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Abstract

Hierarchical porous carbons (HPC) were fabricated from lignin by hard template method using
Beta and Y zeolites as templates. Textural properties were dictated by the hard template,
obtaining a bi-modal pore size distribution with similar micropore sizes but different mesopore
sizes. These HPCs provide a well-connected and developed porosity that show capacitance
values near to 140 F gt in 1 M H,SOs at 1 A g* and a capacitance retention of ca. 50% and 40%
when the specific current is increased from 1 to 64 A g for the Y and the Beta-based carbons,
respectively. A symmetric capacitor working at 1.2 V with energy densities of 4.8 Wh kg™ at 0.5
kKW kg has been obtained using the Beta-based HPC. Asymmetric in mass design allowed to
operate the capacitor safely at 1.4 V, yielding an energy density of 7.3 Wh kg at 0.5 kW kg, a
increase of 50% with respect to the symmetric configuration, while keeping a maximum power
of 46 kW kg®. This capacitor has an energy density comparable to that of a symmetric
supercapacitor built using a commercial activated carbon of much higher porosity development,

outperforming it in terms of energy, coulombic efficiencies and maximum power.
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Highlights

e Green supercapacitors constructed with lignin-based HPC in aqueous electrolyte
e Asymmetric design allowed to safely expand the voltage to 1.4V
e Performance comparable to commercial activated carbon in spite of its lower porosity

e Higher power densities can be achieved with the HPC compared to commercial AC



1. Introduction

The ever increasing energy demand along with the environmental concerns of our society have
generated a need for new and more sustainable techniques, devices and materials for the
production and storage of energy. In the field of supercapacitors, carbon materials have taken the
role as electrode materials due to the combination of excellent performance (high electrical
conductivity, high surface area and pore volume) and electrochemical stability with a reduced

production cost.

Supercapacitors are of high interest since their features complement other energy production and
storage devices, such as batteries and fuel cells. Their most relevant parameter is the power
density, which allows them to serve in power-demanding applications where other devices
cannot be employed, such as consumer electronics, electric vehicles and power management [1].
The high power density of supercapacitor arises from their energy storage mechanism, which is
based in the electrostatic interaction between the polarized surface of the porous carbon electrode
and the ions of the electrical double layer formed in the electrode-liquid interface [2]. When
increasing the sustainability and safety and reducing the toxicity of supercapacitors by using
greener materials for electrodes (as sustainable carbon materials) and electrolytes (i.e. aqueous-
based electrolytes), it is mandatory to preserve the power characteristics of these devices, while

increasing as much as possible the energy density of the novel systems.

For keeping a high power density, it is necessary to combine a carbon material of high electrical
conductivity and good ion transport through the pore network with an electrolyte of high ionic
conductivity. Aqueous-based electrolytes are the best suited in this sense, although their small
stability potential window have traditionally hampered their use, since it reduces the energy
density of the cell. Recently, it has been shown that the stability of the potential window of
aqueous electrolytes can be expanded by modifying the surface chemistry of the porous carbon
electrodes [3-8]. Another strategy for increasing the voltage of aqueous-based electrolytes is the
use of asymmetric configuration in mass electrodes [9], being optimized from the balance of
charge by using the maximum allowable potential window of each electrode [10]. Its
implementation has allowed to reach cell voltages as high as 1.9V in aqueous-based electrolyte



[11], being highly helpful for the development of more sustainable supercapacitor devices based

on greener electrolytes and carbon materials.

On the material side, the power characteristic of the materials is also connected to the electrical
conductivity and the ion mobility in the pore network [1,12,13]. The use of zeolite templated
carbons, which are hard templated carbon materials obtained as the negative replica of a parent
zeolite infiltrated with a carbon precursor [14,15], has proven that an ordered arrangement of
highly interconnected pores leads to enhanced capacitance retention under high power
demanding conditions [16]. A direct comparison between the electrochemical performance of the
highly microporous Maxsorb and activated ordered mesoporous carbon demonstrated that the
presence of mesopores in the pore size distribution also contributes to promote the capacitance
retention of the electrodes, since it facilitates the use of the surface of the micropores [17]. As for
the arrangement of porosity, hierarchical porous carbons, where pores with different sizes are
spatially ordered in the structure of the carbon material, have demonstrated that the presence of
mesopore reservoirs connected to the micropores allow fast and smooth ion diffusion between
micropores and mesopores, delivering an improved capacitance retention compared to other

carbon materials with meso and micropores that are disordered [18].

Finally, the production of carbon materials from green, renewable and sustainable sources is of
high interest [19]. In this sense, the use of lignocellulosic raw materials or processed fractions for
the synthesis of porous carbon materials is straightforward, and lignin is one of the better placed
materials for fulfilling that purpose [20]. Thanks to its low cost, high carbon content and high
aromaticity, the use of lignin as raw material for the preparation of advanced carbon materials
has been in the focus of the scientific community for a long time, and since the rise of the wood-
to-ethanol bio-refineries, where lignin is also obtained as a by-product in large amounts, the
development of novel value-added products from lignin has been invigorated [21]. It has been
profited in the past for the production of activated carbons [22,23], high temperature carbons
[24], carbon fibers [25,26], electrospun carbon fibers [27,28] and porous carbon electrodes [29].
In the supercapacitor field, lignin-based porous carbons [30-34] and electrospun fibers [35-37]
have already been utilized as sustainable carbon electrodes.



We have recently reported that hierarchical porous carbons (HPCs) can be obtained through a
hard template method upon carbonization of organosolv lignin-zeolite mixtures [38,39]. To our
knowledge, there are only two studies in the literature dealing with the production of HPCs from
lignin for supercapacitor applications, and both of them relies on the use of KOH as activating
agent in order to promote porosity [33,34]. Contrarily, our lignin-based HPCs were produced by
direct carbonization of the lignin-zeolite mixtures, without requiring any other activating agent
than the hard template. Moreover, these materials showed interesting electrochemical behavior in
1M HSOs, obtaining in some cases capacitances over 250 F g at 50 mA g™. Thanks to the
presence of mesopores connected to the micropore network, these capacitance values were well
retained when the current density was increased up to 20 A g (capacitance retention higher than
50% without discounting the ohmic drop). In this work, we propose to combine the use of lignin-
based HPCs with the asymmetric in mass design in order to build more sustainable
supercapacitor cells in an agueous-based electrolyte with superior performance. The performance
and durability of the obtained supercapacitors is reported. Further comparison with a symmetric
supercapacitor assembled with a commercial activated carbon used for capacitors preparation has
been also detailed.

2. Experimental

2.1. Materials and preparation of lignin-based HPCs

Alcell Lignin, provided by Repar Technologies Inc., has been used as the carbon precursor. The
Alcell process is one of the most utilized of the organosolv category, and allows the recovery of
a high purity lignin, which only contains a small amount of inorganic compounds, through the
use of a more environmental friendly pulping process[20]. Zeolite Y (CBV 300) and Zeolite
(CP 814 E) in ammonium form have been acquired from Zeolyst International Company (PA,
USA) and used as received as the hard templates. The preparation process of the HPCs has been
carried out following the protocol derived by Valero-Romero et al. [38]. Briefly, it implies three
steps. First, lignin has been solved in ethanol, and the zeolite has been added to the solution
using a 1:1 lignin to zeolite weight ratio. The mixture has been stirred for 1 h and dried at 60 °C
for one day. Secondly, carbonization of the mixture was carried out at 900 °C for 2 h under
continuous N2 flow (150 cm® STP/min). Finally, the zeolite template has been removed by

refluxing the carbonized mixture in sodium hydroxide 1M for 6-24h, washed with distilled water



and dried at 120 °C overnight. Samples were manually milled and sieved under 50 microns size.
The obtained HPCs have been named L-Y-900 (HPC obtained using Y-zeolite as hard template)
and L-B-900 (HPC obtained using B zeolite as hard template). The preparation yields are 45 %
and 35 % for Y and B-based hierarchical porous carbons, respectively. Ash content lower than
0.5 % has been found in these materials. The main elements found by XPS over the surface of
these materials were carbon and oxygen with mass surface concentrations of around 84-86% and
12-15%, respectively, followed by small amounts of nitrogen, 1-2%. Aluminum and silicon were
detected in quantities lower than 0.5%.

A commercial activated carbon was used in the construction of supercapacitor cells for

comparison purposes (sample ACIM).
2.2.Physicochemical and electrochemical characterization of the electrodes.

The textural properties of the HPCs have been evaluated by nitrogen adsorption-desorption
isotherms at -196 °C using an automatic adsorption system (Autosorb-6b, Quantrachrome) after
out-gassing the samples under vacuum at 200°C for 4 h. Specific surface areas (Sger, m? g!)
have been determined by BET method in the relative pressure range of 0.05-0.16. Micropore
volumes (pore sizes below 2nm, Vpr, cm® g') have been assessed by applying the Dubinin-
Radushkevich theory to the N> adsorption isotherm in range of relative pressures 0.005< P/Po <
0.05. Mesopore volumes (Vmeso, cm® g'!) have been determined by difference between the
amount of adsorbed nitrogen at relative pressures of 0.20 and 0.95. The pore size distribution for
both samples has been calculated from the N> adsorption isotherms using the 2D-NLDFT
Heterogeneous surface model [40] and by applying the Solution of Adsorption Integral Equation
Using Splines (SAIEUS, available online at http://www.nldft.com/) Software.

The surface chemistry of the samples has been analyzed by Temperature-Programmed-
Desorption (TPD) experiments, which have been performed heating a small amount (~10 mg) of
sample in a TGA-DSC instrument (TA Instruments, SDT Q600) at 20 °C min™' up to 900 °C
under a helium flow rate of 100 mL min'. The evolved gases were assessed by a mass
spectrometer (Thermostar, Balzers, BSC 200) that is coupled to the gas outlet of the TG
instrument. The calibration of the equipment for H>O, CO and CO, evolutions has been done

using the decomposition of a calcium oxalate (99.999%, Sigma-Aldrich) standard.



Carbon electrodes have been prepared by physical mixing for 30 minutes of the HPCs with
acetylene black and polytetrafluoroethylene (PTFE) in a weight ratio of 90:5:5. For shaping the
electrodes, a sample sheet of 6-8 mg (active material) has been cut into a circular shape with a
surface area of 0.67 cm? and pressed for 5 min at 2 tons to guarantee a homogeneous thickness.
After that, the electrodes have been tightly pressed onto a gold disk used as current collector for
the electrochemical characterization in a three electrode cell. The electrodes have been
submerged for 2 days into IM H»SO4 previously to electrochemical measurements. The
electrochemical behavior of the HPCs electrodes in 1M H>SO4 has been assessed in a three
electrode T-type Swagelock cell. A nylon membrane has been used as separator between the
electrodes. A commercial activated carbon has been used as counter electrode. An Ag/AgCl/Cl
(sat.) electrode has been used as reference electrode. Cyclic Voltammetry (CV) at 5 mV s! has
been employed for assessing the electrochemical stability of the electrodes, while Galvanostatic
Charge-Discharge (GCD) experiments at different specific currents have allowed to determine

the capacitance of the HPC carbon electrodes.
2.3. Construction of supercapacitor cells

The electrochemical performance of symmetric and asymmetric HPC capacitors has been
analyzed by using Swagelock two-electrode cells with stainless steel as current collectors
(surface area of 0.196 cm?) in 1M H,SOs solution. The carbon electrodes have been prepared
following the protocol described in section 2.2, and have been attached to the current collectors
using a conducting adhesive (colloidal graphite suspension, Hitasol GA—715, Hitachi Chemical
Co., Ltd.). The commercial activated carbon (ACJM) has been also employed as carbon
electrode for the construction of symmetric capacitors for comparison purposes. All these
capacitors have been tested using an Arbin SCTS instrument by galvanostatic charge-discharge
cycles at different specific currents between 0.5 and 64 A g*. A Swagelock three-electrode cell
equipped with an Ag/AgCl/Cl (sat.) reference electrode has been used for tracking separately the
potential of the each electrode during these experiments (positive and negative one). The specific
capacitance of the 2-electrode cells was estimated from the discharge cycle in the
chronopotentiometric experiments and was referred to the total weight of the active material of
both electrodes. The energy density was determined from the area below the U vs Q discharge

curve, while the power density results from dividing the energy density by the discharge time.



Coulombic efficiencies are determined as the ratio between the discharge and charge times,
while energy efficiencies are evaluated as the ratio between the discharge and charge energies.
The cell resistances have been evaluated using electrochemical impedance spectroscopy (EIS) in
an Autolab PGSTAT302. Impedance spectra were measured at 0.05V in the frequency range of

10mHz to 100kHz with an amplitude for the voltage signal of 10mV (root-mean-square).

3. Results and Discussion
3.1. Characterization of HPCs

HPCs have been prepared from lignin following the protocol detailed elsewhere [38]. After
mixing lignin and zeolites and the carbonization of the resulting mixture, zeolite was removed
using a washing step in NaOH. Particles of L-Y-900 inherited the size and morphology of Y
zeolite crystals. In the case of Beta zeolite, particles are composed of nanocrystals of about 17
nm which are aggregated in a manner that retains intercrystalline mesopores of around 10-50 nm
diameters. Thus, lignin may not only infiltrate the zeolite micropores, but also deposit or cover
the zeolite external surface (i.e., the mesopore wall surface), resulting in hierarchical porous
carbons after carbonization and removal of the zeolite template. TEM images in ref. [38] show
that HPCs present two well-differentiated structures: a dense and compact structure forming the
external boundary of the carbon particles mainly composed of pyrolytic carbon and a less dense
and less ordered structure constituting the inner part of the carbon particle. Mesopores of sizes
between 10 and 50 nm can be found in the case of L-B-900, while mesopores of much smaller
size, 3 to 5 nm, are seen in the bulk of the carbon particles for L-Y-900. In both cases,
micropores are located in the disordered structure that is seen around mesoporosity, rendering a

highly interconnected and hierarchically arranged porosity.

Fig. 1A shows the nitrogen adsorption-desorption isotherms of the L-Y-900 and L-B-900 HPCs
in powder form, and Fig. 1B compiles the derived NLDFT pore size distribution (PSD) of both
samples. It can be clearly seen that the structure of the hard template has a strong influence on
the porosity of the resulting HPC. Those obtained using Y-zeolite have a nitrogen isotherm with
a high gas uptake at low relative pressure, small slope in the intermediate region and a small
hysteresis loop that closes at a relative pressure of 0.4, pointing out the predominance of
micropores with a small contribution of mesoporosity in this sample. On the other hand, the L-B-

900 showed a steeper nitrogen adsorption isotherm than L-Y-900 and a large hysteresis loop at
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relative pressures of 0.7-0.9, indicative of a material with a large contribution of both micropores
and mesopores. The shape of the nitrogen adsorption isotherm for the commercial activated
carbon ACJM shows that it is mainly microporous. The pore size distributions confirm these
comments, and have revealed that, while both HPCs have a similar amount of micropores and of
similar sizes (see inset of Fig. 1B), the mesoporosity is very different. L-Y-900 contains narrow
mesoporosity that mostly falls in the 2-6 nm region, whereas the mesoporosity of L-B-900 is
much wider in size and in volume, with a well-defined size distribution that ranges between 7
and 24 nm, showing a clear maximum at 13 nm. It also presents a small contribution of narrow
mesoporosity in the surroundings of 4 nm. ACJM has most of the pore size distribution centered
in the microporosity region, keeping 95% of its pore volume restricted to pore sizes below 2 nm.
Table 1 compiles the textural properties derived from the nitrogen adsorption isotherms. Both
the micropore and mesopore volumes of L-B-900 surpass those of L-Y-900, while the
differences between the specific surface areas are smaller, with L-B-900 showing the highest
specific surface area. These results are in agreement with the results obtained in previous works
for the preparation of lignin-based HPCs [38,39], where a detailed discussion regarding the
differences in the origin of the mesopores of these samples is provided. As discussed before,
ACJIM doubles both the surface area and pore volume of L-B-900, but lacks of any relevant

contribution of mesopores when compared with the HPCs materials.

In a previous work, it was found that the lignin-based HPCs showed a rich surface chemistry
with a high oxygen and nitrogen concentration that originates from both the dehydroxilation and
the transference of nitrogen from the ammonium cations of the zeolites to the HPC [39]. In the
case of the materials prepared in this work, the main elements found by XPS over the surface of
these materials were carbon and oxygen with weight surface concentrations of around 82% and
15%, respectively. Nitrogen was also detected, mainly, in that material derived from Y zeolite
(2% vs 1% in the case of B zeolite), which we have related to the higher ammonium content of
this zeolite. Other elements such as aluminum and silicon were detected at very low
concentrations (less than 1%), which indicates the success of the demineralization and washing
step. Some of these surface groups are of great interest, since they deliver pseudocapacitance and
wettability to the surface of carbon materials [41,42], rendering interesting features from the
electrochemical point of view. Therefore, the surface oxygen groups over the surface of the

HPCs and the commercial ACJM carbon have been studied by CO and CO, TPD experiments
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(Fig. S1). These profiles are related to the decomposition of surface oxygen groups, and reveal
both their nature and their amount [43,44]. The total amount of evolved CO and CO; gases and
the equivalent oxygen amount (estimated as CO+2-COy) are enlisted in Table 1. It can be seen
that the use of Y-zeolite produced a larger amount of oxygen functionalities. This difference
arises from the higher amount of hydroxyls, quinones and carboxylic acids formed in L-Y-900,
which seems to be connected to the structure of the hard template. The large reactivity towards
oxygen (and hence the tendency to form surface oxygen groups) of zeolite templated carbons
prepared using Y-zeolite has already been reported in the literature [45]. The CO profile for L-
Y-900 exhibits a high CO evolution at high temperatures, which indicates the presence of highly
stable CO-type groups. The commercial activated carbon has a similar oxygen content than L-Y-
900 but with a different distribution of functionalities, especially for the CO-type. It also has a
higher oxygen content than L-B-900. However, when the concentration of surface oxygen groups
is expressed in terms of surface area, the commercial activated carbon and L-B-900 have a
similar amount of oxygen in their surface, around 1 pmol O m™, which points out that both
materials have a similar degree of oxidation, while it is much higher for L-Y-900 (3.4 pmol O m"
2),
3.2.Electrochemical characterization of HPCs

3.2.1. Cyclic voltammetry.

As aforementioned, both HPC were characterized in a three-electrode cell by cyclic
voltammetry. Firstly, a study of the stability potential window was performed in order to
determine the upper and lower potential limits, which play a key role in the design of the
asymmetric capacitor. It is noteworthy to mention that L-Y-900 is easily electrooxidized when it
is polarized at positive potentials due to the presence of highly reactive edges sites on its
structure [39], and therefore all L-Y-900 electrodes have been submitted to an electrochemical
oxidation treatment consisting in 4 scans at 5 mV s from Eocp to 1.0 V in order to stabilize their
response before being characterized or mounted as electrode of a supercapacitor cell.

Regarding L-Y-900 sample, Fig. 2A presents a collection of steady voltammograms in acid
medium from the Eocp (0.27 vs Ag/AgCI) where the potential limits have been step-wise opened
towards more positive or less positive potential values. On the one hand, the voltammograms

recorded from the Eocp down to -0.2 V show a quasi-rectangular shape with some
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pseudocapacitance contribution in the region close to the Eocp. The pseudocapacitive behavior of
these samples in this potential range (between 0.27 and -0.2V) arises from redox processes
associated to the presence of CO-evolving oxygen groups [41]. It was also found that small
irreversible currents were registered when the potential window was opened down to -0.4 V,
being probably related to the irreversible electrochemical reduction of carbon materials [46] or to
the hydrogen evolution reaction. The gravimetric capacitance determined from the negative and
positive scan also starts to be unbalanced when the potential reaches values lower than -0.4 V
(i.e., coulombic efficiency is 99% at -0.3 V, 98 % at -0.4 V and 91% at -0.5V). For this reason,
the lower potential limit of stability of L-Y-900 is determined as -0.4 V. On the other hand, the
effect of the upper potential limit shows a rather different behavior. Instead of displaying the
rectangular shape characteristic of pure capacitive electric storage, a broad peak attributable to
reversible redox process appears close to 0.4 V. They are also related to the presence of a high
concentration of surface oxygen groups that evolve as CO during TPD (Table 1). These groups
have been regarded as electroactive (like in the case of quinone/hydroquinone redox pair) and
can be reversibly oxidized and reduced, thus storing energy through pseudocapacitance [41]. The
voltammogram shapes recorded for L-Y-900 resembles those reported for other porous carbons
prepared using the same zeolite as template [47,48]. The oxidation current registered near 1.1V
can be related to water oxidation and the electrochemical oxidation of the carbon material. Then,

the upper potential limit of stability for this carbon material is determined as 1.0 V.

Concerning the L-B-900 sample, the same procedure was used to study the stability in order to
properly design an asymmetric capacitor. Fig. 2B shows the steady voltammograms for L-B-900
sample when opening the potential windows on the more positive potentials and the less positive
potentials from the open circuit potential (Eocp=0.31 V). It can be seen that the electrochemical
behavior is different to that of L-Y-900 sample. The contribution of the pseudocapacitance is
much lower in this material, which can be related to the lower amount of CO-type surface
oxygen groups, as discussed in section 3.1. The shape of the voltammograms is more rectangular
in all the studied potential ranges for this carbon material. As for the potential limits for the
design of the asymmetric capacitor, they were set to -0.5 V for the lower potential limit and 1.0
V for the upper potential limit, since the coulombic efficiencies in these limits are over 95 % for
both of them.
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Specific capacitance for each carbon material has been determined at different potential ranges
and compiled in Fig. 2C and D. It can be seen that capacitance obtained from the
voltammograms diminishes with the upper potential limit for L-Y-900 electrode although for L-
B-900 it increases for the highest potential used due to the higher oxidation current observed for
this material. This decrease in capacitance for L-Y-900 with the upper potential limit, which is
due to the large amount of surface oxygen groups, is expected to be negative for the
supercapacitor performance and stability [49,50]. Moreover, it can be seen that the capacitance,
and therefore the stored charge, for the more positive potential range is higher for the L-B-900
material, indicating that this sample could be more suitable than L-Y-900 to maximize the

storage in the capacitor.

For the asymmetric design, since capacitance values are clearly dependent on the potential for
these materials, the gravimetric capacitance of the electrode will rely on the working potential
range, and this fact must be adequately addressed during the characterization and when
estimating the optimum mass ratio of the electrodes. In view of the above electrochemical
characterization, a suitable upper potential limit to design the asymmetric capacitor based on
HPC samples would be 1.0 V.

3.2.2. Capacitance determination and rate performance

One of the most important issues to consider in the design of a reliable capacitor is the accurate
determination of the gravimetric capacitance for positive and negative electrodes. These
capacitances should be determined in the potential windows ranging from the Eocp to the upper
potential limit for the positive electrode, while for the negative one it should be calculated
between Eocp and the lower potential limit. In this study, galvanostatic charge-discharge
experiments have been used. Fig. 3A shows GCD curves for both samples ranging from Eocp up
to 1.0 V. A quasi-triangular shape can be observed for L-B-900 sample, which indicates that
charge-discharge processes are mainly attributed to capacitive process, while L-Y-900 shape
shows a strong deviation due to pseudocapacitive processes related to surface oxygen groups
(Table 1). Furthermore, the ohmic drop for both samples is relatively low at 2 A g*. Therefore,
it can be said that these HPCs have a suitable connectivity between pores, since the ion diffusion

seems not to be hindered and the electric double layer formation is facilitated. Regarding the
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potential window for the negative electrodes (Fig. 3B), GCD curves exhibit the same shape in
the case of L-B-900 sample. However, L-Y-900 sample no longer shows a distorted triangular
shape. At this point, it can be said that the capacitance contribution of surface oxygen groups is
not important for the negative electrode.

Fig. 4 shows the evolution of the specific capacitance with the current density for both samples
and for the two potential windows studied. It can be observed that all samples present good
capacitance retention values at high current densities for both the positive and negative potential
windows. These values are comparable to those found in the literature. L-B-900 sample shows a
better performance than L-Y-900, which could be due to the more difficult ion diffusion inside
the porosity for L-Y-900 than L-B-900, which is in agreement with the highest mesopore volume
for sample L-B-900 (Table 1).

3.3.Construction and characterization of lignin-based HPC capacitors

3.3.1. Symmetric capacitors

The most conventional design implies that both electrodes of the capacitor are constructed using
the same electrode thickness what means the same specific weight (mg cm™). For the first
comparison of the performance of HPCs and the commercial activated carbon ACJM, symmetric
cells were constructed. Specific weights of 7.3 and 6.7 mg cm? for each electrode were
employed in the formulation of the L-Y-900 and the L-B-900 capacitors. Since this parameter is
directly related to the electrode thickness, which has a relevant impact in the performance of the
capacitor [51], these values have been chosen in order to ensure that the thickness of the HPC
electrodes are comparable between capacitors (160 and 180 um for the L-Y-900 and L-B-900,
respectively) and also in the same range that is used in commercial cells. The ACJM capacitor
has been constructed similarly: 7.0 mg cm of specific weight of the electrode and thickness of
150 pm.

After the capacitor construction, all the cells were submitted to charge-discharge experiments at
different constant current from 1 to 64 A g™. Two hundred cycles were recorded at each specific
current for ensuring a stable response of the capacitor. This characterization protocol was
repeated while the cut-off voltage was sequentially opened from 0.8 up to 1.2 V. Fig. 5 compiles,
as an example, the GCD profiles (cycle 195" with specific current of 1 A g* for the three

symmetric capacitors working at cut-off voltages from 0.8V up to 1.2 V. It can be seen that
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different behaviors are obtained for L-B-900 and L-Y-900 capacitors. L-B-900 capacitor
produces triangular charge-discharge profiles which are characteristic of pure capacitive systems
with voltage-independent capacitance, whereas the capacitance of L-Y-900 is strongly related to
the voltage, due to the large contribution of redox reactions to the overall capacitance of the
carbon material in the positive electrode. Moreover, the capacitance and electrochemical
behavior of the L-B-900 capacitor remains stable when the cut-off potential is increased from 0.8
up to 1.2 V, a feature that is not observed in the case of L-Y-900. ACJM capacitor has a similar
behavior to L-B-900, although a small faradaic contribution is detected at 1.2 V (see the small
deviation of the linearity on the upper end of the charge curve at 1.2 V), a finding probably
related to undesired reactions of either the electrode or the electrolyte. Capacitances at 1.2 V can
be calculated from the discharge branch of the GCD experiments at 1 A g, being 56 F g%, 29 F
gl and 22 F g! for the ACIJM, the L-B-900 and the L-Y-900 capacitors, respectively. As
expected, ACIJM outperforms the HPCs due to its larger surface area (Table 1).

The cell resistances have been evaluated by EIS measurements. Fig. 5D presents the Nyquist plot
of the three capacitors. A low and fairly similar values for the resistance associated to the
construction of the cell (first intercept on the Z’axis) are observed in all cases (around 0.61-0.65
Q at 100 kHz), reflecting the high conductivity of the whole cell, including that of the electrode
materials, while some differences were found in the diameters of the semicircle between the
HPCs and the commercial activated carbon (see inset in Fig. 5D), being higher in the latter case.
In electric double layer capacitors, the size of the semicircle is related to the resistance of charge
transfer through the grain-boundaries at the rough electrode-electrolyte interface [52] that allows
dielectric polarization of the solution [53]. Then, it will be influenced by the continuity,
connectivity and porosity of the electrode [54]. Since the three electrodes share the same
formulation and preparation procedure, the lower diameter of the semicircle in the case of HPCs
is indicative of a better electrical conductivity and charge propagation, that may be associated to
the suitable properties of lignin as carbon material to produce ordered structures [36] and to the
interconnected porosity. Higher differences are observed in the Equivalent Distributed
Resistance (EDR), in the high-medium frequencies region, between the HPCs and ACIJM
capacitors. EDR is related to the electrolyte resistance within the pore system of carbon materials
[53], where the ion diffusion time constants associated to different pore sizes, pore shapes and

tortuosity in the pore network can be modelled as a series of electrical resistances that connects
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the capacitance associated to each pore [54]. This resistance is reflected in the Nyquist plot as
the 45° slope line that runs from the end of the semicircle to the beginning of the vertical line
associated to pure capacitive charge of the capacitor, Fig. 5D (inset). EDRs of 0.38, 0.69 and
4.82 ohms have been measured for L-Y-900, L-B-900 and ACJM, respectively, pointing out the
huge impact in the cell resistance (which is the sum of all the mentioned resistances) of an
improved pore connectivity, as well as the importance of the presence of mesoporosity close to

the microporosity that can act as ion reservoirs.

The impact of the lower resistance of the HPC electrodes in the performance of the capacitor was
evaluated by estimation of the relationship between energy and power of the capacitors. Fig. 6
presents the Ragone plots of the symmetric cells. It can be seen that ACIM has a better
performance in terms of energy when the capacitor works at low power demand (9.9 Wh kg™ at
0.53 kW kg* for ACIM vs 2.9 and 4.8 Wh kg at same power for the HPCs). This difference is
notoriously reduced when a higher power output is demanded. The better energy retention
response of HPCs is based on the higher capacitance retention (48 and 44% for L-Y-900 and L-
B-900 and only 23% for ACJM when increasing the specific current from 1 to 64 A g™,
highlighting the benefits of the hierarchical porosity of these carbon materials. In this sense, the
energy delivered by HPC-based devices are higher than that of ACIM for fast discharge times

(less than one second, Fig. 6).

3.3.2. Design of the asymmetric capacitors

The electrochemical characterization (Section 3.2) revealed that HPCs could safely operate at
loading voltages of 1.4 V for L-Y-900 and 1.5 V in the case of L-B-900. For ensuring that the
capacitor cell will be safely working at such high voltage, it will be necessary to optimize the
mass ratio between the electrodes in order to improve their performance [10,11].

Electrochemical stable potential windows were determined for both electrodes, with the selected
windows being shown in Fig. S2, and then, the capacitance values were obtained from GCD
curves at 2 A g that were measured on the same positive and negative electrode potential
windows (Fig. 4). By equating the charge of both electrodes and fixing the potential windows of

both electrodes, Equation 1 allowed to determine the optimized mass ratio of the electrodes.
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w,/w_=Csp_-|AU_|/(Csp, - AU,) 1)

Were w. corresponds to the mass of the positive electrode, w. corresponds to the mass of the
negative electrode, Csp. and Csp+ correspond to the capacitance measured in the positive voltage
of operation of the negative electrode and positive electrode respectively, and AU. and AU.

correspond to the potential interval of the positive electrode and negative electrode respectively.

Capacitance values for L-Y-900 (+) and L-Y-900(-) calculated between 0.27V and 1.0 V and
between -0.4V and 0.27 V were 98 F g and 112 F g, respectively. Using these data and the
Equation 1, an optimized mass ratio of 1.60 (m+/m.) was obtained and used in the construction
of the L-Y-900 asymmetric capacitor. Concerning the asymmetric capacitor based on L-B-900,
the same procedure was used to get the mass ratio in the design of the capacitor. Capacitance
values of 131 F g and 137 F g were determined between 0.31V and 1.0 V and between -0.5V
and 0.31 V, respectively. The asymmetric L-B-900 capacitor was then assembled with the
optimized mass ratio of 1.25. Fig. 7 provides evidences of the electrochemical stability of the
asymmetric capacitors. The CVs recorded with increasing cut-off voltages barely reveals the
appearance of faradaic currents at the upper limits of the CVs, being only relevant at 1.5V in L-
B-900 capacitor (red line, Fig. 7A). Coulombic efficiencies of 98, 98 and 97% were registered at
1.2, 1.4 and 1.5V, respectively, demonstrating a good stability of the asymmetric capacitor.
Gravimetric capacitance increased with voltage from 26 to 28 and finally 30 F g*. This increase
can be connected to the electrochemical hydrogen storage on the negative electrode, which
caused a noticeable increment in capacitance when the potential of the electrode reaches values
close to -0.5 V, Fig. 2. In the case of L-Y-900, the CV (Fig. 7B) demonstrated a negative
relationship between the cut-off voltage and the capacitance (values of 25, 24 and 22 F g at 1.0,
1.2 and 1.4 V, respectively) due to the decrease in capacitance of the positive electrode, a feature
previously shown in Fig. 2. A good stability of the asymmetric capacitor has been also achieved

in this case, with the coulombic efficiency being higher than 97% at 1.4V.

The high stabilities of the capacitors are justified by the careful design of the system that allows
to control the potential windows for each electrode, as pointed out in Fig. 7. It can be seen that
the electrodes were indeed working very close to the intended potential intervals, with a
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deviation of 30 mV towards less positive potentials in the case of L-B-900 (Fig. 7A), and

towards more positive potentials in the case of L-Y-900 (Fig. 7B).

The performance of the asymmetric configuration is compared to the symmetric L-B-900
capacitor and also to that of the symmetric commercial activated carbon capacitor, ACJM, in
Table 2. The parameters listed in the table have been measured at constant power (1.3 kW kg™).
It is seen again the higher capacitance of ACJM, which is translated into a higher energy density.
Nevertheless, the L-B-900 cell has a better energetic efficiency (which is defined as the ratio
between the recovered energy and the energy employed in charging the system) thanks to its
lower cell resistance. When the capacitor is constructed following the asymmetric in weight
design, the capacitor performs similarly to the symmetric capacitor when a voltage window of
1.2V is used. When the voltage is increased to 1.4V an increase in energy density higher than
35% is obtained with respect to the symmetric capacitor with similar energetic and coulombic
efficiencies. Finally, the voltage can still be increased up to 1.5 VV while maintaining an adequate
performance, although the obtained energy increase is only of 9%. In all the cases, symmetric or
asymmetric capacitors, their performance in terms of energetic efficiencies is around 10% better
than the symmetric capacitor built with the ACIM commercial sample.

The power characteristics of the L-B-900 and the L-Y-900 asymmetric capacitors were also
evaluated, since the increase in energy could have been followed by a drop in the rate
performance of the system. Ragone plots in Fig. 6 clearly demonstrate the opposite. The L-B-
900 asymmetric capacitor does not only performs better in terms of energy density but it also
keeps the high power characteristics inherent to the use of HPC electrodes. The maximum power
of the devices has been determined to be 52.7 kW kg?! using the equation P =
V2/4 - Rooy - (Wy +w_). The energy vs power curves of L-B-900 and ACJM now intersect at
3.1 kW kg and 5.2 Wh kg, and therefore the asymmetric capacitor will deliver more energy
than the capacitor assembled with the commercial activated carbon at discharge times lower than
6 seconds. This is a remarkable result taking into account the important differences in surface
areas between these carbon materials employed as electrodes and the origin of the HPC
(prepared using a by-product like lignin). On the other hand, the L-Y-900 asymmetric capacitor
achieves a higher energy density at the cost of losing capacitance retention at high power rates.

The cell resistance in this case was around 9 Q, more than 4 times higher than in the symmetric
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design. This undesired result is probably related to the increased thickness of the positive
electrode (a mandatory feature dictated by the asymmetric in mass design), which is close to 280

pm in this case, and also to the high concentration of surface oxygen groups.
3.3.3. Durability tests

The effect of the asymmetric design in the durability of the L-B-900 cell has been studied at
three different voltages, 1.2, 1.4 and 1.5 V. Durability tests are usually conducted using
potentiostatic or continuous cycling galvanostatic conditions, namely floating/ holding voltage
and cyclability tests [55]. Previous studies have demonstrated that these tests are not comparable
even when they are accomplished using the same cut-off voltage [56], since the conditions
employed in floating tests are harsher and can compromise the integrity of other cell components
(like the collectors or the separators) rather than that of the carbon materials employed in the
electrodes. In consequence, the cell components must be carefully optimized in order to be able
to observe the true performance of the electrode materials, and it is possible to find examples in
the literature about the use of additives in the electrolyte [56,57] or pretreatments of the
electrodes [58] for achieving such purpose. Since floating tests can be envisaged as accelerated
cyclability tests [55], we have opted to submit the asymmetric supercapacitors to a long
cyclability test in our case, considering the reactivity of acidic aqueous electrolyte and that we

have not added any compound to minimize the deterioration of the cell components.

The durability tests consisted in a continuous galvanostatic charge-discharge experiment at 1 A
gt for 5000 cycles. In these tests, stainless steel has been substituted by titanium as the material
of choice for the collectors, since the initial tests showed the degradation of the positive collector
in the capacitors operating at cut-offs values higher than 1.2 V. The same test has been
conducted in symmetric L-B-900 and ACJM cells for comparison purposes. The capacitance
versus the number of cycles is presented in Figure 8. As can be seen, the retention of
capacitance for the asymmetric L-B-900 capacitor is around 87% at 1.4 V, while loading the
capacitor up to 1.5 V was found to be harmful for the stability of the capacitor (retention of
capacitance of only 63%). This result, along with the minor impact on gained energy when
compared to 1.4 V, Table 2 and Figure 11, renders inadequate the use of 1.5 V in this device. A

neutral electrolyte is better suited for achieving higher voltages [59,60]. Even so, the advantages
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of asymmetric design in the durability of cells can be seen when one compares the capacitance of
the symmetric and asymmetric capacitors working at 1.2 V, red and green lines respectively in
Figure 8. The retention of capacitance of the asymmetric cell is close to 100%, while for the
symmetric it is 95% at the end of the test. Finally, the commercial activated carbon
supercapacitor showed a worse capacitance retention than both symmetric and asymmetric L-B-

900 devices, with a capacitance retention of 83% after 5000 cycles.
4. Conclusions

In this work, hierarchical porous carbons (HPCs) were synthesized by using a green and simple
method, which consisted of the impregnation of zeolites (Y and Beta) with lignin solutions as
carbon precursors. These HPCs showed a pore structure and mesopore size dependent on
template. Both HPCs displayed a similar microporosity but different mesoporosity, being larger
in volume and in pore size in the case of L-B-900. Moreover, these carbon materials presented a
rich oxygen surface chemistry which are a consequence of the interaction between the zeolite

and the lignin during the carbonization process.

L-B-900 and L-Y-900 were electrochemically characterized in a three electrode T-type
Swagelock cell in acid medium. L-B-900 sample showed a quasi-rectangular shape
voltammogram, which is attributed to capacitive process, with a small pseudocapacitance
contribution at around 0.3 V. However, in the case of L-Y-900 sample, the pseudocapacitance
process associated to CO-type surface groups is much more important, in agreement with the
much higher concentration of surface oxygen. Both HPCs displayed good stability towards
negative and positive potential limit, which led to the preparation of asymmetric capacitor with a

high potential window stability.

Symmetric capacitors based on both L-Y-900 and L-B-900 samples showed better performance
in terms of energy at high power demand than a device prepared from activated commercial
carbon. This behavior is due to the hierarchical porosity of these carbon materials. Regarding the
asymmetric capacitors, the device prepared with L-Y-900 gave rise to a potential window of 1.4
V, while L-B-900 reached 1.5 V. Both asymmetric devices had better performance in terms of
energy density than the symmetric counterpart. In addition, the L-B-900 asymmetric device

showed a comparable energy density, but a higher energetic efficiency and rate performance than
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a symmetric device made using a commercial activated commercial carbon for supercapacitors
which have more than twice the surface area of the HPCs. Durability test revealed that the
stability of the capacitors is also improved when the asymmetric concept is used. The results
from these tests show that L-B-900 capacitor is able to operate safely at 1.4 V. This remarkable
result points out the viability of lignin as a low cost, renewable, and reliable source for the

production of carbon electrodes for supercapacitors.
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Table 1. Textural properties and surface chemistry of the carbon materials

Textural properties Surface chemistry

SeeT VbR Vmeso CO CO2 @)
SRS (mfg?) (emg?) (em’g?) (umol g*) (umol g*) (umol g)
L-Y-900 670 0.27 0.10 1310 470 2250
L-B-900 930 0.36 1.19 800 90 980
ACIM 2180 0.93 0.06 1440 380 2200

Table 2. ACIM and L-B-900 Capacitor performance parameters measured at specific power of

1.3 kW kgt in 1M H2SOj4 solution.

Coulombic Energetic

Capacitor ( ch_l) (V%/I;E-}L%)'/l) Efficiency efficiency
(%) (%)
ACIM 1.2V 43 8.1 100 80
L-B-900 1.2V 25 4.2 100 89
Asymmetric 1.2V 24 4.8 100 92
Asymmetric 1.4V 25 6.3 99 91
Asymmetric 1.5V 25 6.8 99 90
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Figure captions.

Figure 1. (A) Nitrogen adsorption-desorption isotherms at -196 °C of powder HPCs and
commercial activated carbon ACIJM. (B) NLDFT Pore size distribution obtained from the
respective nitrogen adsorption isotherms. The inset shows the PSD on the micropore region.

Figure 2. Steady state voltammograms at different potential ranges from the open circuit
potential to lower potential limits and higher potential limits for (A) L-Y-900 electrode and (B)
L-B-900 electrode. The respective specific capacitances of these electrodes are reported at
different (C) lower and (D) higher potential limits. Scan rate: 5 mV s.1M H,SO4 solution.

Figure 3. Galvanostatic charge-discharge curves at 2 A g for L-Y-900 and L-B-900 electrodes:
(A) potential window of the positive electrodes (B) potential window of the negative electrodes.
1M H2SOq4 solution.

Figure 4. Specific capacitance at different current densities for the more positive and less
positive potential windows for: (blue) L-Y-900 electrode and (red) L-B-900 electrode. 1M
H2SO4 solution.

Figure 5. GCD profiles at different cut-off voltages for the symmetric capacitors prepared with
the following materials: (A) L-Y-900, (B) L-B-900 and (C) ACJM. Specific current: 1 A g. (D)
Nyquist plot derived from the EIS measurements of these capacitors at 0.05 V and a voltage
amplitude of 10 mV (RMS). 1M H2S0O4 solution.

Figure 6. Ragone plot recorded at 1.2V for all the symmetric and asymmetric capacitors. 1M
H2SO4 solution.

Figure 7. Cyclic voltammograms at different voltages for the asymmetric capacitors prepared
with (A) L-B-900 and (B) L-Y-900 samples. Scan rate: 20 mV s. Galvanostatic charge-
discharge at 2 A g'* of the asymmetric capacitor prepared with (C) L-B-900 (1.5 V) and (D) L-Y-
900 (1.4 V) samples and the potential reached by the positive and negative electrodes. 1M H2SO4

solution.

Figure 8. GCD Durability tests of symmetric (cut-off voltage: 1.2 V, red line) and asymmetric
(1.2, 1.4 and 1.5 V, green, blue and orange lines, respectively) L-B-900 capacitors. The
symmetric ACIM capacitor (1.2 V, black line) is also included for comparison purposes. Specific
current: 1 A gt. 1M H,SO4 solution.
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Figure 1. (A) Nitrogen adsorption-desorption isotherms at -196 °C of powder HPCs and
commercial activated carbon ACJM. (B) NLDFT Pore size distribution obtained from the

respective nitrogen adsorption isotherms. The inset shows the PSD on the micropore region.
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Figure 2. Steady state voltammograms at different potential ranges from the open circuit
potential to lower potential limits and higher potential limits for (A) L-Y-900 electrode and (B)
L-B-900 electrode. The respective specific capacitances of these electrodes are reported at

different (C) lower and (D) higher potential limits. Scan rate: 5 mV s.1M H,SO4 solution.
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Figure 3. Galvanostatic charge-discharge curves at 2 A g for L-Y-900 and L-B-900 electrodes:
(A) potential window of the positive electrodes (B) potential window of the negative electrodes.

1M H2S0Oq solution.
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Figure 4. Specific capacitance at different current densities for the more positive and less
positive potential windows for: (blue) L-Y-900 electrode and (red) L-B-900 electrode. 1M
H2SO4 solution.
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Figure 5. GCD profiles at different cut-off voltages for the symmetric capacitors prepared with
the following materials: (A) L-Y-900, (B) L-B-900 and (C) ACJM. Specific current: 1 A g*. (D)
Nyquist plot derived from the EIS measurements of these capacitors at 0.05 V and a voltage
amplitude of 10 mV (RMS). 1M H2SO4 solution.
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Figure 6. Ragone plot recorded at 1.2V for all the symmetric and asymmetric capacitors. 1M
H2S04 solution.
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Figure 7. Cyclic voltammograms at different voltages for the asymmetric capacitors prepared
with (A) L-B-900 and (B) L-Y-900 samples. Scan rate: 20 mV s. Galvanostatic charge-
discharge at 2 A g™* of the asymmetric capacitor prepared with (C) L-B-900 (1.5 V) and (D) L-Y-
900 (1.4 V) samples and the potential reached by the positive and negative electrodes. 1M H2SO4

solution.
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Figure 8. GCD Durability tests of symmetric (cut-off voltage: 1.2 V, red line) and asymmetric
(1.2, 1.4 and 1.5 V, green, blue and orange lines, respectively) L-B-900 capacitors. The
symmetric ACIM capacitor (1.2 V, black line) is also included for comparison purposes. Specific
current: 1 A gt. 1M H,SO4 solution.
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