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ABSTRACT

There is a growing and urgent demand for eco-friendly, high-power devices, especially in portable
applications like portable electronics or hybrid-electric/electric vehicles (H/EVs). Electrochemical
energy storage systems are highly sought after in this regard. The main technologies currently
available are Li-ion batteries and electrochemical capacitors (ECs), each offering distinct yet often
complementary performance characteristics. Meanwhile, the former stores the energy mainly through
chemical pathways, the latter stores the charge via physical process where the electric double layer
is a key parameter. The ECs' storage process is rapid, highly reversible, and exhibits minimal effects
on device performance over numerous charge/discharge cycles, making them advantageous in the
long term. However, ECs face the drawback of low specific energy, prompting scientific efforts to

enhance this value without compromising power.

One promising approach to achieve this enhancement is through heteroatom doping of carbon
materials. In this context, tannins, a polyphenolic compound frequently derived from tree bark, serve
as a suitable precursor due to their auto-condensation reactions, leading to a well-connected porosity

network and high reactivity, enabling the incorporation of functionalities.

In this context, this doctoral research focuses on the study of the relationship between pore size
distribution, surface chemistry, and electrochemical performance of tannins-derived carbon materials
as electrodes in electrochemical capacitors, with an emphasis on surface modification with oxygen,
nitrogen and/or boron. Advanced characterization techniques such as adsorption-desorption
isotherms, and X-ray photoelectron spectroscopy (XPS) were employed to analyze the structure and
chemistry of the carbon materials. Additionally, electrochemical tests were conducted to evaluate their

energy storage capacity, power density and overall electrochemical performance.

The research establishes tannins-derived carbon materials as effective electrodes for electrochemical
capacitors. Chemically activated tannins-derived carbon materials exhibit a linear correlation between
capacitance and specific surface area, optimizing electrochemical performance with energy densities
reaching 4.4 W-h-kg* at 1.1 kW-kg™.

The hydrothermal carbonization doping method successfully incorporates nitrogen or boron into
tannins-derived carbon materials, introducing significant alterations to tailored chemical and
morphological modifications. Without doping agents, hydrothermal carbonization leads to carboxylic
acid-dominated surface chemistry, limiting electric double layer formation. Boron incorporation
moderately enhances electrochemical performance. Meanwhile, nitrogen doping significantly
improves surface chemistry and textural properties after CO, activation, enhancing electrochemical
performance. The top-performing material achieves remarkable energy density of 6.0 W-h-kg™* at 1.3

kW-kg?, retaining nearly 96% of initial energy storage after 30,000 cycles.
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1 INTRODUCTION

The over raising CO, emissions, global warming, and the development of new technologies have
generated a fast-growing market of portable electronic devices and hybrid electric vehicles.
Additionally, there is an increasing and urgent demand for environmentally friendly and high-power
devices, and as the industrial, and the scientific community have been explored the existing and
variety of emerging options for clean and safe energy sources, the energy storage systems have
become a key concept to improve in order to meet these new challenges on energy matters [1-3].
The energy storage systems may be classified into four generalized categories, hamely mechanical
energy storage (e.g., pumped-hydro), chemical energy storage (e.g., petrochemical fuels)
electrochemical energy storage (e.g., batteries, capacitors, and fuel cells), and electrical energy
storage (e.g., superconducting magnets). However, the requirements for energy storage are widely
varying and diverse, and driven primarily by the specific application, and there is no single bullet to
address the impending needs for electrical energy storage. Hence, a diverse multi-portfolio strategy

is best suited to develop a multitude of storage technologies and systems [2].

In case of portable applications, such as portable electronics or hybrid-electric/electric vehicles
(H/EVS), the use of solutions based on electrochemical energy storage systems is well-desired [3,4].
The main available technologies are currently the Li-ion batteries and electrochemical capacitors
(ECs), where both offer different but often complementary performance characteristics [4,5].
Meanwhile, the former store the energy through chemical pathways (transformation of chemical bonds
via electrochemical redox reactions), the latter store the charge via physical process (electrostatic
charge at the electrode/electrolyte interface) [6,7]. Since no chemical or phase changes are taking
place, the ECs storage process is fast and highly reversible, and in the long term the charge/discharge

cycle can be repeated with minor effects on the performance of the electric device [8].

As a matter of fact, the main advantage of ECs is their long lifetime given that they may reach up to
20000 charge-discharge cycles with less than a 10% drop in performance retention, while batteries
have an average lifespan between 500-3000 cycles [4]. Conversely, the main disadvantage of ECs is
their low specific energy due to the lack of chemical reactions. Thus, ECs are not able to store large
capacities compared to batteries, but they may play complementary functions. On this context,
research and industrial developments for ECs are essentially oriented to improving the device’s
energy density through the design of new electrode materials, new electrolytes, and even new

electrochemical concepts [9].

Regarding to electrode materials, microporous carbons are the primary materials used to make ECs
electrodes. They may be derived from sustainable, natural, abundant, and low-to-moderate-cost
resources, which are important factors for industrial applications and the transition to the use of

sustainable materials [8—10].
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The main advantages of carbon materials are their versatility that allow to match the material
characteristic to a given application (e.g. flexible or stationary electrodes), and even to tailor the
nanostructure porosity and surface chemistry according to the specific requirements [11].

One promising approach to achieve the energy enhancement without losing power performance is
through heteroatom doping of carbon materials. It has been demonstrated that heteroatom doping
(oxygen, nitrogen or boron) can improve the electrochemical performance of carbon materials through
the addition of defects that alter the material conductivity and allow faradaic contributions [1,12,13].
Although, it is noteworthy that heteroatom’s synergetic effect depends on the relative location of the

heteroatoms rather than their concentration [14].

In particular, tannins, a polyphenolic compound often obtained from tree bark, have demonstrated to
be an excellent precursors for the elaboration of carbon-based electrodes for ECs [15-17]. The ability
to generate auto condensation reactions makes tannins an attractive alternative to produce high-
added-value materials [18,19]. Also, the presence and high reactivity of -OH groups allows the
addition of other atoms or functionalities.

In this context, this doctoral research focuses on the study of the relationship between pore size
distribution, surface chemistry, and electrochemical performance of tannins-derived carbon materials
as electrodes in electrochemical capacitors, with an emphasis on surface chemistry modification
through tailored doping of oxygen, nitrogen and/or boron. Advanced characterization techniques such
as adsorption isotherms, and X-ray photoelectron spectroscopy (XPS) among others were employed
to analyze the structure and chemistry of the carbon materials. Additionally, electrochemical tests
were conducted to evaluate their energy storage capacity, power density and overall performance. It
is expected that this doctoral thesis leads to advance the understanding of the factors influencing the
electrochemical performance of carbon-based electrochemical capacitors using tannins as precursor
material, as well as the effect of heteroatom addition. Moreover, the obtained results can contribute
to the improvement of electrochemical capacitors and accelerate their adoption as a more efficient

and sustainable energy storage technology in various fields of application.
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2 BACKGROUND

2.1 Electrochemical energy storage

Electrical energy storage systems (EES) have been the subject of intense study as they constitute an
essential element in the development of sustainable energy technologies. Electrical energy generated
from renewable resources such as solar radiation or wind has proven to provide great potential to
meet our energy needs in a sustainable manner. It would reduce not only our dependence on fossil
fuel but also pollutant emission responsible for global warming [2,20] However, these renewable
energy technologies generate electricity intermittently and thus require efficient and reliable electrical
energy storage (EES) methods. Among the EES, electrochemical capacitors and batteries are the
predominant electrochemical energy systems commercially available [2]. Energies obtained from the
intermittent renewable sources such as solar, tide, and wind energy, customer electronics like laptop
computers, personal digital assistant (PDA), global positioning system (GPS), portable media players,
hand-held devices, and photovoltaic systems as well as the grid power buffers all require batteries
or/and ECs for efficient energy storage [21-23]. Moreover, greatly improved EES systems are
required to enable the widespread use of hybrid electrical vehicles (HEV), plug-in hybrids, and all-
electric vehicles [4,24]. Therefore, the development of improved EES systems will be critical.

The performances of electrical energy storage devices can be assessed by comparing their energy
density (in W-h kg?) and power density (in W kg?). Figure 2-1 shows the so-called Ragone chart
plotting the energy density versus the power density of different kind of batteries and electrochemical
capacitors. Batteries exhibit relatively high energy density but low power density, attributed to the slow
kinetics of their chemical reactions. For instance, lithium-ion batteries, highlighted in green in Figure
2-1, have an energy density ranging from 100 to 265 W-h kg™, yet their main drawback is their power
density that hardly surpasses 1 kW kg™. In contrast, electrochemical capacitors (ECs) can operate in
a wide range of power densities. Generally, ECs have energy densities below 20 W-h kg™, but boast
high power densities exceeding 10 kW kg™, reaching values 10 to 100 times greater than the batteries
[25]. However, when compared to conventional gasoline and hydrogen combustion engines, which
offer very high specific power and energy densities, both batteries and ECs fall short. Gasoline, for
instance, has a specific energy of 12.3 kW-h kg™ and can provide 3.700 kW kg considering a typical
30% internal combustion engine efficiency [26]. Nevertheless, these internal combustion engines
raise concerns regarding fossil fuel dependency and environmental pollution. Thus, the major
challenge for ECs and batteries is to achieve high power and high energy densities, as illustrated by

the “star” marked goal in Figure 2-1.
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Figure 2-1 Ragone plot illustrating specific energy and power trends for various batteries types (green area for Li-
ion, red area for Na-ion, and yellow area for Li-metal batteries), and electrochemical capacitors (blue area), with
the star indicating the direction toward improved performance, obtained from [1].

Nowadays, intensive research efforts have been devoted to improve both energy density and power
density by innovating new materials, engineering unique nanostructures, developing highly ion-
conductive electrolytes and creating both energy and power boosting configurations for ECs
[9,12,13,27,28]. Particularly, the efforts for research and development in ECs have been focused on
increasing the energy density from two approach. As exposed in section 2.1.1, the energy density of
ECs is given by the capacitance and the operation voltage window, according to Eq. 2-3. For enlarging
the voltage window, non-aqueous ionic liquids electrolytes can be selected due to their higher
decomposition potential window than the aqueous electrolytes [29]. On the other hand, to improve
capacitance, the electrode modifications are the main target. Nanostructures are tailored to improve
their specific surface area and develop a controlled pore size distribution, allowing for improved ion
storage mechanisms [13,28,30]. On this matter, carbon materials are the most popular material to
made ECs electrodes, which could typically have a surface area about 1000 m?-g* [11], resulting in
specific capacitance over 100 F-g? [10,28]. Although there are multiple materials that improve the
aforementioned capacitance values, such as oxides of transition metals [31], carbide-derived carbons
(MXenes) [32], almost all large-scale produced commercial ECs are made from coconut shells-
derived activated carbon. The limitation to use any of these reported favorable ultra-high-energy
density materials are their associated high cost and difficulty of production in a medium-large scale
[27,33]. On this context, there is still a need to develop high-energy densities capacitors that bridge
the gaps of power density and energy density between batteries and ECs with suitable conditions to

scale-up their production.
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2.1.1 General principles on electrochemical capacitors

Electrochemical capacitors (ECs) store energy in an electrostatic field rather than in chemical form as
batteries. The main differences between the electrochemical storage mechanism are illustrated in
Figure 2-2. Commonly, ECs consists of two parallel electrodes soaked in an electrolyte solution and
separated by a dielectric material. Its charging establishes from an electric potential difference
between the electrodes, which causes ions to migrate toward the electrode surface of opposite

polarity.
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Figure 2-2 lllustration of the electrode processes occurring at a) electrical double-layer capacitance, b)
pseudocapacitive, and c) faradaic electrodes as in batteries, obtained from [20].

Typically, a flat plate capacitor obeys Eq. 2-1, where capacitance (C) is measured in Farads (F), &g is
the permittivity of vacuum, and &, is the solution permittivity. The geometry includes the overlapping
surface of the electrode (4), and the effective thickness (D) of the electric double layer (EDL) [34].

= EréoA Eq. 2-1
D

Therefore, it would be noticed that capacitance is directly proportional to the surface area and
contrariwise proportional to the distance. However, in the case of porous material, the foregoing is
partially right according to the expose on section 2.1. In addition to the EDL capacitance, an extra

capacitance can also exist within the electrode itself.
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For carbon materials, especially, an extra capacitance in series, as is shown in Eqg. 2-2, should be
taken into account due to the density of states of the electrode material, where Cgp; is the capacitance

of the double layer (section 2.2.1), and C,, is the quantum capacitance (see section 2.2.2).

1 1 1
—_ = + f— -
c= oo T Eq. 2-2

Two primary attributes of any electrochemical energy storage are its energy density (E), and power
density (P), described according to Eq. 2-3 and Eq. 2-4, respectively. Thus, the overall performance
of the electrochemical capacitor is influenced by two main factors: (i) the choice of the electrode
material, which defines the capacitance, and (ii) the electrolyte utilized, which limits the operating

voltage (V).

E=-CV? Eq. 2-3

P=— Eq. 2-4

Currently, the most widespread materials used in ECs are carbon materials produced from a wide
variety of carbonization and activation processes, using raw materials ranging from conventional
activated carbons [8,10] through to the more sophisticated carbon materials, such as hollow-carbon
spheres, carbon nanotubes or even graphene-kind materials. In all these instances, electrodes have
a high specific surface area (SSA) between 500 to 3500 m? g%, and the possibility of manipulating
their surface topology according to the precursor and synthesis method [9,33].

On the other hand, electrolytes are classified into three broad groups: (i) aqueous, (ii) salts dissolved
in organic solvents, and (iii) ionic liquids. The aqueous electrolyte, such as acids (H.SO.) or bases
(KOH) have the advantage of high ionic conductivity (~ 600 mS cm). However, they have a restricted
voltage range of 1.23 V due to the electrochemical breakdown of water [29]. Organic electrolytes allow
the use of cell operating voltages up to 2.7 V, but they have a conductivity with at least an order of
magnitude lower than aqueous electrolytes [27]. Similarly, ionic liquids are promising electrolytes for
ECs due to their wide electrochemical stability window (between 3 and 6 V), but they have an even
lower ionic conductivity than organic electrolytes [29]. Generally, the ionic liquids have an ionic
conductivity between 0.1 and 15 mS cm™. The issue with voltage operation is that it is proportional to
the density energy of ECs according to exposed by Eq. 2-3, which is currently the principal
disadvantage of these devices [1], as it was discussed in section 2.1. However, the use of electrolytes

with a lower ionic conductivity has an impact on electrochemical series resistance (ESR).
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The ESR values determines the power capability, and ultimately, the final application of the storage
unit. It depends on: (i) intrinsic structure of the electrode material, (ii) interfacial resistance between
the electrode material and the current collector, (iil) ionic diffusion through the electrolyte solution and

into the pores, and (iv) the electrolyte ionic resistance.

As showed before, the energy density is proportional to the square of the voltage window, while the
ESR is inversely proportional to the cell’'s power capability [35]. Therefore, a careful selection of

suitable electrolytes is crucial in constructing high-performance ECs.

Another important consideration at the electrolyte and electrode selection, it is to match the size of
the electrolytes ions with the pore size in the porous materials [29]. As a general rule, the smaller the
ion size, more surface area is available to the ions. Given that aqueous electrolytes have smaller ion
sizes tan organic electrolytes and even ionic liquids, it is expected that they provide higher specific
capacitance. As a matter of fact, capacitance values ranging from 100 to 400 F g* are reported in
aqueous electrolytes, while for organic electrolytes and ionic values these values rounded between
120 - 150 F gt[27].

As mentioned before, capacitance arises from the potential dependence of the surface density of
charges stored electrostatically (non-faraidic) at the electrode-electrolyte interface. The accumulated
charge is the result of an excess or deficit of conduction-band electrodes at or in the near-surface
region of the interface, altogether with a counterbalancing charge densities of accumulated cations or
anions of the electrolyte on the solution side of the double-layer [34]. The former is commonly called
quantum capacitance (Cy), while the second is the electric-double layer capacitance (Cgp,). However,
a third phenomenon is also can been noticed, with a completely different charge storage mechanism.
It arises from electron transfer at the interfaces (e.g., chemisorption and/or redox reactions), and it is
commonly named as pseudocapacitance (Cps), as illustrated at the beginning of this section in Figure
2-2. It has been found that carbon materials with a significant proportion of heteroatoms or surface
functionalities can exhibit significant pseudocapacitance [36—39], and also hydrogen electro-sorption
[40]. Such behavior and the essential details of its impact on capacitance are explained in the following

sections.
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2.1.2 Electric double layer (EDL) theory

The concept of a double layer theory corresponds to a model consisting of two array layers of opposite
charges, separates by a small distance. In 1853, Helmholtz developed the first theoretical model. He
proposed that in a charged surface (electrode), the counter-ions would be attracted from the solution
(electrolyte) to the interface where they would form a sheet of countercharge that balances the charge
on the electrode [27,34]. However, Helmholtz’'s model describes in a simple way the double layer and
does not predict the dependence of capacitance with voltage. Posteriorly, Gouy proposed that ions
on the solution side of the double layer would not remain static in a compact array. They would be
subject to the effects of thermal fluctuation according to the Boltzmann principle, which also depends
on the electrostatic and chemisorption energy [41]. Chapman gave the full mathematical approach of
the Gouy diffuse layer model in 1913. It based on the combined application of Boltzmann and Poisson
equation, and it described the relation of the ionic space charge density in the interfacial region to the
second derivative of electric potential (), according to the distance from the electrode surface [34].
The key of the Gouy-Chapman model is the Poisson-Boltzmann equation (Eq. 2-5), where ¢, is the
dielectric constant of the solvent, ¢, is the vacuum permittivity (8.85 x 102 F m™), and p, is the local
electric charge density described by Eq. 2-6, where kg is the Boltzmann constant, n; is the number
of cations or anions per unit of volume, z; is the formal charge of the ion and e is the electric charge
of one electron (1.60 x 10° C).

Pe
Vi == Eq. 2-5
-ziey
Pe = Z n;z;e exp (RBT) Eq 2-6

Additionally, Chapman anticipated the approach taken by Debye and Hiickel and derived the Debye
length (L) for a z: z electrolyte (Eq. 2-7), which is frequently taken as a measure of diffusive-layer
thickness. Despite the ability to explain the EDL behavior made it for the Gouy-Chapman model, this
treatment has a serious problem, given that it overestimates the capacitance on the double-layer.
Therefore, Stern proposed in 1924 (5) the existence of two regions: (i) the inner region with an ion
distribution that could be treated as an adsorption process according to Langmuir's adsorption
isotherms, and (ii) the outer region, that could be treated as a diffusive region according to the Gouy-

Chapman model.

Ly = (M)O's Eq. 27
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Figure 2-3 Models of the electric double layer at a positively charged surface (a) the Helmholtz model, (b) the
Gouy-Chapman model, and (c) the Stern model showing the IHP and OHP plane according to the BDM model,
obtained from [10].

Thus, the Stern model is a combination of the Helmholtz model and the Gouy-Chapman model, and
the reciprocal of the double layer capacitance (Cgp;) in the interface is the harmonic sum of the
capacitance of the inner region (Cy), called Helmholtz layer, and the capacitance of the outer region
(Cy), called the diffusive layer, according to Eq. 2-8. Therefore, the overall capacitance of the EDL
will be determined by the lower value of these two capacitances. In the case of dilute solutions, the
minimum capacitance occurs at the minimum value of Cp;r, which occurs when the electrode is
uncharged, and the measured potential of the electrode is called the potential of zero charge (PZC)
[42]. The PZC depends on both electrode and electrolyte. At the PZC point, the differential capacity
of the electrode typically exhibits a local minimum [43]. Further, Graham modified the EDL model and
proposed that some ionic or uncharged species can penetrate the Stern layer. The ions can also lose
their solvation shell as they approach the electrode.
1 1 1

— Eq. 2-8

Cep.  Cy  Cpif

Following these improvements on the EDL theory, Bockris Devanathan and Miller, also proposed an
improve Stern model, that they called BDM model. In this BDM model, the attached molecules on the
electrode would have a fixed alignment to the surface. This inner layer (IHP) displays a strong electric
field orientation, depending on the charge, and it has a significant influence on the permittivity of the
solvent that varies with field strength. The IHP passes through the center of these molecules. The

solvated ions are outside the IHP layer, and they form an outer layer (OHP).
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Specifically, the OHP layer passes through the center of these ions, and the diffusive layer is the
region beyond the OHP layer, as is shown in Figure 2-3 C. Although some others models have been
proposed subsequently, the BDM model is the currently accepted model. However, it has to be noted
that electrodes in ECs are generally porous materials, and the pores width have a comparable size to
EDL thickness. This leads that the diffusive layer overlapping from opposites surfaces, and
consequently a redistribution of the diffusive layer. This phenomenon may contribute to an enhanced
double-layer capacitance that cannot be explained using the classical parallel-plate capacitance
models formerly described. In this context, an alternative approach for modeling the EDL in porous
materials was proposed by Huang et al. in 2008 [44,45] . The authors developed a heuristic model
based on density functional theory (DFT) calculations, which considers the curvature of the pore walls
as depicted in Figure 2-4. For macropores (w > 50 nm), the capacitance is well-described by the
traditional double layer approach. Meanwhile, the pore curvature should be considered for mesopores
(2 <w < 50 nm) and micropores (w < 2 nm) for a more accurate estimation of capacitance. In the
case of mesopores, a cylindrical geometry with a radius b; is assumed, whereby the solvated
counterions approach the pore wall to form an electric double cylinder capacitor (EDCC). For
micropores, a cylindrical geometry is also used, but with a radius b;, the solvated or desolvated
counterions line up to form electric wire-in cylinder capacitor (EWCC) because of the space in the
micropores not allow the formation of an inner cylinder. In this case, the key quantity is no longer the
thickness of the double layer (D), but rather the radius of the inner cylinder ay, which is the effective

size of the counterions.

Figure 2-4 Schematic diagram of a) a negatively charged mesopore with solvated counterions arrangement in a
cylindrical way, and b) a negatively charged micropore with solvated counterions in a wire arrangement, obtained
from [44].
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On this way, the capacitance of the electric double layer is given by Eq. 2-9, where b is the pore
radius, a, is the effective size of the counterions, and D is the effective thickness of the electric double

layer.

Er micro€oAimicro Er meso gOAj,meso Ermacro€oAk macro

Cepr = b; In(b;/ag) b, In(b;/(b; — D) D

Eq. 2-9

This extension to the classical double layer model has been shown to apply to a range of carbon
materials and electrolytes. It supports the anomalous capacitance increase in porous materials with
pores below 1nm [30]. As well as the partial desolvation of ions before they come into fine micropores,

as it is discussed in section 2.2.1.
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2.2 Carbon materials in electrochemical capacitors

Carbon has a unique electronic structure, including an intermediate electronegatively and fourfold
bonding possibilities in saturated valence interactions. As a result, it is considered unusual in the
number of its allotropic structures, and the diversity of structural forms. Furthermore, it exhibits some
semiconductor properties and the band structures of its various forms are an attractive research field.
Carbon has four crystalline (ordered) allotropes: diamond (sp® bonding), graphite (sp?), carbyne (sp)
and fullerenes (distorted sp?) [8]. Meanwhile, two of them are naturally found on earth (graphite and
diamond), the others form of carbon are synthetic. For ECs purposes, the majority of carbon materials
are derived from carbon-rich precursors by heat treatment in inert or controlled atmospheres
(carbonization). The resulting properties are dependent on a number of critical factors: (i) the raw
material, which could be natural (e.g., coconut shell, wood, bark, coal), petroleum-derived (e.g.,
acetylene, ethylene, aromatic hydrocarbons) or synthetic polymers; (ii) dominant aggregation state
during carbonization (gas, solid or liquid), (iii) processing conditions (e.g. pressure, temperature,
residence time) [8], being the most important parameters their specific surface area, pore size

distribution, pore connectivity, electrical conductivity and surface chemistry [33].

A wide range of carbon materials can be used as electrodes in ECs. The most investigated currently
are graphene, carbon nanotubes (NCT), hollow-spheres, carbon aerogels, whereas the most widely
used in industry is activated carbon (AC). A brief summary is provided in Table 2-1, and more
information about the preparation, properties and performance of carbon materials can be found in
the reviews made by Pandolfo et al. [8], Chen et al. [46], Gu et al. [47] or Frackowiak et al. [33], to
name few. Actually, carbon materials used as electrode in ECs is a very popular research field,
especially over the last decade. For instance, according to Web of Science, the total number of
research papers until November 2019 is 3.803 (keywords used in title: carbon, capacitor, or
supercapacitor) and they represent 30.94 % of the total reported literature for the topic “carbon
electrochemical” (keywords used in topic: carbon electrochemical). Moreover, and as mentioned
above, activated carbons are the most widely used carbon materials. Generally, the process
employed to increase the surface area and porosity from a carbonized precursor is referred to as
activation. Varying the carbon precursor and activation conditions (temperature, time, activate agent
and gaseous environment) offers flexibility and control over the resulting porosity, pore size
distribution and chemical nature of the internal surfaces [8,11,48]. The activation process can be
placed into two general categories: “physical” and “chemical” activation, where differences on the
morphology of the material can be appreciated, as it shows in Figure 2-5, published by Yang et al.
[49]. The “physical” activation entails the modification of raw material by controlled gasification, and it
is usually carried out between 700 to 1100 °C in the presence of a suitable oxidizing current flow such

as steam, carbon dioxide, air, or a mixture of these gases.
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Table 2-1 Use of different carbon materials used as electrodes in ECs.

Carbon . Carbon SSA? Cw
material Description Method precursor (m? g Electrolyte (F g Ref.
Zeolite-
templated i
HCS hollow core CVD Acetonitrile 2005 ~ NeUBFain 615
acetonitrile
Mmesoporous
carbons
AC submitted Chemical
AC to pre-pyrolysis activation Lignin 2233 KOH 6M 237 [51]
step
Chemical Chemical
AC activation with N Tree bark 1018 Na2S04 191 [52]
activation
KOH
CEaamnPEHoT), Polymerization Dopamine /
N-doped elliomrss (97 and montmorillonite 401 EMIMBF4 128 [53]
graphene  etching of the L ;
carbonization composite
template
Exfoliation
under low- Low .
rGO temperature Graphite 368 KOH5.5M 264 [54]
temperature o
carbonization
and vacuum
SWCNT .
SWCNT  sprayed onto SIS N.Ab NAp  HPOa(gel 50 e
SWCNT electrolyte)
PET substrates

2 SSA estimated by BET. ® N.A. = not available information.

During gasification, pore volume and surface area of the material increase by virtue of a controlled

carbon burn-off and the elimination of residual pyrolysis products (from Eq. 2-10 to Eq. 2-12) [49,56].

C +C0, - 2C0 Eq. 2-10
c+2C0-C+0, Eq. 2-11

The burn-off degree is, perhaps, the most important factor governing the quality of the activated
carbon and it is controlled by temperature and activation time. A high degree of activation is achieved
by an increased burn-off, but it may be along with a decrease in carbon strength, a much lower

density, reduced yield and excessive pore widening [57].

On the other hand, “chemical” activation is usually carried out altogether with carbonization at slightly
lower temperatures (400 — 700 °C), and involves primarily the dehydrating action of agents such as
phosphoric acid, zinc chloride and potassium hydroxide [58]. Post-activation washing of the carbon is
usually required to remove residual reactants as well as any inorganic residue that originates from

the carbon precursor or is introduced during activation.
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Figure 2-5 Changes in the morphologies of physical and chemical activated carbon materials according to the
activation temperature, obtained from [49].

The KOH activation is one of the most popular activating agent, but it is a complex process that
involved several redox reactions between the carbon matrix and KOH [59,60] (from Eq. 2-13 to Eq.
2-15), followed by potassium intercalation/insertion and expansion of the structure [58] (Eq. 2-16 and
Eq. 2-17).

2KOH - K,0 + H,0 Eq. 2-13
H,0 +C - CO + H, Eq. 2-14
CO + H,0 - CO, + H, Eq. 2-15
€O, + K,0 - K,CO5 Eq. 2-16
K,CO5 +2C - 2K + 3CO Eq. 2-17

Exceptionally high-surface area materials (up to 2500 m?2 g~1) with narrow pore size distribution have
been prepared by KOH activation [51,52,60-62]. In the case of H3PQO4, carbonization and activation
generally proceed simultaneously at lower temperatures than KOH activation [63]. Another route for
the preparation of carbon materials is the chemical pre-treatments. As example, the most famous is
the modified Hummers method [64]. It consists in the preparation of graphite oxide, which is then
exfoliated to graphene oxide, and ultimately converted to graphene (or reduced graphene oxide) by
heat treatment. Another pre-treatment is hydrothermal (HTC) or solvothermal carbonization. It
consists in heat treatment of an aqueous or organic solution/dispersion of organic material under
autogenous pressure at 150 - 350 °C [65,66].
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The carbon products (named hydrochars) generally exhibit uniform chemical and structural properties
as well as significant and tunable content of oxygen, nitrogen, sulfur as well as boron when using

dopant-containing additives in this step [39,66—68].

The purpose to functionalized carbon with a variety of heteroatoms and regulate their content is to
produce donor states in the electronic structure and tailor the conductivity as well as modify the
surface polarity and electron donor/acceptor affinity according to the electrolyte [12,69]. Additionally,
the capacitance of carbon materials can be enhanced through faradaic reaction between selected
functional groups and the electrolyte [28,37,70]. For example, the article published by Hulicova-
Jurcakova et al. [71] showed that the specific capacitance of nitrogen-enriched carbon materials
obtained via ammonia treatment was three times higher than that of non-enriched parent materials.
On the same context, the published work by Lee et al. [38] study the effect of nitrogen-doped reduced
graphene N-RGO, where it was possible to differentiate the pseudocapacitance contributions from
the electric double layer capacitance showing that nitrogen groups increase both capacitance in the
case of H,SO, as electrolyte but in the case of KOH, only the pseudocapacitance increases while the
electric double layer capacitance diminishes. Additionally, the study by Pognon et al. [72] shows that
introduction of catechol groups improve the specific capacitance of activated carbon from 150 to 250
F g~%. However, in some cases, the introduction of these functionalized groups entails an unstable
pseudocapacitance and the reduction of cyclability due to irreversible reactions [7,12,37].

To understand the role of functional groups over the capacitive performance of carbon materials, it is
necessary to clarify the exact nature of those in the carbon materials, as it is discussed in section
2.2.2. On this context, the utilization of feedstocks with high content of oxygen or nitrogen offers the
opportunity to achieve electrode improvement without the use of extra chemicals or additional steps
to obtain a tailored material. Zhang et al. [73] made a hierarchical porous carbon from lignin via the
traditional carbonization with a subsequent chemical activation using KOH. The resulting carbon had
a BET specific surface area of 3775 m?g™ and narrow pore size distribution with micropores close to
1 nm and mesopores between 2 and 4 nm. The maximum specific capacitance reached 286.7 F g*

at 0.2 A g ! using an 6M aqueous solution of KOH.

A similar methodology was used by Yu et al. [51], they studied the effect of pre-pyrolysis before
activation on the electrochemical performance, and observed an improvement in the development of
micropores and graphitization degree of the lignin-derived carbon. Although pre-pyrolysis resulted in
a lower total surface area, the carbon material obtained had a higher specific capacitance (261 F g
at 1 A g) than that obtained by a directly activation method (218 F g* at 1 A g*). Wang et al. [62]
used phenol formaldehyde resins obtained from bark liquefaction as carbon precursors, which were

chemical activated using KOH.
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The resulting carbon had a high surface area (2359 m? g*), composed of ultramicropores (< 0.7 nm),
micropores (close to 1 nm), and small-size mesopores (2-5 nm) with an oxygen content of 6 wt% in
the form of C=0, O-C-O and O=C-O groups. The capacitance was 370 Fgtat0.1 Agtand 251 F
glatl10A g™

Another raw material less explored as carbon precursor, are tannins. Although, throughout the course
of this doctoral research an increased interest has been notice. They are commonly obtained from
tree bark (e.g., Acacia auriculiformis, Pinus pinaster or Pinus radiata) [16,74], and have a very suitable

chemical structure for electrochemical purposes, as covered in section 2.3.

2.2.1 EDL capacitance at the porous carbon/electrolyte interface

As mentioned in section 2.1.1, the overall capacitance (C) of an electrochemical capacitor obeys Eq.
2-2, if pseudocapacitance can be neglected. Additionally, the capacitance of the double layer (Cgp;)
could be calculated, as a first approach, using Eq. 2-1. As a consequence, it can be seen that Cgp,,
is directly proportional to the surface area and inversely proportional to the EDL thickness (D).
Experimental research has shown, as a general trend, that capacitance increases as the specific
surface area (SSA) increases. However, at relatively high SSA values (up to 2000 m? g*) on carbon
materials, it has been observed that capacitance tends to a plateau [75,76], as observed in Figure

2-6 A.
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Figure 2-6 A) Gravimetric capacitance in aqueous and organic electrolytes (1 M TEABF4 in acetonitrile) obtained
from GCD curves at 100 mA g, and B) Relationship between the volumetric capacitance and pore size for the
same experimental data, obtained from [76].
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This is because at this point, the increase of surface area is related to the widening of the already
existing pores, rather than the generation of new pores [57]. As the pore size increases, the interaction
between the adsorbed ions and the surface of the electrode becomes weak as well the D tends to
increases. As a result, there is a decrease on capacitance values as it is shown in Figure 2-6 B,
where the trend is observed no matter the ion sizes. Actually, this was the main subject studied by
Chmiola et al. [30], when in 2006 observed an increases on capacitance for carbon materials with
average pore size below 1 nm, which behavior was corroborated by following researches [76,77].

Charge storage in pores smaller than the size of solvated electrolytes ions was fully evidenced using
carbide-derived carbons (CDC) with a narrow pore size distribution [30]. The CDCs, with an average
pore size (L), tunable with accurate less than 0.5 nm, where used to study the ion adsorption in pores
of average size between 0.6 and 1.0 nm using 1.5 M solution of tetraethylammonium tetrafluoroborate
in acetonitrile (organic electrolyte). The cation size, (CH;CH,),H* is 0.68 nm, while the anion BF, is
0.33 nm. The authors reported a trend of decreasing volumetric capacitance as the pore size
decreases until reach close to 1 nm, as exposed in Figure 2-7. However, as the pore size approached
the ion size, the trend reversed and there was a sharp increase in capacitance below 1 nm, even for
sizes smaller than those of solvated ions. This capacitance increase was attributed to the distortion
of the ion solvation shell, leading to a closer ion approach to the carbon surface, and a decrease of
the double layer thickness. Subsequently, Largeot et al. [77] obtained similar results for CDCs
electrodes using an ionic liquid with cation and anion sizes of 0.7 nm and 0.76 nm, respectively. In
this context, Huang et al. [44,45] contributed to the development of a heuristic model, as mentioned
in section 2.1.2, which is based on DFT calculations and previous experimental data.

15 g :
1] 1l I

’g" s’Itv

O (CH,CH,) N+ BFy
0.68 nm diameter| | 0.33 nm diameter

< @]
® /CM
5 y 1) Traditional view

&
O

10

Normalized capacitance (uF/cm?)

-‘-
----- o

Tic-CDC
NMAC & SMAC
B,C & Ti,AIC-CDCs
[8]

[26]

oorme

0 1 2 3 4 5

Average pore size (nm)

Figure 2-7 Capacitance normalized by Ager.versus average pore size and (B to D) drawings of solvated ions
residing in decreasing pore sizes, obtained from [30].
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The main contribution of this work was the Eq. 2-9, which is extended to all types of electrolytes
regardless of the carbon used as electrode. This model allows one to correlate parameters such as
pore size distribution, specific surface area, Debye length, electrolyte concentration, and dielectric
constant, as well as solute ion size, which may lead to more systematic optimization of carbon
properties through carefully designed experiments. The fitting with experimental data indicates that
ions tend to be desolvated before entering in sub-nanometer pores as well ionic liquids, while aqueous
electrolyte ions can retain their hydration shell. For instance, this model was applied on the work of

Lota et al. [78] for 6M KOH as electrolyte and activated carbon electrodes.

The effective size of counterions (a,) calculated was 1.64 + 0.83 A, which is in good agreement with
the size of hydrated K+, between 1.38 A and 1.46 A, depending on the number of coordinates water
molecules [50]. It is important to note that the value q, is at least an order of magnitude smaller than
carbon pore size (between 1.06 nm and 1.45 nm). Thus, the desolvation effect of aqueous electrolytes
remains unclear due to the lack of materials with pore sizes that are closer to the corresponding ion
size. Moreover, because ions are flexible species with a variable diameter, and since pores in carbon-
materials are distributed around an average value, the researchers should always be careful in
interpreting such data, and should not expect that it will be possible to obtain perfect quantitative
correlations [27].

Be that as it may, the capacitance behavior of carbon materials is essentially related to the sub
nanometric pores. However, it has been also demonstrated that mesopores are needed for the fast
transport of ions [15,48], which finally impact on the power density of carbon materials. On this matter,
Vaquero et al. [48] studied the electrochemical behavior of different carbon materials with a wide
range of textural properties using electrolytes from different nature and size. The carbon materials
were tested using 1 M H.SO., from low to high scan rates in cycling voltammetry (CV) assays (see

section 2.4), and evidencing a dependence of capacitance with this parameter, as expected.

However, remarkable differences were observed on capacitance retention depending on the textural
properties of the carbon materials. The mesoporous carbon with pores size between 2 and 6 nm
shown a capacitance retention close to 69 % from scan rate of 10 to 100 mV s*. Conversely, the
strictly microporous carbon (pore size below 2 nm) had a capacitance retention close to 27 % under
the same test conditions. Likewise, where electrolytes with bigger size were tested, microporous
carbon had important distortions from what it is expected of ECs. This behavior may be explained by
the pore saturation due to a bigger size of the bulky ions than the pore. As a consequence, on the
last decade, it will be an improvement on the textural target of carbon materials for electrochemical
purposes focused on hierarchically, which is based on the promise that a combination of micro and

mesoporous will bring the gap between energy and power density.
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Actually, the study of Castro-Gutiérrez et al. [15] used ordered mesoporous carbon activated through
CO: to evaluate the importance of pore connectivity. They actually found that carbon materials with a
combination of mesopores and micropores shown the best performance on capacitance with an

adequate balance between energy and power density.

On a practical point of view, such findings should also allow the correct design for specific applications
of ECs: for longer discharge times when energy density is at a premium, such as in hybrid electric
vehicles, extremely narrow pores should prove optimal; but for pulse power applications, increasing
the pore size might be beneficial. Furthermore, tuning carbon porosity and designing carbon materials

with a large volume of narrow but short pores may allow improve both energy and power density.

As summary, the relevance on this matter, it is that texture is a key parameter to develop
electrochemical capacitors with outstanding performance that can bring the gap between energy and
power density, where a match between the pore size and the electrolyte is fundamental altogether

with a well development connectivity that allow the fast transport of ions.

2.2.2 Influence of surface chemistry and electric properties of carbon materials
over capacitance.

As discussed in section 2.1.1, capacitance arises from the potential dependence of the surface
density of charges stores electrostatically (non-Faradaic) at the electrode/electrolyte interface. This
accumulated charge is the result of an excess or a deficit of conduction-band electrons at or in the
near-surface region of the electrode in tandem to counterbalancing charge densities of accumulated
cations or anions of the electrolyte on the solution side of the double layer. On the previous section,
it was shown that the electric double layer capacitance (Cep.) is related to the accessible surface area
of the electrode in contact with electrolyte ions, where the morphology of the electrode material and

the match between the pore size and the electrolyte are the crucial parameters.

However, carbon materials, such as graphene, have semiconductor properties and a relatively low
density of states near the Fermi level due to its orthogonal = and * orbitals, which do not overlap
each other [79]. Thus, graphene acts as a zero band-gap semiconductor, which nature results in high
leakage currents and power dissipation. Xia et al. [43] measured the differential capacitance of
graphene electrodes, and they founded that capacitance exhibits a V shape as a function of electrode
potential having quantum capacitance as its source. The authors concluded that this V shape has a
guantum mechanical origin and it results from the free-electron gas behavior in the basal plane of
graphene, which shows a pronounced minimum close to the PZC [27]. The PZC varies according to
the surface chemistry, and although pristine carbon material serves as a conceptual starting point,
chemical defects, native or tailored, may play a critical role in modifying and optimize carbon materials

electronic properties, such as conductivity [69,80].
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They can enhance chemical activity through redox reactions [81], modification of surface charge and
accessibility to ions [37,82]. Furthermore, introduce defects and covalent binding with heteroatoms,
functionalities and even molecules onto the surface of carbon materials, as illustrated in Figure 2-8,
are effective ways to open the band gap near to the Fermi level of pristine carbon materials through
an introduction of sp3-hybridization on the neighbor carbon atoms [70,79,83,84]. Specifically, the
presence of heteroatoms changes the electron and hole carrier concentrations of the electrode at
thermal equilibrium. The n-type doping (heteroatoms with higher electron valence than carbon)
contributes free electrons on the surface, while p-type doping (heteroatoms with lower electron

valence than carbon) creates a vacancy of electrons.
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Figure 2-8 Schematic depicting the addition of electroactive functionalities onto the surface of carbon particles.

Because of that, heteroatom doping of carbon materials is an interesting approach to enhance the
performance of carbon materials for electrochemical purposes. The final amount and the type of
functionality on the carbon surface depend, as usual on carbon materials, on the precursor and the
synthesis method, being carefully selective with both parameters due to heteroatom’s synergetic

effect depends on the relative location of the heteroatoms rather than their concentration [14].

Among the heteroatom functionalities found in carbon materials, the most abundant are the oxygen-
containing groups. They are mostly present on the edge of carbon , more specifically at the edges of
basal planes graphitic structures, in the form of hydroxyl (-OH), carbonyl (C=0), and carboxyl (-
COOH) moieties [83,85,86], as depicted in Figure 2-9 A. For carbon materials obtained from
renewable materials, such as tannins, the presence of oxygen is almost unavoidable. Due to the
above, the role of oxygen functionalities is one of the most explored topics in heteroatom doping for
electrochemical applications [36,37,87]. These functionalities play a crucial role as they can enhance
the wettability of the materials and induce faradaic contributions through electron transfer [12].
However, it should be noted that the presence of oxygen functionalities can also lead to a decrease
in surface conductivity [37].
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Specifically, carboxylic acids species has demonstrated undesirable effects due to its strong polarity,
leading to a leak current through catalytic effects and causing steric hindrance due to its large
molecular structure [88], but also can induce faradaic reactions in basic conditions , as depicted in
Figure 2-10 A. Additionally, carboxylic groups on the carbon surface are thermally unstable and
present non-reversible reactions [12,89], therefore they are considered less preferable when

compared to phenols or quinones groups.

The literature suggests that quinone groups could be of crucial importance in high-energy density
capacitors. Quinones are electrochemically active through reversible two-electron and proton-coupled
electron transfers with hydronium ions, especially in acidic solutions, enhancing the faradaic
contributions of oxygen-containing carbon materials [17,36,90]. Given its reaction (Figure 2-10 A), in
theory, they can provide two times higher energy storage than the other oxygen functionalities.
Besides, quinones allow for an expanded potential window, exhibit good chemical stability, and do

not negatively impact the cycling stability of the electrode [90].

Carboxyl and phenol groups are electrochemically active in both acidic and basic medias, involving a
single electron transfer during their respective electrochemical reactions [36], and therefore their
contribution are similar. They also have a key role on the wettability of carbon surface, decreasing the
mass transfer resistance [37].

A) B) ¢
: Hydroxyl or ether,
Carboxylic, oy Y Pyridone nitrogen, Ng
Graphitic e
nittogen, NQ & 7 %}

Pyridinic A f‘ ;
nitrogen, AN
] Nq
N-oxide, N=0

Carbonyl, O,

Figure 2-9 Representative functionalities for A) Oxygen, B) Nitrogen and C) Boron heteroatoms presented on
carbon materials.

The nitrogen, as element, has one more electron than carbon. However, the electron-donor properties
as n-type doping, on the N-doped carbon surface rely on the position of nitrogen into the carbon
matrix. There is four kind of nitrogen classified as: (i) pyridinic nitrogen (Ne) that includes amides,
aromatic amines, protonated amines, and pyridines; (ii) pyridine-like nitrogen (Ns) that includes
pyrrolic-N, and pyridones; (iii) quaternary or graphitic nitrogen (Ng); and (iv) nitrogen oxide (N=0), as
exemplified in Figure 2-9 B. The nature of nitrogen functionalities differs depending on the

temperature of heat treatment used on carbon material synthesis.
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Figure 2-10 Oxygen and nitrogen surface functionalities commonly associated with the enhanced performance of
carbon-based ECs. Proposed reactions for A) oxygen and B) nitrogen, obtained from [17].

It is expected that pyridinic nitrogen dominate in temperatures ranging from 400 and 700°C, while
pyridones, pyrrolic nitrogen and quaternary nitrogen dominate at higher temperatures. Generally, at
lower temperature nitrogen tends to appear on the edge of the carbon lattice with a localized charge,
whereas at higher nitrogen is rather located within the aromatic ring with a delocalized charge [91].
Each configuration has a specific role in the enhancement of the properties of the carbon material.
For instance, the negatively charged pyridinic nitrogen (Ns) has a relatively larger dipole moment that
improves wettability of the electrode and reduce the charge transfer resistance between electrolyte
and electrode [92], and also allow redox reactions in both acidic and alkaline electrolyte, as depicted
in Figure 2-10 B. Moreover, protonated Ng can be transformed into No during the electrochemical
charge-discharge storage process [12]. The pyrrolic-N, which is also negatively charged, plays a

similar role in improving the wettability and faradaic contributions [71].

Moreover, it has been demonstrated that the pseudocapacitive behavior of N-doped carbon materials
may be different depending if they are tested as positive or negative electrode, at least in acidic
aqueous electrolyte [93]. This fact can be attributed to the fast and efficient faradaic reactions between

pyridinic-N, pyrrolic/pyridine-N, and H* at the negative electrode—electrolyte interface.
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The positively charged quaternary nitrogen (Ng) and pyridinic C-N-O contribute a pair of electrons in
the conductive 11-11 system, which results in an improved electron transfer across the electrode-
electrolyte interface and enhances the electronic conductivity, through modifications of the carbon
material band gap. Actually, first principles studies show that quantum capacitance of N-doped
graphene can be enhanced proportionally with some nitrogen functionalities [70,84,94]. As depicted
in Figure 2-11, the graphitic nitrogen (Ng) and pyridinic nitrogen (Ns) alters the density of states (DOS)
of the graphene layer with a consequently enhance of quantum capacitance [94] . Meanwhile, pyrrolic

nitrogen does not have influence on the electric properties of graphene.
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Figure 2-11 A) Density of states, DOS; B) Quantum capacitance, and C) total volumetric capacitance for a mole
fraction of each nitrogen functionalities in a graphene layer, modeled from DFT calculations and CMD simulations
using 1.0 NaCl as electrolyte in a graphene wall of 5 nm, obtained from [94].

On the other hand, boron has one less electron than carbon and a smaller atomic radius, thereby its
expected p-type doping. Although, in the same way as nitrogen, this relies on the bonding
configuration of boron. While boron is doped into the carbon matrix, the 1 electrons are redistributed

which softens the C-C bonds and strengthens the C-O bonds upon oxygen adsorption [95].

There is three possibles configurations of boron into the carbon matrix, which are: BCs, BC,0, and
BCO:; as illustrated in Figure 2-9 C. BC; has an important role on the electric modifications of the
carbon framework. This configuration can be found in the carbon lattice and its three valence electrons
are bounded each one to a single carbon atom. Therefore, the fermi level shift toward the valence
band and result in higher charge carrier concentration and density of states at the Fermi level,
collectively enhancing the conductivity and the electrons acceptance of the carbon framework [84],
among other properties. The BC-0 is founded on the edge of the carbon lattice and can enhance the
electrochemical storage through both electrical conductivity and faradaic contributions, while it has
been proposed that BCO., also founded on the edge of the carbon lattice, only contributes through
faradaic contributions due to their localized charge [96]. The reactive B-O groups make the surface
hydrophilic and lead to the higher electrochemically active surface area, although the measured
surface area is found to be lower in B-doped carbon structures than in its pristine counterpart [97].
Significantly, the incorporation of boron into the carbon matrix results in an increased oxygen content,
primarily attributed to the prevalence of BC,O and BCO; functionalities, which stand out as the most

abundant boron functionalities observed on carbon materials [14,96,98,99].
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It is postulated that the faradaic contributions arising from redox reactions involving these
functionalities are achieved by the oxygen in both acidic and alkaline electrolytes. Consequently, the
enhanced electrochemical performance of B-doped carbon materials can be attributed to the faradaic
contributions facilitated by the oxygen functionalities, as well as the improved electric double-layer

(EDL) capacitance resulting from B-substitution into the carbon framework.

As summary, the surface chemistry modifications allow enhance the electric properties of carbon
materials, significantly influencing their electrochemical performance. Through deliberate doping of
oxygen, nitrogen, and boron onto the carbon surface, these madifications induce noteworthy
alterations in the material's charge storage and transport characteristics, where the heteroatom’s

synergetic effect depends on the relative location of the heteroatoms rather than their concentration.
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2.3 Tannins as carbon precursor

The origin of the word “tannins” can be traced back to the properties of a wide range of natural organic
substances used to tan animal skins to make leather. From ancient times, the term was used
indistinctly but with the advances of analytical techniques in the twentieth century the vail of tannins
was revealed [100]. Nowadays, tannins are defined as polyphenolic secondary metabolites of higher
plants, that can be found in the bark or leaves of plants as well as in fruit and seeds, being their main
role to protect the unit from external damages, i.e., UV-light, insects, herbivores, or bacterial and
fungal infections [16,101]. Commonly, tannins are classified according their structural characteristic
and chemical properties in four categories (Figure 2-12): (i) gallotannins, (ii) ellagitannins, (iii)

complex tannins, (iv) and condensed tannins [100].
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Figure 2-12 Tannins classification according their structural characteristics, obtained from [100].

Generally, gallotannins, ellagitannins and complex tannins are hydrolysable tannins, which are of
great interest in the leather industry, and resins field for eco-friendly adhesives [74]. However, they
have a limited interest related to carbon materials because of their limited crosslinking properties and
low carbon yield after carbonization [16]. Conversely, condensed tannins are easily crosslinked and
even they are able to auto-condense in the presence of some catalyst [102]. Additionally, they
maintain their original structure and morphology when submitted to pyrolysis, and they can have
relative high carbon yields (around 50 wt. %). However, due to their aromatic nature, the carbonization

of tannins leads to a non-graphitizable carbon, commonly called glassy carbon.
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Condensed tannins are extracted mainly from tree bark such as quebracho, mimosa or pine [16], and
they have been used to obtain a wide range variety of high added-value materials. Usually, the
synthesis of porous materials using tannins involves some aldehyde to perform the crosslinking and
to obtain a resin-like materials [17,19,74], in a similar way that phenol-formaldehyde resins. From
here, depending on the kind of crosslinking synthesis used is possible to obtain multiples kind of
foams [19,103,104] or gels [105,106]. Moreover, tannins have the ability to perform auto condensation

reactions, which enable their polymerization without the addition of a crosslinker [107,108].

Another remarkable feature of condensed tannins is given by their phenolic nature that allows them
good chemical reactivity. They have a strong ability to complex transitions metals [109,110] , that
have been used to prepare metal-carbon hybrids materials. They can be easily prepared by submitting
tannins to hydrothermal conditions into an aqueous solution of the proper salt, followed by a
carbonization of the resultant material. Actually, the evidence suggests that is possible to obtain
different kinds of metal-carbon hybrids materials depending on the metal-salt used in tannins. For
instance, the work of Braghiroli et al. [110] shows that is possible use tannins as precursor to obtain
different kind of metal-carbon porous materials using V, Cr, Ni and Fe salts. In the case of V and Cr
salts, the carbonization leads to nanoparticles, while for Ni and Fe salts leads to hollow microspheres.
In particular, for Fe-tannins derived carbon material, it was found that after carbonization the iron exist
as magnetite (Fe»O3), and, in a less proportion, as element (Fe). Additionally, the presence of iron
induced the partial graphitization of carbon. Similar works are found related to dope tannins with other
elements, specifically, nitrogen [68], which was added in a similar way into the tannins matrix by
hydrothermal carbonization, using in this case, an aqueous solution of ammonia. It was found that
nitrogen content reach values between 3-6 wt.% after pyrolysis, depending on the synthesis
conditions, and as it was discussed in the previous section, there is nitrogen functionalities would

improve the electrochemical performance of carbon materials.

Although tannins have been researched as precursors for carbon materials for many years, there has
not been so much work related to their use in energy-related fields. Actually, the work made by
Amaral-Labat et al. [111], published in 2012, was one of the first published research on this matter, in
which carbon cryogels obtained from freeze-drying and pyrolysis of tannins-formaldehyde organic
gels were characterized for their use in electrochemical capacitors. Another work made by Braghiroli
et al. [112], published in 2015, explored the use of tannins doped with nitrogen through different
hydrothermal carbonization synthesis, in a similar way that their earlier work published in 2012 [68]
mentioned previously, just that in this case, the carbon materials were characterized in terms of their

performance for their use as electrodes in electrochemical capacitors.
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Previous to the begin of this research, just a few articles were devoted to the use of tannins as carbon
precursor for energy-related field such as batteries [113], electrochemical capacitors [114-116], fuel
cells [117], and even electrochemical sensors [118], according to the survey performed on the search
engine Scopus. Since that, a few interesting paths have been explored related to tannins as carbon
materials precursor for electrochemical-related devices, which are summarizes in the review of
Castro-Gutierrez et al. [17]. For instance, a prominent research line is the use of ordered and
disordered mesoporous carbon synthesized from tannins as carbon material to investigate the
relevance of pore connectivity in the limitations of ion transport and power density on electrochemical
capacitors [15,119], as illustrated in the Figure 2-13. In these studies published in 2019 [15] and 2021
[119], the carbon materials were synthesized using water-assisted mechano-synthesis, where the
disordered mesoporous carbons (DMCs) were obtained mixing tannins, water and a surfactant
(Pluronic F127®) in a weight ratio of 1:1:1, respectively. Meanwhile, the ordered mesoporous carbons
(OMCs) were obtained by just changing the weight ratio at 2:0.75:1.75, respectively. The mixtures
were submitted into a planetary milling machine filled with agate balls. Then, the material obtained
was directly submitted to carbonization at 900 °C by 1 h, and subsequently activated under CO; flow
at the same temperature but varying the time of the activation.
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Figure 2-13 Synthesis of OMCs from tannins by: (A) hard-templating carried out using other biomass-derived
phenolic molecules, and B) soft-templating trough phase separation, and C) mechanosyntesis using a surfactant,
obtained from [17].
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Both materials have a similar surface area development according to the burn-off evolution, and also
similar surface chemistry, being their main difference the mesoporous structure. The electrochemical
cells were tested in aqueous (H2SO.) and organic electrolytes (TEABF4/ACN). Counterintuitive, the
ordered structure improves the diffusion in aqueous electrolytes with small size ions, while the
disordered structure enhances the diffusion on large size ions with an improvement on the
electrochemical performance of the organic electrolyte. These differences are boosted when they are
tested at high-power conditions. On the same line, tannins-derived OMCs were used to investigate
the activation regime influence over their electrochemical performance, which main results were
published in 2022 by Castro-Gutierrez et al. [120]. In this study, the CO, activated OMCs were
compared with KOH activated OMCs, where a wide range of KOH:OMCs ratio was explored to cover
a proper range of surface area and porosity development to compare the results with the CO
activated OMCs. One of the main differences is the higher apparent water affinity of the samples
activated with CO, compared to those activated with KOH. The above could be related to the
heterogeneities in surface chemistry evolution of the samples, such as the presence of different kind
of functional groups in the neighborhood of active sites and their relative position on the same or in
opposite pore walls. Additionally, according to the hysteresis loops scanning analysis of the N
adsorption-desorption isotherms, the KOH-OMCs materials exhibit low pore connectivity, which can
hinder the water access to the active sites into the pores. As a result of these differences, the KOH
activated samples showed a high capacitance at low current density (49 F g* at 0.5 A g). However,
as the current density increases there is a significant decay in capacitance associated with diffusion
limitations, with a capacitance retention below 20% at 40 A g*. In contrast, although the CO; activated
samples showed lower values of capacitance (close to 37 F gtat 0.5 A g?), the values remain almost
constant even at high current densities. It is important to note, that this research was a derivative work
of some results addressed in this doctoral research and exposed in the section 5.1, where
microporous chemical activated carbon materials derived from tannins were tested as electrodes in

electrochemical capacitors [121].

As exposed briefly in this section, tannins have proven to be an excellent precursor material for the
elaboration of tailored carbon materials, not only for the classical uses of carbon materials, such as
adsorbents, but also for high-value added uses, such as energy-related applications. The advantages
of tannins over other materials rely mainly on their ability to auto-condensate to build high blocks of a
homogeneous polymer and their phenolic nature, which gives them a good chemical reactivity that
allows the formation of complexes with metals or doping with molecules, functionalities, or

heteroatoms, which can be used to modify the electrochemical properties of the carbon materials.
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2.4 Electrochemical characterization

2.4.1. Potentiostatic methods: Cyclic voltammetry

Cyclic voltammetry (CV) has become a very popular technique for initial electrochemical studies of
new systems and has proven to be very useful in obtaining information about complicated electrode
reactions. The CV refers to sweeping the potential with time and recording the potential-current curve.
Usually, the potential varies linearly with time at a specific sweep rate that depend on the
electrochemical cell studied. In the case of electrochemical capacitors, the sweep rates used ranging
from 1 mV st to 2 V st [122]. An ideal capacitor would exhibit a rectangular curve when current is
plotted as a function of the potential window, as observed in Figure 2-14 A. During charging, the
sharp increase in current at the beginning of the cycle is due to the rapid formation of the electric
double layer (EDL) and it remains constant as the potential window increases because no Faradaic
reaction occurs. Given the reversible nature of the EDL formation mechanism, the CV curve during
discharge obtained when potential window decreases is the exact inverse of the charging curve.
Evidently, the CV curves of the real electrochemical capacitors deviate from the ideal one, and those
that present pseudocapacitance performance, also display peaks that are attributed to the reversible
response a redox pair immobilized on the electrode surface, as shown in Figure 2-14 B. On the other
side, battery-like electrodes show remarkable peaks as depicted in Figure 2-14 C. Once a material
electrode has been decided based on their profile, then becomes pertinent to use the correct
techniques and formulas for evaluating and reporting the electrochemical performance, as exposed
in multiples publications [20,123,124]. For further details related the fundaments of CV please refer
[123,125].
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Figure 2-14 Archetypal cyclic voltammogram behavior of the three main types of electrodes A) electrical double
layer, B) pseudocapacitive-type, and C) battery, obtained from [20].
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In this research, the CV curve obtained at different sweep rates was utilized to differentiate the electric
double layer from faradaic contributions, commonly named pseudocapacitance contributions. This
was performed using the Trassatti’'s method [126]. On this methodology it is assumed that the charge

(q@) on the voltametric assay has the following dependences to the scan rate (v):

q=qe +av1/? Eq. 2-18
1_1 1/2 i
;= ta Eq. 2-19

where a; and a, are constants, q., is the non-limited by ion diffusion charge (v —» ) and qr is the
total charge of the cell (v — 0). If the measurements are made under the same conditions, they can

be applied in capacitance terms as follows:

Cowy = a1v 2 + Cgpy Eq. 2-20
_ 12 . 1
oy~ %2V t e Eq. 2-21

where C; is assumed to be the total capacitance and Cgp; is the capacitance that arises from the
electric double layer (non-limited by ion diffusion). Additionally, it is assumed that the total capacitance

is given by:
CT = CPSC + CEDL Eq 2'22

where Cpy IS the capacitance that arises from faradaic contributions. To illustrate the values obtained
from this method, the Figure 2-15 depicts the anticipated linear regression for the fitted data, where
the intercept with the y-axis indicates the Cgp; value and the inverse of C; for each graph,
respectively.
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Figure 2-15 Dependence of capacitance as a function of the scan rate to differentiate pseudocapacitance (Cpsc)
and double-layer capacitance (Cepr) according to Trassatti’s method.
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2.4.2. Galvanostatic methods: Galvanostatic charge-discharge

The galvanostatic charge-discharge (GCD) technique is a fundamental method employed in
electrochemical studies to analyze the energy storage properties of various energy storage devices,
including electrochemical capacitors, pseudo-capacitors, and batteries. This technique involves
applying a constant current to the device, either during the charging or discharging phase, and
monitoring the resulting voltage changes over time. According to energy storage mechanism, an
important difference between capacitor and battery is that the charge and discharge voltage of an
electrochemical capacitor always linearly increases and decreases, respectively with the time due to
their surface-controlled charge storage nature. In contrast, an ideal battery normally has a constant
voltage during discharge or charge process due to its phase transformation process. Galvanostatic
charge-discharge results can directly represent the capacitive and battery behavior, respectively.
GCD is the most widely used technique to reliably evaluate the performance of ECs and batteries
while clearly distinguishing one from another. Typical discharge curves in Figure 2-16 show that both
electric double layer capacitance systems (red line) and pseudocapacitance systems (black line) have
a linear relation of voltage versus discharge time at a constant discharge current as discussed above
but the former possesses a sharper slope than the latter due to its smaller capacitance and shorter
discharge time. The capacitance is a constant value in an ideal capacitor, indicating a potential-
independent capacitance. Nevertheless, a typical discharge curve of a battery presents distinct
characteristics (blue line), which displays a prominent voltage plateau with different polarization zones
as marked. This characteristic S-shaped curve resulting from phase transition followed by a sharp
voltage drop by concentration polarization for batteries can be used to distinguish itself from other
systems. Moreover, for capacitors, the charge and discharge curves at the same current should have
a mirror or symmetric manner, which means a small voltage hysteresis. From this analysis, the
capacitance, energy density and power density, and leakage/self-discharge rate values obtained are
well acceptable as the most reliable and standard results for ECs and batteries [5,20].
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Figure 2-16 Typical GCD discharge curve for EDLC (red line), pseudocapacitor (black line), and battery (blue line),
obtained from [5].
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2.4.3. Electrochemical impedance spectroscopy

Impedance (Z), refers to the amount of the opposition to current flow (I) that takes place under an
applied voltage (E) within an electrical circuit, as described in Eq. 2-23. It is impacted by the nature
of the electrolyte, as well as the electrolyte-electrode interface, and morphology or composition of the
electrode materials.

Z=E/I Eq. 2-23

The electrochemical impedance spectroscopy (EIS) response arises from the sinusoidal applied
voltage, according to Eq. 2-24, where w is the angular frequency (w = 2mf), applied while controlling
its frequency (f, in Hz).

E(t) = Eapp + |E0| sin(wt) Eq. 2-24

The current response follow the Butler-Volmer model described in Eq. 2-25, where a is the transfer
coefficient for electron exchange, n is the overpotential from the equilibrium potential (E(t) — E4), n
is the number of electrons transferred, T is the temperature in Kelvin, F is the Faraday constant, and
R is the gas constant. Additionally, the current correlates to the frequency of the applied current (1),
as described in Eq. 2-26, but with a phase shift (¢), which magnitude depends on the specific circuit
elements. In order to obtain reliable results, the applied frequency should cover a wide range, typically
from 1 mHz to 100 kHz [127].

—an. (1-a)n
I1=1Iy(e RTFr" —e - RT Fﬁ) Eq. 2-25
I(t) =Isin(wt+ ¢) Eqg. 2-26

In general, given the sinusoidal nature of the experiment, the impedance contains a real, and an
imaginary part, as described in Eq. 2-27, and the phase angle can be obtained from Eq. 2-28. At this
point, is fair to say that impedance is a kind of generalized resistance, and the phase angle expresses
the balance between capacitive and resistive components in the circuit. For instance, a pure
resistance is given by ¢ =0, and a pure capacitance is given by ¢ = /2, and for mixtures,

intermediate phase angles are observed [128].

Z(w)=Zr+Z; =|Z|(cos ¢ + jsin(¢)) Eq. 2-27

tan¢ = ZZ—R Eq. 2-28
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The variation of the impedance with frequency can be displayed in different ways. A useful way to
represent the data is using the Bode plot, where log|Z| or ¢ are both plotted against log(w).
However, the most useful and used representation is the Nyquist plot, due to one can estimate the
nature and behavior of the system on a qualitative, and simple way [122,127-129]. The Nyquist plot
is formed by the real part of the impedance (Z: or Z’) on the abscissa axis, and the negative value of
the imaginary part (Zi or Z”) on the ordinate axis, an illustrative example with the main regions and
parameters estimation can be appreciated in the Figure 2-17. At low values of impedance (high
frequencies), the electric circuit is limited by diffusion. Thus, only charge transfer process remains
and the impedance could be described by:

Rom\2 Rom\2
o = () e

Hence, Z, vs Z; should give a circular plot centered at Z, = R; + Rcr/2, and Z; = 0, having a radius
of Rcr/2, where R represent the electrolyte resistance and Ry is the resistance to the charge
transfer, where small semicircles represent kinetic fast charge transfer for the electrode material.
Commonly, one semicircle is observed in the Nyquist plot, but could also be two or even three
semicircles at low frequencies, indicating multiple independent resistances. For instance, a second
arc can take place from adsorption/desorption of ions at the electrode-electrolyte interface [130]. In
the middle frequencies, there is a second region where diffusion of charge and mass transfer at the
electrode-electrolyte interface begins to dominate. At this point, a characteristic line with a 45° angle
appears, known as the Warburg region. The frequency range of the Warburg region depends on the
materials under study, and deviations from the ideal case can be found. When the linear line with 45°
extends at lower frequencies, it is called semi-infinite Warburg impedance, revealing battery behavior.
Conversely, Nyquist plot can also depict finite space Warburg impedance, which means a slope that

tends to infinite runs parallel to -Z;, and is defined as pure capacitance behavior.
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Figure 2-17 Nyquist plot with key regions labelled and estimation of the main parameters.
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3 HYPOTHESIS AND OBJECTIVES

3.1 Hypothesis

Based on the comprehensive analysis of the state of art, this doctoral research proposes that is viable
to manipulate both the porous texture and surface chemistry of carbon materials derived from tannins,
and to elucidate how these properties impact the electrochemical performance of the obtained carbon
materials when used in electrochemical capacitors. Specifically, it is possible to alter the surface
chemistry through the doping of heteroatoms, such as nitrogen and boron, into the oxygen-carbon
matrix of tannins and subsequently enhancing the surface area through chemical or physical

activation.
3.2 Main objective

The main objective of this doctoral research is to investigate the feasibility of manipulating the surface
chemistry of the oxygen-carbon matrix of tannins through the introduction of heteroatoms, such as
nitrogen or boron, and to control the surface area through activation to understand how both surface
chemistry and porous texture alter the electrochemical performance of the obtained tannins-derived

carbon materials when used in electrochemical capacitors.
3.3 Specific objectives

1. To explore chemical and physical activation to enhance the surface area of tannins-derived
carbon materials.

2. To evaluate the introduction of heteroatoms, specifically nitrogen and boron, into the oxygen-
carbon matrix of tannins through hydrothermal carbonization using controlled concentrations
of boric acid and aqueous ammonia solutions.

3. To elucidate the textural, morphological and chemical surface properties of the so-obtained
carbon materials derived from tannins.

4. To evaluate the impact of modified surface chemistry and increased surface area on the
electrochemical performance of the carbon materials when utilized in electrochemical

capacitors.
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4 METHODOLOGY

Based on the proposed objectives, this study aims to explore through experimental assays the role of
pore development and surface chemistry by heteroatom doping in tannin-derived carbon materials
using the work diagram flow illustrated in Figure 4-1. In this context, the synthesis of carbon materials
through activation process will be done as follows. Firstly, tannins-derived carbon materials will be
submitted to flash pyrolysis to remove the volatile fraction, then chemically activated with KOH at
different ratios to understand the pore development and their influence on electrochemical
performance. Secondly, to introduce the controlled presence of heteroatoms in the carbon matrix, the
hydrothermal step will be used in the synthesis of carbon materials where controlled concentrations
of boric acid and aqueous ammonia will be used as source of boron and nitrogen, respectively.
Subsequently, the pore development of the so-obtained carbon materials will be done by physical
activation using CO; as activating agent at different conditions to obtain a wide range of burn-off and
pore development. The synthesized carbon materials will be characterized in order to quantify their
physical and chemical properties (surface area, chemical structure, among others) and relate these
to their electrochemical behavior (cyclability, capacitance, equivalent series resistance) to estimate

the role of doping in the electrochemical performance of tannins-derived carbon materials.
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Figure 4-1 Workflow diagram of the present scientific research.
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4.1 Carbon materials synthesis

4.1.1 Oxygen functionalized tannins-derived carbon materials synthetized through
chemical activation.

Tannins were submitted to fast pyrolysis using a fluidized bed bench-scale reactor as is described in
Moore et al. [131]. Tannins were dosed through a screw feeder and then pneumatically transported
into the reactor using a nitrogen flow rate of 6 mL min™. Quartz sand (30-50 mesh) was used as
fluidized bed material. Nitrogen was used as a gas carrier with a flow rate of 9 mL min. The hot gas
filter was kept at 400°C, and the temperature range studied in the reactor was bounded between 400
°C and 600 °C. The residence time of vapors varied between 1.0 and 2.6 s, depending on the reactor
temperature. The pyrolysis products retained in the reactor and hot gas filter were collected, weighed,
and kept separately for further analysis. Gravimetric mass balance (XB 3200C, Precisa) was
established based on biochar collected from both reactor and hot-gas filter. According to the results
obtained in the study of Pinto et al. [132], the carbon materials obtained at 550 °C was used as
precursor to chemical activation, and labelled as TBC. Prior to activation, the TBC samples were
crushed and sieved to a roughly unimodal distribution of particles sizes. The proximate analysis of
TBC, including moisture determination by heating at 100°C for 2h, ash estimation by heating at 550°C

for 14 h, and volatiles by heating at 850°C for 7 min, was performed.

TANNINS ELECTRODE
EXTRACTION FAST PYROLYSIS ) TBC-KAR: PTFE: CARBON BLACK

ELECTROLYTE:
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GALV. CHARGE-DISCHARGE
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I P

TBC

AR: ACTIVATING RATIO

03,06,11,1928,36
KOH

— EN 4 ELEMENTAL ANALYSIS
N, flow, 10°C min N, AND CO, ISOTHERMS
650°C, 1h SEM, TEM

XPS

Figure 4-2 Schematic representation for the synthesis of oxygen functionalized tannins-derived carbon materials
obtained through pre-pyrolysis and chemical activation.



53

In a typical synthesis, 1 g of TBC was mechanically mixed with KOH granules (Merck > 85 % purity)
by grinding in a mortar until a homogeneous patrticle size was observed, then put in a mullite sample
holder and subjected to a thermal treatment at 650 °C for 1 h, under a flow of 100 mL min? of N,

using a heating rate of 10°C min* in using a Nabertherm R 50/125.

The ACs were labelled as TBC-KAR, where AR is the activating ratio on a weight basis defined as
the mass of KOH per gram of TBC. The ratio of KOH:TBC used were 0.3, 0.6, 1.1, 1.9, 2.8, and 3.6,
and a sample was subjected to the same thermal treatment in the absence of activating agent, labelled
as TBC-KO.

4.1.2 Surface chemistry modification through nitrogen or boron doping.

Tannins were submitted to hydrothermal carbonization (HTC) as illustrated in Figure 4-3. In a typical
synthesis, 1 g tannin was added to 9 mL of the corresponding solution according to shown in Table
4-1 for boron doped tannins and Table 4-2 for nitrogen doped tannins (for details refer to section 8.3,
Appendix C). These values correspond to 4 and 8 mmol of the doped element per gram of tannin.
The solution was stirred for at least 15 min at room temperature, and then submitted to HTC at 190°C
for 18 h. For the sake of comparison, tannins-derived hydrochars were also synthesized using
distillate water. These materials were labelled as B4THC, BSTHC, N4THC, N8THC, and THC,
respectively. The hydrochars so-obtained were filtered to separate the solid from the liquid phase,
washed with distilled water, and dried under vacuum (80 °C, overnight). This procedure was repeated
multiples times to obtain enough material to perform the post-treatments. The hydrochars were
ground using an agate mortar until obtain a fine, and homogeneous powder, and sieved to determine

their particle size distribution (Figure 8-1 on Appendix section).

‘CN Qfa - Tannins

Agueous solutions: |
* H3;BO,
*  NH,*OH-

km'; m T L}E

=5 :/{ > =1L @&

Figure 4-3 Schematic for the doped carbon materials synthesis using hydrothermal carbonization and posteriorly
carbonization and CO: activation.
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Table 4-1 Tannins and boron quantities used on the synthesis of B-doped tannins through hydrothermal
carbonization.

Code Tannins Water Reagent Reagent Conc. Boron Boron
(9) (mL) (9) (Wt.%) (9) (mmol)

B8THC 1 9 H3BOs3 0.500 55 0.0874 8.086

B4THC 1 9 H3BO3 0.250 2.8 0.044 4.043

Then, 2 g of material were put in a mullite sample holder and submitted to pyrolysis in a Nabertherm
R 50/250/12 tube furnace using a heating rate of 10°C min* from ambient temperature until reach
800 °C, which was kept by 1 h, then leave it to nature cooldown until get under 100 °C. Throughout
all the procedure was used a N flow of 100 mL min. The materials were weighted before and after

each pyrolysis essay in order to quantify the burn-off (BO) and assure the repeatability of those.

Finally, the carbon materials obtained from the pyrolysis step were submitted to CO- activation,
employing a flow rate of 50 mL min?, a heating rate of 10 °C min?, ascending from ambient
temperature to 800°C. The activation process was conducted for varying reaction time including 1, 2
and 4 hours, resulting in a diverse spectrum of burn-off, determined through weight measurements
as previously outlined. Notably, for NATHC and N8THC, additional conditions were explored, involving
a final temperature of 900°C, maintained for 1, 1.5, and 2 hours. These specific conditions aimed to
further tailor the textural properties and surface characteristics of the materials, contributing to a
comprehensive understanding of their electrochemical performance. The temperature and time
parameters used on the pyrolysis or CO; activation step were added to the aforementioned labels.
For instance, N8THC800 is the AC obtained from the pyrolysis step (so called non-activated), and
N8THCB800-2 is the AC obtained from N8THC after pyrolysis at 800 °C and further CO; activation at
800°C for 2 hours.

Table 4-2 Tannins and nitrogen quantities used on the synthesis of N-doped tannins through hydrothermal
carbonization.

Code Tannins Water Reagent? Reagent NHs*OH- Nitrogen Nitrogen
(9) (mL) (mL) (9) (9) (mmol)
N8THC 1 7.70 NH4*OH- 1.30 0.285 0.114 8.12
N4THC 1 8.35 NH4*OH- 0.65 0.143 0.057 4.06

aThe reagent concentration is 26.2 wt. %
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4.2 Physicochemical characterization

The thermal decomposition of the materials was analyzed using a Netzsch 409 PC thermogravimetric
apparatus. Approximately 50 mg of each sample was heated at a rate of 5 °C min™ from 20 °C to 800
°C under a flow of helium (50 mL min®).

The textural properties of the materials were obtained from N2 and H» adsorption-desorption isotherms
at 77 K, and CO: adsorption-desorption isotherms at 273 K, acquired using a 3Flex equipment
(Micromeritics). The Brunauer-Emmet-Teller (BET) surface area (Ager) was obtained from the
nitrogen adsorption isotherms following the IUPAC recommendations [133]. The total volume of pores
(Vo.97, Gurvich volume) was determined at a relative pressure (P/P°) of 0.97. The non-local density
functional theory kernel for heterogenous surface (NLDFT-HS) with a 1 = 3.2 was applied to No+H>
adsorption isotherms to estimate the pore size distribution (PSD), from which specific surface area
(SSA), total pore volume (Vr), ultra-micropore volume (V. pore diameter below 0.7 nm),
supermicropore volume (Vs,, pore diameter between 0.7 and 2 nm), micropore volume (V, = Vy, +
Vsy) and mesopore volume (Vmeso = Vr — V) were calculated. The choice of Nz+H, adsorption
isotherms instead of N.+CO, adsorption isotherms was made to extend the lower limit value on the
PSD and to prevent potential specific interactions between CO- and the N-functional groups that could
lead to misleading textural characterization [134,135]. The average pore width ((w)) for each range
was calculated by Eq. 4-1.

av
_ Lig,, Wibwi

(w) = Eq. 4-1

Zig—:,iﬂwi
The surface chemistry and nature of carbon, oxygen, nitrogen, and boron functional groups were
analyzed by X-ray photoelectron spectroscopy (XPS) using an ESCAPlus OMICRON system
equipped with a non-monochromatized MgKa X-ray source (1253.6 eV), for both survey and high-
resolution analysis. The survey was performed in a range from 0 to 1000 eV with an step size of 0.5
eV, dwell time of 0.2 s, and an energy step of 50 eV. The high-resolution areas was analyzed using
a step size of 0.1 eV, dwell time of 0.1 s, and energy step of 20 eV. The C 1s, O 1s, N 1s, and B 1s
spectrum regions were deconvoluted by assigning peaks based on Smith et al. [136], Ayiania et al.
[137] for undoped and N-doped carbon materials. Meanwhile, B-doped carbon materials XPS peaks
assignments were made according to Smith et al. [136], Szymanski et al. [14] and Wang et al [138]. .
The deconvoluted area were optimized fitting Gaussian-Lorentzian (20:80 G:L) curves with FWMH
between 1.1 and 1.3 for the main peaks, and FWMH close to 2 for the less significant curves.

Elemental analysis (C, N, H, and O) was carried out using a Vario EL Cube elemental analyzer.
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4.3 Electrochemical characterization

The electrochemical characterization of the ACs as electrodes for ECs was conducted using a
Biologic VMP3 workstation and a symmetrical two-electrode configuration in a Swagelok cell as
illustrates Figure 4-4. The electrode preparation involved a weight ratio of 85:10:5 of carbon material,
PTFE as binder, and carbon black, respectively. Ethanol was added to ensure homogeneity, and the
resulting paste was dried overnight. Disc-shaped electrodes with a 5 mm diameter and a mass load
close to 10 mg cm2 were cut from the paste. Prior to analysis, the electrodes were soaked in the 1 M
H.SO, electrolyte for at least two days to allow impregnation. The electrochemical cell assembly
consists of golden current collectors, carbon electrodes, and a porous quartz fiber separator, arranged
from the outermost component towards the cell center. All components are immersed in the aqueous

electrolyte.

Glassy fibrous paper
separator
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Electrode
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Figure 4-4 Two and three-electrode cell used for measuring electrochemical properties of carbon electrodes.

Electrochemical impedance spectroscopy (EIS) measurements were performed by applying
alternating current at the open circuit potential (OCP) over a frequency range of 100 kHz to 1 mHz
with a sinusoidal amplitude of 10 mV. The data obtained was used to generate the Nyquist and Bode
plots. The bulk electrolyte resistance (Rs) and charge transfer resistance (RCT) were estimated fitting
the data in the high-frequency region to Eq. 2-29 [125], and the equivalent series resistance (ESR)

was estimated using a linear line fit in the low-frequency region of the Nyquist plot [127].
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Cyclic voltammetry (CV) experiments were conducted using a potential window of 1 V, with scan rates
ranging from 5 to 1000 mV s™. The specific cell capacitance (Ccv.cel) Was calculated using Eq. 4-2,
where I is the current, v is the scan rate, AV is the potential window, and m is the total mass of carbon
used on both electrodes.

[1dv
Ceveen = ym Eq. 4-2

The collected CV data obtained at different scan rates, were used to estimate the contributions of
electric double-layer capacitance (Cgp;) and pseudo-capacitance contributions (Cp¢) using Trasatti’s
method [126], described in section 2.4.1.

Galvanostatic charge/discharge (GCD) cycling was also conducted within the 0 to 1 V potential
window, applying a specific current from 0.5 to 40 A g, based on the total mass of one electrode.
The specific cell capacitance (Cgcp,cerr) Was also determined from the GCD discharge curves using
Eq. 4-3.
Cecpcent = a_+ Eq. 4-3
(dt)m

where I is the applied current in A, m is the total mass of carbon in the electrodes, and dV /dt is the
slope of the discharge curve in V s. The dV/dt slope was calculated within the 0.4 — 1 V range after
subtracting the corresponding potential drop (iR) [139,140]. The capacitances obtained from GCD
curves were used to calculate the specific energy (E) and power (P) using Eq. 4-4 and Eq. 4-5,
respectively. In these equations, the potential window is corrected by the corresponding iR and tj, is
the time required for a complete discharge of the electrochemical cell.

1 1
E=>Cecpcen V5 [W-hkg']  Eq.4-4

P==<3600 [W kg] Eq. 4-5
tp
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5 RESULTS AND DISCUSSION

5.1 Tannins-derived carbon materials obtained by chemical activation.

5.1.1 Surface chemistry and chemical composition

The bulk and surface chemical composition of the tannin-derived carbons was studied by elemental
analysis (EA) and XPS, respectively. The main results are shown in Table 5-1, and the contribution
of the deconvoluted peaks is shown on the appendix section (Table 8-1 for C 1s, and Table 8-2 for
O 1s). As expected, the increase in KOH used in chemical activation leads to a drop in yield. The
biochar prepared at 550 °C (TBC) has a high bulk oxygen content (14.8 wt%) in agreement with the
phenolic nature of the tannin precursor. Oxygen-containing groups were largely eliminated during the
thermal treatment at 650 °C in the absence of KOH, as suggested by the drastic reduction in the
amount of surface O for TBC-KO (Oga= 7.7 Wt%).

In contrast, activated biochars presented a high bulk oxygen content of 14-23 wt. % due to the
insertion of oxygen atoms during KOH activation at 650 °C (Figure 5-1 A), associated to potassium

oxides added in the intercalation/insertion steps, as discussed in section 2.2.

Table 5-1 Bulk and surface chemical composition obtained from elemental analysis (EA) and XPS, respectively, of
tannins-derived ACs activated via chemical activation at different KOH ratios.

Carbon \E;/‘j)"j' EA (wt. %) XPS (wt. %) XPS (at. %)
material Oxps/Oea
Cc N H Ol]lc N o|c o co

TBC 44 | g6 01 27 148|895 ND. 105|919 81 85 0.71
TBC-KO (ﬁi) 807 01 16 77 | 905 ND. 95 | 972 28 92 1.23
TBC-K0.3 (g) 826 04 1 160|846 ND. 154 |80 120 55 0.96
TBC-K0.6 (‘gg) 786 03 13 188|856 ND. 156|888 122 55 0.83
TBC-K1.1 (gg) 814 02 09 192|845 ND. 155|879 121 54 0.81
TBC-K1.9 (gg) 820 01 09 233|880 ND. 120|907 93 73 0.52
TBC-K2.8 ég) 831 01 08 204|902 ND. 98 | 925 75 93 0.48
TBC-K3.6 (jé) 811 01 08 191|890 ND. 110 | 915 85 81 0.58

aTotal yield, activation step yield is given in brackets; ® N.D.= non-detected.
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In general, the XPS analysis showed lower values of oxygen on the surface of activated biochars
(about 10-15 wt%), suggesting an enrichment of the bulk in oxygen species. As a matter of fact, the
ratio Oxps/Oea Was calculated as a measure of the oxygen functionalities distributions, i.e., a higher
ratio means an enhancement of oxygen on the surface. It can be noticed that the sample TBC-KO is
the only sample where the surface oxygen content is slightly higher than the bulk content. As
discussed previously, the chemical activation increases the oxygen content, however this occurs with
preference on the bulk material rather than the surface, where a decrease on the Oxps/Oga ratio can
be noticed with the increase of activating agent ratio used for activation. Consequently, higher C/O
atomic ratios were obtained with a high activation ratio (AR), although it has to be noticed that the
non-chemically activated materials (TBC and TBC-KO0) have the highest C/O atomic ratios. In other
words, at low AR, the high oxygen content and less developed porosity are consistent with the higher
product yields (27—-33%, Table 5-1) or activation yields (61 — 74%) observed for activated biochars
prepared at AR < 2.8. In addition, a low nitrogen content was also determined by EA for all samples
(Table 5-1), which is ascribed to amino acids leached with polyphenols during the tannin extraction
step, whereas surface nitrogen was not detected by XPS.

The nature of the oxygen species was estimated through the deconvolution of the high-resolution
XPS spectra of C 1s and O 1s region. Figure 5-1 B and C shows the relative atomic C 1s and O 1s
contributions as a function of AR, respectively. KOH activation resulted in the introduction of oxygen
species at the carbon surface compared to pristine biochar (TBC) or heat-treated carbon in the
absence of KOH (TBC-K0) as evidenced by: (i) the decrease in the relative content of C-C single
bonds in hydrocarbons, aromatics and aliphatic groups (peak Ci) and (i) the increase in the
contribution of oxygen-containing groups (peaks C., Cs and C,) (Figure 5-1 B). Regarding the nature
of oxygen functionalities (Figure 5-1 C), the raw biochar (TBC) and the sample thermally treated at
650 °C (TBC-KO0) present O, as the major contribution (55-60%), which is mainly associated with
phenolic groups in agreement with the chemical nature of the carbon precursor. Carbonyl and quinone
functionalities (O1: 40-44%) are the second most common groups, followed by carboxyl groups (Os).
Carbonyl and quinone (O1) groups are known to increase reversible redox reactions (especially in
aqueous media), which increase the capacitance of the EC by pseudocapacitive effects
[87,90,141,142]. Moreover, basic groups (O; and O,) can improve the affinity of the surface electrode
with the electrolyte solution used in this research, increasing the available surface area and hence
improving the electrochemical performance [141,142]. In contrast, Oz species with high polarity and
acidic nature (such as carboxylic groups) may reduce ion mobility, thus increasing the resistance
[141-143]. Chemical activation produced an increase in the O: contributions while the relative amount
of Oz decreased to ARs of 1.1, indicating the generation of electrochemically active groups (carbonyl
and quinone) as the main functionalities. A higher amount of KOH (AR > 1.1) resulted in an inverse

trend, i.e., the contribution of OI gradually decreased and that of Oll increased.
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Figure 5-1 A) Bulk and surface oxygen content, B) contribution of functionalities according to deconvolution of C
1s region, and B) O 1s region, obtained from XPS of tannins-derived carbon materials chemically activated.

Indeed, phenolic species were again in majority for the most activated materials (TBC-K2.8 and TBC-
K3.6). The O3 contribution slightly increased after KOH activation and remained constant with AR
(5.0-7.5 wt%). These results suggest differences in the oxidation mechanisms of the carbon surface
during activation as a function of AR. The formation of elemental K and K,CO3 (according to equations
presented in section 2.2), is well-known to be promoted at high AR [60,141,144,145]. Additionally,
as it has been reported earlier [59,61], the thermal decomposition of KOH can lead to the selective
formation of steam and carbon dioxide, which leads to the physical activation of the biochar and,
consequently, to different O-containing functionalities.

The structural order of the carbon materials was studied using Raman spectroscopy, and the main
results are exposed in Figure 5-2. As expected from the nature of the carbon precursor, the synthesis
method used, and post-processing conditions, all samples exhibited the typical spectra of highly
disordered carbon, where the D1 band is more intense than the G band [146,147], without

significances differences on the spectra on the whole range of AR studied.
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Figure 5-2 Raman spectra of tannin-derived carbon materials activated with KOH at different activating ratios, A)
raw profiles for the chemically activated series of carbon materials, B) Intensity ratios of bands D1 (1350 cm™) to

G (1595 cm™); C, D and E) examples of deconvolution of Raman profiles into five bands for TBC-K0.6, TBC-K1.9,
and TBC-K3.6, respectively.

Due to the phenolic nature of tannins, as discussed previously on section 2.3, and the carbonization
regime under the present experimental conditions, it is expected that the materials does have a non-
graphitizable structure, and the increase in the ratio of the intensities of the D1 over the G band that

show the Figure 5-2 B can be attributed to an increase in crystallite size and thus an enhancement
of the long-range order in carbon [16,49].

TEM images were performed to study the morphology of the activated carbon materials prepared by
chemical activation. For instance, the Figure 5-3 A shows the TEM image for the sample TBC-K1.1,
where additionally to the raw image, a mapping on the carbon and oxygen distribution obtained from
EDX analysis is shown, where the color green and red represent each element, respectively. Both
images have shown a homogeneous distribution of the elements on the surface of the carbon matrix
evidencing an appropriate distribution of the activating agent over the precursor. Apparently, a well-
defined disordered with consistently randomly oriented pores morphology is observed for all the
materials, and there are not significant changes with the AR. Actually, by comparing the Figure 5-3
B, C and D, which show the TEM images for the sample simply pyrolyzed (TBC), and the carbon
materials chemically activated using AR of 1.1 (TBC-K1.1) and 3.6 (TBC-K3.6), respectively.
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Figure 5-3 a) TEM image of TBC-K1.1 and corresponding chemical mapping of C and O; and TEM images of b)
TBC, c) TBC-K1.1, and d) TBC-K3.6.

At this point, it is fair enough to establish that chemical activation did not alter the morphology of the
final carbon materials, with the exception of the porosity development as discussed from the

adsorption isotherms in the following section.

5.1.2 Textural properties

The N, adsorption—desorption isotherms of the ACs prepared from the pine tannin-derived carbon
material are given in Figure 5-4, while the corresponding textural properties are listed in Table 5-2.
All carbons, including non-activated biochar (TBC), exhibit type | isotherms with an almost horizontal
plateau at P/Po > 0.1, indicating that the porosity is mainly associated with micropores. The sample
just pyrolyzed at 550 °C (TBC) showed limited development of porosity (Aser = 384 m? g%; Sniprr =
623 m? g% Voor = 0.17 cm® g1). As the AR increases, a progressive enhancement in adsorption
capacity is observed, leading to high values of specific surface area (Ager = 2554 m? g and Sniprr =
2147 m? g*) and total pore volume (Vog7 = 1.10 cm?® g*) for the sample activated at the highest AR
(TBC-K3.6).
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Table 5-2 Textural parameters estimated from both N2 and COz adsorption isotherms and product yields for the
TBC series?.

Sample (L ey (mey @med ey @msd Gmed  m ow “’(‘;”i')av o
TBC 384 623 017 021 018 012 002 18L 069 052 44

TBC-KO 489 789 021 025 022 018 002 161 062 055 (32)
TBC-K0.3 599 1057 024 031 030 023 00l 119 062 053 (éz)
TBC-K0.6 808 1310 031 037 037 031 000 066 060 055 (gg)
TBC-K1.1 1183 1625 046 049 049 039 000 075 064 058 (gg)
TBC-KL.9 1783 1998 071 0.69 069 039 000 091 077 059 (gg)
TBC-K2.8 2417 2190 104 097 092 027 004 122 102 058 ég)
TBC-K3.6 2554 2147 110 101 094 023 007 126 109 058 (jé)

2 V1, Vi, Vu, Vimeso, (Wavd, (Wav?, (Wup,av> are total volume, micropore volume, ultra-micropore volume, mesopore
volume, average pore size, average micropore size, average ultramicropores size, respectively, obtained by
applying 2D-NLDFT-HS model to N2 and CO: adsorption isotherms; ? Total yield, and activation yield is given in
brackets.

These values are higher than those reported by other authors for ACs obtained by KOH activation of
biomass precursors at temperatures above 650 °C, such as human hair (1306 m? g?) [148],
hydrolyzed lignin (1660 m? g?t) [149], broad beans (655 m? g!) [150], coffee endocarp (893 m? g?)
[151] or ginkgo shells (1775 m? g1) [152]. Such a well-developed texture results from both chemical
activation by carbon oxidation and carbon lattice expansion by intercalation of potassium, according

to the activation mechanism, as described in section 2.2.

This progressive activation also leads to a lower product yield for materials activated at the highest
AR, as can be seen in Table 5-2, ranging from 33% for the non-activated carbon (TBC-K0) to 21%
for TBC-K3.6. Similarly, a gradual widening of the “knee” of the isotherms at low P/P° is evident with
the increase in AR (Figure 5-4 A), indicating a broadening of the micropore size [133], as can be
seen from the data obtained from 2D-NLDFT-HS in Table 5-2. Additionally, the materials with a high
degree of activation, i.e., those obtained using an AR of 2.8 and 3.6, exhibited a slightly higher slope
in the multilayer region due to the generation of narrow mesopores by KOH activation and micropore
merging. Micropore widening is also observed in the CO; isotherms (Figure 5-4 B), where the slope
at P/P° > 0.01 clearly increases at AR above 1.1. Conversely, a lower CO, adsorption was evidenced
for ACs prepared with the highest AR, such as TBC-K2.8 and TBCK-3.6, at P/P° < 0.005. On the
same line with these results, a lower contribution of ultramicropores is evident for the most activated
materials, indicating a significant loss of pores of width w < 0.7 nm, with the consequent increase of
supermicropores (0.7 nm < w < 2 nm) and mesopores, due to pore widening by KOH activation at
high AR.
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Figure 5-4 A) N2 and B) CO:2 adsorption-desorption isotherms at -196°C for TBC-series.

Pore size is a key parameter in the design of efficient ECs, since pores that are too small are not
easily impregnated by the electrolyte, and therefore these pores do not efficiently contribute to the
double-layer capacitance [29,44], whereas faster ion transport through wider micropores or

mesopores results in higher rate capability [119,153].

The Figure 5-5 A shows Ager and Sniper as a function of the activating ratio. Values of Ager are lower
than those of Sniprr for AR < 2.8. This is because the BET method assumes monolayer adsorption
on each pore wall. It therefore underestimates the surface area of nharrow micropores where only one
layer is adsorbed between the two walls, and hence only one wall is considered [154]. The latter is in
good agreement with the high contribution of ultramicropores (around 56-84%, Figure 5-5 B)
determined for the pristine carbon (TBC) and activated materials with AR < 2.8. Conversely, the
values of Ager are lower than those of Sniper for the most activated carbons (TBC-K2.8 and TBC-
K3.6) due to multilayer adsorption in the wider pores [78,133,154,155]. The 2D-NLDFT-HS model
combining N2 and CO- adsorption data is known to provide a more accurate estimate of the textural
parameters of ACs [156,157]. Correct interpretation of these properties will allow a better correlation
between textural characteristics and the electrochemical capacitance. A maximum Syiprr of 2190 m?
g! (Table 5-2) was obtained for TBC-K2.8, while a higher KOH amount did not result in a significant
change in texture. Figure 5-5 B shows the ultra-micropore, super-micropore, micropore and
mesopore volume fraction obtained by the 2D-NLDFT-HS method as a function of AR. As can be
seen, the main contribution to the total volume is the microporosity (®V, = 100), with a high proportion
of ultra-micropores for the low values of AR, which significantly decreases according to the AR
increases in favor of the super-micropores. Moreover, the chemical activation resulted in a
progressive increase of the micropore volume, as it is shown in Figure 5-5 C from the pore size
distribution of each carbon material. A decrease in the micropore volume and a slight increase in
mesopore volume are observed only for AR higher than 1.9, again due to pore widening by KOH

activation.
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Figure 5-5 A) Specific surfaces areas determined by BET and NLDFT methods as a function of the activating
ratio, B) contribution on the total volume of mesopores, micropores ultra-micropores and super-micropores, C)
Pore size distribution (PSD), and D) cumulative pore volume for the TBC series of carbon materials, all values
estimated from 2D-NLDFT-HS model applied to N2 and CO2 adsorption isotherms.

The widening of pores with increasing AR is also confirmed by the PSD calculated by the 2D-NLDFT-
HS method, which reveals a shift to larger pore sizes as the activation degree increases evidencing
the collapse of the carbon structure leading to a merge of pores. In the micropore range, a bimodal
distribution is observed for activated samples. The main maximum shifts from 0.51 to 0.67 nm as the
AR increases from 0.6 to 3.6, whereas the second pore peak is shifted from 1.1 to 1.6 nm. This second
contribution to larger micropores (1 to 2 nm) is more evident for AR > 1.9. In addition, TBC-K2.8 and
TBC-K3.6 show a continuous PSD over the entire range of micropores, which can promote ion
diffusion through the interconnected pores and thus improve the electrochemical performance of ECs
[158]. On the contrary, a low contribution of pores > 1 nm in size is observed in the PSD of non-
activated or materials activated at AR below 1.9. Finally, a higher cumulative pore volume was

obtained as the activating ratio increased, as can be seen in Figure 5-5 D.
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5.1.3 Electrochemical performance

The electrochemical behavior of the activated tannins-derived carbon materials was studied in
aqueous acid medium (1 M H»SO,4) by CV under standard commercial mass loadings. The main
results obtained from the capacitance—voltage curves are given in Figure 5-6. The ACs present a
double-layer capacitive behavior with quasi-rectangular CV curves at low scan rates, which window
increases as the AR increases due to the development of porosity by KOH activation. A maximum
cell capacitance (Ccv,ce) Of approximately 60 F g*, and thus an electrode capacitance of
approximately 240 F g* (C. = 4C.a1), was found for the sample activated using an AR of 2.8, which
gave the highest SSA according to the 2D-NLDFT-HS model (Snworr). Indeed, a clear linear
correlation between Ceen and Sniprr Was found with a determination coefficient (R?) of 0.996 at 5 mV
s (Figure 5-6 B).
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Figure 5-6 A) Curves of cell capacitance vs. voltage at scan rate of 5 mV s obtained from symmetrical two-
electrode cell, B) Cell capacitance obtained from CV curves in a two-electrode cell as a function of the specific
surface area (SSA), C) Curves of cell capacitance vs. voltage at scan rate of 5 mV s obtained from three-
electrode cell using reversible hydrogen electrode as reference, and D) Specific capacitance obtained from CV
curves on a two-electrode cell and CV curves on a three-electrode cell as a function of the oxygen content on the
surface estimated by XPS.
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A lower determination coefficient (0.915) was obtained when considering Ager instead of Swiorr,
illustrating a better fit of the 2D-NLDFT-HS model for the correlation of the capacitance and textural
properties for this material series. Although two-electrode configurations are useful to study the
performance of the materials in conditions closer to those of real capacitors, electrochemical
measurements in three-electrode cells provide a better estimate of the pseudocapacitive behavior.
CV tests in a conventional three-electrode system provided a better understanding of the effect of the
surface chemistry on the capacitance of carbon materials. Figure 5-6 C shows the capacitance vs
potential curves at 5 mV s? of carbons obtained at different AR. In all the cases, a redox couple
appeared close to 0.5 V vs. RHE, which is ascribed to Faradaic reactions of carbonyl and quinone

groups accounting for pseudocapacitance [159]

In order to match the electrochemical storage behavior to the surface chemistry, the capacitances of
an electrode normalized by the Sniprr surface area, called Cev,el, Were represented as a function of
the atomic oxygen content determined by XPS (Oxps) (Figure 5-6 D). Capacitances obtained at a low
scan rate (5 mV s) were considered in order to avoid the appearance of uncompleted redox reactions
(due to kinetics limitations at fast sweep rates), which would underestimate the pseudocapacitance.
Normalized electrode capacitances on the two-electrode configuration at 5 mV s present a value of
~ 10.3 mF cm? (with an average of 13 mF cm? for Ager-normalized capacitances). On the same line,
interfacial capacitances obtained in the three-electrode configuration at 5 mV s presented a value
around 11.9 mF cm? (see Figure 5-6 D, purple dots), which correlates well to that obtained in the two-
electrode device. These values are comparable to or higher than those reported for other carbons in
aqueous H,SO. electrolyte, such as corn straw-based AC (~9.3 mF cm?) [160], tannin-derived
carbons (~8.6 mF cm?) [15] or hierarchically structured activated carbon (~8.0 mF cm?) [161],
highlighting the great potential of these carbon materials for energy storage. An increase in the
surface oxygen content from 7.5to 12.2 at. % did not affect the interfacial capacitance of the electrode,

even at the low scan rate of 5 mV s.

This finding suggests a similar pseudocapacitive contribution of KOH-activated electrodes obtained
at different AR with a preferential double-layer storage mechanism. Counterintuitive, one could
assume that an increase in the atomic oxygen content will lead to an enhancement of the interfacial
capacitance, evidencing a certain pseudocapacitive behavior of the materials. However, the slight
slope indicates that double-layer formation is the main storage mechanism in good correlation with
the findings obtained in a symmetric two-electrode system. Actually, a linear relationship of the
interfacial capacitance (C, ;;) measured in a three-electrode cell and the surface density of oxygen
and nitrogen relative to carbon, ((O + N)/C)/SNLDFT (wt.% g m2) [78,162] was also found according
to the data exposed in the Figure 5-7. The fit of the data resulted in the following correlation (Eq. 5-1),

with a determination coefficient of 0.751:
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O+N

= (0.094 + 0.007) + (1.767 + 0.509) —C—~
NLDFT NLDFT Eq. 5-1

e

Ce,int(F m—Z) =

From the slope in Figure 5-7, and according to the coefficient of the second term of Eq. 5-1, the
pseudocapacitance effect of ACs was estimated by considering a factor of 1.77 F per % of the ratio
(O + N)/C per m2. Carbons obtained using low AR presented a more significant pseudocapacitance,
with a contribution ranging from ~25% for poorly activated carbons to ~ 17% for TBC-K2.8 and TBC-
K3.6 (see inset in Figure 5-7). The lower pseudocapacitance of the latter materials is ascribed to the
loss of surface oxygen species (as evidenced by the lower values of Oxps, see Table 5-1) during KOH
activation at high AR, and the decrease in the relative content of carbonyl and quinone groups (O:

functionalities, Figure 5-1 C), which are electrochemically active, as discussed in section 2.2.2.

The impact of scan rate on the capacitance was also evaluated by CV in symmetrical ECs. For
instance, Figure 5-8 A exhibited quasi-rectangular shapes of the current density—voltage curves for
TBC-K2.8 as the scan rate increases. This shows the rapid formation of the double layer for the most
activated materials, which is consistent with their lower pseudocapacitance contribution. More
importantly, the aforementioned materials retain about 62% of the initial cell capacitance when the
scan rate increases from 5 to 100 mV s (Figure 5-8 B).
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Figure 5-7 Electrode capacitance measured in a three-electrode configuration normalized by their specific surface
area as a function of the (O+N)/C per Sniorr at 5 mV s, inset: pseudocapacitance contribution (%) according to
the AR.
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The lower decrease of capacitance at high AR may be explained by: i) the existence of a well-
connected porosity (see Figure 5-5 C), where wider micropores facilitate the transport of the
electrolyte ions to the micropores and; ii) an improved electrical conductivity due to the lower density
of oxygen species, evidenced by the lower oxygen amount per surface area of highly activated
materials (Figure 5-1 A) and the higher C/O atomic ratio, which facilitates electron mobility to the
carbon matrix. Carbon materials produced at AR < 2.8 presented a sharper loss of capacitance,
except for TBC-KO0.6 with a relatively high retention of 61%, comparable to that of the most activated
materials. This material is a particular case where KOH activation resulted in a specific cell
capacitance at high scan rates higher than, or comparable to, those of materials activated using 1.1

and 1.9 g KOH per g of biochar, respectively, despite the larger Sniper Of the latter samples.
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Figure 5-8 Cyclic voltammograms (CV) at different scan rates of symmetrical ECs in aqueous electrolyte (1 M
H2S04) for TBC-K2.8 carbon material, B) Gravimetric cell capacitance estimated from CV curves of tannins-
derived carbon materials series named TBC used on a symmetrical cell, C) volumetric electrode capacitance
based on electrode packing density.
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Although, this larger surface area originated from the creation of ultramicropores, as evidenced by
the largest values of V,, for TBC-K1.1 and TBC-K1.9 (0.39 cm® g!) vs. TBC-K0.6 (0.31 cm?® g1), the
PSD of TBC-KO0.6, TBC-K1.1 and TBC-K1.9 shown a main peak centered between 0.51 to 0.58 nm,
and their main difference is the higher mean pore width for the former material (0.29 vs 0.25 or 0.26

nm, respectively), which may reduce ion electrolyte resistance.

Additionally, TBC-K1.1 exhibited the lowest average pore diameter (and micropore diameter), which
may produce the distortion of solvated ions, reducing the distance to the carbon surface, and as a
result, this material exhibits a faster capability. Figure 5-8 B and C show the specific or gravimetric
(F g1) and volumetric (F cm) capacitances as a function of scan rate. These values were determined
considering the packing density (g cm), defined as the amount of active material per electrode
volume [163]. The electrode volume was easily calculated by using the geometrical area and
thickness of the electrodes. The materials with the highest porosity (TBC-K2.8 and TBC-K3.6)
achieved the lowest packing densities (0.30 and 0.33 g cm, respectively), whereas a value of about
0.4-0.42 g cm was found for the rest of materials. Consequently, the aforementioned materials have
shown a slight lower volumetric capacitance than the sample TBC-K1.9 due to overdeveloped volume.
Despite these differences, the volumetric capacitance (F cm=) exhibited similar behavior to that
observed for the gravimetric capacitance (F g*), where the most developed texture (AR of 2.8 and
3.6) showed the highest capacitances at faster scan rates.

The ability of ions to penetrate the porous structure of the electrodes at different frequencies was
studied by EIS by applying an alternating current with an amplitude of 10 mV at OCP. The Nyquist
plots of activated carbon materials in Figure 5-9 A show a well-defined semicircle in the high-
frequency range, followed by a 45° Warburg region, and a nearly vertical line at low frequency,
indicating the classical electrochemical performance of porous carbons [20,127,164]. Close
inspection reveals a large Warburg region for the poorly activated material TBC-K0.3, indicating a
substantial limitation of ion transport within the porous structure (diffuse layer resistance) [164]. As
AR increases, the Warburg region is less evident, reaching values of ~0.7 Q cm? for TBC-K2.8 and
TBC-K3.6 due to the more developed porosity and enlarged pore size. These electrodes also
exhibited the lowest internal resistances (0.23 and 0.38 Q cm, respectively), as evidenced by the
lower diameter of the semicircles in Figure 5-9 A. These results suggest an improved electron
transport in TBC-K2.8 and TBC-K3.6 electrodes, which may be related to the widening of the pores
and the noticeable appearance of pores between 1 and 2 nm, but also due to the increase in the
structural order when increasing AR, as shown by Raman spectroscopy results. Normalized
capacitances (Ceis/Cris;1 mHz,) @s a function of frequency are plotted in Figure 5-9 B. The relaxation
time constant (7o = 1/f,5 ), i.€., the time required to discharge 50% of the saturation capacitance,

decreases from 30 to 8 s with the increase of AR from 0.6 to 3.6.
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Figure 5-9 Electrochemical impedance spectroscopy (EIS) for symmetrical ECs based on TBC series as carbon
material electrode and 1 M H2SO4 as electrolyte: A) Nyquist plot with inset focused on the region close to the
origin, and B) normalized capacitance calculated from EIS vs frequency.

The faster performance of TBC-K2.8 (145 = 8.5 s) and TBC-K3.6 (t,5 = 8.3 s) is consistent with their
larger average micropore sizes (1.02 and 1.09 nm, respectively) and adequate electron transport.
These relaxation times are lower than those obtained for commercial activated carbons (~10 s),

showing the applicability of the materials in realistic devices [1,165].

For a more in-depth interpretation of the electrochemical performance of activated biochars,
galvanostatic charge/discharge cycling experiments were performed at different current densities.
The Figure 5-10 A shows a comparison of the galvanostatic charge—discharge curves at 2 A-g* for
all materials. The ACs exhibited quasi-triangular voltage profiles indicating the preferential electrical
double-layer storage mechanism [20,139,140]. The slight deviation from the linear and symmetrical
voltage profiles is due to the occurrence of Faradaic reactions by pseudocapacitance [17,20,140].
The materials prepared at high AR exhibited the lowest Ohmic drops (iR) in good agreement with the
lowest internal resistances estimated by EIS for these electrodes. A lower AR resulted in an increase
of the iR, indicating a higher electrical resistance. The capacitance retention at different current

densities is displayed in Figure 5-10 B for carbon materials with AR > 0.3.

ECs based on TBC-K2.8 and TBC-K3.6 presented the largest C¢cp cenp OVEr the entire current density
window with values of 50 and 60 F g* at 0.5 A g, respectively, which are close to those obtained by
CV at5mV st (~60 F g?). Similar capacitances at low current densities have been reported for other
biomass-derived carbon electrodes synthesized by pyrolysis and KOH activation (see Table 5-3), or
for porous carbons obtained from tannin by different approaches [15,67,166]. Furthermore, TBC-K2.8
and TBC-K3.6 exhibited the highest capacitance retentions (64—70%) when the current density

increased up to 10 A g™
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Figure 5-10 A) Galvanostatic charge-discharge (GCD) curves for symmetrical ECs based on TBC materials with a
potential window of 0.9 V in 1 M H2S04 at current density of 2 A g1, and B) Capacitance retention calculated from
discharge GCD curves as a function of the applied current density.

These results indicate easier diffusion of ions into the pores and faster electron transport as mentioned
before. Although this rate capability is not exceptional in acidic media, most of the studies reported
there used electrodes with a lower effective carbon loading (or the carbon loading has not been
reported). A low carbon loading leads to an overestimation of the material capacitance by reducing
the diffusion distance for the ions of the electrolyte, especially at high current densities [167]. In this
work, the mass loading was comparable to the commercial standard of 10 mg cm, thus providing a
realistic insight, from a technical point of view, into the electrochemical performance of these activated
carbon materials derived from pine tannins.

Table 5-3 Summary of biomass-derived carbon electrodes submitted to chemical activation using KOH and their
use in symmetric electrodes for ECs in H2SO4 electrolyte.

a a a .
Precursor Treatment Activation (Iﬁ\ngEL) (FC 21_1) (ls Zz_ 1 C(g;;) (n(l:lg"z‘::‘i) HEI‘\Q"A())“ Ref.
R Y N e T
Silk fibroin N.Ab aooes 2557 (0.12i4g-l) (6_216A29_1) 61 NRb 1M [169]
gil?;\]/llgge- Hydzrgt(';oecrma' 7'6(83% 2300 (13A13_1) a 1AS§,1) 58 N.RP  05M [170]
Lignin N.A.P 7'6(8('% 907 (0.516A59,1) (101i4g,1) 75  N.RD 1M [73]
Concotglion Oy g 7o aw
Tannins Cargggifgtion 6';8!"0 2187 (0.529\09,1) (mliog,l) 70 9 1M [121]

2,1 : capacitance at the low current density reported and indicated in brackets, C,,: capacitance at the high
current density reported, C,;: capacitance retention, Cjyqqing:Carbon loading; ® N.A.: non-applied, N.R.: non-
reported.
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The stability of the TBC-K2.8- and TBC-K3.6-based ECs was evaluated by a long-term charge—
discharge cycling at 5 A g (Figure 5-11 A). After 10,000 cycles, these systems retained 92 and 94%
of their initial capacitance, respectively, evidencing the robustness of ECs based on these carbon
materials. To better understand the practical use of tannin-derived activated carbon materials as EC
electrodes, the leakage current and self-discharge of the most promising materials (TBC-K2.8 and
TBC-K3.6) were evaluated, TBC-K1.1 was also evaluated for the sake of comparison. Figure 5-11 B
shows the time-dependent leakage current at a cell voltage of 0.9 V, while the spontaneous OCP
decays after the devices were fully charged are given in Figure 5-11 C. The current sharply drops
over time and then reaches a steady-state value after ~500 s for the three electrodes. The devices
based on TBC-K1.1, TBC-K2.8 and TBC-K3.6 present a leakage current of around 0.15-0.17 mA
(~0.08-0.10 A g?) after 1 h of potential holding (inset in Figure 5-11 B). These values are in
agreement with those reported for other AC-containing devices assembled in similar conditions (~0.2—
0.4 mA) [171,172].
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Figure 5-11 A) Cycling stability performed at 5 A g1, B) Time-dependent leakage current at 0.9 V, and C) Self-
discharge curves from 0.9 V of ECs based on representative samples of TBC.
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Additionally, the dissipation charge by leakage (~0.08-0.10 A g!) is 10 times lower than the charging
current density (1 A g*), which shows the efficient charge of the ECs [173]. As AR increases, a slightly
lower steady-state current is noticed, which can be attributed to a lesser amount of unstable oxygen-
containing species, which can undergo irreversible redox reactions or serve as reactive sites for
carbon electrooxidation [87,173]. Consistently, a more severe potential decay was observed for the
cell based on TBC-K1.1. The time required to retain 50% of the initial voltage (¢, 5 ) increases from
ca. 6.9 h for TBC-K1.1 to 12.0 h and 13.3 h for TBC-K3.6 and TBC-K2.8, respectively. Similarly, the
potential retention after 24 h of self-discharge follows the sequence: TBC-K1.1 (29%) < TBC-K3.6
(36%) < TBC-K2.8 (38%). The faster self-discharge of the former material is in good agreement with:
(i) its higher content of oxygen-containing groups (Oxes = 12.1 at.%); and (ii) its lower pore volume
(Vnorr = 0.49 cm3 g1), which hinders charge redistribution by blocking access to the pores [174].
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5.2 Hydrothermal doped tannins-derived carbon materials

5.2.1 Synthesis of N- and B-doped tannins-derived carbon materials through
hydrothermal carbonization

In this section, we delve into the results of the hydrothermal carbonization synthesis of materials
doped with nitrogen and boron and their subsequent carbonization as described in section 4.1.2. The
results center around assessing how the dopants and their concentrations influence the
morphological, structural characteristics, and chemical composition of the resulting carbon materials,
unraveling the effect of nitrogen and boron incorporation during the hydrothermal carbonization
process. The presented findings shed light on the tailored modifications achieved, providing a
comprehensive understanding of how these dopants influence the resulting materials properties and
chemical composition. Through an analysis of morphology, thermal behavior and chemical
composition, this exploration aims to contribute valuable insights on the field of advanced materials
synthesis, focused on tannins-derived carbon materials.

The alterations in the morphology of tannins-derived materials resulting from hydrothermal
carbonization utilizing aqueous ammonia (coded NATHC and N8THC) or boric acid solutions (coded
B4THC and B8THC) are visually depicted in the upper section of Figure 5-12. Additionally, the non-
doped material (coded THC) is included for comparison. Meanwhile, the lower section of Figure 5-12
presents the TEM images of the carbonized samples under a nitrogen atmosphere at 800°C for 2

hours, occupying the same position in the figure.

It is possible to observe that THC is constituted by spherical particles of approximately 500 nm. This
observation aligns with the anticipated outcomes of hydrothermal carbonization [65], and specially for
tannins, as demonstrated by Braghiroli et al. [175]. In their study, they observed spherical particles
with diameters ranging from 200 nm to 5 pm, depending on the reaction time and temperature. It is
noteworthy that the sphericity of these particles tends to increase with prolonged reaction times. Both
B4THC and B8THC materials similarly showcase spherical particles with a particle size comparable
to THC, indicating a lack of significant influence from boric acid on the materials morphology. In
contrast, NATHC and N8THC reveal smaller, more cohesive spherical particles with an approximate
diameter of 50 nm. This disparity suggests that the introduction of controlled nitrogen in the form of
aqueous ammonia induces a noteworthy reduction in particle size and fosters a greater degree of
particle cohesion. Nonetheless, it is crucial to note that comparable research conducted by Braghiroli
et al. [54], exploring various methodologies for introducing nitrogen into tannins-derived carbon,
suggests that N-doped carbon materials obtained through hydrothermal carbonization, similar to

those in the present study, exhibit particle sizes comparable to the non-doped carbon materials.



Figure 5-12 TEM images for: A-E) materials obtained from HTC step, coded from left to right as THC, BATHC,
B8THC, N4ATHC and N8THC, and F-J) for the respective carbonized materials at 800°C.

This intriguing discrepancy might be attributed to either the inherent nature of the tannins utilized,
derived from Pinus radiata bark in contrast to the tannins employed by Braghiroli, sourced from Acacia
mearnsii bark (please refer to Celzard and Fierro [16]), or variations due to the quantity of aqueous
ammonia utilized during the hydrothermal carbonization process. These divergent observations
underline the complex interplay between the source material and the specific experimental conditions,
emphasizing the need for further investigations to elucidate the factors contributing to variations in
particle size in N-doped carbon materials derived from different tannin sources and processing

methods.

An interesting observation arises concerning the impact of carbonization on the nanoscale
architecture of the materials. The TEM images clearly illustrate that carbonization leads to the
development of porosity without significant alteration to the overall morphology of all materials. This
phenomenon is distinctly observed when comparing Figure 5-12 TEM images from Figure 5-12 A
and Figure 5-12 F. Despite the process of carbonization, the original spherical shape and structural
integrity of the materials persist, highlighting the unique ability of hydrothermal carbonization to
enhance porosity without compromising fundamental morphological features [65,110]. The formation
of pores enhances surface area and accessibility, crucial factors for electrochemical applications such

as capacitors.

As a matter of fact, the N, adsorption-desorption isotherms illustrated in Figure 5-13 reveal a notable
development of nanopores as a result of carbonization, evidenced by the increased adsorbed volume
at low pressures [57] in all carbonized samples compared to their pristine counterparts. Nevertheless,
despite this development of porosity, there are no significant modifications in the types of isotherms
exhibited by the materials post-carbonization, in accordance with the earlier observations discussed

for the TEM images.
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Figure 5-13 N2 adsorption-desorption isotherms for doped tannins-derived materials. A) B-doped materials B) N-
doped materials.

Moreover, in the context of doped samples, those treated with boric acid hydrothermal carbonization
exhibit a similar isotherm, and closely resembling that of non-doped hydrothermally treated tannins,
characterized as type | with hysteresis type 4, as depicted in Figure 5-13 A. Notably, the carbonization
process fosters a more pronounced development of micropores in the B4THC800 and BSTHCB800
samples compared to the non-doped THC800 counterpart. Indeed, upon examination of Table 5-4, it
becomes evident that both B4ATHC800 and B8THC800 exhibit a superior surface area compared to
THC800. The values, obtained by applying the 2D-NLDF-HS model to N2 and H; adsorption
isotherms, reveal surface areas of 1115 and 1137 m?2g? respectively. Notably, these values surpass

the surface area achieved by THC800, which stands at 992 m2 g,

Conversely, as illustrated in Figure 5-13 B, the NATHC sample reveals a type Il isotherms,
characterized by the uptake close to the saturation pressure (P/P° = 1), with hysteresis type H3, and
the respective carbonized sample NATHCB800, displays may be classified by a type Il isotherms, as a
result of the micropore development, while retaining the hysteresis. Similarly, the N8THC sample
mirrors the NATHC isotherm during adsorption for both pristine and carbonized sample. However, no
discernible hysteresis is observed for this material. These findings underscore the role of agueous
ammonia in the hydrothermal carbonization of tannins as an agent to finely tune the textural properties
of carbon materials derived from tannins. In terms of surface area, Table 5-4 reveals that, concerning
tannins-derived carbon materials obtained through hydrothermal carbonization with aqueous
ammonia, both NATHC800 and N8THCB800 exhibit marginally lower values compared to THC800.
The specific values recorded for NATHC800 and N8THC800 are 905 and 912 m? g, respectively.
The development of microporosity may be attributed to the initial creation of small pores, originating
from the breakage of bonds within the most unstable structures, including the monomer units of

tannins, as the temperature increases [176,177].
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Commonly, carbonization involves three primary mechanisms: char formation, depolymerization, and
fragmentation [178]. Char formation elucidates the creation of the carbon material matrix through the
recombination of intra and intermolecular reactions, resulting in a higher degree of reticulation and
increased thermal stability of the final product [49,178]. Simultaneously, the depolymerization and
fragmentation of the raw material led to the generation of volatile compounds. The ratio of solid to
volatile compounds is highly dependent on the heating rate [179]. At low heating rates (<10 °C min
1), only the weakest chemical bonds break [180], minimally affecting the tannin structure, and favoring
the rearrangement into a carbon matrix. In this context, the Figure 5-14 illustrates the
thermogravimetric analysis (TGA) revealing alterations of tannins materials resulting from the use of

boric acid or agueous ammonia solutions during the hydrothermal step.

An enhancement in the thermal stability of tannins is evident following hydrothermal carbonization.
The untreated tannins (coded as TAN) exhibit a distinct peak at approximately 280-300 °C, attributed
to the breakdown of the weakest C-C bond between the B-ring and C-ring of the monomer unit,
catechin. This breakdown results in the volatilization of the B-ring compounds [176].Subsequently,
there is a gradual reduction in mass losses, leading to a residual mass of approximately 43 wt.% at
800°C. This process facilitates char formation through recombination reactions between the

polyphenol units, favoring the creation of a stable aromatic-like structure [132,177].

In the case of hydrothermal tannins (THC), there is a noticeable shift in the main peak to around 370-
400°C, and subsequent gradual thermal degradation results in a residual mass close to 45.5 wt.%.
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Figure 5-14 TGA and DTG characterization of the hydrothermal carbon materials obtained using aqueous
ammonia (N4THC and N8THC) or boric acid (B8THC and B4THC) as doping agent, hydrothermal tannins without
doping agent (THC) and tannins (TAN) as shown for comparison.
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This peak is also observable in tannins treated with boric acid or aqueous ammonia solutions in the
hydrothermal step, with comparable intensity in the cases of BATHC and B8THC, and a slightly lower
intensity in the cases of NATHC and N8THC. The identified peak is also associated with the
volatilization of B-ring compounds, corroborated by Py-GC-MS results [132,176] indicating catechol
derivatives as the primary thermal products for all materials. Discrepancies in peak intensity are
explicable through tannin amination, as detailed in section 2.3, leading to a higher quantity of soluble
compound losses during the hydrothermal step due to the basic medium of the treatment. This basic
environment enables the opening of the heterocyclic ring, amination of the B-ring, and even amination
of certain C2’ sites, facilitating the linkage of two distinct chains through an -NH- bridge [68,106].
Importantly, this process also contributes to an enhanced solid structure, evident in TGA results where
both NATHC and N8THC exhibit a higher residual mass compared to the other materials, reaching
values close to 57 wt.% and 54 wt.%, respectively. The preceding observations align with the recovery
yields of materials after hydrothermal carbonization as it is shown in Table 5-4, with those treated
with aqueous ammonia displaying the lowest yields, and also exhibiting a decrease in yield
corresponding to the increase in aqueous ammonia concentration. Specifically, NATHC and N8THC
have yields of 67.0 wt.% and 63.1 wt.%, respectively, which are lower than that of THC800, reaching
80.3 wt.%. Even when compared to materials treated with boric acid, both B4THC and B8THC show
higher yields, reaching up to 79.4 wt.%. Nevertheless, following carbonization, all materials exhibit
comparable yields, regardless of their prior treatment, within the range of 32.4 to 35.7 wt.%.

As previously discussed, carbonization significantly enhances porosity. In fact, the materials obtained
after hydrothermal carbonization exhibit low surface area, with the highest value observed in NATHC
reaching just 70 m? g. Through the carbonization process, a substantial improvement is evident,
pushing the material's surface area values close to 1000 m?g*. This development in surface area can
be attributed to the volatilization of unstable structures, leading to the formation of micropores without
altering the material's morphology. These unstable structures, predominantly oxygen functional
groups [178], generate water vapor, hydrogen, carbon monoxide, and carbon dioxide [178,179]. In
the case of phenolic materials, such as those under study, various low molecular weight compounds
like phenol, catechol, or their derivatives are produced [18,176,181]. As a matter of fact, elemental
analysis conducted on the materials pre and post carbonization reveals a marked decrease in oxygen
content across all samples. For instance, the THC sample exhibits an oxygen content of 24.3 wt.%,

which significantly reduces to 4.5 wt.% after carbonization.

In the case of materials treated with boric acid, both B4THC and B8THC present 24.7 wt.% oxygen
content, and after carbonization there is a significant decrease in oxygen content. This reduction
results in oxygen content values of 0.4 wt.% and 1.7 wt. % for B4ATHC800 and B8THCS800,

respectively.
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Table 5-4 Elemental analysis and surface area summary for materials obtained via hydrothermal carbonization.

Yield C H 0?2 N BP AgeT SNLDFT
Sample
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) | (m’gl) (m3g?)
THC 80.3+06 | 70.3+£0.2 5100 243+03 03zx0.0 N.D. 3 --

B4THC 794+04 | 70.0£0.1 51+01 247+04 0300 09%0.0 3 =
B8THC 794+04 | 70.0+£0.1 49+0.1 247+04 0300 1.1+0.0 3 -

N4THC 670+11 | 70.7+0.1 49+0.1 179+0.2 6.5+0.0 N.D. 70 =
N8THC 63.1+09 | 70.0+£0.1 48+0.1 16904 8.3+0.0 N.D. 50 --
THC800 324+22 | 945+£0.7 08+0.1 4508 0.2x0.0 N.D. 503 992

B4THC800 | 34.3+1.2 | 97.8+0.5 10+01 04+06 08+00 1.7+0.1 668 1115
B8THC800 | 35.7+0.7 | 965+0.2 09+00 17+02 09+x00 21+04 642 1137
N4THC800 | 33.2+1.7 | 874+0.2 13+0.1 6.7+x03 4.6+0.0 N.D. 451 905

N8THC800 | 35.6+15 | 87.5+0.3 15+0.1 6.2+x05 4.8+0.1 N.D. 420 912

2 Estimated by difference, P determined by ICP

On the contrary, materials treated with aqueous ammonia exhibit lower oxygen content compared to
the other materials after hydrothermal carbonization, with values of 17.9 wt. % and 16.9 wt. % for
N4THC and N8THC. However, after carbonization, both aqgueous ammonia treated materials reaching
the highest levels recorded (6.7 wt. % for NATHC800 and 6.2 wt. % for NBTHCB800). It is crucial to
emphasize that the primary objective of using boric acid or aqueous ammonia in the hydrothermal
step is to introduce boron or nitrogen into the tannin matrix. On this regard, elemental analysis results
confirm the successful incorporation of these elements in both cases. In the case of B4THC and
B8THC, a similar boron content close to 1 wt. % is initially observed, which then increases after
carbonization to reach levels of 1.7 wt. % and 2.1 wt. % for B4ATHC800 and B8THCB800, respectively.
For materials treated in agueous ammonia, the nitrogen content reaches up to 6.5 wt. % and 8.3 wt.
% for NATHC and N8THC, respectively. As a consequence of carbonization, in this case, the nitrogen
content decreases to 4.6 wt. % and 4.8 wt.%.

This successful incorporation of doping agents not only offers valuable insights into the tailored
chemical and morphological modifications induced by the hydrothermal carbonization process using
controlled concentrations of aqueous ammonia or boric acid, as exposed on this section, but also
opens avenues for the development of functionalized carbon materials with specific properties and
their use in multiples fields such as electrocatalyst for OER in energy storage, including batteries and

electrochemical capacitors, hydrogen storage, and in sensing applications [182].

In the subsequent sections, we will delve into the electrochemical performance of the carbon materials
described in this section, exploring their textural properties and surface chemistry. It is crucial to note
that the materials obtained were submitted to CO; activation to enhance their surface area, aiming for

improved performance as electrodes in electrochemical capacitors.
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5.2.2 Non-doped tannins-derived carbon materials characterization

In this section, we will focus on the textural properties and chemical composition of tannins subjected
to hydrothermal carbonization, placing a particular emphasis on the transformative impact of CO-
activation. The primary points of focus revolve around the effects of CO, activation on porosity
development and alterations in surface chemistry. As discussed earlier, these aspects play a pivotal
role in shaping the material suitability for electrochemical capacitors.

To clarify the impact of burn-off resulting from CO; activation, the sample THC800 is considered as
the raw material, and therefore attributing a B.O. value of 0 wt. % to this sample. In the production of
the final products, 1g of carbon materials (THC800) underwent N flow at a rate of 100 mL min, with
the temperature gradually increasing from ambient temperature to reach 800°C at 10°C min™.
Subsequently, a switch to CO, was made it, maintaining a flow rate of 50 mL min* by 1, 2 and 4
hours. The flow gas then reverted to N flow during the oven cooling phase until it reached <100 °C.
This procedure was iteratively conducted for each condition, yielding a minimum of 5 g for each final

carbon material.

The Table 5-5 shows the burn-off percentage, revealing a steady increase with the prolonged duration
of activation. As expected, form the physical activation as detailed in section 2.2, there is a discernible
rise in burn-off corresponding to the increased activation time. Specifically, the burn-off values
escalate from 10 wt. % to 14.9 wt.%, and ultimately reach 24.9 wt. % for activation durations of 1, 2

and 4 hours, respectively.

The physical activation process exhibited minimal impact on the elemental composition of the
carbonaceous materials. Notably, the only discernible difference lies in a slight and sustained increase
in oxygen content, coupled with the respectively decrease in carbon content, as the activation time is
extended, aligning with findings reported by Castro-Gutierrez et al. [119]. This phenomenon is
attributed to the reactivity of CO2 with carbon within the matrix, leading to the generation of carbon

monoxide and pyrolysis products [49,56]. Nevertheless, this alteration remains relatively marginal.

Concurrently, the results derived from X-ray Photoelectron Spectroscopy (XPS) highlight the absence
of appreciable differences in the surface chemistry of the THC samples, indicating that gasification
reactions extend beyond the material surface. Actually, the carbon content remains consistent,
ranging between 97-98%, while the oxygen content ranging between 2-3%. Notably, the signals of

the N 1s spectrum were too faint to enable a reliable quantification on these materials.

The detailed XPS deconvolution of the C 1s and O 1s spectra for the THC800 series is presented in
Appendix B 8.2.2. The original C 1s and O 1s spectra are illustrated in Figure 8-2. Furthermore,
Table 8-1 provides peak assignments and area percentages for each peak in the C 1s spectrum,

while Table 8-2 presents the corresponding information for the O 1s spectrum.
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Table 5-5 Burn-off, elemental analysis and XPS quantification for non-doped tannins-derived carbon materials.

Elemental analysis XPS
Carbons BO C H N 0 Cc N 0
(%) (Wt. %)  (wt. %)  (wt. %) (wt. %) (at. %)  (at. %) (at. %)
THC800 o2 94.5 0.8 0.2 4.5 97.3 N.D. 2.7
THC800-1 10.0 93.6 0.8 0.2 5.4 97.4 N.D. 2.6
THC800-2 14.9 93.3 0.7 0.2 5.8 97.2 N.D. 2.8
THC800-4 24.9 92.8 0.8 0.2 6.2 97.8 N.D. 2.2

aThis burn-off values were assumed for the non-activated samples for the sake of comparison. The burn-off
obtained for samples pyrolyzed at 800°C for 2h was 67.6 wt % for THC800.

As expected from carbon materials [136], the main peak in the C 1s spectra is observed at 284.4 eV
(denoted as Csp?), indicative of graphitic carbon, and suggesting the presence of carbon atoms
arranged in a planar, hexagonal lattice structure. The spectrum also exhibits various peaks primarily
associated with oxygen bonding. These include the C, peak at 285.5 eV, assigned to carbon atoms
outside the basal planes with sp® hybridization. The C; peak at 286.4 eV is indicative of ether or
hydroxyl bonding, while the C4 peak at 287.6 eV suggests the presence of lactones or pyridines. The
Cs peak at 289.2 eV is associated with carboxylic acids, and the C..+ peak at 291 eV corresponds to
HUMO-LUMO transitions related to the Csp2 peak. In the O 1s spectrum, three main peaks are
assigned at 530.9 eV, 532.3 eV, and 533.1 eV, corresponding to quinone groups, hydroxyl or ether
functionalities, and carboxylic acid groups, respectively. An additional peak at 534.9 eV is assigned

to chemisorbed water.

Noteworthy insights emerge from the XPS deconvolutions. In the C 1s spectra, a clear increase of
the Csp? peak percentage area with activation time is evident, indicating an enhanced order of carbon
within the structure, likely due to the evolution of gasification reactions on active sites. Improved fitting
of the C 1s deconvolution is observed when excluding the C; peak associated with ether or hydroxyl
bonding, a pattern similarly observed in the O 1s spectra, suggesting the absence of these

functionalities.

The impact of oxygen functionalities on the capacitive performance of carbon materials has been
extensively explored [36,37,87]. These functionalities play a pivotal role, influencing material
wettability and inducing faradaic contributions through electron transfer. However, depending on their
nature, they can either promote or hinder double-layer formation. Carboxylic acid, the predominant
group in these materials, ranging from 49.6 at. % to 66.0 at. % depending on activation conditions,
has demonstrated undesirable effects due to its strong polarity, leading to a leak current through
catalytic effects and causing steric hindrance due to its large molecular structure [88]. This fact can

explain, as discussed latter, the poor electrochemical behavior of these materials.
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In contrast, quinone groups, representing the second-largest group in these materials with values
ranging from 26.6 at. % to 37.9 at. %, are highly desirable. They exhibit electrochemical activity
through reversible two-electron and proton-coupled electron transfers with hydronium ions,
particularly in acidic solutions, thereby enhancing faradaic contributions [17,36,90]. Additionally,
quinones facilitate an expanded potential window, demonstrate good chemical stability, and do not

negatively impact electrode cycling stability [90].

The textural properties of the THC series were assessed through N2 and H» adsorption-desorption
isotherms, utilizing the 2D-NLDFT-HS model to estimate the pore size distribution, cumulative volume,
and other pertinent parameters, as outlined in Figure 5-15 and Table 5-6. As stated in the previous
section, the THC carbon material exhibits a type | isotherm, indicative of a prevalence of micropores.
These micropores are further enhanced through physical activation, a trend observed in the
increasing nitrogen adsorbed volume at a partial pressure close to zero (P/P° = 0), as depicted in
Figure 5-15 A. Similarly, there is a rise in hydrogen adsorbed volume, as illustrated in Figure 5-15
B. Notably, under the evaluated conditions, there is ho conspicuous development of the characteristic
knee at low pressures. However, a distinct N, uptake near the saturation pressure becomes
pronounced with prolonged times of physical activation, transforming the isotherm into a type I, as
can be observed for the THC800 4 carbon material. Additionally, the materials retain the H4 hysteresis
observed in the raw carbon material THC800, unaffected by physical activation.
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Figure 5-15 A) N2 and B) Hz adsorption (filled symbols)-desorption (empty symbols) isotherms at 77 K for THC
series, C) Cumulative and D) Differential pore size distribution (PSD) estimated by 2D-NLDFT-HS for THC series.
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Table 5-6 Textural properties obtained to apply 2D-NLDFT-HS to N2 and Hz adsorption isotherms of THC samples.

Carbons AseT SSA Vo.e7 Vr Wy VUIJ (Ws> VSH {Wmeso? Vmeso
(m?2g1) (m?g?) (cm®g?) (cm3g?) (nm) (cmg?) (nm) (cmig?) (nm) (cmig?)
THCB800 505 992 0.173 0.339 05 0.182 1.0 0.065 21.7 0.091
THC800-1 | 655 1100 0.214 0.380 05 0.203 1.0 0.084 19.0 0.093
THC800-2 | 680 1110 0.229 0421 05 0.206 1.0 0.089 22.8 0.126
THC800-4 | 730 1150 0.304 0570 05 0.206 1.0 0.104 25.0 0.260

The pore size distribution (PSD) depicted in Figure 5-15 C reveals a prominent peak around 0.4 nm
for all materials, characteristic of tannins-derived carbon materials [15,111] accompanied by a subtle
peak in the range of 0.7 to 1 nm. Despite apparent consistency in micropore volume according to the
PSD, the cumulative volume (Figure 5-15 D) shows a modest increase in the ultra-micropore region
due to physical activation [151], with no significant variation based on activation time. Specifically, as
depicted in Table 5-6, the ultra-micropore volume increased from 0.182 cm? g* for THC800 to 0.203
cm?® g? after 1 hour of activation, reaching only 0.206 cm?® g after 2 hours, without a subsequent
increase at 4 hours. Noteworthy differences emerge in the supermicropore region (0.7 nm <w <
1 nm), where cumulative pore volume rises from 0.065 cm? g* for THC800 to 0.104 cm?® g for
THCB800 4. Similarly, the mesopore zone of THC800 4 exhibits an increase in mean pore width,
reaching 25.0 nm, and a mesopore volume of 0.260 cm® g1. The pore development, while subtle
under the explored physical activation conditions, translates to a moderate increase in surface area.
Activation for 1 hour, for instance, leads to an approximate gain of 200 m? g, while prolonged
activation times yield no notable surface area increase, reaching just 1150 m? g* for the material

activated for 4 hours.

As mentioned in the concluding remarks of the preceding section, the primary objective of subjecting
the carbon materials to physical activation was to enhance their surface area, with the ultimate goal
to improve their potential as electrodes in electrochemical capacitors. Unfortunately, this endeavor
was not successful, under the conditions evaluated for the non-doped materials, coded THC. The
electrochemical behavior of these materials was assessed through cyclic voltammetry, as illustrated
in Figure 5-16 A, employing various scan rates ranging from 5 mV s* to 1 V s™. The observed cyclic

voltammograms unmistakably portray a subpar electrochemical performance.

From a positive perspective, the voltammograms reveal an absence of prominent peaks within the
explored potential windows utilizing 1 M H,SO, as electrolyte, suggesting the lack of significant
chemical reactions. However, the capacitance values are considerably below the minimum expected
for carbon materials, which is over 30 F g* per cell (120 F g* per electrodes) [13,144], even at the

lowest scan rate explored (5 mV s?).
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Moreover, at high scan rates, there is a distortion in the curves shapes, indicating a lack of electrical
storage. Furthermore, the Trassatti’'s method [126] was employed to estimate the cell’s capacitance,
as depicted in Figure 5-16 B and C, where the intercept values indicate the double layer capacitance
and the total capacitance of the cell. In both cases, the negative values indicate a lack of
electrochemical storage. The lackluster performance in the electrochemical domain raises critical
considerations regarding the underlying factors contributing to this outcome. The poor electrochemical
response could be attributed to several factors, such as the limited development of the surface area
during physical activation. However, as it can be seen on the section 5.2.3, carbon materials with
similar textural properties have an improved electrochemical performance emphasizing the

importance of surface chemistry on the electrochemical performance.
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Figure 5-16 A): Cyclic voltammogram at scan rates from 5 mV s to 1 V s! for the sample THC800-4, B and C):
Dependence of capacitance to square of scan rate and its inverse to estimate electric double layer capacitance
(CepL) and faradaic contributions (Cpsc).

In summary, it can be concluded that carbonaceous materials derived from tannins through
hydrothermal carbonization, under the conditions evaluated, exhibit limitations in achieving
electrochemical energy storage via the formation of the double electric layer. This limitation can be
attributed to the hydrophobic nature of the materials, resulting from the lack of a substantial quantity
of oxygenated functional groups where the major groups is the carboxylic, which are the undesirable
given their strong polarity and steric hindrance, coupled with a limited development of porosity that
hampers the efficient storage and transport of ions into the smallest pores. The observed challenges
in electrochemical performance highlight the importance of addressing these material characteristics

for enhanced energy storage capabilities.

On this context, the subsequent section will delve into the effects of doping on these carbons,
exploring how this modification contributes to the development of the double electric layer and
facilitates their fruitful performance as electrodes in double-layer capacitors. By investigating the
impact of doping, we aim to uncover insights that could potentially overcome the current limitations

and pave the way for the optimization of these materials for efficient electrochemical energy storage.
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5.2.3 N-doped and B-doped tannins-derived carbon materials characterization

This section focuses on analyzing the electrochemical performance of the tannins-derived carbon
materials described in section 5.2.1, which were doped using controlled concentrations of aqueous
ammonia or boric acid. In order to develop their surface area, these carbon materials were submitted
to CO; activation at 800°C by 4 hours. Analyzing as a whole, the morphology, the textural properties,
the surface chemistry, and the electrochemical behavior of these materials, there is still necessary to
unravel the underlying mechanisms that govern their performance, with a particular focus on the
impact of dopants. This comprehensive investigation seeks to unravel the complexities of tailored
modifications, providing crucial insights into the potential enhancements and functionalization of

carbon materials.

On the same way that in section 5.2.2, the carbonized samples (THC800, B4THC800, BBTHCS800,
N4THC800, and N8THC800) were considered as the raw material, and therefore assigning a burn-
off (B.O.) value of 0 wt.% to these sample. This approach aims to clarify the specific impact of burn-
off resulting from CO activation. It is crucial to highlight that, for comprehensive characterization, the
samples were synthesized multiple times under identical conditions. Additionally, while different
activation times were explored, similarly to the THC800 series exposed on the previous section, the
discussion is centered exclusively on the carbon materials activated for 4 hours. This ensures a well-

defined and thorough examination of the pertinent aspects under consideration.
In

Table 5-7, a summary of the burn-off, chemical composition, and surface chemistry is provided for the
carbon materials doped with nitrogen or boron, and subjected to a 4-hour physical activation. The
reference sample (THCB800 4), discussed in the previous section, is included for comparison. The
results reveal that materials treated with boric acid exhibit a lower burn-off than the non-doped carbon
material (THC800 4), reaching 9.5 wt. % for B4ATHC800 4 and 20.0 wt. % for B8THCS800 4.
Conversely, materials treated with agueous ammonia solution show a significantly higher burn-off,
reaching up to 42.9 wt.% and 27.8 wt.% for NATHC800 4 and N8THCS800 4, respectively.
Counterintuitively, it appears that a higher concentration of the doping agent leads to burn-off levels

close to those of the reference sample (24.9 wt. %).

The elemental analysis reveals some differences respect to the carbonized samples (refer to Table
5-4). As discussed in section 5.2.2, physical activation leads to an increase in oxygen content for all
samples, irrespective of the type of doping. Remarkably, the N-doped carbon materials exhibit a
significant rise in oxygen content, increasing from 6.7 wt. % and 6.2 wt. % to 13.2 wt. % and 13.1

wt.% for the carbonized and physically activated NATHC and N8THC carbon materials, respectively.
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Table 5-7 Burn-off, elemental analysis and XPS quantification of tannins-derived carbon materials doped with
boron or nitrogen, submitted to CO: activation at 800°C by 4 hours.

Elemental analysis XPS
Carbons B.O. c H N 0 c N 0 B
(wt. %) | (wt. %)  (wt. %) (wt. %) (wt.%) | (at. %) (at. %) (at. %) (at. %)
THCB800 4 24.9 92.8 0.8 0.2 6.2 97.8 N.D. 2.2 N.D.
B4THCS800 4 9.5 95.2 0.8 N.D. 4.0 96.4 N.D. 3.3 0.28
B8THCS800 4 20.0 95.4 0.9 N.D. 3.7 95.6 N.D. 44 N.D.
N4THC800 4 42.9 82.2 1.4 3.2 13.2 93.0 3.3 3.7 N.D.
N8THCS800 4 27.8 81.8 1.6 3.5 13.1 92.8 3.9 3.3 N.D.

Similarly, the B-doped carbon materials show an elevation in oxygen content, rising from 0.4 wt. %
and 1.7 wt. % for B4THC800 and B8THCB800 to 4.0 wt. % and 3.7 wt. % for the CO;-activated
materials B4ATHC800 4 and BSTHCB800 4. The nitrogen path is different, showcasing a decrease in
nitrogen content when comparing the activated carbon materials (3.2 wt. % and 3.5 wt. % for
N4THC800 4 and N8THCB800 4, respectively) with their carbonized counterparts (4.6 wt. % and 4.8
wt. % for NATHC800 and N8THCB800, respectively), evidencing the high thermal reactivity of nitrogen
functionalities [91]. Unfortunately, quantifying boron through ICP analysis was unfeasible due to

insufficient material for conducting this analysis.

Nevertheless, the absence of boron quantification in the bulk material is compensated by the XPS
quantification employed for surface characterization, revealing the presence of boron. Specifically, in
the case of the BATHC800 materials, the carbonized material exhibits a moderate boron content of
0.31 at. %, while B4THC800 4 shows 0.28 at. %, indicating the successful doping of boron atoms into
the carbon lattice under these conditions. However, the boron signals in the B 1s spectrum of the
B8THCB800 4 material were too faint for reliable quantification. In the case of nitrogen, the N 1s spectra
area shows a relative content of 3.3 at. % and 3.9 at. % for NATHC800 4 and N8THCS800 4,
respectively.

The deconvolution of the C 1s spectrum were used to estimate the carbon nature onto the surface of
the carbon materials, as shown in Table 8-5. Additionally, the original spectra of the B4THC800 and
N4THC800 series are depicted in Figure 8-3 XPS deconvolution for NATHC800 series: A) C 1s
spectra, B) O 1s spectra, and C) N 1s spectra.Figure 8-3 and Figure 8-4, respectively. The peaks
assignments were performed in a similar way to those described in section 5.2.2, utilizing results
obtained from previous research [14,136-138]. On all cases, the main peak is associated with sp?

hybridization of the carbon, evidencing the carbon layer formation.
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It is important to highlight that the formation of a graphitizable structure is improbable in the absence
of any graphitization catalyst, as elucidated in the comprehensive review by Celzard and Fierro [16].
As a matter of fact, the carbon structure derived from tannins, as evidenced by Raman spectra [183]

and WAXS analysis [184], tends to exhibit characteristic consistent with glassy carbon.

Moreover, the nature of other elements such as oxygen, nitrogen and boron are of great interest,
particularly in this research. In the case of N-doped materials, the O 1s and N 1s deconvoluted peaks

assignment and optimized percentage area are shown in Table 8-6.

Unlike the undoped samples (THC800 series), the main contribution is made by the O, representing
quinone-like groups, which are highly desirable in the electrochemical field due to their faradaic
contributions [17,36,90], and excellent chemical stability that allows the expansion of potential
windows [90]. Their contribution reaches a value of 61.4 at. % and 66.4 at. % for NATHC800 4 and
N8THCB800 4. The second main contribution for oxygen is the O, peak representing hydroxyl or ether
groups and reach up to 16.8 at. % and 16.4 at. % for the same materials. These functionalities have
been demonstrated to improve the wettability of electrolytes on the carbon surface, reducing mass
transfer resistance [37], and also introducing faradaic contributions, although in smaller amounts than
quinones [36]. The third peak at 533.1 eV, hamed Oz and related to carboxylic acids, represents 14.9
at. % and 11.4 at. % of the total oxygen area. As discussed previously, these are undesirable
functionalities that demote the electric double layer due to their strong polarity and steric hindrance
[88]. Another peak at 534.1 eV was assigned in the O 1s spectrum due to the presence of nitrogen
that form nitrogen oxides. The presence of this functionalities, in this case, cannot be neglected and

reaches values between 3 and 4 at. %.

For the N 1s spectrum, it is recommended to assign four peaks according to the nature of nitrogen
functionalities into the carbon matrix [137]. In this case, the N-doped materials have the main peak at
398.3 eV, named N, related to pyridinic groups present on the edge of the carbon layers. These
groups are commonly linked to an increase in capacitance due to redox reactions, particularly in acid
electrolytes [38,185]. Similarly, Ns, whose peak is assigned at 400.2 eV represents the third
functionality, with values of 19.5 at. % and 24.0 at. % for NATHC800 4 and N8 THCS800 4, respectively.
The second representative peak in area is named Ng, assigned to nitrogen within the basal plane of
the carbon lattice, representing close to 30 at. % on both N-doped carbon materials. This functionality
is highly desired because it introduces one more electron on the system, enhancing the electronic

structure of the carbon material by reducing the energy gap [185].

For B-doped materials, the O 1s and B 1s deconvoluted peaks assignment and optimized percentage
area are shown in Table 8-7. In the O 1s spectrum, the same four peaks (O, Oz, Oz and H,0) are
assigned in the same way as previously exposed, with an additional fourth peak at 531.5 eV assigned

to oxygen bonded to boron [14].
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Notably, there are remarkable differences in the nature of oxygen that can be useful for explaining
variations in the electrochemical behavior between these two samples. For the BATHC800 4 material,
the main peak area is associated with phenol or ether functionalities (O2) reaching up to 61.3 at. %,
followed by quinones-like groups (O1) at 28.0 at. %. The curve was well-fitted without the inclusion of
carboxylic acid functionalities. Additionally, oxygen bonded to boron (B-O) represents 10.7 at. %.
Meanwhile, for the BETHC800 4 material, the primary functionalities are quinones-like groups (49.7

at. %), followed by carboxylic acids (42.1 at. %).

In this case, the deconvolution was well-fitted without the inclusion of the O, peak representing ether
or hydroxyl functionalities, and also without the B-O peak. The latter observation aligns with the
previously mentioned faint signal in the B 1s region. Concerning the nature of boron, it is primarily
found in three forms: (1) BCs, which indicates boron carbide bonded exclusively by carbon atoms
within the inner structure of a carbon layer. This type of boron is particularly intriguing due to the
electron deficiency, creating positively charged holes that facilitate electron transfer throughout the
carbon structures, thereby enhancing electronic conductivity [39,182]. Additionally, boron can
manifest as (2) BCO; and (3) BC20, which can generate extrinsic defects and active sites [138].

The deconvolution of the B1ls spectrum (for detailed information, refer to Table 8-7 in Appendix
8.2.2) was well-fitted assigning two main peaks at 190.1 eV and 192.1 eV, representing BC.O and
BCO,, respectively [14,138,186,187]. Notably, physical activation promotes the formation of BC,O
over BCO., as evidenced by the relative area for BATHC800, where there is a distribution of 19.0 at.
% and 81.0 at. %, respectively. Conversely, for the physically activated material (B4THC800 4), the
percentage area shifts 40.2 at. % for BC,0 and 59.8 at. % for BCO.. This could serve as evidence for

the rearrangement of boron within the carbon matrix due to physical activation.

The textural properties of the physically activated materials were assessed through N, and H:
adsorption-desorption isotherms using the 2D-NLDFT-HS model [156], as commonly employed in this
research. The N2 and H; adsorption-desorption isotherms at 77 K are illustrated in Figure 5-17 A and
B, respectively. Notably, the isotherm shapes remain comparable to their respective carbonized
samples (refer to Figure 5-13 in section 5.2.1). The main distinction lies in an increase in the
adsorbed volume at low pressures (P/P° = 0), indicating the development of microporosity
[57,188,189]. In fact, all the materials exhibit a similar N» adsorbed volume at low pressures.
Subsequently, differences become evident, with both B-doped carbon displaying a similar type |
isotherm. On the other hand, THC800 4, along with both N-doped carbon materials, exhibits a
combination of type | and Il isotherms. Particularly, in the NATHC800 4 material, there is a broadening
of the knee (also referenced as point B), indicative of widened pores [57,133], a slight tendence to
increase the adsorbed volume in the partial pressure range between 0.1 to 0.8, suggesting mesopores
development [57,190], and finally, the highest uptake indicative of macropores or interstitial

condensation, typically from slit-like pores [188].
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The H2 adsorption isotherms, utilized as reference for ultra-micropores characterization [134], exhibit
a similar curve for all the materials. In fact, as depicted in Table 5-8, nearly all the materials, with the
exception of the NATHC800 4 sample, display comparable ultra-micropore volume, with values close
to 0.210 cm3gt. Conversely, the N4ATHCB800 4 material demonstrates a slightly lower ultra-micropore
volume (0.178 cm? g?), aligning with the H, adsorption isotherms, where this material exhibits the

lowest adsorbed volume.

The pore size distributions (PSD) presented in Figure 5-17 C highlight that the main peak for both B-
doped and THC800 4 carbon materials is centered close to 0.4 nm, aligning with expectations for
PSD in carbon materials derived from tannins [67,119,121]. Additionally, a secondary, subtle peak
emerges near 0.7 nm. This secondary peak is more pronounced in both B-doped carbon materials
compared to THC800 4.
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Figure 5-17 Textural characterization results for doped-carbon materials submitted to CO2 activation by 4 hours:
A) N2 adsorption-desorption isotherms, B) Hz adsorption isotherms, C) PSD and D) Cumulative volume obtained
from N2 and Hz adsorption isotherms applying 2D-NLDFT-HS model.
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Table 5-8 Summary of textural properties obtained to apply 2D-NLDFT-HS to N2 and Hz adsorption isotherms.

A SSA V V Wy V (Wsp) V (W > V
Carbons BET 0.97 T up upt SH SH meso meso

(m?g") (m’g") (em’g?) (em’gl) (nm)  (em’gh) (hm)  (cm’g?) (nm) (cm’g™)

THC800 4 730 1150 0.304 0.570 0.5 0.206 1.0 0.104 24.9 0.260

B4THCB800 4 766 1200 0.214 0.357 0.5 0.208 1.0 0.126 11.8 0.027

B8THCS800 4 781 1237  0.223 0.379 0.5 0.206 1.0 0.140 11.3 0.034

N4THC800 4 905 1200 0.519 1.080 0.5 0.178 11 0.178 26.4 0.727

N8THCS800 4 805 1180 0.316 0.613 0.5 0.216 11 0.125 27.0 0.272

a: V1, Vuy, Vsy, Vmeso, (Wsp, (Wup, (Wmeso> are total volume, ultra-micropore volume, super-micropore volume,
mesopore volume, average super-micropore size, average ultra-micropore size, average mesopores size,
respectively, obtained by applying 2D-NLDFT-HS model to N2 and Hz adsorption isotherms.

Conversely, the N-doped carbon materials display two main peaks of similar intensity, centered
around 0.4 nm and 0.7 nm, with a third peak between 1 and 2 nm. Notably, the peaks observed for
B-doped carbon materials are more prominent than those for N-doped carbon materials. Accordingly,
the volume of supermicropores (0.7 nm <w< 2 nm) is less developed in the THC800 4 material, with
a pore volume of 0.104 cm? g?. Despite clear differences in the main peaks, B4THC800 4 and

N8THCB800 4 exhibit almost equal pore volumes, measuring 0.126 and 0.125 cm® g*.

Following this, BSTHC800 4 demonstrates a volume of 0.140 cm? g, while NATHC800 4 presents
the most substantial volume in this zone, measuring 0.178 cm? g*. This is attributed to the developed
burn-off of NATHCB800 4 at this condition, leading to the wide opening of existing pores rather than

the generation of new pores [57].

Related to mesopore zone, there is a lack of prominent peaks indicative of a broad distribution of
mesopores or, in some cases, their absence. These differences can be appreciated through the
cumulative volume depicted in Figure 5-17 D, where is observed that B-doped materials have an
absence of pore volume over the 2 nm. Actually, as observed in Table 5-8, the mesopore volume for
these samples reach values of 0.027 and 0.034 cm?® g*! for BATHC800 4 and B8THCS800 4,
respectively. It can be seen that THC800 4 have a less pore development in the mesopore zone
between 2 and 10 nm observed by the plateau in this zone, and their pore development is centered
on pores close higher than 10 nm, aligning with observations made them from the N, adsorption-
desorption isotherms. On a similar way and related to the high uptake at the final of the N, adsorption
isotherms, the N-doped carbon materials present a highly developed mesopore zone, where a notably
increases can be noticed over pore size of 10 nm on both cases, with a notably superiority for
N4THCB800 4. This leads to a mesopore volume of 0.272 cm? g* for NESTHC800 4 and a notably 0.727
mesopore volume of 0.727 cm® g! for NATHC800 4 presenting close to 44% and 67% of

mesopore/micropore ratio, respectively.
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From these observations, it can be noticed that acquired carbon materials manifest diverse isotherm
patterns, suggesting discernible differences in both microporosity and mesoporosity. Despite these
differences, the estimated surface area for the materials closely approximates 1200 m? gl
Considering surface area as a pivotal parameter for assessing the electrochemical performance of
carbon materials, the existence of dissimilar carbon materials with comparable surface area facilitates

a comprehensive and discerning analysis.

The electrochemical characterization was performed using a carbon electrode made of 85 wt. %
carbon material, 10 wt.% PTFE, and 5 wt. % black carbon. A symmetric two-electrode cell assembly
was employed, using identical electrode material for both anode and cathode. The electrolytes were
soaked in 1 M H,SO4 as electrolyte, with a porous quartz fiber serving as membrane separator. The
mass of the electrode approached 2 mg, possessing a disc-shaped configuration with a 5 mm

diameter to achieve an approximate carbon load of 10 mg cm2 [191].

Electrochemical impedance spectroscopy (EIS) was employed to assess the kinetic and mass
transport performance of the carbon materials in 1M H>SO, electrolyte. The Figure 5-18 A and B
depict the Bode and Nyquist plot, respectively, with detailed Nyquist plots for each material presented
in the subsequent figures. In the Bode plot, it is evident that a low frequency, the phase angle
approaches -90° for all doped materials, indicating capacitive behavior [34]. THC800 4 is the sole
material showing non-capacitive performance, with a phase angle starting near -70°. Notably, both N-
doped carbon materials exhibit an extended plateau close to -90°, indicative of behavior resembling
an ideal capacitor. Conversely, the curves for B-doped carbon materials exhibit a rapid decline with
increasing frequencies, revealing some resistance elements in the electrode, particularly noticeable
in the BETHC800 4 material.

Furthermore, varying shapes and sizes of semicircles are observed at high frequencies, signifying
charge-transfer resistances in the materials. THC800 4 materials exhibit prominent resistance,
followed by BBTHCB800 4, B4ATHC800 4, N8THC800 4, and N4THCB800 4, this las one with minimal

resistance.

The THC800 4 material exhibited the largest semicircle, indicating a substantial charge-transfer
resistance. Moreover, the sample displayed semi-infinite Warburg impedance behavior in the mass
transfer control region, as evidenced by the slope close to 45° at high values of Z;, suggesting high
resistance to ion diffusion from the bulk to the surface. THC800 4 demonstrated an equivalent series
resistance (ESR) value of approximately 251.5 Q cm™. The hindered ion diffusion into the carbon
surface is associated with the abundance of carboxylic acid species on the carbon surface, which

impedes double layer formation [88] and restrict access to the already narrow pores [36].
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Figure 5-18 EIS results for symmetrical ECs using doped-carbon materials as electrodes and 1M H2SO4 as
electrolyte: A) Bode plot, B) Nyquist plot at low frequencies; details of Nyquist plot on the kinetic control region
for C) N8THCS800 4, D) NATHCB800 4, E) BESTHC800 4, F) B4THCB800 4, G) THC800 4.

The B-doped materials exhibit enhanced electrochemical features compared to THC800 4,
particularly evident in the B4THC800 4 material, showcasing a significant reduction in charge-transfer
resistance Rcr. Despite having similar textural parameters, both B-doped carbon materials exhibit
distinct differences in EIS results, highlighting an improved electrochemical performance for
B4THC800 4, attributed to its chemical surface characteristics. As indicated by XPS results,
B8THCB800 4 possesses a notable quantity of carboxylic acid species, similar to THC800 4, hindering
electric double layer formation that explains the extended slope at 45° in medium frequencies. In
contrast, BATHCB800 4 predominantly features oxygen functionalities that enhance electrode surface
wettability, thereby reducing mass-transfer resistance for ion diffusion. Additionally, the presence of
boron may contribute to an improved electrical conductivity in the carbon structure [186], further

decreasing charge-transfer resistance.

The N-doped carbon materials demonstrate superior electrochemical performance under the
analyzed conditions, characterized by well-defined semicircles indicating charge-transfer resistance
close to 3.0 Q cm™ for NATHCB800 4, and 3.8 Q cm for N8THCB800 4, accompanied by a subsequent
straight line that tends to the infinite. Notably, both materials exhibit classic electrochemical capacitor

curves, with a distinctive post-semicircle feature.
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Following the semicircle, the NATHC800 4 material displays a slope close to 45°, indicative of mass-
transfer resistance, while this tendency is slightly observed for N8THC800 4. Consequently, despite
N4THC800 4 having a lower Rcr, both materials exhibit similar ESR values, reaching 4.8 and 4.6 Q
cm2 for NATHC800 4 and N8THCS800 4, respectively. The enhanced electrochemical performance of
these materials can be attributed to the developed mesoporosity facilitating ion transport to the
micropores [119], in conjunction with improved surface chemistry due to the presence of quinones

and nitrogen functionalities.

Cyclic voltammetry (CV) was conducted over a range of scan rates, specifically from 5 mV stto 1V
s, utilizing a potential window spanning 0 V to 1 V. The corresponding curves for the doped carbon
materials are illustrated in Figure 5-19. In agreement with the preceding EIS findings, it becomes
evident that both N-doped carbon materials exhibit optimal performance, showcasing a square-
shaped curve characteristic of electrochemical capacitors. Notably, no discernible peaks are
observed. Furthermore, the voltammogram shape exhibits minimal variation with the escalating
sweep rate, indicative of a predominant contribution from the electric double layer capacitance.
Significant deviations from the idealized curve are only apparent at sweep rates of 500 mV s and 1
V s. These deviations are attributed to the constrained diffusion of ions [153] or the occurrence of
irreversible polarization [192] at these elevated sweep rates.

This distortion agrees with the EIS results, highlighting a pronounced limitation related to ion diffusion.
Consequently, there is an observable constraint on the electric double layer storage mechanism.
Conversely, B4ATHC800 4 maintains a sustainable rectangular shape even as the sweep rate
increases, with appreciable distortions emerging only at higher rates (500 mV st and 1 V s?). This
behavior is similar to that observed in both N-doped carbon materials. Although, notably distinctions
exist between B4THC800 4 and the N-doped carbon materials, particularly in terms of the

voltammogram's area, which emerges as a salient differentiating feature.

As discussed in section 2.1, energy can be stored in electrochemical capacitors through both the
electric double layer and faradaic contributions. In this context, the capacitance nature of the doped
materials was estimated using Trassatti’'s method [126], as illustrated in Figure 5-19 E and F. The y-
axis intercept in Figure 5-19 E represents the electric double layer capacitance, while in Figure 5-19

F, represents the inverse of the total capacitance.

The total capacitance estimated for both N-doped carbon materials is notably similar, reaching values
of upto 39.0 F g and 40.1 F g* for NATHC800 4 and N8THCB800 4, respectively. In each case, the
electric double layer capacitance represents 88.8% and 88.3%, with the remaining differences
attributed to Faradaic contributions. The resemblance between these two materials is expected due

to their similar surface chemistry and textural properties, as previously elucidated.



95

However, as discussed in the following section, CO, activation reveals remarkable differences

between these two carbon materials.
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Figure 5-19 Cyclic voltammetry at scan rates ranging from 5 mV s-1 to 1 V s-1 using 1M H2S04 as electrolytes
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and symmetrical electrolytes of the following carbon materials A) N8THC800-4, B) NATHC800-4, C) BETHC800-4,
D) BATHC800-4; E) and F) refers to the dependence of capacitance as a function of the scan rate according to
Trassatti’s method.
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For the B4THCB800 4 carbon material, linear regression estimates a total capacitance of 27.8 F g,
whit 72% attributed to the electric double layer and the remaining percentage associated to faradaic
contributions. It is noteworthy that not only is there a higher percentage of capacitance attributed to
faradaic contributions compared to the N-doped carbon materials, but also a higher absolute value is
achieved (7.6 F g™) in contrast to both N-doped carbon materials (4.5 F g™). This highlights the
influential role of boron in enhancing the electrochemical activity of this material.

Finally, galvanostatic charge-discharge curves (GCD) were conducted across a range of specific
currents ranging from 0.2 to 40 A g*. The GCD curves for each material, along with their respective
fitted lines (in red) to estimate capacitance values, are presented in the Appendix E. To highlight
differences between the materials, Figure 5-20 illustrates the GCD curves at specific current of 0.5,

2, and 10 A g%, along with their respective ohmic potential drop (iR).
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Figure 5-20 GCD curves at A) 0.5 A g1, B) 2 Ag?, C) 10 A g}, and the respective IR drop as a function of the
specific current for ECs using 1 M H2SO4 in symmetrical electrolytes of the hydrothermal doped-carbon materials
submitted to CO: activation by 4 hours.
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The GCD curves exhibit a rectangular shape for both N-doped carbon materials across the explored
specific current, confirming their optimal performance in electrochemical capacitors, even under high-
power conditions. Both BESTHC800 4 and B4THC800 4 exhibit similar performance, exhibiting an
extended discharge curve at low specific current (e.g. 0.5 A g?), resulting in coulombic efficiencies
exceeding 100%. This phenomenon can be attributed to internal resistances that either delay the

charge process or prolong the discharge process [140].

However, this effect diminishes with increasing specific current. In the case of B-doped materials, it
is noteworthy that BBTHC800 4 exhibits a charge-discharge time process similar to B4THC800 4 at
a specific current of 0.5 A g'. Despite a clear distortion from the typical triangular shape, often
associated with faradaic phenomena [140,193], as the specific current increases, the energy stored
by the B8THCB800 4 electrode cell significantly decreases compared to B4THC800 4, indicating its
diffusion-limited performance, as mentioned earlier. The ohmic potential drop, illustrated in Figure
5-20 D, reveals electrical resistance in the cell increasing as the specific current rises for all materials,
with lower values observed for the N-doped materials than the B-doped materials, aligning with the
observed ESR values estimated from the Nyquist plot.

The Figure 5-21 illustrates the cell capacitance values of the doped carbon materials, estimated from
the discharge curve. Notably, following the approach recommended by Stoller et al. [139], these
values were calculated utilizing the upper half of the discharge curve and were adjusted by subtracting
the ohmic potential drop.

Aligning previous results, THC800 4 exhibit subpar performance, and the fitted line inaccurately
represents its experimental discharge curve (refer to Figure 8-7 on section 8.5, Appendix E),
suggesting capacitance overestimation. BSTHC800 4 shows improved capacitance at low specific
current (Cocpcen Of 24.7 F gt at 0.5 A g?1) but diminishing rapidly at higher currents with 31.0%
retention at 5 A g-1, and non-capacitive behavior at 10 A g*. Conversely, B4THC800 4 maintains
similar capacitance at low current (Cecpcen = 26.6 F gt at 0.5 A g1), and exhibits enhanced retention
with values of 72% at 5 A g1, and even 52.5% at 20 A g*.
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Figure 5-21 Capacitance as a function of the scan rate obtained from GCD discharge curves of the hydrothermal
doped-carbon materials.

N-doped carbon materials (NATHC800 4 and N8BTHCB800 4) showcase impressive capacitance values
(40.4 F g-1 and 41.8 F g-1, respectively) despite their modest surface area (close to 1200 m? g1),
underscoring the efficacy of nitrogen doping. Notably, these materials demonstrate formidable
capacitance retention, reaching 82.9%, 77.1%, and 71.7% at 5 A g%, 20 A g%, and 40 A g* for
N4THCS800 4, and 83.7%, 78.1%, and 74.0% for NBTHCS800 4, respectively.

In summary, the doping method for nitrogen and boron significantly influences the surface chemistry
and textural properties of the resulting carbon materials. Notably, the addition of doping agents,
coupled with the specific nature of oxygen, brings about substantial alterations in the surface

chemistry, ultimately enhancing the electrochemical performance of these carbon materials.
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5.3 An extension analysis on N-doped tannins-derived carbon materials

The preceding section underscores the substantial impact of boron and nitrogen doping on the surface
chemistry of the developed carbon materials, with notable performance enhancements observed for
N-doped carbon materials. Both NATHC800 4 and N8THCB800 4 exhibit comparable electrochemical
performance, attributed to their similar surface chemistry and microporosity. However, as detailed in
section 5.2.1, the morphology and textural parameters of the resulting N-doped carbon materials
undergo modifications based on the use of aqueous ammonia and its concentration in the
hydrothermal step. In this context, this section aims to elucidate the influence of agueous ammonia
and its concentration on the electrochemical performance of N-doped carbon materials, with a
particular focus on the textural development and surface chemistry modifications arising from physical

activation.

5.3.1 Surface chemistry and chemical composition

The chemical composition of the ACs in the bulk and on the surface was obtained through elemental
analysis and XPS, respectively. Table 5-9 shows a summary of these results as a function of the
burn-off (BO) obtained to each AC. The elemental analysis of the materials revealed some notable
features with increasing BO. For instance, the use of ammonia during the HTC step resulted in the
incorporation of very similar N content, 4.6 and 4.8 wt.% in NATHC and N8THC, respectively. N
content decreased after CO; activation to values of 3.0 — 3.7 wt.% for the NATHC-derived ACs and
3.3 — 4.2 wt.% for the N8THC-derived ACs. An increase in O content was observed as well, with the
undoped material exhibiting approximately 4.5 wt. %, while NATHC800 and N8THCB800 displayed an
O content close to 6.7 and 6.2 wt.%, respectively.

The C content in the bulk decreased after 4 h activation with CO; at 800°C. This decrease was more
pronounced for N-doped samples, suggesting a catalytic effect during the activation process, which
aligns with the observed increase in the BO for the samples submitted to CO; activation for 4 h. In
addition, these N-doped series exhibit a remarkable increase in O content, 13.2 and 13.1 wt.% for
N4THC800-4 and N8THCB800-4, respectively. Similarly, the series of carbons activated at 900°C

follow a similar trend, with a slight decrease in C content and an increase in O content.

In contrast, the non-activated N-doped samples (NATHC800 and N8THCB800) display a lower C
content than the non-doped THC800 sample. Simultaneously, the O content increased both in the
bulk material, based on elemental analysis, and on the surface, based on XPS analysis. As expected,
the N content was noticeably higher in the N-doped samples compared to the non-doped samples.
However, the N content did not show significant differences between the two samples in either bulk

or surface composition.
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Table 5-9 Summary of burn-off (BO), elemental analysis and XPS quantification for N-doped carbon materials.

Elemental analysis XPS
Carbons B.O. C H N O C N O
(%) (Wt. %)  (wt. %)  (wt. %) (wt. %) (at. %)  (at. %) (at. %)

N4THC800 02 87.4 1.3 4.6 6.7 93.6 3.6 2.8
N4THC800-1 10.6 87.3 1.3 3.6 7.8 94.8 3.0 2.2
N4THC800-2 18.1 87.5 1.2 34 7.9 94.7 3.0 2.3
N4THC800-4 42.9 82.2 14 3.2 13.2 93.0 3.3 3.7
N4THC900-1 35.3 87.8 1.3 3.7 7.2 94.5 3.1 2.4
N4THC900-1.5 49.8 88.1 1.5 3.5 6.9 94.7 2.6 2.6
N4THC900-2 70.0 86.7 15 3.0 8.8 94.3 2.8 2.9
N8THC800 02 87.5 1.5 4.8 6.2 92.6 3.9 3.5
N8THC800-1 10.2 88.0 14 4.2 6.4 93.9 2.8 3.3
N8THC800-2 16.4 88.1 14 4.2 6.3 92.7 4 3.3
N8THC800-4 27.8 81.8 1.6 3.5 13.1 92.8 3.9 3.3
N8THC900-1 21.2 87.6 15 35 7.4 94.1 2.7 3.2
N8THC900-1.5 50.2 87.4 1.4 3.5 7.7 94.0 3.1 2.9
N8THC900-2 59.9 87.3 1.4 3.3 8.0 93.5 3.9 2.6

aThis burn-off values were assumed for the non-activated samples for the sake of comparison. The burn-off
obtained for samples pyrolyzed at 800°C for 1h were ca. 48 %, and 47 % for NATCH800 and N8TCHB800,
respectively. The rest of burn-off values correspond to those obtained after CO:z activation.

The XPS results presented in Table 5-9 suggests that in absence of N, the non-doped carbons exhibit
similar chemical surface composition, i.e., C and O remained nearly the same, regardless of the BO
that increase from approximately 10 to 25%. It is evident that the C content on the surface of the
doped materials decreased compared to that of the THC800 materials due to the introduction of N
functionalities by the amination synthesis process. The O content on the surface showed minimal
variation between the non-doped and the two N-doped series, being slightly higher for the N8THC-

derived materials.

The interpretation of the XPS spectra is based on previous studies [136,137,194], which provide
valuable insights into this matter. For a detailed analysis of the relative atomic composition of the
deconvoluted peaks in the C 1s, O 1s, and N1s regions for both N-doped tannin-derived carbons
series, please refer to Table 8-8 and Table 8-9 in section 8.2.3 (Appendix B). These tables allow a

comprehensive understanding of the atomic composition of the materials.
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As an illustrative example, Figure 5-22 A, B and C shows the XPS spectra and deconvolution of
peaks for C 1s, N 1s, and O 1s regions, respectively, for the N8THC900-2 sample. The main peak
observed in the C 1s spectra (Figure 5-22 A) is located at 284.4 eV, and named Csp, which
corresponds to graphitic carbon, indicating the presence of carbon atoms arranged in a planar,
hexagonal lattice structure. Additionally, a range of peaks associated with N or O bonding can be
identified. These include the Cp peak at 283.5 eV, which is associated with defects in five-member
rings and/or to the formation of graphitic carbon nitrides. The C, peak at 285.5 eV is assigned to
carbon atoms out of the basal planes, exhibiting sp® hybridization. The peak C; at 286.4 eV assigned
to ether or hydroxyl bonded or C bonded nitrogen oxides. The C4 peak at 287.6 eV indicates the
presence of lactones or pyridines. The Cs peak at 289.2 eV is assigned to carboxylic acids, while the
Crrpeak at 291 eV is assigned to HUMO-LUMO transitions associated to the Csp: peak. The Figure
5-22 B shows the XPS spectra in the N 1s region with the corresponding peaks deconvolution. The
two N-doped series showed pyridinic species, Ns peak at 398.3 eV, as the main contribution, followed
by Ns species, peak at 400.2 eV, which are associated with pyrroles and/or pyridones. These two
nitrogen functionalities are located on the edge of the carbon layers and are commonly linked to an
increase in capacitance of N-doped carbon materials due to redox reactions, particularly in acid
electrolytes [38,185].
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Figure 5-22 XPS spectra and deconvolution of C 1s, N 1s, and O 1s regions for the sample NSTHC900-2. A): C 1s;
B): N 1s; C): O 1s. D): Carbon functionalities contribution according to deconvolution of C 1s. E): Contribution of
nitrogen functionalities according to deconvolution of N 1s region; and F): Oxygen functionalities contribution
according to deconvolution of O 1s region for NATHCs (dashed trend line) and N8THCs series (dot-dashed trend
line).
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The N8THC series exhibited a slight increase in N¢ species over Ns species for higher BO, which is
consistent with data reported in literature [91,195]. However, it is important to note that this trend is
not well-observed for the NATHC series. The presence of graphitic N, Ng, peak at 401.2 eV, accounts
for approximately 26 — 34 % in the NATHC series, and 26 — 32 % in the N8THC series. The presence
of this nitrogen functionality is highly desired because it enhances the electronic structure of the
carbon material by reducing the energy gap [185]. Finally, a peak at 402.9 eV corresponding to
nitrogen bonded to oxygen, N=0O, represents approximately 9 — 15 % in both cases without significant

variations as the BO increases.

The Figure 5-22 C shows the deconvolution of the O 1s spectrum, revealing five distinct peaks.
Among these, the quinone groups, O; peak at 530.9 eV, are the most prominent across, constituting
approximately 60 at.%. This observation aligns with the characteristic catechol B-ring on the pine
tannin precursor [132,196]. A smaller proportion of phenol/ether groups, O, peak at 532.3 eV,
accounting for around 20 %, can be observed. Carboxylic acid groups, Os peak at 533.1 eV,
comprising roughly 10 %, are also present. Additionally, there is a minor percentage of oxides bonded
to nitrogen, N=O peak at 534.1 eV, and a small peak at 534.9 eV associated with chemisorbed water.
The main difference among the series of materials is a slight increase in carboxylic acid groups (O3)
at the expense of quinone-like groups (O:) for both NATHCs and N8THCs compared to the THCs.
This change is attributed to the amination of tannins [67,68].

However, as depicted in Figure 5-22 E and Figure 5-22 F, the atomic contributions of the specific N-
containing and O-containing functional groups between both N-doped series do not exhibit significant
variations with BO. The role of oxygen functionalities upon the capacitive performance of carbon
materials has been extensively studied [36,37,87]. These functionalities play a crucial role as they
enhance the wettability of the materials and induce faradaic contributions through electron transfer.
However, it should be noted that the presence of oxygen functionalities lead to a decrease in surface
conductivity [37]. Existing literature suggests that quinone groups (referred to as O;) could be of
crucial importance in high-energy density capacitors. Quinones are electrochemically active through
reversible two-electron and proton-coupled electron transfers with hydronium ions, especially in acidic
solutions, enhancing the faradaic contributions [17,36,90]. Besides, quinones allow for an expanded
potential window, exhibit good chemical stability, and do not negatively impact the cycling stability of
the electrode [90]. Furthermore, as suggested by previous studies [8,112], it is anticipated that there
will be a modification in the surface chemistry of the carbon materials due to nitrogen incorporation in
the carbon matrix during the HTC step involving ammonia.

It is worth noting that no significant differences in the atomic ratios of nitrogen to carbon (N/C) and
oxygen to carbon (O/C) were observed with the ammonia concentration nor the physical activation
conditions as the BO increases (Figure 5-23). Although, the inset figure in Figure 5-23 shows that

the ratio [(N+O)/C4] decreases slightly as the BO increases.
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Figure 5-23 Nitrogen and oxygen atomic ratio estimated by XPS (inset: ratio N+O/C).

5.3.2 Textural properties

The N2 and H; adsorption-desorption isotherms for both series of N-doped tannins are shown in
Figure 5-24. All the materials showed a combination of type | and type Il isotherms. The pronounced
N. uptake at very low P/P° indicates the presence of significant microporosity [133], and as the
activation intensity increases, the N, uptake also increases and the drop knee of the isotherms
gradually widens, indicating an expansion of the micropores [133,190]. Additionally, a sharp increase
in N2 uptake close to P/P° = 0.97 is observed, indicating the presence of large mesopores or
condensation within interparticle voids [190]. However, significant differences can be observed in the
N isotherms across the various materials. The NATHC-derived carbons (Figure 5-24 A) display a
type H3 loop, which is often associated to capillary condensation [190]. Interestingly, the N isotherms
of the N8THC series (Figure 5-24 C) do not exhibit a noticeable loop. The H; adsorption isotherms
(Figure 5-24 B and D) show an evolution of the quantity adsorbed as the CO; activation becomes
intense indicating an evolution of micropores in the nitrogen-doped carbons. The textural parameters
estimated from N, and H. isotherms at 77 K are reported in Table 5-10. The Ager is presented solely
for the purpose to compare data with another studies in the literature, given the limitations of the BET
method [189]. The analysis is primarily discussed based on the results obtained from the application

of the NLDFT model, which provides a more accurate representation of the surface [197].
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Figure 5-24 A, C) N2 and B, D) Hz adsorption (filled symbols)-desorption (empty symbols) isotherms at 77 K for
N4THC and N8THC series.

As can be observed in Figure 5-25 B and D, all carbon materials have a similar pore size distribution
(PSD) with peaks centered in the ultra-micropores, which is a characteristic feature of tannin-derived
carbon materials [67,119,121]. For instance, two main peaks are observed on all the materials, one
at ca. 0.4 nm and another at ca. 0.7 nm. For both NATHC and N8THC series, as the activation
conditions become more severe, a broadening of the ultra-micropores occurs, leading to a widening
of the aforementioned peaks. The appearance of a third broad peak between 1 to 2 nm is observed
in the most severe conditions of activation. It should be noted that the third peak is also slightly
observed for the non-activated N-doped samples (NATHC800 and N8THCB800), suggesting that the

HTC treatment using ammonia could be responsible for promoting the formation of larger micropores.



Table 5-10 Textural properties obtained to apply 2D-NLDFT-HS kernel to N2 and H2 adsorption isotherms.
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Carbons ABET SSA Vo.97 VT Wup> Vup (Wsp» Vsp (Wmeso » Vmeso

(m’g") (m’*g?) | (em’gY) (cm’g?) | (nm)  (emgh) | (nm)  (cm®g?) (nm) (cm’g?)
THCB800 505 990 0.173 0.339 0.5 0.182 1.0 0.065 21.7 0.091
THC800-1 655 1100 0.214 0.380 0.5 0.203 1.0 0.084 19.0 0.093
THCB800-2 680 1110 0.229 0.421 0.5 0.206 1.0 0.089 22.8 0.126
THC800-4 730 1150 0.304 0.570 0.5 0.206 1.0 0.104 25.0 0.260
N4THC800 450 905 0.378 0.848 0.5 0.170 11 0.043 28.5 0.636
N4THC800-1 620 1020 0.403 0.854 0.5 0.172 1.0 0.090 27.0 0.592
N4THC800-2 675 1090 0.420 0.866 0.5 0.180 1.0 0.100 25.7 0.586
N4THC800-4 905 1200 0.519 1.080 0.5 0.178 11 0.178 26.4 0.727
N4THC900-1 1000 1350 0.597 1.170 0.5 0.194 1.0 0.191 26.5 0.789
N4THC900-1.5 1210 1490 0.701 1.360 0.5 0.194 1.0 0.265 25.9 0.901
N4THC900-2 1415 1710 0.908 1.670 0.5 0.173 1.1 0.362 24.6 1.186
N8THCB800 420 910 0.175 0.385 0.5 0.175 11 0.044 24.2 0.166
N8THC800-1 560 995 0.228 0.474 0.5 0.174 1.0 0.078 27.3 0.223
N8THC800-2 630 1080 0.268 0.589 0.5 0.196 1.0 0.083 28.3 0.310
N8THC800-4 805 1180 0.316 0.613 0.5 0.216 11 0.125 27.0 0.272
N8THC900-1 830 1230 0.339 0.611 0.5 0.186 1.0 0.148 19.1 0.277
N8THC900-1.5 1410 1610 0.553 0.970 0.5 0.196 11 0.353 23.4 0.422
N8THC900-2 1645 1720 0.641 1.080 0.5 0.180 1.1 0.447 21.2 0.449
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Figure 5-25 A, C) Cumulative volume and B, D) differential pore size distribution (PSD) estimated by 2D-NLDFT-HS
for NATHC and N8THC series.

In Figure 5-26 A, the influence of the BO upon the specific surface area (SSA) is presented, revealing
a linear relationship between BO and SSA. The non-activated materials exhibit relatively similar and
low SSA values of 905, and 910 m?g? for the NATHC800 and N8THCB800, respectively. As the BO

increases due to intensified activation conditions, the SSA follows the same trend.

For instance, NATHC900-2 and N8THC900-2, activated at 900°C for 2 hours, reached values of 1710
and 1720 m?g?, respectively, corresponding to a BO of ca. 70 % and 60 %. The evolution of the ultra-
micropore volume follows a negative parabolic pattern, as can be observed in Figure 5-26 B.4, and
it is expected due to this pattern is well-documented for the pore volumes within this range [57,120].
In addition, Figure 5-26 B.3 shows the monotonic increase of the supermicropore volume (Vs,) as a
function of the SSA for both N-doped series, Vs, increased up to 0.36 cm®g?* for NATHC900-2 and
0.43 cm3g* for NETHC900-2.
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Figure 5-26 A): SSA as a function of the burn-off (BO). B.1): Large mesopore volume (10 <w < 50 nm); B.2):
narrow mesopore volume (2< w < 10 nm); B.3): supermicropores (0.7 <w < 2 nm); and B.4): ultramicropores (w <
0.7 nm) as a function of SSA. C): Volumetric fraction of micropores and mesopores (® Vy and ® Vmeso,
respectively) as a function of SSA.

In the case of mesopores, they are widely distributed throughout the range without significant peaks,
but they represent a significant fraction of the total volume. To clarify the differences between NATHC
and N8THC series, the mesopores region was divided into two zones, namely the narrow and the
large mesopore ranges, 2 <w < 10 nm and 10 < w < 50 nm, respectively, as is observed in Figure
5-26 B.1 and B.2. The samples of the NATHC series have a substantial volume increase in the large
mesopore range, which parabolically increases with the SSA from ca. 0.64 cm3g? (N4THC800) to a
maximum of 1.19 cm3g™* (N4THC900-2). However, in the narrow mesopore range (Figure 5-26 B.2),
the increase in volume is slightly noticeable. In contrast, the mesopore volume for the N8 THC series
evolved significantly in the narrow mesopore range, the volume increased from 0.04 to 0.14 cm3g?,
while for larger mesopores, the volume increased from 0.13 to 0.31 cm?3g?. Although the reasons for
these differences in the porosity development are not evident, they are crucial in explaining the

contrasting electrochemical behavior of both series, as discussed in the subsequent section.
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5.3.3 Electrochemical performance

Electrochemical impedance spectroscopy (EIS) was used as a technique to evaluate the kinetic and
mass transport performance of the carbon materials as electrodes for ECs using 1 M H;SO. as
electrolyte. Figure 5-27 A shows the Nyquist plot obtained in the two-electrode cell system. It can be
seen that the graph did not start at the origin, but with a shift close to 1.8 Q cm? along the Z; axis,
associated with the bulk electrolyte resistance (Rs) [122], as explained in section 2.4.3.

The N-doped carbon materials exhibited a finite-space Warburg impedance, characterized by a
straight line at high frequencies and a phase angle close to 90°, as shown the Bode plot in Figure
5-27 B, which is typical of capacitive systems. Furthermore, the equivalent series resistance (ESR)
can serve as a global parameter for comparing materials. For instance, THC800-4 had an ESR value
of approximately 251.5 Q cm?, which is almost two orders of magnitude higher than values estimated
for N-doped carbon materials activated at the same conditions studied in this work. The materials not
submitted to physical activation, NATHC800 and N8THCB800, had similar ESR values of ca. 11.4 and
ca. 10.0 Q cm™. It is worth noting that, in both cases, around 68 % and 63 % of the ESR values could
be attributed to the charge-transfer resistance (Rcr), after subtracting the electrolyte resistance value
(Rs) to calculate the respective percentages. In this context, the physical activation process resulted
in a decrease in materials electrical resistivity by improving charge transfer, as evidenced by the
significant reduction in the arc size shown in Figure 5-27. For instance, NATHC900-2 and N8THC900-
2, which underwent the most severe activation conditions in their respective series, had an ESR of

ca. 4.2 and 3.8 Q cm, respectively, with Rcr accounting for only 37 % and 45 % of the total ESR.
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Figure 5-27 EIS results for representative N-doped and non-doped samples. For the sake of comparison, THC800-
4 is selected as reference. A): Nyquist plot; B): Bode plot.
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The overall reduction in ESR of N-doped carbon materials can be attributed to carbon surface
modifications resulting from tannin amination, which improves water affinity, as discussed above. In
addition, pore widening and improved pore connectivity, attributed to the higher degree of activation
[120], contributed to a better charge transfer process but also to better mass transfer (ion diffusion),

as evidenced by the absence of Warburg impedance for N-doped and activated samples.

Cyclic voltammetry (CV) was conducted at scan rates from 5 mV s to 1 V s, using a potential
window of 0 — 1 V, which was chosen because an aqueous electrolyte was used in this study. The
main results are presented in Figure 5-28, and further information is provided in the section 8.4
(Appendix D). The amination process improved the electrochemical performance of the tannin-
derived carbon materials, in line with the EIS results discussed above. The Figure 5-28 A and B show
CV curves for representative carbon materials from the NATHC and N8THC series, respectively. A
guasi-rectangular shape at a scan rate of 5 mV-s™ can be observed, indicating near-ideal capacitive
behavior. As the scan rate increased, an alteration on the shape of the curves is noticed, due to the
gradual decrease in Faradaic contributions and limitation of the diffusion from the bulk electrolyte to
the pore, so that the current aroused mainly from the formation of the electric double layer. In fact, at
5 mV-s the specific cell capacitance (Ccv.cei) for NATHC800 and NBTHC800 was approximately 37
F-gtand 34 F-g?, respectively, with 43 % and 50 % retention, respectively, when tested at 1 V-s™.
The activation process improved Ccv,cei Values at low scan rates, with NATHC900-2 and N8THC900-
2 exhibiting capacitance values of 43 F-g* and 51 F-g?, respectively, at 5 mV-s™.

Additionally, the capacitance retention reached remarkable values close to 65 % for both series when
tested at a high scan rate of 1 V-s*. However, despite the relatively similar behavior in capacitance

resulting from the activation process, there are still interesting features worth highlighting.
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Figure 5-28 Cyclic voltammogram at 5 mV:s-1 (solid line) and 1 V-s-1 (dashed line). A): NATHCs. B): N8THCs.
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In this context, Trassatti’'s method [126] was used to differentiate the double-layer capacitance (CepL)
from the Faradaic contribution commonly referred to as pseudocapacitance (Cpsc). The dependence
of the capacitance on the square root of the scan rate and its inverse (v/? and v=%/2, respectively)
for the whole series is shown in Figure 5-29, with the main results plotted in Figure 5-30 as a function
of SSA. The pseudocapacitance arises from surface functionalities present in the material, which can
improve mass or charge transfer [82]. It can be noticed that Cpsc has comparable values for both
series, displaying a similar downward trend, followed by a stabilization of its contribution. This
behavior is a consequence of the chemical evolution of the carbon surface, as discussed previously
in section 5.3.1 shown in Figure 5-23. When considering Cep., Which originates from the textural
properties of the carbon materials [76], it is essential to analyze the differences between the two
series. Despite the noticeable increase in surface area for the NATHC series, from 905 m? g1 to 1710
m? g (see Table 5-10) for the most severe activation conditions, only a marginal enhancement in

CepL Was observed.
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Figure 5-29 Dependence of capacitance as a function of the scan rate to differentiate pseudocapacitance (Cpsc)
and double-layer capacitance (CepL) according to Trassatti’s method for A) and B) N4ATHC series, and C) and D)
N8THC series.
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Figure 5-30 Contribution of electric double layer capacitance (CepL), and pseudocapacitance (Cpsc) estimated by
Trassatti’s method for both series of N-doped carbon materials.

Similar trends are observed in galvanostatic charge-discharge (GCD) tests performed by varying the
applied specific current from 0.5 to 40 A g*. Figure 5-31 shows the original charge-discharge curves
within the 0 — 1 V potential window and at a specific current of 5 A g1, while Figure 5-32 A and B
shows the calculated specific cell capacitance obtained from the corresponding discharge curves
(Ceepcen). Remarkably, all curves, even at high specific current values, exhibited a triangular shape
indicating capacitive behavior with a low potential drop (iR). At a specific current of 0.5 A g, Cocpcell
increased from 36 F-g* for NATHC800 to 45 F-g* for NATHC900-2.
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Figure 5-31 Charge-discharge curves at 5 A g-1. A): NATHC series. B): N8THC series.



112

60 T T

A)
"_m vl_m
L L
3 3
a a
o o
o} o}
O o0t 4 (6] 4
10 - N4THC800 4 —*— N4THC9002 —o— | 10 | N8THC800 4 —*— N8THC9002 —&— _
N4THC8002 —0— N4THC900 1.5 —v— N8THC8002 —e— N8THC900 1.5 —+—
N4THC8001 —o— N4THC900 1 & N8THC8001 —&— N8THC900 1 4
. ‘ ‘ N4THC800 ‘ ; ‘ 5 ; ‘ NBTHCBOO ‘ ) i
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Specific Current (A g™') Specific Current (A g™')

Figure 5-32 Specific cell capacitances calculated from GCD curves (Caccp,cell) for A) NATHC and B) N8THC series.

As with the CV results, a significant increase in capacitance could be observed for the N8BTHC series
compared with the N4THC series. Indeed, for the N8THC series, Cocp.cei ranged from 32 F-g* to 53
F-g? for the same activation conditions. Interestingly, as discussed above, there were no notable
differences in N or O contents between the two series (Table 5-9) or in the proportions of surface
functionalities (Figure 5-22 E and F). Therefore, the observed increase in Cscp,cen COuld, once again,

be attributed to the development of narrow mesopores.

It is worth noting that while the capacitance values obtained by GCD, at low specific current, and CV,
at low scan rate, were comparable, the Cescp cen retention was higher than that obtained from CV tests.
For instance, NATHC900-2 and N8THC900-2, the best performing materials in their respective series,
demonstrated impressive retention rates in GCD tests. At a specific current of 5 A g, NATHC900-2
retained 82 % of its initial capacitance, while N8THC900-2 retained 81 %. Even at a higher specific
current of 40 A g, both materials maintained a high level of stability, with N4ATHC900-2 retaining 72
% of its initial capacitance and N8 THC900-2 retaining 71 %. Therefore, to assess their cycling stability,
N4THC900-2 and N8THC900-2 were subjected to 30,000 continuous GCD cycles at a specific current
of 5A gt

Figure 5-33 depicts the cycling stability of both carbon materials, demonstrating a remarkable
retention of ca. 96 % for NATHC900-2 and N8 THC900-2 relative to their initial capacitance. The inset
in Figure 5-33 reveals that the triangular-shaped charge-discharge curve remained largely
unchanged after the cycling test, indicating the excellent stability of the surface functionalities of these
materials. It is worth noting that although pseudocapacitive contributions represented approximately
10 % of the total capacitance, as suggested by the CV results discussed earlier (Figure 5-30), they

had no significantly impact on the stability of the materials.
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5.4 Electrochemical performance summary

As exposed at the beginning of this manuscript in section 2.1, the Ragone plot is the main way used
to compare the electrochemical performance of any energy storage system, where it can be observed
both key parameters power and energy density. In this context, the electrochemical performance of
the key carbon materials obtained from this research are compared in the Ragone plot depicted in
Figure 5-34. The power density (P, W kg*?), and specific energy (E, W-h kg?) were calculated from
the GCD curves exposed in their respective sections.

For chemically activated carbon materials, the sample TBC K-2.8 with a specific surface area of 2190
m? g and Oxes = 7.5 at. %, with a similar abundance of both quinones and hydroxyl functionalities
and less than 10 at. % of carboxylic acids was chosen due to its outstanding performance among the
carbon materials studied in the section 5.1. To compare the doped effect of carbon materials the
B4THCS800 4 carbon material with a specific surface area of 1200 m? g with Bxps = 0.28 at. %
consisting mainly in boron on the edge of the carbon lattice bounded to oxygen, and Oxps = 3.3 at. %
consisting mainly in hydroxyl functionalities (61.3 at. %), followed by quinones-like groups (28.0 at.
%) and carboxylic acid species (10.7 at. %) was chosen to represent the boron doped materials
described in section 5.2. Meanwhile, for N-doped carbon materials, two materials were chosen to do
the comparative analysis. The N8THC800 4 material with a specific surface area of 1180 m? g%, and
a chemical surface involving Nxps = 3.3 at. % and Oxps = 3.9 at. %, and N8THC900 2 material with a
specific surface area of 1720 m? g%, and chemical surface involving Nxps= 2.6 at. % and Oxps = 3.3
at, where the nature of nitrogen is characterized by three main functionalities commonly founded in

carbon materials and oxygen functionalities represented mainly by quinones (close to 60 %).

The sample TBC-K2.8 exhibit one of the highest specific energies across the entire specific power
range for the chemically-activated carbon materials studied in this research with a value of 5.4 W-h
kg™ at the specific power close to 110 W kg™ (f = 0.5 A g). At the power output of 1 kW kg (I =5 A
g1), the specific energy is close to 4.4 W-h kg1, about twice the obtained from TBC-K0.6 (E=2.3 W-h
kg, data not represented in the figure) at similar power output, showing the importance of porosity
development and pore widening during KOH activation. A similar curve was founded for chemically-
activated chitosan at 750°C with a C:KOH ratio of 1:4, named ACRHC 750°C [198], with Ager = 2807
m? g (for comparison, TBC-K2.9 has an estimated Ager=2417 m? g!) and not informed XPS

characterization.

The B-doped carbon materials were represented by BATHC800 4 described in section 5.2.3 that
shows a low performance with an energy density of 3.6 W-h kg™ at the specific power of 16.7 W kg*
(I=0.5 A g%), which declines rapidly to values close 2.1 W-h kg™ at 3.2 kW kg due to their low
specific surface, and highly microporosity without enough mesopores that allows an improved ion

transport to the carbon surface.
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In comparison, the N-doped carbon material N8THC800 4 shows a comparative superior performance
with an energy density of 5.79 W-h kg* at 16.4 W kg (/ = 0.5 A g*) that slowly decreases at high-
power demands reaching up to 4.75 W-h kg* at 1.6 kW kg™ (I = 0.5 A g%). It is noteworthy, that even
having a low surface area NATHC800 4 presents similar energy density values that TBC-K2.8 at low-
power demand, and it has improved the values as the power demand increases. The superior capacity
can be attributed to an improved combination of micropores with mesopores that allows fast ion
transport to the carbon surface in conjunction with the enhanced surface chemistry due to the nitrogen

incorporation.

As anticipated from the results provided in section 5.3, the material exhibiting the best
electrochemical performance was N8THC900-2. This material shows a specific energy of
approximately 6.6 W-h-kg™ at a specific power of around 3.2 kW-kg™. The specific energy gradually
decreased as the specific power increased, reaching approximately 4.6 W-h-kg™* at about 12.1 kW-kg"
1. Although the specific energy of these ACs cannot exceed that obtained with N-doped reduced
graphene oxide (N-RGO, Ager = 355 m? g1, Oxps = 12.6 at. %, Nxps = 3.0 at. %) [38], it is noteworthy
that they outperformed other N-doped ACs, especially at high rates, as the reported by Sahoo et al.
[199], coded NAC-2. Similarly, an improvement in the electrochemical performance of N8THC900-2
(SSA =1720 m?2 g1, Oxps = 2.6 at %, Nxps = 3.9 at. %) was observed compared to previously reported
non-doped tannin-derived ACs obtained by CO; activation (SSA = 1614 m? g%, Oxps = 5.0 at. %) [17],
all tested under similar conditions, confirming the benefits of the nitrogen doping enhancing the

electrochemical performance of materials.
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Figure 5-34 Electrochemical performance of key carbon materials obtained from this research and comparison
with literature data obtained from similar electrochemical characterization, NAC-2 [199], ACRCH 750° [198], N-
RGO [38], A75-CTPW. [17].



116

6 CONCLUSIONS

The research establishes tannin-derived carbon materials obtained from pine bark as viable
electrodes for electrochemical capacitors, exhibiting competitive electrochemical performance

compared to reported literature values under similar electrochemical characterization conditions.

The chemically activated tannins-derived carbon materials exhibit a linear correlation between
capacitance and specific surface area development, attributed to an oxygen-containing surface
chemistry conducive to efficient electric double layer formation. Employing KOH to biochar mass
ratios of 2.8 and 3.6 achieved a balanced combination of high surface area and suitable pore size
distributions. This optimization resulted in superior electrochemical performance, reaching energy
densities values of 4.4 W-h kg? at 1.1 kW kg*. Notably, the materials demonstrated prolonged
stability, retaining 92% of the initial energy storage after 10,000 cycles.

The hydrothermal carbonization doping method effectively incorporates nitrogen and boron into the
tannins-derived carbon materials. This process introduces significant alterations to the specifically
tailored chemical and morphological modifications induced by hydrothermal carbonization, achieved

by employing controlled concentrations of aqueous ammonia or boric acid in each case.

The hydrothermal carbonization of tannins without doping agent results in a surface chemistry
dominated by carboxylic acid species, which hinder the formation of the electric double layer, thereby
limiting electrical storage. Conversely, the introduction of doping agents modified the surface
chemistry of carbon materials. In the case of boron, the quantity incorporated onto the carbon surface
is moderate but sufficient to introduce a moderate enhancement in electrochemical performance,

primarily associated with changes in the oxygen functionalities present on the carbon surface.

Meanwhile, the research reveals that nitrogen doping through hydrothermal carbonization in aqueous
ammonia not only altered the surface chemistry but also enhanced the textural properties of the
resulting carbon materials after CO. activation. These modifications significantly improved the
electrochemical performance of the N-doped carbon materials when employed as electrochemical
capacitors. The concentration of ammonia used had no notable impact on the nitrogen content or the
nature of the surface chemistry. However, it did influence the development of textural properties
during CO; activation, with a more pronounced effect observed at higher ammonia concentration. The
top-performing material achieved a remarkable energy density of 6.0 W-h kg* at a power-demand of
1.3 kW kg, exhibiting exceptional stability by retaining nearly 96% of the initial energy storage after
30,000 cycles.
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8 APPENDICES

8.1 Appendix A: Particle size distribution of carbon materials.
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Figure 8-1 Particle size distribution of hydrothermal tannins-derived samples doped with boron or nitrogen
previous to thermal and activation treatment.
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8.2 Appendix B: XPS deconvolutions for tannins-derived chemically

activated carbon materials.

8.2.1 XPS deconvolution for tannins-derived chemically activated carbon
materials.

Table 8-1 Relative atomic composition (at. %) of the deconvoluted C 1s for the chemical activated tannins-derived
carbon materials.

C ls?
Carbon sample Cepr Co Cs Ca Cororr
284.4 285.5 287.6 289.2 2904
TBC 73.3 21.1 4.7 0.9 -
TBC-KO 74.3 19.7 3.7 1.3 -
TBC-K0.3 63.8 25.3 8.6 2.3 -
TBC-KO0.6 64.5 24.4 8.8 2.2 -
TBC-K1.1 64.7 24.6 8.9 1.8 -
TBC-K1.9 63.5 26.2 8.7 1.6 -
TBC-K2.8 62.1 25.3 8.5 2.7 15
TBC-K3.6 62.4 26.6 7.8 2.0 1.3

a: Csp2: graphitic carbon with sp2 hybridization, C2: C-C sp3 carbon and C-O single bonds associated to ethers,
phenols and anhydrides; Cs: C=0 double bonds as in carbonyls and quinones; C4: C-O single bonds in carboxyls;
Cmr-*: HUMO-LUMO transitions associated to Csp? peak. HUMO-LUMO transitions associated to Csp? peak.

Table 8-2 Relative atomic composition (at. %) of the deconvoluted O 1s for the chemical activated tannins-derived
carbon materials.

O1lskt
Carbon sample 01 0> Os H.O
530.9 532.3 533.1 534.9
TBC 39.9 60.1 - -
TBC-KO 442 54.6 1.2 -
TBC-KO0.3 485 434 6.7 14
TBC-KO0.6 65.7 29.3 5.0 =
TBC-K1.1 65.6 28.8 5.6 -
TBC-K1.9 54.4 38.1 7.5 -
TBC-K2.8 43.6 50.0 6.4 -
TBC-K3.6 24.9 67.7 7.4 -
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b: O1: C=0 double bonds in quinone-type groups, and carbonyls, O2: -OH bonds in phenols, C-O-C ether groups
and C=0 bonds in ester and anhydride groups, Osz: C-O aromatics as in carboxylic acids, H20: chemisorbed
water.

8.2.2 XPS deconvolutions for doped tannins-derived carbon materials.

Table 8-3 Relative atomic composition (at. %) of the deconvoluted peaks of C 1s for doped tannins-derived
nanoporous carbons.

Cls?
Carbon sample Co Cespe Cz Cs Cs Cs Crm
283.5 284.4 285.5 286.4 287.6 289.2 291
THC800 N.D. 64.2 255 N.D. 0.8 6.3 3.2
THC800 1 N.D. 66.3 25.1 N.D. 0.7 5.7 2.3
THC800 2 N.D. 67.4 241 N.D. 0.9 54 2.3
THC800 4 N.D. 67.1 23.80 N.D. 0.8 54 2.9

a CD: carbon associated to defects like in five-member rings and/or to graphitic carbon nitrides, Csp2: graphitic
carbon, C2: carbon with sp3 hybridization, C3 : ether or hydroxyl bonded C, C bonded to nitrogen oxides, C4:
carbon in lactones, pyridones, C5: carboxylic acids, Cr-r*: HUMO-LUMO transitions associated to Csp? peak.

Table 8-4 Relative atomic composition (at. %) of the deconvoluted peaks of O 1s for tannins-derived carbons and
N-doped tannins-derived nanoporous carbons.

O 1s?
Carbon sample (O]} (O]} Os H-O
530.9 532.3 533.1 534.9
THC800 26.6 N.D. 66 7.4
THCS800 1 37.9 N.D. 49.6 12.5
THC800 2 30.3 N.D. 58.7 11.0
THC800 4 37.0 N.D. 56.2 6.8

201: C=0 double bonds as quinone-type groups, O2: C-O aliphatic as bonds in phenols, ether groups, Os: C-O
aromatics as in carboxylic acids, H20: chemisorbed water.
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Figure 8-2 XPS spectra for THC800 series: A) C 1s spectra, and B) O 1s spectra.
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Table 8-5 Relative atomic composition (at. %) of the deconvoluted peaks of C 1s for doped tannins-derived

nanoporous carbons.

139

Cls?

Carbon sample Co Csp2 C2 Cs Cs Cs Crm

283.5 284.4 285.5 286.4 287.6 289.2 291
THC800 N.D. 64.2 255 N.D. N.D. 0.8 3.2
N4THC800 5 55.1 19.7 115 3.6 3.1 1.9
N8THCB800 24 54.5 17.7 13.1 5 3.9 3.3
B4THC800 N.D. 66.1 23.9 N.D. 5.7 0.9 3.4
B8THCS800 N.D. 64.5 25.1 N.D. 7.4 11 1.9
THC800 4 N.D. 67.1 23.8 N.D. N.D. 0.8 3.2
N4THC800 4 55 56.5 15.5 13.7 3.4 29 25
N8THCS800 4 4.3 62.9 15.5 10.8 2.8 2.7 11
B4THCS800 4 N.D. 64.3 26.8 N.D. 54 1.0 25
B8THCS800 4 N.D. 66.9 255 N.D. 4.7 1.3 1.5

a CD: carbon associated to defects like in five-member rings and/or to graphitic carbon nitrides, Csp2: graphitic
carbon, C2: carbon with sp3 hybridization, C3: ether or hydroxyl bonded C, C bonded to nitrogen oxides, C4:

carbon in lactones, pyridones, C5: carboxylic acids, Ctr-*: HUMO-LUMO transitions associated to Csp? peak.
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Table 8-6 Relative atomic composition (at. %) of the deconvoluted peaks of O 1s and N 1s for tannins-derived
carbons and N-doped tannins-derived nanoporous carbons.

O 1s? N 1sb
Carbon sample O: 02 O3 N=0 H>O Ne Ns No N=0
530.9 5323 5331 534.1 534.9 398.3 400.2 401.2 402.9

THC800 26.6 N.D. 66 N.D. 7.4 N.D. N.D. N.D. N.D.
N4THC800 61.4 16.8 14.9 3.7 3.2 35.2 195 34.3 11.0
N8THCB800 57.9 18.8 13.9 5.3 4.1 32.9 30.3 27.6 9.2
N4THC800 4 61.4 16.8 14.9 3.7 3.2 35.2 19.5 34.3 11.0
N8THC800 4 66.4 16.4 11.4 3.0 2.9 32.6 24.0 30.1 13.2

a201: C=0 double bonds as quinone-type groups, Oz: C-O aliphatic as bonds in phenols, ether groups, Os: C-O
aromatics as in carboxylic acids, N=0O: oxygens bounded to nitrogen, H20: chemisorbed water. ® Ns: pyridinic
groups, Ns: pyrrole or pyridones groups, Nq: graphitic carbon nitrides, N=0O: nitrogen bonded to oxygens.

~—N4-THC800 ~—N4-THC800

—N4-THC800
——N4-THC800-1 A ~——N4-THC800-1

——N4-THC800-1 )

~——N4-THC800-2
N4-THC800-4

——N4-THC800-2 ~——N4-THC800-2
N4-THC800-4

N4-THC800-4

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

204 292 290 288 286 284 282 280 540 538 536 534 532 530 528 410 408 406 404 402 400 398 396
BE (eV) BE (eV) BE (eV)

Figure 8-3 XPS deconvolution for NATHCB800 series: A) C 1s spectra, B) O 1s spectra, and C) N 1s spectra.
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Table 8-7 Relative atomic composition (at. %) of the deconvoluted peaks of O 1s and B 1s for tannins-derived
carbons and B-doped tannins-derived nanoporous carbons.

O 1s? B 1sP

Carbon sample O (o)) O3 B-O H.0 BC,0O BCO;

530.9 5323 533.1 5315 534.9 190.1 192.1
THC800 26.6 N.D. 66 N.D. 7.4 N.D. N.D.
B4THCB800 29.9 62.1 N.D. 4.3 3.7 19.0 81.0
B8THC800 31.2 N.D. 59.9 N.D. 8.8 N.D. N.D.
B4THCS800 4 28.0 61.3 N.D. 10.7 N.D. 40.2 59.8
B8THCS800 4 49.7 N.D. 42.1 N.D. 8.1 N.D. N.D.

a201: C=0 double bonds as quinone-type groups, Oz: C-O aliphatic as bonds in phenols, ether groups, Os: C-O
aromatics as in carboxylic acids, B-O: oxygens bounded to nitrogen, H20: chemisorbed water, ®.
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Figure 8-4 XPS spectra for BATHC800 series: A) C 1s spectrum, B) O 1s spectrum, and C) B 1s spectrum.



8.2.3 XPS deconvolutions for N-doped tannins derived carbons materials.

Table 8-8 Relative atomic composition (at. %) of the deconvoluted peaks of C 1s for N-doped tannins-derived

nanoporous carbons.
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C 1s?

Carbon sample Co Csp? C> Cs Cs Cs Crm

283.5 284.4 285.5 286.4 287.6 289.2 201
N4THC800 5 55.1 19.7 11.5 3.6 3.1 1.9
N4THC800-1 8.2 56.9 15.2 12.1 2.1 35 2.1
N4THC800-2 3.9 55 16.6 15.8 2.6 3.9 2.2
N4THC800-4 55 56.5 15.5 13.7 3.4 2.9 25
N4THC900-1 15 60.6 16.5 12 3 3.6 2.8
N4THC900-1.5 0.7 61.1 18.1 9.4 4.1 3.6 3
N4THC900-2 1.2 58.3 15.6 12.2 4.2 4.3 4.3
N8THC800 2.4 54.5 17.7 13.1 5 3.9 3.3
N8THC800-1 2.7 57.3 17.8 10.6 4.7 3.7 3.2
N8THC800-2 2.8 56.6 20 10.3 4.4 3.4 2.5
N8THC800-4 4.3 62.9 15.5 10.8 2.8 2.7 1.1
N8THC900-1 2.4 60.5 16.4 10.6 35 3.8 2.9
N8THC900-1.5 2.7 61.2 15.2 11.1 3.3 3.7 2.8
N8THC900-2 2.1 57 17.1 11.2 4.7 4.2 3.7

a CD: carbon associated to defects like in five-member rings and/or to graphitic carbon nitrides, Csp2: graphitic

carbon, C2 : carbon with sp3 hybridization, C3 : ether or hydroxyl bonded C, C bonded to nitrogen oxides, C4:

carbon in lactones, pyridones, C5: carbo xylic acids, Cm-m*: HUMO-LUMO transitions associated to Csp? peak.
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Table 8-9 Relative atomic composition (at. %) of the deconvoluted peaks of O 1s and N 1s for tannins-derived

carbons and N-doped tannins-derived nanoporous carbons.

O 1s? N 1sP

Carbon sample O: 0, O3 N=0O H.O Ne Ns No N=0

530.9 5323 5331 534.1 5349 398.3 400.2 401.2 402.9
N4THCB800 59.2 21.2 12.4 3.9 3.3 31.3 24.2 33.6 11.0
N4THCB800-1 63.4 16.9 13.5 2.3 3.9 29.5 23.1 31.9 15.4
N4THCB800-2 58.6 17.7 16.8 2.8 4.2 32.9 28.2 294 9.4
N4THC800-4 61.4 16.8 14.9 3.7 3.2 35.2 19.5 34.3 11.0
N4THC900-1 63.3 17.2 12.5 3.1 3.8 34.0 24.7 30.8 10.5
N4THC900-1.5 63.4 18.8 9.8 4.3 3.7 33.6 29.3 25.7 11.3
N4THC900-2 61.6 16.5 12.9 4.4 4.5 34.6 20.2 324 12.7
N8THCB800 57.9 18.8 13.9 5.3 4.1 32.9 30.3 27.6 9.2
N8THCS800-1 60.9 18.9 11.3 5.0 3.9 30.8 25.2 31.5 12.6
N8THCB800-2 59.8 211 10.9 4.6 3.6 31.3 27.1 30.6 11.0
N8THCB800-4 66.4 16.4 11.4 3.0 2.9 32.6 24.0 30.1 13.2
N8THC900-1 63.8 17.3 11.2 3.7 4.0 28.9 25.0 31.2 14.9
N8THC900-1.5 64.8 16.1 11.7 3.5 3.9 335 25.1 31.0 10.3
N8THC900-2 60.5 18.2 11.9 5.0 4.5 37.3 25.6 25.7 11.3

201: C=0 double bonds as quinone-type groups, O2: C-O aliphatic as bonds in phenols, ether groups, Os: C-O
aromatics as in carboxylic acids, N=0O: oxygens bounded to nitrogen, H20: chemisorbed water. ® Ns: pyridinic

groups, Ns: pyrrole or pyridones groups, No: graphitic carbon nitrides, N=0: nitrogen bonded to oxygens.
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8.3 Appendix C: Nominal presence of the doping agent in the
hydrothermal carbonization of tannins.
The presence of the doping agent is calculated from their molecular weight. In the case of boron, the

reagent used is boric acid, which chemical formula is H3BOs3, considering the molecular weight of each

element is:

Mwy =1.008 u

Mwg =10.811u

Mw, =15.999 u

Thus, the molecular weight of the boric acid is 61.83 u, and the percentage by weight of boron in

boric acid is given by:

MWB

%Bu,p0, = - X 100 = 17.48% Eq. 8-1

WH3BO3

The masses of boric acid used are 0.500 and 0.250 g according to shown in Table 4-1, and the mass

of boron is calculated by:

mpg = mH3303 X %BH3BO3 Eq 8-2

Thus, the mass of boron used as doping agent are 8.74 g and 4.37 g, respectively. Additionally, using

the molecular weight of boron, it is possible to calculate the quantity of boron moles given by:

Ng = — Eq 8-3

Therefore, the nominal moles of boron in the aqueous solution used on the hydrothermal

carbonization step are 8.08 - 1073, and 4. 04 - 1073, respectively.

In the case of nitrogen, this is doped in the tannin matrix using an ammonia solution (NH.*OH") as

reagent. To compare the results obtained from both boron and nitrogen doped materials, the quantity
of nominal moles for each one is intended to be as similar as possible. In this case, a back forward

calculation is used to calculate the equivalent mass of the ammonia solution. Take into account that

the molecular weights of the elements present in the reagent are:

Mwy = 14.007 u
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Mwy, = 1.008 u
Mw, =15.999 u

Using the molecular weight of nitrogen, it is possible to calculate the mass of nitrogen given the

gquantity of moles:
mN = nB X MWN Eq 8'4

Given that the nitrogen moles intended to use are 8.08 - 1073, and 4.04 - 1073, so the mass of nitrogen
are 0.113 g and 0.057 g, respectively. Also, the molecular weight of the NH,7OH- is 35.046u, and the

percentage by weight of nitrogen is given by:

_MWN %100 = 39.97 % Eq. 8-5

%NNHIOH_ N MWy uton-

And the quantity of ammonia solution in mass are 0.283 and 0.146 g, respectively. Considering that
the ammonia solution concentration is 26.2 wt. %, according to the supplier, the quantities of ammonia
solution required are 1.08 and 0.557 g. Since the ammonia solution is easier and safer to handle by
volume than by weight, a lineal regression was made it to determine the volume of aqueous ammonia
solution. Based on the above, and due to the accurate of the micropipette, the volumes of ammonia
solution used were 1.3 mL and 0.65 mL, respectively. Recalculating the mass according to the
volumes used, the mass of reagent added were 1.09 g and 0.54 g, which in mass of NH+4 OH- are
0.285 and 0.142 g, respectively. Also, the quantities of nitrogen moles were 8.12 - 1072 and 4.06 -
1073, respectively. Beyond that, the summarize results of both boron and nitrogen nominal presence

are summarized in the

Table 8-10 Mass and moles of the reagent (r) and doping agent (DA) used in the HTC synthesis of doped tannins-
derived carbon materials

Code Reagent Presence [;%%irr:? Z;S (mTrlr:oI) T?é’)*‘ (rrr]lr?wﬁ) )
BSTHC HsBO3 (95_ g"\‘ﬂe{, ) ~ Boron 0.500 8.08 8.74 8.08
BATHC HsBOs (gg_ ‘;"\‘ﬁe[) ) ~ Boron 0.250 4.04 4.37 4.04
N8THC NH4*OH- (zg‘;"flv“tor; ) Nirogen  0.285 8.12 0.114 8.12
N4THC NH4*OH- (286(.)2|u\}\i/(t).[’]/0) Nitogen  0.142 4.06 0.057 4.06
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8.4 Appendix D: Cyclic voltammetry for tannins-derived carbon materials.
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Figure 8-5 Cyclic voltammograms at scan rate ranging from 5 mV s to 1 V s for N4ATHC carbon materials series

in 1M H2S04 as electrolyte.
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Figure 8-6 Cyclic voltammograms at scan rate ranging from 5 mV s to 1 V s for NSTHC carbon materials series
in 1M H2S04 as electrolyte.
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8.5 Appendix E: Galvanostatic charge-discharge curves.
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Figure 8-7 Charge-discharge curves for THC800-4 at specific current from 0.2 A g to 40 A g* (blue line) and
estimated slope at discharge curve to estimate capacitance (red line).
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Figure 8-8 Charge-discharge curves for BATHC800-4 at specific current from 0.2 A g to 40 A g (blue line) and
estimated slope at discharge curve to estimate capacitance (red line).
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Figure 8-9 Charge-discharge curves for BSTHC800-4 at specific current from 0.2 A g to 40 A g* (blue line) and
estimated slope at discharge curve to estimate capacitance (red line).

0.2 A 0.5 A 1A A an 5 A BA
Lo 10 10 10 10 10 Lo
o8 08 08 08 08 oB 08
o6 3 06 08 06 o6 06
04 04 LX] 04 01 o4 a4
0z 0z 0.2 02 02 02 02
oo 0o 0.0 oo 0o oo 0o
[ 0 400 ] 100 w0 50 w0 0 20 40 o it 20 o 3 w1 0 H 10
10 A 154 20 A 254 30 A 35 A 404
Lo 10 10 10 10 10 Lo
os na 08 0a 08 08 08
06 06 05 06 06 06 06
04 04 04 04 0a 04 04
02 02 0.2 02 02 02 02
oo 0o 0.0 0o 0o 0.0 00
ap 25 50 7S ] 2 [ 2 ] 1 2 [ 1 00 03 L0 15 00 0.5

Figure 8-10 Charge-discharge curves for N8THC800 at specific current from 0.2 A g* to 40 A g (blue line) and
estimated slope ofdischarge curve to estimate capacitance (red line).
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Figure 8-11 Charge-discharge curves for N8STHC800-4 at specific current from 0.2 to 40 A g (blue line) and
estimated slope of discharge curve to estimate capacitance (red line).
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Figure 8-12 Charge-discharge curves for N8THC900-2 at specific current from 0.2 to 40 A g (blue line) and
estimated slope of discharge curve to estimate capacitance (red line).
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Figure 8-13 Charge-discharge curves for NATHC800 at specific current from 0.2 to 40 A g (blue line) and
estimated slope of discharge curve to estimate capacitance (red line).
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Figure 8-14 Charge-discharge curves for NATHC800-4 at specific current from 0.2 to 40 A g (blue line) and
estimated slope of discharge curve to estimate capacitance (red line).
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Figure 8-15 Charge-discharge curves for NATHC900-2 at specific current from 0.2 to 40 A g (blue line) and

estimated slope of discharge curve to estimate capacitance (red line).
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