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ABSTRACT 

Different oxidation, reduction and thermal methods are used for selectively obtaining 

each of the most common surface nitrogen groups (almost isolated) on the surface of a 

phosphorus-containing activated carbon (ACP), and their electrochemical performance 

are analyzed. Nitro- and amino- containing activated carbons show defined 15 

pseudocapacitive peaks, characteristic of redox processes, which can be associated to 

the formation of hydroxylamino groups (observed by means of XPS). Condensed 

structures of nitrogen, such as pyridinic and pyrrolic, additionally improve the ionic 

diffusion on the carbonaceous structure, increasing the specific capacitance of the 

carbon electrode up to 317 F g-1. The formation of poly(amido-amine) chains on ACP 20 

surface leads to an activated carbon with poor textural properties (ABET = 43 m2 g-1) but 

surprisingly high surface capacitances (ca. 3256 mF m-2) attributed to an enhancement 

of the carbon conductivity. Some of the activated carbons are submitted to a severe 

thermal treatment at 900 ºC, yielding carbons with a developed porous texture, stable 

surface phosphorus groups and an increased proportion of quaternary nitrogen surface 25 

species. These activated carbons exhibit a faster development of the electric double 

layer, due to the more ordered carbon planes and the presence of charged functional 

groups.  

  



1. Introduction 30 

Activated carbons are usually prepared from waste or lignocellulosic raw materials in an 

environmentally attractive process [1,2]. They are traditionally used as adsorbent or 

catalyst support due to their surface properties, with elevated surface areas and pore 

volumes (mainly micropores) [3,4]. The recent advances in electrochemistry and the 

increasing knowledge on carbons at micro and nanoscale have generated important 35 

innovations in the energy storage field [5]. Because of the cost-effectiveness [6,7], the 

sustainability of the production and the surface properties, activated carbons are one of 

the main studied materials for electrochemical double-layer supercapacitors [7–9]. 

The electric double-layer (EDL) development directly depends on the surface area of 

the carbon material. However, the optimal pore size required is controversial. Some 40 

authors defend the importance of micropores contribution in the EDL formation [10], 

and others highlight the ion diffusional problem of the electrolyte in the narrow 

micropores and, thus, the better behavior of mesopores [11]. On the other hand, the 

surface functional groups of carbonaceous material play a key role on the 

pseudocapacitive reactions on electrodes surface, what improves their capacitances [12–45 

14]. Activated carbons offer the possibility of easy modifying and controlling the 

porous texture by varying the preparation condition. Besides, they can be submitted to 

thermal and chemical processes to enlarge the porosity or enhance the surface 

chemistry. Chemical activation with H3PO4 allows for obtaining activated carbon with a 

high development of the porosity [15], generating narrow mesoporous [16]. This should 50 

avoid the ion diffusional problem in the thinner micropores, enhancing the carbon 

capacitor performance [17]. 

The influence of heteroatoms like P or N on the electrochemical activity of the 

carbonaceous material, as well as the pseudocapacitive redox reaction of surface groups 

containing these atoms has been widely studied [18,19]. In fact, some phosphorus 55 

functional groups remain fixed on the carbon surface during the activation process, 

which is beneficial for the electrochemical carbon behavior [20]. On the other hand, 

nitrogen surface groups, along with oxygenated groups, are the most investigated 

heteroatom surface groups in the literature due to: (i) the presence of these atoms in 

biomass precursors [21,22], (ii) the better electric conductivity due to the conjugation of 60 

the nitrogen lone-pair electron and the carbon π-system [23,24], and (iii) the 



electrochemical synergy of N-chained groups with oxygenated or P-surface groups 

[13,18]. Apart from this N-P synergy, it has been proved that P-groups remaining after 

chemical activation with phosphoric acid play a key role on the nitrogen 

functionalization of the carbon surface [25]. This strategy allows for obtaining N-65 

enriched activated carbons from a N-free lignocellullosic raw material, what 

considerably opens the possibilities of producing functionalized activated carbons. 

Different nitrogen oxidation states and forms have been reported and the importance of 

some of them (pyridinic nitrogen, quaternary nitrogen…) on the pseudocapacitance of 

an activated carbon electrode has been described [26–28]. Although the positive 70 

influence of nitrogen on carbon electrodes are extendedly accepted, nitrogen-enriched 

carbons usually present more than one structure of nitrogen, hindering the possibility of 

studying the contribution of each one or the inert character of some of them [13,23,26–

29]. In this line, our research group has developed different methods for selectively 

obtaining each of the most common surface nitrogen groups studied (almost isolated) by 75 

chemical or thermal treatments of a phosphorus-containing activated carbon [25,30]. In 

this work, different nitrogen surface functionalities have been selectively prepared on a 

phosphorus-containing activated carbon and their electrochemical performances have 

been studied in order to elucidate the electrochemical contribution of each nitrogen 

surface group. 80 

2. Experimental 

2.1. Activated carbon preparation 

Olive stone (OS), as lignicellulosic raw material, was chemically activated to obtain 

phosphorus-containing activated carbons [31]. The precursor was impregnated with 

H3PO4 85 wt%, with an impregnation ratio (wt. H3PO4/wt. OS) of 3, and was dried at 85 

60 ºC for 24 h in a vacuum dryer. Then, the substrate was submitted to a carbonization 

treatment at 500 ºC under a continuous N2 flow (150 cm3 min-1), the final temperature 

was maintained for 2 h. The activated carbon was then washed with distillated water at 

60 ºC to remove H3PO4. The obtained activated carbon, named ACP, presented a yield 

of 44.8 wt%. 90 

2.2. Activated carbon functionalization 



ACP was functionalized by a nitric acid treatment [25]. ACP was contacted with a 5 M 

HNO3 solution (1 g of ACP in 50 cm3) with a continuous stirring at 80 ºC for 3 h. The 

surface-oxidized activated carbon was washed until constant pH in the eluate and was 

used as the nitrogen-enriched activated carbon precursor for obtaining the rest of the 95 

functional groups. The nomenclature used for this sample was ACP-N [25]. 

ACP-N was submitted to different chemical and thermal reduction processes to modify 

the nitrogen oxidation state [30]. Chemical reduction was carried out by mixing 50 cm3 

of an ACP-N solution in ethanol with 50 cm3 of a NaBH4 (reducing agent) solution in 

ethanol. NaBH4 solution was slowly dripped over the carbon solution, and was 100 

maintained for 24 h with continuous stirring. The final activated carbon was washed 

with distillated water at 60 ºC. Activated carbons yielded by this method were named by 

adding –B to the nomenclature (i.e. ACP-NB). On the other hand, a mild and a severe 

thermal reduction of the nitrogen-functionalized activated carbon were carried out by 

thermal treatments under inert atmosphere at 300 and 930 ºC, respectively. Activated 105 

carbons obtained were named by adding – and –HT, for the mild and severe thermal 

reduction process, respectively. A detailed description of the reduction treatments can 

be found elsewhere [30]. 

Amido-amino groups were incorporated to the carbon through a sequential treatment for 

acyl chloride formation and amidation reaction. Firstly, ACP-N was contacted with 110 

thionyl chloride (1 g of ACP-N in 37.5 cm3) under continuous stirring, at 70 ºC for 5 h, 

in order to transform carboxyl groups into acyl chlorides ones. Once washed with 

isopropyl alcohol and oven-dried, this intermediate activated carbon was treated with 

ethylendiamine, under continuous stirring at 90 ºC for 24 h. The corresponding (amido-

amine)-containing activated carbon (ACP-E) was yielded after washing with methanol, 115 

and then with distilled water until constant pH. 

Propagation of poly(amido-amine) dendrimers (PAMAM) on ACP-E was performed by 

sequential alkylation and amidation treatments. Firstly, Michael addition was carried 

out in a stirred tank at 50 ºC for 24 h. Methyl acrylate and methanol were mixed in 1:4 

(cm3:cm3) ratio with ACP-E. Subsequently, amidation was carried out under the same 120 

conditions mixing the resulting activated carbon with ethylendiamine and methanol 

with a ratio of 1:2 (cm3:cm3) to obtain the first (ACP-E1) poly(amido-amine) 

generation. The second (ACP-E2) generation of poly(amido-amine)-fuctionalized 



activated carbon was prepared from ACP-E1 by using a double proportion of methyl 

acrylate (ratio 1:2) in the Michael addition reaction and of ethylendiamine (ratio 1:1) in 125 

the amidation reaction. 

2.2. Activated carbon characterization 

The porous texture of the activated carbons was characterized by N2 adsorption-

desorption at -196 ºC and CO2 adsorption at 0 ºC, using a Micromeritics ASAP2020 

apparatus. Samples were previously outgassed for 8 h at 150ºC under vacuum. The 130 

apparent surface area (ABET) was calculated using the BET equation from the N2 

adsorption-desorption isotherm. Micropore volumes were estimated with the Dubinin-

Radushkevich equation from N2 adsorption-desorption isotherms and CO2 adsorption 

isotherms, obtaining information about the adsorption in the range of micropores 

(VDR
N2) and narrow micropores (VDR

CO2), respectively.  135 

The surface chemistry was analyzed by X-ray photoelectron spectroscopy (XPS) 

analysis and by temperature-programmed desorption (TPD) experiments. XPS analyses 

were carried out in a 5700 C model Physical Electronics apparatus with MgK radiation 

(1253.6 eV). The C1s peak position was set at 284.5 eV [16] and used as reference to 

locate the other peaks. TPD experiments were carried out in a customized quartz fixed-140 

bed reactor placed inside an electrical furnace. CO and CO2, as output gases, were 

measured by a non-dispersive infrared (NDIR) gas analyzer, Siemens ULTRAMAT 22. 

80 mg of the carbon sample was heated from room temperature to 930ºC at a heating 

rate of 10 ºC min-1 under N2 flow (200 cm3 min-1). 

Ninhydrin test was carried out in order to analyze the presence of primary amino groups 145 

fixed in the activated carbon surface. A 10 mg cm-3 solution of Ninhydrin in ethanol 

(96%) was added to the activated carbon in a stirred tank microreactor at 85 ºC for 

45 min. At these conditions, ninhydrin reacts with the primary amino groups forming a 

condensed molecule from ninhydrin, ammonia and the intermediate hydrindatin, and 

yielding a blue-colored solution. Detailed information of this test, we have adapted from 150 

the classical ninhydrin method [32], can be found elsewhere [30]. 

Activated carbon particles morphology was studied by scanning electron microscopy 

(SEM), using a JSM 6490LV JEOL microscope working at 25 kV. Particle size 

distributions were estimated with an image analyzer software. The C, O, P and N atomic 



distribution of the particle surface was analyzed in a FEI Quanta 250 FEG Scanning 155 

Electron Microscope equipped with energy-dispersive X-ray analyses (SEM-EDX). 

The electrochemical performance was investigated in a standard three electrode cell 

using a platinum wire as counter electrode and Ag/AgCl electrode as reference 

electrode. Activated carbons were ground (to powder) and dried at 100 ºC before the 

preparation of the working electrode. The working electrode, 10 mg of a slurry of 80% 160 

activated carbon, 10% acetylene black as conductivity promoter and 10% 

polytetrafluoroethylene (PTFE) as binder, was dried at 100ºC in a vacuum oven and 

then pressed into a stainless steel mesh (used as current collector) at 2 tons during 5 min 

to ensure a homogeneous and comparable electrode thickness (c.a. 250 µm). Working 

and counter electrodes were placed face-to-face and tested in 1 M H2SO4 solution as 165 

electrolyte. Samples were characterized by cyclic voltammetry technique at different 

scan rates (0.25 and 1 mV s-1) in an electrochemical analyzer, model 600D Series (CH 

Instrument Inc.). The specific capacitances (Cg) of samples were calculated from the 

area of the voltammogram as follows: 

g

j dE
C

E
=




                                                          (1) 170 

where the numerator represents the voltammogram area,  is the scan rate and E is the 

working potential window (0.8 in all cases). The above calculations were performed 

with the third voltammetric cycle with a stable plot in order to avoid the physisorbed 

oxygen influence. Specific capacitances are related to the mass of active material  

(F g-1), and surface capacitances to the specific surface area (mF m-2).  175 

3. Results and Discussion 

Fig. 1 summarizes the preparation routes of the different activated carbons, and the 

details of the nomenclature of each carbon type. As can be observed, five different 

treatments were used in order to synthesize the nitrogen-enriched activated carbons:  

(i) an oxidation/nitration of the initial activated carbon, (ii) a chemical reduction with 180 

NaBH4, (iii) a thermal reduction at low temperature, (iv) a thermal reduction at high 

temperature and (v) a chemical treatment with ethylendiamine/methyl acrilate to 

produce PAMAM on the carbon surface. 



 

Fig. 1. Chemical and thermal routes for obtaining the functionalized activated carbons.  185 

Fig. 2 shows the N1s spectrum obtained from XPS analyses of the main activated 

carbon prepared: ACP-N, ACP-NB, ACP-N, ACP-E and ACP-NB-HT. Five 

contributions of different nitrogen functionalities can be located at 405.5, 401.2, 400.4, 

399.4 and 398.9 eV initially attributed to nitro (-NO2), quaternary nitrogen (N-Q), 

pyrrolic (N-5) amino (-NH2) and pyridinic (N-6) groups, respectively [33]. ACP-N 190 

presents an unique peak at 405.5 eV associated to nitro groups [25]. Chemical reduction 

with NaBH4 yields a N1s spectrum with an only peak centered at 399.4 eV, related to 

the presence of amino groups on its surface (ACP-NB)[30]. A similar result is obtained 

with ACP-E. This sample exhibits a peak, slightly shifted to higher binding energies, 

which could be associated to the presence of -NH2 and -NHR groups (from the amido-195 

amino functional groups). On the other hand, N1s spectrum of thermally reduced carbon 

at 300 ºC (ACP-N) shows two differentiated peaks, the first one can be associated to 

the presence of two different species, located at 400.4 and 398.9 eV, and corresponding 

to N-5 and N-6 structure, respectively; the second one corresponds to nitro groups 

(405.5 eV). This result suggests that the mild thermal treatment leads to the partial 200 

condensation of the nitrogen structures. N1s spectrum of ACP-NB-HT presents the 

peaks attributed to the condensed structures N-Q, N-5 and N-6 due to the high thermal 

stability of these structures. It should be noted that N1s spectra for all activated carbon 

treated at 930 ºC are quite similar to that illustrated in Figure 1 for ACP-NB-HT. 
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Fig. 2. N1s spectra for ACP-N, ACP-NB, ACP-N, ACP-E and ACP-NB-HT, the 

different N functional groups are included. 

All the nitrogen functional groups incorporated on the carbon surface, along with the 

ones of oxygen and phosphorus are schematized in Fig. 3, where the main groups have 

been represented. Fig. 3a displays the resulting primary and condensed surface groups 210 

of nitrogen obtained after the oxidation treatment with nitric acid and the chemical and 

thermal reductions. As it is well-known, ACP presents different P groups fixed on the 

carbon, we have illustrated in the scheme one oxidized group (I) and a reduced one (II), 

more information about the phosphorus surface groups are detailed in previous works 

[16,34,35]. ACP-N exhibits -NO2 groups (III) bonded to the ACP structure, whereas the 215 

chemical treatment reduces all nitro groups to –NH2 groups (IV). ACP- and ACP-

NB present N-6 and N-5 groups (V and VI, respectively) on their surface, with a 

nitrogen atom replacing a carbon from 6 or 5 atoms rings. These condensed species, 

along with N-Q (VII), are identified in all the activated carbons submitted to a severe 

thermal reduction at 930 ºC. N-Q species are placed inside the polyaromatic structure 220 

and are bonded to three carbon atoms, showing a positively charged nitrogen atom. Fig. 

3b shows the different ramifications of the poly(amido-amine) groups and allows for 

appreciating the size of each polymeric chain, which causes the aforementioned pore 

blockage. In this sense, ACP-E shows the shorter amido-amine structures (VIII), and by 

successive two steps, consisting of Michael addition and amidation with 225 

ethylendiamene, it is possible to obtain, as in this case, 1st and 2nd generations of 

PAMAM chains (IX and X respectively). 



 

Fig. 3. Schematic illustration of the different surface groups of N-enriched P-containing 

activated carbons. (a) Primary, condensed and (b) polymeric structures. 230 
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Table 1 summarizes the main physico-chemical properties of the parent activated 

carbon and after the different chemical and thermal treatments. The parameters used for 

characterizing the porous texture were the apparent surface area (ABET), the micropore 

volume (VDR
N2) and the narrow micropore volume (VDR

CO2). As observed, most 235 

activated carbons (except for ACP-E1 and ACP-E2) show higher VDR
N2 values than 

VDR
CO2, which suggests that these materials predominantly present wide micropores 

(>0.7 nm).  

ACP presents a very well-developed porous structure, with an ABET of 1253 m2 g-1 and a 

VDR
N2 of 0.44 cm3 g-1. However, the decrease of both when activated carbon is 240 

submitted to chemical or thermal treatments is significant. Chemical treatment with 

nitric acid reduces ABET to 984 m2 g-1 [25], and the chemical reduction treatment with 

NaBH4 leads to a further reduction of the porosity, showing a decrease of the ABET 

values of ca. 300 m2 g-1 between ACP-N and ACP-NB, or ca. 200 m2 g-1 between ACP-

N and ACP-NB. The VDR
N2 also presents a decrease of ca. 0.10 cm3 g-1 for these 245 

activated carbons. The VDR
CO2 is also reduced from 0.22 (ACP-N) to 0.18 (ACP-NB) 

and from 0.21 (ACP-NΔ) to 0.16 cm3 g-1 (ACP-NΔ ), respectively [30], this surface 

deterioration could be associated to the fixation of boron groups (which cause pore 

blockage) or to the damage of the carbonaceous structure during the chemical reduction. 

Table 1. Apparent surface area (ABET) and micropore volume (VDR
N2) calculated from 250 

N2 adsorption-desorption isotherm, narrow micropore volume (VDR
CO2) from CO2 

adsorption isotherm, atomic surface concentration (%) from XPS analyses and CO and 

CO2 evolved amounts from TPD experiments. 

Activated 

carbon 

Textural parameters XPS TPD 

ABET VDR
N2 VDR

CO2 O1s N1s P2p B1s CO CO2 

(m2 g-1) (cm3 g-1) (cm3 g-1) (%) (%) (%) (%) (mg g-1) (mg g-1) 

ACP 1253 0.44 0.19  5.4 0.3 0.9 0.0 56.0 4.4 

ACP-B 1004 0.33 0.15 7.1 0.3 0.5 2.3 83.6 12.7 

ACP-N 984 0.34 0.22 17.0 2.5 0.4 0.0 134.9 123.6 

ACP-NB 682 0.24 0.18 12.5 2.4 0.3 0.7 87.7 62.4 

ACP-N 970 0.33 0.21 12.7 1.9 0.3 0.0 167.1 82.7 

ACP-NB 761 0.25 0.16 12.5 1.8 0.2 0.7 76.5 26.2 

ACP-E 550 0.19 0.15 13.2 7.7 1.2 0.0 58.9 36.6 

ACP-E1 43 0.01 0.05 11.7 12.4 1.0 0.0 66.1 18.2 

ACP-E2 55 0.02 0.05 12.2 11.5 0.9 0.0 93.1 21.8 

ACP-HT 1054 0.37 0.21 3.9 0.2 0.8 0.0 n.d. n.d. 



ACP-NB-HT 662 0.23 0.19 6.1 1.4 1.0 1.9 n.d. n.d. 

ACP-E-HT 753 0.28 0.21 4.0 3.2 0.7 0.0 n.d. n.d. 

 

On the other hand, it is noteworthy that much more accused ABET drop is observed after 255 

the PAMAM dendrimers formation (43 m2 g-1). The preparation method proposed for 

these nitrogen-rich carbons, a polymerization via alkylation-amidation, allows for 

obtaining different polymeric brands outside the carbon support. In fact, the reduction 

of the apparent surface area, from 1253 m2 g-1 (for ACP) to 55 m2 g-1 (ACP-E2), 

indicates that the polymeric reaction occurs blocking almost totally the carbon pores 260 

(VDR
CO2 of ACP-E2 = 0.05 cm3 g-1). This result is consistent with the size of PAMAM 

chains observed in Fig. 3. 

No significant modifications are observed in the carbon porous texture after a mild 

thermal treatment. Nevertheless, a decrease of the surface area can be observed after a 

severe thermal treatment to ACP (ACP-HT) [16,34]. The same thermal treatment 265 

carried out to ACP-E showed an opposite trend, ABET value was considerable increased. 

This result is a consequence of the thermal decomposition of the amido-amino groups 

(releasing the pore blockage), which has major influence on the porous texture than the 

collapse of the porosity associated to the high temperature. VDR
CO2 do not show 

important changes, suggesting that main modifications of pore structure occur in the 270 

range of wider micropores (VDR
N2 is lower for the N-containing samples) and 

mesopores. 

The nitration-oxidation process of the carbon surface with nitric acid causes an 

important increase of the oxygen and nitrogen surface atomic concentration (17.0 and 

2.5 %, respectively), determined by XPS analyses (Table 1). A reduction of the oxygen 275 

surface atomic concentration was observed after the chemical reduction treatments 

(ACP-NB, 12.5 %). However, nitrogen one remains practically constant (2.4 %). A 

similar trend is observed for the mild thermal reduction treatment in the oxygen 

concentration, but in this case, nitrogen concentration undergoes a pronounced decrease 

(1.9 %) due to the decomposition of some NO2 groups. An important increase of the 280 

nitrogen concentration is also observed after the ethylendiamine treatment. The first 

amido-amine formation on the carbon surface increases by 3 times the nitrogen 

concentration of ACP-N precursor (ACP-E, 7.7 %), reaching even a major value after 



the generation of dendrimer groups (ACP-E1, 12.4 % and ACP-E2, 11.5 %). Both, 

oxygen and nitrogen concentrations exhibit an important drop after the severe thermal 285 

treatment up to 930 ºC, because of the volatile mass loss of the carbon and the 

reorganization of the carbonaceous structure [33]. Phosphorus surface groups keep fixed 

to the carbon surface during the different treatments of the activated carbon in relatively 

lower contents. In this sense, a decrease of the P surface atomic concentration is 

observed after both chemical treatments with HNO3 or NaBH4, however, higher 290 

concentrations are registered after the treatment with ethylendiamine in the 

carbonaceous surface. XPS analyses also reveal the presence of boron fixed groups on 

the surface of the activated carbon treated with NaBH4. The highest boron surface 

concentration is registered for ACP-B, suggesting that the decrease of phosphorus on 

nitrogen-doped carbons (ACP-N and ACP-N) can possibly reduce in a great extent the 295 

incorporation of boron groups. However, these groups remain stably bonded to the 

carbon structure after the severe thermal treatment (ACP-NB-HT). 

In order to support the results provided by XPS analyses, ninhydrin tests and SEM-EDX 

analyses were performed. First column of Fig. 4 shows the results of these ninhydrin 

tests. This analysis is able to detect selectively amino groups in peptides [32,36], in a 300 

previous work we have adapted this test to determine amino groups in carbon samples 

[30]. The samples treated with NaBH4 and the series of ACP-E carbons were the only 

samples with positive result in the test (solution in blue). This evidences the presence of 

amino groups on the surface of these two carbons, in concordance to the XPS results. 

Therefore, the chemical reduction with NaBH4 provides selectively amino from nitro 305 

groups in phosphorus containing activated carbons [30]. However, amino groups are not 

thermally stable and they probably tend to form condensed structures after the heat 

treatment up to 930 ºC (ACP-NB-HT, Fig. 2). Fig. 4 also displays the presence of C, O, 

P and N atoms in activated carbon particles obtained from SEM-EDX analyses. As 

observed, both P (fixed in the chemical activation process) and N (fixed in the 310 

subsequent functionalization treatments) show uniform distribution all over the 

activated carbon particles, which suggests that the functionalization with nitric acid 

leads to a dispersed nitrogen in the activated carbon. These results are also consistent 

with those previously reported [25], where we proposed that nitrogen groups are 

anchored during the functionalization treatment near to the phosphorus sites of ACP. 315 



 

Fig. 4. Ninhydrin test and atomic dispersion mapping from SEM-EDX of ACP, ACP-N, 

ACP-NB, ACP-N and ACP-E 

Regarding the CO and CO2 evolved amounts shown in Table 1, the functionalization 

process with nitric acid increases the surface carboxylic acid groups concentration, 320 

consequently, it can be observed an increase in CO2 evolution (from 4.40 for ACP to 

123.57 mg g-1 for ACP-N). According to the low thermal stability of CO2-evolving 

groups [37], and the high thermal resistance of C-O-P groups, which evolves a CO 

[16,38], the series of activated carbons submitted to a mild thermal treatment (ACP-N 

and ACP-NB) presents a lower CO2 evolved amount than their precursor (ACP-N and 325 

ACP-NB). ACP-E, ACP-E1 and ACP-E2 exhibit similar amounts of evolved CO and 

CO2 than the other functionalized activated carbons, but it can be observed in case of 

PAMAM functionalization (ACP-E, ACP-E1 and ACP-E2) that the CO evolution 

increases as the amide groups, meanwhile the CO2 evolved remains practically the 

same. TPD analyses also reveal that most samples studied mainly contain oxygenated 330 

surface groups evolving as CO. According to the literature, these oxygenated groups are 



more electrochemically active than CO2-evolving groups because of the possible 

presence of quinone/phenolic groups [39–41].  

 

Fig. 5. SEM micrographs of (a) ACP, (b) ACP-N, (c) ACP-NB, (d) ACP-N and (e) 335 

ACP-E2 and (f) particle size distribution of these activated carbons. 

Fig. 5a-e displays SEM micrographs for the different activated carbons. ACP (Fig. 5a) 

presents grains with similar shape and uniform particle sizes. In general, it can be 

observed a reduction of the particle sizes after the different treatments due to the erosion 

of the particle in the stirring process and/or the chemical abrasion of the particle surface. 340 

ACP-N and ACP-NB (Figs. 5b and 5c, respectively) display a large range of different 

particle sizes, which evidences the important destruction of some grains, overall in the 

sample treated with NaBH4. Samples ACP-N and ACP-E2 (Fig. 5d and 5e, 

respectively) show much lower and uniform particle sizes, suggesting the harsh erosion 

of the carbon particles after a series of successive treatments. 345 

Fig. 5f depicts the particle size distribution of these activated carbons obtained with an 

image analyzer software from five images of each sample similar to those in Fig. 5a-e. 

As it is possible to observe, ACP presents clearly higher particle sizes with an average 

particle size of 140 m. ACP-N shows a broad particle size distribution, with a mean 

diameter of 70 m. This last activated carbon undergoes an additional reduction of the 350 

particle size with the thermal (ACP-N) and chemical (ACP-NB) reduction treatments, 

obtaining more uniform particles sizes distributions with mean values of 65 and 50 m, 



respectively. ACP-E2, which was submitted to the most severe treatments, shows a 

narrower particle size distribution, close to an important reduction of the particle size 

(mean diameter = 43 m).  355 

The abovementioned activated carbons were tested in a three electrode cell with 1M 

H2SO4 solution as electrolyte to evaluate the role of the different nitrogen surface 

groups. Cyclic voltammetries were carried out at a scan rate of 1 mV/s. Fig. 6 shows the 

cyclic voltammograms of ACP and the different nitrogen-enriched carbons prepared 

from it. As can be seen, ACP exhibits a quasirectangular cyclic voltammogram (CV), 360 

typical of an essentially capacitive process associated with the formation of the electric 

double layer (EDL), with the presence of only a little hump associated to redox 

reactions of the oxygen and phosphorus surface groups (5.4 and 0.9 % surface atomic 

concentrations, respectively) [20]. The high porosity of ACP enhances the ion diffusion 

into the carbon pores and the development of the EDL [42].  365 
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Fig. 6. Cyclic Voltammograms of (a) Nitro/Amino-containing ACP, (b) Amido-amine-

containing ACP, (c) boron-containing ACP and (d) Quaternary Nitrogen-containing 

ACP in H2SO4 1 M. Scan rate: 1 mV s-1 

 370 

Fig. 6a also displays the CVs of functionalized activated carbon with -NO2, -NH2, N-5 

and N-6 surface groups. This series of activated carbons (named ACP-Ns) shows 

different CV shapes, and seems to present more defined peaks due to redox reactions on 

the carbon surface groups, instead of the rectangular voltammogram due to the EDL. 

Fig. 6b shows the CVs of the ACP-E carbon series (ACP-Es, activated carbons 375 

containing amido-amine and poly(amido-amine) surface groups). The shape of the 

voltammograms is quite similar to that of ACP, and different to those of the ACP-Ns 

series. In this sense, Table 1 displays a nitrogen contents in ACP-Es series five times 

higher than those observed in ACP-Ns one. Therefore, the type of nitrogen group plays 

an important role in the pseudocapacitance reactions of those activated carbons. 380 

As aforementioned, boron was fixed on the carbon surface, during the chemical 

reduction process, with sodium borohydride. A blank test was carried out by treating 

ACP with NaBH4 in order to evaluate the possible electrochemical performance of 

deposited boron. Fig. 6c shows the corresponding ACP-B voltammogram, which is 

similar to that obtained for ACP, however, the internal area of the voltammogram 385 

decreases for ACP-B. This could be related to the decrease of the specific surface area 

of the ACP-B, as can be observed in Table 1. These results suggest that boron surface 

groups cause a pore blockage on ACP limiting the ion diffusion, and thus, ACP-B 

develops a smaller EDL. 

Fig. 6d shows the CVs of all the high temperature heat-treated (ACP-HTs) carbon 390 

series. ACP-HTs develop a well-defined EDL, with a perfect box-like voltammogram 

without any accused peaks between 0 and 0.7 V (vs. Ag/AgCl reference electrode). 

Comparing with the more distorted voltammogram exhibited by ACP-Ns (Fig. 6a), 

these electrodes show lower internal resistance, which suggest an improvement of the 

conductivity of the electrodes upon increasing the carbonization temperature. This 395 

carbon series only shows a little hump at 0.2 V (in the reduction brand), which could be 

attributed to the P-groups in ACP-HT [40]. All of the carbons of this series present a 



very similar voltammogram shape. Compared to ACP electrode, the area of the 

voltammograms of ACP-HTs are higher, which can be explained by the formation of 

more ordered carbon structures, the presence of ultra-stable C-P surface groups, the 400 

minimum modification of the microporosity, and the presence of N-Q (N+, electron 

deficient) groups, which can favor the electronic conductivity of the electrode 

[23,43,44]. It could be observed that no matter from which the quaternary nitrogen-rich 

activated carbons are obtained, the electrochemical behavior is similar. In this way, the 

redox reaction, that causes a peak appearance at ca. 0.4 V in ACP-Ns CV, is not 405 

observed when the activated carbons are submitted to the heat treatment, which 

produces disappearance of nitro/amino groups in favor of mainly N-Q groups (with 

some N-5 and N-6). 

In this context, Fig. 6 represents three clearly differentiated behaviors. Firstly, a group 

of nitrogen-functionalized carbons that shows redox surface reactions. This enlarges the 410 

CV area due to a pseudocapacitance contribution (ACP-Ns). Secondly, PAMAM 

functionalized carbons (ACP-Es), which exhibit very low BET specific surface areas. 

The CV of these three carbons materials present a surprisingly big area and rectangular 

shape, in spite of the low surface area (ABET). Lastly, a group of activated carbons, 

treated at high temperatures with C-P-O and N-Q surface groups (apparently with 415 

higher conductivity), which shows a very fast development of the EDL. 

Specific capacitance (Cg) is a normalized quantitative measure of the CV area and is 

function of different variables such as ABET, CO-type oxygenated surface groups 

content (mainly quinone-phenolic groups) [40], and/or the amount of electrochemically 

active heteroatoms (as nitrogen) [13,23]. Table 2 shows the Cg and the surface 420 

capacitances calculated from the voltammogram area of all the activated carbon 

electrodes. As can be seen, ACP exhibits a Cg of 204 F g-1. After the treatment with 

NaBH4 (ACP-B) the specific capacitance is reduced to 157 F g-1. However, the surface 

capacitances of both activated carbons are very similar (163 and 156 mF m-2, 

respectively), suggesting that boron groups only causes the pore blockage, hindering the 425 

EDL development. 

 

 



Table 2. Specific and surface capacitances of all the samples in H2SO4 1 M, at a scan 

rate of 1mV s-1. 430 

Electrode  

from 

Cg  Cg/ABET 

(F g-1) (mF m-2) 

ACP 204 163 

ACP-B 157 156 

ACP-N 256 260 

ACP-NB 241 353 

ACP-N 317 327 

ACP-NB 266 350 

ACP-E 209 380 

ACP-E1 140 3256 

ACP-E2 152 2764 

ACP-HT 296 281 

ACP-NB-HT 236 357 

ACP-E-HT 256 340 

On the other hand, an increase of both specific and surface capacitances respect to the 

initial ACP electrode was observed in ACP-N. It could be seen that this oxidation 

treatment does not only cause a drop of ABET, but also introduces oxygen and nitrogen 

surface groups (Table 1). The reduction of nitro-groups with sodium borohydride 

practically does not decrease the Cg, however the surface capacitance increases. These 435 

results, along with the aforementioned CV shape modification, suggest that redox 

reactions of these nitrogen surface groups play a key role in this increment of 

capacitance values. Besides, the introduction of N-5 and N-6 surface groups, which 

electrochemical activity is extendedly accepted [23,26], improves the Cg values of ACP-

N and ACP-NB, increasing the surface capacitances to higher values than 300 mF m-440 

2, which are considerably higher than some values reported in the literature for nitrogen 

doped carbon [14]. 

Amido-amine and poly(amido-amine) functionalized carbons show singular Cg values 

in comparison to the other electrodes tested. ACP-E, as poly(amido-amine) precursor, 

displays similar Cg than that of the initial ACP with practically half of ABET. This 445 

tendency remarks the importance of surface groups despite the absence of 

pseudocapacitive peaks in the CV of these carbon electrodes. Surprising results have 



been observed for the two dendrimers generation (ACP-E1 and ACP-E2) with specific 

surface areas about 55 m2 g-1, Cg of approximately 150 F g-1 and surface capacitances 

arond 3000 mF m-2. These significant surface capacitances values are similar to those 450 

previously reported by Hulicova et al. [21,27] for nonporous carbonaceous materials 

with high nitrogen surface concentration obtained from melamine. In our case, the 

values of surface capacitance are in the same order of magnitude (3256 mF m-2 vs 

3660 mF m-2), but our gravimetric capacitances are more than double (140 F g-1 vs 

62.26 F g-1). Furthermore, our materials present additional environmental advantages, 455 

since they are derived from lignocelullosic waste. 

High temperature-treated activated carbons (ACP-HTs) present high values of Cg (near 

to 300 F g-1). ACP-HT exhibits higher Cg than its counterpart (ACP) despite the porous 

structure partially collapse after the heat treatment. This result suggests that the 

improvement of the carbon surface properties with the thermal treatment, such as the 460 

enhancement of the structural order, has more influence on the Cg than the shrinkage of 

the porous texture. Cg values obtained for ACP-NB and ACP-NB-HT are very similar, 

however, the content of N decreases from 2.4 to 1.4 %, suggesting the further 

contribution of a more ordered structured associated to the high temperature treatment 

(EDL capacitance may be similar as both carbons present similar ABET). The 465 

aforementioned development of the porosity and formation of N-Q groups are 

evidenced in the Cg values of ACP-E-HT and ACP-E. Regarding the results of surface 

capacitances, the importance of N-Q presence on the electrochemical behavior of 

carbons is appreciated, reaching values of 357 and 340 mF m-2 (for ACP-NB-HT and 

ACP-E-HT, respectively), in comparison to 281 mF m-2 for ACP-HT. 470 

Cyclic voltammetries were also carried out at very low scan rate. Fig. 7 depicts the CVs 

of ACP-Ns and ACP-Es at 0.25 mV s-1. ACP-Ns exhibit a clearly defined peak around 

0.35 V (in the oxidation brand) compared to ACP, which makes bigger the CV area 

because of the pseudocapacity contribution (Fig. 7a). Activated carbons with 

oxygenated surface groups usually present a par redox at 0.4V in acid electrolyte, due to 475 

reversible redox reactions associated to quinone/phenol transformations [45]. This 

redox process is accentuated in carbons with high content of CO-type surface groups 

and low content of CO2-type functional groups. According to this premise, ACP should 

exhibit a pronounced peak due to the high CO/CO2-type group ratio, however this redox 



process is insignificant in ACP. Hence, the peak at 0.35 V observed in ACP-Ns cannot 480 

be directly related to quinone/phenol switch. These results support the hypothesis that 

the presence of nitro and/or amino groups improves the electrode behavior due to the 

presence of pseudocapacitive processes. 
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Fig. 7 Cyclic Voltammograms of (a) Nitro/Amine-containing ACP and (b) Amido-485 

amine-functionalized ACP in H2SO4 1 M. Scan rate: 0.25 mV s-1 

Fig. 7a also shows the ACP-N and ACP-NB voltammograms. The CV curves 

display a distorted box-like shape. ACP-N voltammogram presents a slope variation of 

the oxidation brand at 0.05 A g-1 and a slight displacement of the pseudocapacitive peak 

to lower potential in the oxidation brand and to higher potential in the reduction one 490 

(compared to ACP-N). This displacement implies an improvement in the redox reaction 

kinetic. These results can be explained by the introduction of N-5 and N-6 groups after 

the thermal reduction treatment. These condensed nitrogen structures (pyrrolic and 

pyridinic groups) enhance the electronic and ionic conductivity of the carbon due to the 

conjugation of the unpaired electrons of the nitrogen atom with the -system of the 495 

aromatic rings [27,46]. Ions can diffuse on the electron surface easily and the electric 

double layer is faster developed, modifying the CV shape to a more rectangular 

voltammogram. Likewise, the electron-donor capability of this nitrogen groups [21] 

could favor the catalytic activity in electron-transfer reactions, making them faster. 

Fig. 7b illustrates the CVs of ACP-Es at low scan rate and, as can be seen, both shape 500 

and size can be comparable with ACP voltammogram, and do not seem to be as 



electrochemically active as ACP-Ns. As occurs at higher scan rate, (amido-amine)-

containing activated carbons develop a rectangular CV despite both of them are almost 

nonporous carbons. Zhang et al. demonstrate that polyethylendiamino groups contribute 

to the efficiency of electrode by increasing the current density [47]. Similar carbon 505 

materials, with very low ABET and high surface nitrogen content, have been already 

studied as supercapacitors because of the excellent surface capacitance [27,48].  

In this case, the rectangular shape of the CV is not related to the formation of the double 

layer, due to the low ABET. Some authors related the pseudocapacitive behavior to 

nitrogen and oxygen electrochemical reactions or to the improvement of charge 510 

mobility in the carbon surface [27,48]. In both scenarios, it is essential to assure the 

presence of nitrogen on the external carbon surface, since nitrogen seems to be the main 

source of this pseudocapacitive behavior. 

For the sake of studying the possible participation of nitrogen and phosphorus groups in 

redox reactions, and their possible chemical changes, ACP-N, ACP-NB and ACP-E 515 

were submitted to different electro-reduction/oxidation treatments and they were 

analyzed by XPS analyses. ACP-N was submitted to a constant reduction potential of -

0.2 V (vs. Ag/AgCl reference electrode) for 5 min. At this potential, the activated 

carbon keeps on showing a rectangular voltammogram and does not appear any 

cathodic current of hydrogen generation, so this potential corresponds to a mild 520 

reduction treatment of the carbon electrode. On the other hand, when ACP-N was 

submitted to a severe reduction potential (-0.8 V), the electrode reaches the limit of the 

cathodic current in which carbon structure is no longer stable. Fig. 8a displays the N1s 

spectrum of original ACP-N and the samples submitted to a mild and a severe reduction 

process. An important variation of the spectrum is observed for electrochemically 525 

treated ACP-N. In this sense, the appearance of a new peak at lower binding energy is 

observed (ca. 402 eV). In addition, the presence of –NO2 groups after the mild reduction 

process and its absence after the severe one suggest that the more the reduction potential 

is, the more conversion of –NO2 group is obtained. As can be observed, the new peak of 

the spectrum appears far from the characteristic amine binding energy. Therefore it is 530 

not possible to obtain –NH2 groups from -NO2 by this electrochemical method despite 

ACP-N was submitted to the maximum reduction potential resisted. 
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Fig. 8. N1s spectra of (a) ACP-N, (b) ACP-NB and (c) ACP-E electrodes and their 

resulting electrodes after reduction and oxidation treatments 535 

The opposed test was carried out with ACP-NB and ACP-E. In these cases, both 

samples exhibit a peak at 399.4 eV in N1s spectrum, associated to -NH2 group. 

Activated carbons were submitted to a mild and a severe oxidation process, being the 

potential used for each treatment 0.8 and 1.1 V (vs. Ag/AgCl reference potential) 

respectively, and the exposure time 5 min. As occurred before, these potentials 540 

correspond to the end of the rectangular voltammogram and to the limit of the carbon 

electrode stability. 

Figs. 8b depicts the N1s spectrum for the resulting ACP-NB activated carbon after the 

oxidation process and Fig. 8c displays the corresponding one to ACP-E electrode. In 

both, the results for only one oxidation process were represented because of the 545 

similarity of the data obtained with the mild and the severe electrochemical treatment. 

On one hand, ACP-NB undergoes the same changes observed for ACP-N. Thus, a new 

peak appears centered at ca. 402 eV, but in this case it is not possible to oxidize all –

NH2 surface groups. Likewise, it is not possible to obtain –NO2 group from amine, and 

the species obtained correspond to an oxidized species of nitrogen but not the most 550 

oxidized one. On the other hand, the N1s spectrum of ACP-E does not present any 

modification after the electro-oxidation treatments. These results suggest that amido and 

aliphatic amino groups are resistant to be electro-oxidized and do not change its 

oxidation state during the electrochemical process. Furthermore, the appearance of a 

new nitrogen species at ca. 402 eV could be related with the peak of the CV observed in 555 



ACP-N and ACP-NB, inasmuch as ACP-E does not show any modification of the 

nitrogen surface groups and exhibits a rectangular voltammogram. This peak at 402 eV 

could be associated to an oxidized nitrogen group (N-X) which presents higher 

oxidation state than N-5, N-6 or N-Q, but lower than NO2, as that presented in a simple 

N-O bond. Many authors usually related N-X compounds to oxidized pyridinic groups 560 

because they could be obtained from N-6 groups by forming the N-O bond [23,27,49]. 

In any case, these N-X compounds, which present a simple N-O bond, must be obtained 

from nitro and from amino groups bonded to aromatic or basal carbons in ACP, 

according to the above results. On this basis, the form of this N-compound could be 

associated to hydroxylamine structures, with a simple N-C bond and one or two 565 

hydroxyl groups (hydroxylamine, C-NHOH or dihydroxylamine C-N(OH)2, 

respectively). In this sense, amino oxidation on carbon electrodes surface is a well-

known redox reaction, which is accepted by many authors as the reason of the 

enhancement of the (pseudo)capacity in N-containing carbon electrodes [27,50,51]. 

Likewise, P2p spectra were also analyzed after the electrochemical reduction and 570 

oxidation treatments in order to elucidate the possible modifications of P oxidation 

state. XPS spectra of P2p for ACP-N, ACP-NB and ACP-E are depicted in Fig. 9. 

Phosphorus main groups are located at 133 and 134.1 eV and correspond to C-P-O 

groups (such as C-PO(OH)2 or C2-PO(OH)) and to the C-O-P ones (C-O-PO(OH)2 and 

(C-O)3PO) respectively [1]. Fig. 9a shows the P2p spectra of the same electrode sample 575 

of ACP-N submitted to a mild and severe electro-reduction treatment studied above. An 

important decrease of P content compared to that of ACP can be observed (Table 1), 

mainly associated to the removal of C-O-PO(OH)2 groups as H3PO4 during the 

preparation of ACP-N from ACP [25]. The mild electro-reduction treatment does not 

modify the P oxidation state. However, the severe one leads to a more reduced 580 

phosphorus species than those observed for ACP-N, which can be appreciated with a 

slight displacement of the peak to lower binding energies. This displacement can be due 

to the reduction of C-PO(OH)2 groups to C2PO(OH), according to the mechanism 

proposed by Berenguer et al. [20].  

By contrast, a more reduced species is observed in ACP-NB after the chemical 585 

reduction treatment from nitro to amino groups (Fig. 9b) [30]. In this case, a shift of the 

spectrum to a more oxidized phosphorus structure is observed after the electro-oxidation 



treatment of the electrode. This can be probably due to the oxidation of C2PO(OH) 

structures to C-PO(OH)2 [20]. On the contrary, XPS analyses does not show any change 

in the chemical state of P after the electro-oxidation treatment of ACP-E (Fig. 9c). 590 

These results are consistent with the modification of nitrogen structures during the 

electrochemical treatment and suggest a synergy between nitrogen and phosphorus 

surface groups[18].  
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Fig. 9. P2p XPS spectra of (a) ACP-N, (b) ACP-NB and (c) ACP-E electrodes and their 595 

resulting electrodes after reduction and oxidation treatments. 

According to our previous results on the active participation of P-groups in the oxygen 

introduction on the carbon surface [20], the formation of the hydroxylamine could 

probably be facilitated by the hydroxyl radical captor/donor character of these P-groups. 

Thereby, Figure 10 shows the proposed electrochemical pathways, which could explain 600 

the modifications in the ACP-Ns carbon series surface registered by means of XPS. Fig. 

10a shows the proposed amine electro-oxidation pathway through the formation of a 

hydroxylamine group. This hydroxylamine group could be associated to the new peak 

centered at ca. 402 eV in N1s spectrum for ACP-NB after electrooxidation treatment. 

On the other hand, the analogy of CV and XPS results obtained for ACP-N, compared 605 

to those obtained for ACP-NB, seems to indicate that the electro-reduction of nitro 

surface group could begin with the formation of a dihydroxylamine species through a 

proton transfer reaction from the acid electrolyte, forming this nitrogen compound on 

the carbon surface (Fig. 9b). 



 610 

Fig. 10. Reaction pathways of (a) amine group electro-oxidation and (b) nitro group 

electro-reduction including the transformation of P-groups during the electrochemical 

processes 

The formation of hydroxylamine structures could be related with the presence of peaks 

in the CV of the activated carbon, suggesting that these nitrogen groups are the 615 

electrochemically active ones. In this way, it is assumable that amino and nitro groups 

bonded to aromatic structures (probably in the vicinity of P-groups) of ACP are capable 

of forming the active species, whereas amides or aliphatic amine from amido-amine 

functionalization are not able. This hypothesis would explain the results obtained from 

ACP-E: (i) a rectangular CV shape, (ii) N1s spectrum of ACP-E is unchanged after an 620 

electro-oxidation treatment and (iii) ACP-E1 and ACP-E2 show surprisingly high 

surface capacitances due to the extraordinary conductivity of the polymeric nitrogen 

chain and not associated to changes on the nitrogen oxidation state. 

In a previous work, we have observed the high electrochemical stability of phosphorus 

groups and the capability of acting as hydroxyl radicals captor/donor [20], which 625 

suggests that they could contribute to pseudocapacitive reactions by facilitating the ion 

transport. Others authors even highlighted the positive contribution of P-groups on N-

doped activated carbon electrochemical performance [18,46,48]. In this sense, although 

the presence of phosphorus on the surface of the nitrogen-doped carbons cannot be 



directly related to the enhancement of the pseudocapacitive behavior of carbons, it does 630 

indirectly due to: (i) phosphorus plays a key role on the selective incorporation of –NO2 

groups on the carbon surface [25]; (ii) also plays an important role in the selective 

reduction of –NO2 to –NH2 [30] and (iii) minor modifications in the phosphorus 

oxidation state are only appreciated in ACP-N and ACP-NB, in which the formation of 

hydroxylamino groups is proposed. 635 

4. Conclusions 

A large variety of nitrogen surface groups were prepared by different chemical and 

thermal treatments from a phosphorus-containing activated carbon. Their 

electrochemical performances have been studied and all of them have shown an 

enhancement of the activated carbon capacitance due to pseudocapacitive contributions. 640 

Nitro and amine-containing activated carbons exhibit a typical pseudocapacitive 

behavior, showing considerable peaks in the cyclic voltammogram. These peaks could 

be related to the hydroxylamine formation reactions from the initial N-groups. The 

presence of condensed nitrogen structures (pyrrolic and pyridinic) in these activated 

carbon enhances the conductivity of the electrodes, enlarging the rectangular CV part of 645 

the voltammogram and achieving specific capacitances of 317 F g-1. In addition these 

groups improve the electron transfer reactions on the carbon surface. 

Poly(amido-amine)-containing activated carbons present an important amount of 

surface nitrogen concentration due to the large polymeric chains that causes the pore 

blockage. These carbons exhibit a surprisingly high surface capacitance (3256 mF m-2) 650 

mainly due to the high-conductivity and the pseudocapacitive effect of the nitrogen 

chain. However, these carbons do not show modifications of the N oxidation state 

during the voltammetric analyses. 

At last, quaternary nitrogen-containing activated carbons present a fast development of 

the electric double layer and exhibit a perfect box-like cyclic voltammogram (with 655 

specific capacities of 256 F g-1). The presence of this specific nitrogen surface species 

and the more ordered carbon structure explain this result. 
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