N
N

N

HAL

open science

High-Rate Capability of Supercapacitors Based on
Tannin-Derived Ordered Mesoporous Carbons

Jimena Castro-Gutiérrez, Noel Diez, Marta Sevilla, M. Teresa Izquierdo,

Jaafar Ghanbaja, Alain Celzard, Vanessa Fierro

» To cite this version:

Jimena Castro-Gutiérrez, Noel Diez, Marta Sevilla, M. Teresa Izquierdo, Jaafar Ghanbaja, et
al.. High-Rate Capability of Supercapacitors Based on Tannin-Derived Ordered Mesoporous Car-
bons. ACS Sustainable Chemistry & Engineering, 2019, 7 (21), pp.17627-17635. 10.1021/ac-

ssuschemeng.9b03407 . hal-02357757

HAL Id: hal-02357757
https://hal.science/hal-02357757
Submitted on 18 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02357757
https://hal.archives-ouvertes.fr

High-rate capability of supercapacitors based on

tannin-derived ordered mesoporous carbons

Jimena Castro—Guz‘iérrez,T Noel Dz’ez,i Marta Sevilla,i Maria Teresa Izquiem’o,§ Jaafar

Ghanbaja,* Alain Celzam’,Jr and Vanessa Fierro'™

" Université de Lorraine, Institut Jean Lamour, UMR CNRS 7198. 27 Rue Philippe Séguin,
88051 Epinal Cedex 9, France.

! Instituto Nacional del Carbon (CSIC). P.O. Box 73, 33080 Oviedo, Spain

¥ Instituto de Carboquimica (ICB-CSIC). Miguel Luesma Castan 4, E-50018 Zaragoza, Spain
" Université de Lorraine, Institut Jean Lamour UMR CNRS 7198. 2 Allée André Guinier, BP

50840, 54011 Nancy Cedex

Keywords: Ordered Mesoporous Carbon, Electrochemistry, Supercapacitors, Tannin

Abstract. Ordered mesoporous carbons (OMCs) are produced by an easy, fast and green
surfactant-water-assisted mechanochemical mesostructuration (SWAMM) method, using only
tannin, water and Pluronic® F127 as raw materials. OMCs are physically activated with CO; to
increase their surface area from ~500 m” g”' to ~2000 m? g while maintaining the mesoporosity
fairly unaltered, which allow studying the effect of the micropore size distribution on the
supercapacitors performances both in aqueous and organic electrolytes. Selected activated OMCs
(AOMCs) reach maximum cell capacitance values of 37 and 27 F g™, at 0.2 A g, in aqueous

and organic electrolytes, respectively. High long-term stabilities over time and after continuous



cycling are found for the tested AOMCs in both kinds of electrolyte. High rate capabilities are
achieved at high current densities with capacitance retentions up to 70% at 80 A g™ and 44 % at
40 A g in aqueous and organic electrolytes, respectively, due to a suitable pore size distribution
that promotes ion diffusion into the electrodes, in particular for the material activated during 75

min.

1. Introduction

Due to both oil reserves depletion and increasing global warming, a transition towards
environment-friendly technologies for producing and storing energy is required. Supercapacitors
(SCs) are devices that store energy thanks to the creation of an electrostatic double layer (EDL)
made from the interaction of electrolyte ions and the surface of electrodes. Thus, SCs are able to
deliver energy at high rates, making them suitable for applications in electric vehicles, as energy
backups or in hybrid systems along with batteries.' However, the EDL mechanism for energy
storage in SCs is associated with low values of specific energy, which is the main drawback in
comparison with batteries. Attempts to increase the specific energy of SCs are centred on the
development of high surface area porous materials and on the control of pore size, although
surface chemistry modification, i.e., introduction of heteroatoms into the carbon structure, is also
a frequent path to enhance the performances through pseudocapacitance contributions in SCs and
in hybrid capacitors.”> Mesoporosity in carbon materials improves ion diffusion towards
micropores, hence ordered mesoporous carbons (OMCs) were considered for use in
electrochemical applications."®” However, as-synthesised OMCs usually have low to moderate
surface areas, and an additional activation process is generally needed to enhance their textural

characteristics and thus their electrochemical performances. Therefore, activated OMCs



(AOMC:s) are valuable materials in energy storage devices due to their high surface area and

hierarchical pore structure that facilitates the diffusion of electroactive species.”*®

The usual synthesis methods of OMCs involve the polymerisation of the carbon precursor in
the presence of a hard or soft template followed by pyrolysis. Whereas the heating process
eliminates soft templates, hard templates need to be removed afterwards. OMCs are usually
based on precursors of petrochemical origin, their synthesis may take several days, and
hazardous substances are often used as crosslinkers or to remove the hard templates.” Many
efforts to synthesise OMCs from biosourced materials by hard- and soft-templating methods

10-17 . . .
In particular, condensed tannins extracted from trees (mimosa, quebracho

have been made.
and pine, among others), which are principally based on flavonoid-type polyphenols, are able to
undergo autocondensation reactions and hence do mnot require using crosslinkers.’® This
remarkable feature makes them suitable, non-toxic and environment-friendly alternative carbon

precursors to resorcinol or phenol. Specifically, mimosa tannin has been successfully used as

carbon precursor for the production of OMCs by evaporation-induced self-assembly,*® by phase
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separation and, more recently, by mechanosynthesis. The simplicity and the shorter time
required for OMCs synthesis by the latter method should increase its importance in the near

future.

Herein, a one-pot surfactant-water-assisted mechanochemical mesostructuration (SWAMM)
method is used to produce OMCs. This technique only requires using mimosa tannin as carbon
precursor, Pluronic® F127 as pore structuring agent, and small amounts of water.'” The effects
of CO;, activation of the tannin-derived OMCs on their porosity, surface chemistry and

electrochemical performances are studied. The successive preparation steps to obtain the



AOMCs are schematised in Figure 1: synthesis of the mesophase by ball milling, pyrolysis to
produce the OMCs, and final CO; activation in order to increase their specific surface area. After
activation, surface areas close to 2000 m* g are obtained while the mesoporous structure is fully
maintained. Selected AOMCs were tested as electrodes for SCs in aqueous and organic
electrolytes by cyclic voltammetry and galvanostatic charge-discharge methods. From the
selected AOMCs, maximum cell capacitance values of 37 and 27 F g™ (at 0.2 A g') are reached
in aqueous and organic electrolytes, respectively. A high rate capability is attained, with
capacitance retentions of 70 % at 80 A g and 44 % at 40 A g in aqueous and organic
electrolytes, respectively. Additionally, long-term stabilities over time and after 10 000
continuous cycles, above 94 and 86 % in aqueous and organic electrolytes, respectively, are

found.
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Figure 1. Scheme of the synthesis method of activated ordered mesoporous carbons derived
from mimosa tannin through the SWAMM process (see text).

2. Experimental methods

Materials. Mimosa tannin extract, commercially available under the name Fintan OP and
kindly provided by the company SilvaChimica (St Michele Modovi, Italy), was used as carbon
precursor. It is a light-brown powder containing 80 — 82% of phenolic material based on

flavonoid units. Pluronic® F127 from Sigma-Aldrich was used as pore structuring agent.



Synthesis of OMCs. The mechanosynthesis method is detailed elsewhere.'” Briefly, mimosa
tannin extract (2 g), F127 (0.75 g) and water (1.75 g) were grounded together in a planetary mill
(PM 100, Retsch, with agate bowl and balls) during 60 min at a constant rotating speed of 500
rpm. The paste-like materials thus recovered were placed in a quartz boat and directly submitted
to carbonisation at 900 °C at a rate of 1 °C min™' in a quartz tube (inner diameter of 3.4 cm)
under N, flow (100 mL min'l). The final temperature was held for 1 h and then the materials
were left to cool down naturally under N, flow. The as-synthesised material was labelled CTPW,

standing for Carbonised Tannin-Pluronic-Water.

Activation. Before CO; activation, the carbonised materials were manually grounded to get a
homogenous particle size. The temperature was raised up to 900 °C at a rate of 5 °C min™ under
N, flow (100 mL min™) in the same device as that used for carbonisation. Afterwards, N, was
switched to CO, (50 mL min™") and held for a time ranging from 15 to 120 min. Then, CO, was
switched back to N, and the samples were left to cool down until room temperature. Samples

were labelled At-CTPW, where “f” stands for the activation time in minutes.

Textural analysis. N, (at -196 °C) and CO, (at 0 °C) adsorption experiments were carried out
with ASAP 2020 and ASAP 2420 (Micromeritics) automatic adsorption devices, respectively.
Samples were degassed under secondary vacuum before adsorption analysis during at least 48 h
at 110 °C. Microactive® software provided by Micromeritics was used to apply the BET method
to N, isotherms and to obtain: (i) the BET area, Aggr, and (ii) the pore size distribution (PSD)
using the Barret-Joyner—Halenda (BJH) method with the Kruk—Jaroniec—Sayari (KJS) correction
(BKH-KJS) applied to the desorption branch of the N, isotherms. SAIEUS® software, also from
Micromeritics, was used to apply the 2D non-local density functional theory for heterogeneous

surface (2D-NLDFT HS) to N; and CO, isotherms. Such model was used to calculate the PSD



and the following parameters: surface area, Sy;ppr; ultramicropore volume (pore size w < 0.7
nm), V,,,; supermicropore volume (0.7 < w < 2 nm), V;,; total pore volume, V;,:; mesopore

volume, Vipeso = Vior — Vo — Vs and average pore size, Wy, according to:

i (Z—‘I:,)L Wi (1)
= (),

Way =

Morphological analysis. Transmission electron microscopy (TEM) images were obtained with
a JEM-ARM 200F Cold FEG TEM/STEM operating at 200 kV, using a spherical aberration (Cs)
probe and image correctors. Samples were prepared for observation by dispersing carbon powder
in ethanol using a low-power sonication bath, after which a single drop of suspension was
deposited onto a carbon-coated copper TEM grid (200 mesh). Small-angle X-ray scattering
(SAXS) measurements were carried out in a Bruker D8 Advance X-ray powder diffractometer
equipped with an X-ray source with a Cu anode working at 40 kV and 40 mA, a graphite
monocromator and a scintillation detector. Silver behenate was used as low-angle diffraction

standard calibration for height correction, and data given for d(100) planes are collected.

Chemical analysis. Elemental Analysis (EA) was performed in an Elementar Vario EL Cube
analyser wherein the oxygen content was measured. X-Ray Photoelectron Spectroscopy (XPS)
was performed on an ESCAPlus OMICROM system equipped with a hemispherical electron
energy analyser and an area of analysis of 1.75 x 2.75 mm. The device was equipped with an Mg
X-Ray source (1253.6 eV) and was operated at 15 kV and 15 mA. Pass energies of 50 eV and 20
eV were used for survey and high-resolution scans, respectively. The Cls and Ols peaks were
treated with the CASA software, and the atomic content of each element was calculated from the

atomic sensitivity factors.



Electrochemical characterisation. A paste was prepared by mixing the AOMC under study
with carbon black and PTFE in an 85:5:10 weight ratio. Then, disc-shaped electrodes with
carbon loads of 9.9 + 1.1 mg cm™ were cut from the paste. Supplementary tests were carried out
with lower carbon loads (CL) of 5.7 + 0.5 mg cm™ for direct comparison with data reported in
the literature. Electrodes were impregnated with 1 M H,SO4 or 1 M TEABF4ACN used as
aqueous and organic electrolytes, respectively. Measurements were carried out using a VMP3
(Bio-Logic) electrochemical workstation for which a two-electrode cell was used to test the
electrochemical performances: two electrodes of comparable mass, separated by a porous glass
fibre mat, were placed between either two gold (in H,SO4) or two stainless steel (in
TEABF4/ACN) current collectors. Cyclic voltammetry (CV) was carried out within a potential
window of 1 V for the aqueous electrolyte and of 2.7 V for the organic one. The cell specific

capacitance (C,y;, F g'l) was calculated according to:

¢ 1dv
Ceers = SAVm

2

where [ is the measured current (A), s is the scan rate (V s™), AV is the potential window (V),
and m is the mass of active material in the two electrodes (g). Galvanostatic charge-discharge
(GCD) tests were conducted in the corresponding potential windows for each electrolyte. The

change of C.,;; with the applied current was calculated using the following formula:

I

4 (dV/dt)m, )

Ceen =

were [ is the applied current density (calculated based on the mass of one electrode), dV /dt is
the slope of the discharge curve after removing the potential drop (iR), determined using the

upper half of the curve considering that SCs are usually operated in the range of V,,,4, t0 %2V ax



1920 and m, is the mass of active material in one electrode. Taking into account the former

consideration, the specific energy (E, Wh kg™) and the specific power (P, W kg™) should be

calculated between the two operating potentials, V; - Vi, — IR and V, = %V}, 44, according to:

1
E= ECcell(Vlz - sz) “)
E
P=5 )

where At,, is the time (s) required for discharging the capacitor between the two operating
potentials. However, as most published studies used the full discharge curve for energy and
power calculations, V, was considered to be equal to zero and At;, to be the time for full

discharge.

Long-term stability was evaluated by continuous cycling at 5 A g™ over 10 000 or 8 000 cycles
for aqueous or organic electrolytes, respectively. Besides, it has been reported that potentiostatic
hold tests also provide valuable information about the long-term stability, as they evaluate the
performance under more demanding conditions than continuous cycling;?' thus, materials’
stability was alto tested by holding the corresponding cell voltage at its maximum during 50 — 72
h. In order to characterize the impedance of the as-assembled supercapacitors, electrochemical
impedance spectroscopy (EIS) measurements were performed at open circuit voltage using a 10
mV AC amplitude signal whose frequency ranged from 1 mHz to 100 kHz.

Finally, additional tests were performed using 1 M Na,SOy4 as neutral aqueous electrolyte in

order to compare the performance to that obtained in acidic medium.



3. Results and Discussion
3.1. Textural properties

Figure 2a shows the N, adsorption-desorption isotherms of the as-synthesised OMC, label
CTPW, and the AOMCs label At-CTPW, “¢’ ranging from 15 to 120 min of activation. The
corresponding textural properties are listed in Table S1 of the Supporting information. All the
materials exhibit isotherms corresponding to micro-mesoporous materials, for which the
adsorbed volume keep increasing in the range of relative pressures p/p, from 0.1 to 0.4, and the
slope increases with the activation time, indicating a progressive pore widening. The “knee” of
the isotherm at low p/p, indeed becomes gradually broader and more open when the activation
time increases due to pore filling in wide micropores.”> Such pore filling induces an
overestimation of the surface area by the BET method, which assumes a monolayer adsorption of
the probe molecule.” > On the contrary, the BET method underestimates the surface area when
very narrow pores exist, because only one single pore wall is taken into account.”® The 2D-
NLDFT HS method * applied to both N, and CO, adsorption isotherms provides a much better
estimation of the surface area and hence of its contribution to the electrochemical performances
of SCs.****** Therefore, in the present study, the analysis using the textural properties calculated
from the 2D-NLDFT HS method is prioritised. In Figure 2b, the BET and the NLDFT surface
areas, Aggr and Sy prr, respectively, are plotted as a function of burn-off (BO). It can be noticed
that Aggr and Sy prr values cross at BO around 0.4. For BO < 0.4, the pristine OMC and poorly
activated samples still present narrow pores so that the area is underestimated by the BET
method: Aggr < Syiprr- In contrast, for more activated samples such as A75-CTPW and A90-
CTPW, Aggr is higher than Sy;ppr due to multilayer adsorption in the wider pores. Both Aggr

and Sy ppr Increase with the BO, reaching a maximum at BO ~0.8 and then decrease drastically



due to pore broadening and merging. Figure S1 confirms that the pores widen with activation
time: the average pore size (W) increases as a function of BO, from 0.94 to 1.57 nm for CTPW
and A120-CTPW, respectively.

Figure 2c presents the changes of pore volume with BO, in the different ranges of pore width
(w): ultramicropore (w < 0.7 nm), supermicropore (0.7 < w < 2 nm) and mesopore (2< w < 50
nm) volumes, V,,, Vs, and V., respectively. All materials exhibit a decrease of V;,, and an
increase of Vg, and Vg0, up to a BO of ~0.8, due to pore widening by CO, activation. Further

activation results in a drastic decrease of pore volume caused by pore merging, producing the

vanishing of the porosity of the AOMC at 120 min (BO = 0.94).

Figure 2d and Figure 2f display the pore size distribution (PSD) in the mesopore range
calculated by the BJH model with the KJS correction (BJH-KJS), as well as the PSD calculated
by the 2D-NLDFT HS method in the whole pore diameter interval, respectively. In the mesopore
range, a progressive development of pores narrower than 4 nm and the widening of the peak
centred at 4.6 nm are observed with activation time until the nearly complete loss of the original
mesoporous structure for A120-CTPW. Non- or poorly activated OMCs present two clear and
separated pore systems corresponding to micro- and mesoporosity, whereas a continuous PSD is
observed for BO > 0.59 (¢ > 75 min), as shown in Figure 2f. Such non-discrete PSD might favour
ion diffusion and hence improve the electrochemical performances of SCs.® In addition, Figure
2e displays TEM images of the 2D hexagonal ordered mesoporous structure that withstands the
activation process up to a BO of 78 %; this was confirmed by the SAXS measurements shown in
Figure S2, where the peak associated to the ordered structure in the 100 direction is still present
for the AOMCs. The decreased intensity and broadening of the SAXS peak is to be expected as

the gasification of the carbon produce imperfections on the original 2D hexagonal structure.
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Figure 2. (a) N, adsorption-desorption isotherms for the activated carbons and the as-synthesised

material. (b) BET area and NLDFT surface area of the AOMC:s as a function of burn-off, BO. (c)

Changes of pore volume with BO. (d) Pore size distributions, PSDs, in the mesopore range

obtained by using the BJH-KJS model applied to the desorption branch of the N, isotherms. ()

TEM images, the inset shows the corresponding diffraction patterns, confirming the 2D

hexagonal ordered mesopore structure of CTPW (non-activated) and A90-CTPW (78 % BO). (f)

PSDs obtained by using the 2D-NLDFT HS model applied to both N, and CO, adsorption

1sotherms.
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3.2. Surface and bulk composition

Figure S3a shows the oxygen content of the materials, measured in the bulk by elemental
analysis (EA) and at the surface by XPS. CTPW present oxygen functionalities on the surface
that are eliminated at low activation times (¢ = 15 min), as suggested by the drastic drop of O
content measured by XPS. Then, the O content increases with the activation time (¢ > 15 min),
and its concentration is always higher at the surface than in the bulk of the materials. It has been
reported that a high oxygen content can improve the electrochemical performances of materials
used as electrodes of SCs.*® However, not all the functional groups are useful and some of them
may even have a negative impact on their performances.*’ Quinone and carbonyl type
functionalities (OI) are electrochemically active and can lead to redox reactions yielding
pseudocapacitance contributions that allow increasing the amount of energy stored in the device.
On the contrary, high-polarity O functionalities present in carboxylic groups (OIII) produce
resistance to ion diffusion in aqueous electrolytes, reducing the performances at high current

densities.*

Figure S3b shows the relative contribution of each kind of O moiety to the Ols peak
determined by XPS for the AOMCs; the complete assignment of the XPS peaks and the relative
contributions of functionalities to the surface composition are listed in Table S2 of the
Supporting information. The most common oxygen surface functionalities are hydroxyl groups
in phenols (OII), in good agreement with the phenolic nature of the tannin used as carbon
precursor. The second most important contribution comes from the OI group, and finally the OIII
contributions are the least common. After activation, the relative amount of OII functionalities
first decreases and then remains nearly constant with activation time, whereas OIII slightly

increases and OI slightly decreases. Although the amount of oxygen surface functionalities

12



globally increases with activation time, the majority of OII functionalities that are not
electrochemically active in acid electrolyte along with the combined increase of OIIl and
decrease of OI could make negligible the pseudocapacitance contribution of the oxygen
functionalities. On the other hand, the presence of heteroatoms in a carbon material is usually
associated with a reduced lifetime;2 however, as it will be shown below, the activated materials
tested as electrodes for SCs exhibited high long-term stability despite the presence of the

aforementioned oxygen functionalities.

3.3 Electrochemical characterisation

The electrochemical performances of A30- to A90-CTPW materials as electrodes for SCs were
first studied by cyclic voltammetry (CV) in aqueous electrolyte (1 M H;SOs). Figure 3a displays
the quasi-rectangular CV curves at 5 mV s™ found for all the tested materials, representing a
nearly ideal capacitive behaviour. The values of cell specific capacitance (C.;), calculated from
the CV curves, are shown in Figure 3b, this plot shows that A75- CTPW reaches a maximum
Ceeyp of 40 F g'1 at 5mV s™. In order to relate the capacitance to the pore texture, the normalised
electrode capacitance (Coy pgr) 18 plotted against wy,, in Figure 3c. For comparative purposes,
the capacitance is normalised using Aggr instead of Sy, ppr, an increase of C,y ppr 18 observed

23 this

with the decrease of w,,, which is in agreement with previously reported results;
capacitance increase is caused by a distortion of the solvated ions, that reduces de distance to the
carbon surface.”” The values of the present study are slightly higher than those previously
reported, which can be due to: (1) different measurement conditions for the electrochemical tests,

e.g. scan rate; (i1) different ways of electrode preparation, e.g. carbon load or amount and type of

binder; (iii) the calculation method of wy,, either from the NLDFT model or from Dubinin’s

13



theory; or (iv) the limitations of the model that assumed unimodal PSDs. Most likely, the latter
factor has the highest impact on the deviations from the model given the hierarchical micro-
mesoporous nature of the AOMCs. Therefore, the bimodal nature of the PSDs might induce a
shift towards higher w,,, and hence produce a significant shift from the theoretical line (see again
Figure 3c¢).

Further on, Figure 3d shows that only A60- and A75-CTPW samples retain more than 60 % of
their initial C.,;; when the scan rate increases from 5 to 500 mV s”. Figure 3e shows the
normalised electrode capacitance, with respect to Sy;prr (Con niprr), at 5 and 500 mV s'asa
function of wy,,; the continuous decrease of Coy yiprr With wy,, that is observed at 5 mV s does
not hold anymore at high scan rates, for which a maximum is found for A75-CTPW. In addition,
A60-CTPW presents a higher Coy niprr than A45-CTPW at 500 mV s despite their rather
similar textural properties (see again Table S1 of the Supporting information). The main
difference between these two samples is their pore size distribution (see again Figure 2f): both
present a large peak centred on 0.6 nm but whose width is lower for A45-CTPW, 0.30 nm, than
for A60-CTPW, 0.86 nm. On the other hand, A30- and A45-CTPW reach similar values of C,.;
~14 F g'1 at 500 mV s, despite the higher Sy, ppr of the latter, but their PSDs reveal isolated
peaks for micro- and mesopore sizes in both samples. A90-CTPW is a particular case: the
activation process has widen its pores with the concomitant decrease of V,,, and increase of Vg,;
wider pores do not allow solvated ion deformation, thus lessen the SC performance, as seen in
Figure 3d and Figure 3e.

It is generally agreed that mesoporous structures facilitate ion diffusion into the micropores;*

#1433 herein, CO, activation mainly develops pores with w < 4 nm, which can ease ion mobility

at high charging rate due to lower diffusion resistance.”® However, an optimum activation time

14



needs to be found to avoid pore collapsing and the resultant loss of pore volume. Thus, the best
outcomes displayed in Figure 3 for A60- and A75-CTPW, are the consequence of a combination
of high Sy prr, that has a significant role at low scan rates, and an adequate PSD that favours ion

diffusion at high scan rates.
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Figure 3. Electrochemical performances of A30- to A90-CTPW samples in aqueous electrolyte
(1 M H3S0,): (a) CV curves at 5 mV s™; (b) cell specific capacitance, C.., as a function of
burn-off (BO); (c) normalised electrode capacitance with respect to BET area, Ceyppr, as a
function of average pore size, wg,,, compared to experimental (squares) and theoretical (dashed-
dotted line) data from previous studies;*~>~* (d) C,.;; as a function of scan rate; (¢) normalised
capacitance with respect to NLDFT surface area, Coy ypprr, as a function of wy,,. Labels in (b),

(c) and (e) represent the activation time in minutes; lines in (b) and (e) are just guides for the eye.
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Because of their superior performance in CV experiments, A60- and A75-CTPW materials
were more deeply characterised electrochemically. Figure 4a shows the quasi-rectangular curves
obtained for the aforementioned samples at 5 mV s”. Galvanostatic charge-discharge (GCD)
tests result in triangular-shaped curves for A60- and A75-CPTW (Figure S4): good
supercapacitor behaviour is revealed by the symmetry of the curves (coulombic efficiency ~100
%) and the small iR drops at current densities up to 50 A g"'. A75-CTPW presents a slightly
higher C,.;; of 37 F g compared to A60-CTPW with C_,;; of 35 F ¢!, both determined at 0.2 A
g'l. Figure 4b (top) shows that A75-CTPW exhibits a capacitance retention (C,..;) of 70 % at the
highest value of applied current, 80 A g, while A60-CTPW reaches only a C,.; of 51 %. The
higher values of C,.,; of A75-CTPW are probably due to a lower equivalent series resistance,
suggested by the lower potential drops than in A60-CTPW case.'*>> As a consequence, the
values of specific energy and power are higher for A75-CTPW, as can be seen on the Ragone-
like plot in Figure 4c, where the stored energy (E) reaches a maximum of 5 Wh kg™ with a
power output (P) of 44 W kg™ at 0.2 A g". Besides, a long-term stability was evidenced by
continuous GCD tests at 5 A g”'. Figure 4b (bottom) shows that both selected samples present
Cret ~98 % after 10 000 cycles and, by potentiostatic hold at 1 V it remains above 94 % after 50
h as shown in Figure S5, thereby proving the robustness of the SCs based on tannin-derived
ordered mesoporous carbons.

Most commercial SCs use organic electrolytes due to their wider potential window, hence the
possibility of storing more energy than their aqueous counterparts.lg The electrochemical
performance of the selected AOMCs was thus tested in an organic electrolyte (1 M TEABF, in
acetonitrile (ACN)); Figure 4d show the rectangular CV curves obtained for A60- and A75-

CTPW samples at 5 mVs™. A more important drop of C,,;, than that of the GCD tests in aqueous
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electrolyte, is observed in Figure 4e (top), the decrease is ~40 % when the current increases up to
40 A g'. This is due to the combination of the bigger size of the organic electrolyte ions and its
lower ionic conductivity, which increases both the equivalent distributed resistance and the
equivalent series resistance, as can be seen in the Nyquist plots in Figure S6, and ultimately the
total cell resistance. A slightly better performance is observed for A75-CTPW at low current
densities, however as the current increased both tested materials presented the same
performance. The PSD that favours ion diffusion in A75-CTPW at high current densities in
aqueous electrolyte could no longer be enough to compensate for the low mobility of ions in the
organic electrolyte. In addition, even if the ions reach the microporosity their bigger size difficult
the access to it, thus reducing the available sites for the storage of charge and explaining also the
lower values of specific capacitance when compared to the aqueous counterparts. Nonetheless,
the materials maintain a high long-term stability with C,.., above 90 % after 8 000 cycles at 5 A
g (Figure 4e (bottom)) and of 86 % by potentiostatic hold at 2.7 V after 72 h (Figure S5). As
expected, the values of specific energy and power are higher than those attained in aqueous
electrolyte. A maximum E of ca. 28 Wh kg™ with a P output of 138 W kg™ is reached by A75-
CTPW, and similar values are reached by A60-CTPW, as revealed by the Ragone-like plot in
Figure 4f. Importantly, at a high power of 12 kW kg™, both SCs are still able to provide ~13 W

kg™
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Figure 4. Electrochemical performances in aqueous electrolyte (1 M H,SO4) of A60-CTPW and
A75-CTPW: (a) CV curves at 5 and 500 mV s™; (b) capacitance retention, C,.., as a function of
applied current (top) and after continuous cycling at 5 A g™ (bottom); (c) Ragone-like plot
obtained from GCD tests. Electrochemical performances in organic electrolyte (I M
TEABF4J/ACN) of A60-CTPW and A75-CTPW: (d) CV curves at 5 and 300 mV s; (¢) Crer
with applied current (top), and after continuous cycling at 5 A g'1 (bottom); (f) Ragone-like plot

obtained from GCD tests.

The capacitance values achieved by the materials synthesised herein are comparable with other
un-doped mesoporous carbons of similar properties reported in the literature, see Table S3;"2**

but the AOMCs of this study present higher rate capability compared to the values usually

reported for this type of materials (see Figure 5). In aqueous electrolyte (Figure 5a), the values of
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Cret of A60- and A75-CTPW are higher than the values reported both for disordered mesoporous

8
3638 or from precursors of

carbons synthesised either from activated bio-sourced materials
petrochemical 0rigin,39’40 and for hard-templated OMCs derived from tannin, phenols, furfuryl
alcohol or lignin.*”*"** Even more, AOMCs produced through pH-controlled self-assembly of
tannin and further CO, activation led to lower retentions than those presented herein.'* On the
other hand, in organic electrolyte (Figure 5b), C,.; is in general comparable to the values from
the literature. However, the synthesis of the formerly reported materials involved the use of

40,41,44 I
™ or for activating the carbon

dangerous or toxic substances for etching out hard templates
material with NaOH *° or ZnClz.46 In contrast, the synthesis of the AOMCs presented herein does

not require the use of hazardous chemicals.
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Figure 5. Capacitance retention for the AOMCs of this study in comparison with similar

materials reported in the literature.'**** The sample names correspond to those of their

respective bibliographic references.

Additionally, some of these former studies used electrodes with lower carbon loads (CLs)

36,42,44-46

than those of the present study. Now, it is well known that a very low CL may lead to an

overestimation of the capacitance of a material and certainly does improve the rate capability.

. . . . 2
For this reason, CLs close to that of commercial devices, i.e., ~10 mg cm™, are used here as such
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value is usually recommended for realistic studies.'”* Additional GCD tests were then
performed with a CL of 5.7 + 0.5 mg cm™ for the sake of comparison; Figure S7 shows C_;; and
C,er Of supercapacitor cells with CLs of ~10 and ~6 mg cm™. As expected, higher values of C,o;
with increasing rate are found when using lower CLs. This finding demonstrates the difficulty of
doing relevant comparisons with literature data. It also points out the outstanding values of C..;
of the materials presented herein and tested under realistic conditions.

Although H,SO4 and TEABF4/ACN are widely used at laboratory and commercial scales,
respectively, they still have the disadvantage of being hazardous substances. Thus, attention has
been drawn to neutral aqueous electrolytes, as they are safer and can reach larger potential
windows than the acidic ones.”® Considering this, the electrochemical performances of A60-
CTPW and A75-CTPW in Na,SO4 were tested and the main results are reported in Figure S8a.
The materials again exhibits a supercapacitor behaviour as reflected in the rectangular curves
obtained from CV tests at 5 mV s within a potential window of 1.6 V (F igure S8b). From the
GCD, it is observed that the values of C..; are ~30 % lower than those reached in H,SO4
probably due to the lower pseudocapacitance contribution in neutral electrolytes and in the range

. . . 49-51
of values previously reported for similar materials.*~

Figure S8b also shows that the values of
Crer at 20 A g'1 are 69 and 67 % for A60-CTPW and A75-CTPW, respectively, compared to the
corresponding C,., of 74 and 82 % at the same applied current in acidic medium (Figure 4b).
This decrease in rate capability, commonly observed in neutral electrolytes, may be due to the
larger size and lower mobility of the Na* ions relative to the H" ions,’* resulting in hindered
diffusion at high rates. As expected, the values of specific energy achieved by the AOMCs in

Na,SOy are higher than those reached in acidic medium, because of the larger potential window,

as shown in Figure S8c. The lower values of C.,;; in Na,SO4 are counterbalanced by the broader
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potential window, resulting in a difference of ~3 — 4 Wh kg™ between the maximum values of
achieved stored energy with respect to C.;; in H,SO4, which represents an increase of more than
60%. Besides, the assembled SCs exhibit high long-term stability after continuous cycling at 5 A
g, with C, remaining at 96 % after 10 000 cycles, see Figure S8d.

Finally, for comparison, Figure S9 shows the values of gravimetric and volumetric single-
electrode capacitance (C,), as well as the energy and power densities for the AOMC:s in the three
electrolytes used in this study (H,SO4, Na;SO4 and TEABF4/ACN). The volumetric values were
obtained by using the packing density of the electrodes, 0.50 g cm™ (determined by measuring
the thickness of the electrodes with a non-contact profilometer), and taking into account the
amount of active material they contain, 85 %.> Although the performance evaluated by the
volumetric parameters is lower than that obtained with the gravimetric ones, the electrodes used
in this study were not pressed, so the volumetric performance might be further improved by
calendering. Note that the maximum achievable packing density is 0.74 g cm™ for A60-CTPW

and 0.62 g cm™ for A75-CTPW, which are their respective particle densities.

4. Conclusion

High surface area-carbon materials were obtained by physical activation of tannin-derived
OMCs. CO; activation preserves the 2D hexagonal ordered mesoporous structure and increases
both the connectivity between micro- and mesopores and the oxygen content at the material
surface. Activation for 60 or 75 min produces materials with an adequate balance between high
surface area and suitable pore size distribution that results in a high performance in both aqueous
and organic electrolytes. The tested materials display square-shaped CV curves and exhibit high

values of capacitance and high specific energy and power. The higher connectivity is especially
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important at high charge/discharge rates, resulting in high rate capability with capacitance
retentions up to 70 % at 80 A g”'. In addition, the AOMCs present very good long-term stability
over time and after continuous cycling under realistic testing conditions. In conclusion, the easy
synthesis, the use of an environment-friendly precursor and the good -electrochemical
performances of these tannin-derived AOMCs make them suitable candidates to be used as

electrodes in supercapacitors.
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