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a b s t r a c t

Sodium-ion batteries (SIBs) are considered as a promising candidate to replace lithium-ion batteries
(LIBs) in large-scale energy storage applications. Abundant sodium resources and similar working prin-
ciples make this technology attractive to be implemented in the near future. However, the development
of high-performance carbon anodes is a focal point to the upcoming success of SIBs in terms of power
density, cycling stability, and lifespan. Fundamental knowledge in electrochemical and physicochemical
techniques is required to properly evaluate the anode performance and move it in the right direction. This
review aims at providing a comprehensive guideline to help researchers from different backgrounds (e.g.,
nanomaterials and thermochemistry) to delve into this topic. The main components, lab configurations,
procedures, and working principles of SIBs are summarized. Moreover, a detailed description of the most
used electrochemical and physicochemical techniques to characterize electrochemically active materials
is provided.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The growth of green energies from intermittent renewable
sources and the prospective electric vehicle expansion entails the
employment of sustainable and low-cost energy storage systems
(ESSs). Since the 1990s, lithium-ion batteries (LIBs) are the widely
used rechargeable batteries due to their high reversible capacity
and cycling stability. Nevertheless, the increasing demand for
lithium and other LIBs basic components with limited or geograph-
ically concentrated reserves (e.g., cobalt and natural graphite) [1],
forces us to explore new, cheaper, and based on more earth abun-
dant elements ESSs.

Sodium-ion batteries (SIBs) are a reasonable alternative to
replace LIBs since sodium and lithium are neighbors in the alkali
metals group, showing similar physical and chemical properties.
Both have comparable standard electrode potentials (–3.04 V vs.
SHE for Li/Li+ and –2.71 V vs. SHE for Na/Na+) and both easily form
cations Li+ and Na+ from a loosely bound electron in their outer
shell. Moreover, sodium is cheaper, considerably more abundant
than lithium in the earth’s crust (2.36 wt% vs. 0.0017 wt%) and
widely dispersed around the continents [2,3]. In addition,
sodium-ion batteries offer other advantages, such as the following:

i. Carbon-based anodes, instead of graphite-based ones, have
the potential to improve battery’s performance by easily
modifying their structural, chemical, and electrochemical
characteristics.

ii. In contrast with lithium-ion batteries, aluminum can be
used as a current collector for both electrodes since it
doesn’t form any alloy with sodium, reducing weight and
cost versus the copper current collector used in LIB anodes
[4].

iii. Both aluminum current collectors allow SIBs to be dis-
charged and stored at 0 V without degradation or safety
risks. This is not possible in LIBs due to Al/Li alloying reac-
tions at a voltage window comprised between –0.1 and
1 V and because dissolution of Cu from the negative current
collector leads to a decrease in the discharge capacity and
cyclic life [5,6].

iv. The desolvation energy for Na ions in several organic sol-
vents is about 30% smaller than that for Li ions. As a result,
charge transfer resistance at the electrode–electrolyte inter-
face is smaller, providing better electrode kinetics [7,8].

v. Layered lithium transition-metal oxides LixTMO2 (x� 1,
TM = transition-metal) are the main commercial cathode
material for current LIBs. Whereas Ni and Co are used in LIBs,
almost all first-row transition-metal elements can be used in
SIBs. This is due to the higher size difference between the
Na-ion (0.102 nm) and the transition-metal ions (0.05–
0.07 nm), which facilitates its separation [9].

vi. Same conductive carbon filler, binder materials and aprotic
electrolyte solvents used in LIBs can also be employed in
SIBs. Moreover, similar technology, working principles and
equipment allow to use same industrial processes and,
therefore, to facilitate the adaptation of current manufactur-
ing processes for SIBs purposes [10].
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Nevertheless, SIBs know-how is still in an early development
stage and there is a long way to go until achieving the full potential
of this technology. In this respect, the design of high-performance
anodes is one of the main challenges, since in contrast to LIBs, Na
ions cannot be intercalated into a graphite electrode. Anodes based
on carbonaceous materials, especially hard carbons (HCs), are the
main candidates to be assembled in commercial SIBs. Nevertheless,
the Na+ storage mechanism is still in discussion and a better under-
standing is required to design engineered carbons with better
performances.

To reach the necessary in-depth knowledge about the carbon
optimal characteristics, an interdisciplinary approach from the
thermochemistry, electrochemistry, and materials field is required.
We think that it can be hindered by the absence of clear and prac-
tical guidelines on the assembly and characterization of batteries,
especially for those not coming from the electrochemical field. This
review aims at providing an overview of the available setups and
characterization techniques for SIBs, which can be helpful for
researchers from different backgrounds. As a starting point, the
main components and working principles of SIBs are summarized,
with special emphasis on the carbonaceous electrode preparation
(e.g., binders and manufacturing). Next, different cell types and
configuration for lab-scale devices are presented. Finally, a detailed
description of the most used electrochemical and physicochemical
characterization techniques is provided.
2. Working principle and components of SIBs

Analogous to lithium-ion batteries, each sodium-ion cell is
made up of a positive and a negative electrode, a separator sur-
rounded by an electrolyte, and two current collectors. Inside this
closed system, for every electron generated in an electrode oxida-
tion, other electron is consumed in the reduction reaction occurred
on the opposite electrode. The electrochemical function of both
electrodes switches between the anode (oxidation) and cathode
(reduction) in accordance with the current direction. In the field
of batteries, however, the positive and negative electrodes are usu-
ally designed as the cathode and anode, respectively (see Fig. 1).
During battery charging (orange arrows), electrons from the cath-
ode oxidation move through the external circuit towards the neg-
ative electrode. Concurrently, in order to preserve charge
neutrality, Na ions pass through the electrolyte and separator to
be hosted in the anode. The opposite process occurs during the bat-
tery discharging (blue arrows), supplying electric power to exter-
nal devices.

The formation of passivation films during the first charge cycles
also determines the cell behavior. The electrolyte reduction on the
anode surface results in the solid electrolyte interphase (SEI) while
the electrolyte oxidation on the cathode creates the solid perme-
able interface (SPI). These passivation layers protect the electrodes
along cycles, blocking the electron transport as pure cationic con-
ductors and avoiding further electrolyte degradation [11,12]. Nev-
ertheless, an excessive growth of the SEI gives rise to sodium ion
trapping and the subsequent capacity loss and energy density drop.
An additional issue to consider is the possible formation of den-
drites on the negative electrode during the charge. Dendrites are



Fig. 1. Working principle of sodium ion batteries.
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metallic microstructures formed by electrochemical deposition of
sodium that, in case of a rapid increase in height, may penetrate
the separator causing internal short circuiting [13]. In the follow-
ing sections, the description of the different components of a SIB
is provided, with a special emphasis on the different materials
studied to date for each part of de device.

2.1. Current collectors

Current collectors need to be good electron conductors and are
designed to transfer electrons from the external circuit to the
active materials of the cell [13]. The choice of the current collector
is relevant since reactions on its surface can limit the operating
potential window of the cell. The current collector placed at the
cathode side can suffer corrosion depending on the electrolyte salt
composition. Stainless steel foils can be used, although aluminum
is the preferred material. A thin passive film developed on the
metal surface makes aluminum more stable at high anodic poten-
tials and allows the maximum cell voltage to increase [14].

At the anode side, the voltage window can be altered if the cur-
rent collector reacts with the cation to form alloys. In lithium-ion
batteries, cooper and aluminum foils are commonly used as cur-
rent collectors for the anode and cathode, respectively. Using Cu
instead of cheaper Al is due to the electrochemical formation of
an amorphous Li-Al alloy at around 0.3 V vs. Li/Li+ [15,16]. How-
ever, since aluminum does not form an alloy with sodium, it can
be used as an anode current collector in SIBs [17]. In addition to
being a cheaper choice, aluminum also shows better overall stabil-
ity than copper, as well as AISI 304 and AISI 316 stainless steels
[18]. Because sodium can be alloyed with tin and lead, special care
must be taken regarding the aluminum purity grade [19].

2.2. Insulator

Depending on the cell type (see Section 4), an insulator is
required to avoid contact between current collectors and to pre-
vent the cell from short-circuit. Biaxially-oriented polyethylene
terephthalate (BoPET), also known by the brand names Mylar,
Melinex or Hostaphan, is a popular insulator for LIBs. However, it
undergoes degradation processes in contact with some electrolyte
decomposition products to form highly reactive radical species
[20]. Meanwhile, polyamides (PA) as Nylon, despite being widely
used in Ni-Cd and Ni-MH batteries, do not seem to be appropriate
for SIBs due to its degradation in alkaline media [21].
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Polytetrafluoroethylene (PTFE), also known as Teflon, is com-
monly used to cover battery plungers. Nevertheless, in contact
with alkali metals at low voltages (below 5 V) it gets defluorinated
and forms carbon. The reduction of PTFE can affect the coulombic
efficiency of the cell and might even cause an internal short circuit
since the produced carbon can be conductive [22–24]. In the case
of sodium, PTFE decomposition was observed in diglyme-based
solvents [25]; however, no evidence was found when carbonates-
based solvents were used [26]. By contrast, polyether ether ketone
(PEEK) is resistant to highly alkaline media [27] and has been used
in SIBs without problems [28]. Finally, polyolefins (PO) such as
polypropylene and high-density polyethylene present higher sta-
bility than PTFE at low potentials [29]. Because of their low reactiv-
ity, polyolefins are used as insulators [30] and even as separators
[31] in cells. In conclusion, PEEK and polyolefins seem to be the
best materials to be chosen as insulators for SIBs.

2.3. Separator

Separators or diaphragms are used to separate the electrolyte
solution surrounding the working electrode from the electrolyte
solutions adjacent to the counter and reference electrodes. This
electronic insulation has to prevent physical contact between elec-
trodes, but ensuring ionic transportation through its micro-sized
pores [13,29]. Polyolefin and glass fiber membranes are the two
widely employed separator types in lab-scale setups [26].

Polyolefin membranes, mostly provided by CelgardTM, are com-
posed of polypropylene and polyethylene. These separators are the
dominant ones in commercial LIBs because of their thinness
(<30 lm), mechanical strength, pore structure, electrochemical
stability, and thermal shutdown properties [29]. However, in lab-
scale setups —where the thickness is not an impediment— the
use of glass fiber membranes (borosilicate glass) is preferred, since
they provide excellent chemical stability [26], higher liquid elec-
trolyte uptake [32], and better thermal stability [33]. Laboratory
fiberglass filters can be used for this purpose. Furthermore, it
should be pointed out that other advanced materials are being
studied as separators in SIBs; for instance, barium titanate-based
porous ceramic flexible membranes [34] and composites derived
from cellulose [35].

2.4. Counter electrode

A counter or auxiliary electrode is the one whose purpose is to
compensate (according to the passed charge and without signifi-
cant parasitic reactions) for the processes taking place at the work-
ing electrode [13]. Since this review is focused on the study of
carbonaceous anodes, the cathode or positive electrode will be
treated as the counter electrode. A suitable counter electrode
(CE) must enable the reversible store charging of the working elec-
trode (WE). Thus, it should offer fast reaction kinetics and highly
enough capacity to enable the complete WE sodiation. Moreover,
reactions occurring in the counter electrode should neither affect
nor contaminate the cell system.

For a certain ion battery, the corresponding alkali metal (metal-
lic sodium for SIBs) has the highest theoretical capacity as counter
electrode [26]. Nonetheless, no alkali metal electrodes are used in
commercial LIBs or SIBs due to safety risks arising from the high
reactivity of the metal as well as the probable growth of dendrites.
Regarding the development of cathode materials for SIBs, sodium
transition metal oxides (TMOs) with a NaxMO2 type structure
(M = transition metal) are the most studied so far (see Table 1).
Some examples are NaCrO2 [36,37], NaxCoO2 [38–40], NaxMnyO2

[41–43], NaxFeyMnyO2 [44,45], NaxNiyMnzCOtO2 [46,47], NaxNiy-
MnyO2 [48,49], and NaxNiyFezMnyO2 [50–52]. Polyanionic com-
pounds are also potential candidates, including olivine-type



Table 1
Performance of several cathode materials.

Cathode material Voltage range (V) Specific capacity (mAh g�1) Rate capability (mAh g�1) Capacity retention Ref.

Sodium transition metal oxides (TMOs)
NaCrO2 2.0–3.6 120 (240 mA g�1) 76.7 (4.8 A g�1) 80.86% (900 cycles) [71]
Na0.7CoO2 2–3.8 112 (50 mA g�1) 84 (1 A g�1) 86% (300 cycles) [72]
Na0.44MnO 1.5–4 120 (50 mA g�1) 69.5 (1.2 A g�1) 93% (150 cycles) [73]
Na2/3Fe1/2Mn1/2O2 1.5–4 126.3 (13 mA g�1) 97.8 (0.260 A g�1) 75.6% (30 cycles) [74]
Na0.55Ni0.1Fe0.1Mn0.8O2 1.5–4.3 221.5 (12 mA g�1) 85 (2.4 A g�1) 75% (100 cycles) [75]
Polyanionic compounds
NaFePO4 2–4 140 (15 mA g�1) 60 (1.15 A g�1) 92% (200 cycles) [76]
Na3V2(PO4)3 2–3.9 115 (23.4 mA g�1) 104 (2.3 A g�1) 70% (10000 cycles) [77]
Na3.1V2(PO4)2.9(SiO4)0.1 2.3–3.9 109.4 (22 mA g�1) 82.5 (2.2 A g�1) 98% (500 cycles) [78]
Na3V1.9(Ca,Mg,Al,Cr,Mn)0.1(PO4)2F3 2–4.5 118.5 (12 mA g�1) 71.4 (6 A g�1) 90.2% (400 cycles) [79]
PBAs
Na1.92Fe2(CN)6 2–4.25 157 (15 mA g�1) 145 (1.5 A g�1) 80% (750 cycles) [80]
Na2Mn[Mn(CN)6] 1.2–4 209 (40 mA g�1) 157 (1 A g�1) 75% (100 cycles) [81]
Na2CoFe(CN)6 2–4.1 153 (10 mA g�1) 60 (0.5 A g�1) 90% (200 cycles) [82]
Na0.7Ti[Fe(CN)6]0.9 2–4.2 92.3 (50 mA g�1) 35.4 (0.4 A g�1) 70% (50 cycles) [83]
Organic materials
Na2C6O6 0.5–3.2 498 (50 mA g�1) 371 (1 A g�1) 83.4% (50 cycles) [68]
Na4C8H2O6 0.1–1.8 186 (18.7 mA g�1) 117 (0.935 A g�1) 89% (100 cycles) [70]
Calix[4]quinone/Carbon 1.2–4.2 435 (0.1 C) 170 (1 C) 46% (100 cycles) [84]
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(NaFePO4) [53,54], NASICON-type (Na3V2(PO4)3) [55,56], sulfates
(Na2M(SO4)2�nH2O) [57], fluorophosphates (NaxMPO4F) [58–62],
fluorosulfates (NaMSO4F) [63], silicates (Na2MSiO4) [64], and
pyrophosphates as Na7V3(P2O7)4 [65]. Moreover, Prussian blue
analogues (PBAs) have gained interest during the last years
because of their low cost, open framework structure, and long
cycle stability [66,67]. Finally, carbonyl-based organic salts such
as Na2C6O6 [68], C6Cl4O2 [69], and Na4C8H2O6 [70] have recently
been considered due to their sustainability and universal availabil-
ity in natural systems.

When the electrode of interest (WE) is tested against sodium
metal, the battery is called ‘‘half-cell”, whereas when both cathode
and anode are being analyzed simultaneously the battery is named
‘‘full cell” [85]. Half-cells are mainly used when the study is
focused on the development of the anode. However, even though
this simpler cathode is only used to provide charges to the working
electrode, some aspects must be considered. A solid permeable
interface (SPI) appears when the sodium metal electrode is in con-
tact with the electrolyte. This electronically insulating and ion-
conducting surface layer passivates the active metal and protects
it from corrosion thanks to electron transfer blocking [86]. As stud-
ied for LIBs, the movement of the cation from the electrolyte to the
CE requires desolvation at the SPI/electrolyte interface, mass trans-
port through the SPI, and charge transfer at the SPI/metal interface
[87,88]. The higher solubility of SPI compounds originated in SIBs
may hinder the formation of a functional and stable solid elec-
trolyte interphase [89,90], and special care must be taken with
the electrochemical measurements made at the anode (see
Section 5.5).

2.5. Working electrode

The working electrode is the electrode at which a given elec-
trode process is examined [13] and, according to the topic of this
review, it refers to the negative electrode (anode). Since graphite
is not able to intercalate Na ions [91] and metallic sodium is not
a suitable candidate due to the formation of dendrites [92] and
high reactivity against electrolyte [89], alloy-, conversion-,
organic-, and insertion-based electrodes are being studied for SIBs
(see Fig. 2).

i) Alloying electrodes are based on the sodium alloying and
dealloying reaction with some elements from groups 14 and 15
to form Na-M intermetallic binary compounds. These anode mate-
rials deliver high capacities from 300 to 2000 mAh g�1, since a sin-
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gle atom can be alloy with manifold Na ions. However, large
volume changes degrade the electrode and give rise to low cycla-
bility [93]. Sn [94–98], Sb [99–101], P [102–104], Ge [105–107],
Bi [108–110], Si [111–114], Pb [115], and As [116] have been inves-
tigated as anodes in SIBs.

ii) Conversion reaction electrodes react during sodiation to
form new products according to: MaXb + (bc)�Na � aM + bNacX;
where M is a transition metal and X a non-metal. Metal oxides
[117], sulfides [118], selenides [119], nitrides [120], phosphides
[121], and hydrides [122] have been explored for anodes in SIBs.
These electrode materials also deliver high specific capacities up
to 1800 mAh g�1. Nevertheless, large volume expansion upon
cycling, until 430% and 300% for phosphides and oxides, respec-
tively, lead to irreversible capacity losses and low initial coulombic
efficiencies [123].

iii) Organic electrodes with multielectron reversible redox
reactions at C@N and C@O sites are starting to be considered in
order to achieve flexible, low-cost, sustainable, and based on natu-
ral resources anodes [124,125]. Small organic molecules as dis-
odium terephthalate [126,127], carbonyl insertion compounds
[128], Schiff-base polymers [129] and polyamides [130] are being
studied.

iv) Insertion or intercalation electrodes store Na ions inside
their structure without disturbing their three-dimensional frame-
work, and therefore suffering less volume expansion in comparison
to alloying and conversion electrodes. The amount of intercalated
sodium is determined by the thermodynamic equilibrium at the
electrode/electrolyte interface and specific capacities higher than
400 mAh g�1 are seldom reached. Carbon based materials are the
most studied insertion electrodes for SIBs because of their chemi-
cal and thermal stability and their similarity with graphite (e.g.,
petroleum coke [131], pitch carbon fibers [132], synthetic carbons
[133], and biomass-derived carbons [134]). Among all of them,
hard carbons (HCs), especially those produced from biomass
wastes, are the most promising and studied material for SIBs
anodes due to their high storage capacity and cycling stability,
together with economic and sustainability motivations [135,136].

Hard carbons are non-graphitizable materials due to the high
oxygen content and disordered structure of their precursors,
whether biomass or synthetic organics. After carbonization proce-
dures, HCs contain randomly oriented pseudographitic domains
where sodium ions can be intercalated. Moreover, this carbona-
ceous material also contains some porosity, surface defects, and
heteroatoms (N, S, P, etc.), those supply pathways for sodium



Fig. 2. Simplified scheme of the sodiation in alloy-, conversion-, organic- and intercalation-based electrodes (red spheres represent Na+).
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mobility and more sodium storage active sites. In view of the
above, three different sodium storage behaviors have been
reported for HCs in the literature: (i) intercalation between pseu-
dographitic layers, (ii) adsorption on the surface edges, defects,
and heteroatoms, and (iii) nanopore filling. Nonetheless, there is
still a lack of consensus concerning the sodium storage mecha-
nisms along the galvanostatic charge–discharge (GCD) voltage pro-
files, and six different models have been proposed: (i) insertion-
filling model [137], (ii) adsorption-insertion model [36], (iii) three
stage model [138], (iv) four stage model [139], (v) extended
adsorption-insertion model [140], and (vi) adsorption-filling model
[141]. More information on the mechanisms and the HC produc-
tion (e.g., treatment temperature, porosity development, presodia-
tion, and doping strategies) can be found in a previous review
article, which focused on plant-derived hard carbon anodes for SIBs
[142].

Binder compounds
Binders hold the active materials of the electrode together and

fixed to the current collector, making possible the passage of elec-
trons and therefore allowing the battery performance. Despite
being only a small fraction of the anode (typically 5–10 wt%), they
play an important role in the cycling stability and rate capability of
LIBs and SIBs [143]. Since LIBs appeared in the market, polyvinyli-
dene fluoride (PVDF) has been the most commonly used binder
material in lab and commercial cells [144]. Besides its good adhe-
sion properties and electrochemical stability, PVDF can absorb the
electrolyte to facilitate the ion transport across the active material
[143]. However, PVDF suffers severe volume expansions and par-
tially decomposes during cell cycling, which alters the electro-
chemical behavior, decreases the coulombic efficiency (CE), and
shortens the battery life [145,146]. Vogt et al. [147] confirmed
the partial decomposition of PVDF and formation of NaF when they
used 1 M NaClO4/ propylene carbonate electrolyte, resulting in a
lower initial CE and the early degradation of the battery perfor-
mance. Furthermore, PVDF entails the use of N-methyl-2-
pyrrolidone (NMP) as solvent, being toxic, expensive, environmen-
tally unfriendly, flammable, and energy intensive to produce and
recover [148].

For the above reasons, relatively low cost and environmentally
benign water-soluble binders have been proposed as alternatives
to PVDF. For LIBs, carboxymethyl cellulose [149,150], styrene buta-
diene rubber [151], poly(acrylic acid) [152], lithium polyacrylate
[153], sodium alginate [154], chitosan [155], tragacanth gum
[156], gelatine [157], polyethylene glycol [158], and lignin
[159,160] were studied. Regarding SIBs —where PVDF decomposi-
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tion can also damage the WE by separating and electrically isolat-
ing the carbon particles, resulting in lager polarization, capacity
decay, and/or lower CE [144,161]— sodium carboxymethyl cellu-
lose (Na-CMC), styrene butadiene rubber (SBR), poly(acrylic acid)
(PAA), and sodium alginate (Na-Alg) have been studied so far as
water-soluble alternatives (see Fig. 3 and Table 2).

(i) Na-CMC is a linear polymeric derivate of cellulose and an
inexpensive and environmentally friendly material. It is synthe-
sized by the alkali-catalyzed reaction with chloroacetic acid and
mainly consists of b-linked glucopyranose residues with varying
levels of carboxymethyl (�CH2COO�) substitutions [162]. Lee
et al [163] showed how an increase in the degree of substitution
(DS) and a decrease in the molecular weight (MW) of CMC pro-
duced lower charge transfer resistance, higher ion conductivity,
better wettability with the electrolyte, and better Li+ mobility as
LIB binder. Concerning SIBs, Dahbi et al. [161] demonstrated that
the use of a Na-CMC binder, for a NaPF6/propylene carbonate elec-
trolyte, improved (in comparison with PVDF) the passivation role
of the solid electrolyte interface on the hard carbon (HC)-based
electrode surface and therefore the cell reversibility and cyclabil-
ity. Other research groups have also published promising results
concerning the use of Na-CMC as a binder [164–166].

(ii) SBR is a synthetic rubber that can be used as an electrode
binder in the form of aqueous emulsions, with solid contents
around 50 wt%. Despite SBR can provide appropriate elasticity
and flexibility, it has too low mechanical strength and its water
emulsion exhibits too low viscosity to generate a sufficient coating
rheology [167]. As a result, the elastic and heat-resistant SBR [168]
is commonly applied in combination with the stiffer, thickener and
best ionic conductor CMC. Muruganantham et al. [169] tested a Na-
CMC/SBR binder in an HC anode for SIB and obtained higher initial
coulombic efficiencies, reversible capacities, and rate performances
than those obtained with the conventional PVDF binder. They sug-
gested that the Na-CMC/SBR binder can promote the electrode con-
ductivity while the PVDF-based one enhances the isolation of
active materials and increases the thickness of SEI. Moreover, they
noted that the water-soluble binders easily penetrated into the
porous structure of carbons and contributed to improved long-
term cycling stability, due to the hydrogen bonding between car-
boxyl groups in CMC and hydroxyl groups on the HC surface. The
Na-CMC/SBR binder have also been successfully tested at several
mass percentages of Na-CMC and SBR with respect to the whole
electrode: 1.5:1.5 [170,171]; 3:2 [172–174]; 5:5 [175,176] and
6:4 [177,178].

(iii) PAA is a synthetic high-molecular weight polymer of
acrylic acid, which was used as binder in Sn4P3-[179], CuP2/C-



Table 2
Advantages and disadvantages of the most used binders in SIBs.

Binder Advantages Disadvantages

PVDF � Widely used and developed market.
� High chemical and mechanical stability.

� Volume expansion, partial decomposition, and carbon particles isola-
tion during SIB cycling.

� NMP as solvent: toxic, expensive, environmentally unfriendly, and
flammable.

� Controlled manufacturing to avoid vapor dispersion and recovery sys-
tem to recycle the solvent.

Aqueous binders � Environmentally benign, can be employed in air, and no
solvent recovery is required.

Na-CMC � Inexpensive and derived from cellulose.
� Good adhesion and ionic conductivity.
� Improved electrode cyclability.

SBR � High elasticity and thermal stability.
� The mixture Na-CMC/SBR enhances the binder properties.

� Low mechanical strength and viscosity.

PAA � Good adhesion and electrode cyclability
Sodium alginate � More polar than Na-CMC: higher interfacial interactions

and adhesion.
� Natural polymer.

Free binder electrodes � Higher electronic conductivity and ionic diffusion.
� Enhanced energy density and cycling stability.

� Early stage of development.
� Template-assisted methods or other advanced techniques (e.g., elec-
trospinning) are usually required.

Fig. 3. Molecular structures of (a) PVDF, (b) PAA, (c) Na-CMC, and (d) Na-Alg.
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[180], FeP-[181], and Sb-based anodes [51,101]. Similar to Na-CMC,
PAA forms strong hydrogen bonds with the active materials and
current collectors due to the availability of carboxylic acid groups
[182]. Other authors also used its sodium salt (Na-PAA) as binder
for black phosphorus-[104], Sn-[97], and iron phosphide-based
[183] anodes. Fan et al. [184] employed Na-PAA with N-doped hol-
low carbon nanotubes and obtained better results —compared
with the traditional PVDF binder— in terms of electrochemical
activity, internal resistance and SEI homogeneity. Darjazi et al.
[185] assessed the influence of various water-soluble binders for
a coffee ground-derived HC and they found PAA better than CMC
and PVDF in terms of reversible capacity and capacity retention
after 100 cycles, only surpassed by the alginate binder.

(iv) Na-Alg is the sodium salt of the natural polysaccharide algi-
nic acid. Na-Alg is extracted from brown algae and also contains
carboxylic groups in each of the polymer’s monomeric units. De
la Llave et al. [186] obtained similar performances for Na-CMC
and Na-Alg binders for hard carbon anodes, reporting a stable
and constant capacity value in SIBs for more than 250 cycles, much
higher than those obtained with a PVDF binder. On the other hand,
Hwang et al. [17] stated that Na-Alg is more polar than Na-CMC
and provides better binder/particles interfacial interactions and a
stronger electrode/collector adhesion. Na-Alg binder properties
were tested for HC electrodes and several papers have been pub-
lished since 2018 [187–192].
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Regardless of the material finally chosen, it should be noted that
binders may reduce the ionic diffusion by decreasing the electronic
conductivity and blocking HC pores, since binders are usually insu-
lating and electrochemically inactive materials. As an alternative,
binder-free or self-supported electrodes are emerging to improve
the electronic conductivity as well as the energy and power densi-
ties. Recently, a hard carbon self-supported electrode was prepared
through simple impregnation of cellulose and cotton filter papers
with a phenolic resin solution, prior to a mechanical pressing and
subsequent carbonization [193]. Binder-free electrodes were also
produced from carbonized-leaf membranes [194] and wood carbon
[195]. However, the development of binder-free electrodes is at an
early stage and to our knowledge, no more plant-derived HC self-
supported electrodes have been tested in SIBs. Additional informa-
tion about binder-free electrodes for sodium-ion batteries is avail-
able in a previous review [196].
2.6. Reference electrode

When current flows through the electrochemical cell, one of the
electrodes should remain practically constant in order to have a
well-defined potential reference value to measure or control the
potential of the electrode under investigation [13]. For this pur-
pose, a good reference electrode (RE) must be non-polarizable,
reproducible, and stable during all electrochemical measurement



Darío Alvira, D. Antorán and J.J. Manyà Journal of Energy Chemistry 75 (2022) 457–477
length. In essence, the RE must act as a spectator that observes one
point in the current line distribution between the WE and the CE
without altering the cell performance [197–199].

Taking a look back at LIBs setups, lithium metal has been the
most used reference electrode material [200]. However, it cannot
be considered a suitable RE because of the irreversibility of its reac-
tions [201]. Potential deviations are generated from the reactions
between the active metal and solution species that change the pas-
sivation layer on the Li surface [86,202]. As a solution, metallic
alloys and insertion materials have been studied to replace Li ref-
erence electrodes. Alloy materials such as Li-Sn [200,203,204], Li-
Al [205,206], Li-Bi [198], and Li-Au [30,207] show relatively stable
potentials and allow the use of metallic wires that can be lithiated
in-situ to form the alloy at its surface. Care must be taken because
dealloying of RE and the consequent potential drift can occur over
time [30]. Insertion materials as lithium titanium oxide (Li4Ti5O12)
[208–212] and lithium iron phosphate (LiFePO4) [199,213] give
two-phase reactions upon intercalation or deintercalation with
lithium. Since they operate within the stability window of most
electrolytes, a passivation free surface and high potential stability
are achieved [26,199]. Finally, quasi-reference (QREs) or pseudo-
reference electrodes (PRE), which consist of a simple metal wire,
do not show a suitable behavior in LIBs due to electrochemical
changes at its surface during cell operation [201,214].

Back to SIBs, sodiummetal is the commonly used RE [215–218],
despite having shown to be unstable and poorly reproducible [85].
As previously mentioned, the generation of an unstable SEI on
sodium metal surface causes impedance increasing and unreliable
voltage measurements [219]. Moreover, a signal associated with
electroactive degradation products can result in erroneous inter-
pretations when they are confused with the intercalation reactions
inherent to the WE [220]. Despite the widespread use of metallic
sodium, silver wire [221] and activated carbon [28,85] were inves-
tigated as pseudo-reference electrodes. Recently, Linsenmann et al.
[170,171] designed a micro-reference electrode for SIBs based on
an in-situ sodiated 50 lm tin-coated copper wire, with a potential
stable enough to allow in-situ Electrochemical Impedance Spec-
troscopy. More information about reference electrodes perfor-
mance in SIBs is provided in Section 5.

2.7. Electrolyte

The selection of the electrolyte is a key point to achieving a sat-
isfactory SIB performance. As previously mentioned, a solid elec-
trolyte interphase (SEI) appears on the negative electrode due to
the electrolyte components decomposition. SEI controls the
reversibility and kinetics of sodium insertion into hard carbon elec-
trodes while the solid permeable interface (SPI) also affects the
cathode surface. Since different behaviors in SEI solubility and
mechanical properties between LIBs and SIBs exist [89,90,222],
research is required to select proper electrolytes for SIBs to
achieve: (i) high ionic and no electronic conductivity; (ii) wide
electrochemical stability window (the potential region where no
considerable electrochemical oxidation–reduction of the elec-
trolyte takes place [18]); (iii) no reactivity with cell components
(separator, binder, collectors, etc.), (iv) wide thermal stability win-
dow, and (v) low toxicity, environmentally friendliness and low
cost [19,223].

2.7.1. Alkyl carbonate-based electrolytes
Most liquid electrolytes in SIBs consist of sodium perchlorate

(NaClO4) or sodium hexafluorophosphate (NaPF6) salts dissolved
in carbonate ester-based solvents. Carbonates can be linear, such
as diethyl carbonate (DEC) and dimethyl carbonate (DMC), or cyc-
lic, like propylene carbonate (PC), ethylene carbonate (EC), and
butylene carbonate (BC). In most cases, 1 M salt concentration is
463
dissolved in a pure carbonate solvent (or binary mixtures of car-
bonates). Moreover, other salts as sodium bis(fluorosulfonyl)imide
(NaFSI), sodium bis(trifluoromethylsulfonyl)imide (NaTFSI) and
sodium trifluoromethanesulfonate (NaOTf) have also been investi-
gated [224–227].

Sodium perchlorate (NaClO4) was the first and up to now the
most widely used salt for SIB electrolytes. However, it is known
that an unstable SEI appears when NaClO4 is used in combination
with alkyl carbonates [228]. Moreover, Kumar et al. [229] found a
continuous growth of SEI associated with the high reduction
potential and low barrier for the ring-opening of EC. As a potential
improvement, several studies showed how fluorinated electrolytes
give rise to a more stable SEI, best electrode kinetics and higher
conductivity. Fluorinated compounds produce NaF on the elec-
trode surface, which has low solubility in an aprotic solvent and
hinders the electrolyte decomposition. That is why NaPF6-based
electrolytes supply better HC electrode reversibility and cyclability
[230].

Pan et al. [231] reported that NaF together with sodium ethy-
lene decarbonate (SEDC) were the main components of the SEI
layer in a HC-based anode when 1 M NaPF6 was used. Sodium alkyl
carbonates, sodium carboxylate, Na2CO3, and NaxPFyOz were also
detected in lower concentrations. Based on the influence on SEI,
the suitability of NaPF6-based electrolytes was also confirmed by
Bhide et al. [18] and Lee et al. [232], who observed that NaPF6 in
EC:DMC provided better HC electrode kinetics than NaClO4 or
NaCF3SO3 salts.

Regarding the possible effects of solvent, Ponrouch et al. [19]
found much higher ionic conductivity for mixtures than for single
solvent-based electrolytes in the following descending order: EC:
DMC, EC:PC, EC:DEC, PC, DMC, and DEC. Moreover, after evaluating
the suitability of several salts and solvents, they identified the mix-
ture of 1 M NaPF6/EC:PC as the optimum selection. One year later,
Zhao et al. [233] reported better HC capacity retention and thermal
stability when NaPF6 was used in EC:DMC solvent instead of PC. It
must also be considered that, according to Jang et al. [234], DEC can
be unstable in contact with Na metal.

Chen et al [235] recently analyzed the effect of Na salts and
carbonate-based solvents on the electrochemical performance of
HC electrodes, by comparing the use of 1 M NaClO4, NaPF6, NaTFSI,
NaFSI, or NaOTf salt in EC:DEC, EC:DMC, and EC:PC binary solvents
(1:1 v/v). They observed that 1 M NaTFSI/EC:DMC, closely followed
by NaPF6/EC:DCM, as the best electrolyte formulation in terms of
initial coulombic efficiency (ICE), reversible capacity, and electro-
chemical stability (For more information see Section 5.1, entitled
‘‘Fundamental electrochemical concepts”). Hence, fluorinated salts
solved in EC:DMC mixtures seem to be the best electrolyte candi-
dates for SIBs.

2.7.2. Electrolyte additives
The addition of additives to alkyl carbonate-based electrolytes

is a growing strategy to improve SIBs performance. Komaba et al.
[48] in 2011 were the first to test conventional LIBs electrolyte
additives in SIBs. They evidenced how fluoroethylene carbonate
(FEC) in 1 M NaClO4/PC electrolyte improved the reversibility of
the electrochemical sodium insertion in an HC anode. Conversely,
difluoroetyhene carbonate (DFEC), vinylene carbonate (VC), and
ethylene sulfite (ES) additives did not work properly. The suitabil-
ity of FEC addition was later confirmed in NaPF6-based electrolytes,
improving the anode performance due to the suppression of elec-
trolyte decomposition and the lower electrode/electrolyte inter-
phase resistance of the formed SEI [186,230,236]. Moreover,
Bouibes et al [237] found that there was an optimum value for
the FEC concentration, from which SEI became unstable. Recently,
Fondard et al. [226] studied the addition of FEC when NaPF6 or
NaTFSI salts in EC:DMC were used as electrolyte. They reported
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that using a 3 wt% FEC-containing electrolyte improved the overall
cell capacity and coulombic efficiency. The authors suggested that
SEDC available in the SEI played a beneficial role in its physico-
chemical properties, while NaF (more abundant when using FEC)
limited SEDC solubility and improved Na+ conduction through
the SEI.

Interaction between binder and electrolytes must also be con-
sidered. For instance, Dahbi et al. [161] observed that the addition
of FEC (2 vol%) to 1 M NaPF6/PC in an HC half-cell had a positive
effect when PVDF binder was used, but negative when the binder
was Na-CMC. Finally, it is worth mentioning that the following
alternative additives are in the spotlight: succinic anhydride
[238], adiponitrile (ADN) [166], prop-1-ene-1,3-sultone (PST),
and 1,3,2- Dioxathiolane-2,2-dioxide (DTD) [239].

2.7.3. Other electrolytes
Nonfluorinated, ether-based, ionic liquids and aqueous elec-

trolytes are emerging alternatives that try to compete with the
better-known alkyl carbonate-based electrolytes (see Table 3).

(i) Nonfluorinated electrolytes. Since fluorinated compounds
are toxic and undesirable according to the green chemistry princi-
ples, fluorine-free electrolytes are being studied. Recently, Mori-
kawa et al. [164] found 0.5 M sodium tetraphenylborate
(NaBPh4) in 1,2-dimethoxyethane (DME) as a stable electrolyte
for hard carbon anodes. Also, nonflammable solvents as trimethyl
phosphate (TMT) are being considered [51].

(ii) Ether-based electrolytes. Glyme-based electrolytes have
gained growing interest because ethers allow the intercalation of
solvated sodium ions into graphite anodes. It is a reversible process
called ‘‘co-intercalation reaction” that shows suitable reversibility
at low overpotentials and high power performance, though limited
capacity [240–244]. Moreover, ether-based electrolytes as glyme,
diglyme and tetraglyme are starting to be considered as solvent
candidates for HC-based SIBs [245–249]. Ether-based electrolytes
were proven to form thinner and more compact SEI layers than
the ester-based ones, providing higher ICE, even when carbon
materials with high surface areas were tested [249–251].

(iii) Ionic liquids (ILs). Using ILs as electrolytes for SIBs,
although in an incipient state, is growing due to their high conduc-
tivity, environmental compatibility, and high thermal stability. ILs
are molten salts formed by an organic cation (mainly imidazolium
or pyrrolidinium) and delocalized anions such as [FSI]–, [TFSI]–,
tetrafluoroborate [BF4]�, hexafluorophosphate [PF6]�, hexafluo-
roantimonate [SbF6]–, or trifluoroacetate [TFA]– [252,253]. Indeed,
the same salts used with Alkyl carbonate-based electrolytes can
be employed in ILs electrolytes, as NaClO4 [254], NaPF6 [255], or
Table 3
Main properties of different electrolytes used in SIBs.

Electrolyte Advantage D

Carbonate
esters

� Wide electrochemical stability and wide industrial use.
� Fluorinated salts solved in EC:DMC seems to be the best com-
bination for SIBs.

� Additives (as FEC) can improve the cell reversibility.
Ethers � Thinner and more stable SEI layer: higher ICE and long-term

cycling.
ILs � High conductivity, thermal stability, and environmental

compatibility.
� Low vapor pressure and high boiling points.

ASIBs � No toxic or flammable.
WIS � No toxic or flammable.

� Increased voltage window (�3.0 V).
SEs � High safety and energy density.

� Not SEI or side reactions.
GPEs � Better interfacial contact and ionic conductivities.

� High working temperatures are not required.
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NaBF4 [256], being NaFSI [257–259] and NaTFSI [260–262] the
most studied to date.

(iv) Aqueous rechargeable sodium ion batteries (ASIBs) with
high ionic conductivities are being also investigated to solve the
organic electrolytes safety problems (toxicity and flammability).
However, aqueous batteries are challenged by the narrower ther-
modynamic voltage window (1.23 V) and the subsequent lower
energy density [263]. Moreover, other parasitic reactions are also
involved (H2/O2 evolution, electrode materials dissolution, hydro-
gen co-intercalation, etc.) as well as the cell pressure increasing
due to the water decomposition [264]. These impediments can
be mitigated by using the highly concentrated ‘‘water-in-salt”
(WIS) electrolytes, which strongly suppress the water activity
and allow to increase the stable operation window up to �3.0 V.
In these electrolytes, with salt/water mass or volume ratios higher
than 1, all the water molecules are involved in the ion solvation
shells, so no ‘‘free” water is available [265]. Moreover, as in ILs,
the same salts used in the common organic electrolytes can be
selected, being NaClO4 widely studied due to its high solubility
and the wide electrochemical window of the resulting electrolyte
[266,267].

(v) SEs and GPEs. Solid-state electrolytes (SEs) act simultane-
ously as the ion transport medium and the separator, avoiding
dendrite formation, fire or explosion possibility, and side reactions
existing between liquid-phase electrolytes and electrodes. Poly-
ethylene oxide (PEO) is the most studied polymer and has been
investigated in combination with several salts, e.g., NaClO4 [268],
NaPF6 [269], NaFSI [270], and NaTFSI [271]. Inorganic fillers as
SiO2 [271], TiO2 [272], and Al2O3 [273] can be added to facilitate
the ion conduction and improve the performance of SEs. Nonethe-
less, high interface resistances and low ionic conductivity (<10�4 S
cm�1 at room temperature) force to work at temperatures above
60�C [274]. As an alternative to SEs, gel-polymer electrolytes (GPEs)
are composed of liquid plasticizers, allowing better interfacial con-
tact with the electrodes and higher ionic conductivities. Polymer
matrixes as poly(ethylene oxide) (PEO) [275], poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) [276], and polyacry-
lonitrile (PAN) [277] have been used in conjunction with salts and
ester, ether or ionic solvents. More information on this innovative
technology is available in previous reviews [274,278–280].

3. Carbonaceous electrode preparation for lab scales

To make a functional hard carbon working electrode, active
materials need to be mixed with additives and binders to produce
a plane compact electrode and increase its conductivity, elasticity,
isadvantage

� Toxicity and flammability.
� SEI instability.

� Incipient state and cost challenges.
� Higher temperatures may be required to avoid ion transport issues.

� Low voltage window (1.23 V) and parasitic reactions.
� Preliminary stage.

� High cell working temperatures are required to balance the low wettability
and ionic conductivity.
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and viscosity. Inherited from LIBs technology, PVDF, NMP, and
black carbon are still usually added as binder, solvent, and conduc-
tive agent, respectively. A common initial weight ratio of active-
material:carbon-black:binder is 8:1:1 [281], although these ratios
should be modified as a function of the properties of the active
material. As discussed previously, alternative water-soluble binder
compounds can be selected. Moreover, the addition of carbon black
can be avoided to increase the energy density of the composite
electrode. In this respect, lignin-derived HC produced at high tem-
peratures exhibited similar electronic conductivity to acetylene
black [139].

In order to properly prepare a slurry mixture —containing the
active material, additive, binder, and solvent— several techniques
have been proposed, including planetary mixing, magnetic stirring,
vortex or even ultrasonication. At this point, it should be noted that
preparing uniformly dispersed solutions of green water-soluble
binders requires bigger mechanical efforts than PVDF in organic
solvents. Therefore, to obtain suitable and homogeneous slurries,
a first mixing step (e.g., Na-CMC and water) is desirable prior to
adding the active material to avoid lump formation. Once a car-
bonaceous homogeneous slurry is obtained by agitation, the mix-
ture needs to be deposited on the current collector (e.g.,
aluminum foil) and extended using a doctor blade or a baker appli-
cator to obtain a thickness-controlled composite electrode (see
Fig. 4). Previously, the metal foil collector has to be spread and
bonded onto a glass plate with the help of a small amount of water
or other solvents. To obtain a completely flat surface, air bubbles
Fig. 4. Simplified scheme of the hard carbo

Fig. 5. Lab-scale configurations used to measure the performance of an
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can be removed by rubbing the metal foil with a dry paper towel
or a cotton swab. Finally, the copper or aluminum surface should
be cleaned (e.g., with acetone or ethanol) to remove any trace of
oil or other manufacturing pollutant.

After coating the anode slurry, quickly drying is advisable
because slurry components can be segregated according to their
density and give rise to a non-uniform film. A laboratory heating
plate at 100 �C can be used until the solvent evaporates. Addition-
ally, the foil can be pressed with a compression roller to obtain a
more compact anode [282]. From this point, the anode can be cut
out to the desired shape using scissors (rectangular) or a puncher
(circular) and be dried at 100–120 �C overnight, usually under vac-
uum, to evaporate solvent residues. Finally, the resulting anodes
can be weighted, wrapped, and placed into a glove box, where
the battery will be assembled under an inert atmosphere (i.e.,
H2O and O2 concentrations below 0.1 ppm).
4. Types of cells

Several electrochemical setups are available for battery assem-
bly. Beaker, coin, and Swagelok-type cells are the three most used
configurations for testing electrodes at the lab scale (see Fig. 5).

(i) Beaker cell is the simplest assembly system and consists of a
glass filled with the electrolyte, in which the electrodes are
inserted. This setup facilitates the use of a third electrode by allow-
ing the use of large REs such as the junction reference electrode.
n electrode manufacturing procedure.

odes in SIBs: (a) beaker cell, (b) coin cell, and (c) Swagelok T-cell.
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However, the beaker cell involves several disadvantages, such as
the high amount of electrolyte required, the absence of stack pres-
sure between the electrodes, possible evaporation of solvents dur-
ing testing, and the need to keep the cell in a glovebox for the
whole duration of the experiment [26].

(ii) Coin cells are commercially available batteries, whose parts
can be purchased to test new materials. This setup has been the
most popular in LIBs studies for the last 30 years [281] and their
benefits may be summarized as follows: fast and simple assembly,
good reproducibility, small amounts of activematerial are required,
and, due to their small size, several cells can be tested simultane-
ously [283]. There are many types of coin cells, and their code
(e.g., CR2016) indicates the diameter (20 mm) and the thickness
(1.6mm). A coin cell is composed of bottom and top cap, polypropy-
lene gasket for electrical insulation and air tightness, spacer, and
wave spring to put pressure on electrodes (see Fig. 5b). Between
the bottom cap and the spacer, anode, separator, electrolyte, and
cathode must be inserted/injected before sealing the coin cell using
a specific crimping machine. This operation has to be carried out
inside a glove box and the assembled cells should be at room tem-
perature for several hours before testing to ensure that electrolyte
penetrates into the electrodes and separator [281]. In front of their
advantages, the thin metal cell casing can be deformed and make it
difficult to achieve the desired pressure on the electrodes [22].
Moreover, coin cells are designed towork as two-electrode systems,
thus attaching a reference electrode is not an easy task (see Sec-
tion 5.5 for further details).

(iii) Swagelok-type cells use gas tubing union fittings as housing
and two metallic plungers (made of stainless steel or aluminum) as
current collectors [284,285]. The popularity of this setup is due to
its easy construction, good gastight sealing and low cost. Counter
and working electrodes, separator, and electrolyte are placed inside
the Swagelok fitting and then the cell is sealed by pressing the plun-
gers with PTFE ferrules. Pressure on electrodes is maintained by an
internal compression spring. An insulator is also required to avoid
short circuit because of contact between plungers and the cell body.
A plastic tape (PTFE) can cover the plungers [27] or a plastic tube
can be placed inside the cell body to cover the electrodes [170].
As shown in Fig. 5(c), three-electrode systems can be easily built
by replacing the straight union with a tee union fitting and adding
a third plunger [286,287], being this the most commonly used
three-electrode configuration [27]. Usually, a sodium metal disc
placed perpendicularly to the working and counter electrodes is
used as the RE [18,19,226,288]. However, and as shown in Section 5,
alternative RE configurations, such as those based on metallic wires
[170] and sodium metal rings [89] have been proposed.

(iv) Other cells. Once the electrochemical properties of elec-
trodes have been tested, the next step is to check their perfor-
mance in larger electrochemical batteries, such as cylindrical,
prismatic and pouch cells [289]. Pouch cells, in which the elec-
trodes are stacked and sealed by a flexible foil, are the most
employed in SIBs research [43,290]. Additionally, several cells have
been developed to allow in situ/in operando characterization tech-
niques, such as X-ray diffraction or absorption [291,292], UV � vis-
ible spectroscopy [293], infrared spectroscopy [294], mass
spectrometry [295] and nuclear magnetic resonance [296]. Fur-
thermore, some companies sell tailor-made lab-scale setups to
check the electrochemical capacities of materials. Two or three
electrodes-based setups are available; however, few studies using
them have been published so far [208,213,293,297].
5. Electrochemical techniques

Fundamental knowledge of electrochemical techniques is
required to properly evaluate the electrochemical performance of
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active materials in terms of capacity, kinetics, and cycling stability.
Potentiostat/galvanostat instruments are used for this purpose,
given their ability to conduct accurate measurements across rela-
tively wide current and voltage ranges. In the following para-
graphs, the most commonly used electrochemical measurement
techniques are introduced in order to better understand the elec-
trochemical data acquired in battery research.

As discussed in previous sections, the configuration of an elec-
trochemical cell consists of three electrodes: the working electrode
(WE), a counter or auxiliary electrode (CE) and a reference elec-
trode (RE). With this in mind, there are two basic techniques to
investigate SIBs by imposing large perturbations that drive the
electrode to a condition far from equilibrium [197]: controlled-
potential and controlled-current techniques (see Fig. 6a and b). In
the controlled-potential or potentiostatic control, the current (i)
between WE and CE is adapted to obtain the desired constant
potential difference (E) between WE and RE. The resulting current
between WE and CE is registered as a function of time [i(t)] or
potential [i(E)]. In the controlled-current or galvanostatic control,
a current value is fixed and applied between WE and CE, while
the resulting potential difference between WE and RE is measured
and recorded versus time or current.

5.1. Fundamental electrochemical concepts

Before going into techniques, a brief explanation of some basic
concepts is needed. The theoretical specific capacity (Qt) of an elec-
trode material is one of the most influential parameters and is
given by the Faraday’s law given in Eq. (1), where n is the
electron-transfer number, F is the Faraday constant (96,485 C
mol�1), and Mw (g mol�1) is the molecular weight of the anode
material [298]. Moreover, during the course of an experimental
measurement, the specific capacity (Q) can be obtained under gal-
vanostatic charge/discharge by means of Eq. (2), where i is the
charge/discharge current, Dt is the charge/discharge duration,
andm is the mass of active material. Specific capacities are conven-
tionally expressed in mAh g�1 [299].

Q t ¼
nF

3:6Mw
ð1Þ
Q ¼ iDt
3:6m

ð2Þ
e ¼ i
3:6m

Z t2

t1

V tð Þdt ð3Þ

The gravimetric energy density (e), which is also a key parame-
ter to producing competitive full cells, can experimentally be cal-
culated from Eq. (3) [299], where V(t) is the voltage that changes
over time under galvanostatic charge or discharge. Electrodes with
high specific capacities are required to achieve high energy density
cells. Moreover, energy density can further be improved by widen-
ing the voltage window of the cell. The volumetric energy density
(u) is also relevant since battery size is a determinant market
factor.

The coulombic efficiency (CE) is defined as the ratio between
the cell discharge capacity and the cell charge capacity within
the same cycle [13]. Hence, CE is the ratio between the total
amount of Na ions back to the cathode and the total amount of
Na ions previously delivered from it. When CE refers to the first
charge–discharge cycle is known as the initial coulombic efficiency
(ICE), widely used to quantify the loss of charge capacity due to SEI
formation and other Na+ irreversible trapping phenomena. It
should be noted that current density is often expressed as a C-
rate, where 1 C corresponds to the required current to fully charge



Fig. 6. Potentiostatic (a) and galvanostatic (b) control configurations. Plots obtained from a CV experiment: (c) applied voltage profile, (d) current response vs. voltage and
related parameters, and (e) an example of current response shape for a hard carbon electrode in a SIB.
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or discharge the battery in 1 h. Even though the specific capacity
can strongly vary as a function of the tested active material,
300 mAh g�1 is commonly chosen as reference value. In this case,
a 0.1 C rate (which is usually adopted in electrode testing) corre-
sponds to a specific current of 30 mA g�1.

It should also be kept in mind that two different kinds of pro-
cesses can take place at the tested electrode: faradaic and non-
faradaic. The former comprises reactions in which electrons are
transferred across the interface between the electrode and the
electrolyte. This phenomenon causes reduction or oxidation of
the electrode and receives its name since those reactions are gov-
erned by the Faraday’s law. On the other hand, nonfaradaic or
capacitive processes take place when no charge-transfer reaction
occurs, but there is an accumulation of charges at the electrode-
solution interface because of the electrical double layer formation
[197]. Batteries operate on faradaic processes to provide high
energy density (i.e., electrochemical reactions on the electrode sur-
face and intercalation of ions in the bulk). Conversely, carbon-
based supercapacitors (or electric double-layer capacitors) use
the non-faradaic double-layer capacitance to deliver high power
for short times [300].
5.2. Potentiodynamic techniques

Cyclic voltammetry (CV) is a potentiodynamic technique com-
monly used for understanding the processes occurring in an elec-
trode. A potentiostat is used to control the applied potential
between the WE and the RE. Three parameters need to be selected:
the terminal voltages (E1 and E2) and the scan rate (v). Thus, a tri-
angular voltage profile is applied to the cell as shown in Fig. 6(c).
Terminal voltages and scan rates can be established according to
the following criteria [301]: (i) reactions at the electrode have to
take place in the chosen voltage range and, at ending points, cur-
rent must tend to zero; and (ii) the experimental capacity obtained
at the selected scan rate has to be similar to the theoretical capac-
ity of the electrode material. Generally, for Na-ion half-cell sys-
tems, the scan rate is set between 0.1 and 10 mV s�1 and the
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voltage window between 2 and 3 V for E1 and 0.01 V for E2 (vs.
Na/Na+).

A typical cyclic voltammogram is shown in Fig. 6(d), where
peak voltage (Ep) and peak current (ip) can be identified. It should
be noted that subscripts a and c mean anodic and cathodic, respec-
tively. Care must be taken when interpreting cyclic voltammo-
grams, since two different conventions can be adopted: (1) the
IUPAC approach, according to which the anodic currents are plot-
ted upward along the vertical axis and more positive (anodic, oxi-
dizing) potentials are plotted to the right along the horizontal axis
(as shown in Fig. 6d); and (2) the polarographic convention, which
plots the cathodic currents upward and more positive potentials to
the left [302]. It is important to highlight that sodiation and deso-
diation of hard carbon electrodes correspond to the cathodic and
anodic curves, respectively.

Cyclic voltammograms provide qualitative information about
reversible and irreversible reactions taking place in the WE across
cycles. Fig. 6(e) shows a typical current response and the character-
istic peaks for an HC-based electrode cycled in a SIB half-cell. The
sharp cathodic peak near 0 V (point 1) and its analogous anodic
peak (point 2) are ascribed to the reversible insertion/extraction
mechanisms of Na+ [139,303,304]. Moreover, cathodic peaks
between 0.2 and 1 V appear in the first discharge cycle (points 3
and 4) but fade during the subsequent cycles. These irreversible
peaks are attributed to the electrolyte decomposition to originate
the solid electrolyte interface (SEI), as well as to the irreversible
Na+ trapping into HC defects and surface functional groups
[305,306]. In other words, the less irreversible area in the first
cycle, the better initial coulombic efficiency. Likewise, overlapped
CV profiles in next cycles reveal high-capacity retention of the
studied anode.

CV is also employed to estimate the diffusion-controlled and
pseudocapacitive contributions to current response. The total
stored charge in an electrode is composed of (1) the faradaic con-
tribution from the Na+ intercalation in the electrode bulk, (2) the
faradaic contribution from the charge-transfer process in the elec-
trode surface, known as pseudocapacitance, and (3) the nonfaradic
contribution from the double layer effect [307]. The current
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response of the electric double layer (idl in Eq. (4)) is analogous to a
physical capacitor. For its part, idl is only determined by its capacity
(C) and the scan rate (v) and, in batteries, its value is very small
[301].

idl ¼ C
@E
@t

¼ Ct ð4Þ

iF ¼ iS þ iB ¼ k1v þ k2v1=2 ð5Þ

is ¼ avb ð6Þ

iF
v1=2 ¼ k1v1=2 þ k2 ð7Þ

The faradic current (iF) can be divided as the related with the
pseudocapacitive reactions on the surface (is) and the associated
with the reactions in the electrode bulk (iB). Since the diffusion
of charge carriers (Na+) is much slower inside the solid electrode
than in the liquid electrolyte, is and iB show different responses
vs. the scan rate. The current from the pseudocapacitive mecha-
nism is proportional to scan rate, as well as a physical capacitor.
Meanwhile, the current response from the bulk contribution is lin-
early proportional to the square root of the scan rate (Eq. (5)). In
the literature, the pseudocapacitive contribution is commonly
obtained from the power law shown in Eq. (6). By measuring
Fig. 7. Plots obtained from a GCD experiment: (a) applied current profile, (b) typical
capability behavior, (e) GITT curve, and (f) parameters from GITT curve in a selected rest-
Randles equivalent circuit, (h) Nyquist plot for an SEI-added Randles equivalent circuit,
from IOP Science.
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how the current (i) changes with the scan rate at a fixed potential,
the b parameter can be calculated from the slope of the log i vs. log
v plot. Given the above, b values of 0.5 and 1.0 indicate pseudoca-
pacitive and diffusion-controlled current response, respectively
[308]. However, although this procedure allows knowing what
process dominates the system, the numerical contribution of each
mechanism cannot be obtained. As a solution, Dunn’s group
[307,309] proposed a method to quantify k1 and k2 from Eq. (5)
at given potentials. Once rearranged to Eq. (7), by representing i/
v1/2 in the y-axis and v1/2 in the x-axis, k1 can be determined from
the slope and k2 from the y-axis intercept point of the fitted
straight line, respectively.
5.3. Galvanodynamic techniques

Galvanostatic charge–discharge (GCD) is the preferred method
to evaluate the capacity and reversibility of electrode materials.
Opposite to CV, a constant current is applied between the WE
and the CE until the terminal voltage is reached; then, the current
direction is inverted as shown in Fig. 7(a). Usually, a small current
(e.g., 0.1 C) is selected to prevent or reduce the polarization of the
electrodes (see Section 5.5.1). Terminal voltages for half-cells, anal-
ogous to CV, are typically around 0.01 V for the bottom voltage and
between 2 and 3 V for the upper voltage. Attention should be given
to low voltages (near 0.0 V vs. Na/Na+) since hard carbons can exhi-
voltage response for hard carbon electrode, (c) cycle stability illustration, (d) rate
discharge-rest period. Typical plots from an EIS measurement: (g) Nyquist plot for a
and (i) TLM-based equivalent circuit. Reproduced from Ref. [348] with permission
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bit a flat potential plateau, which potentially may cause dendrites.
In this line, Wang et al. [310] found how sodium metal begins to
plate on the surface of a kelp-derived HC at �0.0052 V vs. Na/Na+.

Galvanostatic charge/discharge curves can be normalized to the
mass of the active material or the area of the electrode. In HC half-
cells (as well as for LIBs), GCD results are generally represented as
potential in the y-axis and gravimetric capacity (mAh g�1) in the x-
axis. The resulting U-shape curves (see Fig. 7b) consist of a slope
region and a low-potential plateau, determined by the different
Na+ storage mechanism contribution. Once the half-cell is assem-
bled, a negative current is applied between the WE and the CE
(green arrow), resulting in the HC sodiation (point 1). When the
cut-off potential is achieved (near 0 V), a positive current is
applied, and the electrode desodiation takes place (red arrow).
Charge and discharge capacities for each cycle can be obtained
from the corresponding x-axis value when the process finishes. It
should be noted that the capacity loss during the first cycle (orange
lines) between the discharge (sodiation) and charge (de-sodiation)
can be significant. This is due to the irreversible Na+ trapping into
the SEI and HC defects as well as other side reactions. The capacity
loss during the first cycle is quantified by the ICE (Eq. (8)). By con-
trast, relatively similar discharge and charge capacities for the sec-
ond and third cycles reveal a high reversible capacity.

ICE ¼ Cdischarge n1ð Þ � Ccharge n1ð Þ

� �
=Cdischarge n1ð Þ

h i
� 100% ð8Þ
Q ret ¼ Cdischarge nð Þ=Cdischarge nþ1ð Þ

h i
� 100% ð9Þ

The stability of the half-cell can be determined by consecutive
charging/discharging cycles as shown in Fig. 7(c). The specific
capacity, after falling for the first few n cycles, tends to stabilize
and ideally slowly decrease for the successive rounds. The capacity
retention (Qret, calculated using Eq. (9)) determines the lifespan of
a battery, which is a key factor for its commercialization. Also of
paramount importance is to know the behavior of the (half-)cell
when is cycled at higher current intensities. In a rate capability
assay (see Fig. 7d), the applied current is changed from lower to
higher C rates; as a result, the specific capacity decreases, to a
greater or lesser extent, depending on the HC conductivity, ion-
diffusion distance, and Na+ transport kinetics [311,312]. Finally,
the cell is cycled again at the initial current rate to determine the
possible retention capacity loss during the cycling at higher C rates.

In addition, Galvanostatic intermittent titration (GITT), which
was proposed by Weppner and Huggins in 1977 [313], is a com-
monly used technique to estimate the apparent Na+ diffusion coef-
ficient (D). However, several assumptions have to be made for this
purpose [314]: (i) dense planar electrode, (ii) constant and uniform
current, (iii) one-dimensional diffusion, (iv) volume and structure
electrode changes are not considered, (v) during each current pulse
D can be considered constant, (vi) Fick’s law of diffusion applies,
and (vii) other no diffusional potential effects can be dismissed.
The procedure comprises a series of current pulses, each followed
by an open circuit voltage (OCV) rest period in which the electrode
tends to the equilibrium state thanks to the Na ions diffusion. This
sequence of constant current pulses and relaxation periods is
repeated until the battery is fully sodiated or desodiated (see
Fig. 7e). Since the diffusion coefficient is calculated for each pulse
step, this technique allows plotting D values fluctuation along
the sodiation and desodiation processes, which can help to identify
the different Na+ storage mechanisms occurring along the voltage
window [315].

Under the above-listed assumptions, the apparent diffusion
coefficient (D) can be estimated from Eq. (10), which derives from
the Fick’s second law of diffusion, where s is the pulse time andmB,
VM, MB, S and L the mass, molar volume, molecular weight, electro-
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chemical active area, and thickness of the electrode material,
respectively. DEs is the voltage variation in the rest state (without
current circulation) and DEs is the transient voltage change when
applying a galvanostatic current during the pulse. Both values for
each current step can be obtained from the GITT curve, as shown
in Fig. 7(f). It has to be highlighted that (mBVM/MB) represents
the volume of the electrode material [316] and also that A is not
the surface area of the pristine hard carbon since, in the electrode,
it is commonly attached to the binder and conductive additives
[301]. To ease calculations, the electrode volume is assumed to
be constant during the process and due to the simple geometry
of a thin film electrode (V = S�L), D can be estimated by Eq. (11).
The pulse time must be short enough to ensure a linear relation-
ship between Es and s. Common s values are between 10 and
30 min, followed by a relaxation period in the range of 1–2 h
[172–174,311,317,318].

D ¼ 4
ps

mBVM

MBS

� �2 DES

DEs

� �2

ðs� L2=DÞ ð10Þ
D ¼ 4L2

ps
DES

DEs

� �2

ðs� L2=DÞ ð11Þ
5.4. Impedance-based techniques

Impedance (Z) is defined as the opposition that the electro-
chemical system presents to an alternating current flow. A high cell
impedance can produce large overpotentials, low energy efficiency,
low rate capability, and even facilitate a thermal runaway [281].
Electrochemical Impedance Spectroscopy (EIS) is a widely used
technique to estimate the impedance, kinetic, and diffusion param-
eters of the electrode processes. In EIS, a small perturbation in the
form of an alternating signal of small magnitude is applied to the
system to follow the signal at a steady state. EIS is normally con-
ducted by applying an AC potential to the cell, thus the potential
is modulated sinusoidally and then the cell current and its phase
are measured. Since the technique is based on a linear response
theory, imposed perturbations need to be small enough to main-
tain the electrochemical system under equilibrium. In the battery
field, low amplitude of 1–10 mV vs. OCV and frequency ranges
from 10–2 to 105 Hz are usually applied [301].

EIS can be extremely helpful to extract information on the dif-
ferent phenomena taking place in the cell, since each interphase
process will contribute to the conduction of electrical current, to
a greater or lesser extent, depending on its frequency [26]. The
resulting electrochemical impedance spectra are usually repre-
sented by the Nyquist plot, where the data from each frequency
point is plotted by the real (Z’) and the imaginary (Z’’) parts of
the impedance in the horizontal and vertical axis, respectively.
Interpretation of EIS data is done by fitting the obtained curve to
an equivalent electrical circuit (EEC) containing resistors, capaci-
tors, and inductors.

The Nyquist plot usually consists of a single semicircle in the
medium/high frequencies and a straight line in the low-
frequency region. The former is associated with charge-transfer
processes impedance and the double layer capacitance, while the
straight line is related to the Na+ diffusion into the bulk of the elec-
trode material [319]. Fig. 7(g) shows a Nyquist plot together with
the most used equivalent circuit, the Randles equivalent circuit
[320–327], where Re is the electrolyte resistance, Rct is the interfa-
cial charge transfer resistance (for the faradaic reactions at the
electrode surface), Cdl is the electrical double layer capacitance,
and W is the Warbug impedance associated with Na+ diffusion into
the electrode [190,324]. From the Nyquist plot, resistances can be
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obtained from the horizontal axis, while capacitive impedances
have a vertical component.

A second approach arises from the presence of two semicircles
in the Nyquist plot, more or less overlapped once the cell is cycled
[328]. This new semicircle located in the high frequencies is attrib-
uted to the SEI formation and, consequently, a new parallel combi-
nation of a resistor and a capacitor is added to the equivalent
circuit (see Fig. 7h) [329–338], where RSEI is the resistance associ-
ated with the SEI film and CSEI the capacitance related to the passi-
vation layer. EIS is also used to determine diffusion kinetics during
sodium ion intercalation/deintercalation processes, since as dis-
cussed above, the Warburg impedance is related to the ion diffu-
sion [339,340]. The EIS-derived diffusion coefficient can be
calculated from Eq. (12), where R is the gas constant, T is the ambi-
ent temperature, A is the surface area of the electrode, F is the Fara-
day constant, C is the Na+ concentration in the electrode, n is the
number of electrons per charge carrier (n = 1 for Na+), and r is
the Warburg coefficient obtained from the slope of the fitted line
Z’ vs. x�1/2, being x the angular frequency.

D ¼ R2T2

2A2F4r2C2n4
ð12Þ

The third and more sophisticated equivalent circuit type is that
based on the Transmission Line Model (TLM) for porous electrodes
[341]. TLM models for cylindrical pores were developed and
applied to characterize positive and negative electrodes in LIBs
[342–346]. Landesfeind [347] and Pritzl [348] proposed a TLM-
based equivalent circuit (represented in Fig. 7i) to analyze the
impedance spectra of LIB cathodes and anodes. This equivalent cir-
cuit was divided in four sections for a graphitic anode: (i) The high
frequency resistance (RHFR), which comprises the ionic resistance
of the separator and the external electronic cell contacts resis-
tance; (ii) the ionic contact resistance of a thin layer in the graphite
surface adjacent to the separator; (iii) the impedance associated
with the ion and electron conduction through the porous anode,
described by the TLM and composed of differential elements:
charge transfer resistance (rCT), double layer capacitance (qCT), pure
ionic resistance (rPore), and electrical resistance (rEl.); and, (iv) the
Warbug diffusion element (W) at low frequencies reflecting liquid
concentration gradients inside the separator. It should be pointed
out that constant phase elements (Q) are used to model the behav-
ior of the double layer [349]. The same equivalent circuit was also
used by Linsenmann et al. [170,171] for in-situ impedance mea-
surements of a hard carbon anode in a SIB.
Fig. 8. Cell setup with (a) two electrode a
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5.5. Two vs. three electrode setup

Two-electrode half-cell configuration (using either coin- or
Swagelok-type cells) is the widely used setup when electrodes
are studied in the context of Li and Na chemistries. The electrode
of interest is assigned as the WE, while the other serves as both
the CE and RE. However, despite the experimental simplicity and
easy construction, the use of the two-electrode hardware needs
to be delimited. Two-electrode setup can be suitable to measure
the behavior of the tested material at relatively low current densi-
ties for comparison purposes. In contrast, three-electrode setups
(see Fig. 8) are a priori desirable to separate the contributions of
WE and CE, since the insertion of a third electrode (RE) allows
the simultaneous potential or impedance acquisition of both WE
and CE during testing.

When a given active material is characterized using a 2-
electrode cell, it is assumed that the electrochemical response at
the CE is negligible and, therefore, the measured overall result rep-
resents the properties of the active material under study. As shown
in Section 2.6, to be a good RE in addition to a CE, the correspond-
ing material should have a small overpotential and a stable voltage
during all the measurement time. In the case of LIBs, the voltage of
a lithium metal electrode is only reproducible at current densities
lower than 1 mA cm�2 due to dendrites formation [199]. Underval-
ued rate capability during GCD and EIS misinterpretations are
potential two-electrode-derived drawbacks. Further details on
both phenomena are provided in the next subsections.

5.5.1. Undervalued rate capability
Costard et al. [208] revealed how metallic lithium CEs intro-

duced additional overpotentials in two-electrode setups, which
led to the underestimation of the anode rate capability. Hence,
they strongly recommended the use of a three-electrode setup
for GCD experiments. In the same line, Li et al. [350] measured
the rate capability of HC-based anodes for SIBs by cycling them
in two and three-electrode half-cell setups. At a current rate of
250 mA g�1, when the three-electrode cell was used, the HC anode
delivered a capacity of 186 mAh g�1; however, when the two-
electrode setup was employed, only a capacity of 118 mAh g�1

was measured.
Metallic sodium CE polarization is due to the formation of a pas-

sivation layer on its surface during discharge. This layer is subse-
quently dissolved during the subsequent charging step [351].
Therefore, in a half-cell, the Na RE/CE suffers from the resulting
nd (b) three electrode configurations.
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ohmic resistance and the consequent overpotential. Any extent of
overpotential at the sodium metal electrode, particularly at high
rates, drives the half-cells to reach the lower cutoff potential pre-
maturely, hindering the full sodiation of the HC anode. Fig. 9 shows
how part of the HC sodiation potential is below that of the CE, and
therefore the capacity of this segment is not counted in half-cells.
Since a considerable part of the sodiation is available in the low-
potential plateau region (<0.1 V vs. Na/Na+), two-electrode setups
may give rise to major errors in the anode capacity measurement,
especially at higher C rates.

Zheng et al. [190] also found this capacity fading problem in SIB
half-cells cycled at high rates. They suggested the use of full-cell
setups to check the rate capability of HC-based electrodes using
a sodium transition metal oxide as cathode. In another article
[352], the same authors also proposed a new method to avoid
capacity underestimation in half-cells by sodiating the HC until
slightly-negative voltages. However, Na metal plating and den-
dritic growth on the HC surface can certainly take place after
exceeding a certain negative voltage, as stated in Section 5.3. This
phenomenon is known to be irreversible and to form ‘‘dead Na”
and liquid electrolyte dryout. However, the authors also found that
a V-shaped peak on the voltage profile appeared before the unde-
sirable plating occurs, allowing the establishment of a safe cut-off
voltage.

5.5.2. EIS misinterpretations
The use of two- or three-electrode cells is also a determinant for

accurate measurement of the electrochemical impedance spectra.
EIS of two-electrode cells can be obtained easily, but it represents
the sum of the impedance of both electrodes (WE and CE). Several
interfacial diffusional processes (charge transfer) take place in both
electrodes and the resulting semicircles may overlapped in the
same range of frequency, leading to misinterpretation. Moreover,
the impedance of the metallic CE is larger than that of a porous
HC electrode [201,353]. In order to obtain a reliable impedance
spectrum of a single electrode, using a symmetric cell or a three-
electrode setup is suggested.

Symmetric cells are made up of two identical electrodes and
allow the obtention of the anode impedance by dividing by two
the measured one [354,355]. However, this configuration only
enables the characterization of uncycled electrodes. To study the
impedance evolution of an electrode during charge and discharge
cycles, it would be necessary to disassemble the battery and
extract the electrode for each measurement. It would be a delicate
and laborious process that would reduce the representativity and
reproducibility of the real electrochemical behavior inside the bat-
tery [356].

Three-electrode setup allows the WE impedance to be moni-
tored with respect to a RE, regardless of the CE. For this purpose,
Fig. 9. Expected sodiation–desodiation potential profiles of hard carbon in three-electro
sodiation–desodiation range (a) and the zoomed equivalent (b). Reproduced from Ref. [
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the most commonly used system is the three-electrode Swagelok
T-cell with a point-like RE geometry. Under this system (see
Fig. 5c), a metal disc (Na in SIBs) is placed in contact with the sep-
arator at the edge of the WE and CE, outside the active area
[213,287,357,358]. However, this configuration was proven to be
unreliable for EIS. Imprecise electrode alignment and asymmetric
RE geometry cause EIS distortions such as scaling, inductive or
even artificial capacitive loops in the spectra.

Ender et al. [359] found two fundamental effects that cause dis-
tortions and artifacts in three-electrode LIB half-cell impedance
spectra: geometrical and electrochemical asymmetry. Both result
in a frequency dependent variation of ionic current line distribu-
tions. Ender and coworkers investigated three different RE geome-
tries by finite element method (FEM) simulations: point-like, wire,
and mesh REs. The first geometry showed strong impacts and
caused large artifacts, while the other two geometries exhibited
considerably lower or even negligible artifacts. Klink et al.
[286,360] and Bünzli et al. [353] used lithium metal micro refer-
ence electrodes placed at the center of working and counter ring
electrodes in a coaxial position. However, although these systems
can reduce artifacts, their construction is complex and impedance
response is still highly sensitive in terms of electrode alignment
[361].

In view of the current state of knowledge, the following recom-
mendations should be considered in order to avoid the above-
described artifacts: (i) minimizing the geometric asymmetry: CE
and WE should be of the same size and perfectly aligned [208];
(ii) since the presence of the RE hinders the transport of ions in
the electrolyte, a small size RE is required to minimize the trans-
port resistance between the WE and CE [362]; and (iii) to prevent
distortions, the best RE location is between the WE and the CE,
where the electric field is homogeneous [204,363].

Coin-type cells were already modified to insert a micro-
reference electrode sandwiched between the WE and CE
[137,200,209,364]. However, to connect the RE, a small hole must
be made in the cell and sealed with an epoxy resin. As a result,
these cells are difficult to build and have a high failure rate. More-
over, they are not compatible with volatile solvents since an
increase in internal pressure can cause leaks through the epoxy
resin [22]. On the other hand, micro-reference wire electrodes
placed between the WE and CE electrodes may be appropriate
for LIBs. The wire needs to be insulated (e.g., using polyurethane)
in order to keep access to the electrolyte only the cut cross-
section at the tip of the wire. In this way, side reactions are mini-
mized and a long-term stable potential in the RE can be reached.
Once placed centrally inside the cell, between two separators, the
metallic wire is in-situ electrochemically alloyed with lithium
(lithiated) to obtain a stable reference potential. Zhou et al. [365]
followed this procedure using a 40-lm-diameter copper wire,
de cells. Ewe (orange) and Ece (black) vs. normalized capacity are plotted in the full
350] with permission from Royal Society of Chemistry.
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whereas Abraham et al. [200] and Jansen et al. [203] used a 25-lm-
diameter tin-coated copper wire. Solchenbach et al. [30] designed a
50 lm thick lithium-gold micro-reference electrode, resulting
stable for more than 500 h and allowing impedance measurements
in LFP/graphite full-cells for up to 200 cycles.

A micro-RE was designed for SIBs by Linsenmann et al. [170],
who used a 50 lm-sized tin-coated copper wire (l-TWRE) insu-
lated with a polyurethane spray. The l-TWRE was subject to an
in situ galvanostatic sodiation by applying a charging current of
50 nA until a potential cutoff of 10 mV vs. Na/Na+ was reached.
However, when a high-impedance l-RE (e.g., l-TWRE) is used,
resistances of WE and CE have to be in the same order of magni-
tude to obtain reliable single-electrode EIS data [366]. Since metal-
lic sodium has a much higher impedance than that of hard carbon,
Linsenmann et al. attached a high-surface area carbon fiber paper
on the metallic sodium electrode face, lowering its impedance
thanks to chemical interactions between both materials [366]. This
setup allowed the authors to obtain the impedance evolution of an
HC anode during 50 charge/discharge cycles in a half-cell SIB. It
must be highlighted, however, that this setup allows the HC EIS
measurement, but unfortunately the sodiated l-TWRE is not stable
enough to be used as RE during cyclic GCD measurements.

6. Carbon characterization techniques

Hard carbons must be characterized in order to link their
physicochemical properties with the electrochemical performance
of the electrode. The main techniques used for this purpose are
outlined below.

X-ray diffraction (XRD) is a non-destructive analytical tech-
nique used to determine the material crystalline phases. Fig. 10
(a) shows the typical XRD pattern of an amorphous carbon with
graphitic domains, in which two peaks appear around 23� and
43�. The former is ascribed to the (002) crystal plane of graphitic
sheets and the second one to the (100) plane of sp2-hybridized
hexagonal carbons [139]. The interlayer space between graphene
layers (d002) can be calculated by the Bragg equation (Eq. (13))
from the (002) plane values, where k is the wavelength of the X-
rays and h is the angle of the peak (in degrees).

d ¼ k
2sinh

ð13Þ

L ¼ Kk
bcosh

ð14Þ

n ¼ Lc
d002

ð15Þ

The apparent crystallite thickness along the c-axis (Lc) and the
apparent crystallite width along the a-axis (La) (see Fig. 10b) can
be obtained from the Scherrer’s formula in Eq. (14) and the (002)
and (100) planes, respectively. As shown in Fig. 10(a), b is the full
width at half-maximum (FWHM) of the XRD peaks (in radians)
Fig. 10. (a) XRD typical pattern for HCs, (b) apparent graphitic
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[367]; K is the form or shape factor, with common values of 1.84
for La and 0.9 for Lc [368–370]. In addition, the number of graphene
stacking layers (n) can be estimated from Eq. (15) [330].

Ex situ XRD analysis of cycled anodes at different voltages can
be used to obtain information about their structural evolution dur-
ing sodiation and desodiation processes [311]. Cell modifications
may also be done to allow in situ XRD analysis during cycling
[371].

Raman spectroscopy is another widely used technique to inves-
tigate the nanoscale structure and the disorder degree of carbon-
based materials [372,373]. Raman spectra of hard carbon usually
show two characteristic peaks around 1350 cm�1 (D band) and
1600 cm�1 (G band), as shown in Fig. 10(c). The G band is associ-
ated with the crystalline graphite carbon, while the D band refers
to lattice defects and amorphous carbon [374,375]. The intensity
ratio (ID/IG) is commonly used to quantify the degree of structural
disorder. To quantify ID/IG, the ideal procedure involves the prelim-
inary deconvolution of the Raman spectra into one Gaussian-
shaped band (D3) and four Lorentzian-shaped bands (G, D1, D2,
and D4) [376]; then, the peak area ratio (AD1/AG) can be calculated
as the ID/IG ratio (see Fig. 10c).

Raman spectra can also be used to obtain La via Eq. (16) [377],
where kl is the laser line wavelength (in nm). Finally, ex-situ
[378] and in-situ [379] Raman spectroscopy of cycled electrodes
also allow investigating the sodium storage mechanism into hard
carbon and the influence on the electrode structure.

La ¼ ð2:4� 10�10Þk4l
ID
IG

� ��1

ð16Þ

Gas sorption porosimetry techniques are required to estimate
the surface area and pore size distribution of HC materials. N2

adsorption–desorption isotherms at 77 K are commonly carried
out to calculate the Brunauer–Emmett–Teller (BET) surface area,
often related to the magnitude of the SEI, and also to obtain the
micropore volume assuming the non-local density functional the-
ory (NLDFT) [380]. However, nitrogen cannot properly access to
pores smaller than 0.7 nm due to kinetic limitations and specific
interactions with surface functional groups. Moreover, N2 suffers
from restricted diffusion into the narrowest micropores of width
minor than 0.45 nm [381]. Therefore, N2 sorption porosimetry
may underestimate the pore accessibility for electrolyte molecules.
On the other hand, CO2 isotherms at 273.15 K have been suggested
to calculate the BET surface area of materials containing very small
pores (i.e., ultra-micropores) [382,383]. Lastly, hard carbon macro-
porosity can be determined by mercury intrusion [384].

Electron microscopy is commonly used to investigate the mor-
phology of hard carbons. Scanning electron microscopy (SEM)
allows to determine particle size distributions and pore morpholo-
gies. For a more detailed morphological characterization, high res-
olution transmission electron microscopy (HR-TEM) provides
access to much information about the sample, such as analyzing
the microcrystalline structure and allowing the identification of
pseudographitic domains, defects and nanovoids [140,192]. Thus,
domain distances, and (c) Raman spectra deconvolution.
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HR-TEM images are helpful in determining the carbon ordering
degree and even the interlayer spacing [325]. Complementary,
the selected area electron diffraction (SAED) patterns of tur-
bostratic carbons show the two dispersed diffraction rings associ-
ated with the (0 0 2) and (1 0 0) planes [169] and also indicate
the ordering degree. The sharper the diffraction rings, the higher
the carbon graphitization degree [315,385].

Chemical composition of HCs is also a determining factor for its
performance as anode. Energy-dispersive X-ray spectroscopy (EDS)
allows the elemental composition to be measured, and, together
with SEM [386] or TEM [387], provides element mapping images.
The latter is widely employed when HC is doped to check if het-
eroatoms (N, P, S, etc.) are uniformly distributed. In addition, X-
ray photoelectron spectroscopy (XPS) is the other prevailed com-
position technique and is conducted to study surface chemical
bonding. The XPS spectrum of the C 1s region provides the percent-
ages of CAC bond (defect-free graphite lattice) and the CAO and
C@O bonds (defective graphite lattice). In parallel, oxygen contain-
ing functional groups C@O and CAOH can be obtained from the
XPS spectra in the O 1s region [335]. Moreover, the chemical state
of heteroatoms in doped HCs can be obtained from the specific
regions of the XPS spectra (e.g., N 1s, S 2p, and P 2p) [388].

Beyond the above-mentioned most popular techniques and pro-
cedures, there are additional analytical techniques that can provide
valuable insights. For instance, small angle X-ray scattering (SAXS)
is employed to detect both open and closed pores [389], while X-
ray fluorescence (XRF) allows to determinate the concentration
of inorganic elements in the hard carbon [390]. X-ray total scatter-
ing and pair distribution function analysis (PDF) [391] can also be
used to observe changes in the local structure and determine the
interplane and in-plane interatomic distances. Finally, nuclear
magnetic resonance (NMR) spectroscopy [296,392] is available to
assess the carbon chemical composition and also to determine
the different electronic and local structures of the Na inserted dur-
ing cycling.
7. Conclusions and prospects

Sodium-ion batteries are one of the most promising candidates
to replace LIBs in energy storage applications. In this context,
numerous studies are being carried out to improve this technology,
particularly with regard to the anodes. In this review, we have tried
to provide the basic guidelines required to characterize new car-
bonaceous electrodes. First of all, a proper selection of both the cell
setup and the electrochemical techniques is crucial for an accurate
characterization of the anodes. In this regard, standardized proce-
dures would facilitate the comparison of performance indicators to
move research in the right direction.

This article focuses on the use of half-cell batteries as they have
proven to be effective and because they are the most widely used.
However, it should not be forgotten that the next step should be
the characterization of these carbonaceous anodes in full-cells
using commercially available cathodes. The utilization of coin
half-cells seems suitable for comparing the electrochemical perfor-
mance of a series of carbons at the intra-study level. Both the parts
and the necessary equipment are commercially distributed and
multichannel coin cell testing boards are available for quick char-
acterization. However, more studies are required to determine
the probable rate capability undervaluation as well as other alter-
native 3-electrode setups to perform EIS measurements. It should
also be noted the importance of reporting the GCD applied current
intensity when comparing the capacity of an electrode with the lit-
erature, since linking capacities obtained at different specific inten-
sities is not consistent because of the known diffusional limitations
of carbon electrodes.
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Regarding the device materials, PEEK and polyolefins seem to be
the best insulators for SIBs, while laboratory fiberglass filters can
be chosen as inexpensive separators. As a current collector, the alu-
minum foil should be systematically used in both electrodes since
it does not alloy with sodium, in contrast to LIBs. A change from
PVDF/NMP to water-soluble binders (CMC, SBR, PAA, and Na-Alg)
should also be adopted since they provide better electrochemical
performances besides being low-cost and environmentally benign.

Research into better electrolytic systems is also essential to
enable advanced and viable SIBs. Ester-derived electrolytes are
the most studied; therefore, determining hard carbon performance
in those electrolytes allows comparing results with a broad num-
ber of published articles. We recommend the use of fluorinated
salts, such as NaPF6 or NaTFSI, as well as studying the use of addi-
tives to improve half-cell results. Ether-based are the second most
explored electrolytes and they are becoming increasingly attrac-
tive to be used in SIBs based on HCs anodes. The composition of
SEI layers on HC electrodes is strongly affected by electrolyte
changes, thus, exploring novel electrolytes is a key factor for the
future of SIBs.

Finally, a guideline with basic electrochemical concepts, the
most widely used techniques (CV, GCD, GITT, and EIS), and some
basic carbon characterization techniques (XRD, Raman, etc.) were
provided. We hope that the herein collected theorical foundations
explained from a practical point of view provide new researchers
with an accessible and comprehensive guide to systematically
improve the electrochemical performance of carbonaceous
materials.
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