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Abstract 

Carbon monoliths are prepared by combining two carbon phases. A major phase 

is activated anthracite, which provides microporosity and large surface area. The other 

phase is a carbonized polymer that provides self-consistency and contributes to densify 

the monolith. Different degrees of anthracite activation and different contents of the two 

phases are investigated. These all-carbon monoliths have surface areas up to 2600 m
2 

g
-

1
, mechanical strengths up to 6 MPa, electrical conductivities up to 2-4 S cm

-1
 and 

densities between 0.4 and 0.7 g cm
-3

. In sulfuric acid electrolyte, gravimetric 

capacitances up to 307 F g
-1

 are achieved. The double layer capacitances due to the 

hydronium and bisulfate ion are separately measured, the former being ca. 25 % higher 

than the latter. The size of the two ions electro-adsorbed at the double layer is discussed. 

The pseudocapacitance associated with the hydronium ion is 10-25% of the total 

capacitance of this ion. All the carbon monoliths show high capacitance retention on 

current density; the retention of the double layer capacitance is similar for the two types 

of ions and higher than the retention of the pseudocapacitance associated with the 

hydronium ion.   
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1. Introduction 

Carbon monoliths are promising candidates for supercapacitor electrodes due to 

their three-dimensional framework of interconnected carbon particles that lead to high 

electrical conductivity and good accessibility of the electrolyte. The contact between 

adjacent particles in all-carbon monoliths is much better than that observed in pellets 

made from compaction under pressure of a powdered carbon and an inert polymer. In 

the latter case, the contact between the carbon particles is just of mechanical nature, 

while in the former case, the carbon particles are bonded by sintering. Accordingly, 

such all-carbon monoliths show much higher electrical conductivity (in the order of 

magnitude of 1 S cm
-1

) than the compacted pellets (in the order of magnitude of 0.1 S 

cm
-1

or lower).
[1]

  

Another advantage of the carbon monoliths is their hierarchical porous structure, 

derived from the connectivity of macro (>50 nm), meso (2-50 nm) and micropores (< 2 

nm), which can work as reservoirs and feeders of the electrolyte and provide a large 

double layer as a result of their large specific surface area.
[2,3]

 All the carbon present in 

the monoliths can contribute to the capacitance. In contrast, the electrodes processed as 

compacted pellets of powdered carbon and polymeric binder can present isolated 

portions of the carbon, which are embedded in the binder and do not contribute to the 

capacitance.
[1]

 The higher specific capacitance and the higher electrical conductivity of 

the monoliths compared to compacted pellets lead to supercapacitors with higher 

capacitance, lower resistance and shorter relaxation time.
[1]

 The thickness of the 

monolith has an important effect on the supercapacitor features. As the monolith 

becomes thicker, (i) the cell capacitance increases significantly, which is an advantage, 

(ii) the cell resistance increases slightly, which is a moderate drawback, and (iii) the 
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relaxation time becomes longer, which is an important drawback. Thus, thicker 

monoliths are better for improving the cell energy and thinner monoliths are better for 

improving the cell power.
[4,5]

 The main drawback of carbon monoliths is their low 

density, typically below 0.4 g cm
-3

, that leads to low volumetric capacitances, usually 

below 100 F∙cm
-3

 in aqueous electrolyte and below 50 F∙cm
-3

 in organic electrolytes. 

There are only a few cases in which the reported monoliths showed densities above 1 g 

cm
-3

. 
[6-8]

 In contrast, monolithic films prepared either from titanium carbides 
[9,10]

 or 

from graphene-like materials 
[11-16]

 showed densities up to 3.6 and 1.6 g cm
-3

, 

respectively. These films reached volumetric capacitances as high as 800-900 F∙cm
-3 

[9,15]
, but the volumetric capacitance, and also the specific (gravimetric) capacitance 

decreased as the film thickness increased, i.e. as the film became more compacted. 

[9,13,14,16]
 This feature is different from carbon monoliths, which showed the same 

gravimetric capacitance and the same density independently of the monolith thickness. 

[4]
      

Porous carbon monoliths can be prepared by a number of procedures and from 

different reagents: (i) carbonization of gels obtained from several carbon precursors and 

catalysts
[17-28]

, (ii) carbonization of gels having a “soft template”, which is thermally 

removed during carbonization, or a “hard template”, subsequently removed by reaction 

with specific reagents after carbonization
[29-36]

, (iii) infiltration of an inorganic monolith 

with a carbon precursor followed by carbonization and removal of the inorganic 

component 
[37-39]

, (iv) hydrothermal carbonization of biomass precursors
[8,49,41]

, (v) 

carbonization of monoliths from natural biomaterials, such as pieces of wood, bone, etc. 

[42-44]
, and (vi) mold conforming under pressure of carbon or a carbon precursor 

followed by its carbonization.
[45-47]

 The latter procedure is easier and cheaper than the 

others. However, the main difficulty comes from the fact that compaction of powdered 
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carbons does not lead to self-standing monoliths, but requires the use of a binder. 

Oftentimes, carbon monoliths prepared by the previously mentioned procedures reveal 

microporosity that comes from the carbon precursor, and macro/mesoporosity that is 

formed upon the removal of either the solvent or the template, leading to a hierarchical 

porosity.   

In the present study, we report an easy and versatile procedure to obtain all-

carbon monoliths that can be applied beyond the laboratory scale. The monoliths are 

made from two phases of porous carbon. The major phase is a powdered activated 

carbon obtained from anthracite activation. Anthracite can be easily activated in 

presence of alkaline hydroxides, such as potassium hydroxide.
[48]

 This activated phase 

provides most of the porosity and specific surface area and, hence, a significant portion 

of the monolith capacitance. The other phase, which is a polymer-derived carbon, works 

as a scaffold and provides self-consistency. In this work, polyvinylidene chloride 

(PVDC) is chosen because, in contrast to other polymers, PVDC-derived carbons also 

provide a considerable amount of porosity,
[49]

 which also contributes to the capacitance 

of the monoliths. Optimization of the monoliths in capacitance and self-consistency is 

accomplished by changing the activation degree of the former phase and the content of 

the latter one. A further aim of this work is to analyze the capacitance of the monoliths 

as a function of their content in the two carbon phases. Not only the total specific 

capacitance, which is usually studied, but also the specific capacitance associated with 

the two ions (cation and anion) of the electrolyte is analyzed, with the aim of discussing 

their contribution to the total specific capacitance. As far as we know, results of 

capacitance associated with the cation and anion are scarcely reported. However, this 

kind of results can help to get a better understanding of the double layer. The double 

layer capacitance and pseudo capacitance are discussed on the basis of the surface area 
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and surface chemistry of the monoliths. The size of the two ions electro-adsorbed at the 

double layer is also discussed.    

2. Results and Discussion  

Figure 1 shows SEM pictures of powdered anthracite before activation (top) and 

after KOH-activation with a KOH/anthracite weight ratio of 3/1 (bottom). The average 

particle size of the starting anthracite, of 500 µm, decreases after activation to an 

average value of 30 µm. While the starting anthracite has particles with a continuous 

and smooth appearance (inset of Figure 1a), the activated anthracite presents much 

rougher surfaces (inset of Figure 1b). Higher magnification (not shown) of the activated 

anthracite reveals smaller particles of carbon with sizes of 8-12 nm, similar to the 

particles observed for the AK31 activated anthracite phase (AA) in Figure 2c.           

 Figure 2 shows SEM pictures of the conformed MAK31 monolith before and 

after carbonization. It is important to underline that no monoliths can be obtained by 

compaction of the powdered activated anthracite phase without the presence of the 

carbonized PVDC binder phase.  

Before carbonization, the backscattered electron (BSE) micrograph shows white, 

grey and black regions (Figure 2a). The white regions (B), which are ascribed to the 

PVDC, are located around the activated anthracite particles and around groups of these 

particles. The grey regions (AA) are ascribed to the activated anthracite particles. The 

black regions (V) are ascribed to voids. Larger voids, of 10-20 µm size, not filled with 

the PVDC, are observed between some neighboring anthracite particles. Smaller voids, 

of 1-2 µm size, are observed within some anthracite particles. Both the anthracite 

particles and the PVDC phase showed a high content of carbon, as deduced from EDS 

analysis. The PVDC phase also revealed a high content of chlorine (Figure S1).  
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After monolith carbonization (Figure 2b), the BSE micrograph shows: the 

carbonized PVDC phase (labeled CB), the activated anthracite particles (labeled AA) 

and the voids (labeled V). The CB phase is located around the AA particles and around 

groups of AA particles, and works as scaffold of the self-standing monolith.  The two 

carbon phases, CB and AA, are in close contact, as observed from the magnified picture 

of the border between these phases (inset of Figure 2b). There are large voids of 10-20 

µm in size between some adjacent AA particles and smaller voids of 1-2 µm in size 

within the CB phase and within some of the AA particles. The secondary electron (SE) 

micrographs of the two carbon phases show that they comprise connected carbon 

particles of smaller size (Figure 2c). The AA phase consists of carbon particles having 

8-12 nm in size and voids of ca. 10 nm in size (left hand side of Figure 2c). These 

results suggest that the structure of the powdered activated anthracite was not modified 

after mold conforming and subsequent carbonization. The CB phase shows carbon 

particles of 15-30 nm in size and voids of 10-30 nm in size (right hand side of Figure 

2c). Therefore, the two carbon phases consist of connected carbon particles and voids, 

both having sizes in the range 10-30 nm. The limit in resolution of the SEM technique 

prevents the detection of voids with sizes in the range of micropores, i.e., below 2 nm. 

The observed structure with interparticle voids in the range of 10-30 nm, 1-2 µm and 

10-20 µm could be beneficial for the access of the electrolyte to the porosity of the 

monolith.  

The N2 adsorption isotherms of the four monoliths are shown in Figure 3a. The 

shapes of these isotherms correspond to type I, according to the IUPAC 

classification.
[50]

 Thus, they show a sharp increase in the adsorbed nitrogen volumes at 

very low relative pressures (below 0.1 P/P0) , whereas a plateau or only slight increase 

in the adsorbed volume in the mesoporous region (0.2-0.9 P/P0) is observed. These two 
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features are characteristic of adsorbents with high microporosity
[51]

. The total adsorbed 

nitrogen volume, measured at P/P0=0.99, increases as the KOH/anthracite ratio 

increases, i.e. from MAK11 to MAK21 and to MAK31. Therefore, the volume of 

nitrogen adsorbed by the carbon monoliths increases as the anthracite phase is 

progressively activated. Comparison of nitrogen adsorption isotherms for MAK31 and 

MAK31B reveals a lower porosity in the latter case. This is due to the higher content of 

carbonized binder in the MAK31B monolith, since the carbonized binder shows lower 

porosity than the activated anthracite phase (see Figure S3 and Table S1). The 

adsorption isotherms of the monoliths MAK11, MAK21 and MAK31 show a knee that 

becomes rounded as the anthracite phase is more activated, i.e. as the KOH/anthracite 

ratio increases from 1/1 to 2/1 and to 3/1. This feature indicates that the mean micropore 

size increases as the degree of the anthracite activation increases. Only a minor 

contribution of mesopores is found, slightly more noticeable in the case of the most 

activated monoliths. At relative pressures above 0.8-0.9 no further nitrogen adsorption 

can be observed, pointing out that the contribution of macroporosity to the total 

adsorbed volume is negligible. The pore size distributions (PSD) for the four monoliths, 

shown in Figure 3b, confirm that the sizes of most pores are below 2 nm, i.e. in the 

micropore size range, and that a widening of porosity occurs with increasing 

KOH/anthracite ratios. 

  Table 1 summarizes the physical-chemical properties of the four carbon 

monoliths. As expected, the largest specific BET surface area (close to 2600 m
2
g

-1
) and 

the highest total micropore volume (1 cm
3
g

-1
) are reached with monolith MAK31 for 

whose synthesis the highest KOH/anthracite ratio and the lowest amount of binder were 

used. The results in Table 1 confirm the qualitative observations made from Figure 3. 

Thus, the specific surface areas (SBET and SDFT), the mesopore volumes (VMeso) and the 
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total micropore volumes (VDR(N2)) increase progressively from MAK11 to MAK21 and 

to MAK31, i.e. as the anthracite phase is progressively activated. Furthermore, the 

increase of the mean micropore size with increasing degree of activation is confirmed. 

Interestingly, a closer look to the micropores reveals that with the progress of the 

activation, the amount of narrow micropores (< 0.7 nm), i.e. VDR(CO2), decreases, while 

the amount of wider micropores (between 0.7 and 2 nm), i.e. VDR(N2)-VDR(CO2), 

increases. The mesopore volumes are relatively low for all of the monoliths (≤ 0.1 cm
3
g

-

1
), confirming their essentially microporous character.  

The rule of mixtures can be successfully applied to the specific surface areas of 

the three monoliths MAK11, MAK21 and MAK31. Hence, the experimental surface 

areas are in good agreement with the theoretical values, which are obtained by 

considering the percentages of the two phases in the final monoliths, as well as the 

surface areas of each activated anthracite and the carbonized binder (see Table S1). In 

contrast, the rule of mixtures does not give satisfactory results if applied to MAK31B, 

its experimental surface area being lower than the predicted one. This suggests that the 

larger micropores of the most activated anthracite (using KOH and a ratio of 3/1) can 

allow the entrance of the carbonized binder (15 wt. % vs. 8 wt. % used in MAK31), 

partially obstructing the anthracite pores. The fact that the rule of mixtures predicts well 

the surface area of the MAK11 monolith, also with binder content of 15 wt. %, but 

using a less activated anthracite (with a KOH/anthracite ratio of 1/1), suggests that the 

carbonized binder cannot enter into the narrow micropores of this activated anthracite. 

Mechanical measurements by the three-point bending technique were carried 

out on the MAK21, MAK31 and MAK31B monoliths to understand the effects of the 

anthracite activation and the binder content on the strength of the monoliths. For the 

three monoliths, the stress increases as a function of the strain until attaining a 
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maximum value, the mechanical strength (Figure S2). This value is higher for MAK21 

than for MAK31, and higher for MAK31B than for MAK31 (Table 2). Therefore, the 

strength of the monolith decreases as the anthracite is more activated, but increases as 

the content of carbonized binder increases.     

The electrical conductivity of the four monoliths is in the range of 2-4 S∙cm
-1

 

(Table 2). Such values are comparable to those reported for other carbon monoliths 
[4-8]

 

and higher than those reported for compacted pellets made from powder carbon and a 

polymeric binder.
[1]

 This is an interesting feature of the carbon monoliths for their 

potential application as electrodes for supercapacitors.  

The density of the carbon monoliths decreases from 0.70 to 0.38 g cm
-3

 as the 

anthracite phase is progressively activated (Table 2). A higher amount of carbonized 

binder leads to a higher density of the monolith, as deduced by comparing the densities 

of MAK31 and MAK31B. Consequently, MAK11, the monolith which was prepared 

from the less activated anthracite and a relatively high content of the carbonized binder, 

shows the highest density. Interestingly, the density of the investigated monoliths is 

higher than that of carbon monoliths typically obtained from a sol-gel procedure, 

usually below 0.4 g cm
-3

.
[2,3,18,20,28]

  

The surface chemistry of the monoliths was deduced with TPD by quantifying 

the evolved amounts of CO and CO2, which originate from the oxygen groups at the 

surface of the carbon monoliths (Table 2). The highest amounts of CO and CO2 were 

obtained for the MAK11 monolith, consisting of the less activated anthracite. As the 

anthracite phase was progressively activated, the contents of CO and CO2 decrease, as 

deduced from comparison of monoliths MAK11, MAK21 and MAK31. The MAK31B 

monolith shows a similar amount of CO2 but a higher amount of CO than the MAK31 
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monolith, both monoliths consisting of the same activated anthracite. This indicates that 

an important amount of CO is evolved from the carbonized binder. In accordance with 

this result, the highest amount of CO evolved from the MAK11 monolith results from 

the high content of the carbonized binder, in addition to the less activated anthracite. 

In the literature, including a previous paper of some of the present authors, 

oftentimes SO4
2-

 and H3O
+
 are reported as the dominant ions for the aqueous solution of 

sulfuric acid.
[52]

 However, this is inaccurate due to the fact that the dissociation of 

sulfuric acid in water involves two stages. In the first stage, H2SO4 is completely 

transformed into HSO4
-
 (bisulfate ion) and H3O

+
 (hydronium ion). In the second stage, 

the bisulfate ion is partially dissociated in SO4
2-

 and H3O
+
, according to the equilibrium 

constant Ka=10
-1.99

 at 25 ºC.
[53]

 Then, the [SO4
2-

]/[HSO4
-
] ratio is equal to 0.10 and the 

dominant ions are HSO4
-
 and H3O

+
, which appeared in the first stage.  

Figure 4 shows the galvanostatic charge/discharge plots recorded at 1 mA cm
-2

 

(nearly steady state) for the monoliths MAK11 and MAK21 in presence of the sulfuric 

acid electrolyte. The thickness of these monoliths was ca. 2 mm. The open circuit 

potential (OCP) is different for the two monoliths, having a more positive value for the 

MAK11 monolith, the one with higher content in surface oxygen groups, as deduced 

from the higher contents of CO and CO2. The plots show linear dependences (red 

straight lines) in the voltage range from -0.7 to 0.2 V; in this range, the total specific 

capacitance was determined according to Ctotal=I∙td/ΔV∙m ; where the parameters I, td, 

ΔV and m stand for the current applied, the time involved, the voltage range and the 

monolith weight, respectively. Ctotal is due to the contribution of both cations and 

anions, cations at negative voltages and anions at positive voltages. Below -0.7 V and 

above 0.2 V E(t) departs from the straight line tending to a plateau; water 

decomposition happens evolving hydrogen and oxygen at voltages below -0.7 V and 
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above 0.2 V, respectively. The two decomposition voltages are labeled as Ed in Figure 

4. The voltage ranges from the OCP to Ed on the side of positive voltages and negative 

ones are labeled as ΔV(HSO4
-
) and ΔV(H3O

+
), respectively.  

Figure 5 shows the galvanostatic plots obtained for the MAK21 monolith at 1 

mA cm
-2

 in the two voltage ranges, ΔV(HSO4
-
) and ΔV(H3O

+
). In this figure, “ads” and 

“des” stand for the electro-adsorption and electro-desorption of the two types of ions. 

The specific capacitance associated with the two types of ions was determined on the 

electro-desorption run to avoid possible interferences of the water decomposition with 

the capacitance measured. The specific capacitance associated with each ion was 

determined according to the equation C(HSO4
-
) or C(H3O

+
) = I∙td/ΔV∙m, where the 

parameters I, td, ΔV and m have the same meanings as already discussed. The specific 

capacitance measured for the bisulfate ion is ascribed to a double layer capacitance, i.e. 

C(HSO4
-
)=CDL(HSO4

-
); it agrees with the rectangular shape of its cyclic voltammetry 

(Figure S4). However, the specific capacitance measured for the hydronium ion shows a 

pseudo capacitance, CPS(H3O
+
), as deduced from the broad peak at ca. -0.2 V in the 

cyclic voltammetry (Figure S4), in addition to a double layer capacitance, CDL(H3O
+
). 

The pseudo capacitance is associated with reversible redox reactions happening over a 

broad potential range between the oxygen groups of the carbon and the hydronium ions 

of the electrolyte.
[54,55]

 The double layer capacitance comes from the formation of the 

double layer between the electrolyte ions and the electrode charge at the 

electrolyte/electrode interface. Then, pseudocapacitance and double layer capacitance 

are independent from each other and the total capacitance C(H3O
+
) = CPS(H3O

+
) + 

CDL(H3O
+
). Considering that CDL(H3O

+
) is proportional to the specific surface area and 

CPS(H3O
+
) is proportional to the amount of oxygen groups of the carbon that evolved as 

CO in TPD experiments, the values of those proportionality constants were estimated 
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for microporous carbons.
 
The constant for the pseudo capacitance contribution is 

0.042±0.008 F∙µmolCO
-1

 in presence of the sulfuric acid electrolyte. 
[56]

 This constant is 

close, within experimental error, to the one reported by other authors.
[57]

 Then, the 

pseudo capacitance for the four monoliths can be estimated according to:    

CPS(H3O
+
)=0.042 F µmolCO

-1 
∙ COcontent (µmolCO g

-1
)                    (1) 

 
And the double layer capacitance CDL(H3O

+
) can be calculated according to:  

CDL(H3O
+
) = C(H3O

+
) - CPS(H3O

+
)                                                        (2)  

Table 3 outlines the values of OCP, ΔV(HSO4
-
) and ΔV(H3O

+
), Ctotal, CDL(HSO4

-

), C(H3O
+
), CPS(H3O

+
) and CDL(H3O

+
) for the four monoliths. The OCP value is slightly 

more positive for the MAK11 monolith than for the others, in accordance with its higher 

content of surface oxygen groups, i.e. the higher contents of CO and CO2 deduced from 

TPD. The different value of the OCP for the MAK11 monolith makes ΔV(HSO4
-
) and 

ΔV(H3O
+
) different as compared to the other monoliths. Thus, ΔV(HSO4

-
) and 

ΔV(H3O
+
) show close values for the monoliths MAK21, MAK31 and MAK31B, but 

ΔV(H3O
+
)> ΔV(HSO4

-
) for the MAK11 monolith. The Ctotal increases from the MAK11 

monolith to the MAK21 one and to the MAK31 monolith. The value of Ctotal for 

MAK31B is close to that of MAK31; these values are as high as 307 and 304 Fg
-1

 for 

MAK31 and MAK31B, respectively. From galvanostatic measurements on symmetric 

two-electrode cells the capacitance of the cell, C2cell, and the specific capacitance of 

each monolith, C2E, were obtained (Figure S5). The values of the specific Ctotal are close 

to the values of specific C2E. Thus, Ctotal values of 297, 307 and 304 F g
-1

 and C2E values 

of 282, 290 and 288 F g
-1

 are obtained for the monoliths MAK21, MAK31 and 

MAK31B, respectively. The energy densities and power densities were calculated at 

each current on the basis of the mass of the two electrodes in the cell and are shown in a 
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characteristic Ragone plot in Figure S6. The energy density and power density reach 

maximum values of 9 Wh∙ kg
-1

 and 300 W∙kg
-1

, respectively, and were measured for the 

MAK31 monolith.  

The values of Ctotal are the result of three contributions: the double layer 

capacitance of the anion, CDL(HSO4
-
), the double layer capacitance of the cation, 

CDL(H3O
+
), and the pseudo capacitance of the cation, CPS(H3O

+
). Comparing the three 

specific capacitances, CDL(H3O
+
) is slightly higher than CDL(HSO4

-
), and they are much 

higher than CPS(H3O
+
); therefore, the two former contribute much more than the latter 

and CDL(H3O
+
) contributes slightly more than CDL(HSO4

-
) to the value of Ctotal. The 

values of CDL(HSO4
-
) and CDL(H3O

+
) increase as the specific surface area increases, i.e. 

from MAK11 to MAK21 and to MAK31, and decrease as the specific surface area 

decreases, i.e. from MAK31 to MAK31B. The higher values of CDL(H3O
+
) compared to 

the ones of CDL(HSO4
-
), about 22-25 % higher, suggest larger available surface areas for 

the hydronium ion as compared with the bisulfate one. The values of CPS(H3O
+
) are 

proportional to the CO contents deduced from TPD; CPS(H3O
+
) decreases from MAK11 

to MAK21 and to MAK31, but increases from MAK31 to MAK31B. The total 

volumetric capacitance obtained as Cv=Ctotal∙d (where d is the monolith density) 

decreases from 167 F cm
-3

 for MAK11 to 154 F cm
-3 

for MAK21 and to 117 F cm
-3

 for 

MAK31. Despite Ctotal increases from MAK11 to MAK21 and to MAK31, the decrease 

in Cv points out the dominant effect of the density along the series. Cv value is higher for 

MAK31B than for MAK31, both monoliths having close values of Ctotal but the former 

showing a higher density. Although the volumetric capacitances of the four monoliths 

are rather high, they are lower than the values reported for highly densified carbon 

monoliths 
[6-8]

 and monolithic films. 
[9,13,14,16]
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Table 4 compares the ratios of the double layer capacitances due to the 

hydronium and bisulfate ions, CDL(H3O
+
)/CDL(HSO4

-
), with the ratios of the surface 

areas due to micropores with sizes above a certain value, S>X/S>Y. Thereby, the surface 

areas were estimated from the DFT data. For the four monoliths, the closest agreements 

with the CDL(H3O
+
)/CDL(HSO4

-
) ratios are found for the S>0.4/S>0.5, the S>0.4/S>0.6 and the 

S>0.5/S>0.6 ratios; where S>0.4, S>0.5 and S>0.6 are the surface areas due to micropores with 

sizes larger than 0.4, 0.5 and 0.6 nm, respectively. This suggests a minimum size of 0.4-

0.5 nm for the hydronium ions and a minimum size of 0.5-0.6 nm for the bisulfate ions, 

as they are electro-adsorbed at the double layer. The size for the electro-adsorbed 

hydronium ion agrees with the partially hydrated (H3O)
+
∙nH2O ion having n=1, i.e. the 

H5O2
+
 ion.

[58,59]
 The size for the electro-adsorbed bisulfate ion agrees with the size of 

the dehydrated ion
[59-62]

 and also with the size reported for the electro-adsorbed sulfate 

ion.
[63-65]

 For micropores with sizes above 0.6 nm, the electro-adsorbed bisulfate ion 

should appear as a hydrated ion. The hydration degree of both hydronium and bisulfate 

ion should increase as the pore size increases, as observed for the ions of KOH 

electrolyte in microporous carbons.
[66]

  

From the specific surface areas estimated for pores with sizes larger than 0.4 nm 

(S>0.4), 0.5 nm (S>0.5 nm) and 0.6 nm (S>0.6) on the one hand, and the double layer 

capacitances CDL(H3O
+
) and CDL(HSO4

-
) on the other, the double layer capacitance 

normalized by surface area results to be 0.22±0.04 F m
-2

 for both the hydronium ion and 

the bisulfate one. When the total SDFT is considered, the normalized double layer 

capacitance is 0.15  and 0.12 F m
-2

 for the hydronium and  bisulfate ion, respectively.  

The highest value of 0.22±0.04 F m
-2

 comes from the fact that the surface areas S>0.4, 

S>0.5 and S>0.6 take values that are ca. 70, 63 and 55%, respectively, of the total SDFT for 

the four monoliths. The value of 0.22±0.04 F m
-2 

is also higher than the value of 
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0.10±0.02 F m
-2

 deduced from the double layer capacitance measured in a two-electrode 

cell (due to the contribution of the two ions) and the total specific surface area.
[56,57]

  

Finally, the dependence of the total specific capacitance, Ctotal, and the specific 

capacitance due to the hydronium ion, C(H3O
+
), and bisulfate ion, C(HSO4

-
), as a 

function of the current density are shown in Figure 6. Ctotal slightly decreases as the 

current density increases, showing high capacitance retention for the four monoliths 

(Figure 6a). The high capacitance retention agrees with the high electrical conductivity 

of the monoliths and the presence of voids (of meso and macroporous sizes) that favor 

mobility of the electrolyte within the monolith. For the MAK11 monolith, the 

capacitance retention has been analyzed separately for the hydronium and bisulfate ion. 

The extrapolation of C(H3O
+
) as J0 (see straight line in Figure 6b) gives a value of 

183 F g
-1

, which agrees with the value of 189 F g
-1 

deduced for CDL(H3O
+
) in Table 2. 

The difference between C(H3O
+
) measured as J0 and the value deduced from the 

extrapolated straight line at J0 gives a value of 70 F g
-1

, which is very close to the 

value of 64 F g
-1 

estimated for CPS(H3O
+
). Therefore, the decrease observed for C(H3O

+
) 

in the range 0-25 mA∙cm
-2

 can be ascribed to the pseudocapacitance of the hydronium 

ion. For current densities above 25 mA∙cm
-2

, the decrease of C(H3O
+
) goes parallel to 

that of C(HSO4
-
), the latter being ascribed to the double layer capacitance CDL(HSO4

-
). 

Then, above 25 mA∙cm
-2 

the main contribution of C(H3O
+
) is due to CDL(H3O

+
). The 

capacitance retention is better for CDL(H3O
+
) than for CPS(H3O

+
). Both CDL(H3O

+
) and 

CDL(HSO4
-
) depend on the current density in a similar way. This agrees with the fact 

that the hydronium and bisulfate ions are able to be electro-adsorbed at the double layer 

in micropores having a similar minimum size.          

3. Conclusions  
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Carbon monoliths were prepared by a scalable two-step procedure. The 

monoliths consist of two carbon phases. The KOH-activated anthracite, which is the 

major phase, provides most of the porosity of the monolith. The oxygen content of this 

phase decreases as the activation progresses. The carbonized binder, placed around 

anthracite particles and groups of anthracite particles, provides self-consistency, 

mechanical strength and densification of the monolith, and also an additional content in 

porosity and surface oxygen groups. The SEM images confirmed a good contact 

between the two carbon phases and revealed a structure with voids that favors the access 

of the electrolyte to the monoliths’ porosity. The monoliths are essentially microporous, 

reach BET surface areas up to 2600 m
2
g

-1
 and show high electrical conductivity, 

between 2 and 4 S cm
-1

.  

The total specific capacitance mainly comes from the double layer capacitance 

due to the hydronium and bisulfate ions. The contribution of the former ion is around 25 

% higher than that of the latter one. For the hydronium ion, the pseudo capacitance is 

10-25 % of the total capacitance, i.e. the double layer capacitance plus the pseudo-

capacitance. The minimum pore sizes in which the ions can be electro-adsorbed at the 

double layer are deduced to be 0.4-0.5 nm for the hydronium ion and 0.5-0.6 nm for the 

bisulfate ion. The former size is compatible with partially hydrated hydronium ions. The 

latter size agrees with the size of the dehydrated bisulfate ion. The double layer 

capacitance normalized by surface area results to be 0.22±0.04 F m
-2

 for the hydronium 

and the bisulfate ion, taking into account their double layer capacitances and the surface 

areas due to micropores with sizes above 0.4-0.5 and 0.5-0.6 nm, respectively.   

The total capacitances (which reach more than 300 F g
-1

 at 1mA cm
-2

) show a 

good retention on current density for all the monoliths. For the hydronium ion, the 

pseudo capacitance decreases more than the double layer capacitance as the current 
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density increases. The bisulfate ion only shows a double layer capacitance; its decrease 

on the current density is similar to the decrease observed for the double layer 

capacitance of the hydronium ion.  

4. Experimental Section 

 The carbon monoliths were prepared by a two-step procedure. In the first step, 

powdered anthracite was activated in presence of KOH as activating agent. Anthracite 

and solid KOH were ground and mixed using KOH/anthracite weight ratios of 1/1, 2/1 

and 3/1. Then, the mixtures were heated in a horizontal tube furnace under N2 flow (500 

ml min
-1

) at a heating rate of 5ºC min
-1

 from room temperature to 700ºC. After holding 

this temperature for 1 h, the furnace was switched off and cooled down to room 

temperature in nitrogen. The products were extensively washed, first with 5M HCl 

solution and then with distilled water, and afterwards dried at 110ºC. Three different 

activated carbons were obtained, labeled AK11, AK21 and AK31, where A stands for 

anthracite, K for KOH-activation and the numbers stand for the KOH/anthracite weight 

ratio chosen for the activation. 

No monoliths could be obtained by compaction of the powdered activated 

carbons without the addition of any other component. Thus, to prepare monoliths the 

activated anthracite was mixed with a 55 wt. % aqueous dispersion of PVDC 

(polyvinylidene chloride) (Waterlink Sutcliffe Carbons, UK). The mixtures were dried, 

ground, and compacted in a cylindrical mold at a pressure of 260 MPa. Subsequently, 

the mold with the compacted mixture was heated up to 140ºC. The conformed 

monoliths were carbonized in a horizontal tube furnace under a N2 flow (100 ml min
-1

) 

up to 750ºC. The heating protocol was performed using a constant heating rate of 1ºC 

min
-1

, and holding three temperatures for different times: 175ºC was held for 1 h, 500ºC 
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was held for 1 h and, finally, 750ºC was held for 2 h. Then, room temperature was 

reached in nitrogen flow by switching off the furnace.  

From the previous activated carbons (AK11, AK21 and AK31), four monoliths 

were prepared, which are labeled MAK11, MAK21, MAK31 and MAK31B, where M 

stands for “monolith”, A for anthracite, K for KOH-activation and the numbers indicate 

the KOH/anthracite weight ratio. For the preparation of MAK21 and MAK31 

monoliths, the content of carbonized PVDC in the final monoliths was relatively low (8 

wt. %). Such amount of binder is sufficient for the cohesion of the monoliths and allows 

for the highest possible porosities. In the case of MAK11 and MAK31B, the content of 

carbonized PVDC was higher, 15 wt. %, in order to obtain monoliths with higher 

densities and volumetric capacitances. Hence, MAK31B consists of the same activated 

anthracite (AK31) as the MAK31 monolith, but with a higher content of the carbonized 

binder. A photograph of the as prepared MAK21 monolith is shown in Figure S7.  

The microstructural characterization was performed by scanning electron 

microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDS) in a 

FEG HITACHI S-4800 instrument. The carbon powders were supported on a 

conductive tape. The carbon monoliths were embedded in a resin and prepared by 

standard metallographic techniques. The images were obtained in the backscattered 

electron (BSE) mode or in the secondary electron (SE) mode. Analyses of the images 

were performed by using the Image-Pro Plus software. 

Mechanical measurements were carried out by the three-point bending technique 

in a conventional 10T-SERVOSIS machine. The carbon monoliths had ca. 15 mm in 

length, 5 mm width and 2 mm thick. The span length, i.e. the distance between the two 
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supports, was 6.8 mm. The cross-head speed was 0.005 mm s
-1

. Two tests were carried 

out for each monolith.  

Temperature-programmed desorption (TPD) experiments were performed to 

characterize the surface chemistry of the monoliths by quantifying the evolved CO and 

CO2 upon heating. The measurements were carried out in a TGA equipment (TA 

Instruments SDT Q600) which was coupled to a quadrupole mass spectrometer (Balzers 

Instruments Thermostar GSD 300 T3). Approximately 10 mg of sample were heated 

with a ramp of 10ºC min
-1

 up to 950ºC in a helium flow of 100 ml min
-1

.  

The density of the monoliths was deduced from their piece weight and volume, 

the former determined from the weight of the degassed samples and the latter from their 

geometric dimensions.   

The electrical conductivity of parallelepipedic monoliths, ca. 6x6x2 mm
3
, was 

determined by the four-probe method. A commercial silver paint was chosen to obtain 

the four probes.  

N2 adsorption/desorption isotherms at -196ºC were measured in a Micromeritics 

ASAP 2020. Prior to the adsorption, the monoliths were outgassed at 250ºC for 6 h.  

The specific surface areas and the total micropore volumes were determined 

from the N2 adsorption data. Thus, specific surface areas were deduced from Brunauer-

Emmett-Teller theory (SBET) and Non-Local Density Functional Theory (SDFT). From 

the NLDFT, the pore size distribution (PSD) and the surface areas due to pores with 

sizes above a certain value were also deduced. Total volumes of micropores < 2 nm 

(VDR(N2)) and narrow micropores < 0.7 nm (VDR(CO2)) were calculated using Dubinin-

Raduskevich. The total micropore volume was determined applying the Dubinin-

Radushkevich equation to relative pressures below 0.1. The narrow micropore volumes 
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were determined applying the Dubinin-Radushkevich equation to the CO2 adsorption 

isotherm in the 0.0144-0.0288 relative pressure range. The amount of mesopores was 

calculated from the small slope of the N2 isotherm in the range from 0.2 to 0.9 relative 

pressures.
[51]

 

For the electrochemical measurements, parallelepipedic monoliths having 25-50 

mg in weight and ca. 2 mm in thickness were prepared. They were the working 

electrodes in three-electrode cells. Hg/Hg2SO4 and Pt wire were the reference and 

counter electrode, respectively. In some particular cases, symmetric two-electrode cells 

were assembled. The two equal monoliths were separated by a glassy microfiber paper 

(Whatman 934 AH). Aqueous 2M H2SO4 solution was used as electrolyte. Prior to the 

electrochemical measurements, the monoliths were immersed into the electrolyte and 

infiltrated under primary vacuum (ca. 10
-1

 Torr) for 2 days. 

Supporting Information 

Supporting Information is available from the Wiley Online Library 
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Figure 1. SEM pictures of the powdered starting anthracite (top) and the activated 

AK31 anthracite (bottom). The insets show magnified pictures of the two samples. 
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Figure 2. SEM pictures for the conformed MAK31 monolith before and after 

carbonization: (a) the mold conforming monolith having powder of the AK31 activated 

anthracite (AA), aqueous dispersion of the polymeric binder (B) and some voids (V); 

(b) the same monolith after carbonization showing the AK31 activated anthracite (AA), 

the carbonized binder (CB) and some voids (V); the inset shows a magnification of the 

border between the two carbon phases; (c) magnification of the two carbon phases, AA 

and CB. Images in (a) and (b) were obtained by the BSE mode. Images in (c) were 

obtained by the SE mode. 

 

 

Figure 3. (a) Nitrogen adsorption isotherms at -196ºC of the four carbon monoliths. (b) 

DFT pore size distributions of the four monoliths.    
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Figure 4. Galvanostatic plots obtained at 1 mA cm
-2 

on the MAK11 (a) and the MAK21 

monoliths (b). Ed stands for the decomposition voltage. The measurements were carried 

out in the total voltage range of 0.90 V. Aqueous 2M H2SO4 solution was the 

electrolyte. 

 

 

 

 

 

Figure 5. Galvanostatic plots obtained for the bisulfate ion (top) and hydronium ion 

(bottom) at 1 mA cm
-2

. The carbon monolith was MAK21. Ed stands for the 

decomposition voltage. “ads” and “des” stand for the electro-adsorption and electro-

desorption of the ions, respectively.  
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Figure 6. (a) Total specific capacitance vs. current density for the four monoliths. (b) 

Specific capacitance due to the hydronium ion (circles) and bisulfate ion (triangles) vs. 

current density for the MAK11 monolith. 

 

            

  

Table 1. Characteristics of the four carbon monoliths. KOH/anthracite weight ratio, 

carbonized PVDC content, specific surface areas (SBET and SDFT), mesoporous volume 

(VMeso), total micropore volume (VDR,N2), narrow micropore volume (VDR,CO2) and the 

difference between these volumes (VDR,N2-VDR,CO2).  

 

 

Table 2.  Maximum stress (σM), electrical conductivity (σ), piece density (d), contents 

of CO and CO2 from TPD for the four carbon monoliths. 

Monolith σM 

(MPa) 

σ  

(Scm
-1

) 

d 

(gcm
-3

) 

CO 

(μmolg
-1

) 

CO2 

(μmolg
-1

) 

MAK11 -- 3 0.70 1514 569 

MAK21 5.3 4 0.52 982 395 

MAK31 1.9 2 0.38 685 378 

MAK31B 6.1 3 0.44 1028 378 

 

Monolith KOH/ 

anthracite 

 

PVDC 

(wt.%) 

SBET 

(m
2
g

-1
) 

SDFT 

(m
2
g

-1
) 

VMeso 

(cm
3
g

-1
) 

VDR,N2 

(cm
3
g

-1
) 

VDR,CO2 

(cm
3
g

-1
) 

VDR,N2-VDR,CO2 

(cm
3
g

-1
) 

MAK11 1/1 15 1287 1491 0.019 0.57 0.52 0.05 

MAK21 2/1 8 1798 1947 0.030 0.75 0.48 0.27 

MAK31 3/1 8 2583 2117 0.101 1.01 0.42 0.59 

MAK31B 3/1 15 1968 1707 0.061 0.71 0.37 0.34 
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Table 3. Open circuit potential (OCP) vs. Hg/Hg2SO4, voltage range from the OCP to 

the electrolyte decomposition voltage for positive voltages (ΔV (HSO4
-
)) and negative 

ones (ΔV (H3O
+
)), total specific capacitance (Ctotal ) due to the contribution of the anion 

and cation, and specific capacitance due to the anion (C(HSO4
-
)) and cation (C(H3O

+
)). 

The estimated pseudocapacitance (CPS(H3O
+
)) and double layer capacitance 

(CDL(H3O
+
)) for the hydronium ion and the double layer capacitance for the bisulfate 

ion (CDL(HSO4
-
)).  The total volumetric capacitance (Cv) is also shown. 

Monolith OCP  

(V) 

ΔV(HSO4
-
) 

(V) 

ΔV(H3O
+
) 

(V) 

Ctotal 

(Fg
-1

) 

CDL(HSO4
-
) 

(Fg
-1

) 

C(H3O
+
) 

(Fg
-1

) 

CPS(H3O
+
) 

(Fg
-1

) 

CDL(H3O
+
) 

(Fg
-1

) 

Cv 

(Fcm
-3

) 

MAK11 -0.06 0.31 0.64 238 153 253 64 189 167 

MAK21 -0.27 0.47 0.43 297 270 371 41 330 154 

MAK31 -0.29 0.49 0.41 307 282 374 29 345 117 

MAK31B -0.28 0.48 0.42 304 258 365 43 322 134 

 

 

 

Table 4. Ratios of the double layer capacitances due to hydronium ion and bisulfate one 

and ratios of the surface areas due to micropores with sizes higher than a certain value 

(expressed in nm).   

 

 

 

 

 

 

 

 

 

 

Monolith 
CDL(H3O

+
)/ 

CDL(HSO4
-
)
 

S>0.4 / 

S>0.5 

S>0.4 / 

S>0.6 

S>0.4 / 

S>0.7 

S>0.4 / 

S>0.9 

S>0.5 / 

S>0.6 

S>0.5 / 

S>0.7 

S>0.5 / 

S>0.9 

MAK11 1.24 1.27 1.66 2.63 3.43 1.30 2.07 2.70 

MAK21 1.22 1.39 1.52 2.07 3.14 1.09 1.49 2.26 

MAK31 1.22 1.05 1.35 1.39 1.73 1.29 1.33 1.65 

MAK31B 1.25 1.07 1.44 1.44 1.59 1.34 1.34 1.48 
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Table of contents 

The work deals with preparation and electrochemical response of new 

carbon monoliths as electrodes for supercapacitors. The monoliths consist of an 

activated carbon that provides porosity and a carbonized binder that provides self-

consistency. The specific capacitance is analyzed on the basis of the monolith 

composition and compared with that associated with the electrolyte cation and anion. 

The capacitance retention on current density is also studied.    
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