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ABSTRACT  

We show that soft-templating synthesis of biosourced OMCs under rather mild pH 

conditions is possible by controlling the reaction temperature, without using either formaldehyde 

or toxic phenolic reagents. Removal of the surfactant at 400°C and subsequent carbonisation at 

900°C allows reducing the shrinkage and preserving the material mesoporosity. Self-assembly of 

mimosa tannin with Pluronic® F127 in mild conditions (30°C, pH 3) leads to hierarchical OMCs 

with more developed porosities, more ordered mesostructures and higher nanotexture ordering 

than under more acidic conditions that are commonly used in soft-templating of OMCs. Further 

development of the OMC porosity by physical activation with CO2 increased the micropore 

volume by 60% without significantly affecting the structural ordering, but decreased the 

mesopore volume and the oxygen content whereas the PSD was slightly widened in the 

mesopore range. The activated OMC exhibited high gravimetric capacitances of 286 F g
-1

 

(determined by cyclic voltammetry), a high capacitance retention of 50% at 12 A g
-1

 (determined 

by galvanostatic charge-discharge), high energy and power densities of 17.54 W kg
-1

 and 16.29 

kW kg
−1

, respectively, and a faster frequency response, 4.39 seconds, than the non-activated 

OMC, making it a more appropriate material for practical supercapacitors. 
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1. Introduction  

Since their discovery, ordered mesoporous carbons (OMCs) have attracted considerable 

interest due to their unique properties, such as high surface areas, large pore volumes and 

uniform mesopores with controlled size and shape [1–3]. Their 3D nano-sized frameworks 

indeed produce quantum effects at the nanoscale that allow attaining unusual electrical, 

mechanical and optical properties. Uniform mesoporous channels also facilitate the transport of 

ions, atoms and large molecules through the material bulk to active sites [3–5]. As a result, 

OMCs have been successfully applied in many fields, including catalysis [6,7], separation [9,10], 

environmental remediation [11,12] or energy conversion and storage [13–16]. 

Supercapacitors are electronic devices that can store energy at the electrode/electrolyte 

interface both physically, by ion accumulation forming the electric double layer, and chemically, 

through Faradaic reactions of the surface functional groups [17,18]. They exhibit high 

reversibility, long life cycle and high power density, and they are mainly applied for providing 

short-term pulses in hybrid vehicles or as uninterruptible power supplies [19]. Many works have 

demonstrated that using electrodes based on OMCs possessing well-balanced micro / 

mesoporosity or hierarchical structures enhances the supercapacitor performance in terms of rate 

capability and cycling stability, both of them being important properties for practical devices. 

Thus, micropores with adequate pore diameter provide active surface and play a key role for ion 

adsorption while mesopores favour quick transport of ions towards micropores [20]. 

Hard-templating, or nanocasting, is one of the most used techniques for preparing hierarchical 

OMCs. It allows controlling shape and size of pores, as well as the wall thickness, by selecting 

adequate templates, usually mesoporous silica [3,21]. However, the procedure is expensive and 
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time-consuming, and the need to remove the silica template, generally by HF leaching, prevents 

its use for manufacturing OMCs at large scale. 

Successful preparation of OMCs by soft-templating requires several conditions that are not 

easy to meet at the same time, such as micelle formation capability of the structure-directing 

copolymer, interactions between the copolymer units and the functional groups of the precursor, 

and crosslinking capability and thermal stability of the carbon precursor. Due to the high 

formation energy of C-C linkages and the limited number of precursors fulfilling the 

aforementioned requirements, the synthesis of OMCs by soft-templating is a complex issue [22]. 

Soft-templated OMCs exhibiting narrow pore size distributions (PSDs) and surface areas as high 

as  1400 m
2
 g

-1
 have been prepared from phenolic resin monomers such as phenol, resorcinol or 

phloroglucinol, using formaldehyde as cross-linker, Pluronic® triblock-copolymers as soft-

templates, and water or water/alcohol mixtures in acidic medium as solvent [23,24]. Since 

formaldehyde and most synthetic phenolic molecules are highly toxic, expensive and non-

renewable chemicals, their substitution by cheap, environment-friendly and renewable precursors 

is highly desired. Thus, hexamethylenetetramine (HMT) has been suggested as alternative 

crosslinker, since it is poorly volatile but still yields formaldehyde and ammonia upon 

hydrolysis. Mesoporous carbons exhibiting either 3D-cubic or wormlike, or 2D-hexagonal 

structures could indeed be prepared from HMT, resorcinol (R) and furfural (F) as carbon 

precursors and F127 as surfactant, by modulating the F127 / RF ratio [25]. Phenolic monomers 

could also be substituted by biosourced polymers or oligomers such as lignin or condensed 

tannins, respectively. For instance, Saha et al. prepared OMCs by soft-templating of lignin with 

Pluronic® F127, but those materials exhibited less developed porosities and wider PSDs than 

OMCs prepared from phenol in similar conditions [26]. As a matter of fact, lignin possesses a 
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highly branched, complex structure and a low reactivity, both preventing its proper self-assembly 

with the surfactant micelles. In contrast, condensed tannins are non-toxic and cheap bio-

oligomers obtained from a variety of tree barks (chestnut, mimosa, pine, etc.), whose chemical 

structure consists of polycondensed flavonoid units, i.e., with 4 to 6 –OH groups located on two 

aromatic rings [27], able to undergo similar chemical reactions as phenol or resorcinol. OMCs 

exhibiting either lamellar or 2D-hexagonal structures and having various pore sizes and surface 

areas have thus been successfully prepared from chestnut tannin or mimosa tannin and Pluronic® 

F127 by modulating the experimental conditions [28,29]. However, no control of the temperature 

during the oligomer-surfactant assembly, a critical step in soft-templating synthesis, was exerted, 

and highly acidic media were necessary to ensure the proper formation of the surfactant-

oligomer supramolecular structure. Highly acidic conditions require the use of corrosion-

resistant equipment and consistent security measures, which is detrimental for industrial 

manufacturing purposes. Thus, using milder acidic conditions to synthesise OMCs by soft-

templating should be very interesting from the operational point of view. 

In the present study, we synthesised hierarchical OMCs by soft-templating of mimosa tannin 

with Pluronic® F127 surfactant in aqueous solution. Both the pH and the temperature of the 

assembly step were controlled, and the soft-template was removed at moderate temperature for 

better preserving the ordered structure of the materials. Physical activation with CO2 was also 

applied to develop further the microporosity of one of those hierarchical OMCs. The influences 

of the medium pH and of the assembly temperature on the development of porosity and the 

resultant physicochemical properties of the resultant OMCs were investigated. Finally, some of 

the obtained OMCs were tested as supercapacitor electrodes, and the electrochemical 
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performances in 2 mol L
-1 

H2SO4 aqueous electrolyte were correlated to their physicochemical 

properties. 

2. Experimental section 

2.1. Materials 

Pluronic® F127 (average molecular weight 12.6 kDa), hydrochloric acid (37% in water), 

sodium hydroxide (98%), and acetylene carbon black powder (< 100 nm) were purchased from 

SigmaAldrich. Sulphuric acid solution (2 mol L
-1

) was prepared from a concentrated sulphuric 

acid solution (9598%) supplied by SigmaAldrich. Mimosa tannin was provided under the 

name FINTAN OP and was kindly supplied by the company SilvaChimica (St. Michele 

Mondovi, Italy). Polytetrafluoroethylene (PTFE) and glass fibre separator were provided by 

Aldrich and Pall Life Sciences, respectively. All the materials were used as received. 

2.2.  Synthesis of the ordered mesoporous carbons (OMCs) 

Figure 1 illustrates the different steps of the soft-templating route used here to obtain the 

OMCs:  

1) Mixture of tannin and surfactant aqueous solutions and auto-assembly of the mixture at 

controlled temperature: the mimosa tannin solution (2 g in 16 mL of water), adjusted at 

a certain pH between 1 and that of tannin in water, i.e., without pH adjustment 

(between 4.50 and 4.65), was added to the Pluronic® F127 solution (2 g in 16 mL of 

water). The tannin / surfactant mixture was left for auto-assembly at controlled 

temperature (10, 20 or 30°C) for 72 h. During this time, tannin molecules interacted 

with F127 micelles and self-organised around them, giving rise to an ordered 

supramolecular structure. 



 7 

2) Phase separation: After 72 h, the flask was kept at room temperature (20°C, 5 days) 

until complete phase separation. Next the supernatant, containing water and non-

reacted molecules, was removed while the heavier phase at the bottom, containing the 

surfactant-tannin supramolecular complex, was dried at 60°C under vacuum. 

3) Removal of the surfactant template: The dried solid was carbonised in a two-step 

procedure under nitrogen flow (80 mL min
-1

): (i) a first step to gently remove the 

surfactant (heating rate 1°C min
-1

 up to 400°C; 4 h dwell time), and (ii) a second step to 

carbonise the material (heating rate 2°C min
-1

 up to 900°C; 1 h dwell time). The 

temperature steps were deduced from thermogravimetry (TG) results, as explained 

below. The resultant OMCs were labelled Fi/T, where i indicates the initial pH of the 

tannin solution (4.5 for the sample at the pH of tannin in water, without HCl added) and 

T is the temperature of the assembly step. The carbonisation yield,  (%), was 

determined as the mass ratio of dry surfactanttannin composite material (i.e., before 

pyrolysis) to carbon (i.e., after pyrolysis). 

 

 

Figure 1. Schematic representation of the soft-templating method used to synthesise OMCs. 
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2.3. Synthesis of the activated OMC 

F3/30 carbon was heated in nitrogen flow (80 mL min
-1

) up to the selected activation 

temperature (900°C, 2°C min
-1

). Once the target temperature was reached, CO2 was forced to 

flow (50 mL min
-1

) throughout the sample (2 h), which was subsequently cooled down to room 

temperature in nitrogen flow (80 mL min
-1

). The obtained OMC was labelled C3/30. 

2.4.  Characterisation 

2.4.1. Physicochemical characterisation 

Nitrogen adsorptiondesorption isotherms were obtained at -196°C using a Micromeritics 

ASAP 2020 automatic system, whereas carbon dioxide adsorption isotherms were acquired at 

0°C with a Micromeritics ASAP 2420. The surface areas were calculated by applying: (i) the 

BET equation to the nitrogen isotherms in the relative pressure interval wherein the BET 

constant is positive, leading to ABET (m
2
 g

-1
); and (ii) the Non-Local Density Functional Theory 

(NLDFT, SAIEUS software) to both nitrogen and carbon dioxide isotherms, leading to SNLDFT 

(m
2
 g

-1
) [30]. The pore size distributions (PSDs) of the carbon materials were obtained by 

applying the BarretJoynerHalenda (BJH) method with the KrukJaroniecSayari (KJS) 

correction to the desorption branch of the nitrogen isotherms. The total pore volumes, VT (cm
3
 g

-

1
), were calculated as the amounts of nitrogen adsorbed at a relative pressure of 0.98. The 

micropore volumes were calculated by applying the Dubinin-Radushkevich (DR) equation: (i) to 

nitrogen adsorption isotherms, leading to V-N2 (cm
3
 g

-1
); and (ii) to carbon dioxide isotherms, 

leading to V-CO2 (cm
3
 g

-1
). The micropore volume was also calculated by applying the NLDFT 

method (SAIEUS software) to both the nitrogen and carbon dioxide isotherms, giving rise to V-

NLDFT. The mesopore volumes, VM (cm
3
 g

-1
), were calculated by subtracting Vµ-NLDFT from VT. 
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The thickness of the carbon wall, t (nm), was calculated as the difference a – w, where a is the 

unit cell parameter of the ordered structure determined from the XRD patterns, and w is the main 

pore size obtained from the BJH-KJS distributions. 

For each sample, the carbonisation yield was determined as the mass ratio of dry 

surfactanttannin composite material before pyrolysis to carbon after pyrolysis. For the activated 

material, the activation yield was calculated as the ratio: mass of carbon material before 

activation to mass of activated carbon after activation. 

In order to determine in which temperature interval the surfactant can be removed from the 

surfactanttannin composite, the thermal decomposition of the latter was studied with a STA 

449F3 Jupiter (NETZSCH) microbalance by heating the sample under argon flow (40 mL min
-1

) 

up to the final temperature (900°C, heating rate 2°C min
-1

). 

Small-angle X-ray diffraction (XRD) patterns of carbons were recorded with a Panalytical 

X’Pert Pro diffractometer. The latter was equipped with a Cu (K radiation) anticathode and a 

high-speed multichannel X’Celerator detector (scanning range 2 = 0.53°; step size = 0.01671°; 

time per step size 1.26 s), and was used in a Bragg–Brentano configuration in reflection mode. 

The unit cell parameter (a, nm) of the carbon mesostructures was calculated by applying 

Equation (1): 

   
      

  
          (1) 

where d100 (nm) is the interplanar spacing obtained from XRD patterns. 

Raman spectra were obtained with a Horiba Scientific XploRa Raman spectrometer. The 

samples were investigated as received and the spectra were recorded under a microscope using a 

100  objective. The Raman-scattered light was dispersed by a holographic grating with 1200 
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lines mm
-1

 and detected by a CCD camera. A laser of wavelength 532 nm, filtered at 1% of its 

nominal power, was used. The incident power ( 1.8 mW) was low enough to avoid any heating 

or damage of the samples. Each spectrum was obtained by accumulation of 2 scans from 800 to 

2200 cm
-1

 over 120 s. No differences were observed among the different points of each sample 

and, therefore, only one spectrum was investigated in detail. Deconvolution was carried out by 

using five mixed Gaussian–Lorentzian profiles for the bands D4, D1, D3, G and D2 appearing at 

increasingly high wavenumbers [31].  

Transmission electron microscopy (TEM) images were obtained with a Jeol ARM 200F 

(cold FEG operating at 80 kV) electron microscope. 

Elemental analysis was performed with an Elementar Vario EL Cube analyser. Carbon, 

hydrogen, nitrogen and sulphur contents were first determined by combustion of the samples at 

about 1700°C (a temperature induced in a furnace, heated at 1150°C, by a tin foil wrapping the 

samples and used as catalyst) in a mixed stream of oxygen and helium, the latter being used as 

carrier gas. Oxygen was quantified with the same equipment in a second step, using a different 

procedure and another analytic column. 

X-ray photoelectron spectroscopy (XPS) results were recorded with an ESCAPlus 

OMICROM system equipped with a hemispherical electron energy analyser. The spectrometer 

was operated at 10 kV and 15 mA, using a non-monochromatised MgK X-Ray source (h= 

1253.6 eV) and under vacuum (< 5  10
-9

 Torr). The hemispherical electron energy analyser 

operated at pass energy of 50 eV for survey spectra and at 20 eV for high-resolution spectra. The 

energy scale was calibrated by referencing the C1s peak to 284.5 eV. The CASA software was 

used for treating the XPS data. 
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2.4.2. Electrochemical characterisation 

The electrochemical characterisation was performed with a Biologic VMP3 electrochemical 

workstation. The carbon electrodes were prepared by spreading a paste (3 mg) containing the 

carbon material, polytetrafluoroethylene (PTFE) binder and carbon black in the weight percent 

ratio of 85:10:5 onto graphite foils (diameter 0.8 cm). The resultant electrodes were pressed at 5 

MPa and impregnated with the electrolyte, 2 mol L
-1

 H2SO4, during 72 h. 

Cyclic voltammetry (CV) tests were performed in a three-electrode cell system, using 

platinum gauze as the counter electrode and a saturated calomel electrode (SCE) as reference. 

CV curves were obtained in the potential window from 0 to 0.8 V at scan rates ranging from 0.5 

to 1000 mV s
-1

. The gravimetric capacitance of the electrode (C, F g
-1

) was calculated from the 

CV curves according to Equation (2): 

   
     

      
          (2) 

where I (A) is the current, s (V s
-1

) is the scan rate, V (V) is the potential window and m (g) is 

the mass of active material in the electrode. 

Galvanostatic charge-discharge experiments (GCD) were studied in a two-electrode cell in 

the potential window between 0 and 0.8 V. Symmetrical supercapacitors were assembled by 

placing two identical electrodes (total mass  3 mg per electrode) separated by a glass fibre disc 

between two gold current collectors. GCD curves were obtained at current densities ranging from 

0.1 to 12 A g
-1

, based on the total mass of the two electrodes. From these measurements, the 

gravimetric capacitance, Ccell (F g
-1

) was calculated by applying Equation (3):  

       
   

         
          (3) 
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where I (A) represents the discharge current, (dV/dt) (V s
-1

) is the slope of the discharge curve, 

and m (g) is the mass of active material in the electrode. 

The energy density, E (Wh kg
-1

), and the power density, P (W kg
-1

), were calculated from 

GCD tests between the current densities of 0.1 and 12 A g
-1

 by applying Equations (4) and (5), 

respectively: 

   
     

          
          (4) 

   
 

  
           (5) 

where Ccell (F g
-1

) represents the gravimetric capacitance calculated from Equation (3) and 

considering the mass of active material in the two electrodes, V (V) is the potential difference 

within the discharge timet (s), and IR (V) is the voltage drop due to the inner resistance at the 

beginning of the discharge process. The cycling stability was also studied through GCD tests at 

the current density of 0.5 A g
-1

 up to 5000 cycles. The gravimetric capacitance for a given GCD 

cycle and the capacitance retention (%) were determined by using Eq. (3). 

Electrochemical impedance spectroscopy (EIS) measurements were performed at open-

circuit voltage in a two-electrode system within the frequency range of 100 kHz – 1 mHz, with a 

10 mV alternating current amplitude. The gravimetric capacitance, Ccell (F g
-1

), was calculated 

according to Equation (6): 

        
       

            
         (6) 

where –Im(Z) () is the imaginary part of the impedance, f (Hz) is the operating frequency, |Z| 

() is the impedance modulus, and m (g) is the active material mass for the two electrodes. 
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3. Results and discussion 

3.1. Identification of the carbonisation steps 

The thermogravimetric curves and their derivatives (TG/DTG) in argon atmosphere show 

what happens during the thermal decomposition between 25 and 900°C of a surfactanttannin 

composite material and of tannin alone (Figure S1-a). The main corresponding gases evolved 

during the pyrolysis of the surfactanttannin composite were detected with a mass spectrometer 

(Figures S1-b). The TG/DTG curves of mimosa tannin evidenced a continuous weight loss 

throughout the entire temperature range with no distinct plateau below 800°C, indicating that 

thermal stability was reached only above such temperature. On the contrary, the TG/DTG curves 

of the surfactanttannin composite showed that thermal decomposition occurred in three steps, 

mainly due to the evolution of compounds exhibiting m/z values of 18, assigned to water, and 28 

and 44, which can be primarily assigned CO + CO2 and to CO2, respectively. The gases 

evolution was detected up to 800°C. By comparing the TG/DTG curves and the mass 

spectrometry profiles of tannin alone and surfactanttannin composite, it is clearly seen that most 

of the surfactant was removed between 284 and 404°C (44.2 % weight loss). The main products 

generated by surfactant decomposition were H2O, likely originating from the condensation of the 

–OH terminal groups, and CO and CO2, probably formed in reactions involving ethylene oxide 

and propylene oxide chains [32]. These findings suggest that the carbonisation of the 

surfactanttannin composites was effective in the two steps selected herein for the OMC 

synthesis, i.e.: (i) a first isothermal stage, by heating the sample up to 400°C and maintaining 

such temperature during 4h for removing the surfactant while minimising the collapse of the 

phenolic matrix; and (ii) a second stage, by subsequently heating the sample up to 900°C and 
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maintaining this temperature for 1h in order to obtain the final carbon material. Moreover, the 

nitrogen isotherm data confirmed the better preservation of the mesoporosity by applying the 

first isothermal stage at 400°C, as shown in the textural characterisation section (see below and 

Figure S2). As for tannin alone, the thermal stability was also achieved at 800°C, as proved by 

the plateau observed between 800 and 900°C and corresponding to a weight loss as low as 0.2%, 

associated with no further gas evolution. 

3.2.Textural characterisation 

The porous texture of the carbon materials was obtained from the combination of nitrogen 

and carbon dioxide physisorption data. The nitrogen adsorption isotherms and the corresponding 

pore size distributions (PSDs) of the Fi/T series of OMCs are displayed in Figure 2 and Figure 

S2 of the Supplementary Information. The effect of the carbonisation steps on the materials 

porosity was studied for the sample F3/30, whose nitrogen isotherms and PSDs are shown in 

Figure S2 of the Supplementary Information. Charge storage in supercapacitors is a surface 

phenomenon, since ions are adsorbed onto the accessible pore surface of the carbon electrodes. 

Thus, all other parameters being equal, increasing the surface area of carbon materials may 

increase the specific capacitances of the resultant electrodes. The material exhibiting the highest 

surface area, F3/30 as discussed below, was selected to further develop its porosity through 

physical activation with CO2. The nitrogen isotherms and PSDs of such activated material, 

C3/30, are displayed in Figure 2, which includes the nitrogen isotherms and PSDs of F1/10 and 

F3/30 for comparison. Textural parameters calculated from the nitrogen and carbon dioxide 

isotherms, as well as other structural parameters and carbonisation and activation yields, are 

gathered in Table 1. 
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Figure 2. (a, c) Nitrogen adsorption isotherms; and (b, d) pore size distributions (PSDs) of some 

selected OMCs (Fi/T series) and for the activated one (C3/30). 

 

All OMCs presented typeIV nitrogen isotherms exhibiting H2type hysteresis loops above 

a relative pressure P/P0 = 0.6, characteristic of mesoporous materials with interconnected pores 

and narrow PSDs [33]. Their PSDs evidenced the presence of wider mesopores with diameters of 

6.28  7.19 nm and narrower ones of width  4.55 nm (Figure 2 and Figure S2 in the 

Supplementary Information). They might be originated from the coexistence of two main 

diameters for those micelles or the coexistence of pores coming from micelles and gaps in the 

carbon walls, whose sizes mainly are 6.28  7.19 and  4.55 nm. One-step carbonisation of the 
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surfactant – tannin composite material at 900°C / 3 hours (heating rate 1°C min
-1

) yielded a 

different porous texture than that obtained by applying the isothermal step at 400°C / 4 h 

followed by carbonisation at 900 °C / 1 hour: the hysteresis loops of the isotherms became wider, 

the nitrogen uptake at P/P0 < 0.1 decreased, and the volume of mesopores of size centred on 6.66 

nm dropped significantly (Figure S2-e and S2-f). This indicates that both micropore and 

mesopore volumes decreased due to a partial collapse and to a poor preservation of the 

mesostructure during the removal of the surfactant, which was even more pronounced when the 

material was carbonised at 900°C / 4 hours. Thus, carbonising the materials at 400°C / 4 h for 

gently removing the surfactant and then at 900°C / 1 h, allowed obtaining a better preserved 

carbon mesostructure than in the absence of isothermal step at 400°C.  

As expected, the SNLDFT values were slightly higher than those of ABET, given that the BET 

method underestimates the surface area of materials possessing narrow pores (Table 1) [34]. On 

the contrary, the DR method overestimates the micropore volumes and, due to this, the 

micropore volumes were calculated by applying both the DR equation (V-N2) and the Non-Local 

Density Functional Theory (V-NLDFT) to the nitrogen isotherms, and by applying the DR equation 

to the CO2 isotherms (V-CO2) [30]. Finally, the mesopore volumes (VM) were calculated from VT 

- V-NLDFT. As shown in Table 1, the values of Vµ-CO2 were lower than those of Vµ-N2, indicating a 

well-developed microporosity exhibiting more supermicropores (width in the range 0.7 – 2 nm) 

than ultramicropores (width < 0.7 nm). It is also noteworthy that OMCs formerly obtained by 

hard-templating of mimosa tannin presented an important fraction of narrow pores (Vµ-N2 < Vµ-

CO2), which hindered ion transport and lowered the electrochemical performances under high rate 

and current density regimes when applied as electrode materials for supercapacitors [35]. The 
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effect of the porous texture on the electrochemical performances of the present materials will be 

discussed in the last subsection below. 

 

Table 1. Textural parameters calculated from nitrogen and carbon dioxide adsorption isotherms, 

structural parameters calculated from X-ray diffraction, and carbonisation yield of the carbon 

materials.* 

Sample 

From nitrogen and carbon dioxide adsorption isotherms From XRD 
 

(%) SNLDFT 

(m
2
 g

-1
) 

ABET 

(m
2
 g

-1
) 

VT 

(cm
3
 g

-1
) 

Vµ-NLDFT 

(cm
3
 g

-1
) 

Vµ-N2 

(cm
3
 g

-1
) 

Vµ-CO2 

(cm
3
 g

-1
) 

VM 

(cm
3
 g

-1
) 

t 

(nm) 

d100 

(nm) 

a 

(nm) 

F1/10 758 661 0.59 0.22 0.25 0.23 0.37 6.72 13.04 15.06 27.2 

F2/10 705 616 0.59 0.20 0.23 0.21 0.39 6.72-7.19 12.73 14.69 29.7 

F3/10 780 691 0.63 0.23 0.26 0.23 0.40 6.72 12.73 14.69 28.6 

F4.5/10 673 604 0.57 0.19 0.23 0.21 0.36 6.28-6.72 12.43 14.35 29.0 

F1/20 788 664 0.60 0.23 0.25 0.24 0.37 7.14 14.47 16.71 27.0 

F2/20 715 614 0.59 0.21 0.23 0.22 0.38 7.17 13.72 15.84 28.0 

F3/20 786 691 0.63 0.23 0.26 0.23 0.40 6.75 12.73 14.69 26.5 

F4.5/20 668 601 0.58 0.19 0.23 0.21 0.39 6.31-6.75 13.37 15.44 28.0 

F1/30 744 667 0.63 0.22 0.25 0.23 0.41 6.72 13.04 15.06 27.2 

F2/30 705 634 0.60 0.20 0.24 0.22 0.40 6.33 12.14 14.02 28.2 

F3/30 827 750 0.73 0.24 0.28 0.26 0.49 

 

6.33 11.87 13.71 26.8 

F4.5/30 583 563 0.49 0.17 0.21 0.19 0.32 6.33 14.08 16.26 26.9 

C3/30 1152 1137 0.83 0.38 0.44 0.34 0.45 6.66 11.93 13.77 18.9 

* SNLDFT: calculated by applying the NLDFT method to CO2 and N2 adsorption isotherms; SBET: calculated 

by applying the BET equation to the nitrogen adsorption isotherms; VT: total pore volume; Vµ-NLDFT: 

micropore volume calculated by applying the NLDFT method to CO2 and N2 adsorption isotherms; Vµ-N2: 

micropore volume calculated by applying the Dubinin – Radushkevich (DR) equation to the nitrogen 

adsorption isotherms; Vµ-CO2: ultramicropore volume determined by applying the Dubinin-Radushkevich 

(DR) equation to the carbon dioxide isotherms; VM: mesopore volume, calculated as the difference VT - 

Vµ-NLDFT; t: thickness of the carbon walls, calculated as the difference a – w, where a is the unit cell 

parameter and w is main pore size of the BJH-KJS distributions; d100: interplanar spacing; a: unit cell 

parameter, calculated as (2/√3)d100; : carbonisation yield for the Fi/T series and (carbonization + 

activation) yield for the activated OMC. 
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For a given temperature, increasing the pH from 1 to 4.5 did not produce, on average, 

significant changes in the porosity of the carbons. Among the non-activated materials, the most 

remarkable differences were found for those synthesised at pH 3, which exhibited the highest 

ABET and pore volumes, irrespective to the temperature of self-assembly used to prepare them. 

For a given pH value, an increase of the assembly temperature from 10 to 20°C did not lead to 

significant changes in the carbon porosity, as only a slight widening of the PSD was observed for 

F1/20 and F2/20 (Figure S2 in the Supplementary Information). However, increasing the 

assembly temperature from 20 to 30°C produced an increase of micropore volume and a little 

increase of mesopore volume, especially for the samples synthesised at pH 3. In fact, among all 

studied carbons, F3/30 presented the highest values of both ABET and VT, 750 m
2
 g

-1
 and 0.74 cm

3
 

g
-1

, respectively. This sample not only exhibited the highest micropore volume, 0.24 cm
3
 g

-1
, but 

also the highest mesopore volume, 0.49 cm
3
 g

-1
 (see again Table 1). F3/30 also possessed the 

highest volume of mesopores with diameters centred on 6.66 nm and a narrow PSD in the 

mesopore range. This suggests that F3/30 exhibits the most ordered mesoporous structure among 

the studied carbons, which assumption will be confirmed by XRD. These observations can be 

explained by flavonoid units autocondensing at different extents, depending on pH and 

temperature: (i) autocondensation of tannin occurs preferably at pH < 3 than at pH = 3: –OH 

groups of flavonoids condensate with each other so that H2O is released to the aqueous solution, 

and lead to more compact structures [36–39]; (ii) as tannin autocondensation is an exothermic 

process, increasing temperatures from 10 to 30°C hinder this reaction by thermodynamic reasons 

(H < 0) [38–40]; this could make the polymer network less compact and –OH groups could be 

released from the material during pyrolysis as H2O molecules, thus generating further pores 

(Table 1).  
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The carbonisation yield of the Fi/T series was 28.1  1.6 %. The activated carbon, C3/30, 

exhibited an activation yield of 70.4% and a (carbonisation + activation) yield of 18.9%. C3/30 

exhibited micropore and mesopore volumes of 0.38 and 0.45 cm
3
 g

-1
, respectively, and a BET 

surface area of 1137 m
2
 g

-1
 (Table 1). Therefore, physical activation allowed increasing the 

micropore volume by 58.3% compared to F3/30, but the mesopore volume decreased by 8.2% 

and the PSD was modified in the mesopore range: the volume of mesopores with diameters 

centred on 6.33 nm decreased and was shifted towards slightly higher diameters of 6.66 nm, the 

volume of mesopores of sizes higher than 9 nm increased and that of mesopores with diameters 

of 4.54 nm increased; as the size of the latter did not change during activation but only their 

volume increased, it seems that these pores were pre-existing and that activation made them 

more available. The volume of narrow micropores in C3/30, 0.34 cm
3
 g

-1
, increased compared to 

that of the non-activated F3/30, 0.26 cm
3
 g

-1
. The changes of porous texture of C3/30 with 

respect to F3/30 thus agree with what was expected for a physical activation, being non-selective 

carbon gasification for generating porosity and widening the pre-existing pores.  

 

3.3. Structural and nanotextural characterisation 

The structural order at the mesoscale of the obtained carbons was studied by smallangle 

XRD in the range of 2 Bragg angles from 0.5 to 4° (Figure 3a). The XRD profiles presented 

one band centred on 2 = 0.68  0.07°, which is associated with the (100) reflection of the 

2Dhexagonal P6mm spatial group [24,33]. However, the absence of bands corresponding to the 

(110) and (200) reflections of the same spatial group indicates that these materials are not 

ordered at long range [33]. No clear trends were observed in the d100 or a values of the carbons 

synthesised at increasing pH but fixed self-assembly temperature. F3/30 exhibited the XRD 
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profile with the most intense and narrow (100) band, suggesting, together with the results of 

textural properties, that this material possesses the most ordered structure. The d100 values were 

in the range of 11.8714.47 nm for F3/30 and F1/20, respectively, and the corresponding a 

values calculated from Equation 1 were in the range of 13.71  14.47 nm, respectively. Physical 

activation did not change significantly the d100 and a values of C3/30 with respect to those of 

F3/30, which means that the structural order was maintained. It is noteworthy that both 

parameters d100 and a are higher than those obtained for formerly studied tannin-derived OMCs 

[28]; this means that our materials underwent lower structural shrinkage during carbonisation. In 

fact, both parameters are similar to those obtained for soft-templated carbons prepared from 

resorcinol-formaldehyde resins, which are thermosetting polymers exhibiting low structural 

shrinkage when carbonised [32]. In the two aforementioned works, highly acidic conditions were 

used to obtain OMCs. Thus, interestingly, the structural shrinkage of the present tannin-derived 

OMCs was not only lowered by controlling the temperature of both self-assembly and 

carbonisation steps, but the materials were prepared under milder pH conditions than those 

reported before, and in the absence of formaldehyde or toxic phenolic molecules. 

TEM images of some representative OMC samples confirmed that the latter possess 

2Dhexagonal ordered structures, regardless of pH or self-assembly temperature used to prepare 

them (Figure 3b and Figure S3 in the Supplementary Information). Considering the scheme of 

the softtemplating method displayed in Figure 1, the empty spaces observed in the TEM 

images (in white) correspond to the pores created by removing the surfactant, while the black 

parts correspond to the carbon derived from tannin. TEM images along the longitudinal direction 

of the ordered structures show that the pores are organised in linear arrays at regular intervals 

and present an average diameter of  6.5 nm (mesopores). The presence of some gaps inside the 
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carbon walls is related to the lower structural order along the (110) and (200) directions, as 

observed by small-angle XRD. Taken into account the textural results exposed above, this is in 

agreement with the coexistence of pores coming from surfactant micelles and gaps in the carbon 

walls, 6.28  7.19 and  4.55 nm in size.  

    

Figure 3. (a) Smallangle XRD profiles of the soft-templated OMCs prepared at the self-

assembly temperatures of 10°C (top) and 30°C (bottom); (b) TEM images of F1/10 and F4/10 in 

the longitudinal direction (left raw) and in the cross-sectional direction (right raw). 

  

The firstorder Raman spectra of the OMCs synthesised at different values of temperature 

and pH are displayed in Figure S4 in the Supplementary Information. The I(D1) / I(G) ratios of 

the OMCs at different pH and assembly temperatures are shown in Figure 4. All the materials 

presented broad D1 and G bands of rather similar intensity, typical of disordered carbon materials 

[41,42]. On the one hand, the materials prepared at 10°C and pH values from 1 and 4.5 exhibited 
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D1 and G bands located at 1342  1 and 1592  2 cm
-1

, respectively. On the other hand, those 

prepared at pH 1 and at self-assembly temperatures between 10 and 30°C displayed D1 and G 

bands located at slightly higher Raman shifts, 1343 and 1595 cm
-1

, respectively (Figure S4 in 

the Supplementary Information).  

 

 

Figure 4. Intensity ratio of D to G bands, I(D) / I(G), obtained from the first-order Raman 

spectra of the studied OMCs as a function of: (a) synthesis pH; and (b) assembly temperature. 

The comparable intensities of the D1 and G bands are only apparent, as the envelopes of the 

spectra can be accounted for by three more components (D4, D3 and D2) appearing between 1210 

and 1602 cm
-1

, respectively (Figure S4 in Supporting Information section). D4 is responsible for 

the left shoulder of the spectra and is related to the poor organization of carbon. D2 is responsible 

for the right shoulder of the spectra and corresponds to the second first-order zone boundary 

phonon. D3 is required for filling the gap between D1 and G bands and appears when the 

crystallization degree is very low. The width of D1 is related to both the crystallite size (La) and 

the contribution of edge planes, while the width of the G peak is proportional to the disorder 

produced at sp
2
 sites because of the presence of sp

3
 carbon [43].  
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The studied carbons are non-graphitic materials since they do not possess 3D longrange 

graphitic structure, and are also non-graphitisable since the turbostratic units are randomly 

arranged and bridged to each other by disordered carbon species, even after carbonisation at 

temperatures as high as 2000°C [44]. Accordingly to this, the I(D1) / I(G) ratios are expected to 

be proportional to the squared crystallite size, La
2
 [42]. The I(D1) / I(G) ratios moderately 

increased in the range of pH from 1 to 3 and decreased at pH 4.5, while they exhibited a clear 

increasing trend as the self-assembly temperature increased from 10 to 30 °C. This suggests that 

the crystallite size increased in the range of pH 1 to 3 and at increasing temperatures, thus 

improving the nano-textural order of the corresponding materials, and decreased at pH 4. This 

finding indicates an improvement of the assembly of tannin with surfactant in the mentioned pH 

(1 to 3) and temperature conditions, and agrees with the progressively increasing mesostructural 

order of the materials as the pH increased from 1 to 3. On the other hand, this trend is different to 

that of a previous work also dealing with the synthesis of OMCs from mimosa tannin and 

Pluronic® F127, in which an increase of the nanotexture order was observed as the medium pH 

decreased from 4.2 to 0 [28]. Given that no control of the tanninsurfactant assembly conditions 

(time and temperature) was exerted in the latter work, it seems that both parameters play a key 

role on the nanotexture order of the resultant OMCs and allow using milder pH conditions. 

The different porous textures and nano-textural and structural orders of the studied OMCs as a 

function of pH can be explained in terms of the self-assembly mechanism followed by triblock 

copolymer and tannin molecules. Different pathways have been used to describe the synthesis of 

ordered mesoporous materials under different pH conditions [2]. In the case of OMCs prepared 

from resorcinol-formaldehyde resins and triblock copolymer surfactants in highly acidic media, 

the organic-organic self-assembly is mediated by I
+
X

-
S

+
 and hydrogen-bonding (I

0
S

0
) 
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interactions [32], where I
+
 and S

+
 refer to the protonated groups of the precursor and the 

hydrophilic blocks of the triblock-copolymer, respectively, and X
-
 refers to counter ions (e.g. Cl

-

). Under highly acidic conditions, for example in HCl medium, the -OH groups of the molecules 

of carbon precursor and the hydrophilic blocks of the triblock copolymers are protonated, and the 

Cl
-
 ions act as mediators (X

-
); the Coulombic interactions existing among them can facilitate the 

I
+
X

-
S

+
 pathway and enable the self-assembly of the surfactant-polymer nanocomposites. On the 

one hand, the assembly of tannin with triblock copolymers is expected to be governed by both 

the I
+
X

-
S

+
 and I

0
S

0
 mechanisms, since tannins are polyphenols that are able to lead to the same 

kinds of reactions as phenol or resorcinol [45]. On the other hand, tannin molecules are also 

prone to autocondensation under highly acidic conditions and give rise to highly disordered 

carbon after pyrolysis [36–39]. Figure 5 thus illustrates the formation of tannin aggregates (in 

dark brown colour) produced by tannin autocondensation at pH 1, and which is hindered when 

the pH increases. Thus, as the pH of the medium increased from 1 to 3, the long-term order at the 

mesoscale, the volume of mesopores with diameters centred on 6.727.19 nm and the 

nanotexture order, increased due to a progressive hindrance of tannin autocondensation, which is 

in competition with the formation of the ordered mesostructure through well-organised self-

assembly. The maximum textural order at the mesoscale was found for the samples synthesised 

at pH 3, illustrating that the supramolecular structure is better stabilised through stronger 

interactions than at lower pH values, the latter favouring autocondensation. However, when no 

HCl was added to the tannin solution (pH 4.5), the absence of H
+
 and Cl

-
 ions involved in the –

OH group protonation and in the formation of the ordered template, mediating the tannin-

surfactant interactions through the I
+
X

-
S

+
 and I

0
S

0
 mechanisms, produced a decrease of both 

long-term structural order and mesopore volume [2,28]. pH 3 thus appear to be an optimum. 
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Figure 5. Competitive formation of tannin-surfactant supramolecular structures by self-

assembly, and of tannin aggregates by autocondensation of tannin at pH 1. 

3.4. Chemical characterisation 

Table S1 of the Supplementary Information collects the results of bulk chemical 

composition of the studied OMCs, Fi/T series and C3/30, expressed as wt. % and at. %. The Fi/T 

materials exhibited low nitrogen concentrations, between 0.06 and 0.15 wt. % (0.04 and 0.12 at. 

%), due to a few amino acids leached with tannin from mimosa barks during the extraction 

process. These values are so low that the materials cannot be considered nitrogen-doped. 

Physical activation of F3/30 into C3/30 increased the bulk carbon content and decreased the bulk 

concentration of the other elements, which suggests the release of functional groups located at 

the edges of carbon layers. Thus, the carbon content increased by 1.2% and the oxygen content, 
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for example, decreased by 12.8%. Interestingly, as the assembly temperature increased from 10 

to 30°C, the oxygen content decreased: the samples synthesised at 10°C possessed the highest 

oxygen concentrations, up to 6.59 wt. % for F3/10 (4.27 at. %), while those synthesised at 30°C 

presented the lowest ones, not higher than 4.27 wt. % for F4.5/30 (3.05 at. %). 

This trend is clearly seen in the 3DVan Krevelen diagram given in Figure 6, which shows 

the N/C, O/C and H/C atomic ratios of the studied materials. It agrees with a lower 

autocondensation of tannin molecules as the assembly temperature increases at a given pH: the 

less compact polymer network produced at higher temperature of synthesis allows the release of 

more –OH groups during carbonisation, leading to higher pore volumes and surface areas as 

shown above but also to lower bulk O concentrations in the final carbons. 

 

 

Figure 6. Van Krevelen diagram of the studied OMCs. 

 

The chemical composition of the materials’ surface was studied by XPS, and the resulting 

data, expressed as at. %, are collected in Table 2. The C1s and O1s high-resolution spectra for 

some representative Fi/T materials, as well as for C3/30, are displayed in Figures S5, S6 and S7 
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of the Supplementary Information. As shown in Table 2, no nitrogen was found at the materials 

surface because of its well-known volatility during carbonisation. In agreement with the results 

of elemental analysis, the surface concentration of oxygen was found to be higher for samples 

synthesised at 10°C than for those prepared at 20 and 30°C, and F3/10 exhibited the highest 

oxygen surface concentration of 3.5 at. %. The oxygen surface concentrations of the samples 

prepared at 10°C (Table 2) were lower than in the bulk (see in at. % values in Table S1), 

indicating that the oxygen functionalities were mainly located in the materials bulk. However, 

the oxygen surface concentrations of the materials prepared at 20 and 30°C were similar or 

slightly higher than those found in the bulk, indicating a more homogeneous distribution of the 

oxygen groups all through the materials. As for the elemental analysis results, such differences 

can also be explained in terms of different autocondensation degree as a function of the assembly 

temperature: at 20 and 30°C, tannin autocondensation occurs to a lower extent than at 10°C so 

that less compact polymer networks are formed, in which the many hydroxyl groups are more 

equally distributed all through the material and out of which the latter can be more easily and 

more homogeneously released as water during carbonisation. Such less reticulated polymers and 

easier release of water molecules is consistent with the higher micropore volume of OMCs 

prepared at higher assembly temperatures, as already explained in the textural characterisation 

section. Physical activation increased the carbon content and reduced the nitrogen and oxygen 

contents, both in the bulk and at the surface of C3/30. This is also consistent with the removal of 

functional groups located at the edges of carbon layers by CO2 activation. Oxygen was 

homogeneously distributed, as the oxygen content of the material was 2.0 and 2.1 at. % in the 

bulk and at the surface, respectively. 
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Table 2. Surface composition obtained by XPS and contributions to the C1s and O1s peaks.* 

Sample 

XPS C1s O1s 

C 
(at. %) 

O 
(at. %) 

CI 

BE (eV) 

A (%) 

CII 

BE (eV) 

A (%) 

CIII 

BE (eV) 

A (%) 

CIV 

BE (eV) 

A (%) 

CV 

BE (eV) 

A (%) 

OI 

BE (eV) 

A (%) 

OII 

BE (eV) 

A (%) 

OIII 

BE (eV) 

A (%) 

F1/10 96.9 3.1 
284.5 

(65.7) 

285.5 

(24.4) 

287.6 

(6.2) 

289.0 

(0.2) 

290.1 

(2.8) 

531.7 

(35.1) 

532.9 

(55.7) 

534.5 

(9.2) 

F2/10 96.6 3.4 
284.5 

(65.1) 

285.5 

(25.0) 

287.6 

(7.0) 

289.2 

(1.0) 

290.3 

(2.0) 

531.6 

(32.6) 

532.9 

(58.7) 

534.5 

(8.8) 

F3/10 96.5 3.5 
284.5 

(66.7) 

285.5 

(23.0) 

287.6 

(6.8) 

289.1 

(0.5) 

290.2 

(2.9) 

531.6 

(37.5) 

532.9 

(53.9) 

534.5 

(8.6) 

F4.5/10 96.9 3.1 
284.5 

(67.0) 

285.5 

(23.3) 

287.6 

(7.0) 

289.1 

(0.5) 

290.2 

(2.4) 

531.6 

(34.1) 

532.9 

(58.4) 

534.5 

(7.6) 

F1/20 97.1 2.9 
284.5 

(65.1) 

285.5 

(25.4) 

287.6 

(6.5) 

289.0 

(0.5) 

290.2 

(2.8) 

531.8 

(35.6) 

533.0 

(53.8) 

534.5 

(10.6) 

F4.5/20 96.7 3.3 
284.5 

(66.2) 

285.5 

(23.8) 

287.6 

(7.0) 

289.1 

(0.6) 

290.3 

(2.3) 

531.7 

(35.6) 

532.9 

(57.5) 

534.5 

(6.9) 

F1/30 97.5 2.5 
284.5 

(67.6) 

285.5 

(22.7) 

287.6 

(6.9) 

289.2 

(0.8) 

290.3 

(2.3) 

531.8 

(39.4) 

533.0 

(54.4) 

534.5 

(6.2) 

F4.5/30 96.8 3.2 
284.5 

(66.0) 

285.5 

(24.4) 

287.6 

(6.9) 

289.1 

(0.5) 

290.2 

(2.1) 

531.7 

(34.0) 

532.9 

(56.4) 

534.5 

(9.6) 

C3/30 97.9 2.1 
284.5 

(72.6) 

285.5 

(23.2) 

287.6 

(2.7) 

289.2 

(0.2) 

290.1 

(1.2) 

531.2 

(28.6) 

532.6 

(63.6) 

534.5 

(7.8) 

*Assignment of the peaks: CI are hydrocarbons, aromatics and aliphatics; CII are Csp
3
 and C-O single 

bonds associated with ethers, phenols and anhydrides; CIII are C=O double bonds in carbonyls and 

quinones; CIV are C-O single bonds in carboxyls; CV are plasmon losses or shake-up - satellites. OI 

are C=O double bonds in quinone-type groups, carbonyls and carboxylic acids; OII are –OH bonds in 

phenols, C–O–C ether groups and C=O bonds in ester and anhydride groups; OIII are chemisorbed 

oxygen, single C-O bonds in esters and anhydrides, C-O bonds in carboxylic groups and/or water [46–

48]. BE and A (%) stand for binding energy and relative contribution based on peak area, respectively. 

 

Deconvolution of the C1s and O1s high-resolution spectra allowed identifying a variety of 

oxygen functionalities at the materials surface (Figures S5, S6 and S7 of the Supplementary 

Information, and Table 2). No significant differences were found among the binding energies 

and relative areas of each type of contribution for the different OMCs, which suggests that their 
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surface chemistries were similar after carbonisation. Phenols, ethers, esters and anhydrides were 

the most abundant oxygen functionalities, followed by carbonyls, quinones and carboxylic acids 

(Table 2). Among those oxygen functionalities, mainly quinones and carbonyl groups but also 

hydroxyl and carboxylic groups have been proved to be electrochemically active in protonic 

acidic electrolytes, such as sulphuric acid (see possible reactions in Figure S8 of the 

Supplementary Information). Removal of oxygen groups from the C3/30 surface during 

activation of F3/30 was evidenced by: (i) the increase of the relative amounts of hydrocarbons, 

aromatics and aliphatics (peak CI), and (ii) the decrease of the relative amounts of carbonyls, 

quinones and carboxylic acids (peaks CIII, CIV, CV, OI and OIII). The increase of relative area 

of the OII peak could indicate an increase in the relative concentration of phenols, ethers, esters 

and anhydrides. But, as OIII peak is also related to the presence of ester and anhydride groups, 

and given that the OIII relative area decreased, no clear conclusions can be drawn for the ester 

and anhydride evolution.. 

 

4. Electrochemical performances 

Electrochemical properties of the carbon-based electrodes were studied by cyclic 

voltammetry (CV) in a threeelectrode cell, and by galvanostatic chargedischarge (GCD) and 

impedance spectroscopy (EIS) in a twoelectrode cell. Electrochemical tests were carried out at 

room temperature using 2 mol L
-1

 H2SO4 as aqueous electrolyte, and the obtained results are 

displayed in Figures 7 and 8, as well as in Figure S9 of the Supplementary Information. 

Cyclic voltammograms were recorded at different scan rates between 0.5 mV s
-1

 and 1 V s
-1

 

in the potential range of 0  0.8 V. At the lowest scan rate, 0.5 mV s
-1

, the CV curves exhibited 

quasi-rectangular profiles with small redox peaks, suggesting the contribution of reversible redox 
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reactions of oxygen groups to the total capacitance of the electrode (Figure 7a). F1/10 and F3/30 

electrodes exhibited gravimetric capacitances of 158 and 193 F g
-1

, respectively, while that based 

on C3/30 reached 286 F g
-1

 (Figure 7b). This illustrates that activation of F3/30 increased the 

gravimetric capacitance by 1.5 times. The volumetric capacitances of the electrodes were 96, 119 

and 158 F cm
-3

 for F1/10, F3/30 and C3/30, respectively. OMCs formerly reported, obtained by 

soft-templating of resorcinol / phloroglucinol – formaldehyde resins with Pluronic® F127 and 

subsequently submitted to HNO3 oxidation, exhibited lower specific capacitances up to 270 F g
-

1
, measured in a three-electrode cell using 1 mol L

-1
 H2SO4 electrolyte [49]. In contrast, the 

present OMCs are not only based on natural precursors in the absence of toxic agents such as 

resorcinol and formaldehyde, but no oxidation post-treatment generating polluting washing 

liquids had to be used. The redox peaks of the CV curves no longer appeared above 10 mV s
-1

, 

indicating that charge storage mainly occurred through a capacitive mechanism. As the scan rate 

increased from 0.5 mV s
-1

 to 1 V s
-1

, the specific capacitance gradually decreased, which can be 

explained by the progressive resistance increase to ion diffusion into the carbon pores at 

increasing scan rates. At the very high scan rate of 1 V s
-1

, the materials yielded similar 

capacitance retentions of 13  1 % (Figure S9-a in Supporting Information). Interfacial 

capacitances of the electrodes at different scan rates, C / ABET, were plotted versus oxygen 

surface concentrations in order to determine the pseudocapacitance contribution to the overall 

capacitance (Figure 7c). Increasing the surface oxygen concentration had not effect on the 

interfacial capacitances, even at the lowest scan rate of 0.5 mV s
-1

. This fact suggests that charge 

is mainly stored through an electric double layer mechanism in which the porous texture is the 

key parameter, and that the pseudocapacitance contribution was negligible. 
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Figure 7. CV results obtained in a three–electrode cell for the studied materials: (a) CV curves at 

0.5 mV s
-1

 scan rate in the potential window of 0 – 0.8 V; (b) changes of gravimetric capacitance 

with scan rate; and (c) interfacial capacitance vs atomic surface concentration of oxygen, 

obtained by XPS, at different can rates. Electrochemical performances of the two–electrode 

system: (d) percentage of capacitance retention as a function of current density, determined by 

GCD; (e) Ragone plot; and (f) cycling stability up to 5000 cycles of charge–discharge. 
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GCD tests were carried out at different current densities between 0.1 and 12 A g
-1

 in the 

voltage range of 0  0.8 V. The GCD curves of the carbon electrodes exhibited quasi-triangle 

shaped curves up to the high current density of 12 A g
−1

 and increasing Ohmic drops (IR drops), 

indicating that charge propagation was progressively less reversible with increasing current 

densities. GCD curves of the carbon electrodes obtained at 4 A g
-1

 current density are shown as 

representative examples in Figure S9-b in the Supplementary Information. Typically, the GCD 

curves of carbon electrodes exhibit ohmic drops (IR drops) that are attributed to the electrolyte 

resistance (Rs) and the inner resistance for ion migration in micropores (Ri) [50]. At the high 

current density of 4 A g
-1

, for example, F3/30 exhibited the highest IR drop of 0.0577 V while 

C3/30 exhibited the lowest one, 0.0273 V (Figure S9-b). The inner resistance of ion migration 

has a higher contribution to the whole IR drop and is one of the intrinsic characteristics of the 

carbon electrodes [50]. Thus, the measured potential drop in the discharge curve should be 

proportional to the discharge current, and the slope of the linear relationship would be an 

estimation of the inner resistance (Ri) of the electrodes [51]. The variation of the IR drop with 

the discharge current for the studied electrodes is represented in Figure S9-c of Supporting 

Information. Interestingly, C3/30 exhibited the lower internal resistance than F3/30, 2.70 and 

5.30 Ohms, respectively, despite possessing a much higher micropore volume. The lower 

resistance for ion migration of the C3/30 electrode could be explained by the decrease of the 

oxygen surface concentration upon activation and to the widening of the pre-existing micro and 

mesopores, as already proven for activated carbons obtained at progressively higher activation 

times [51,52]. 

The capacitance values obtained through GCD in the two-electrode cell (two carbon 

electrodes in series) can be compared with those obtained through CV in a three-electrode cell 
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(one carbon electrode) by expressing them as the capacitance of a single carbon electrode, 

through the equation Celectrode= 4 Ccell [53]. Thus, C3/30 yielded the highest specific capacitance 

of 244 F g
-1

 at 0.1 A g
-1

, expressed for a single electrode. Interestingly, the specific capacitance 

of C3/30 is higher to that of other activated carbons obtained by CO2 activation of phenolic 

resins, 199 F g
-1

, despite the latter possessed micro-mesoporous hierarchical structures as well as 

surface areas as high as 1488 m
2
 g

-1
 [54]. Moreover, GCD of such activated carbons was carried 

out in a three-electrode cell at a lower current density of 0.05 A g
-1

; thus, the reported specific 

capacitances would be even lower under the same experimental conditions of in our work, as it is 

well-known that two-electrode cell and higher current densities give rise to lower capacitance 

values.  

The specific capacitances progressively decreased from 0.1 to 12 A g
-1

 for the studied 

materials, due to the increasing both electrolyte resistance and inner resistance to ion diffusion: 

F1/10 and F3/30 exhibited lower capacitance retentions of 26  1%, while 50% of the initial 

capacitance was still retained for C3/30 at the very high current density of 12 A g
-1

 (Figure 7d). 

The higher specific capacitance retention is explained by the increase of the micropore volume 

and the presence of mesopores and inter-connected pore channels in the activated OMC. It is 

generally accepted that, during the chargedischarge process, micropores account for ion storage 

while mesopores facilitate the diffusion of electrolyte ions towards micropores. Thus, 

hierarchical porous structures comprising balanced micropore and mesopore volumes are 

generally associated with higher electrochemical performances at both high scan rates and 

current densities. 

Symmetrical supercapacitors made from F1/10 and F3/30 delivered maxima energy densities 

of 7.13 and 9.20 Wh kg
−1

, respectively, and maxima power densities of 14.56 and 15.46 kW 
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kg
−1

, respectively (Figure 7e). The C3/30 supercapacitor led to exceptionally high energy and 

power densities of 17.54 W kg
-1

 and 16.29 kW kg
−1

, respectively, in a range of current densities 

from 0.1 to 12 A g
-1

. These values are higher than those obtained for other carbon materials with 

hierarchical porosities in 2 mol L
-1

  H2SO4 electrolyte (maxima energy densities of 4.5 Wh kg
-1

 

and power densities of  3 kW kg
-1

) [54], and can be primarily assigned to the high micropore 

and mesopore volumes as well as to the ordered structure of the OMCs. 

Long-term cycling stability of the carbon electrodes was tested at 0.5 A g
-1

 current density 

up to 5000 cycles of charge-discharge, and the corresponding results are displayed in Figure 7f. 

The capacitance retention slightly decreased until 1000 charge-discharge cycles, and 84.6  1.6% 

of the specific capacitance was retained after 5000 cycles. C3/30 yielded the best long-term 

stability, since the capacitance retention reached the highest value of 86.2%. Such an excellent 

stability may be related to both the hierarchical porous texture of the material, comprising high 

micropore and mesopore volumes, and the low concentration of oxygen functionalities, which 

have been proven to increase ESR and deteriorate capacitance, thus contributing to capacitor 

instability [51,53,55]. 

Electrochemical impedance spectroscopy (EIS) was further used to study the frequency 

response of the materials in the symmetric twoelectrode system (Figure 8). Nyquist plots are 

typical of porous materials and exhibit three distinct zones (Figure 8a): (i) semicircles in the 

high-frequency region, (ii) straight lines tilted at 45° in the intermediate frequency region, and 

(iii) straight lines of higher slope in the low-frequency region. Semicircles are related to electron 

transfer resistance at the electrode-electrolyte interface, whereas the 45°-tilted straight lines are 

associated with Warburg impedance, which gives information about ion diffusion resistance into 

the carbon electrode. Both electron transfer resistance and ion diffusion resistance contribute to 
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the impedance of the system, which is affected by the density of oxygen surface groups and by 

the shape and the diameter of the pores. F3/30 exhibited the semicircle of highest diameter, 0.82 

, while C3/30 exhibited the smallest one, 0.57 , indicating that electron transfer resistance 

decreased after activation. Moreover, the length of the Warburg segment of C3/30 was lower 

than that of F3/30, indicating a decreased resistance to ion transport into the electrode bulk, in 

agreement with the GCD results. As commented above, the decrease of both the electron transfer 

resistance and the diffusion resistance can be likely due to the decrease of the oxygen groups 

concentration and to the widening of the pre-existing micro and mesopores upon activation [52]. 

The equivalent series resistance (ESR) of the system was calculated from the intercept of the 

linear region at low frequency with the axis of the real part of the impedance. The ESR 

comprises electrolyte resistance, intrinsic resistance of the active material, and interfacial contact 

resistance between the active material and the current collector [15]. C3/30 exhibited the highest 

ESR, 4.80 Ω, suggesting that this material presents the lowest electrical conductivity, which is in 

agreement with the porosity generation by activation. The gravimetric capacitances, calculated at 

1 mHz for the two-electrode systems, were 45, 36 and 28 F g
-1

 for C3/30, F3/30 and F1/10, 

respectively. The gravimetric capacitances of a single electrode, calculated through the above 

equation Celectrode= 4 Ccell, were 180, 144 and 112 F g
-1

 for C3/30, F3/30 and F1/10, respectively. 

As expected, they are lower than those capacitance values determined by CV and GCD, since 

they were determined through different techniques, but they keep the same trend for the three 

carbons (capacitance values in the order: C3/30 > F3/30 > F1/10).  
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Figure 8. EIS results obtained in a two–electrode cell: (a) Nyquist plot; and (b) frequency 

response plot. 

 

The frequency dependence of the capacitance was studied by EIS in a two-electrode system. 

Figure 8b shows the evolution of the normalised capacitance, C’/Cmax, or the real component of 

capacitance divided by the maximum capacitance value at 1 mHz, versus the applied frequency.  

Normalised capacitance decreased at increasing frequencies, which is related to hindered ion 

diffusion into the pores at high and medium frequency regimes (10  10
5
 Hz). The frequency 

response time is given by the relaxation time constant (τs), calculated as 1/f0.5, where f0.5 is the 

frequency at which 50% of the normalised capacitance is achieved. Interestingly, C3/30 

exhibited a faster frequency response than F3/30: 4.39 and 8.28 s, respectively. This indicates 

that the C3/30-based supercapacitor needs less time to charge or discharge 50% of the full 

charge, likely due to its broader PSD, to its lower oxygen surface content, and to its higher 

capacitance retention with respect to the F3/30-based electrode. Thus, C3/30 is more appropriate 

than non-activated OMCs for being used as electrode material in practical devices. 
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5. Conclusions 

Controlling the temperature of self-assembly in the soft-templating synthesis of tannin-

derived OMCs is crucial as it allows using milder pH conditions than what was formerly 

reported, in the absence of formaldehyde or toxic phenolic molecules. The optimal stabilisation 

of the surfactant-tannin supramolecular structure occurred at pH 3 and 30°C, leading to the 

material exhibiting the most developed porosity and the most ordered mesostructure and 

nanotexture. For a given pH value, increasing the temperature from 10 to 30°C decreased the 

amount of functional groups in the final OMCs, probably due to the lower autocondensation of 

tannin molecules leading to less compact polymer networks, from which oxygen was more easily 

released as water during carbonisation. The control of the pH and of the assembly temperature, 

and the removal of the surfactant at 400°C followed by carbonisation at 900°C, minimised the 

structural shrinkage and better preserved the mesoporosity. This led to OMCs with similar cell 

parameters as those produced from thermosetting resorcinol-formaldehyde resins. 

Physical activation increased the micropore volume by 58.3% without significantly affecting 

the structural order, but decreased the mesopore volume and the oxygen content whereas the 

PSD was slightly broadened in the mesopore range. When used as electrode material in a 

supercapacitor, the activated OMC evidenced higher gravimetric capacitances (286 F g
-1

 by 

cyclic voltammetry), higher capacitance retention (50% at 12 A g
-1

), and higher energy and 

power densities (17.54 W kg
-1

 and 16.29 kW kg
−1

, respectively, by galvanostatic charge 

discharge) than non-activated OMCs and formerly reported hierarchical OMCs. Moreover, the 

widening of the PSD, the lower oxygen surface concentration and the higher capacitance 

retention of the activated OMC with respect to the non-activated one allowed decreasing the 



 38 

frequency response from 8.28 to 4.39 seconds, making the former material more appropriate for 

practical electrochemical energy storage devices. 
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