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Abstract 

 

A novel activating agent for the production of highly microporous carbons with 

textural properties that match those of superactivated carbons prepared by 

KOH activation, i.e. BET surface areas of 2600-3000 m2 g-1, pore volumes of ~ 

1.3-1.6 cm3 g-1 and pore size distributions in the supermicropore-small 

mesopore (< 3 nm) region, is studied. It consists of a mixture of melamine and 

potassium oxalate, a substance which is less corrosive than KOH, imposing 

less technical restrictions. Additional advantages of this activating agent are that 

the morphology of the particles is not altered and, importantly, the product yield 

is almost double that of KOH activation. The advantageous textural 

characteristics of the produced materials are combined with a relatively good 

electronic conductivity of ~2-3 S cm-1. When tested as supercapacitor 

electrodes using conventional electrolytes such as H2SO4 and TEABF4/AN, and 

less conventional ones such as EMImTFSI/AN, these carbons match the 

performance of benchmark KOH activated carbons and surpass that of 

commercial activated carbons specifically designed for supercapacitor 

applications. 
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1. Introduction 

Activated carbons (ACs) have a long history of success. The first recorded case 

dates back to 3750 BC, when the Egyptians and Sumerians used wood char for 

the reduction of copper, zinc and tin ores in the manufacture of bronze [1]. Later 

on, the Egyptians used it for medicinal purposes around 1550 BC [2]. Since 

then, ACs have been used in a wide range of applications, ranging from 

environmental remediation [3] to gas storage [4] and electrochemical energy 

storage [4, 5]. In particular, AC is used to assemble nearly all commercial 

supercapacitors owing to its high surface area, relatively low cost, good 

electronic conductivity, well-developed manufacturing technologies and easy 

production in large quantities. However, on the down side, current 

supercapacitor ACs have a limited porosity (surface area < 1800 m2 g-1) which 

limits charge storage and a tortuous porosity which hinders the diffusion of ions, 

thereby hampering their power capability. Accordingly, current research efforts 

are directed towards the development of highly porous materials with textural 

and morphological properties that enhance ion storage and transport properties. 

To this end, chemical activation with KOH is being widely investigated as it 

allows the production of ACs with ultra-large surface areas (1500 - 3500 m2 g-1) 

from a variety of precursors (coal, polymers, biomass or hydrothermally 

carbonized biomass, graphene, etc.) [4, 6]. Its large scale industrial 

implementation however is hindered by the high corrosiveness of KOH and its 

toxicity, with the result that the final product is expensive and only used in high-

end applications. This has led some scientists to explore alternative chemical 

agents for the production of ACs with advanced and controlled properties. 
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Additionally, growing concern about sustainability has shifted attention towards 

the use of biomass or biomass derivatives as carbon precursors. For example, 

Fellinger´s group has revisited ZnCl2 as chemical activating agent and used its 

low melting eutectic mixtures with several chloride salts (e.g. KCl, NaCl or LiCl) 

to produce hierarchical porous carbons (surface area up to ca. 3000 m2 g-1) by 

using firstly ionic liquids [7] and more recently adenine [8] and glucose [9] as 

carbon precursor. They have called this strategy “salt-templating” or 

“ionothermal carbonization”. Other authors have combined multi-scale inorganic 

salts and by controlling their crystallization and assembly through a freeze-

drying process, have been able to produce 3D porous carbon networks from 

glucose [10]. More recently, Deng et al. have followed a green “leavening” 

strategy, in which potassium bicarbonate leads to materials with a 3D 

hierarchical pore structure when mono-, polysaccharides and biomass are used 

as carbon precursors [11]. However, when hydrochar is the carbon precursor, 

potassium bicarbonate yields highly microporous materials, with BET surface 

areas of up to ~2200 m2 g-1 [12]. These materials performed in H2SO4 

electrolyte almost as well as benchmark KOH-ACs. In the present study, a new 

alternative for generating carbon materials from hydrochar with textural 

properties matching those of optimized KOH-ACs, i.e. BET surface areas of ca. 

3000 m2 g-1 and virtually the same pore size distribution, is proposed. It is based 

on a mixture of potassium oxalate and melamine as activating agent. 

Importantly, the AC yield of this procedure is 40-46 % vs. ~23 % for KOH 

activation and 33 % for HKCO3 activation. The carbons thus synthesized are 

able to match the performance of KOH-ACs in conventional electrolytes such as 

H2SO4 and TEABF4/AN, and less conventional ones such as EMImTFSI/AN. 
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2. Experimental section 

2.1. Synthesis of hydrochar materials 

The hydrochar material was prepared by the hydrothermal carbonization (HTC) 

of eucalyptus sawdust. Briefly, an aqueous dispersion of the raw material (320 g 

L-1) was placed in a Teflon-lined stainless steel autoclave, heated up to 250 ºC 

and kept at this temperature for 4 h. The resulting carbonaceous solid 

(hydrochar) was recovered by filtration, washed with abundant distilled water 

and dried at 120 ºC over a period of several hours.  

2.2. Synthesis of porous carbon materials 

The hydrochar material was chemically activated using a mixture of potassium 

oxalate monohydrate (Alfa Aesar) and powdered melamine (Aldrich, 2,4,6-

Triamino-1,3,5-triazine). In the first step, the hydrochar material was added to 

an aqueous dispersion containing potassium oxalate monohydrate 

(K2C2O4/hydrochar weight ratio = 2.7, 3.6 and 6) and melamine 

(C3H6N6/hydrochar weight ratio in the 0-2 range). Afterwards, the water was 

evaporated (under magnetic stirring) and the resulting mixture was heat-treated 

up to 800 ºC (heating rate: 3 ºC min-1) under a nitrogen gas flow and held at this 

temperature for 1 h (Note: precautions should be taken when extracting the 

crucible from the furnace as toxic potassium cyanide is contained in the solid 

residue). The samples were then thoroughly washed several times with diluted 

HCl to remove any inorganic salts (Note: precautions should be taken when 

adding HCl as hydrogen cyanide is generated), then washed with distilled water 

until neutral pH and finally dried in an oven at 120 ºC for 3 h. The activated 
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carbons thus produced were labeled HCOxK-y-z, where y = K2C2O4/hydrochar 

weight ratio and z = C3H6N6/hydrochar weight ratio. The product yield was 

calculated as the mass of activated carbon/mass of hydrochar  100.  

2.3. Physical and chemical characterization 

Scanning electron microscopy (SEM) images were recorded on a Quanta 

FEG650 (FEI) instrument, whereas transmission electron microscopy (TEM) 

images were recorded on a JEOL (JEM 2100-F) apparatus operating at 200 kV. 

The nitrogen sorption isotherms of the carbon samples were measured at −196 

°C using a Micromeritics ASAP 2020 sorptometer. The apparent surface area 

(SBET) was calculated from the N2 isotherms using the Brunauer-Emmett-Teller 

(BET) method. An appropriate relative pressure range was selected to ensure a 

positive line intersect of multipoint BET fitting (C > 0) and that the Vads(1 − p/po) 

would increase with p/po.[13, 14] The total pore volume (Vp) was determined 

from the amount of nitrogen adsorbed at a relative pressure (p/po) of ~0.99. The 

pore size distributions (PSDs) were determined by applying the Quenched-Solid 

Density Functional Theory (QSDFT) method to the nitrogen adsorption data and 

assuming a slit pore model. The micropore volume (Vmicro) was obtained from 

the QSDFT PSD (pores < 2 nm). Elemental analysis (C, N and O) of the 

samples was carried out on a LECO CHN-932 microanalyzer. Fourier transform 

diffuse reflectance infrared spectra (FTIR) of the materials in powder form were 

recorded using a Nicolet Magna-IR 560 spectrometer fitted with a diffuse 

reflection attachment. Thermogravimetric analysis (TGA) curves were recorded 

on a TA Instruments Q6000 TGA system. The Raman spectra were recorded 

on a Horiva (LabRamHR-800) spectrometer. The source of radiation was a 

laser operating at a wavelength of 514 nm and at a power of 25 mW.  The curve 
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fitting was performed using a combination of five Gaussian–Lorentzian line 

shapes that gave the minimum fitting error. 

2.4. Electrochemical characterization 

The electrodes were composed of 85 wt% of active material, 10 wt% of 

polytetrafluoroethylene (PTFE) binder (Aldrich, 60 wt% suspension in water) 

and 5% of Super P (Timcal). The electrochemical measurements were 

performed in two-electrode Swagelok™ type cells in 1 M H2SO4, 1 M  

TEABF4/AN (tetraethylammonium tetrafluoroborate/acetonitrile) (≥ 99 %, Sigma-

Aldrich), and EMIMTFSI/AN (1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, weight ratio 1:1) (99 %, Ionic Liquids 

Technology, Germany) electrolyte solutions. In the case of the H2SO4- and 

TEABF4/AN-based supercapacitors, the supercapacitors were assembled using 

two carbon electrodes of comparable mass (carbon loading of 8-10 mg cm-2), 

electrically isolated by a glassy fibrous separator. In the case of the 

EMIMTFSI/AN-based supercapacitor, mass balancing was performed in order 

to increase the stability at 3 V (mass positive electrode = 1.1  mass negative 

electrode, average mass loading ca. 8 mg cm-2). The electrochemical 

characterization was performed at room temperature using a computer-

controlled potentiostat (Biologic VMP3 multichannel generator) and consisted of 

cyclic voltammetry experiments (CV), and galvanostatic charge/discharge (CD) 

cycling tests.  

Cyclic voltammetry experiments were conducted using a cell voltage of 1 

V in 1 M H2SO4, 2.7 V in 1 M TEABF4/AN, and 3 V in EMIMTFSI/AN, at 

increasing sweep rates from 1 mV s-1 to 200 mV s-1.  Plots of cell specific 

capacitance vs. voltage were calculated using the formula: 
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·m
ICcell ν

=
                 (2) 

where I = current (A), ʋ = scan rate (V s-1) and m = mass (grams) of carbon 

material in the supercapacitor. 

Galvanostatic charge/discharge cycling was carried out using a cell 

voltage of 1 V in 1 M H2SO4, 2.7 V in 1 M TEABF4/AN, and 3 V in 

EMIMTFSI/AN, at increasing current densities from 0.1 to 100 A g-1, based on 

the active mass of one electrode. The specific gravimetric capacitance of the 

supercapacitor was determined from the galvanostatic cycles by means of the 

formula: 

  
(dV/dt)·m

ICcell =                          (2) 

where dV/dt = the slope of the discharge curve (V s-1). As most supercapacitors 

are operated in the range of Vmax to approximately ½ Vmax, the upper half of the 

discharge curve was used to determine the slope of the discharge curve [15].  

To trace the Ragone plots, the specific energy (Wh kg-1) and power (kW 

kg-1) were calculated using the following formulae: 

  2
dcellΔVC

2
1E =                  (3) 

dΔt
EP =               (4) 

where ΔVd is the operation voltage (Vmax – IRdrop) and Δtd is the discharge time. 

To calculate the specific volumetric capacitance, and volumetric energy 

and power densities, the packing density of the electrode was used. This 

density was determined from its thickness (measured with a micrometer caliper) 

and its area (0.785 cm2) [16]. 
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  Long-term cycling stability was evaluated by continuous galvanostatic 

charge/discharge cycling over 10000 cycles at 5 A g-1 and at the maximum cell 

voltage, i.e. 1 V in H2SO4, 2.7 V in TEABF4/AN and 3 V in EMImTFSI/AN. 

Afterwards, the self-discharge and leakage current were evaluated by constant 

load tests which consisted in charging at 1 A g-1 up to the maximum cell 

voltage, which was then kept stable for 2 h. This was followed by a period of 50 

hours at open circuit during which the dependence of cell voltage on time was 

recorded. 

3. Results and Discussion 

3.1. Chemical and structural characteristics of the porous carbons 

The morphology of the activated carbons produced by means of the 

chemical activation of sawdust-derived hydrochar with a mixture of potassium 

oxalate (K2C2O4) and melamine (C3H6N6) was examined by SEM. It can be 

seen from Figure 1a that, regardless of the preparation conditions, the activated 

particles retain the morphology typical of the sawdust-derived hydrochar, i.e. a 

mixture of fibers and microspherules on their surface (similar results are 

obtained when potassium oxalate is used by itself, as shown in Figure S1 in 

Supporting Information) [17]. This contrasts with the results obtained for the 

samples activated with potassium hydroxide. In this case, the morphology of the 

original particles is completely transformed during the activation step [18, 19]. 

The retention of the original morphology after activation constitutes a potential 

advantage over the use of KOH (similarly to potassium bicarbonate and 

potassium bicarbonate+melamine [12]), especially when the morphology is an 

advantageous one such as that of being spherical or nanosheet-like. Closer 
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inspection of the particles via high-resolution transmission electron microscopy 

(HRTEM) shows a porosity made up of randomly distributed pores, which is 

typical of activated carbons (Figure 1b). The amorphous-like structure of the 

activated materials is evidenced by XRD and Raman spectroscopy. Thus, 

Figure 1c shows XRD patterns with broad and low-intensity (002) and (10) 

diffraction lines, where the graphene stacking has disappeared completely in 

the material with the largest proportion of porosity (i.e., HCOxK-3.6-2). 

Meanwhile, Figure 1d reveals broad, overlapping and similar intensity D (~ 1346 

cm-1) and G (~ 1590 cm-1) bands in the first order Raman spectra. The ratio of 

integrated intensities ID/IG, which is used to measure the degree of disorder in 

carbon materials, has a value of 1.44 and 1.45 for HCOxK-2.7-2 and HCOxK-

3.6-2 respectively. These results are similar to those obtained for other 

hydrochar materials activated with KOH [20, 21] or a mixture of KOH and 

melamine [18], and other kinds of ACs [10, 11, 22]. In spite of their amorphous 

nature, these materials possess relatively good electronic conductivities of the 

order of ~2-3 S cm-1 (measured at 7 MPa), which is beneficial for 

electrochemical applications. 
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Figure 1. a) SEM image of HCOxK-3.6-2 (inset: SEM image of the hydrochar 
precursor), b) HRTEM image of HCOxK-3.6-2, c) XRD patterns and d) Raman 
spectra of HCOxK-2.7-2 and HCOxK-3.6-2.  

 

The effect of the preparation conditions on the textural properties of the 

synthesized activated carbons was studied by N2 physisorption. As can be seen 

in Figure 2a, an increase in the melamine/hydrochar ratio causes a marked 

increment in the amount of N2 adsorbed and an enlargement of pore size. This 

is confirmed by the pore size distributions (PSDs) in Figure 2b, which show an 

increase in size for both pore systems. On the other hand, for a fixed 

melamine/hydrochar ratio, the increase in the K2C2O4/hydrochar ratio enhances 

the amount of N2 adsorbed and also enlarges the pore size (Figure 2c-d), which 
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is consistent with the harshening of the activation conditions. These materials 

are highly microporous, with the micropore volume comprising more than 70 % 

of the total pore volume (see Table 1). These results differ markedly with those 

previously achieved by activating hydrochar with KOH [18, 19] or KHCO3 [12] in 

the presence of melamine, which gave rise to materials with a well-balanced 

micro-mesoporosity (Vmicrop/Vmesop ~ 0.8-1). In the present study, we observe 

that the activation with K2C2O4 in the presence of melamine does enhance the 

porosity development (Figure 2a and Table 1) and enlarge the pore size (Figure 

2b) compared to the sole use of K2C2O4, but most of the porosity is kept in the 

micropore range (< 2 nm). A summary of the textural properties of the porous 

carbons is presented in Table 1. When K2C2O4 is used as activating agent in the 

absence of melamine (carbonization temperature = 800-850 ºC), the porous 

carbons are characterized by BET surface areas of 1300-1600 m2 g-1 and pore 

volumes < 0.7 g cm-3, with around 90 % of the pore volume corresponding to 

micropores. However, when melamine is present, the BET surface area of the 

materials is > 1800 m2 g-1 and even approaches 3000 m2 g-1 in optimized 

activation conditions (i.e., K2C2O4/hydrochar = 3.6-6 and melamine/hydrochar = 

2), while the pore volume increases up to 1.6 cm3 g-1. Importantly, the textural 

parameters of these porous carbons show values similar to those obtained 

under harsh KOH activation conditions [18, 23], with the advantage that 

potassium oxalate is much less corrosive, the corrosiveness of KOH being one 

of its main drawbacks for its industrial implementation. In addition, a larger 

activated carbon yield is obtained, as shown in Table 1. Thus, 40-46 g of 

activated carbon is produced from 100 g of hydrochar vs. ~23 g of activated 

carbon per 100 g hydrochar for KOH. This means that a much smaller amount 



13 
 

of activating agent and precursor needs to be used to produce the same 

amount of highly porous carbon, thereby providing both economic and 

environmental benefits.  
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Figure 2. N2 sorption isotherms (a and c) and pore size distributions (b and d) 
of the porous carbon materials fabricated by using potassium oxalate or a 
mixture potassium oxalate/melamine as activating agent. 
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Table 1. Textural properties of the porous carbon materials. 
 

 

a Total pore volume at P/Po ~ 0.99. b Micropore volume determined from the QSDFT PSD 
(pores < 2 nm). The percentage of the total pore volume which corresponds to micropores is 
indicated in parenthesis. 

 

Similarly to other melamine-mediated chemical activation processes (v.g. 

KOH and HKCO3) [12, 18, 19], the activated carbons prepared with potassium 

oxalate contain a certain amount of nitrogen. As determined by elemental 

chemical analysis, the bulk nitrogen content of the activated carbons is in the 

0.5-0.9 wt.% range, irrespective of the amount of melamine that is added (Table 

S1).   

3.2. Mechanism of formation of the porous carbons 

The formation of the porous carbons by chemical activation with a 

mixture of potassium oxalate and melamine was investigated by 

thermogravimetric analysis of the mixture hydrochar/potassium 

oxalate/melamine = 1 / 3.6 / 2 (weight) and by X-ray diffraction (XRD), infrared 

spectroscopy (IR) and elemental analysis (EA) studies of the aforementioned 

mixture carbonized in a furnace at temperatures in the 500-800 ºC range. 

Figure 3a compares the variations in weight with temperature for potassium 

oxalate monohydrate, sawdust-based hydrochar and the mixture under study. 

The TGA curve of potassium oxalate monohydrate shows a first weight loss at 

Textural properties 
Material Ratio  

hydrochar/K2C2O4/melamine 
T 

(ºC) 
Yield 
(%) SBET  

[m2 g-1] 
Vp  

[cm3 g-1]a  
Vmicro 

 [cm3 g-1]b 

Electrode 
packing 
density  
(g cm-3) 

800 52 1310 0.57 0.50 (88) n.d. HCOxK-3.6-0 1 / 3.6 / 0 850 48 1600 0.71 0.63 (89) 0.65 
HCOxK-3.6-1  1 / 3.6 / 1 800 53 1830 0.78 0.72 (92) n.d. 

HCOxK-3.6-1.5 1 / 3.6 / 1.5 800 46 2640 1.27 1.04 (82) 0.47 
HCOxK-3.6-2 1 / 3.6 / 2 800 41 2950 1.46 1.18 (81) 0.43 
HCOxK-2.7-2 1 / 2.7 / 2 800 46 2300 1.02 0.89 (87) 0.54 
HCOxK-6-1 1 / 6 / 1 800 47 2120 0.93 0.83 (89) n.d. 
HCOxK-6-2 1 / 6 / 2 800 40 2960 1.60 1.14 (71) n.d. 
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around 110 ºC, which corresponds to the loss of hydration water (K2C2O4.H2O 

→ K2C2O4 + H2O, 10 % weight loss). Then, it decomposes over the range of 

500-600 ºC according to the reaction: K2C2O4 → K2CO3 + CO (~ 15 % weight 

loss), without yielding any carbon (carbon yield is ca. 0.02 % at 800 ºC, 

following the reaction: 2 K2C2O4 → 2 K2CO3 + C + CO2), unlike some other 

organic salts [24]. Meanwhile, carbonization of hydrochar takes place over a 

wide range of temperatures from 200 ºC to 700-800 ºC (with a maximum at ~ 

380ºC on the DTG curve, data not shown). In the case of the 

hydrochar/potassium oxalate/melamine mixture, the TGA curve shows three 

sharp weight loss steps in the ranges of 210-310 ºC, 520-580 ºC and above 700 

ºC. The first sharp weight loss at 210-310 ºC is ascribed to the sublimation of 

melamine [25-27] and the partial decomposition of K2C2O4 into K2CO3 and KCN 

(see XRD discussion below and Figure 3b). Interestingly, the presence of 

melamine increases the amount of carbonaceous residue considerably. Thus, 

the product yield for a sample prepared at 400 ºC in the presence of melamine 

is 95 %, compared to only 70 % when activation is carried out with just 

potassium oxalate (Table S2). This increase in product yield can be attributed to 

the formation of an amorphous, poorly polymerized carbon nitride from 

melamine (vide infra). This substance decomposes gradually, as shown by the 

TGA analysis of the sample prepared at 400 ºC in the presence of melamine 

(Figure S2), unlike g-C3N4, which experiences a sudden weight loss at around 

650 ºC, as previously reported for a mixture of potassium gluconate and 

melamine [27] or GO and melamine [26]. The gradual weight loss from 310 to 

500 ºC is attributed to the pyrolysis of hydrochar and the decomposition of the 

poorly polymerized carbon nitride, whereas the following sharp weight loss in 
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the 520-580 ºC range corresponds to the main decomposition of oxalate into 

carbonate, as in the case of potassium oxalate. The final sharp weight loss 

above 700 ºC is ascribed to the following redox reaction [28, 29]: K2CO3 + 2 C 

→ 2 K + 3 CO. Decomposition of oxygen groups at that temperature also takes 

place, as evidenced by the decrease in the oxygen content of the material 

(Table S2).  
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Figure 3. a) TGA of monohydrate potassium oxalate, sawdust-derived 
hydrochar and the mixture hydrochar/potassium oxalate/melamine = 1 / 3.6 / 2, 
b) XRD patterns of the mixture hydrochar/potassium oxalate/melamine =           
1 / 3.6 / 2 carbonized at different temperatures before acid leaching, c) XRD 
patterns of the mixture hydrochar/potassium oxalate/melamine = 1 / 3.6 / 2 
carbonized at different temperatures after acid leaching and d) FTIR spectra of 
the mixture hydrochar/potassium oxalate/melamine = 1 / 3.6 / 2 carbonized at 
different temperatures after acid leaching. 

 



17 
 

 Figure 3b shows the XRD patterns of the materials produced as the 

temperature increases from 400 to 800 ºC before acid leaching. At 400 ºC, in 

addition to peaks attributable to K2C2O4, peaks corresponding to hydrated 

potassium carbonate appear, showing the partial decomposition of K2C2O4 into 

K2CO3 (which hydrates in contact with air) already at 400 ºC, together with 

peaks ascribable to KCN. Therefore, the decomposition of melamine promotes 

the partial decomposition of K2C2O4, generating K2CO3 and KCN. This is 

confirmed by the activation of hydrochar with solely K2C2O4 at 400 ºC, which 

only shows peaks for K2C2O4 (see Figure S3a), and even at 500 ºC, which still 

exhibits intense peaks for K2C2O4, in addition to K2CO3 (see Figure S3b). For T 

≥ 750 ºC, peaks associated to K2CO3 are still visible, revealing the presence of 

un-reacted K2CO3. After acid washing, hydrated potassium carbonate and 

potassium cyanide are readily dissolved, as proved by the XRD patterns in 

Figure 3c. For T≤ 650 ºC, the XRD patterns show a broad, mid-intensity band at 

around 25-26º, which can be attributed to poorly polymerized carbon nitride 

[30]. For T ≥ 750 ºC, no (002) band attributable to carbon nitride or turbostratic 

carbon is visible, suggesting no graphene stacking in the walls of the pores of 

these highly porous materials (Table S2), while the band (10) indicative of the 

size of the graphene sheets along the basal plane increases slightly from 750 to 

800 ºC. 

  The chemical structure of the carbonaceous materials activated at 

temperatures in the 400-800ºC range was analyzed by IR spectroscopy and 

EA. Figure 3d shows the corresponding FTIR spectra, including for comparison 

purposes the spectrum of the hydrochar material used as precursor. For T ≥ 

400 ºC, the aliphatic structures which give rise to peaks in the 2800-3000 cm-1 
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region in the hydrochar material disappear. Overall, the H/C ratio decreases 

from ca. 0.07 in the hydrochar material to 0.042 at T = 400 ºC and to only 0.003 

at T = 800 ºC (see Table S2), the remaining hydrogen being associated to 

aromatic structures (740-890 cm-1) and oxygen and nitrogen groups. Similarly, 

C=O (1710 cm-1) and C-OH moieties (~3500 and 1110 cm-1) are gradually 

eliminated with the increase in temperature, the O/C ratio decreasing from 

around 0.26-0.28 at 400-650 ºC to 0.04 at 800 ºC (Table S2). The most 

prominent feature for T ≥ 400 ºC is the aromatic carbon at 1620 cm-1. In 

addition, for the samples activated at 400 and 500 ºC, a sharp peak appears at 

ca. 2200 cm-1, and then completely disappears at T ≥ 750 ºC. This peak, which 

is attributable to diimides (-N=C=N-) and cyanides (C≡N) and is absent in g-

C3N4 [31-34], confirms the presence of poorly polymerized carbon nitride. As 

can be seen in Table S2, with the rise in the activation temperature, the 

percentage of N progressively decreases, with the N/C ratio decreasing from 

~0.23 at 400 ºC to 0.01 at T ≥ 750 ºC. One of the largest nitrogen drops takes 

place between 400 and 500 ºC (Table S2), in agreement with a drastic 

reduction in intensity of the peak at ca. 2200 cm-1, reflecting the partial 

decomposition of the carbon nitride formed.  

The development of porosity with the increase in activation temperature 

was followed by N2 physisorption. The isotherms and PSDs are shown in Figure 

4, whereas the textural properties are listed in Table S2. As can be seen, there 

is substantial pore development already at 500 ºC (SBET = 980 m2 g-1, Vp = 0.43 

g/cm3), the temperature at which there is a large decrease in nitrogen content 

(vide supra). It is especially worth noting that the development of porosity is 

much higher than that achieved when using only K2C2O4. These results appear 
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to confirm the important role in porosity development played by the 

decomposition of the carbon nitride (vide supra). At 650 ºC, the material already 

possesses a BET surface area and pore volume higher than those achieved at 

800 ºC using K2C2O4 (see Tables S2 and Table 1). A further increase in 

temperature to 750 ºC, the temperature at which the redox reaction between 

K2CO3 and C takes place (vide supra), promotes a large porosity development 

and an increase in pore size, as reflected by the widening of the knee isotherm 

(see Figure 4a) and the PSD (see Figure 4b). This trend is accompanied by a 

22 % decrease in product yield (Table S2). As this reaction progresses at 800 

ºC, a slight widening of the PSD is further recorded in parallel with a slight 

decrease in product yield (i.e., 3 %). It is worth noting that materials with large 

BET surface areas and pore volumes are already obtained at 650-750 ºC 

(Table S2), and that they also contain an appreciable amount of nitrogen (i.e., 

4.4 wt% at 650 ºC and 1.2 wt% at 750 ºC), which could be advantageous for 

adsorption-based applications [35-37]. 
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3.3. Supercapacitor performance of the porous carbons 

In order to confirm the potential of the porous carbons developed, their 

performance as supercapacitor electrodes was evaluated in conventional 

electrolytes, such as 1 M H2SO4 and 1 M TEABF4/AN, and less conventional 

ones like EMImTFSI/AN. Figure S4 shows CV curves of the supercapacitors 

assembled with the porous carbons in the different electrolytes. As can be seen, 

these materials behave as double-layer capacitors, retaining the characteristic 

square-shaped voltammogram at rates as high as 200 mV s-1 regardless of the 

electrolyte used. The galvanostatic charge/discharge cycles in Figure S5 further 

confirm their good electrochemical performance, with symmetric voltage profiles 

at both low and high rates and coulombic efficiencies of 97-100 %. Furthermore, 

low IR drops are identified at the beginning of the discharge curve at high rates 

in all the electrolytes (Figures S5b, S5d and S5f), which suggests a good rate 

capability. This is confirmed by Figures 4a-c, which show the impact of the 

discharge current on the cell specific capacitance in the different electrolytes 

(note that the cell specific capacitance is ¼ of the electrode specific capacitance 

for symmetric systems, see experimental section for calculations). In general, 

therefore, the supercapacitors can work at discharge currents of ≥ 50 A g-1 with 

a capacitance retention of > 60 %. The observed differences in rate capability 

for the different materials correlate well with their PSDs, while the values of 

gravimetric specific capacitance at low rates follow the trend of surface area 

(although the surface area-normalized capacitance is slightly enhanced with the 

narrowing of the PSD, i.e. HCOxK-2.7-2 > HCOxK-3.6-1.5 > HCOxK-3.6-2). 

Thereby, HCOxK-3.6-2 is the material that exhibits the largest gravimetric 

specific capacitance and also the best rate capability, regardless of the 
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electrolyte used. On the other hand, as exemplified by Figure 5a, the behavior 

of HCOxK-3.6-2 matches that of a hydrochar-based KOH activated carbon 

obtained in optimized conditions (i.e., KOH/hydrochar weight ratio = 4) [12], as 

both materials possess similar textural properties. Furthermore, the 

electrochemical performance of all the oxalate/melamine-based ACs surpasses 

that of the AC specifically developed for supercapacitor applications (see 

Figures 5a-b). As can be appreciated from Tables S3-S4, the specific 

capacitance of the supercapacitors based on the porous carbons developed in 

this work compares very well with that of state-of-the-art porous carbon 

materials in all the electrolytes used. 
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Figure 5. Impact of the discharge current on the cell specific capacitance in 1 M 
H2SO4 (a), 1 M TEABF4/AN (b) and EMImTFSI/AN (c) electrolytes, and Ragone-
like plots in 1 M H2SO4 (d), 1 M TEABF4/AN (e) and EMImTFSI/AN (f) 
electrolytes. 
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Figures 5d, 5e and 5f show the Ragone-like plots on both a gravimetric 

and volumetric basis for the different porous carbons. On a volumetric basis, the 

performance of the oxalate/melamine-based ACs is quite similar, although on 

gravimetric basis the carbons with the largest pore developments (BET surface 

area > 2600 m2 g-1) exhibit the best energy/power characteristics. The Ragone-

like plots further confirm the similar performances of the KOH AC and 

oxalate/melamine ACs with similar porous textures, and their superior 

performance when compared to the commercial AC (Figures 5d-e). 

Last but not least to be evaluated are the cycling stability, and leakage 

current and self-discharge of the supercapacitor for its long-term use 

respectively under charge/discharge conditions or for back-up functions. Figure 

6 shows the corresponding results for one of the optimized materials, i.e. 

HCOxK-3.6-1.5 (similar results were obtained for the rest of the carbons). As 

can be appreciated from Figure 6a, a capacitance retention as high as 98 % is 

recorded in H2SO4 (1 V), and a similarly high value of 90 % in the TEABF4/AN 

(2.7 V) and EMImTFSI/AN (3 V) electrolytes after 10000 cycles at 5 A g-1. 

These values are similar to those of many carbon materials [38-42], including 

KOH activated carbons [12, 18, 19, 43-45], and below the limits established by 

the manufacturers for the end-of-life of the supercapacitor (i.e. 20 % 

capacitance fading) [46], indicating a good stability. On the other hand, leakage 

currents of ~ 5, 8 and 15 mA g-1 were recorded after 2 h of constant loading at 

maximum cell voltage in H2SO4 (Figure 6b), TEABF4/AN (Figure 6c) and 

EMImTFSI/AN (Figure 6d) respectively. As can be seen in Figures 6b, 6c and 

6d, the supercapacitor undergoes a quick self-discharge process during the first 

2 h after voltage floating in the aqueous electrolyte and during the first 8 h in the 
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organic electrolytes, thereafter slowing down. The voltage drops to half its value 

after more than 2 days in H2SO4 (Figure 6b) and after 16-19 h in the organic 

electrolytes (Figures 6c-d). These data are in the range of values reported for 

other carbon-based supercapacitors, such as those based on templated 

mesoporous carbons [47], highly porous KOH-activated carbons [48], prototype 

packed cells [49], micro/mesoporous carbon nanosheets [43] and graphene 

materials [50-52]. 
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Figure 6. Long-term cycling stability studies (10000 cycles, 5 A g-1) in the 
different electrolytes analyzed (a), and leakage current and self-discharge 
analyses in 1 M H2SO4 (b), 1 M TEABF4/AN (c) and EMImTFSI/AN (d) 
electrolytes. Material: HCOxK-3.6-2. 
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4. Conclusions 

In summary, highly microporous carbons with textural properties 

matching those of benchmark KOH activated carbons have been developed by 

activating hydrochar with a less corrosive activating agent, i.e. a mixture 

composed of potassium oxalate and melamine. Importantly, the product yield of 

such activation process is approximately double that of the KOH activation 

process. Melamine is shown to play a key role in the development of porosity. 

Thus, materials produced by using just potassium oxalate have BET surface 

areas of 1300-1600 m2 g-1 and pore volumes of < 0.7 g cm-3. Whereas when 

melamine is present, the BET surface area of the materials is in the 1800-3000 

m2 g-1 range and the pore volume increases up to 1.6 cm3 g-1. Furthermore, the 

micropore size distribution can be tuned by increasing the activation 

temperature and controlling the ratio hydrochar/potassium oxalate/melamine. 

These textural characteristics are complemented by a relatively good electronic 

conductivity, i.e., ~2-3 S cm-1. As a result, these materials exhibit a good 

capacitive performance in aqueous and organic electrolytes, matching that of 

KOH activated carbons and surpassing that of commercial activated carbons 

specifically developed for supercapacitors. 
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