh g −1 , while 

 

max 
n = 222 mAh g −1 is based on the EMF since there is no gen- 

ral equation for charge insertion in HC . 

In addition, the maximum stoichiometric index, s max 
m 

= 1 and 

he minimum stoichiometric index, s min 
m 

can be defined using the 

quation 

 

min 
m 

= 

c min 
1 ,m 

c max 
1 ,m 

. m = { n, p } (8) 

Table 2 summarizes the electrode parameters deduced from the 

bove electrochemical tests. 

Another figure of merit to benchmark the performance of the 

C//NVPF complete SIB is the Ragone plot, a logarithmic plot of 
14 
nergy density vs . power density and herein shown in Fig. 14 . The

nergy density is calculated based on the total mass loading of 

he active materials ( i.e . 6 mg c m 

−2 HC and 12 mg c m 

−2 NVPF). 

lthough high power operations such as discharge in less than 

2 min are possible, there is a significant loss of energy density 

t these rates. Considering the results in Fig. 9 b and Fig. 13 a, the

ischarge power density of the HC//NVPF SIB is limited by the per- 

ormance of NVPF at high rates due to the material’s low solid- 

tate diffusivity and high Ohmic drop. While low discharge rates, 

uch as discharge in 5 h (0.2 C), maximize the energy density and 

fficiency of the SIB, such operations, however, come at the in- 

onvenience of low power density. The optimum compromise be- 

ween energy and power density is therefore found at the “knee”

f the Ragone plot, which corresponds to approximately the 1 C- 

ate (8.33 A m 

−2 ) for the investigated electrode configuration. 

. Conclusions 

This work presented experimental methods and results of 

odium-ion battery (SIB) electrode materials based on hard carbon 

HC) anode and N a 3 V 2 ( P O 4 ) 2 F 3 (NVPF) cathode. These experiments 

ere conducted in half-cell and full cell setups, wherein a Na ref- 

rence electrode (Na-RE) was used as a third electrode. As a result, 

he geometric, thermodynamic, and kinetic parameters necessary 

or physics-based SIB modeling, were deduced. 

Based on the analysis of physical properties, the electrodes par- 

icles generally exhibit irregular shapes and a wide particle size 

istribution. This is most evident in the HC particles. The knowl- 

dge of the particle sizes allowed the determination of the diffu- 

ion coefficients and the kinetic rate constants as a function of the 

ransferred charge. The results show that HC’s diffusion coefficient 

s an order of magnitude higher than that of NVPF. As a result, 

mproving the high rate performance of the SIB is a question of 

vercoming diffusion mass transport limitations. 

In the analysis of the full cell, the HC electrode shows impres- 

ively low Ohmic resistance, and high discharge rate capability. 

owever, the HC anode contributes 60% of the total voltage differ- 

nces between (dis)charge cycles at low rates. Moreover, accessing 

he maximum capacity of the HC electrodes using constant current 

harging proved a challenge, even at very low currents. This draw- 

ack could hinder the fast charging operations of HC-based SIBs. 

attery management will undoubtedly require smart algorithms to 

ttain the maximum capacity safely. 

On the cathode side, the NVPF electrode exhibits outstanding 

erformance in terms of low overpotentials and capacity reten- 

ion at low rates. However, the NVPF electrode exhibits more than 

wice the Ohmic resistance of the HC electrode. Further, it becomes 

he limiting electrode at high discharge rates. The poor rate per- 

ormance is related to the low diffusion coefficient in the material. 

he high Ohmic resistance is mainly attributed to the low NVPF 

onductivity. This Ohmic resistance can also result in Joule heat- 

ng challenges in battery thermal management when the cells are 

caled up. Therefore, NVPF electrode improvement should focus on 

ptimizing the particle sizes, and carbon conductive additive. Other 

trategies include carbon-coating on the NVPF particles as well as 

he Al current collectors. 

Overall, the performances of the HC//NVPF SIBs are promising, 

nd the results herein demonstrate chemistry and technology with 

eal prospects for scale-up. This conclusion can be drawn because 

he issues outlined above can be addressed through electrode de- 

ign improvements. SIBs can thus be expected to drop-in replace 

ncumbent technologies in myriad battery energy storage appli- 

ations, in particular the stationary applications of peak shaving, 

ime-shifting, and congestion relief. This complementary feature 

f SIBs will further alleviate Li supply shortage risk and result in 
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Table 2 

SIB parameters concluded from the electrochemical investigations. 

Parameter Unit Description NVPF electrode HC electrode Cell 

C cell mAh Cell capacity (a) - - 2.9 

M m mg c m 

−2 Active mass loading 12 6 - 

Q re v 
m mAh g −1 Reversible capacity (b) 95 190 - 

Q max 
m mAh g −1 Maximum capacity (c) 128 222 - 

Q min 
m mAh g −1 Non-extractable charge (d) 33 32 - 

c max 
1 ,m mol l −1 Maximum concentration 15.3 16.2 - 

c min 
1 ,m mol l −1 Minimum concentration 3.9 2.3 - 

s max 
m − Maximum stoichiometric index 1 1 - 

s min 
m − Minimum stoichiometric index 0.25 0.14 - 

R contact , m � c m 

2 Contact resistance 99.4 43.2 142.6 

(a) based on extrapolation to zero current of the HC//NVPF SIB reversible capacity 

(b) reversible electrode capacity from full cell measurements, Q re v 
m = C cell / ( M m · A ) 

(c) based on the theoretical capacity of NVPF and EMF capacity of HC 

( d ) Q 
min 
m = Q max 

m − Q re v 
m 

Fig. 14. Experimentally obtained Ragone plot for an HC//NVPF SIB. 
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