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Abstract 

Eutectic mixtures of the monohydrated form of p-toluenesulfonic acid (pTsOH·H2O) and 

triethyl phosphate (TEP) in a 1:1 molar ratio were used as the medium to disperse previously-

functionalized multiwalled carbon nanotubes (MWCNTs), and to catalyse the 

polycondensation of furfuryl alcohol. Hierarchically-structured P-doped carbon-CNT 

composites were obtained after carbonization. The high surface area and the phosphate 

functionalization, besides the hierarchical structure and good electrical conductivity exhibited 

by these composites provided remarkable metrics when they were used as electrodes in a 

supercapacitor cell, with energy densities of around 22.6 W h kg
-1

 at power densities of up to 

10 kW kg
-1 

for operational voltages of up to 1.5 V. This performance surpasses any 

performance previously reported for electrodes weighing (at least) 10 mg per cm
2
 of current 

collector and using an aqueous electrolyte. Actually, the supercapacitor cell built up with these 

electrodes provided enough neat energy to turn an IR LED of 30 mW on and emit light over a 

certain time. 
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Introduction 

Supercapacitors, pseudo-capacitors and batteries – e.g. lithium and sodium ion 

batteries, and the most recent lithium–sulfur and metal–air ones – are attracting great 

attention because of the increasing demand of energy storage systems.
1, 2, 3, 4, 5, 6, 7, 8

 Pseudo-

capacitors and batteries store energy through a Faradic process – involving fast and reversible 

redox reactions between electrolyte and electro-active materials on the electrode surface.
9
 

Meanwhile, supercapacitors – or electrochemical double-layer capacitors (EDLCs) – store 

energy as a build-up of charge in the layers of the electrical double-layer formed at the 

interface between a high-surface area electrode and the adsorbed anions and cations of the 

electrolyte offering an enhanced rate capability, pulse power supply, long cycle life, and high 

dynamics of charge propagation as compared to pseudo-capacitors and batteries.
10, 11

 The use 

of porous carbons – with high specific surface area, pores diameter matching the ions size, and 

good electrical conductivity – as electrodes in EDLCs has provided outstanding performances in 

terms of both energy and power densities.
12, 13

 Within the context of porous-carbon-based 

electrodes, carbon aerogels with a three dimensional (3D) hierarchical porous structure 

(combining micro-, meso- and/or macropores) have attracted an increased attention as 

electrode materials for EDLCs because meso- and macropores may enhance the dynamic 

charge propagation by facilitating ions diffusion to the inner surfaces or even providing ion 

buffering reservoirs that minimize the diffusion distances.
14, 15, 16, 17, 18

 

The use of carbon nanotubes (CNTs) and graphene has further improved the 

performance of the resulting electrodes.
19, 20, 21, 22, 23

 Thus, Ragone plots providing energy 

densities approaching or even exceeding those of batteries while preserving good cyclability 

and power density have been described for some remarkable EDLCs. However, some of these 

results should be taken with caution if one desires to extrapolate these lab results to the 

industrial scale. The problem resides in the discrepancy between the dimensions and densities 

of the electrodes used for publication purposes and those of commercial electrodes. Actually, 

some critical works recently published by Gogotsi and Simon, and Ruoff and coworkers 

revealed that despite the remarkable metrics reported for many electrodes, the ultimate 

performance of a hypothetic device built up with them might be rather mediocre.
24, 25 

Thus, 

they indicated that extrapolation is only valid for electrodes weighing (at least) 10 mg per cm
2
 

of current collector. Otherwise, there may be a significant drop in the capacitance when one 

needs to increase the thickness of the porous carbon electrode. Unfortunately, there are few 

works providing information in this regard and, among them, it is worth noting that this figure 

is below 3-5 mg/cm
2
 in most of them,

26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 

50, 51 
 within the 5-10 mg/cm

2
 range in just some few ones,

52, 53, 54, 55, 56, 57, 58, 59
 and quite rarely 
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above 10 mg/cm
2
.
 60, 61, 62, 63, 64, 65, 66, 67, 68, 69

  A close inspection to these works allows 

corroborating what Gogotsi and Simon previously stated. For instance, Ruoff and coworkers 

have recently described how the energy and power density performance of highly porous 

graphene-derived carbons drops, respectively, from �74 Wh kg
-1

 and 338 kW kg
-1

 to �55 Wh 

kg
-1

 and 23 kW kg
-1

 when the electrode mass loading increases from 1.3 mg/cm
2
 (for a film 

thickness of �45 μm) to 10.4 mg/cm
2
 (for a film thickness of �275 μm). Interestingly, this 

situation occurred even though these materials were synthesized in form of hierarchical pore 

structures that combined both mesopores and macropores.
50

 Moreover, Gogotsi and Simon’s 

statement seems to apply not only when mass loadings are near the threshold value of 10 

mg/cm
2
 but also in the whole range of mass loadings. For instance, the extraordinary power 

densities provided by graphene/MnO2 composites
31

 were clearly surpassed – more than 5-fold 

– by those provided by CNT/MnO2.
30

 There may be many reasons to explain this behaviour – 

e.g., electrode composition (graphene versus CNT), electrolyte (KOH versus Na2SO4), among 

others – but it is worth noting that the mass loading was 0.4 mg/cm
2
 in the former case and 

only 0.03 mg/cm
2
 in the latter one. In view of all these results, we think the preparation of 

electrodes capable to provide good performances and weighing more than 10 mg per cm
2
 of 

current collector is yet challenging. 

We have recently described the preparation of monolithic carbons and carbon-CNT 

composites using deep eutectic solvents (DESs).
 68, 69, 70, 71,

 
72, 73

 DESs – first described by Abbott 

and coworkers in 2003
74, 75, 76, 77

 – are molecular complexes typically formed between 

quaternary ammonium salts – e.g. choline chloride or tetraethylammonium chloride – and 

hydrogen-bond donors. The charge delocalization occurring through hydrogen bonding 

between the halide anion and the hydrogen-donor moiety is responsible for the decrease of 

the freezing point of the mixture relative to the melting points of the individual components. 

DESs are considered a sub-group within conventional ionic liquids (ILs) as they actually share 

many properties (e.g. non-reactive with water and non-volatile, among others). However, they 

offer certain advantages as carbon precursors because of their greenness features.
78

 In 

addition, DES-assisted polycondensations result in the direct – without the use of any further 

structure directing agent – formation of monolithic carbons built of highly cross-linked clusters 

that aggregated and assembled into a stiff and interconnected hierarchical structure. Among 

them and as electrodes in supercapacitor cells, monolithic carbon-CNT composites provided a 

remarkable performance in terms of power density – considering they were used as monolithic 

cylinders of 12 mm in diameter and 1 mm in height.
69

 Unfortunately, the performance was not 

remarkable in terms of energy density because CNTs contribution to supercapacity was 

negligible – they could just be considered as inert mass in supercapacitive terms.
79

 Meanwhile, 
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the use of phosphate-functionalized carbon materials as electrodes in supercapacitor cells 

opened interesting perspectives because they allow widening the typically narrow operational 

voltage window of aqueous electrolytes – up to 1.5-1.6 volts – and hence, improve the energy 

density that can be attained.
68, 80

 

Herein, we have prepared phosphorus-doped carbon-CNT composites with the aim of 

obtaining good performances in terms of both energy and power density. For this purpose, 

CNTs were homogeneously dispersed in an eutectic mixture formed with the monohydrated 

form of p-toluenesulfonic acid (pTsOH·H2O) and triethyl phosphate (TEP) in a 1:1 molar ratio, 

where pTsOH catalyzed the polycondensation of furfuryl alcohol and TEP provided phosphate 

functionalities to the carbon resulting after thermal treatment at 800°C in a nitrogen 

atmosphere. The resulting P-doped carbon-CNT composites were processed in form of 

cylindrical monoliths of 12 mm in diameter and 1.5 mm in height and exhibited a hierarchical 

structure composed of macro and micropores. The supercapacitor cell was prepared upon the 

direct assembling of two monoliths without further processing. Each monolith weighted 32 mg 

so that our mass loading was 28.3 mg/cm
2
, this is well above the minimum mass of electrode 

per cm
2
 of current collector that, according to Gogotsi and Simon report, will allow a more 

realistic estimation of the performance of this particular electrode in a hypothetic commercial 

device. 

 

Results and Discussion 

The formation of the DES was accomplished by direct mixing of pTsOH·H2O and TEP in 

a 1:1 molar ratio. The liquid nature of the resulting mixture is depicted in Fig. 1. Neither 

melting temperature (Tm) nor crystallization temperature (Tc) was displayed in the DSC scan 

(Fig. 1), a common feature observed for noneasily crystallizable ILs and DESs.
81

 The formation 

of DES was also confirmed by 
1
H NMR spectroscopy as revealed by the up-field chemical shift 

of the signals of the components in the DES as compared to those of the bare components 

(Fig. S1 and Table S1).
 82, 83

  

Multiwalled carbon nanotubes (MWCNTs) – previously purified and functionalized 

upon HNO3 treatment – were easily suspended within the resulting DES – 0.05 g of MWCNT in 

1 g of DES, see experimental part – thanks to the excellent solvent properties and low viscosity 

of the pTsOH·H2O/TEP eutectic mixture. Upon furfuryl alcohol addition, polycondensation 

progressed by the catalytic action of pTsOH·H2O – see FTIR and solid-state 
13

C NMR spectra in 

Fig. S2 and S3, and Table S2 at supporting information for further information about this 

regard. Interestingly, the certain acidic nature that the MWCNTs surface gained upon 

functionalization promoted the preferential formation of highly cross-linked colloidal clusters 
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on the MWCNTs surface. After carbonization, SEM and TEM micrographs revealed the 

formation of a fibrillar-like interconnected structure built up of MWCNTs coated by carbon 

colloids (Fig. 2). The CNT content at the resulting P-doped carbon-CNT composite was ca. 25 

wt% as revealed by TGA experiments  (Fig. S4). It is plausible that MWCNTs percolation was 

already occurring at the solution stage thanks to the pTsOH·H2O/TEP-DES capability to suspend 

large quantities of MWCNTs in a homogeneous fashion. After polycondensation and 

carbonization, this percolated structure was preserved because of the above-mentioned 

formation of a carbon shell that coated every MWCNT and formed strong junctions between 

them (Fig. 2). This intimate contact among MWCNTs throughout the entire monolithic 

structure was confirmed by the excellent electrical conductivity measured by the four-probe 

method – e.g. 3.4 Scm
-1

. The XRD pattern of the P-doped carbon-CNT composite further 

confirmed the presence of MWCNTs and the amorphous nature of the carbon resulting from 

furfuryl alcohol polycondensation and subsequent carbonization (Fig. S5).  

The carbon shell that coats the scaffolding-structure formed by the MWCNTs also 

provided interesting features for the future application of the monoliths as electrodes in 

supercapacitor cells. For instance, the nitrogen adsorption-desorption isotherm shown in Fig. 

3a revealed a high surface area for this composite – e.g. 937 m
2
/g. The nitrogen adsorption–

desorption isotherm was type I with a first increase in adsorption at low relative pressures 

characteristic of microporous materials, and a second one at relative pressures close to unity 

typically ascribed to capillar condensation in macropores. CO2 adsorption–desorption 

isotherms also confirmed the presence of an extended microporous network throughout the 

sample (Fig. 3b). Table S3 summarizes the Brunauer-Emmett-Teller surface area, the 

micropore volume at p/p0 ≈ 0.99 and the micropore diameter – ca. 0.68-0.62 nm, as obtained 

from the application of the 2D-NLDFT-HS method to the N2 adsorption data (see Fig. S6) and 

the Dubinin–Radushkevich equation to the CO2 adsorption data. Meanwhile, the presence of 

TEP during carbonization introduced phosphate functionalities on the porous surface of the 

resulting carbons as revealed by EDX-SEM, total reflection X-ray fluorescence (TXRF), X-Ray 

Photoelectron spectroscopy (XPS), and solid-state 
31

P NMR. The phosphorus content ranged 

4.3-6.3 wt% – according to data coming from EDX-SEM, TXRF, and XPS, see Table S4 – and it 

was mainly in form of phosphate moieties – according to data coming from XPS and solid-state 

31
P NMR, see Fig. 4.  

These results revealed that both the composition – with phosphate functionalities – 

and the structure – with micropores providing high surface areas capable to accommodate 

protons and ions from aqueous electrolytes, and macropores that allow mass transport and 

accessibility to such a microporous surface – were promising for the use of these P-doped 
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carbon-CNT composites as electrodes in supercapacitors. As mentioned in the introduction, we 

were interested in using monoliths because they can be directly assembled – i.e. without any 

further processing, such as using polyvinylidene fluoride (PVDF) as a binder to form pellets 

and/or adding carbon black to improve the electrode electrical conductivity – into the 

supercapacitor cell. Thus, we used cylindrical monoliths of 12 mm in diameter and polished 

them to the desired thickness – e.g. 1.5 mm in height, see Fig. 5a. The achievement of parallel 

plane circular faces was required for the electrical contact with the current collectors in the 

supercapacitor cell. The performance of these monoliths as supercapacitor electrodes was 

evaluated by cyclic voltammetry and galvanostatic measurements using H2SO4 – 2 M in water – 

as electrolyte (Fig. 5b). The voltammogram characteristic of the electric double-layer (EDL) 

mechanism – i.e. with rectangular shape – was not observed in our case because of the 

pseudocapacitive contribution of phosphate moieties.
68, 80

 Actually, rectangular shape 

voltammograms were observed in non-doped carbon-CNT composites exhibiting similar 

morphologies (Fig. S7).
68

 The occurrence of pseudocapacitance in P-doped carbon-CNT 

composites was further confirmed by the voltammogram obtained in a three-electrode 

electrochemical cell (Fig. S7). Interestingly, the upper range of the voltage window reached 1.5 

V (Fig. 5b), this is well above the theoretical decomposition potential of water – e.g. 1.23 V. 

This feature has been ascribed to the blockage of non-stable but electrochemically active 

oxidation sites – e.g., quinone groups – by phosphate groups so that deterioration processes 

associated with free oxygen atoms are minimized.
 68, 80

 This pseudocapacitive behaviour was 

finally observed at the galvanostatic charge/discharge plot (Fig. 5d) since it deviated from the 

quasy-linear voltage increase/decrease at the charge/discharge cycle that is compatible with 

the EDL mechanism.
17

 

This widening of the operational voltage window determined that the specific 

capacitance (Cesp, normalized by the mass of the carbon monolith) experienced a significant 

enhancement as compared to our previous results found for non-doped carbon-CNT 

composites also processed in form of monoliths – i.e. 220 F g
-1

 for P-doped carbon-CNT 

composites (Fig. 5c) versus ca. 100 F g
-1

 for non-doped ones, measured at 300 mA g
-1

 in both 

cases.
68

 Interestingly, the percentage of this original capacitance that was retained at high 

current densities was remarkable – e.g. 75 F g
-1

 at 40 A g
-1

 (Fig. 5c). This combination of high 

capacitances and good capacitance retention at high current densities provided remarkable 

metrics at the Ragone plot with energy densities of around 22.6 W h kg
-1

 at power densities of 

up to 10 kW kg
-1

 (Fig. 5f). Interestingly, volumetric figures obtained from the gravimetric ones 

and the specific gravity of the sample – ca. 0.18 g cm
-3

 – were also good, with energy densities 

of around 4.1 W h dm
-3

 at power densities of up to 1.8 kW dm
-3

. Moreover, capacitance fading 
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was less than 17 % after more than 10000 cycles even though the entire experiment was 

performed in heavy regime conditions – e.g. 0-1.5 V and 2.5 A g
-1

 (Fig. 5e). 

We further studied the pseudocapacitive properties and charge storage kinetics of P-

doped carbon-CNT composites by electrochemical impedance spectroscopy (EIS). Fig. 6a shows 

the Nyquist plots of P-doped carbon-CNT composites measured at different cell voltages. The 

plots consist of a small semi-circle at high frequencies followed by a vertical line –90° in an 

ideal capacitor – in the low frequency one. At the high-frequency region, the first intersection 

between the plot and the X-axis is related to the electrolyte resistance, and contact resistance 

between the working electrode and the current collector (Rs) whereas the second one is 

related to the internal resistance of the electrode (Rp). Thus, the diameter of the semi-circle (Rp 

– Rs) corresponds to the equivalent series resistance (ESR) of the electrodes and determines 

the power capability – i.e. charge/discharge rate – of the supercapacitor. In our case and 

considering we used electrodes in monolithic form, the Rs was remarkably low – ca. 380 mΩ – 

and revealed an intimate contact between the monoliths and the current collector when 

assembled into the capacitor cell
68

 and how the porous structure of P-doped carbon-CNT 

composites facilitated the efficient access of electrolyte ions to the electroactive surface and 

shortened the ion diffusion path.
84, 85

 The ESR value obtained for cell voltages within the 0-0.6 

V range was ca. 313 mΩ, and increased to ca. 442 and 667 mΩ for cell voltages of 0.9 and 1.2 

V, respectively. This trend has been ascribed to ion blocking effects taking place at high 

charging voltage because of the production of a remarkable large number of separated charge 

species.
86

 However, the occurrence of ion blocking in our case should be taken with caution 

considering that we are using an aqueous electrolyte rather than a gel polymer one. It is 

therefore more plausible that our semi-circle was associated to the presence of faradaic 

pseudocapacitive interactions – the larger the semi-circle, the greater the pseudocapacitive 

interaction. This behaviour was actually observed in other heteroatom doped carbons – e.g. 

nitrogen ones – also exhibiting pseudocapacitance.
87

 Interestingly, none semi-circle was 

observed at the Nyquist plot of non-doped carbon-CNT composites behaving as regular EDLCs 

(Fig. S8). Fig. 6a also shows how, at low frequencies, the imaginary part of the impedance 

spectra of P-doped carbon-CNT composites deviated from the 90° vertical line of ideal 

capacitors, hence indicating the non-ideal features of ours. Nonetheless, it is worth noting that 

inclined Nyquist curves can also be found in samples with pores of different sizes – e.g. from 

micro- to meso- up to macropores.
87

 Actually, Nyquist plots inclined at low frequencies were 

also found in non-doped carbon-CNT composites behaving as regular EDLCs but with textural 

properties that resemble those of P-doped carbon-CNT ones (Fig. S8).
69

 

Finally, Fig. 6b shows the Bode |Z| and phase angle plots of P-doped carbon-CNT 

Page 7 of 31 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



composites measured at different cell voltages. These plots display the changes of absolute 

impedance (|Z|) and phase angle (ϕ) as a function of frequency (f). At high frequency region, 

|Z| was almost independent of f whereas at the low-frequency region experienced a 

significant increase – the higher the cell voltage, the larger the increase – that was typically 

ascribed to non-homogeneous diffusion in the less-accessible sites.
88

 Meanwhile and with 

regard to the ϕ plot, it is well known that all capacitors show resistive behaviour at high 

frequencies and capacitive behavior at low frequencies when ϕ approaches –90°.
89

 The 

capacitor response times (τ0) can be calculated from the frecuency when ϕ = –45° (f0),
90, 91

 this 

is the frecuency at which the resistive and capacitive impedances are equal. In our case and for 

a cell voltage of 0.9 V, ϕ reached a minimum at low frequencies of ca. –73° – in range to 

pervious ϕ reported for carbon-based pseudocapacitors
92

 and farther to –90° than that of non-

doped carbon-CNT composites (Fig. S8) – while τ0 was ca. 11.4 seconds. In this regard, some of 

the more important factors that can influence the kinetic response of a supercapacitor are the 

ionic conductivity of the electrolyte, the surface area of carbon, the electronic conductivity, 

and the occurrence of pseudocapacitive reactions. However, electrode thickness – even for 

thickness of just some few micrometers and below – is also an important factor typically 

determining slow kinetics.
91, 93

 Actually, response times within the some-few-seconds range 

have already been described for porous carbon monoliths working as EDLCs.
17

 Interestingly, τ0 

in non-doped carbon-CNT composites exhibiting similar porous morphologies was ca. 2.4 

seconds (Fig. S8), revealing the relevance of both pseudocapacitance and porous structure in 

the kinetic response of P-doped carbon-CNT composites. 

It is worth noting that one may find in the literature metrics that are more remarkable 

than ours (see some of the works included in Table 1). However, the straightforward 

comparison of these data should be taken with caution. As mentioned in the introduction, the 

electrode performance in terms of power density is strongly dependent on the geometrical 

aspect of the electrode – e.g. thickness versus contact surface – that ultimately determines the 

electrode mass loading per area of the current collector.
24, 25

 Actually, the most remarkable 

metrics in Table 1 always correspond to electrodes processed in form of thin films and with 

quite low mass loadings. However, the ultimate performance of a hypothetic device built up 

with this kind of electrodes might be rather mediocre because the energy stored in neat terms 

is low. Thus, powering a simple infrared light emitting diode (IR LED) of a remote control for TV 

would only be possible for some few of the electrodes described in the table, those capable of 

providing enough neat energy to turn the IR LED on and emit light over, at least, one single 

second – e.g. 30 mW (Table 2). Interestingly, our electrodes were not only among the 

electrodes capable to power the IR LED (Fig. 5f) but also provided the highest neat energy of all 
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of them – even though we were the only ones using aqueous electrolytes (Table 2). This result 

emphasized two particular features of our electrodes – high mass loadings and operational 

windows of up to 1.5 V for aqueous electrolytes – that make them suitable for real 

applications.  

 

Conclusions 

We have prepared a DES based upon the mixture of pTsOH·H2O and TEP in a 1:1 molar 

ratio, the use of which as the medium to disperse previously-functionalized MWCNTs, and to 

catalyse the polycondenation of furfuryl alcohol resulted – after carbonization – in the 

formation of hierarchically-structured P-doped carbon-CNT composites. Interestingly, the 

monolithic form in which the composites can be processed allowed their direct assembly into 

the supercapacitor cell. The high surface area and the phosphorus functionalization, besides 

the hierarchical structure and good electrical conductivity exhibited by these composites 

provided remarkable metrics when they were used as electrodes, with energy densities of 

around 22.6 W h kg
-1

 at power densities of up to 10 kW kg
-1

 for operational voltages of up to 

1.5 V. This performance surpasses any performance previously reported for electrodes 

weighing (at least) 10 mg per cm
2
 of current collector and using aqueous electrolytes. It is 

obvious that much remarkable results have been provided for electrodes processed in form of 

thin films and weighing less than 3-5 mg per cm
2
 of current collector but some of these results 

should be taken with caution if one desires to extrapolate lab results into real applications.  

 

Experimental Part 

Samples Preparation: DES was obtained upon thermal treatment (at 90 °C for 30 min) of the 

physical mixture of the individual components – e.g. pTsOH·H2O and TEP – in a 1:1 molar ratio. 

MWCNTs were purified and functionalized upon thermal treatment (130 °C) in HNO3 (14 M) 

over 6 h. The resulting MWCNTs (0.05 g) were suspended in the pTsOH·H2O/TEP-DES (1 g) 

under vigorous stirring and overnight. Furfuryl alcohol (99.8 wt%, 0.2 g) was then added to the 

MWCNT/DES suspension. Homogenization was achieved by vortexing the suspension over 2 

min. Polycondensation was carried out first at 37 °C over 8 h and then at 90 °C over 4 days in 

closed containers. The resulting monolithic resins were thermally treated at 800 °C over 4 h 

(the heating ramp was 1.0 °C min
-1

) under a nitrogen atmosphere.  

Samples characterization: 
1
H NMR spectra were recorded in a Bruker spectrometer DRX-500. 

DESs were placed in capillary tubes, using deuterated chloroform (CDCl3) as an external 

reference (the deuterium signal was used for locking and shimming the sample). FTIR spectra 

were recorded in a Bruker Model IFS60v. 
13

C and 
31

P solid-state NMR experiments were carried 
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out on a Bruker Advanced 400 MHz Wide Bore (9.39 T) spectrometer operating at 100.61 MHz 

for 
13

C resonance and 161.97 MHz for 
31

P resonance. A standard cross polarization pulse 

sequence was used for 
13

C NMR spectra, with a ramp contact time of 3.5 ms, a 
1
H 90° pulse 

width of 3 µs, a recycle delay of 4 s and acquisition time of 29 ms. Samples were spun at 10 

kHz (MAS) in a 4-mm-diameter ZrO2 rotor at room temperature. A total of 28000 scans were 

collected over a spectral width of 35 kHz. TPPM 
1
H decoupling with a field strength of 80 kHz 

was applied during signal acquisition. Chemical shifts were reported relative to the external 

reference of CH2 adamantine (29.5 ppm) relative to TMS. 
31

P NMR spectra were acquired with 

a single pulse high power decoupling sequence – e.g. 90° pulse width of 4.8 µs, a recycle delay 

of 40 s and acquisition time of 29 ms. Samples were spun at 25 kHz (MAS) in a 2.5-mm-

diameter ZrO2 rotor with Vespel caps at room temperature. A total of 3500 scans were 

collected over a spectral width of 35 kHz. TPPM 
1
H decoupling with a field strength of 55 kHz 

was applied during signal acquisition. Chemical shifts were reported relative to the external 

reference of ADP (0.8 ppm) relative to H3PO4 85%. XRD patterns were obtained in a Bruker D8 

Advance diffractometer using CuKα radiation (0.05° step size, 3.5 s counting time). TXRF 

analysis was carried out in a S2 PicoFox spectrometer. X-Ray Photoelectron spectroscopy (XPS) 

surface analysis was performed in a VG ESCALAB 200R electron spectrometer equipped with a 

hemispherical electron analyser and an Al Kα (hυ = 1486.6 eV, 1 eV = 1.6302·10
-19

 J) 120 watts 

X-ray source. Charge effects were corrected by taking the main C1s component at a binding 

energy (BE) of 284.8 eV. Nitrogen adsorption–desorption isotherms were measured at –196 °C 

using an ASAP 2020 from Micromeritics on samples previously degassed under dynamic 

vacuum (ca. 10
–5

 mbar) at 100 °C for 6 h. Brunauer-Emmett-Teller (BET) theory (based on the 

desorption branches of the isotherms) were used to calculate the specific surface areas (SBET) 

of the materials. The total pore volume was determined at p/p0 ∼ 0.99, and the micropore 

volume was calculated using the Dubinin–Radushkevich (DR) equation. The PSD analysis in the 

full micro–mesopore range was performed using the new 2D-NLDFT-HS model assuming 

surface heterogeneity of pores with the data from both N2 and CO2 adsorption/desorption 

isotherm data.
94

 The narrow microporosity was further assessed by CO2 adsorption–desorption 

isotherms performed in a Micromeritics Tristar 3020 instrument, in the pressure range of 0.1–

900 mbar and at 0 °C. With these data, micropore volumes and micropore diameters were also 

calculated using the Dubinin–Radushkevich (DR) equation for the carbon materials. The 

morphology of the resulting monoliths was studied by scanning electron microscopy (SEM, 

using a SEM Hitachi S-3000N) and transmission electron microscopy (TEM, with a JEOL-2000 

system operating at 200 keV). The electrical conductivity (σDC) of the monoliths was measured 

by using a digital multimeter Fluke 8840A in a four-probe configuration. Two monoliths (of 12 
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mm in diameter and 1.5 mm in height, and weighing 32 mg each) were assembled in 

Swagelok-type cells using 0.45-µm-thick PVDF membrane as separator. Electrochemical 

characterization was carried out in a PGSTAT30 Autolab potentiostat/galvanostat in a H2SO4 (2 

M) aqueous electrolyte and two tantalum grids as current collectors. The specific capacitance 

(Csp) was obtained from the galvanostatic plots recorded at different current densities, using 

the current intensity (I), the voltage range (∆Vc), the discharge time (∆tc), and the mass of the 

active material in one electrode (m) for the calculation: 

��� =
2 · � · ∆	


∆�
 · �
· 

The power density – P – and the energy density – E – were obtained using the following 

expressions: 

�� =
��� · ����

�

8 · 3.6
· 

��� =
� · ∆�


4 · �
· 

where Vmax was the voltage used for the measurement. Volumetric results were obtained 

multiplying gravimetric ones by the density of the materials – e.g. 0.18 g cm
-3

. 
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Table	  1:	  Gravimetric	  data	  obtained	  from	  the	  Ragone	  plot	  of	  a	  set	  of	  supercapacitor	  cells	  that	  used	  different	  carbon	  materials	  as	  electrodes.	  Data	  with	  
regard	  to	  some	  other	  aspects	  that	  may	  determine	  the	  performance	  of	  the	  different	  supercapacitor	  cells	  –	  e.g.	  the	  processing	  of	  the	  electrode,	  the	  
mass	  loading	  of	  active	  material,	  the	  electrolyte,	  and	  the	  electrochemical	  window	  –	  are	  also	  included.	  

	  

Ref	   Type	  of	  Electrode	  -‐	  
Processing	  

Mass	  of	  electrode	  
per	  Area	  of	  

current	  collector	  
(mg	  cm-‐2)	  

Electrolyte	   	  
ΔV	  
(V) 

Gravimetric	  Data	  obtained	  from	  Ragone	  Plot	  
Highest	  E	  density	  

(W·∙h·∙Kg-‐1)	  
P	  density	  (kW·∙Kg-‐1)	  at	  
the	  highest	  E	  density	  
is	  included	  between	  

brackets	  	  

Highest	  P	  density	  
(kW·∙Kg-‐1)	  

E	  density	  (W·∙h·∙Kg-‐1)	  at	  
the	  highest	  P	  density	  is	  

included	  between	  
brackets	  

This	  
work	  

Monolith	  –	  Directly	  
assembled	  

32.0/1.13	  =	  	  	  	  	  	  	  
28.3	  

2	  M	  H2SO4	  in	  H2O	   1.5	   39.5	  (0.02)	   	  7.8	  (12.5)	  

26	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

5.0/1.0	  =	  	  
5.0	  

1.5	  M	  TEABF4	  in	  
Acetonitrile	  

2.5	   22.9	  (0.11)	   	  23.0	  (22.0)	  

26	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

5.0/1.0	  =	  	  
5.0	  

6	  M	  KOH	  in	  H2O	   1.0	   9.5	  (0.01)	   	  25.0	  (5.5)	  

26	   Pellet	  –	  Directly	  
assembled	  

5.0/1.0	  =	  	  
5.0	  

6	  M	  KOH	  in	  H2O	   1.0	   10	  (0.2)	   	  4.0	  (2.0)	  	  

27	   Pellet	  –	  Directly	  
assembled	  

0.37/1.0	  =	  	  
0.37	  

1	  M	  H2SO4	  in	  H2O	   1.0	   7.4	  (0.06)	   	  10.4	  (4.0)	  

28	   Pellet	  Hybrid–	  
Directly	  assembled	  

2.08-‐6.24/1.04	  =	  	  
2-‐6	  

1	  M	  LiPF6	  in	  EC:DMC	  1:1	   5.0	   145.8	  (0.065)	   	  10.0	  (2.0)	  

28	   Pellet	  Hybrid	  –	  
Directly	  assembled	  

2.08-‐6.24/1.04	  =	  	  
2-‐6	  

1	  M	  LiPF6	  in	  EC:DMC	  1:1	   4.5	   103.8	  (-‐-‐)	   10.0	  (-‐-‐)	  

28	   Pellet	  –	  Directly	  
assembled	  

2.08-‐6.24/1.04	  =	  	  
2-‐6	  

1	  M	  LiPF6	  in	  EC:DMC	  1:1	  	   3.0	   22.6	  (0.11)	   	  60.0	  (2.0)	  

28	   Pellet	  –	  Directly	  
assembled	  

2.08-‐6.24/1.04	  =	  	  
2-‐6	  

1	  M	  TEABF4	  in	  
Acetonitrile	  

2.5	   22.6	  (0.16)	   	  18.0	  (5.0)	  
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29	   Pellet	  –	  Directly	  
assembled	  

6.6/1.33	  =	  	  	  	  	  	  	  	  	  
4.97	  

EMIMBF4	   4.5	   85.6	  (0.55)	  	   10.0	  (50.0)	  

30	   CNT	  MnO2	  Sponge	  –	  
Elecrodeposited	  

0.03/1.0	  =	  	  
0.03*	  

1	  M	  Na2SO4	  in	  H2O	   1.0	   31	  (65)	   105	  (-‐-‐)	  

31	   Graphene	  MnO2	  –	  
Elecrodeposited	  
onto	  Ni	  foam	  

0.4/1.0	  =	  	  
0.4	  

0.5	  M	  Na2SO4	  in	  H2O	   1.0	   6.8	  (0.06)	   2.5	  (3.8)	  

32	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

3-‐5/1	  =	  
3-‐5	  

6	  M	  KOH	  in	  H2O	   1.0	   17(0.24)*	   2.4(12)*	  

33	   Carbon	  MnO2	  
Sponge	  –	  Directly	  

assembled	  

1.0/87.5	  =	  	  
0.012	  

1	  M	  Na2SO4	  in	  H2O	   0.7	   86.2(0.2)	   160(7)	  

34	  
	  

Slurry	  –	  Spread	  onto	  
steel	  mesh	  

1.178/0.785	  =	  	  
1.5	  

1	  M	  H2SO4	  in	  H2O	   0.8	   37.4(0.2)	   18.6(14.3)	  

35	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

4/1	  =	  	  
4	  

6	  M	  KOH	  in	  H2O	   1.0	   14.17*(0.1*)	   4*(11.33*)	  

36	   Slurry	  -‐	  Rolled	   5.45/1.33	  =	  	  
4.1*	  

6	  M	  KOH	  in	  H2O	   1.0	   10(0.01)	   30(6)	  

36	   Slurry	  -‐	  Rolled	   5.45/1.33	  =	  	  
4.1*	  

1M	  Li2SO4	  in	  H2O	   1.6	   20(0.08)	   4(8)	  

36	   Slurry	  -‐	  Rolled	   5.45/1.33	  =	  	  
4.1*	  

1	  M	  TEABF4	  in	  PC	   2.7	   40(0.05)	   1(10)	  

37	   Slurry	  -‐	  Rolled	   2-‐3/1	  =	  	  
2-‐3	  

1	  M	  H2SO4	  in	  H2O	   0.6	   6.5(0.1)	   30(6)	  

37	   Slurry	  -‐	  Rolled	   2-‐3/1	  =	  	  
2-‐3	  

EMINBF4	   2.3	   70(0.4)	   90(60)	  

38	   Slurry	  -‐	  Spread	  onto	  
Ni	  foam	  

4.4/1	  =	  	  
4.4*	  

1	  M	  Na2SO4	  in	  H2O	   1.8	   15.9(0.3)	   20(10)	  

39	   Slurry	  –	  evaporates	  
onto	  steel	  

0.2/2	  =	  	  
0.1	  

1	  M	  H2SO4	  in	  H2O	   0.8	   10.05*(0.2*)	   20(7.78*)	  
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40	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

1.6/1	  =	  	  
1.6*	  

1	  M	  Na2SO4	  in	  H2O	   1.6	   26(0.55)	   30(12)	  

41	   Pellet	  -‐	  Directly	  
assembled	  

2.5-‐3/1	  =	  	  
2.5-‐3	  

BMINBF4/AN	  (1:1)	   3.0	   250(3)	   100(150)	  

41	   Pellet	  -‐	  Directly	  
assembled	  

2.5-‐3/1	  =	  	  
2.5-‐3	  

1	  M	  H2SO4	  in	  H2O	   1.0	   110(1)	   10(30)	  

42	   Slurry	  –	  Evaporated	   0.9/1	  =	  	  
0.9	  	  

4	  M	  H2SO4	  in	  H2O	   1.0	   10(1)	   10(4)	  

43	   Slurry	  -‐	  Rolled	   3	   6	  M	  KOH	  in	  H2O	   1.0	   6(0.09)	   4(0.6)	  
43	   Slurry	  -‐	  Rolled	   3	   1	  M	  LiPF6	  in	  EC:DMC	  1:1	   2.5	   25(0.2)	   7(2)	  
43	   Slurry	  -‐	  Rolled	   3	   EMIMBF4	   3.5	   60.7(0.17)	   11(10)	  
44	   Pellet	  -‐	  Directly	  

assembled	  
3.5/0.8	  =	  	  
4.375	  

6	  M	  KOH	  in	  H2O	   1.0	   7(0.08)	   6(3)	  

45	   PANI	  –	  
Elecrodeposited	  

onto	  graphene	  foam	  

4.75/2	  =	  	  
2.375*	  

1	  M	  HClO4	  in	  H2O	   0.7	   16.1	  (0.175)	   1.75	  (12.6)	  

46	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

2.5/1=	  2.5	   6	  M	  KOH	  in	  H2O	   1.0	   30	  (0.5)	   5	  (10.1)	  

47	   Slurry	  –	  Pressed	  on	  
Ti	  mesh	  

3.5/1.77=1.97	   1M	  H2SO4	  in	  H2O*	   1.0	   12	  (0.2)	   1.0	  (6.2)	  

48	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

1-‐2/1.0=1-‐2	   6M	  KOH	  in	  H2O	   1.0	   54	  (0.5)	   30	  (45)	  

49	   Slurry	  –	  Spread	  onto	  
stainless	  steel	  disk	  

3-‐4/2.01=1.5-‐2	   1	  M	  LiPF6	  in	  EC,	  DEC	  	  
and	  DMC	  (2:1:2	  v/v)	  

3.0	   44	  (0.1)	   8	  (15)	  

50	   Pellet	  -‐	  Directly	  
assembled	  

1.3/1	  =	  	  
1.3	  

[EMIM][TFSI]/AN	   3.5	   74(338)	   -‐-‐	  (-‐-‐)	  

51	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

1.43	   2	  M	  KOH	  in	  H2O	   0.4	   14.13	  (0.1)	   1.0	  (7.1)	  

46	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

9.38	   2	  M	  KOH	  in	  H2O	   0.4	   6.5	  (0.1)	   -‐-‐	  (-‐-‐)	  
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52	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

7.0/1.0	  =	  	  
7.0	  

1.5	  M	  TEABF4	  in	  
Acetonitrile	  

3.0	   62.8	  (0.17)	   	  32.0	  (10.0)	  

52	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

7.0/1.0	  =	  	  
7.0	  

6	  M	  KOH	  in	  H2O	   1.0	   7.7	  (0.05)	   	  8.6	  (3.0)	  	  

52	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

7.0/1.0	  =	  	  
7.0	  

1.5	  M	  TEABF4	  in	  
Acetonitrile	  

3.0	   37.7	  (0.15)	   	  9.0	  (10.0)	  

53	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

8.2/1.33	  =	  	  
6.16	  

6	  M	  KOH	  in	  H2O	   1.0	   -‐-‐	  (-‐-‐)	   15.4(-‐-‐)	  

54	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

8/1	  =	  	  
8	  

2	  M	  KOH	  in	  H2O	   1.0	   4.69(0.31)	   3.12(3.47)	  

55	   Slurry	  –	  Spread	  onto	  
steel	  

5.5/1	  =	  	  
5.5*	  

2	  M	  H2SO4	  in	  H2O	   1.0	   4(0.02)	   1(3)	  

56	   Slurry	  –	  Spread	  onto	  
steel	  mesh	  

4-‐7/1	  =	  	  
4-‐7	  

6	  M	  KOH	  in	  H2O	   1.0	   10(7.5)	   15(5)	  

57	   SWCNT	  Aerogel	  –	  
Directly	  assembled	  

6*	   EMI-‐TFSI	   2.5	   50	  (0.7)	   110	  (11)	  

58	   Slurry	  –	  Pressed	  on	  
Al	  foil	  

8.8*/1.33=6.62*	   EMIMBF4	   3.5	   78	  (1.0)	   11	  (40)	  

59	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

10/1	  =	  10	   6	  M	  KOH	  in	  H2O	   1	   6.45*	  (0.25)*	   2.5	  (4.4)	  

60	   Pellet	  -‐	  Directly	  
assembled	  

8/0.78	  =	  	  
10.26	  

1	  M	  TEABF4	  in	  PC	   2.5	   20(0.05)	   6(10)	  

61	   Pellet	  –	  Directly	  
assembled	  

19.9/1.77	  =	  	  	  
11.25*	  

7.5	  N	  KOH	  in	  H2O	   0.9	   19.0	  (1.8·∙10-‐3)	   20.0	  (7.5)	  

62	   Monolith	  –	  Directly	  
assembled	  

23.4/1.33	  =	  17.6	   1	  M	  H2SO4	  in	  H2O	   1.0	   12	  (9.5·∙10-‐3)	   12.0	  (1.0)	  

63	   Monolith	  –	  Directly	  
assembled	  

105.5-‐130.2	  /0.79=	  
133.9-‐164.8*	  

2	  M	  H2SO4	  in	  H2O	   1.0	   32.0	  (4.7·∙10-‐3)	   0.16	  (15.0)	  

63	   Monolith	  –	  Directly	  
assembled	  

82.2-‐101.1/0.79=	  
104.0-‐128.0*	  

2	  M	  H2SO4	  in	  H2O	   1.0	   38.0	  (7·∙10-‐3)	   0.2	  (11.0)	  
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64	   Monolith	  –	  Directly	  
assembled	  

1000/44.2=	  
22.6*	  

EMITFSI	   0.1	   1.23·∙10-‐3	  (4.2·∙10-‐4)	   -‐-‐	  (-‐-‐)	  

64	   Monolith	  –	  Directly	  
assembled	  

1348/59.5=	  
	  22.6*	  

PEGDGE/EMITFSI	  
(90/10	  wt%)	  

0.1	   0.84·∙10-‐3	  (0.33·∙10-‐4)	   -‐-‐	  (-‐-‐)	  

50	   Pellet	  -‐	  Directly	  
assembled	  

10.4/1	  =	  	  
10.4	  

[EMIM][TFSI]/AN	   3.5	   55(23)	   -‐-‐	  (-‐-‐)	  

65	   CNT	  Sponge	  -‐	  
directly	  assembled	  

16/1.33	  =	  	  
12.03	  

1	  M	  TEABF4	  in	  PC	   4.0	   35(0.03)	   3(15)	  

66	   TCPs-‐PANI	  –	  Directly	  
assembled	  

40/3	  =	  13.3	   1	  M	  H2SO4	  in	  H2O*	   0.8	   11	  (0.28)	   0.58	  (1.7)	  

67	   Slurry	  –	  Spread	  onto	  
Ni	  foam	  

10/1.0=10	   6M	  KOH	  in	  H2O	   1.0	   10.5	  (0.5)	   14	  (4.0)	  

68	   Monolith	  –	  Directly	  
assembled	  

65.4/	  0.79	  =	  82.8	   2	  M	  H2SO4	  in	  H2O	   1.4	   13.0	  (8·∙10-‐3)	   	  0.2	  (6.0)	  

69	   Monolith	  –	  Directly	  
assembled	  

29.9/1.13	  =	  26.5	   2	  M	  H2SO4	  in	  H2O	   1.0	   3.8	  (8·∙10-‐3)	   	  7.0	  (2.1)	  

*	  Data	  estimated	  from	  reported	  figures	  
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Table	  2:	  Selected	  electrodes	  with	  remarkable	  performances	  that,	  according	  to	  the	  neat	  energy	  calculated	  from	  the	  data	  provided	  in	  Table	  1,	  would	  be	  
either	  capable	  or	  not	  to	  power	  the	  IR	  LED	  depicted	  in	  Figure	  5g.	  For	  the	  capable	  ones,	  the	  table	  includes	  how	  long	  the	  IR	  LED	  would	  be	  on	  according	  to	  
its	  power	  consumption	  (30	  mW).	  	  

	  

Ref.	   ΔV	  
(V)	  

E	  density	  
(W·∙h·∙Kg-‐1)	  

Neat	  
Energy	  (J)	  

Capable	  to	  power	  
the	  IR	  LED	  (yes/no)	  

Time	  
(seconds)	  

This	  
work	   1.5a	   39.5	   4.550	   Yes	   100	  

29	   4.5b	   85.6	   2.034	   Yes	   67.8	  

30	   1a	   31	   0.003	   No	   -‐-‐	  

50	   3.5b	   74	   0.346	   Yes	   68	  

61	   0.9a	   19	   1.361	   No	   -‐-‐	  
65	   4b	   35	   2.016	   Yes	   67	  

a	  Aqueous	  electrolyte.	  b	  Organic	  electrolyte.	  See	  Table	  1	  for	  further	  details	  
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Figure'1.!Left:!Picture!of!the!liquid!resulting!from!the!mixture!of!pTsOH8H2O!and!TEP!in!

a!1:1!molar!ratio.!Right:!DSC!scans!–!both!cooling!and!heating!–! taken!at!a!rate!of!5!

°C/min! of! pTsOH8H2O! and! TEP! in! a! 1:1! molar! ratio.! The! eutectic! mixture! displayed!

neither!a!melting!point!(Tm)!nor!a!crystallization!temperature!(Tc).!
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!
Figure' 2.! SEM! (a,! b! and! d)! and! TEM! (c)! micrographs! of! P8doped! carbon8CNT!

composites.!
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Figure' 3.! N2! (a)! and! CO2! (b)! adsorption2desorption! isotherms! (at! 2196°C! and! 0°C,!

respectively)!of!P2doped!carbon2CNT!composites.!!
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Figure'4.'XPS$P2p$core+level$(top)$and$solid+state$31P$NMR$(bottom)$spectra$of$P+doped$

carbon+CNT$composites.$$
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Figure'5.'(a)$Picture$of$the$two$monoliths$of$12$mm$in$diameter$and$1.5$mm$in$height$

assembled$ into$ the$ supercapacitor$ cell.$ (b)$ Voltammogram$ of$ P=doped$ carbon=CNT$

composites$ recorded$ at$ 5$mVs=1$ for$ voltages$ of$ up$ to$ 1.5$ V.$ (c)$ Specific$ capacitance$

measured$ for$ P=doped$ carbon=CNT$ composites.$ (d)$ CP$ charge=discharge$ curves$ of$ P=

doped$carbon=CNT$composites$registered$at$1$(black$line),$2.5$(red$line),$11.67$(Green$

line),$ and$ 25$ A/g$ (blue$ line).$ (e)$ Plot$ representing$ the$ retention$ of$ the$ specific$

capacitance$over$more$than$10000$cycles$in$heavy$regime$conditions$(0=1.5$V,$2.5$A$g=

1).$(f)$Ragone$plot$representing$data$obtained$from$a$set$of$different$monoliths;$the$P=

doped$carbon–CNT$composite$monolith$of$12$mm$in$diameter$and$1.5$mm$in$height$

described$ herein$ (solid$ circles),$ a$ non=doped$ carbon–CNT$ composite$monolith$ of$ 12$

mm$in$diameter$and$1.0$mm$in$height$described$in$Ref.$68$(solid$squares),$a$P=doped$

carbon$monolith$of$10$mm$in$diameter$and$1.4$mm$in$height$described$in$Ref.$67$(solid$

diamonds),$ and$a$non=doped$carbon$monolith$of$11$mm$ in$diameter$and$1.8$mm$ in$

height$described$in$Ref.$17$(solid$triangles).$ (g)$Picture$of$a$ IR$LED$–$with$a$threshold$

voltage$of$1.4$V$and$a$power$consumption$of$30$mW$–$emitting$light$when$connected$

to$the$supercapacitor$cell$built$up$with$two$monoliths$of$12$mm$in$diameter$and$1.5$

mm$in$height$as$electrodes.$

$

$ $
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Figure'6.!Nyquist!(a)!and!Bode!(b)!plots!of!P6doped!carbon6CNT!composites!obtained!at!

different!potentials! for! frequencies! ranging! from!0.01! to!105!Hz!and!an!amplitude!of!

10mV.!
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TOC text 

Phosphorus-doped carbon-carbon nanotube hierarchical monoliths exhibiting energy 

densities of around 22.6 W h kg
-1

 at power densities of up to 10 kW kg
-1

 were capable 

to work as true three-dimensional electrodes in supercapacitor cells 
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