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3. INTRODUCTION

Batteries are one of the key technologies of the 21* century. The growth of
portable electronics market (smartphones, smartwatches, tablets, laptops etc.)
and electromobility such as electric vehicles and drones increases the demand
for cheaper and more energy dense batteries. All the mentioned technologies
rely on the application of the most advanced batteries currently available —
lithium-ion batteries (LIBs). However, with the concerns of adequate supply of
fossil fuel resources and the impact their use has on the environment, renewable
energy sources such as solar and wind energy have made a massive increase in
their adaptation in the last decades [1,2]. Unfortunately, these power sources are
intermittent and therefore require storage solutions to smooth out fluctuations in
both supply and demand [3]. Such applications require huge batteries, but the
use of high-energy density LIBs would be impractical in such stationary
devices, where the size and weight are not as crucial as in portable and auto-
motive applications. Furthermore, the increased lithium and cobalt demand and
their potential supply risks [4] limit the attractiveness of LIBs for stationary
storage devices. Even if the battery recycling industry rapidly develops in the
coming decades, it is still possible that recycling could not prevent the depletion
of these key resources in time [5]. Therefore, cheaper alternatives have to be
developed to meet the demand for stationary batteries.

Sodium-ion batteries (NIBs) have become the potential candidates for such
applications. Na is very similar to lithium, which makes it easier to adopt the
collective experience accumulated in the last 4 decades of LIB research.

Hard carbon is one of the most promising negative electrode materials for
commercial NIBs, but despite increasing interest in that material, its Na storage
mechanism and structure—electrochemistry relationships are still debated [6].
The protective solid electrolyte interphase that forms on the negative electrode
surface upon reductive decomposition of the electrolyte is not as stable as in
commercial LIBs, which hinders the cycle life of NIBs [7,8]. Glucose was
chosen as the precursor material in this work since glucose is an environ-
mentally friendly material and unlike other biomass, is very pure, i.e. no mine-
ral content. Therefore, glucose-derived carbon serves as an excellent material to
study Na insertion processes.

The main aims of this thesis are to:

a) Compare the nature of electrode processes on the hard carbon
surface using different alkali metal ions by employing electro-
chemical impedance spectroscopy (EIS) and other electrochemical
methods [ILIII];

b) Study decomposition products on the electrode surface using ex situ
methods [LIII];

¢) Understand, which structural changes to the carbon material take
place during electrochemical cycling [IV];

d) Establish how the electrolyte affects cell performance [ILII].
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e) Synthesize a positive electrode material (NVP) using an industrially
scalable method, optimize the negative electrode material and test a
full cell assembled from GDHC and NVP [V].
In this thesis, the synthesis of glucose-derived hard carbon (GDHC) via hydro-
thermal carbonization (HTC) is described. Na storage mechanism into/onto hard
carbon is studied using ex situ LA-ICP-MS [I] and TOF-SIMS [III] combined
with galvanostatic charge-discharge (GCD) method. Differences in electro-
chemical behavior of Li, Na and K are evaluated using electrochemical impe-
dance spectroscopy (EIS) and equivalent circuit fitting of spectra recorded in a
wide potential range for both charge and discharge processes [II]. Changes to
the hard carbon structure during electrochemical cycling are evaluated using
operando total X-ray scattering [IV]. Finally, the synthesis of Na;V,(PO,);
positive electrode material via glycine-nitrate process (GNP) is described and
analyzed and the performance of a GDHC||NVP full cell is demonstrated [V].
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4. LITERATURE OVERVIEW

4.1 Batteries

Batteries are electrochemical energy storage devices in which electrical energy
is stored in chemical bonds of electroactive compounds. They generally fall into
two categories — primary batteries which can only release energy once, i.e. the
redox reactions in the battery are irreversible, and secondary or rechargeable
batteries, which can be charged hundreds or thousands of times, i.e. the redox
reactions are reversible.

The history of batteries dates back to 1745, when the first capacitor — the
Leyden jar was invented. The Leyden jar could store static electricity, but its
capacity was very limited [9]. In 1749 Benjamin Franklin coined the term
battery to describe set of connected Leyden jars to increase capacity. The term
originated from the military, where a unit of artillery pieces was called a battery
[10]. The first electrochemical battery was invented in 1799 by Alessandro
Volta, called the Voltaic pile [11]. It consisted of alternating copper and zinc
plates connected in series with salt-soaked blotting paper in between. The Vol-
taic pile made it possible for other scientists to experiment with electric currents
under reasonably controlled conditions, which laid the foundation for the
development of numerous fields of science such as electricity, magnetism and
electrochemistry. Humphry Davy was able to isolate several elements such as
sodium (the topic of this dissertation), magnesium and calcium via electrolysis
[12], Nicholson and Carlisle were able to liberate oxygen and hydrogen from
water using electrolysis [13].

The first rechargeable battery, the lead acid battery, was invented in 1859 by
Gaston Planté [14] and its core technology is still used to this date and likely in
the coming decades as well. It is very simple and robust, it consists of a lead
plate and a lead plate covered with lead oxide and sulfuric acid as the electro-
lyte. Advances in cell design and increases in the variety of materials followed.
In 1866, Leclanché designed the first zinc-carbon primary cell that used a zinc
anode and a MnO, (a common battery electrode material today) cathode mixed
with carbon [15]. The Leclanché cell was further improved by Karl Gassner
(1886), who invented the first dry cell, in which a folded paper sack served as
the separator and was soaked with a ZnCl, solution, hence the name [16]. This
technical improvement made batteries much more mobile as the risk of electro-
lyte spill was reduced.

Looking for an alternative rechargeable battery solution in which the electro-
lyte concentration does not chemically change during battery operation, as it
does in lead-acid batteries, Waldemar Jungner invented both Ni-Fe and Ni-Cd
batteries in 1899 that used KOH as the electrolyte [16]. Ni-Cd batteries had
better high-rate and low-temperature performance than lead-acid batteries [3]
and is still used today. The main problem with cadmium is its toxicity and
memory effects that occur during partial discharging. Those problems were
solved by Stanford Ovshinsky in 1984 with the invention of nickel metal
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hydride (Ni-MH) battery [17] in which the metal hydride served as a reversible
storage medium for hydrogen [3]. The Ni-MH specific energy is 1.5 to 2.0
times higher than that of Ni-Cd and it was the dominant battery technology in
portable devices until the commercialization of a radically different technology
that utilized the lightest and smallest metal available — lithium, which even-
tually led to the introduction of the Li-ion battery (LIB) in 1991 by Sony [18].

4.1.1 Lithium batteries

Researchers at Exxon Laboratories showed in the early 1970s that Li-ions can
be reversibly inserted (intercalated) into and extracted (de-intercalated) from
layered inorganic compounds such as TiS,. This mechanism caused no signif-
icant change to the crystal lattice which enabled high current rates and spawned
research into materials like V¢O,3, MoS,, MoS; and NbSes. The first recharge-
able lithium battery was commercialized by Moli Energy Corporation in Cana-
da. It used Li metal foil as the negatively charged electrode and a lithium salt
dissolved in a polar organic liquid. The cell’s nominal voltage was 1.8 V, higher
than in any other previous aqueous battery cell. Ultimately, the battery had to be
withdrawn from the market as safety issues became a major concern [3].
Lithium batteries with Li metal electrode are thermodynamically unstable be-
cause the lithium plating and stripping reactions on the negative electrode occur
at potentials (0 V vs Li/Li") far below the electrochemical stability window
(>1 V vs Li/Li") of the electrolytes [19]. In addition, Li plating on the metal
surface is not uniform — dendrites form and can short the cell [3]. That is why
there are no rechargeable lithium batteries with Li metal electrode available on
the market today. The origin of lithium-ion batteries dates back to 1970s when a
group at Oxford University led by John Goodenough discovered that lithium
ions can be reversibly intercalated into the crystal lattice of trivalent cobalt or
nickel oxides to yield LiCoO, and LiNiO,. Coupled with Li metal negative
electrode the cells reached 4 V [3]. However, Li metal negative electrode still
posed a major problem.

4.1.1.1 Lithium-ion batteries

The negative electrode problem was solved after 1982, when Yazami and Tou-
zain published their work in which Li was intercalated into graphite using a
solid electrolyte of polyethylene oxide and LiClO, [20]. Basu and Somerset
from the Bell Labs soon filed for a patent that described the operation of a
battery that operated at ambient temperatures and consisted of two intercalation
electrodes one of which was graphite and an organic electrolyte [21]. Other
carbons such as cokes and hard carbons were studied in the following years, but
the best results were achieved using graphite, which could take up one Li" per 6
carbon atoms. Graphite intercalation potential is slightly higher (about 100 mV)
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than Li plating potential, which reduces the cell’s energy density, but also
increases its safety. Still, reductive decomposition of the electrolyte takes place
on graphite surface. Fortunately, these decomposition products form an
electrically insulating, but Li-ion conducting film on the surface, which
stabilizes the battery and enables long cycle life [22].

There are various reasons for using carbons as battery electrode materials:
carbon is abundant, non-toxic, a good conductor, can form a wide variety of
structures and is electrochemically stable in a wide potential range [23].

4.1.2 Sodium-ion batteries (NIBs)

Sodium battery research dates back to 1967 when discoveries of a high-tempe-
rature solid-state sodium ion conductor — sodium B"”-alumina (NaAl;;O;;) were
reported [24,25]. That spawned research into the field of high temperature (300 °C)
batteries in which the electrodes are in a molten state. Two commercially avail-
able batteries were developed: the sodium sulfur (Na-S) battery, which used
molten sodium and molten sulfur as electrodes; and the ZEBRA (Zero-Emission
Battery Research Activities or ZEolite Battery Research Africa [26]), which
used molten sodium and molten NiCl, as electrodes [5S]. Ambient temperature
sodium batteries were studied alongside lithium batteries in the 1970s and
1980s, but the benefits that lithium provided — higher energy density thanks to
higher potential and lower mass (see Table I), shifted the research efforts of the
battery community to lithium based systems [5]. Sodium-ion battery research
took off after 2010 and has been growing since [27].

Table 1. Comparison of properties of Li and Na [28-30].

Li Na
Ionic radius 68 pm 97 pm
Atomic mass 6.9 g mol ' 23 g mol
E’vs SHE -3.04V 2.7V
Melting point 180.5 °C 97.7 °C
Abundance in Earth’s crust 20 mg kg ' 23 600 mg kg
Geographic distribution 70% in South-America Uniform
Raw material price (carbonate) 4000 $/ton 120 $/ton
Theoretical capacity (metal-air 3861 mAh g ' 1166 mAh g '
electrode) 2062 mAh cm 1131 mAh cm*®

While a wide variety of positive electrode materials for NIBs already exist,
some of which are being commercially manufactured, like Na,Ni( .y, Mny
Mg, Ti,O, by Faradion [31], many of the best candidates (the high voltage ones)
still contain Co [27]. One type of polyanionic positive electrode materials that
stand out are vanadium phosphates (Na;V,(PO,); and Na;V,(POy),F;) that have
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a high potential vs Na/Na’ and in which Na diffusion is fast enabling the
construction of high-power battery cells. Such materials are called NASICONs
(NAtrium Super Ionic CONductor) [32].

Unfortunately, sodium cannot reversibly intercalate into graphite [33,34],
because Na intercalation stretches the C—C bond in graphite more than Li or
even K intercalation. Therefore, the formed Na—graphite intercalation com-
pound (Na-GIC) is unstable [35]. It has been shown that Na intercalation into
graphite can be increased if utilizing solvent co-intercalation phenomenon using
ether based solvents such as glymes [36,37]. Nevertheless, co-intercalation of
solvent molecules causes graphene layer expansion and will ultimately lead to
exfoliation as the solvent decomposes in graphite [23]. Alloying compounds
such as Ge, Sb, Sn allow for high capacities (~700 mAh g'), which is almost
twice as higher than graphite in LIBs (372 mAh g ") [38], but due to high
volumetric expansion the active material is pulverized in the process and rapid
capacity fade will follow [39]. Currently, the material with the highest commer-
cialization potential for NIBs is hard carbon [6].

4.2 Hard carbon

Hard carbons are a type of carbons that are non-graphitizable by heat treatment
(at 3000 °C) and are mechanically hard, hence the name. Soft carbons on the
other hand are mechanically soft and can be graphitized. Hard carbons are ob-
tained by pyrolysis of resins, furfuryl alcohol, charcoal and various biomasses
[40]. These carbons are usually formed by solid-state transformation during the
carbonization steps and contain less hydrogen than soft carbons [41]. The
difference in structure shown in Figure 1 and processes during heat treatment
shown in Figure 2. One explanation for the inability of hard carbons to form a
graphitic structure by heat treatment is the presence of strong sp’ crosslinking
bonds, which impede movement and reorientation of the carbon atoms to form
the ordered layer structure of graphite [40].
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Figure 1. Graphic depictions of the structures of soft carbon, hard carbon and graphite
[42].
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Although hard carbon has been thoroughly researched and even used in 2™
generation LIBs by Sony [6], the fundamental understanding of the sodium
storage mechanism, the ion transfer process, SEI formation and stability are still
debated [29,43]. The search for a uniform storage model is complicated by the
fact the hard carbons are disordered materials, which means that it is difficult to
link physical characterization data (structural and morphological properties) to
electrochemical behavior [6]. The intrinsic disorderedness of the material causes
broad signals, which are difficult to interpret.

The carbonization process is complex and involves simultaneous reactions
such as dehydrogenation, condensation, hydrogen transfer and isomerization
(Figure 2). The macromolecular structure of the precursor persists and does not
convert into a fluid phase upon heat treatment as in the case of graphitizable
carbons [44]. Randomly positioned pseudographitic domains that are formed
during the carbonization process create spaces and form bulk of the porosity in
the material [45].

Gas sorption measurements using nitrogen (N,) are usually employed to
establish material surface area and porosity, but the models used for interpreting
the data assume certain porous structure, which for hard carbons is relatively
unknown [6]. Furthermore, different gas molecules show different adsorption
behavior and some pores may be inaccessible to N,, but “open” to helium (He)
at room temperature or CO, at 0 °C. Ionic species like Li" and Na' ions can
diffuse through the solid phase of hard carbons and accumulate in such “closed”
pores, as recently reported by Panasonic, where they showed a strong correla-
tion between closed porosity and electrochemical performance of NIBs [46].

Numerous carbon sources have been used to produce hard carbons for NIBs:
glucose [48], sucrose [49], cellulose [50], banana peels [S1], peat moss [52],
argan shells [53], polyethylene bags [54], phenolic resins [55] etc. The best
results so far have been demonstrated by Kubota et al. who produced a hard
carbon by heat treatment of activated carbon at 2100 °C and achieved 420 mAh
g ' of which 390 mAh g™' was at £ < 0.1 V vs Na/Na" [56]. As this result
exceeds the theoretical capacity of graphite [38], the charge storage mechanism
cannot be explained by intercalation alone.
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Figure 2. Graphite and hard carbon formation as a function of temperature [6,47].

4.2.1 Na storage mechanism in hard carbon

The first sodium storage mechanism into hard carbon proposed by Stevens and
Dahn (Figure 3a) can be called intercalation—adsorption mechanism [57], in
which Na ions first intercalate into pseudographitic layers producing a sloping
galvanostatic profile (discussed in 4.5.2) and in the second step insert into the
micropores formed by the pseudographitic domains and reduce to an oxidation
state close to that of Na metal, resulting in a plateau at low potentials [48,57,
58]. Recent work by Stratford et al. showed that Na cluster formation into
micropores is different from Na plating, as the Na" NMR peak in their operando
experiment did shift considerably towards Na’, but never reached it in the
plateau region [59].

However, some experimental findings cast doubt to the beforementioned
model. It has been observed that hard carbons obtained at 7' < 1000 °C with a
large micropore content do not display any low potential plateau capacity
[51,52,60]. Pyrolysis temperature is inversely correlated with micropore volume
and proportional to the degree of graphitization, so based on these observations
[52,61], plateau capacity should decrease with increasing temperature, but it
does not. Moreover, from electrochemical point of view, a monotonic slope
represents a homogeneous electrochemical reaction with potential dependence,
such as surface adsorption (like in supercapacitors) or a homogeneous insertion
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mechanism; while a potential plateau indicates a heterogeneous electrochemical
reaction, corresponding to a two-phase transformation, such as lithium ion
insertion into graphite or metal plating [62]. These observations support the

adsorption—intercalation mechanism in Figure 3b.
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Figure 3. Schematic illustration of the mechanisms for Na" storage in hard carbon: a)
“intercalation—adsorption” mechanism; b) “adsorption—intercalation” mechanism [62];
c¢) Three-stage mechanism proposed by Bommier et al. [61].

In defense of the intercalation-adsorption mechanism, Simone et al. proposed
(Figure 4) that the increase in plateau capacity and decrease of sloping capacity
at higher temperatures with increasing microporosity (determined from SAXS
data) and decreasing interlayer spacing can be explained by contraction of the
pseudographitic domains. This in turn makes room for Na cluster formation in
the voids between the graphitic domains (increased plateau capacity) and redu-
ces the amount of available intercalation sites (decreased slope) [50].
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Figure 4. Left: correlations between different capacity values and pyrolysis tempera-
ture. Temperature trends of physical characteristics that are associated with different
types of capacity trends noted in figure. Right: Depiction of strucutral changes and Na-
storage mechanisms [50].

Bommier et al. postulated that Na storage could be further divided into three
steps (Figure 3c). First, adsorption on defect sites as these have low energy
unfilled molecular orbitals that effectively store extra electrons, which increases
the binding energy with Na and allows sodiation to happen at higher potentials
vs Na/Na', i.e. in the sloping region. Then, as the surface sites of pseudo-
graphitic domains become progressively sodiated, intercalation into the inter-
layer space should commence. They explain the third step of sodium deposition
on pore surfaces or the basal planes of pseudographitic domains with the
increase of diffusivity at low potentials, obtained by using galvanostatic inter-
mittent titration technique (GITT) [61].

4.2.2 Hydrothermal carbonization (HTC)

The HTC method is very attractive due to its simplicity. It only requires low
temperatures (normally below 300 °C) and is cheap and “green” since it does
not require organic solvents or expensive catalysts. HTC process involves
breaking up the carbohydrate into a furan-like molecules in the first step,
followed by the condensation/polymerization and carbonization reactions, after
which a solid carbon-rich product is formed [63—65] as shown in Figure 5 [66].
The microspheres produced by the HTC process are micrometer sized, mainly
spherically shaped, and possess a core-shell structure consisting of a
hydrophobic nucleus and a hydrophilic shell that contains reactive oxygen func-
tional groups (i.e. hydroxyl, carbonyl, carboxylic, etc.) [63—65]. However, the
HTC material requires pyrolysis to further reduce hydrogen and oxygen content
in the material, increase conductivity and form graphitic domains necessary for
Na insertion into micropores.
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Figure 5. An example of HTC mechanism with cellulose proposed by Titirici et al.
[66].

4.3. NazV,(P0O,); positive electrode material

Sodium vanadium phosphate (Na;V,(PO4); or NVP) is a NASICON-type
material [27] with a very flat potential plateau at 3.4 V and theoretical capacity
of 118 mAh g '. The reaction in the NVP positive electrode is based on a two-
electron reaction of NazV,(POy); @ NaV,(POy); + 2Na' +2¢” [67]. NVP has an
open NASICON framework (Figure 6) made of VOg octahedra and PO,
tetrahedra between which Na ions can diffuse through interstitial sites and 2 Na"
can be reversibly extracted [68,69].

Superb high-power performance (71.7 mAh g at 99.3C) has been reported
in the literature, which has been achieved through careful particle morphology
optimization [70]. Excellent electrochemical performance and low manu-
facturing costs set the material price of performance at 3.7 $ Wh™' kg [71]. Its
fluorinated analogue with higher energy density ranks at 3.5 $ Wh™' kg.
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Figure 6. Fully sodiated Na;V,(POg); structure and the de-sodiated NaV,(POy);
structure [72].

4.3.1 Glycine-nitrate process (GNP)

Glycine-nitrate process (GNP) is a sub-category of solution combustion synthe-
sis (SCS) methods, which are based on fast redox reactions between an oxidant
(commonly nitrates) and a fuel (organic substances) in the presence of metal
ions [73]. Effectively, SCS is a combination of sol-gel [74] and propellant che-
mistry [75]. There are many advantages to using GNP. Firstly, all the reactants
will be dissolved, which ensures intimate mixing of the ions and is crucial to
ensuring formation of pure phases [76]. Secondly, the reaction is very quick,
which reduces time for particle agglomeration and enables to produce small
particles [77] that are necessary for high power density battery cells. Thirdly,
this method can be turned into a flow process, which makes it industrially
scalable [73]. GNP and its variations have been used by the solid-oxide fuel cell
research community [73,77,78] and to some extent by the battery community to
synthesize and study materials like NaTi3(PO,); [79], Li(Ni;3sMn;3Co;3.4Nay)O,
[80], LiNi;;3Co5Mn, 30, (urea as fuel) [81], Li4TisO,, (lactic acid as fuel) [82],
ZnFe,04 [83], Nag44MnO, [84] and substituted Nay 44MnO, bronzes [85-88].

4.4 Role of electrolytes

Electrolytes play a vital role in both LIBs and NIBs. The electrolyte acts as an
ionic conductor to transport Na ions back and forth between the positive and the
negative electrode as cells are charged and discharged. Nowadays, most
research is directed to the study of electrolytes containing non-aqueous aprotic
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solvents as these enable higher cell potentials than water-based electrolytes
[18]. Due to the inherent thermodynamic instability of high voltage LIBs and
NIBs, the electrolyte is also critical to stabilizing the negative electrode surface.
Commonly used carbonates decompose at £ < 1.0 V vs Na/Na", but in the pro-
cess form an electrically insulating, but ion conducting film on the electrode
surface called the Solid Electrolyte Interphase (SEI). SEI formation reactions
cause lower coulombic efficiency on the first cycle due to the irreversible nature
of the decomposition reactions. It has been found that the SEI in LIBs composes
of LiF (if LiPFg is used as the salt), LiCOs, Li,O, semicarbonates and polyole-
fines [22]. If the SEI did not form during the first charge cycle then the solvents
would either continue decomposing on the surface of the electrode or the
solvent would co-intercalate with the cation into the interlayer space of the
carbon if the solvation energy was high enough. SEI formation in LIBs has been
extensively studied and it is known to function effectively, which gives LIBs a
long cycle life. Usually a mixture of cyclic and linear carbonates is used.
Ethylene carbonate (EC) is a common component due to its high dipole
moment, dielectric permittivity and boiling point. However, EC is solid below
39 °C and has a high viscosity. Therefore, a linear carbonate like dimethyl
carbonate (DMC) or diethyl carbonate (DEC) with low viscosity and high
boiling point is added to the mixture to compensate for EC’s disadvantages.
Also, EC decomposes at a higher potential which means it will form the SEI
faster than other solvents [89].

Table II. Physical properties of solvents used in this work [90-94].

U & T Ty n
Solvent | p) (25°C) °C) °C) (mPa )
H,O 1.85 78.4 0 100 1
PC 4.94 64.92 —54 242 2.53
EC 4.9 90 (40 °C) 39 248 1.86 (40 °C)
DMC 0.88 3.12 3 90 0.59
DEC 1.1 2.805 —-74.3 126 0.7534

« — dipole moment, ¢ — dielectric permittivity, 73, — melting point, 7, — boiling point, # —
viscosity. Green — advantages, red — disadvantages.

In NIBs, propylene carbonate (PC) has many advantages, but the downside is its
high viscosity. It also can co-intercalate between graphene layers and into the
microporosity with the cation. However, mixtures of EC:PC have shown good
cycling performance [95]. Advantages and disadvantages of different solvents
are shown in Table IL.

The most common salts used in NIBs are NaPF4 and NaClO,4. Unfortunately
both have some disadvantages — pure NaPF; is difficult to find and NaClOj, is
explosive [96].
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Furthermore, SEI stability in NIB cells is much lower than in LIBs due to
higher solubility of Na-based electrolyte decomposition products [7,8], which is
why it is necessary to learn more about the mechanism of reductive decompo-
sition of Na-based electrolytes on carbon electrode surfaces.

4.5 Methods for electrochemical characterization

4.5.1 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is a powerful electrochemical method for determining
the redox activity and charge storage properties of an electrode material. Conti-
nuous scanning enables the user to determine the potentials at which reactions
take place in the studied electrochemical cell and assess their reversibility. The
working electrode potential is swept linearly between two potential limits and
the current response is recorded. If the cell potential reaches a value at which
electron transfer takes place, the potentiostat has to apply a higher current to
maintain the desired potential scan rate and so a peak is recorded on the cyclic
voltammogram, i.e. potential versus current response. Since reactions in
batteries are rather slow, low potential scan rates v = +dE/d¢ between 0.01
mV s ' and I mV s are applied [97].
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Figure 7. Cyclic voltammograms (a, b, d, e, g, h) and galvanostatic discharge profiles
(c, f, 1) for electrode materials with different charge storage mechanisms [97]. EDLC —
electric double layer capacitor.
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Common features found in CV plots of hard carbon electrodes are intercalation
with partial redox (Figure 7e) during the first cycle when intercalation is
accompanied by SEI formation reactions and intercalation (Figure 7d) after the
first cycle when the SEI has stabilized.

4.5.2 Galvanostatic charge-discharge (GCD) method

GCD is probably the most popular method for battery materials characteriza-
tion. In GCD, the current is held at constant value while the potential is mea-
sured as a function of time [98]. Cycling usually takes place in a fixed potential
region (upper and lower cut-off potential) and can extend from a single charge
to thousands of cycles. The results are usually plotted as £ vs capacity (Q)
graph. Active material capacity is calculated using the following equation:

0= It (1)
3600 * Myctive

where Q is specific capacity (mAh g'), I applied current (mA), My is the

weight of active material (mg) in the electrode, and ¢ time at a given point.

This method provides valuable information such as, how much charge can
the electrode store and release in a given potential region; how many reactions
occur at which potentials and how much charge they consume; the reversibility
of the reactions; coulombic efficiency of the battery cell and the stored specific
energy, when integrating the £ — Q profile. The latter can be calculated using
the trapezoid method:

Eg = Zg;(}%(vn + Vn+1)(Qn+1 - Qn)a 2)

where E, is specific energy (Wh kg™"), Vis cell cell potential (V), n the number
of datapoints, Q specific capacity at a given datapoint, derived from Equation
(1).

In battery research, applied currents are usually expressed as C-rates, which
is a measure of the rate at which a battery is charged or discharged relative to its
maximum capacity. For example, if an electrode active material has a specific
capacity of 100 mAh g', then 1C would correspond to 100 mA g, 5C to 500
mA g ', C/10 to 10 mA g ' etc. The main advantage of this approach is that it
enables to normalize currents by battery capacity, which makes comparison of
different batteries easier.

Typical GCD profile features for hard carbons are shown in plots (f) and (i)
in Figure 7. Intercalation with partial redox (curve (e) in plot (f)) occurs during
the first cycle when Na intercalation into the interlayer space is accompanied by
SEI formation reactions after which the surface is stabilized and only features of
intercalation are visible in the sloping region (curve (d) in plot (f)). Redox
reactions and curve (h) in plot (i) are common for the plateau region.
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4.5.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an advanced and detailed
characterization method for investigating a wide variety of electrochemical
systems [99,100]. EIS enables the user to separate and quantify simultaneously
occurring processes on a complex interface that would otherwise be indistin-
guishable from one another with other methods such as CV or GCD. In EIS, a
sinusoidal alternating voltage (av) perturbation is applied (usually in from 5 mV
to 50 mV) and the alternating current (ac) response of the system is recorded.
The av frequencies (f) range from 300 kHz to 1 mHz. Also, a bias voltage is
applied to characterize the system at a certain SOC and/or potential region.
The input signal of EIS is a modulation function:

E(t) = E,sinwt, 3)

where E, is the maximum amplitude of the av signal, w = 2zf is the angular
frequency and f'is the av frequency in Hz. According to Ohm’s law (I = E/R),
the current response /(¢) of an ideal resistor is:

I(t) = Iysinwt, @

where [ is the maximum amplitude of current. This means that /(¢) is in phase
with E(7), related as in the case of direct current (dc). In case of a capacitor, the
current response /() will be a sinusoid at the same frequency, but shifted in
phase in case of capacitive or inductive processes:

I(t) = I sin(wt + @), (5)

where [(¢) is the current at time ¢, , is the current amplitude and ¢ is the phase
angle shift by which the voltage follows the current [99]. An ideal capacitor will
cause a —90° phase angle shift in the current response, i.e. the ac signal will be a
coswt function. According to Ohm’s law, the impedance is defined as the ratio
of voltage and current:

E(t)

Z= 0} (6)

The instantaneous quantity of charge ¢ in the case of a purely capacitive circuit
element on the capacitor electrodes during an applied av signal is:

q = CE(t) = CE,sinwt, 7

where C is capacitance (F) and from which the corresponding current response
1(?) can be retrieved:
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_dg _dE(®)
1) = dt ¢ dt

= wCE, cos wt. 3

According to Equation (8) and Ohm’s law, 1/wC has the dimension of resis-
tance, but unlike R, its magnitude decreases with increasing frequency. So, the
impedance of a capacitive element Z”, known as the imaginary part of impe-
dance, is expressed as:

7" = 1 (9)

CwC

According to Equation (6), the response signal of a resistive element, known as
the real part of impedance is expressed as Z' = R.

Both capacitive and resistive components exist in a real battery and the total
system response to an applied av is a complex frequency-dependent signal due
to the phase angle between E(f) and /(f). Complex number notation (imaginary
unit j = +v/—1) is used to simplify the representation of EIS signal by assigning
capacitance part of the signal to the imaginary plane and resistance to the real
plane of impedance. The current /(¢) is equal for elements connected in series,
therefore the combination of Equations (3) to (9) gives:

1
E(t) = 1(0) (R + ]w—c) - 17, (10)

where Z is the complex impedance:

| j
Z=7"4+jZ"=R-—— 11
+] —, (1)

122 = (2') + (2" (12)

By applying signals of differing frequencies, processes with different time
constants can be probed. In general, for electrochemical systems, three main
non-distributed fundamental processes that can be ascribed are: resistive (such
as faradic charge transfer) corresponding to a 0° phase shift between potential
and current signals; diffusion (such as semi-finite length diffusion of reactants)
corresponding to a —45° phase shift, and capacitive (such as electrostatic,
adsorption rate limited electrical double layer formation with capacitance)
processes that show a —90° shift between the ac voltage and current signals. The
dependence of the interfacial resistance on applied signal frequency can be
calculated from the measurement and plotted in a complex plane, called the
Nyquist plot (Figure 8a) whereby the real part of the resistance Z' shows the
resistive and the imaginary part Z” shows the capacitive part of the interfacial
resistance.
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Figure 8. EIS data representations on complex plane, known as the Nyquist plot (a) and
phase angle vs frequency plot, known as the Bode plot (b) [II].

4.5.3.1 Equivalent circuit fitting

Equivalent circuits (EQCs) of discrete electrical components can be used to
connect electrochemical behavior of a real system to an idealized model, which
enables to quantify simultaneously occurring processes in the system. Typically,
the investigator calculates theoretical spectra based on an equivalent circuit,
which is representative of the physical processes taking place in the system
under investigation and then fits the calculated data to the experimental data to
see how accurately the proposed model describes the system under study [99].
However, care must be taken when including too many EQC components in the
model as these might lose their physical meaning [101] and produce mutually
degenerate networks, i.e. different EQCs that produce identical impedances
over the entire real axis of frequencies [102].

Aside from common EQC elements like resistors and capacitors, complex
interfaces and heterogeneous surfaces require the use of elements such as the
Warburg impedance and the constant phase element (CPE) to model ion
diffusion in solids or characterize processes with distributed time constants,
respectively [100].

Diffusion impedance Zy is given as:

_ . tanh((ony)™)
= Gy ()

where Rp is diffusion resistance, aw the fractional exponent and 7w Warburg
diffusion time constant. 7y is defined via effective diffusion length L in mm and
effective diffusion coefficient D in mm” s ' by the following expression [103]:
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TW:D.

The constant phase element was developed in detail by Orazem et al. to
describe behavior that has been attributed to surface heterogeneity, oxide films
or to continuously distributed time constants for charge-transfer reactions [100,
104]. Low frequency constant phase element impedance is expressed as:

Zcpg = A7 (jw) ~*cPE, (15)

where A4 is the CPE coefficient, w is radial frequency and acpg is the fractional
exponent. CPE is a universal approximation and can model other circuit
elements as well. For example, if acpg = 1, then A has the dimension
of capacitance, if acpg = 0, then 4 becomes a resistor.

The quality of the modelling function is evaluated using chi-square function
(%) and weighted sum of the squares (4%) to get a general idea of the fit accu-
racy and relative parameter error estimates [105].

4.5.4 Operando total X-ray scattering method

The conventional X-ray diffraction (XRD) methods probe for the presence of
long-range order towards a solution of the average crystal structure. Experi-
mentally, structural information about long-range, periodic atomic ordering is
reflected in the Bragg scattering, while local atomic structural deviations from
the average structure mainly affect the diffuse scattering intensities. In order to
obtain structural information about both average and local atomic structures, a
technique that takes into account both Bragg and diffuse scattering needs to be
employed, such as the total scattering atomic pair distribution function (PDF)
technique [106].

Operando X-ray total scattering with PDF analysis enables the investigator
to follow the structural changes that take place during charge and discharge of
the hard carbon electrode in real time. The PDF, denoted as G(r), is the Fourier
transform of the normalized reduced total scattering structure function, F(Q),
which utilizes the total scattering data obtained to high Q-values. This real-
space function contains peaks at distances, », representing pairs of atoms in the
structure, where sharp peaks indicate a well-defined structure of the hard carbon
material, resulting in a histogram of interatomic distances. Additionally, the
intensities of the peaks are related to the relative abundance of each atom—atom
distance. Consequently, the PDF analysis provides an intuitive tool to study the
local atomic structure of a material. To overcome these problems related to the
low scattering power of carbon and sodium, a custom-built low-background
operando setup must be used for achieving useful data for PDF analysis rather
than conventional pouch or coin cell-like cells for synchrotron operando experi-
ments. A custom-made capillary-based battery cell allows selective scattering
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from only the electrode material of interest [107,108]. In this cell configuration,
the X-ray beam only interacts with the capillary, electrolyte and the active
material, the capillary and the electrolyte produce a baseline signal, which is
subtracted from the total scattering intensity for subsequent PDF analysis
(Figure 10). With this setup the signal from weakly scattering active material
can be more effectively isolated as the X-rays do not need to penetrate multiple
materials like X-ray windows, current collectors and separators.
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5. EXPERIMENTAL

5.1 Electrode materials and electrolytes
5.1.1 Glucose-derived hard carbon (GDHC)
5.1.1.1 GDHC synthesized at 1100 °C (I-1V)

Glucose derived hard carbon used in papers [[-IV] was synthesized using the
following procedure: D-glucose (=99.5% purity, Sigma) was dissolved in
ultrapure water (Milli-Q", 18.2 MQ cm, Millipore) to obtain a 2 M solution,
then hydrothermal carbonization (HTC) of 2 M D-(+)-glucose solution in H,O
(200 ml, Milli-Q") was carried out in a high-pressure reactor (Biichi limbo,
vessel volume 285 ml) at 200 °C for 24 hours. Thereafter, the carbonaceous
material was collected and washed several times with Milli-Q" water, and dried
overnight in a vacuum oven (Vaciotem-TV) at 120 °C and 50 mbar [109]. The
dried carbonaceous material was then pyrolysed in a quartz stationary bed
reactor at 1100 °C under Ar flow for 2 h using heating ramp rate of 10 °C min .
Final treatment of the carbon material was the reduction of surface functional
groups with H, (purity 99.9999%) at 800 °C for 2 hours. The reduced carbon
materials have demonstrated very wide (3.2 V) and stable potential region of
ideal polarizability in surface inactive non-aqueous electrolyte solutions [110].

The hard carbon powder was mixed with Super P (Alfa Aesar) and poly-
vinylidene difluoride (PVDF, Sigma-Aldrich) in a 75:15:10 weight ratio and
stirred overnight using N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, 99.5%)
as the solvent. The resulting mixture was cast onto copper foil using the tape
casting technique. The cast electrodes were dried under vacuum at 120 °C for
24 h.

5.1.1.2 GDHCs synthesized at 1400-1600 °C (V)

The HTC precursor was prepared using the same procedure described in 5.1.1.1,
but the dried carbonaceous material was then pyrolysed in an alumina tube
reactor at temperatures from 1400 °C to 1600 °C under Ar flow (200 mL min ")
for 2 h, using heating ramp rate of 4 °C min~' [V]. No hydrogen treatment
followed, because comparisons of H, treated GDHCs and untreated GDHCs
indicated that hydrogen treatment increases capacity, but only in the sloping
region, which is not instrumental to hard carbon performance as a negative
electrode in a NIB. In fact, increase of capacity in the sloping region indicates
an increase in surface area which in turn means higher irreversible capacity
[111-113].

The obtained hard carbon powder was mixed with Super P and PVDF in a
75:15:10 or 85:4:11 (denoted as ‘b’) weight ratio and stirred overnight using
NMP as the solvent. The resulting mixture was cast onto aluminum foil (MTI,
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thickness 15 pm) using tape casting technique. The cast electrodes were dried
under vacuum at 120 °C for 24 h and then moved to the glovebox [V].

5.1.2 NazV;(PO,); (NVP)

In step 1 (Figure 9), stoichiometric amounts of NaNO; (>99%, Honeywell),
NH4H,PO4 (99.9%, Acros) and NH,;VO; (>99.0%, Honeywell) were dissolved
in deionized water along with varying amounts of citric acid (CA, >99.5%,
Sigma-Aldrich) and glycine (G, >99%, Sigma). Exact amounts used are
summarized in Table III, and the overall schema depicted in Figure 9. Citric
acid acts as both fuel for combustion and as a complexing agent that helps dis-
solve NH,VO;. Glycine is a common fuel used in nitrate combustion reactions
[78,114,115], which can also serve as a precursor to carbon shell formation
around NVP particles. In step 2, the resulting mixture was stirred and heated at
90 °C to remove excess water and produce a viscous gel.

In step 3, three different approaches to form a precursor were employed
from this point onward (Figure 9). Option 3a — the viscous solution was heated
in the beaker until a foam was formed, denoted as NVP-Stir. According to
Wang et al. [116] a spontaneous combustion of the gel should have happened,
but such an effect was not observed. Option 3b — the viscous solution was either
dropped onto a hot Pt-crucible (400 °C, heated with a natural gas flame),
denoted as NVP-Drop or sprayed onto the Pt-crucible using a bottle spray,
denoted as NVP-Spray. The precursor materials were thereafter ball-milled for
2 hours at 300 rpm after which, in step 4, the mixture was heat treated in a
quartz tube furnace at 900 °C (ramp rate 10 °C min™') under Argon (grade 5.0,
AGA AS) flow (900 mL min") for 4 hours. Efforts were made to scale up the
synthesis and produce bigger batches of the material using the Spray method.
The first experiment was a scale-up of the NVP-Spray method, denoted as
Spray-2 and the second was a slight modification of Spray-2 in which no
glucose was added to the precursor, denoted as Spray-3 [V].
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Figure 9. Synthesis stages of NVP.

Table III. Molar ratios of elements (in relation to V), added glucose to the precursor

and heat treatment (HT) yields of the synthesized materials. Explanations of abbre-
viations given in text.

Sample Myy,vo, | Na:V | P:V |CA:V | G:V | Fuels:V | Glucose | HT yield
@ Wt %) | (%)
NVP-Stir 0.513 1.5 | 1.5]3.73 0 3.73 0 92
NVP-Drop 0.514 1.5 | 1.5] 3.75 0 3.75 0 36
NVP-Spray 0.513 1.5 | 1.5 115 ]1.05| 2.20 25 70
NVP-Spray-2 6.442 1.5 | 15115 ]1.05| 2.19 25 71
NVP-Spray-3 6.669 1.5 | 1.5 1.15 | 1.05| 2.20 0 88
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5.1.3 Electrolytes

The salts and solvents used in this work are summarized in Table IV and
electrolytes in Table V. All salts and solvents were stored in the glovebox and

all electrolyte solutions were also prepared in the glovebox.

Table IV. Salts and solvents used in this work.

Abbreviation/chemical Name Purity Manufacturer
formula
Salts

NaClOy Sodium perchlorate 98% Sigma-Aldrich
Sodium o

NaPFq hexafluorophosphate 99% Alfa Aesar
Potassium 0

KPFq hexafluorophosphate 9% Aber GmbH

. Lithium 0 .
LiPFe hexafluorophosphate 299.99% | Aldrich
LiClO, Lithium perchlorate >99.99% Aldrich
Solvents

EC Ethylene carbonate 99% Sigma-Aldrich

PC Propylene carbonate | 99.7% Sigma-Aldrich

DMC Dimethyl carbonate 99% Sigma-Aldrich

DEC Diethyl carbonate 99% Aldrich

FEC Fluorocthylene 99% Sigma-Aldrich
carbonate

Table V. Electrolyte solutions used in the study.

Molarity Salt Solvent(s) | Ratio by volume | Used in paper
1.0M NaClO,4 PC L1111
1.0M NaPF, PC 11
1.0M NaPF, EC:DMC 1:1 11
0.8M KPFs EC:DMC 1:1 11
0.8M KPFs EC:DEC 1:1 11
1L.OM LiPF, EC:DMC 1:1 11
1.0M NaPF, EC:PC 1:1 1L V
1.0M NaClO,4 EC:PC 1:1 11
1.0M LiPFg EC:PC 1:1 11
1.0M LiClO,4 EC:PC 1:1 11
0.5M NaClO,4 PC:FEC 98:2 v

* — Commercially prepared solution (battery grade, Aldrich)
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5.2 Electrochemical measurements

Electrochemical performance of half cells was evaluated at 23 + 0.5 °C in 2-
electrode setups using EL-Cell Combi (EL-CELL GmbH) stainless steel cells or
2032 coin cells (Hohsen) using GDHC or NVP working electrode (S = 2 cm?)
as the working electrode and a counter electrode of the same metal as the salt
cation i.e. Li foil (99.9%, Goodfellow), Na metal (dry stick, 99.8%, Acros) or K
ingot (Reachim) for Li, Na and K salts, respectively. Glass fiber separators (EL-
Cell GmbH) with thicknesses 1.55 mm and 0.26 mm were used in half and full
cell measurements, respectively. All test cells were assembled inside an Ar-
filled glove box (MBraun) were O, and H,O content was less than 0.1 ppm. All
electrochemical experiments were carried out using PMC-1000 potentiostat/
galvanostat/frequency response analyzer (Princeton Applied Research). The half
cells were evaluated using galvanostatic charging/discharging (GCD), cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) methods.
Measurements were set up and controlled using VersaStudio 2.49 software plat-
form. All data analysis and scripting was performed using OriginPRO 2016
software. ZView 3.5b was used for equivalent circuit fitting. Applied and mea-
sured currents and calculated capacities are expressed per weight of active
material in the electrode i.e. mA g ' and mAh g ', respectively. EIS data are
expressed per geometric area of the electrodes, Q cm® for resistance and pF
cm* for capacitance.

5.3 Ex situ physical characterization of electrochemically
cycled electrodes

Various physical characterization methods were employed to determine whether
charging the GDHC 1100 electrode (adsorption/desorption of sodium) affects
carbon material’s crystallinity and chemical composition on the surface. A half
cell was assembled (described in 5.1.1.1) to charge the electrode with Na after
which the cell was dissembled in an Ar- filled glove box and washed carefully
with PC solvent to remove free salt from the electrode surface. Meanwhile,
another electrode was wetted in the same electrolyte for equal period of time
and washed with PC afterwards to compare whether salt precipitates affect the
spectra. Additional spectra were acquired for a dry (pristine) electrode as well.

5.4 Physical characterization of active material powders
and ex situ electrodes

The particle morphology and size of GDHC 1100 and electrode surface
morphology of NVP-Drop were studied using HeliosTM Nanolab 600 system at
10 kV electron beam and using a secondary electron detector. GDHC 1400 —
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1600 were investigated using ZEISS EVO 15MA microscope at 20 kV electron
beam and secondary electron detector.

For detailed morphology studies of GDHC 1100, HRTEM on a Tecnai 12
instrument operated at 120 kV accelerating voltage was employed. The TEM
specimens were prepared from ultrasonic dispersions of the corresponding
samples in ethanol. One drop of each suspension was deposited onto a copper
grid covered with a holey carbon film.

Structural and crystallographic parameters were obtained from powder
diffraction data using Bruker D8 Advanced diffractometer with Ni filtered
CukK, radiation (2 = 1.5406 A, 0.3° divergence slit, 0.6 mm wide parallel beam,
two 2.5° Soller slits and LynxEye line detector). Scanning step of 0.01° for 26
was applied from 3° to 95°. Diffrac plus BASIC Evaluation Package (Bruker
AXS GmbH) and ICDD PDF4+ Release 2018 database were used for
interpretation of XRD patterns.

N, sorption isotherms of the synthesized GDHC 1100 material were mea-
sured using ASAP 2020 system (Micromeritics, USA) at 77 K. The specific
surface area (Sger) and the total volume of pores (Vi) of GDHC powder was
calculated from N, adsorption isotherms. Sger was calculated according to the
Brunauer-Emmett-Teller (BET) method and V,, was calculated from the
adsorbed amount near the saturation pressure of nitrogen (p/po = 0.95). GDHC
1400 — 1600 surface area measurements were carried out using CO, at T =
273.15 K and analyzed using 2D NLDFT heterogeneous surface model.

Raman spectra were acquired with Renishaw inVia Raman Microscope
using 514 nm laser wavelength. All Raman measurements of electrodes were
carried out in an argon-filled box with a glass window to avoid reactions with
moisture in the air.

Agilent 8800 triple Q ICP-MS with CETAC LSX-213 G2+ Laser Ablation
System was used to carry out laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) measurements of pristine, wetted and sodiated
electrodes.

Time of flight secondary ion mass spectra (TOF-SIMS) were measured
using PHI TRIFT V nanoTOF surface analysis instrument (Physical Electro-
nics, Inc., USA) using a 30 keV liquid Ga" ion gun. PHI nanoTOF II was used
to obtain Ga" DC beam induced secondary electron images of the studied
electrode surface.
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5.5 Operando X-ray total scattering setup

5.5.1 Experimental setup

The capillary-based half cell in Figure 10 consisted of aluminum and copper
flat current collectors (width 700 um, thickness 300 pm) coated with hard
carbon (layer thickness 100-200 pm) and sodium metal, respectively. First, a
hard carbon slurry was prepared in a fume hood by mixing 80 wt% hard carbon,
15 wt% polyvinylidene fluoride (PVDF) and 5 w% Super P in N-methyl-2-
pyrrolidone (NMP), which was stirred for 72 hours. The aluminum wire was
coated 2-3 times with the slurry using a spatula with subsequent drying for 30
min at 100 °C after each application. After drying, the coated hard carbon was
cut into 2 mm long electrodes. The electrodes were transferred to an Ar-filled
glovebox and dried in a vacuum oven overnight at 80 °C to remove residual
water.

80 mm
“ >
X-ray beam Hard carbon
~ electrode Epoxy
7 adhesive
4 e ~ \,/
E
E ., A .
= Cu - 7‘ 3 :
1.25mm \ 7 H
Na metal

Filled with electrolyte (0.5 M
NaClO, in propylene A
carbonate with 2 vol.% FEC) Y\

Figure 10. Schematic depiction of the operando capillary half cell [IV].

The electrodes were fixed with a UV-glue on a plastic spacer to obtain a cons-
tant distance and prevent a short. The separated electrode wires were placed in a
rectangular boron silicate capillary (Hilgenberg) with an outer diameter of 4.2 x
1.25 mm and wall thickness of 125 um, in which they were fixed with epoxy
glue (Loctite 9492) and dried overnight at room temperature. The capillary was
filled with 0.5 M NaClO; electrolyte (in PC with 2 vol% FEC). Finally, it was
sealed by firstly applying a small amount of silicone grease at the capillary
opening followed by a two-component epoxy glue.
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Micro-caplllary
battery cell

Figure 11. Experimental setup at beamline 11-ID-B, APS, for operando total scattering
and PXRD measurements on the micro-capillary battery cell.

The mounting of the capillary half cell is illustrated in Figure 11. The half cell
was placed in an insulating frame and mounted horizontally on a goniometer
head. The cell leads were connected to a potentiostat (8-channel MACCOR®
battery cycler) to charge and discharge the half cell at C/10 in E range from 0.01
to 2.1 V vs Na/Na" with 5 minutes of open-circuit potential (OCP) between the
modes. Total scattering data were collected in transmission geometry using a
PerkinElmer flat panel detector with a pixel size of 200 x 200 um. A wave-
length of 0.2114 A was used and the X-ray beam was defined by slits: vertically
150 pm and horizontally 500 um. A CeO, standard was used to calibrate the
sample-to-detector distance. Total scattering data were collected by first mea-
suring 4.5 minutes at a position on the hard carbon, where the best scattering
signal from the electrode was found (Position 1, Table VI) with a detector
distance of 18 cm. Afterwards, the capillary was moved in the vertical plane, so
that data were collected at a point closer to the electrolyte, where a new frame
was measured for 4.5 minutes (Position 2). The sample was then moved
vertically 300 pum to collect data from the electrolyte for background correction
(Position 3). The sequence of measurements, which made it possible to conti-
nuously subtract a representative electrolyte state, is tabulated in Table VI. The
data collection sequence took 30 minutes, which was then continuously exe-
cuted during the half cell operation. The data were integrated using Fit2D13 and
the PDFs were obtained from the initial operando total scattering data by
utilizing PDFGetX3 [117] with subsequent background subtraction of the
background data measured in Position 3 [117,118].
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Table VI. Tabulated sequence of measurements conducted during operando conditions.

Measurement Position Exposure time (minutes)
PDF 1 4.5
PDF 2 4.5
PDF (background) 3 4.5
PDF 1 4.5
PDF 2 4.5

5.5.2 Model structure used for fitting scattering data

In order to be able to quantify the structural changes of the hard carbon, a model
was developed describing the atomic arrangement. The model is characterized
as an altered, extended graphite structure, which can be assigned as an inter-
mediate between the periodic 2H graphite structure and a single graphene layer
model shown in the inset of Figure 12 [59,119]. An increase of c-parameter
from 6.7 A (pristine 2H graphite [120]) to 7.0 A was necessary to better
describe the lower density of the hard carbon compared to graphite (1.52 g cm >
vs 2.26 g cm >, respectively) [59,121] and the presence of turbostratic disorder
in the structure suggested by Bommier et al. [61]. Real-space least-squares
refinement of the pristine hard carbon was performed against experimental PDF
data in the r-range from 1-15 A. As seen in Figure 12, the presented model
agrees well with previous studies, in which the PDF of the hard carbon is pri-
marily dominated by in-plane carbon—carbon interaction and not significantly
by the sheet—sheet correlation [119]. Specifically, as observed in Figure 12, the
model resembles the experimental PDF very well above 4 A. However, at lower
r, especially at 3.2 A, the model has difficulties fitting the features of the experi-
mental PDF. The observed peak is consistent with previous ex situ PDF studies
on the presence of seven-membered carbon rings with non-hexagonally bonded
carbon rings [122].
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Figure 12. Refinement of first scan of hard carbon sodiation in the r-range from 1-15 A.
Inset shows the extended graphite model used for the refinement and the seven-
membered ring related to the peak at 3.2 A.

40



6 RESULTS AND DISCUSSION

6.1 Physical characterization
6.1.1 SEM data

The images in Figure 13 reveal a similarity between GDHCs synthesized at
various temperatures. Primary particle diameters are in the order of 400-500 nm
and interconnected, with relatively smooth surface structure (GDHC 1100 and
1400). However, increasing HTT seems to cause particle deformation, because
GDHC 1500 and 1600 are slightly larger and contain sharper features. How-
ever, sharper edges could provide a multitude of sorption centers for Na-ions.

GDHC 1100 | | ; CH “" GDHC 1400

GDHC 1500 ; - 8 GDHC 1600
oy,

Figure 13. SEM images of the studied GDHC materials, number indicates pyrolysis
temperature in °C.

The SEM image of GDHC 1100 electrode in Figure 14 reveals that the
composite electrode is quite homogeneous with clusters of nanospheric GDHC
particles mixed with Super P. Fibers from glass fiber separator can be seen on
the surface of the electrode.
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Figure 14. SEM image of GDHC 1100 electrode electrochemically charged with Na.

SEM image of the NVP-Spray precursor (Figure 15a) reveals a holey morpho-
logy. Particles are in varying sizes and shapes, but some plate-like structures
with rough edges can be seen. The heat treated NVP-Spray consists of much
smaller particles (Figure 15b) with a varying size distribution. Particle size
distribution can be narrowed by combining an ultrasonic spray method that
ensures a constant flow of droplets with a similar size and an electrostatic or
cyclone collector to separate different fractions.

Figure 15. SEM images of NVP-Spray precursor (a) and NVP-Spray after heat
treatment (b).
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6.1.2 HRTEM data

HRTEM study of GDHC 1100 material revealed the microstructure at the
atomic scale, demonstrating the formation of some graphitic layers onto a
mainly amorphous nanospheric hard carbon material [I, II, IV]. Graphitic struc-
tures are clearly visible from Figure 16. The spherical particles appear to be
hollow inside, which could serve as closed pores that enable reversible sodium
storage [46,123]. Also, curved 5-7 layer graphitic domains can be observed.

GDHC 1100

Figure 16. HRTEM image of GDHC material pyrolyzed at 1100 °C.
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6.1.3 Gas sorption measurements

Based on the analysis of Brunauer-Emmett-Teller (BET) gas sorption measure-
ment results, the calculated specific surface area (Sger) and total micropore
volume (V) of the synthesized GDHC 1100 were ~238 m”> g ' and 0.11
cm’ g', respectively.

CO, adsorption measurements were carried out to study the porosity of
GDHC 1400-1600. N, sorption measurements were also conducted, but did not
produce consistent results. The surface areas of GDHC 1400-1600 are likely
much smaller than GDHC 1100, which is why CO, was used instead. Table VII
shows specific surface area and total pore volume calculated from CO, sorption
data using 2D NLDFT HS (2-dimensional non-local density functional theory
heterogeneous surface) model. While both Sprr and Vppr decrease as 7T increases
from 1400 °C to 1500 °C, an increase in both parameters at 1600 °C is ob-
served. This can be explained by further breakdown or pore-opening of the hard
carbon structure at elevated temperatures.

Table VII. Specific surface areas and total pore volumes calculated from CO, gas
sorption data.

Sprr (M* g™) Vorr (em® g7™)
GDHC 1400 147 0.12
GDHC 1500 69 0.08
GDHC 1600 94 0.09

6.1.4 X-ray diffraction (XRD)
The GDHC 1100 has typical characteristics of an amorphous carbon — broad

peaks at 24° and 43°, representing (002) and (100) planes, respectively.
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Figure 17. XRD pattern of the GDHC 1100 powder.
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Calculated crystallite size is ~0.97 nm and cell parameters for 2H graphite
model (space group P63/mmc) were a = 2.469 + 0.019 and ¢ = 7.657 + 0.053 A.
As for the synthesized NVP, the X-ray diffraction (XRD) data in Figure 18a
indicate that the formed precursors are amorphous by nature because no sharp
peaks can be observed. However, after heat treatment all samples contain
Na;V,(POy); phase (Figure 18b). The NVP-Drop and NVP-Spray do not contain
impurities and the intensities of XRD peaks match the diffractogram from the
database. NVP-Stir has many unidentified peaks in the pattern that are the likely
cause for stepwise GCD profiles [V].
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Figure 18. XRD patterns of NVP precursors (a) and NVP materials after heat treatment (b).

Impurities are probably caused by the inhomogeneity of the viscous Stir pre-
cursor during the last stages of heating. As water is evaporated from the mix-
ture, the citric acid in the mixture turns the solution into an amorphous and
sticky mass, which creates a temperature gradient in the mixture. This can result
in heterogeneous distribution of elements in the mixture, which in turn leads to
the formation of impurities during heat treatment. The droplets are much smal-
ler and water evaporation is instantaneous with Drop and Spray method pre-
venting temperature and concentration gradients from developing within the
particles.

6.2 Cyclic voltammetry results

CVs were measured for GDHC1100||Na half cells at scan rates ranging from 0.1
mV s ' to 1 mV s~ [I]. The CVs in Figure 19 have a characteristic shape [52]
for hard carbon — a sharp reduction peak at £ < 0.1 V vs Na/Na", a well-defined
oxidation peak at £ = 0.2 V vs Na/Na" and a flat but higher current plateau in
03 > E > 1.0 V vs Na/Na  region, a characteristic of capacitive and
pseudocapacitive behavior [97,124,125]. The reduction peak is associated with
sodium adsorption and nanocluster deposition in the micropores and “closed
pores” and the oxidation peak is associated with desorption and Na dissolution.
The flat plateau with current at higher potentials is associated with Na
intercalation between expanded graphene layers [48,58] and adsorption on the
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edges of graphitic domains [61]. The asymmetry in 1.0 > £ > 1.5 V vs Na/Na"
region at higher scan rates in Figure 19a implies that intercalation of Na’ or
partially solvated Na'-PC species is hindered. That feature is absent from
Figure 19b, where relatively slow scan rate of 0.5 mV s~ is not exceeding the
rate of the intercalation process.
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Figure 19. Cyclic voltammograms of GDHC 1100|Na half cells in 1 M NaClO4 PC
electrolyte at various scan rates (noted in figure) (a) and the first 5 cycles at 0.5 mV s

(b) [1].

Figure 19b shows the first four cycles of a newly assembled half cell. It follows
that the system is reversible after the first cathodic scan since the CVs are prac-
tically identical. However, the reduction peak at 1.1 V vs Na/Na" is believed to
be caused by the reduction reaction of residual water [8] in the electrolyte and
the peak at 0.3 V vs Na/Na' is usually associated with electrolyte decomposition
reactions on the electrode surface [18,126], in this case PC and C1O, . However,
taking into account the reproducibility of the current maximum at 0.1 V vs
Na/Na', the formation of a stable SEI is questionable as PC is known for not
forming a stable film upon decomposition and due to strong coordination to Na-
ions [127] can co-intercalate between graphene layers, as observed in LIBs
[128].

Li and K were used to learn more about the charge storage mechanism in
GDHC 1100 and explore the differences between LIBs, NIBs and KIBs. The CVs
in Figure 20 reveal the vast differences in electrochemical performance of
different alkali metal based systems. 1 M LiPFs EC:DMC (Figure 20a) reaches
similar current densities in the peak regions as Na-based electrolytes in Figure
20b and d, but has less defined peaks. This implies that more layer-space is avail-
able for Li-ions, but adsorption and metallic cluster formation in the micropores is
happening to a lesser extent. In the case of KPFg, the linear carbonate (DMC or
DEC) has a strong influence on the electrochemical processes on the electrode
surface. Low current density throughout the CV cycle implies that DMC hinders
K" electrochemical activity. A small reduction peak has formed at 0.05 V vs
K/K", but no oxidation peak can be observed on the cathodic scan. On the other
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hand, the DEC containing electrolyte causes much higher current densities,
showing a narrow reduction peaks and a broader oxidation peak. However, the
potential hysteresis is bigger than that with Li- or Na-based half cells and current
density is much lower. The potential hysteresis suggests that K extraction from
the electrode surface is hindered. The noted difference between the performances
of DMC and DEC containing electrolytes could be caused by a stronger coordina-
tion between K and DMC than between K* and DEC.
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Figure 20. Cyclic voltammograms of Li" (a), Na' (b), K* (c) based half cells with
GDHC 1100, electrolytes noted in figure. The reversibility of 1.0 M NaClO, PC
demonstrated in (d) [IT]. All CVs were recorded at 0.5 mV s ' scan rate.

6.3 Galvanostatic charge-discharge data

Galvanostatic charge-discharge (GCD) results in Figure 21 reveal considerable
differences in the electrochemical behavior of Li'-, Na'- and K'-based half
cells. LiPFs EC:DMC leads to no plateaus formed in the GCD plot, which is in
good agreement with CV data in Figure 20a, as notable peaks were missing
from the CVs too. Such behavior has been previously observed in soft
carbon||Li half cells [129—131]. The galvanostatic profile only contains a
sloping part, which is similar to a capacitor-like linear £ — Q response. This
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suggests that the charge storage mechanism is almost purely based on inter-
calation (Figure 7f). As discussed in Section 4.5.1, one of the proposed mecha-
nisms attributed to the plateau region capacity is metal cluster formation in the
voids of the pseudographitic domains [50]. These voids can be the “closed
nanopores” that are inaccessible to Li-ions [112] and therefore no plateaus are
observed with LiPFg EC:DMC (1:1) electrolyte. A moderate capacity of 180
mAh g at 1.0 V vs Li/Li" is obtained. From a full cell perspective, such
performance is disadvantageous, as the sloping potential would dramatically
reduce the cell’s energy density. Furthermore, the 1* cycle coulombic efficiency
(CE) is only 65%, implying high irreversible capacity, often attributed to high
electrolyte consumption by SEI layer formation on carbons with a high specific
surface area (SSA), in this case 238 m® g ', and high surface functional group
content [132]. On the other hand, both Na-based electrolyte containing half cells
exhibit plateaus at £ < 0.2 V vs Na/Na" and a sloping region at 0.2 <E< 1.0 V
vs Na/Na’. Compared to NaPFs; EC:DMC, NaClO4 PC electrolyte produces
superior cell performance in all aspects — higher cumulative discharge capacity
(204 vs 139 mAh g "), higher plateau capacity at £ <200 mV vs Na/Na* (109 vs
63 mAh g ') and higher CE (90% vs 85%).
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Figure 21. GCD profiles of Li" (a), Na' (b), K' (c) based half cells and a comparison of
discharge capacities at different current densities (d).
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As indicated by CVs, K'-based half cells show very different electrochemical
performance compared to Li" and Na' cells (Figure 21¢). Charge/discharge
curves have a sloping profile, high potential hysteresis between charge and
discharge plateaus can be observed and the resulting discharge capacity values
are much lower, 105 and 58 mAh g’l, for DEC and DMC based electrolyte,
respectively. When comparing the charge profiles of both K-based half cells,
DMC requires lower potentials for the intercalation process to happen than does
DMC. The high irreversibility of DMC-based electrolyte implies K trapping
into the electrode structure. A 77 mV ohmic-drop can be observed between
charging to discharging mode, unlike with Li'- and Na'-cells, where such
potential drops are barely noticeable. Half cell cycling and rate performance
was evaluated at current densities from 25 mA g~ to 100 mA g ' (Figure 21d).
The specific capacity values from the first 25 discharge cycles (Figure 21d)
were highest for GDHC 1100]1.0 M NaClO4 PC|Na half cell with an exception
of 100 mA g’l, where LiPFs EC:DMC showed the best rate performance.
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Figure 22. Galvanostatic charge-discharge profiles at different cycles [I].

Longer cycling tests were carried out with 1 M NaClO,4 PC containing cells as it
had showed the best results in previous experiments. Figure 22 shows GCD
profiles at different cycles and highlights a major problem with GDHC 1100 —
the massive irreversible capacity during the first cycle. In a full cell that would
consume too many Na-ions from the electrolyte and the remaining reversible
capacity would be very low. Capacity fade is apparent as the cycle number
increases and is mostly caused by losses in the plateau region. A slight decrease
in slope at 0.6 < £ < 1.0 V on discharge curves, which are not visible during
charge can be observed at lower currents (25 mA g ). This could be due to a 2-
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stage de-intercalation reaction from the exfoliated graphene sheets and basal
planes of graphitic domains. The extent of capacity fade is apparent in Figure
23 (left), where capacity drops from 300 mAh g™ to 160 mAh g ™' by the 200"
cycle. A probable reason is that co-intercalation of PC causes exfoliation [22]
and an increase in electrical series resistance due to formation of electrically
insulated active material particles. Moreover, extensive electrolyte decomposi-
tion can proceed, as PC does not form a stable SEI [8]. However, cycle life is
massively improved (255 mAh g™ at 200" cycle) by adding 10 vol% of EC to
the electrolyte solution (Figure 23b).
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Figure 23. GCD cycling data from GDHC 1100|[Na half cells in different electrolytes.

Apparently, the electrolyte plays a crucial role in active material performance,
which is why different PC-based electrolytes were studied in LIB and NIB half
cells [II]. It is clear from Figure 24 that NaPFs; and NaClO4 show similar
behavior in PC, but more pronounced differences can be observed with EC:PC
(1:1) mixture. However, the choice of salt anion becomes even more critical in
Li-based cells, where LiClOy is clearly underperforming — high /R-drop and no
plateaus. Again, the difference between LiPFs and NaPFs can be witnessed
when comparing EC:PC (1:1) electrolytes. The profiles of LiPF have a longer
and smoother sloping region, while NaPFg has well defined sloping and plateau
regions. Although LiPFg achieves higher capacity values at 1.5 V vs Li/Li", the
plateau capacity is 75 mAh g ' higher with NaPFg. It can be inferred that PC is
crucial to micropore filling as the plateau regions were either short or absent in
Figure 21, where EC:DMC (1:1) solvent mixture was used.
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Figure 24. GCD profiles of half cells with various PC-based electrolytes.

GCD profiles recorded at different current densities for LiPFs EC:PC (1:1) in
Figure 25 show the half cell has high power characteristics (175 mAh g ' at
2000 mA g '), but not as much capacity for high energy as the plateau region is
fairly short and absent at / > 200 mA g '. The half cell has a high irreversible
capacity on the first cycle indicating that a lot of Li that is inserted in the
material can not be extracted reversibly.
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Figure 25. GCD profiles of GDHC 1100||[Li half cells with LiPFs EC:PC (1:1)
electrolyte.
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GCD profiles of Na-based half cells recorded at different current densities in
Figure 26 have well developed plateaus reaching 175 mAh g ' with NaPF
EC:PC (1:1) electrolyte. Adsorption in the micropores and subsequent metallic
cluster formation attributed to the plateau region is a much slower process than
insertion between layers since the plateau region becomes virtually nonexistent
in all cells at 7> 300 mA g .
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Figure 26. GCD profiles of different Na'-based electrolytes at various current densities.
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6.3.1 GDHC 1400-1600

The literature on hard carbons indicated that higher HTTs produce materials
with better Na-storage properties and secondly our first GDHC1100|| NVP full
cells showed massive losses on the first charge cycle, which is why higher
temperatures were used to treat the HTC precursor.
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Figure 27. GCD half cell data for GDHCs heat treated at higher temperatures.
Galvanostatic profiles of the first cycle for GDHCs noted in figure (a) and cycling data
of GDHCs at various C-rates.

It is evident from Figure 27a why GDHC 1100 is impractical in a full cell — the
first charge consumes 200 mAh g ' before reaching the plateau region. The
charge/discharge profiles in Figure 27a follow a logical order — with increasing
temperature, both irreversible capacity and sloping area are reduced. However,
plateau capacities also reduce which lowers 1* cycle coulombic efficiency (CE).
By limiting the Super P in all electrodes, irreversible capacity is reduced from
66 mAh g™ to 47 mAh g™' and sloping region reduced by 30 mAh g~'. Unfortu-
nately, the plateau capacity is also reduced when Super P content is decreased
from 15 wt% to 4 wt%, which could have been caused by reduced conduction
paths in the composite electrode [133]. As shown in Figure 27b, the best
overall performance is achieved with GDHC 1400 b (reduced Super P content).
Higher plateau capacity, but similar irreversible capacity compared to higher
temperatures yields a 1% cycle CE of 85%. Therefore, this carbon was chosen as
the best candidate for further full cell measurements.
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6.3.2 Na3V,(PO,); positive electrode
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Figure 28. GCD half cell data for the studied NVP materials. Comparison of galva-
nostatic profiles of the tested active materials at C/20 (a), at 10C (b), cycling data at
various C-rates (c) and galvanostatic profiles at different currents for NVP-Spray half
cell (d).

Data in Figure 28a indicate that NVP-stir has staging charge profile and a
lower capacity (64 mAh g'), which is in good agreement with XRD data.
Multiple impurities that could not be identified are present and will therefore
lower the gravimetric capacity of the material. All the other materials display
very flat plateaus, some staging during discharge can be observed, explained by
parasitic oxidation reactions on the surface of the sodium counter electrode
[134]. NVP-Spray displays the highest capacity — 102 mAh g ' at C/20, fol-
lowed by NVP-drop and NVP-Spray-3 (scaled up version of NVP-Spray, but
without added glucose) at 94 mAh g™' and NVP-Spray-2 at 88 mAh g '. How-
ever, the order reverses at 10C (Figure 28b), where NVP-Spray-2 exhibits the
best performance (70 mAh g ') and NVP-Drop the worst reaching the cut-off
voltage too early due to high /R-drop. The fact that NVP-Spray-3 and NVP-
Spray-2 show high capacities at 10C rates can be attributed to increased carbon
content in the electrode material. Firstly, 25 wt% of glucose was added to NVP-
Spray-2 precursor, which helps to form a carbon shell around the particles and
therefore increases conductivity of the material [116,135]. Secondly, some
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scaling effects seem to contribute to NVP-Spray-3 having a higher capacity at
10C than NVP-Spray, even though no additional glucose was added to the
precursor before the heat treatment step. This means that with larger quantities
more organic material is left in the precursor matrix during precursor formation.
Unfortunately, an amorphous mixture of Na®, V** and PO,” ions makes a too
aggressive sample for thermogravimetric analysis (TGA) that can contaminate
the thermocouple when Na" diffuses through alumina, which is why TGA was
not performed with NVP samples. Looking at the overall performance of all
cells (Figure 28c), NVP-Spray and NVP-Drop show superior performance at
low rates (even after recovery from high rate cycling (0.2C)). NVP-Spray
demonstrates the highest capacities up to 5C. Spray-2 shows the best high-
power performance (60 mAh g ') at 20C. NVP-Drop and NVP-Stir are the only
samples, which show a faster fade at 0.2C after high rate cycling.

NVP-drop shows high capacity at low currents, but a rapid decline ensues as
currents exceed 2C. This can be explained by bigger crystal size that lengthens
path of diffusion for Na ions. NVP-spray is an improvement to NVP-drop by
enabling higher C-rates and when scaled up (Spray-2), it shows power charac-
teristics that far exceed even NVP-Stir, which initially seemed like the best
candidate for a high-power NIB cell. Figure 28d shows charge profiles of NVP-
Spray various C-rates. It can be seen, that after 2C a drastic increase in ohmic
drop is evident and capacity starts to decline. Interestingly, these stages are visible
only in discharge profiles and become more pronounced as the applied current
increases. As mentioned before, this can be due to parasitic reactions on the Na
counter electrode [134], but has to be examined further as such phenomena have
not been observed in other works [32,116] or profiles are not shown [136].

6.3.3 GDHC 1400 b | | NVP-Spray full cell measurements

Full NIB cells were assembled using NVP-Spray as the positive electrode and
GDHC 1400 b as the negative electrode to evaluate NVP-Spray performance in
a full cell. Figure 29a shows 1% charge/discharge profile for two cells with
different On/QOp ratios; Oy — negative electrode capacity; Op — positive electrode
capacity. Cell 1 has a On/Qp ratio of 1.1, which means the negative electrode is
slightly oversized and therefore prevents Na plating on the hard carbon due to
overcharge. This is common practice for commercial cells to increase safety
[137,138]. Cell 2 On/QOp is 0.75, which means NVP is in large excess. Cell 3
with GDHC 1100 with On/Qp at 0.37 is shown for comparison to illustrate the
effect high sloping region capacity has on full cell performance. Data in Figure
29a show that although cells 1 and 2 have a similar CE during the first cycle,
the slight increase of cell potential at 90 mAh g ™' during charge is evidence that
Na plating has taken place in Cell 2. Figure 29b demonstrates the effect of
misbalancing to overall cell performance: Cell 1 and 2 start from similar capa-
city values, but Cell 2 declines rapidly, as dendritic plating of Na increases
surface area and in turn leads to further electrolyte decomposition and loss of
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Na®. Cell 1 is very stable with CE of 99.7% at 80" cycle. Charge/discharge
profiles in Figure 30 are comprised of two distinct regions and the graph shape
is mainly determined by the hard carbon profile since NVP has a very flat
plateau. As the plateau capacity of the hard carbon is depleted the full cell
profile follows the sloping behavior of the hard carbon. Capacities for Cell 1
reach 80 mAh g™ and 60 mAh g ™' for the plateau region per NVP active mass.
Calculated energy density for the full cell at C/20 was 104 Wh dm™ and
specific energy 189 Wh kg™'. Cell 1 rate performance (Figure 29b) is similar to
NVP-Spray in Figure 29b — capacity decline after 2C with increased ohmic
drop, which in turn caused specific energy drop from 150 Wh kg™ (at 2C) to
119 Wh kg™' (at 5C) and energy density drop from 82 Wh dm (at 2C) to 65
Wh dm™ (at 5C). Interestingly, no stages can be observed in discharge profiles
unlike in NVP half cells, which again supports the claim that reactions on Na
electrode can distort the signal that is assumed to come from the working
electrode [134].
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Figure 29. Galvanostatic charge/discharge data for GDHC full cells; (a) profiles of the
first charge/discharge cycle for GDHC|INVP full cells and (b) discharge capacities for
full cells at various cycling rates (noted in figure).

Full cell results show how important it is to optimize the hard carbon electrode
material towards a reduced surface area to reduce Na' loss and the need for
oversizing positive electrode mass loading to compensate for that loss.
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Figure 30. Galvanostatic charge-discharge profiles for Cell 1 at various C-rates (noted
in figure).

6.4 Analysis of electrochemical impedance spectroscopy
(EIS) data

6.4.1 GDHC 1100 in 1 M NaClO4 PC

EIS was employed to study the nature of hard carbon sodiation processes in
more detail. Equivalent circuit fitting was applied to interpret the complex data
using a modification of an equivalent circuit (EQC) developed by J. Newman’s
group [139] in Figure 31a and three Nyquist plots are shown to illustrate the
difference of recorded impedance signals at various electrode potentials.

The impedance spectra within electrode potential region 0.2 < E < 1.2 V vs
Na/Na" showed two depressed semicircles (in Figure 31 only some are shown
for shortness), followed by a nearly linear slope region, i.e. so-called finite
length (capacitive) or mass transfer region (depending on the £ applied). How-
ever, at some potentials (£ = 0.05 V vs Na/Na") the second semicircle has been
screened by Warburg-like finite-length mass-transfer impedance behavior,
possibly indicating diffusion of partially solvated Na" in the micro-/nanoporous
electrode matrix. At £=1.45 V vs Na/Na' the second semicircle is screened by
finite-length adsorption effects, which indicates that only adsorption processes
take place at such potentials. Indeed, as shown by the GCD plot in Figure 21b,
noticeable charge storage starts at £ < 1.0 V vs Na/Na". At higher ac frequen-
cies, ~600 kHz to 20 Hz, there is a well expressed, but slightly depressed semi-
circle in the Nyquist plot, a characteristic of the SEI layer formation onto/into
the GDHClelectrolyte interface with a resistance (Rsg;) and capacitance (Csg;).
The second depressed semicircle at middle frequencies (from 20 Hz to 0.1 Hz)
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can be ascribed to faradaic processes (depending on the potential applied)
[140,141] and characterized by faradaic charge transfer resistance (R) and
charge transfer process capacitance (C) values. A nearly linear region in
Nyquist plots is normally related to the Warburg-like impedance behavior due
to Na" ion diffusion in solids or into the microporous carbon electrode structure
[142].
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Figure 31. EQC used for fitting EIS data (a), EIS data recorded at 0.05 V (b), 0.8 V (c)
and 1.45 V (d) vs Na/Na" for GDHC 1100||Na half cells with 1 M NaClO, PC
electrolyte. Knee-frequencies and semi-circle maxima frequencies noted in the figure.
EQC fitting results shown as a solid line.

Results of non-linear regression analysis show that experimental Nyquist plots
can be simulated with high accuracy and with chi-square values of > >5 x 10™*
and 4* > 0.08. The measured series resistance (R;) values (Figure 32a) for the
GDHC 1100||Na half cell depend on the applied electrode potential. The highest
R, values can be seen at £ = 1.872 V (open circuit potential vs Na/Na") thus, in
the so-called electrical double layer charging/discharging region. Therefore, in
this electrode potential region, there are no faradaic reactions and only at £ <
1.0 V vs Na/Na' the SEI layer formation starts. The values of SEI film capaci-
tance (Csgy) and resistance (Rsg) (Figure 32b) can be explained by the SEI
formation at/into the carbon material or by the pseudometallic characteristics of
microporous carbon material, discussed previously in Refs. [143,144]. Ac-
cording to data in Figure 32a, the high frequency series resistance R, values
depend weakly on the E applied. However, Rsg; values (from 0.2 to 290 Q cm?)
depend somewhat on the applied electrode potential and are higher at £ from
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0.6 to 1.872 V (OCP) vs Na/Na" (Figure 32b). A considerable decrease in Rgg;
is observed for all systems at £ < 0.8 V, where Na" ion adsorption (accumu-
lation) with partial charge transfer starts. At £ > 0.6 V, an increase in Rgg iS
associated with the insulating SEI layer formation on the electrode surface. SEI
film capacitance (Csg) values (Figure 32b) are moderate (from 0.1 to 0.3
puF cm_z), but a pronounced decrease in Csg; occurs at £ < 0.8 V vs Na/Na',
where partial charge transfer processes, attributed to Na" intercalation between
expanded graphene layers start. R values (Figure 32c¢) are very high at £ >
1.45 V vs Na/Na', within the so-called electric-double layer region. At E < 1.45
V, a substantial decrease in R, values takes place which, can be explained with
the adsorption of Na’ ions on the electrode surface, SEI formation onto/into
GDHC celectrode structure and intercalation and accumulation of Na in the
material. At £ < 1.0 V vs Na/Na', the diffusion resistance (Rp) values (Figure
32d) are noticeably higher than R, values, and the increase in Rp values at £ <
0.2 V (vs Na/Na") is mainly caused by SEI formation. At E > 1.5 V, the Rp
values are moderate compared to R values, which demonstrates that at £ > 1.5
V no faradaic or partial charge transfer processes take place at the GDHC
electrode surface, as the electrode surface has been depleted of electroche-
mically active Na.
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Figure 32. Equivalent circuit element parameters retrieved by fitting the recorded EIS
spectra as a function of bias potential.
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6.4.2 EIS study of alkali metal insertion processes on
hard carbon

The results described above inspired us to study the insertion and accumulation
processes with Li and K electrolytes as well to gain better understanding of
charge storage mechanisms between the different alkali metals as noted in Sec-
tion 6.3. The idea was to conduct numerous impedance measurements in a wide
potential range and gain insight into the nature of the charge storage processes
with the help of statistics and data analysis. Similar concept has been applied
previously to study SEI formation on graphite negative electrodes in LIBs
[145,146], on LiNiO, positive electrode surface [147] and for evaluating LIB
cell performance at low temperatures [148]. In order to study the small changes
in the process characteristics as the electrode is charged and discharged, impe-
dance spectra were recorded in small intervals — every 200 mV in 0.4 < £ < (.8
V vs Me/Me’ (Me — Li, Na, K) potential range and every 12.5 mV in 0.04 < E <
0.4 V vs Me/Me" potential range. Four different half cells were tested, 3 charge-
discharge cycles were conducted for each cell and each cycle produced 34 EIS
spectra, i.e. the total number of spectra produced was 408. Only the first cycle
of each half cell was analyzed in detail for practical reasons. However, before
embarking on a massive batch fitting operation, different EQCs had to be
considered.

6.4.2.1 Choice of equivalent circuits

Multiple equivalent circuits (EQCs) were tested for fitting the impedance data
of the half cells, but the three best ones (Figure 33) were selected for com-
parison (Figure 34 and Table VIII) to determine the one most applicable for
the measured EIS data. An EQC by Zhang et al. [145,148] (Figure 33c), which
has been used to evaluate bulk or series resistance (R;), solid electrolyte
interface resistance (Rsg;) and charge-transfer resistance (R,) values in LIB cells
was also considered. Also, an EQC developed by Newman and Meyers et al.
[139] (Figure 33b), proved to model the real physical processes in model
porous intercalation electrodes was evaluated. Since the Meyers et al. model fits
impedance data at frequencies only above 0.05 Hz, it has been slightly modified
(hereafter named modified Newman circuit) by replacing the double-layer
capacitance with a constant phase element (CPE) [143,144]. The CPE is better
suited for analysis of double layer formation/relaxation at porous energetically
heterogeneous carbon surface consisting of graphitic sp® and amorphous sp’
areas. In the modified Newman EQC (Figure 33a), R, is the high-frequency
resistance of the half cell, which corresponds to the total resistance of the
electrolyte, separator and electrodes; Rgsg and Csg are the resistance and
capacitance of the SEI, which correspond to the semicircle at high frequencies.
R, and CPE are charge transfer resistance and distributed double layer capa-
citance/resistance expressed as a constant phase element, which corresponds to
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the semicircle at medium frequencies. Finite-length Warburg impedance (Zws)
is related to an effect of the diffusion of Li", Na" or K" ions in/on the porous
electrode electrolyte interfaces.
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Figure 33. EQCs used for fitting impedance data in this work: modified Newman
circuit (a), where Cy has been replaced with a constant phase element (CPE), original
Meyers and Newman (b) circuit from Ref. [139] and circuit used by Zhang et al. (¢) for
fitting impedance data in Refs. [145,148].
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6.4.2.2 Batch fitting of spectra

EQCs shown in Figure 33 were considered for batch fitting EIS data in [II]. A
comparison of fits is shown in Figure 34 and fitting parameters with errors are
shown in Table VI.
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Figure 34. Comparison of equivalent circuit fits of EIS spectrum recorded at 0.04 V vs
Na/Na" in 1.0 M NaPFs EC:DMC (1:1).

The fitting best fitting results (smaller y* and error % in Table VIII) for 1.0 M
NaPF¢ EC:DMC (1:1) system were achieved using the CPE modified Newman
EQC. Therefore, only modified Newman circuit was used for fitting the rest of
the impedance data in this study. Also, using the EQC given in Figure 33a
enables better comparison with our previous data on Li", Na', Cs" cation based
electrolyte and carbide-derived carbon (CDC) interface [144,149,150]. For
more detailed analysis of the measured impedance spectra used for fitting,
consult Paper [II].
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Table VIII. Comparison of fitting parameters of three equivalent circuits for 1.0 M
NaPF¢ EC:DMC (1:1) half cell at 0.04 V vs Na/Na™ [II].

Circuit Parameter Value Error Unit Error %
P 0.0012
A 0.171
R, 18 Qcm’
Cser 0.31 0.01 uF cm;z 3.72
. Rsgr 6.36 0.16 Qcm 2.48
1;‘:3:3;3 y 59.0 23 | wFs*tem? | 3.96
OcPE 0.740 0.005 0.69
Rp 63.3 6.8 Qcm? 10.70
Tws 45.27 11.23 24.80
Ows 0.45 0.02 421
Ry 97.21 0.70 Qcm’ 0.72
P 0.0117
A 1.674
R, 18 Qcm’
Cser 0.49 0.03 uF cm ™ 6.37
Newman Rgg 10.27 0.37 Q cm: 3.62
Cq 6.83 0.22 uF cm 3.32
Rp 163.4 22.47 Qcm? 13.75
Tws 36.07 104.04 288.44
Ows 0.08 0.01 15.50
Ry 8.80 x 10° 7.51 Qcm’ 8.54 x 107
e 0.0101
A 1.458
R, 18 Qcm’
Csel 10.80 0.32 uF cm;z 3.039
Rggr 66.87 1.47 Qcm 2.19
Zhang Ca 0.39 0.03 WF cm 8.74
Rp 102.3 13.86 Qcm’ 13.55
Tws 99.15 133.44 134.58
O 0.152 0.006 4.060
Ry 1.72 x 1077 | 0.22388 Qcm’ 1.30 x 10®

The fitting results of the recorded impedance spectra are shown in Figure
35-Figure 40. Each point on the graph corresponds to an EIS spectrum mea-
sured at a fixed potential. Charging corresponds to lithiation/sodiation/potassia-

tion and discharging to the opposite process.
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Figure 35. Chi-square values of modified Newman EQC fitting.

The results of non-linear regression analysis show that experimental Nyquist
plots for all systems can be simulated with the modified Newman model with
high accuracy, chi-square functions y* <5 x 10~ (Figure 35). The only excep-
tion being NaPFg based system, which shows y* values above 0.01 at £ > 0.3 V
vs Na/Na'.

It is clear from Figure 36, that LiPF; EC:DMC (1:1) electrolyte produces
highest Rgg; values. It can be explained by the fact that smaller Li-ions with a
higher charge density form stronger bonds with Li oxides (O, decomposition),
hydroxides (H,O decomposition) and carbonates, and therefore makes those
species insoluble in polar aprotic media [8]. Also, the surface of hard carbon
contains more organic species in LIB half cell than in a NIB one [III], which
leads to higher surface film resistance. KPFs EC:DEC (1:1) shows very little
change during cycling, which means that there is no effective SEI build- up. All
other electrolytes besides LiPF¢ converge at a similar value between 5 and 10 Q
cm’. As for SEI layer capacitance in Figure 37, LiPF is has the highest values
which is in good agreement with Rgg; values — SEI formation consumes charge.
However, NaClO, PC has relatively higher Csg; values than Rgg; values, com-
pared to NaPF4 and KPFg. This can be explained by PC co-intercalation or the
formation of soluble decomposition products that do not thicken the SEI.
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Figure 37. SEI layer capacitance (Csg;) values obtained through EQC fitting of spectra
for the studied half cells.
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The constant phase element fractional exponent acpg values (Figure 38) for all
systems, except NaPFs EC:DMC, are in the range of 0.70 < acpg < 0.83
indicating that a mixed adsorption step and mass-transfer step limited kinetics
take place in the 0.4 < £ < 0.04 V vs Na/Na' region. At E > 0.5 V, for NaPF
EC:DMC system, acpg—1 indicates that adsorption step rate limited processes
are the prevailing in the system.
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Figure 38. Constant phase element fractional exponent (acpg) values obtained through
EQC fitting of spectra for the studied half cells.

The highest CPE constant (4) values have been calculated for the same system
(Figure 39). All the other systems show very stable 4 values, independent of E.
As expected, very low A values were obtained for KPF¢ EC:DEC electrolyte
based half cells, as the CVs in Figure 20c¢ showed lower electrochemical
activity than Li- and Na-based counterparts.
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Figure 39. Constant phase element coefficient (4) values obtained through EQC fitting
of spectra for the studied half cells.
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Figure 40. Charge transfer resistance (R.) (a), diffusion resistance (Rp) (b) and
Warburg impedance fractional exponent (ay) (c) values obtained through EQC fitting
of spectra for the studied half cells.
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Charge transfer resistance (R.;) values (Figure 40a) are very high (2500-3500
Q cm?) for 1.0 M LiPFs EC:DMC (1:1) based system, which can be explained
by the formation of thick passivating SEI on GDHC electrode surface. The R
values for Na'- and K'-based half cells, are relatively small (<500 Q cm?)
compared to Li-based cell because the formation of resistive SEI layer on the
GDHClelectrolyte interface is occurring to a smaller extent.

The diffusion resistance (Rp) values (Figure 40b) strongly depend on the
applied E. The highest Rp values at £ < 0.4 V were calculated for KPFg
EC:DEC, but lowest for LiPFs EC:DMC and NaPFs EC:DMC system.
Warburg-like diffusion impedance fractional exponent (aw) values vary in great
extent for 1.0 M NaClO4 PC system, where the highest aw > 0.8 values have
been calculated at £ > 0.12 V. Surprisingly, for KPFs EC:DEC and LiPFq
EC:DMC based systems aw =~ 0.5, which is a characteristic of semi-infinite
diffusion process, have been calculated (Figure 40c). The very high Rp and aw
> 0.75 values for KPFs EC:DEC electrolyte based system, calculated from
impedance data, are in agreement with the shape of the CVs and GCD data,
where very low current densities (very slow faradaic and mass-transfer
processes) have been observed. The slower K" reduction and K oxidation/re-
oxidation kinetics established by CV method (Figure 20c) are in agreement
with impedance data. Low Rp values for NaPFs EC:DMC system indicate, that
Na" diffusion in the electrode is less hindered that with Li" and K. This is also
evidenced by the peaks in Na-based GCD data in Figure 21b.

6.5 Results of ex situ characterization of sodiated and
lithiated electrodes

6.5.1 Raman spectroscopy

Comparison of the collected Raman spectra for the pristine GDHC 1100 com-
posite electrode and the GDHC electrode charged with Li or Na (after the first
galvanostatic charge cycle) show that one charge cycle with lithium or sodium
has little effect on the structure of the disordered hard carbon material.

The intensity ratio of the D-band (1350 cm™', sp® carbon) and the G-band
(1580 cm™', sp” hybridized carbon), (Ip/ls), which can be used for the first
approximation as a measure of the extent of graphite-like structure in the mate-
rial, shows a small variation in Ip/l ratio increase for the material that accu-
mulated Li or Na, which in turn indicates that slight increase in disordering of
the GDHC carbon material has taken place. However, Ip/Ig ratio is not con-
sidered an accurate measure of disordering since D- and G-peaks usually consist
of two separate peaks. A more precise way of comparing relative disordering is
by calculating the full width at half maxima (FWHM) of G-peak by fitting
Raman spectra with Gaussian and Lorentzian functions [151]. Therefore,
FWHMs of the “real” G-peak are also shown in Figure 41, albeit the differen-
ces are minuscule [III].

68



I/l FWHMG,pEak

Pristine 0.96 65.85 cm’
——Na 1.00 66.85 cm’
—Li 1.00 65.68 cm

Intensity (au)

800 1000 1200 1400 1600 1800 2000 2200

Raman shift (cm™)

Figure 41. Raman spectra of pristine, sodiated and lithiated GDHC 1100 electrode [III].

6.5.2 LA-ICP-MS study of sodiated electrode

LA-ICP-MS was used to determine whether Na binds chemically to the hard
carbon. In addition to the electrochemically cycled electrode (100 cycles within
0.005 < E < 1.5 V vs Na/Na"), dry and wetted electrode were analyzed to
determine elemental contributions from the pristine electrode and from the
electrode that has been in contact with the electrolyte (1 M NaClO4 PC for 7
days), respectively. The sodiated and the wetted electrodes were washed with
PC to remove salt residue deposits from the electrolyte.
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Figure 42. Left: LA-ICP-MS signal intensities for carbon, sodium and chlorine,
corrected for baseline signal. Right: Na/C signal intensity ratio [I].
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It can be concluded from Figure 42 that electrochemically sodiated electrode
contains far more Na and Cl than the wetted and dry electrode. It must be
emphasized that the LA-ICP-MS method is less sensitive toward Cl than Na.
Na/C ratio increases 375-fold after cycling and about 10-fold increase in Na can
be seen after wetting the dry electrode. Therefore, it can be concluded that
electrochemical polarization increases the accumulation of Na"/Na’ into the
electrode porous structure.

6.5.3 TOF-SIMS investigation of sodiated and
lithiated surfaces

Positive ion TOF-SIMS spectra were collected in the range up to 150 m/z. For
shortness, the mass-spectra of the pristine, lithiated and sodiated electrodes are
omitted, but shown in detail in [III]. The spectra in Figure 43 show the diffe-
rence between electrochemically charged electrodes and electrodes wetted with
electrolyte (1 M LiPF¢s EC:PC (1:1) or 1 M NaPF4 EC:PC (1:1) solution for 3
days). For the electrode charged in lithium-based electrolyte (Figure 43 above),
a number of fragment peaks were observed, mainly assigned to organic frag-
ments, such as m/z = 43 (C,H;0"), 59 (C,H;0,") or C;H,0") and 77 (C,Hs0;")
and with complexes with inorganics, for instance m/z = 33 (Li,F") or (C,H,Li"),
59 (LisF,") or (C4H4Li") and 81 (Li;CO;"). C,H;0" is considered a major
component of the basal SEI [152]. In addition to the decomposition products
generated by electrochemically induced oxidation/reduction processes, common
contaminants such as m/z = 23 (Na") and 39 (K") and hydrocarbons were
observed in the positive ion spectra.

Compared to Li spectrum, the sodium-based cell (Figure 43 below) pro-
duced far less fragments. The fragments were assigned to inorganic compo-
nents: m/z = 24 (NaH"), 62 (Na,O") and organic compounds: 39 (C;H;"), 46
(CH,0,") and 69 (CF;"). This result proves that the surface film the sodiated
electrode was more inorganic in nature and likely less polymerized. According
to Aurbach and co-workers [8], of the surface species formed on the negative
electrode of Li'-based cells are less soluble than ones formed in the negative
electrode of Na'-based cells. These results confirm that the passivating layer is
different at LIB and NIB hard carbon surface and it might be related to the
different nature of Li and Na (or Li" and Na"), such as ionic size, solvation
energy of cations, solubility, reactivity etc.

Differences between TOF-SIMS ion spectra after the first galvanostatic
cycle for electrodes from Li" and Na'-electrolyte based half cells, respectively
(Figure 43) indicate that charging accumulates almost 107 times more of Li or
Na on the electrode surface. The SEI formation in the Li-based system produces
a more complex layer that than the Na-based as indicated by the variety of
fragments.
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Figure 43. TOF-SIMS ion spectra of electrodes electrochemically charged with Li/Li"
(above) and Na/Na" (below) from which spectra of non-polarized electrodes (wetted in
either 1 M LiPF4 EC:PC (1:1) or 1 M NaPF4 EC:PC (1:1) electrolyte for 3 days) have
been subtracted (adjusted for "?C" ion intensity) [III].

6.6 Operando X-ray synchrotron total scattering data

Operando X-ray total scattering data were obtained to study the structural
changes in the hard carbon (GDHC 1100) upon operation in NIB and LIB half
cells. Analysis of such a disordered structure is difficult, as the signals tend to
be weak and produce broad peaks due to the non-periodic nature of the material.
Therefore, only limited information can be obtained from the scattering patterns
with traditional crystallographic methods. In order to extract information from
weak reflections of X-ray scattering, pair distribution analysis (PDF) of the
scattering data in real space was employed.

The PDF obtained from the hard carbon electrode before cycling is shown in
Figure 44. The PDF clearly illustrates the limited structural coherence in the
hard carbon material as no long-range order peaks are seen above 25 A.
However, the sample has very well-defined local range order as seen from the
sharp low r-range peaks, corresponding to the C—C correlations indicated in the
insert structure. The loss of long-range order has been proposed to be caused by
termination of carbon fragment sheets by either hydrogen atoms or a functio-
nalized group or by the presence of non-hexagonal rings causing sheet curvature
[153].
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Figure 44. PDF of pristine GDHC 1100 in the full r-range revealing absence of long-
range order.

The resulting plot of operando PDFs upon charge is presented in Figure 45. In
the range shown in the figure, the PDF is mainly dominated by the C—C corre-
lations in a single graphene sheet, as indicated by the marked distances in
Figure 44. As the concentration of sodium in the hard carbon material increases
during sodiation, denoting charge of the half cell, it is clearly illustrated that the
whole graphene layer structure, including the closest C—C bond distance in the
benzene ring, becomes more disordered upon sodiation as peak broadening is
seen (Figure 45, below). Similar broadening effects were observed from ex situ
measurements of hard carbon samples obtained from different stages of the
charge process in a pouch half cell (Fig. S2 ESI in paper 1V). Interestingly, the
intensity of the peak seen in the experimental PDF at 3.2 A (indicated by the
arrow) increases upon sodiation, which would indicate an increase in the
presence of seven-membered rings, and therefore introduction of bond breakage
and associated disorder [122], but is likely related to broadening of the sur-
rounding peaks, smearing out the electron density and therefore resulting in
intensity increase around the peak center. Finally, as seen in the operando PDFs
upon subsequent charge—discharge cycles, the peaks representing the C-C
correlated distances never fully reach the features of the fully de-sodiated state
found in the initial hard carbon material, as they still contain a significant
degree of disorder. In Figure 45, this is especially visible at 1.42 A, where the
sharpness of the initial peak is never recovered. Also, the galvanostatic charge-
discharge profiles in Figure 46 reveal that the operando capillary cell did not
produce a plateau at £ < 0.1 V, which means the charge storage mechanism in
that region could not be studied in this work. Consequently, the irreversible
capacity loss and further capacity fading might indicate that the sodium is
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consumed in electrolyte decomposition reactions, resulting in less sodium being
available for insertion upon subsequent charging cycles.
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Figure 45. Operando study of the dynamic evolution of the graphene structure upon
sodiation. (Top) Operando PDF data in the r-range representing the graphene correla-
tion structure as a function of electrochemical state (indicated in the bar diagram on the
right of the figure). (Below) Selected operando PDFs of the first charge cycle relating
the electrochemical state-of-charge (SOC) and the changes in real space.
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Figure 46. Refinement of cell parameters a and ¢ of the hard carbon structure upon
sodiation as a function of state-of-charge (SOC). The SOC of the half cell is indicated
as the black curve with corresponding cell potential on the right y-axis. The red bar
diagram indicates when the first sodiation process occurs.

Quantitative analysis of the operando PDFs was done employing the presented
extended graphite model, which was refined to the time-resolved data. Figure
46 shows the refined a and ¢ parameters as a function of time, representing the
SOC. As observed in Figure 46, both a and c¢ increase upon sodiation. The
increase in c-parameter indicates intercalation, where sodium inserts between
nearly aligned graphene sheets causing the interlayer space to expand. Con-
sequently, as discharging is associated with de-intercalation, a decrease in c-
parameter is also observed. In addition, the expansion of the in-plane graphene
cell parameters, corresponding to the C—C bonds in the graphene layers, has
previously been observed in lithiated graphite [154], potassium intercalation in
graphite [155], and studied using theoretical ab initio calculations [156]. The
bond-length increase in the graphite intercalated systems was associated with an
electron transfer from the s-orbitals of the intercalated ion to the antibonding
orbitals in the upper z-band of the intercalate layers in the graphite, which is
consistent with the C—C bond reduction and resulting elongation found in the
graphene sheets. The quality of the fit using the altered graphite model was
improved by modelling the PDF independently in two r-ranges: the low-r range
from 1-5 A and the high-r range from 4.5-10 A, of which the refinement fit is
presented in Fig. S4 ESI of paper IV. The refined a parameter for the 1-5 A
range (blue) and 4.5-10 A range (red) is shown in Figure 47a along with the
parameters obtained from the fit of the entire r-range from 1-15 A (black).
Fitting in the local r-range gives significantly larger in-plane parameters than
when fitting to the longer-range order peaks, indicating that one single model
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cannot describe the whole structure. The behavior can be understood in terms of
curvature of the graphene sheets as also observed by Stratford et al. [52]. Com-
paring a planar graphene sheet and a curved structure, the resulting distances
between carbon atoms at high-» will significantly differ in the two models. In a
curved structural model, the result of moving into the high-7 region results in
carbon atoms being closer together than described by the planar model, which is
schematically illustrated in Figure 47b. The effect is seen throughout the
cycling process of the half cell and appears intrinsic to the hard carbon structure
and not affected by sodiation. Additionally, the intrinsic behavior of curved
sheets was further supported by HRTEM, in which more isolated graphene
sheets were found to exhibit pronounced curvature, whereas less pronounced
curvature was observed for multilayered graphene sheets as illustrated in
Figure 16.
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Figure 47. (a) Refinement of cell parameters a and b of the hard carbon structure upon
sodiation in the three r-ranges of refinement as a function of SOC. The GCD profile of
the half cell is indicated as the black curve with corresponding cell potential on the right
of the figure. The red bar diagram indicates when the first sodiation process occurs (b)
Schematic illustration of how the effect of curvature influences the r-ranges utilized in
the refinement.
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The atomic displacement parameters (ADPs) describing atomic motion in and
between the graphene layers, U;,/U), and Us;, respectively, are used to quantify
the degree of disorder present. The in-plane ADPs (U, and Uy,) refined in the
long-range order regime are less affected by the cycling process; and as seen in
the pristine hard carbon PDF (Figure 44), the structure is already intrinsically
dominated by short-range order in the graphene sheet, whereas long-range order
is significantly weaker due to either the presence of curvature or termination of
graphene fragments in the material as discussed previously. Therefore, the
induced disorder in the structure upon sodiation does not affect the intrinsic
long-range structure, as a significant degree of disorder is already present.
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Figure 48. Atomic displacement parameters (ADPs) of hard carbon upon sodiation
from high- refinement (4.5-10 A). The red curve displays in-plane ADPs, U,,/Un,
whereas the blue curve displays the interlayer ADPs, U;3. The GCD profile of the half
cell is indicated as the black curve with corresponding cell potential on the right of the
figure. The red bar diagram indicates when the first sodiation process occurs.

The ADP describing the interlayer disorder (Us;) is well correlated with the
SOC of the half cell. The increasing displacement parameter in the high-r
region upon sodiation suggests either that the electron distribution from the
graphene layers becomes delocalized or that the model is not sufficient for
describing the disordered structure.

In order to verify whether Na-metal clusters are formed in the sloping
region, differential pair distribution function (d-PDF) analysis was conducted.
The approach achieved through this implementation isolates correlations arising
from the modification of the structure by sodiation. Consequently, the direct
subtraction performed between the state with no sodium present (the discharged
half cell) and the sodiated state (charged half cell) directly provides peaks,
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where sodium interactions can be identified as the carbon signal is subtracted
from the resulting data. As observed in the d-PDF, no significant sodium—
sodium interactions were revealed in the local structure (Fig. S5 ESI in paper
IV), illustrated by the absence of the features at 3.7 A, 7 A and 9.5 A,
corresponding to sodium metal and cluster formation [59]. This is in good
agreement with galvanostatic cycling aspect of the operando experiment where
no plateaus were formed at £ < 0.1 V vs Na/Na', which is attributed to Na
cluster formation in micropores [61,157].

6.6.1 Lithium insertion into hard carbon

In order to gain more insight into how alkali ion insertion in hard carbon can be
described, an operando experiment with lithium was performed with identical
electrochemical conditions. The insertion mechanism of Li into GDHC 1100
was found to be similar to Na. The PDFs from lithiation of hard carbon display
the same peak broadening behavior, indicating induced disorder in the structure
as observed for hard carbon sodiation. As identified in the real-space least-
squares refinement, similar expansion of the in-plane graphene parameters upon
lithiation is observed as revealed upon sodiation (Fig. S8 ESI in paper 1V).
However, the c-parameter did not appear to follow the same rate of increasing
behavior as observed upon sodiation. This might be attributed to the smaller
size of lithium causing a less hindered insertion and extraction of lithium from
the structure with a less pronounced impact on the interlayer spacing. However,
as proposed by Liu et al. based on DFT calculations, the very similar Li" and
Na' display different insertion behavior in graphite due to the weaker binding of
sodium to the substrate [158]. Therefore, to further elucidate why such
differences are present and if the lower rate of interlayer expansion might be
related to this behavior, the in-plane response to the ion insertion procedure was
investigated by comparing the percentage change of the in-plane cell parameters
from the initial pristine model.

The calculation was performed by subtracting the initial value of the in-plane
parameter from each subsequent in-plane parameter provided from the
refinement, followed by conversion to a percentage change. As illustrated in
Figure 49 (black curve), the insertion of sodium in the hard carbon material
results in a change of in-plane cell parameters approximately 60% larger than
for lithium insertion. Considering the ionic sizes of sodium and lithium (116 pm
and 90 pm, respectively [159]), the 20% larger sodium ion should cause a
smaller expansion. However, this insertion model does not consider electron
charge transfer to the graphene sheet. The in-plane expansion would therefore
be a combination of both size-accommodating interaction and charge transfer
causing reduction. Furthermore, the increased expansion of the graphene layer
upon sodiation suggests that the ion insertion behavior might not be fully
described through the previously mentioned local electron transfer model to the
antibonding m-orbitals of the graphene layers.
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Figure 49. The difference in in-plane behavior upon ion insertion. The figure illustrates
the relative change of the in-plane cell parameters upon ion insertion. The black curve
displays the sodiation response, whereas the red curve provides the lithiation response.
The red bar diagram indicates when the first sodiation process occurs.
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Figure 50. Mechanisms of Li" and Na' ion insertion and the corresponding structural
impact on the graphene layer.

The larger sodium appears to influence the p-orbitals of the neighboring con-
jugated benzene rings to a larger extent as it is inserted into the hard carbon and
causes larger interlayer expansion. This means that the electron transfer contri-
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bution is more delocalized with sodium, unlike with lithium, which seems to
have more localized effects. Consequently, this means that as hard carbon, to
some extent, is found to resemble the behavior of ion intercalation in graphite
upon both sodiation and lithiation, i.e. C—C bond elongation and interlayer
expansion, it is proposed that the mechanism of ion insertion most likely
follows an intercalating procedure. In this process, the sodium or lithium ions
will intercalate between graphene layers resulting in interlayer expansion,
following a charge transfer from the ions to the graphene layer with subsequent
charge delocalization, causing a C—C bond length reduction. The structural
impact is more pronounced upon intercalation of the larger Na-ion as compared
to lithiation, which is suggested to relate to an electron transfer contribution to
the neighboring, conjugated hexagonally coordinated carbon rings next to
where the sodium is positioned in the structure as illustrated in Figure 50. The
previously proposed mechanism of metallic sodium and coordination at defect
or termination sites are however not directly observed in the given experiment.
However, these mechanisms might occur in the hard carbon, but at a later stage
in the sodiation process, which in this experiment is limited by the low capacity
obtained.
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7. SUMMARY

This study mostly focused on electrochemical half cell characterizations of a
glucose-derived hard carbon (GDHC) synthesized using hydrothermal carboni-
zation (HTC) and post heat treatment at 1100 °C (GDHC 1100). The nature of
electrochemical processes occurring on the electrode surface were investigated
using various Li'-, Na'- and K" salts in different solvent blends. Cyclic voltam-
metry (CV), galvanostatic charge-discharge (GCD) and electrochemical impe-
dance spectroscopy (EIS) with equivalent circuit fitting were used for electro-
chemical characterization. Ex-situ characterizations of cycled electrodes were
carried out using Raman spectroscopy, laser ablation inductively coupled plas-
ma mass spectrometry (LA-ICP-MS) and time-of-flight secondary ion mass
spectrometry (TOF-SIMS). Finally, total operando X-ray scattering experi-
ments were conducted along with pair distribution function (PDF) analysis to
determine structural changes happening to the GDHC 1100 hard carbon in real
time upon sodiation/de-sodiation and lithiation/de-lithiation.

The best galvanostatic cycling results were achieved using 1 M NaPFy in
EC:PC (1:1) electrolyte — 350 mAh g ' (of which 175 mAh g ' plateau) at
50 mA g'. The same solvent blend with LiPF, reached even 375 mAh g ', but
the plateau region was limited to 100 mAh g '. It seems that the use of PC
enhances micropore filling that his attributed to the plateau region of galvano-
static profiles, because the plateau was either missing in case of LiPFs EC:DMC
(1:1) or much shorter with NaPF¢ EC:DMC (1:1).

EIS study with equivalent circuit fitting in a wide potential range showed
that 1 M LiPF¢s EC:DMC (1:1) might form a much thicker and more stable solid
electrolyte interphase (SEI) than 1 M NaPFs EC:DMC (1:1), 0.8 M KPF¢
EC:DEC (1:1) or 1 M NaClO, PC, as its resistance (Rgg;) and capacitance (Csgp)
were much higher: ~25 Q ¢cm’® and 4.5 puF cm 2, respectively. Low Rsg (6 Q
cm?®) and relatively high Csg value (3 uF cm?) for 1 M NaClO; PC may
suggest that PC either co-intercalates into the graphitic domains or that NaClO,
PC decomposition products are more soluble than that of LiPFs EC:DMC.

Ex-situ LA-ICP-MS investigation of sodiated GDHC 1100 showed a 375-
fold increase in Na concentration in/on the electrode compared to the electrode
that was only soaked in the electrolyte.

Ip/l; parameter calculated from ex-sifu Raman data of sodiated and lithiated
GDHC electrodes showed only a small increase, which implies only a slight in-
crease of disordering of the hard carbon. However, TOF-SIMS study of
sodiated and lithiated electrode surfaces revealed that the decomposition pro-
ducts found on the sodiated electrode are more inorganic than on the lithiated
surface. In addition, the mass spectrum of the lithiated surface contained far
more fragments than the spectrum of the sodiated surface, which means that the
decomposition products in NIBs are much more soluble than in LIBs.

Total operando X-ray scattering of NIB and LIB half cells with GDHC 1100
revealed that Na insertion causes in-plane C—C bond elongation that could be
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caused by increased curvature of the graphene layers. Also, the 20% larger Na
ion causes 60% increase in in-plane parameters, which may be the result of
delocalized electron transfer contribution to the benzene rings. The fact that in-
plane bond elongation occurs in the sloping region supports the “intercalation-
adsorption” mechanism.

In an effort to test the GDHCs in a real battery cell, GDHCs were synthe-
sized at 1400—1600 °C and Na;V,(PO,); (NVP) positive electrode material was
synthesized using glycine-nitrate process (GNP). Both materials were first
separately characterized in respective half cells and then full cell tests were
conducted to test the characteristics of battery GDHC||NVP cell.

GDHCs 1400-1600 show higher coulombic efficiencies (80%) and rever-
sible capacities (300 mAh g '), including plateau region capacities (200 mAh
g ") than GDHC 1100. Reducing conductive additive (Super P) content from
15% to 4% increased 1* cycle coulombic efficiency to 85%. The best results
were achieved with GDHC 1400 b (reduced Super P content) — reversible
discharge capacity 272 mAh g~ of which plateau 155 mAh g

Various approaches were used to form the NVP precursor. The best results
were obtained using the Spray method — 102 mAh g ' at C/20 and with scale up
of the synthesis procedure, high energy performance was also achieved — 60
mAh g at 20C. Reversible capacity of the GDHC|NVP full cell reached 80
mAh g' by NVP mass (60 mAh g at 3.3V i.. the plateau region) and a
specific energy of 189 Wh kg™ and energy density of 104 Wh dm were calcu-
lated. After 80 cycles, including rate testing from C/20 to 10C, the cell had
retained 65 mAh g~ with 99.7% CE.

These results show that further investigations into the Na storage mechanism
in hard carbons is necessary for developing negative electrodes with a high
plateau capacity that in turn enable high energy density full cells. Finding ways
to reduce irreversible capacity and improve the stability of the SEI will be the
key problems to address before fully commercializing this technology.
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9. SUMMARY IN ESTONIAN

Glukoosist siinteesitud susinikelektroodi materjali
karakteriseerimine naatrium-ioon akumulaatoris

Antud t606s keskenduti gliikoosist hiidrotermilisel karboniseerimisel ja korgtempe-
ratuursel jareltdotlusel siinteesitud hard carbon tiilipi siisinikmaterjali (GDHC)
elektrokeemilisele karakteriseerimisele metall-ioon aku poolelementides. Elekt-
roodi pinnal toimuvate elektrokeemiliste protsesside uurimiseks kasutati Li",
Na" ja K' soolasid ning erinevaid solvendisegusid. Kasutati jirgmisi solvente:
etiileenkarbonaat (EC), propiileenkarbonaat (PC), dimetiiiilkarbonaat (DMC) ja
dietiiiilkarbonaat (DEC). Tsiiklilist voltamperomeetriat (CV), konstantse voolu
meetodit (GCD) ning elektrokeemilist impedantsspektroskoopiat (EIS) koos
ekvivalent skeemi modelleerimisega kasutati poolelementide elektrokeemiliseks
karaketeriseerimiseks. Elektrokeemiliselt tsiikleeritud elektroodide ex sifu uuri-
miseks kasutati Raman spektroskoopiat, laser ablatsioon induktiivsidestatud
plasma massi spektromeetriat (LA-ICP-MS) ja lennuaja sekundaarioon massi-
spektromeetriat (TOF-SIMS). Samuti kasutati operando rontgen hajumise mee-
todit koos paari jaotusfunktsiooni analiiiisiga, et tuvastada naatriumi ja liitiu-
miga laadimisel toimuvad struktuursed muudatused GDHC materjalis.

Parimad konstantse vooluga (50 mA g ') laadimise tulemused saavutati ka-
sutades 1 M NaPFq EC:PC (1:1) elektroliiiiti — mahutavus 350 mAh g ', millest
175 mAh g ' platool. Sama solventseguga, kuid LiPF¢-ga mdddetud mahutavus
oli 375 mAh g ', kuid samas oli platoomahutavus limiteeritud 100 mAh g '-ni.
Modtmistulemustest jareldub, et PC kasutamine parandab adsorptsiooni mikro-
poorides, mida seostatakse platooalaga konstantse voolu koveratel, sest platood
ei olnud ndha LiPFs EC:DMC (1:1) elektroliiiidi korral ning NaPFs, EC:DMC
(1:1) korral on platooala mérksa lithem.

EIS katsed laias potentsiaali vahemikus ja ekvivalentskeemiga modelleeri-
mine néitasid, et 1 M LiPFs EC:DMC (1:1) moodustab paksema ja stabiilsema
SEI-kihi kui 1 M NaPFs EC:DMC (1:1), 0.8 M KPF¢ EC:DEC (1:1) voi 1 M
NaClO,4 PC, sest modelleerimisest saadud Rsg; ja Csg védrtused olid mérksa
korgemad, vastavalt ~25 Q cm” ja 4.5 pF cm . Madal Rgg; (6 Q cm?) ja suhte-
liselt kdrge Csg; vadrtus (3 uF cm ) 1 M NaClO, PC korral viitab PC ko-inter-
kaleerumisele grafiitsetesse domeenidesse vdi sellele, et NaClO4 PC lagupro-
duktid on parema lahustuvusega kui LiPFs EC:DMC korral.

Ex-situ LA-ICP-MS mdodtmised néitasid 375-kordset Na sisalduse kasvu
vorreldes elektroliiiidis leotatud elektroodiga.

Raman spektroskoopia mddtmistulemustest arvutatud /p/lg parameetri vaar-
tuste vordlus Li ja Na-ga laadimise jérel viitas vdikestele struktuursetele muuda-
tustele silisinikus. Samas TOF-SIMS pinnauuring Li ja Na-ga laetud elektroo-
didest nditas, et Na puhul on laguproduktid rohkem anorgaanilist laadi kui Li
korral. Samuti sisaldas Li-ga laetud elektroodi massispekter mérksa enam frag-
mente kui Na korral, mis viitab Na laguproduktide paremale lahustuvusele
elektroliiiidis.
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Operando rontgen hajumise mdotmised Li ja Na poolelementides néitasid, et
Na sisestumine materjali pohjustab grafeeni kihis C—C sideme pikenemist, mis
viitab grafeenikihtide koverdumisele. Na on Li-st 20% suurem, kuid pShjustas
grafeenitasandi parameeterite 60%-list kasvu, mis v3ib olla pdhjustatud deloka-
liseeritud elektroniiilekandest {imbruses asuvatele benseeni tuumadele.

Selleks, et uurida GDHC kaitumist tdiselemendis, tOsteti siinteesi tempera-
tuuri 1400-1600 °C vahemikku ning siinteesiti positiivse elektroodi materjal
Na3V,(PO,); (NVP) kasutades gliitsiin-nitraat leeksiinteesi meetodit. Modlemaid
materjale uuriti esmalt poolelementides, mille jérel parimatest komplekteeriti
tdis GDHC|NVP elemendid.

Vorreldes GDHC 1100-ga on GDHC 1400-1600 materjalidel kdrgem kulo-
niline efektiivsus (80%) ja poorduvad mahutavused (300 mAh g™') sh platoo-
mahutavus 200 mAh g '. Juhtivuslisandi (Super P) vihendamine 15 massi-
protsendi pealt 4%-ni tdstis kulonilise efektiivsuse 85%-ni. Parimad tulemused
saavutati materjaliga GDHC 1400b (vdihendatud Super P) — p66rduv mahutavus
272 mAh g', millest platoomahutavus 155 mAh g

NVP siinteesimiseks kasutati mitut erinevat prekursori valmistamise mee-
todit. Parimad tulemused saavutati kasutades prekursori pihustamise meetodit —
102 mAh g voolul C/20 siinteesi koguste suurendamisega saavutati ka korge
vdimsusega materjal — 60 mAh g~ voolul 20C. GDHC|NVP tiiselement saavu-
tas 80 mAh g~' NVP massi kohta, millest 60 mAh g ' potentsiaalil 3.3 V ehk
platooalas. Erienergiaks arvutati 189 Wh kg™' ja energiatiheduseks 104
Wh dm™. 80 tsiikli jérel, mis hdlmas ka mddtmisi korgetel vooludel vahemikus
C/20 kuni 10C, oli element siilitanud 65 mAh g™', kulonilise efektiivsusega
99.7%.

Saadud tulemused néitavad, et edasised Na salvestamise uuringud hard
carbon tiiipi siisinikesse on viga olulised selleks, et arendada korge platoo-
mahutavusega negatiivseid elektroode, mis omakorda voimaldab komplektee-
rida korge energiatihedusega Na-ioon akusid. P66rdumatu mahutavuse véhen-
damine ja SEI kihi stabiilsuse suurendamine on pohilised véljakutsed, mis vaja-
vad lahendust enne Na-ioon akude téielikku kommertsialiseerimist.
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