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Abstract 

Heteroatom doping of carbon materials modifies their chemical and electronic properties. Phosphorus-

containing carbon materials are reviewed by focusing on their preparation, properties and applications. The 

preparation methods include carbonization of carbon precursors with phosphorus compounds, 

modification of already prepared carbons and deposition of carbon and phosphorus from the gas phase. 

Phosphorus in carbons occurs mainly bound to oxygen, even in carbons obtained using oxygen-free 

compounds. The most common structure is pentavalent tetra-coordinated phosphorus as in phosphates; 

however, some P-O bonds may be replaced with P-C bonds. Phosphorus species bind to the active sites of 

carbon rendering stability to P-containing carbons. This defines the properties of P-containing carbons: 

hydrophilic acid surface and chemical stability, which are beneficial in a wide range of technologically 

important applications. P-containing carbons show a high adsorption capacity for metal ions and organic 

molecules with basic nature. P-species of acidic nature impart carbon a catalytic activity in diverse reactions 

useful in the production of commodity chemicals and biomass transformation. P-species alter the optical 

properties of carbons suitable in energy production, protection of the environment or bioimaging. Finally, 

P-species make carbons suitable for many electrochemical applications like energy storage (EDLC, Li-ion 

batteries) or in fuel cells. 
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1 Introduction 

As it is well known, carbon materials practically always contain elements other than 

carbon, which are collectively referred to as “heteroatoms”. These elements are present in 

carbons for different reasons: they are either derived from the precursor or the preparation 

method, added purposely to modify the properties of the resulting carbon materials, or 

incorporated upon simple exposure of the carbon material to the ambient atmosphere (the case 

of many oxygen- and hydrogen-containing species). The last two elements are by far the most 

abundant heteroelements present in carbons, followed by nitrogen. Less frequent are boron, 

sulfur, phosphorus and halogens. These elements can either be alone (i.e., accompanying only 

carbon), or associated with each other (e.g., H, N, S or P together with O in form of oxygenated 

functional groups). 

As concerns their mode of combination, if one focuses on sp2-bonded carbons for the sake 

of simplicity, heteroatoms can be either incorporated to the basal planes (e.g., quaternary 

nitrogen), or to their edges in form of a myriad of possible functional groups. In the former case, 

the incorporated elements will create electron-rich or electron-poor reactive unsaturations, 

whereas functionalities are known to give rise to a rich carbon surface chemistry. 

As indicated above, oxygen is inevitably present in carbon materials and imparts them 

acidic properties [1–4] and hydrophilicity [2,3,5]. This results in enhanced metal ion binding [6,7], 

adsorption of polar molecules [8] and catalytic activity in acid-catalyzed reactions [9,10]. The 

inclusion of nitrogen in the structure of the carbon increases the amount of basic groups and 

changes the charge in the graphene layers [11,12]. This results in enhanced anion-exchange 

capacity [6], catalytic activity in oxidation–reduction reactions [13–15] and enhanced 

electrochemical activity [16]. Boron can replace the carbon atom in the graphite structure 

influencing the structural, electronic and some other properties [17,18]. Also, boron in the carbon 

structure imparts oxidation inhibition to carbon materials [18–23]. B-doped carbons show an 



enhanced electrochemical behavior in supercapacitors [24–27] and in Li-ion batteries [28–30]. 

Sulfur in S-doped carbons may exist in different oxidation states and modes of combination (S-

impregnated, S-functionalized and S-intercalated) [31–33]. Accordingly, this element confers to 

carbons a wide variety of properties and applications. Several forms of sulfur (C-S-C, S-O and S-H) 

improve the performance of carbons for heavy metal adsorption [32], H2 storage and CO2 capture 

[32], photocatalytic destruction of contaminants [32–35], or in energy related applications [31–

33], whereas sulfonated carbons (containing -SO3H groups) are of particular interest as solid acid 

catalysts for biodiesel production and biomass conversion [32,36]. Cl- and Br-doping increases 

carbon hydrophilicity, resulting in increasing water adsorption at low relative pressures and heat 

of immersion in water [2]. Cl-doping enhances the acidic properties of carbons [37,38]. 

Bromination increases mercury adsorption by activated carbons [39,40]. Contrary to other 

halogens, fluorination results in a hydrophobic surface which almost does not adsorb water 

molecules [41,42]. Halogenation (F, Cl, Br, I) effectively improves the electrochemical behavior of 

carbon materials in supercapacitors [43] and Li-ion batteries [44–47]. 

In comparison with oxygen [2,3,7,48–55] and nitrogen [7,14,15,53,56–66] heteroatoms, 

phosphorus has received much less attention. This is reflected in only some brief mention to 

phosphorus-containing carbons in reviews on much broader subjects [17,49,53,67–71] and 

incomplete reviews restricted to the effect of phosphorus on carbon adsorbents [72,73]. Only the 

property of phosphorus heteroatom to inhibit oxidation of carbon materials was investigated in 

depth due to its practical importance for the aerospace industry [68]. The interaction of organic 

materials with different phosphorus compounds was also studied for developing flame retardant 

formulations [74–81]. However, other properties of phosphorus-containing carbons have not 

received sufficient attention, which restricts their application. The absence of systematic studies 

on phosphorus-containing carbons is strange considering that phosphoric acid activation is widely 

used in the industry and also in scientific research for the production of carbon adsorbents 

[82,83]; porous carbons resulting from this preparation method usually contain phosphorus 

incorporated from phosphoric acid, although its presence has been neglected by many authors. 

In a recent review on mesoporous templated carbons [84], phosphorus has been named 

“the next heteroatom to be explored”. According to these authors, “The scarce reports available 

on phosphorus-doped porous carbon materials call for future research on this heteroatom”, and 

“Even though phosphorus remained somewhat less popular, it has been widely used as co-dopant 

in order to obtain multifunctional carbon materials”. Certainly, this element has a rich chemistry, 

involving different oxidation states, that deserves being exploited to modify carbons in general 

(not only mesoporous templated carbons). This survey provides a review of the preparation, the 



chemical structure of phosphorus species, the properties and the applications of phosphorus-

containing carbons. In preparing this review, we tried to answer the following questions: (i) what is 

the chemical structure of P-species in carbons?; does the chemical structure of P-species depend 

on the preparation method?; (ii) what are the properties specific to P-carbons and how do they 

depend on the chemical structure of P-species?; (iii) in what applications could the properties 

specific to P-carbons be utilized, or where could P-carbons be advantageous over other carbons? 

2 Preparation of phosphorus-containing carbons 

The approaches for introducing phosphorus into the carbon structure may be classed into 

three main groups depending on the precursor used for preparation (Fig. 1). The first route 

comprises the heat treatment of a carbon-containing precursor either mixed or chemically bonded 

with a phosphorus-containing compound. A second route includes the modification of a 

prefabricated carbon material with a phosphorus-containing compound, usually at high 

temperature. A third route involves the co-deposition of carbon and phosphorus from the gas 

phase. 

 

Fig. 1 Diagram of methods used for the preparation of phosphorus-containing carbons. 

 



2.1 Route 1 - Methods based on a carbon-containing precursor 

2.1.1 Route 1a - Carbonization of a carbon-containing precursor mixed with a phosphorus-

containing compound 

2.1.1.1 Carbonization of a carbon-containing precursor mixed with H3PO4 (phosphoric acid 
activation) 

A wealth of publications exists on phosphoric acid activation of different precursors 

including lignocellulosic materials, separate components of biomass (cellulose, lignin), coals, 

polymers or individual chemicals. Although the majority of the published studies did not take into 

account the possible introduction of phosphorus, there is a sufficiently large amount of 

publications that report phosphorus introduction in the carbon structure. 

In this review we will discuss only papers where at least an analysis for P in the 

corresponding carbons is included (or preferably, where some characterization of P species has 

been carried out). Papers on carbons obtained by chemical activation with phosphoric acid (or 

other methods) where occurrence of P can only be inferred by comparison with other papers will 

not be discussed here as it is impossible to correlate the properties of these carbons with the 

amount of mode of combination of P therein. 

Extensive investigations of the phosphoric acid activation of wood [85,86] allowed to 

propose a mechanism of activation [82,87], which appears to be valid for the activation of other 

lignocellulosic materials [88,89] and coals [90–92]. Phosphoric acid functions both as an acid 

catalyst to promote bond cleavage and the formation of cross-links via cyclization and 

condensation reactions, and to combine with organic species to form phosphate and 

polyphosphate bridges that connect and cross-link biopolymer fragments. The addition (or 

insertion) of phosphate groups drives a process of dilation that, after removal of the acid, leaves 

the matrix in an expanded state with an accessible pore structure. Essentially, this is the activation 

process. At temperatures above 450 °C, a secondary contraction of the structure occurs when the 

phosphate linkages become thermally unstable. The reduction in cross-link density allows the 

growth and alignment of polyaromatic clusters, producing a more densely packed structure with 

some reduction in porosity. 

Activation with phosphoric acid was applied to introduce phosphorus in carbon using many 

different precursors such as wood [85–87,93–98], bamboo [99], lignocellulosic wastes like coconut 

shells [100], olive stones [95,101–103], apricot stones [104,105], date pits [106], peach pits [107], 

almond shells [108], pecan shells [108–111], peanut shells [112,113], corncob [114], aguaje seeds 

[115], apple pulp [116,117], arundo donax cane [118], cotton stalks [119,120], hemp [95,121–123], 



rice husks [124–127], jackfruit peels [128], vine shoots [129,130], sisal fibers [131], coffee grounds 

[132,133], smooth cordgrass [134], agave bagasse [135], artichoke leaves [136], reedy grass leaves 

[137], lotus stalks [138], water hyacinth [139], hay [140], biomass components like cellulose 

[141,142] and lignin [95,141,143–146], bituminous coal [91], lignite [147], synthetic polymers like 

epoxy resin [148], polyacrylonitrile [149,150], poly(styrene-co-divinylbenzene) [151,152], 

polyimide copolymer [153], polyaramid fibers Nomex [154–158] or Kevlar [159], poly(p-phenylene 

benzobisoxazole) fibers [160,161], polyvinyl alcohol [162,163], resorcinol-formaldehyde [25,164–

168], tannin-melamine-hexamine polymer [169], or individual organic compounds like glucose 

[170,171], sucrose [172–174], aniline [175], 2-cyanoguanidine [176,177], and 

N,N-dimethylformamide [178]. 

2.1.1.2 Use of other phosphorus-containing chemicals 

Other activating/modifying agents were also used like pyrophosphoric acid [179–181], 

polyphosphoric acid [179], Na2HPO4 [182], NH4H2PO4 [183], (NH4)2HPO4 [93,184], (NH4)3PO4 

[185,186], P2O5 [187,188], phosphate esters (trimetylphosphate, tributylphosphate, triethyl 

phosphite) [189,190], guanidine phosphate [191,192], triphenylphosphine [193], phytic acid 

[179,194–200], or phosphorus-containing ionic liquids [201–204]. 

2.1.2 Route 1b - Carbonization of a carbon-containing precursor chemically bonded with a 

phosphorus-containing compound 

Route 1b comprises the carbonization of a carbon-containing precursor containing a 

chemically bound phosphorus compound. The carbon- and phosphorus-containing precursors 

were prepared by polycondensation reaction [205,206], phosphorylation with H3PO4 [207–209], 

H4P2O7 [210], PCl3 [211,212], or POCl3 [213,214]; also, commercially available phosphorus-

containing ion exchange resin was used [215,216]. 

2.2 Route 2 - Methods based on a prefabricated carbon (post-treatment) 

Route 2 involves the modification of a prefabricated carbon with a phosphorus compound, 

usually at elevated temperatures. For this modification, various compounds were used: 

phosphoric acid [217–228], H3PO4 without heating [229], ultrasonic-assisted anodic treatment 

with H3PO4 [230], treatment with phosphate and phosphite esters [231], methylphosphonic acid 

[20,232,233], PCl3 [234–237], POCl3 [20,233,238], triphenylphosphine [239–241], phytic acid [242], 

ammonium hexafluorophosphate [243], ionic liquids (1-butyl-3-methlyimidazolium 

hexafluorophosphate) [244], red phosphorus [245,246], or white phosphorus [247]. 



2.3 Route 3 - Co-deposition of carbon and phosphorus from the gas phase 

Phosphorus-containing carbons were prepared by deposition from gas phase using gas 

mixtures of CH4 and PCl3 [17,248,249], toluene and triphenylphosphine [250–254], pyridine and 

triphenylphosphine [255], phosphonitrilic chloride trimer (P3N3Cl6, Sigma-Aldrich, CAS 940-71-6) as 

the P and N sources, and ethanol as the C source [256]. 

Another technique for the preparation of phosphorus-containing carbons is radio 

frequency plasma-enhanced deposition using a mixture of CH4 and PH3 [257–259] or a mixture of 

CH4 and H2 as carbon source and red phosphorus as doping source [260,261]. 

An alternative procedure for the preparation of phosphorus-containing carbons is laser 

enhanced evaporation-deposition using a camphor [262,263] or graphite [264–269] target mixed 

with red phosphorus. 

High-frequency furnace method [270] was used for the synthesis of stable phosphorus 

heterofullerenes [271]. Graphite and black phosphorus were evaporated by an induction furnace 

at 2400 °C in flowing helium (300 hPa, 1400 L/h). The obtained fullerenes were purified by 

sublimation. Laser desorption mass spectra clearly identified phosphorus-containing fullerenes 

C59P (m/z = 739.01) and C69P (m/z = 859.11). Other phosphorus-containing fullerenes with low 

intensity were detected C58P2 (m/z = 757.84), C77P (m/z = 955.06), C81P (m/z = 1003.71) and C83P 

(m/z = 1027.65). Authors [271] stated that the composition of phosphorus-containing fullerenes 

obeying the formula C2n-xPx (x = 1,2) argues against an external functionalization of pure fullerene 

cages, as is the fact that phosphorus-containing fullerenes can be sublimated without 

decomposition at high temperatures. Short air contact led to the formation of the phosphorus-

containing fullerene oxides C59PO and C69PO, which could only be detected in negative mode. 

Longer air contact led to disappearance of signals from C59P and C69P in favor of the 

simultaneously growing signals of C59PO and C69PO. The rapid reaction of C59P and C69P is close to 

the behavior of phosphine analogs. 

Phosphorus-doped tetrahedral amorphous carbon films (ta-C:P) were deposited by means 

of a filtered cathodic vacuum arc system (base pressure was 10-5 Pa, arc voltage of 32-35 V) using 

high purity graphite (99.999%) with different amount of red phosphorus (0.2-2 wt%) [272,273]. 

Phosphorus was distributed uniformly through the film. Auger electron spectroscopy revealed 

approximately the same fraction of P atomic concentration in the films as present in the cathode 

by mass [272]. The calculated mass concentrations of phosphorus, ignoring the H content, were 

0.51, 1.28 and 2.54 wt%. Based on EELS and radial distribution function it was concluded that 



predominantly tetrahedrally bonded microstructure of the films is maintained for P-doped carbon 

films [272,273]. 

Phosphorus-incorporated tetrahedral amorphous carbon (ta-C:P) films were prepared by 

filtered cathodic vacuum arc technology with phosphine as the dopant [274–277]. It has been 

shown that increasing the negative substrate bias from -20 to -80 V increased the phosphorus 

content from 5.4 to 6.8 at%. Further increasing the negative bias up to -2000 V gradually 

decreased the phosphorus content to 3.4 at% [275]. Increasing the flow rate of phosphine from 0 

to 30 cm3/min at constant substrate bias (-80 V) increased the phosphorus content up to 16.8 at% 

[274,277]. XPS revealed the occurrence of 10-12 at% of oxygen, which the authors attributed to 

contamination upon air exposure. Increasing the phosphorus content increased the amount of sp2 

hybridized carbon [277]. The relatively broad P 2p envelope was deconvoluted into two 

contributions: a carbon-phosphorus species (C-P bonding) at 131.3 ± 0.2 eV and a phosphorus-

oxygen species (P-O bonding) at 133.3 ± 0.2 eV [274,276]. The low-energy component was also 

ascribed to P-P or P-H bonding since not clear evidence for C-P bonding was observed in the C 1s 

envelope [277]. 

3 Phosphorus content 

The main factors determining the phosphorus content during carbonization with a 

phosphorus precursor (route 1) and modification of a preexisting carbon (route 2) are 

temperature and concentration of activating/modifying agent (impregnation ratio). Other factors 

that affect the phosphorus content are the atmosphere used during activation/modification, 

carbon reactivity, porosity, surface chemistry and the type of activating agent. 

3.1 Temperature dependence 

3.1.1 Route 1 - Methods based on a carbon-containing precursor 

3.1.1.1 Route 1a - Carbonization of a carbon-containing precursor mixed with a phosphorus-
containing compound 

Different amounts of phosphorus in carbons were obtained depending on the synthesis 

conditions. The general trend is increasing phosphorus content in carbon with increasing 

carbonization temperature up to 800 °C. Detailed studies reported that a maximum phosphorus 

content is introduced at 800 °C for phosphoric acid activated carbons from precursors of different 

origin including polymers [151–153,278], apricot stones [104,105] and lignosulfonate [145] (Fig. 2). 

The increase in phosphorus content with increasing carbonization temperature is attributed to 

enhancement of the intensity of the reaction with temperature. However, at higher temperatures 



(> 800 °C) the phosphorus content decreases due to degradation of the phosphocarbonaceous 

species and formation of volatile phosphorus-containing compounds (phosphorus pentoxide and 

elemental phosphorus) as a result of reduction of the phosphates to elemental phosphorus [279]. 

Formation of elemental phosphorus was also observed during the phosphoric acid activation of 

Nomex polymer fibers [156], carbonization of alginate with Na2HPO4 [182] and during pyrolysis of 

a phosphorus-containing phenol resin [206]. The study on the oxidation protection of carbon 

materials by phosphorus doping also showed that the phosphorus compounds tend to evaporate 

from the carbon surface at temperatures higher than 800 °C [68,232]. 

 

Fig. 2 Phosphorus content in carbons from styrene-divinylbenzene copolymer (St-DVB), polyimide-

divinylbenzene copolymer (BM-DVB), apricot stones (AS) and lignosulfonate (LS) obtained in argon 

and air atmosphere. Adapted with permission from Ref. [104,105,145,151–153,278]. Copyright (2002) 

(2003) (2005) (2007) (2014) Elsevier, (2013) Springer. 

 

Volatilization of phosphorus compounds may occur by the following reactions: 

 4 H3PO4 + 10 C  =  P4 + 10 CO + 6 H2O (1) 

 4 H3PO4 + 10 C  =  P4O10 + 6 H2O (2) 

 P4O10 + 10 C  =  P4 + 10 CO (3) 

Thermodynamic analysis showed that the Gibbs free energy for each of the reactions (1)-

(3) that could take place during phosphoric acid activation is negative at temperatures above 

750 °C (Fig. 3), indicating that their occurrence is favorable (spontaneous) [72,145]. It should be 

noted that the reduction of phosphates by carbon at high temperatures is an industrial method for 

the production of phosphorus [280]. 
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Fig. 3. Temperature dependence of the Gibbs free energy of the reactions that can occur during phosphoric 

acid activation. Reprinted with permission from Ref. [145]. Copyright (2014) Elsevier. 

 

A similar tendency of increasing phosphorus content with increasing carbonization 

temperature up to 800 °C was also reported for carbons obtained by phosphoric acid activation of 

wood [93], olive stones [102], hemp [121], cellulose and Kraft lignin [141], Nomex fibers [158], 

sucrose [173], and polyvinyl alcohol [163]. 

A decreasing phosphorus content in carbons obtained by phosphoric acid activation of an 

epoxy resin at temperatures in the range 900-1200 °C was reported [148], which is in line with 

previous investigations (Fig. 4). However, the decrease tended to diminish with decreasing 

impregnation ratio. 
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Fig. 4 Temperature dependence of phosphorus content in carbons obtained by phosphoric acid activation of 

epoxy resin using different impregnation ratios (indicated in the figure). Adapted with permission from 

Ref. [148]. Copyright (1997) Elsevier. 

 

Phosphorus content showed a maximum at 800 °C in carbon fibers obtained by phosphoric 

acid activation of poly(p-phenylene benzobisoxazole) (PBO) fibers (Fig. 5) [161]. The temperature 

dependence of phosphorus content tended to diminish with increasing impregnation ratio (IR). 

  

Fig. 5. Phosphorus content in PBO-derived carbon fibers with different impregnation ratio (IR) as a function 

of carbonization temperature. Adapted with permission from Ref. [160,161]. Copyright (2012) Elsevier, 

(2012) American Chemical Society. 

 

A maximum phosphorus content was also achieved at 800 °C for aniline-based carbons 

obtained by phosphoric acid activation at 700-900 °C [175]. 

However, there are some exceptions to the trend of phosphorus content peaking at 800 °C. 

A decreasing P content from 2.6 to 1.5 wt% as temperature increased from 350 to 475 °C for 
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phosphoric acid activation of pecan shells was reported [109]. The decrease could be ascribed to a 

very high air flow of 2.5 L/min. A decreasing phosphorus content (1.2, 0.8, 0.6 and 0.6 wt%) with 

increasing carbonization temperature (450, 525, 600 and 650 °C) in carbons obtained by 

phosphoric acid activation of Kraft lignin in air has been observed [143]. An almost linear decrease 

in phosphorus content with carbonization temperature between 400 and 800 °C was reported for 

carbons obtained by hydrothermal treatment of sucrose in the presence of phosphoric acid 

followed by carbonization at different temperatures [172] (Fig. 6). 

 

Fig. 6. Temperature dependence of phosphorus content in carbons obtained by hydrothermal treatment of 

sucrose in the presence of phosphoric acid followed by carbonization at different temperatures. Adapted 

with permission from Ref. [172]. Copyright (2011) Elsevier. 

 

3.1.1.2 Route 1b - Carbonization of a carbon-containing precursor chemically bonded with a 
phosphorus-containing compound 

A maximum amount of phosphorus was introduced at 800-900 °C for carbons prepared 

from phosphorus-containing phenol-formaldehyde resin (Fig. 7) [205,206]. 
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Fig. 7. Phosphorus content in carbon fibers prepared by carbonization of phosphorus-containing -phenol-

formaldehyde fibers at different temperatures. Reprinted with permission from Ref. [206]. Copyright 

(1999) Elsevier. 

 

The phosphorus content increased when a phosphorylated phenol-formaldehyde resin was 

carbonized in the temperature range from 500 to 900 °C [209]. However, a decreasing phosphorus 

content from 3.3-3.9 to 0.6-0.8 wt% with increasing carbonization temperature from 800 to 

1500 °C was reported in carbon fibers prepared from phosphorylated viscose [208]. 

The highest phosphorus content that was achieved by this method is 14 wt% for 

phosphoric acid activated carbon from epoxy resin [148] and 12 wt% for carbon from polyimide 

[153]. 

3.1.2 Route 2 - Methods based on a prefabricated carbon (post-treatment) 

A maximum amount of phosphorus introduced at 800 °C was also observed when 

prefabricated carbons were thermally treated with phosphorus compounds. 

Phosphorus content peaked at 800 °C upon reaction of coconut-based carbon with 

phosphoric acid at different temperatures [281]. With increasing heat treatment temperature up 

to 800 °C, the phosphorus content increased up to 6.5 wt% and decreased at higher temperature 

(Fig. 8). 



 

Fig. 8. Phosphorus content in coconut shell activated carbons heat-treated with phosphoric acid at different 

temperatures. 

 

A maximum amount of phosphorus was introduced at 800 °C when an activated 

commercial peat-based carbon SKT was modified with PCl3 for 7 hours (Fig. 9) [234]. 

 

Fig. 9 The effect of temperature of phosphorylation with PCl3 on phosphorus and chlorine content introduced 

in carbon SKT. Adapted from [234]. 

 

The same trend of increasing phosphorus content in carbon from polyfurfuryl alcohol with 

increasing temperature of modification up to 800 °C using phosphorus trichloride was reported 

(Fig. 10) [237]. 
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Fig. 10. Phosphorus content in polyfurfuryl-based carbons treated with PCl3 at different temperatures. Adapted 

from [237]. 

 

Modification of fullerene C60 with red phosphorus in the temperature range 650-950 °C 

resulted in the formation of phosphorus-containing nanocrystalline graphitic structures [245]. A 

maximum amount of phosphorus (15 wt%) was introduced at 800 °C. 

A few instances of decreasing phosphorus content with increasing temperature up to 

800 °C were reported too. This was found to occur for a C/C composite impregnated with 

methanol solution of methylphosphonic acid [233] or for natural graphite impregnated with POCl3 

[238]. The decrease in these cases could be ascribed to the decomposition of methylphosphonic 

acid and evaporation of phosphorus oxychloride at low temperatures, which decreased the 

concentration of the modifying agent. 

The maximum amounts of phosphorus achieved by this method were 15 wt% for a carbon 

obtained by modification of fullerene with red phosphorus [245] and 6.5 wt% for the modification 

of a coconut shell activated carbon with phosphoric acid [281]. 

3.1.3 Route 3 - Co-deposition of carbon and phosphorus from the gas phase 

Chemical vapor co-deposition of carbon and phosphorus from a gas mixture of CH4 and 

PCl3 (1 to 15 vol%) at 1220-1730 °C showed a decreasing phosphorus content in the obtained 

pyrocarbons with increasing deposition temperature [248] (Fig. 11). This follows the trend of 

decrease in P-content above 800 °C observed for other preparation methods (see subsections 

3.1.1 and 3.1.2) [17,248,249]. 
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Fig. 11 Maximum phosphorus concentration retained in pyrocarbon vs deposition temperature. Reprinted with 

permission from Ref. [248]. Copyright (1973) Elsevier. 

 

To summarize the effects of temperature, one can conclude that P content in carbons 

reaches a maximum at ca. 800 °C, irrespective of the P-carbon preparation method. At lower 

temperatures, the extent of carbon reaction with phosphorus is low, whereas above 800 °C 

phosphorus compounds tend to be lost by reduction and/or volatilization. Some existing 

exceptions to this general trend can be easily explained by concurrence of the effects of other 

operation conditions. 

3.2 Effect of the impregnation ratio 

Increasing phosphorus content with increasing impregnation ratio (IR) up to 0.5 with a 

slight decrease at higher IR=0.75-1 was observed for carbons obtained by the template method 

using sucrose-H3PO4 mixture and silica gel as structure directing agent [174]. 

With increasing impregnation ratio from 0.5 to 1.25 the phosphorus content in corncob-

based carbons increased from 3.2 to 4.7 wt% [114]. As the impregnation ratio increased from 0.5 

to 1.5, the phosphorus content in carbons obtained by phosphoric acid activation of aguaje seeds 

at 600 °C increased from 4.1 to 7.6 wt% [115]. With increasing impregnation ratio from 1 to 2 the 

content of phosphorus in carbons obtained by phosphoric acid activation of artichoke leaves at 

500 °C increased from 0.71 to 1.16 wt% and decreased to 0.97 wt% for an impregnation ratio of 3 

[136]. 



The phosphorus content increased (from 4.3-6.9 to 8.9-12.1 wt%) with increasing 

impregnation ratio from 0.5 to 2.5 for carbons from cellulose or kraft lignin [141]. For carbons 

obtained by phosphoric acid activation of Kraft lignin at 450 °C the phosphorus content increased 

from 0.9 to 2.3 wt% as the impregnation ratio increased from 1 to 1.75 [143]. 

With increasing impregnation ratio from 0 to 0.74 the content of phosphorus in Kevlar-

based carbon fibers increased from 0 to 5.5 wt% and slightly decreased to 4.5 wt% with further 

increasing the impregnation ratio to 1.97 [159]. With an impregnation ratio increasing up to 2, the 

phosphorus content in PBO-derived carbon fibers increased, the effect being stronger at low 

concentrations of phosphoric acid (Fig. 12) [160,161]. 

 

Fig. 12. Phosphorus content in PBO-derived carbon fibers as a function of the impregnation ratio (right). 

Adapted with permission from Ref. [160,161]. Copyright (2012) Elsevier, (2012) American Chemical 

Society. 

 

The phosphorus content increased from 4.6 to 7.1 wt% with increasing impregnation ratio 

from 0.2 to 6.4 for carbons obtained by carbonization of sodium alginate impregnated with 

Na2HPO4 up to 900 °C in argon atmosphere [182]. In the case of phosphoric acid-activated carbons 

from sucrose, the phosphorus content increased with increasing both carbonization temperature 

(from 400 to 800 °C) and impregnation ratio (from 0.6 to 0.9) (Table 1) [173]. Further increasing 

the impregnation ratio to 1.2 slightly decreased the amount of phosphorus. 

 

Table 1. Characteristics of carbons obtained by phosphoric acid activation of sucrose. Adapted by permission 

from Springer from Ref. [173], Copyright 2012. 

Temperature, °C IR P, wt% 

Carbons obtained by treatment of sucrose with H3PO4  
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Impregnation ratio 

650°C

800°C

1000°C

850°C

Temperature 



400 0.6 9.05 

800 0.6 10.57 

400 0.9 12.63 

800 0.9 15.24 

400 1.2 11.78 

800 1.2 8.82 

Sucrose-based carbon treated with H3PO4 

400 0.9 2.58 

800 0.9 2.03 

 

Increasing the amount of phosphoric acid impregnated in an epoxy resin (IR = 0-0.38) 

increased the phosphorus content in carbons obtained at temperatures in the 900-1000 °C range, 

while for carbons obtained at higher temperatures (1100-1200 °C) the increase was observed only 

up to an impregnation ratio of 0.2 [148]. With impregnation ratio increasing up to 0.2, the 

phosphorus content increased up to 2.3 at% in carbons prepared from dicyandiamide [176]. The P-

content in carbons from coffee grounds sharply increased with increasing IR up to 1 and levelled 

off at a higher amount of phosphoric acid (2-3) [133]. 

A decrease of phosphorus content with increasing impregnation ratio was observed in 

certain cases. Thus, with increasing impregnation ratio from 0.3 to 1.8, the content of phosphorus 

decreased from 1.5 to 1 wt% in carbons from coffee grounds [132]. An increase in the 

impregnation ratio from 1 to 2 decreased the amount of phosphorus from 11.1 to 4.6 wt% in 

carbons from hemp cane [121]. This fact was attributed to the narrow microporous structure in 

the monolithic activated carbon, with a very low mesopore contribution that reduced the 

extraction of phosphoric acid residues during the washing process. 

As concerns the use of activating agents different from H3PO4, an increase of phosphorus 

content with increasing impregnation ratio was observed for activation of alginate with NaH2PO4 

[182]. 

In summary: as in the case of temperature, P content in carbons tends to go through a 

maximum at intermediate values of the impregnation ratio. Thus, increasing the amount of P-

containing reagent relative to carbon precursor increases the amount of P remaining in the 

resulting carbon material up to a certain limit, to decrease thereafter. However, in some cases, a 



continuous decrease in P content was observed with increasing IR, which could be justified based 

on porous texture characteristics. 

3.3 Effect of the atmosphere 

The atmosphere used during activation affects the phosphorus content; the most dramatic 

effect was observed for steam atmosphere. Thus, the amount of phosphorus retained in a carbon 

obtained by chemical activation of wood with (NH4)2HPO4 or H3PO4 at 480 °C was 4.5 wt% for 

nitrogen, 3.7 wt% for carbon dioxide, 1.5 wt% for air and only 0.8 wt% for steam atmosphere 

[85,93]. Chemical activation of wood in a steam atmosphere resulted in only 0.07 wt% of 

phosphorus in the carbon as compared to 2.2 wt% for nitrogen [94]. Heat treatment of wood-

based carbon in steam atmosphere at 600 °C for 1 h decreased the phosphorus content from 2.2 

to 0.14 wt%. 

The stagnant self-generated atmosphere during phosphoric acid activation resulted in a 

lower phosphorus content as compared to activation carried out under a nitrogen flow [96,118]. 

The difference was ascribed to an enhanced removal of water in flowing atmosphere, which 

facilitates the formation of polyphosphates and/or phosphate esters by the reactions: 
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This explanation seems to hold true since an optimum flow rate of air for phosphorus 

introduction was reported for carbons obtained by phosphoric acid activation of pecan shells 

[111]. The phosphorus content increased from 0.73 to 0.87 wt% as the rate of airflow increased 

from 100 to 400 mL/min; it decreased to 0.79 wt% with a further increase in the flow rate to 

2000 mL/min. 

The phosphorus content in carbons obtained in air flow [105,152] was the same as for 

nitrogen flow [104,151] for phosphoric acid activation of both polymer and fruit stones up to 

700 °C; it was lower at higher temperatures. 

Therefore, the most significant effect of the atmosphere during activation is that of water, 

which clearly reduces the amount of P incorporated to the resulting solid carbons. 



3.4 Effect of carbon reactivity (carbonization temperature) 

Introduction of phosphorus into the structure of an already prepared carbon depends on 

the temperature at which the carbon was prepared. Modification of a polymer-based carbon with 

phosphoric acid at 800 °C resulted in a higher amount of phosphorus (3.4 wt%) for a carbon 

obtained at lower temperature (500 °C) than for a carbon obtained at 800 °C (1.9 wt%) [222]. The 

higher phosphorus content was ascribed to the higher reactivity of the carbon due to its low 

degree of carbonization. 

High surface area rayon-derived activated carbon cloth obtained at temperatures lower 

than 1000 °C was more prone to introduction of phosphorus by high temperature modification 

with methylphosphonic acid at 900 °C (phosphorus content 5.2 wt%) or POCl3 (6.7 wt% of 

phosphorus) [20] in comparison with corresponding carbon felt obtained at 1500 °C (<0.05 wt%). 

The amount of phosphorus introduced into cellulose-derived carbon fibers depended on 

both the carbonization temperature of the carbon fiber and the temperature of phosphorylation 

with PCl3 (Fig. 13) [236]. With increasing phosphorylation temperature, the amount of phosphorus 

in the carbon fiber increased while increasing the carbonization temperature of carbon fibers 

decreased the amount of phosphorus introduced at the same temperature. Phosphorylation at 

400 °C resulted in 8-10 wt% of phosphorus in carbon fibers obtained at 400-500 °C while only 2-

3 wt% of phosphorus was introduced into carbon fibers carbonized at 600-700 °C. The difference 

in susceptibility of carbon fibers to P introduction was ascribed to a decreasing amount of reactive 

groups in the carbon fiber with increasing carbonization temperature. 

 

Fig. 13 The effect of temperature of phosphorylation with PCl3 on phosphorus content introduced in carbon 

fibers pyrolyzed at different temperatures indicated in the figure. Adapted from [236]. 

 



Contrary to the above trend, the phosphorus content was higher for carbons obtained by 

phosphoric acid activation of hay after pre-pyrolysis at 500 °C (6.3-6.4 wt%) than for direct 

activation (2.2-4.7 wt%) [140]. 

In summary: the trends for P incorporation to carbons follow usual reactivity trends. Thus, 

more P is incorporated into more reactive carbons (i.e., those that have been treated at lower 

temperatures). On the other hand, for a given phosphorylation treatment, the higher the 

temperature, the higher the extent of the reaction. 

3.5 Effect of porosity 

Increasing the porosity of phenol-formaldehyde-based carbons led to an increasing 

phosphorus content from 2.3 to 3.5 wt% after modification with PCl3, which was explained by 

increasing the available surface area of the carbon where modification took place [235]. 

3.6 Effect of oxidizing agent 

Addition of an oxidizing agent, ammonium persulfate ((NH4)2S2O8) during phosphoric acid 

activation of wood and lignin affected the yield, phosphorus content, porous structure and 

amount of surface groups of carbons [282]. It has been shown that with increasing concentration 

of oxidizing agent to 10 wt% the phosphorus content increased to 3.6-4.2 wt% and decreased at a 

higher concentration of (NH4)2S2O8. Maximum conversion of carbon, porosity and amount of 

surface groups were also observed at 10 wt% of (NH4)2S2O8. The effect was explained by oxidation 

of the precursor, which facilitated the formation of phosphoric acid esters (Fig. 14, reactions 1-2). 

At concentrations greater than 10 wt% over-oxidation occurs (Fig. 14, reaction 3), which 

eliminates carbon as gaseous oxides and decreases phosphorus content, as well as conversion of 

carbon, porosity and amount of surface groups. 

 

Fig. 14. Schematic of the oxidation reactions between active oxygen from (NH4)2S2O8 and the matrix during 

phosphoric acid activation of wood and lignin. Reprinted with permission from Ref. [282]. Copyright 

(2014) Elsevier. 

 

Functionalization with an H3PO4-HNO3 mixture at 150 °C led to a higher amount of 

phosphorus (1.19 at%) for graphitic carbon nanofibers obtained at 3000 °C as compared to carbon 



nanofibers obtained at lower temperatures, 700 and 1500 °C (0.23-0.24 at%) [283]. The effect was 

ascribed to acidic oxidation, which resulted in the opening of the numerous closed loop ends in 

graphitic CNFs and in the subsequent formation of free edges, which are more prone to surface 

functionalization. 

3.7 Effect of surface chemistry 

The surface chemistry of carbon materials has an impact on the extent of phosphorus 

doping and the forms of surface phosphorus species. The reactivity of natural graphite towards 

modification with POCl3 was improved by pre-oxidation with NaClO [238]. This enhanced reactivity 

was ascribed to the formation, upon oxidation of the carbon surface, of polar groups, which are 

known to react with POCl3 to give phosphoryl derivatives and phosphate esters (Fig. 15). 

 

Fig. 15. Schematic representation of the surface treatment of graphite with POCl3. Reprinted with permission 

from Ref. [238]. Copyright (1972) Elsevier. 

 

A slight increase in the amount of phosphorus from 0.05 to 0.08 wt% was reported for a 

low surface area carbon felt that was activated with nitric acid before treatment with POCl3 [20]. 

Phosphorus was introduced in an ordered mesoporous carbon (OMC) even at room 

temperature by stirring in 85 wt% phosphoric acid overnight followed by washing to neutral pH 

[229]. Even such a mild treatment at ambient temperature resulted in the incorporation of 1 wt% 

of phosphorus (as determined by XPS) in a porous carbon previously heat-treated to 850 °C. It was 

assumed that phosphorus attachment occurred via reaction with surface functional groups such as 

hydroxyls, ethers and hydrides, while quinones, and to a lesser extent, carboxylic acids should be 

unreactive at room temperature (Fig. 16). Certainly, ring opening of ethers may occur under acidic 

conditions resulting in C–OPO3 groups, similarly to the attachment via surface hydroxyls. The 

amount of acid phosphate-like surface groups was estimated by the NH3-TPD technique to be 

0.132 mmol/g. 



 

Fig. 16. Phosphorylation via attachment to surface hydroxyls. Reproduced from Ref. [229] with permission 

from the PCCP Owner Societies. 

 

The carbonization temperature of the parent carbon affected the type of phosphorus 

species as well as phosphorus content in carbons obtained by direct modification of OMCs with 

phosphoric acid at room temperature [284]. With increasing carbonization temperature, the 

amount of surface hydroxyl groups, which are potential active sites for functionalization, 

decreases leading to a decrease in the phosphorus doping level and to the formation of C-PO3 

species rather than C-O-P species. 

A phosphorus-containing carbon was obtained by ultrasonic-assisted anodic treatment of 

C/C composites in an aqueous solution of H3PO4 [230]. About 4 at% of phosphorus and 25 at% of 

oxygen was introduced in the C/C composite. The enhanced formation of surface groups was 

attributed to the energy input of the ultrasound and electric field according to the scheme shown 

on Fig. 17. 

 

Fig. 17. Schematic representation of phosphorus groups formed on C/C composites during ultrasonic-assisted 

anodic treatment. Reprinted with permission from Ref. [230]. Copyright (2012) Elsevier. 

 



Similarly to Section 3.4, one can conclude that the increase in reactivity brought about by 

occurrence of reactive functional groups produces an increase in P retention in carbons. In 

particular, oxidative treatments produce carbons that are simultaneously rich in P and O. 

3.8 Effect of the activating agent 

Phosphoric acid was more active in phosphorus introduction into carbon (4.2 wt%) than 

(NH4)2HPO4 (2.6 wt%) during chemical activation of wood at 400 °C [93]. Phosphoric acid was also 

a more active agent as compared to phosphate esters for phosphorus doping in carbons obtained 

by carbonization of lotus stalks [190]. The phosphorus content was 1, 0.4 and 0.5 at% for carbons 

activated with phosphoric acid, trimetylphosphate and tributylphosphate respectively. 

3.9 TG mass loss 

Based on the proportionality existing between mass loss at 850-1000 °С and phosphorus 

content in carbons modified with PCl3 it was suggested that breaking of phosphorus-carbon bonds 

occurs in this temperature range [237]. This fact is supported by the appearance of an exothermal 

effect with maximum at about 850 °C, which is absent for non-modified carbon with only oxygen-

containing surface groups [237]. 

Investigation of the oxidation inhibition of graphite with methylphosphonic acid showed 

that at 830 °C phosphorus additives leave “zigzag” faces making them vulnerable to attack of 

oxygen [232]. However, at higher temperatures phosphorus species appear to remain bonded to 

the "arm-chair" faces up to 1050 °C. 

Thermogravimetric analysis of a carbonaceous material treated with H3PO4 suggested that 

the desorption and elimination of phosphorus radicals bonded to the carbon surface occurs at 

950 °C [218]. 

DTG curves of phosphorus-containing carbons from a polyimide copolymer exhibited a 

significant mass loss in the temperature range of 800–900 °C that was linearly proportional to the 

phosphorus content (Fig. 18) [153]. The mass loss was ascribed to thermal breakdown of C–O–P 

bonding and elimination of phosphorus compounds. Mass loss in the same temperature range was 

also observed by other researchers and has been assigned to the rupture of C–O–P bonds and 

volatilization of phosphorus compounds in the form of elemental phosphorus 

[140,145,155,156,159,161,285]. 



 

Fig. 18. Dependence of mass loss in the range of 800-900 °C on the phosphorus content in polyimide-derived 

carbons. Adapted by permission from Springer, Ref [153]. Copyright (2013). 

 

4 Self-heating 

An interesting self-heating phenomenon was observed for phosphorus-containing carbons 

from both a styrene-divinylbenzene polymer [151] and apricot stones [104]: when the carbon 

after phosphoric acid activation and cooling down to room temperature in an argon atmosphere 

was exposed to air, it was spontaneously heated. The self-heating effect was substantial – the 

temperature of the sample raised to 80-90 °C. This effect may be attributed to the oxidation of 

reduced forms of phosphorus by atmospheric oxygen or to the strongly exothermal reaction of 

P2O5 with water from the ambient atmosphere. 

The same spontaneous exothermic reaction was observed when wood-based carbons just 

activated with H3PO4 and cooled in a desiccator were exposed to water or moist air [97]. The self-

heating was ascribed to the exothermic reaction of P2O5 generated during carbonization with 

water or moist air. 

Heating of a phosphorus-containing carbon from olive stones upon contact with air at 25 °C 

just after heat treatment up to 900 °C in N2 atmosphere followed by cooling down to 25 °C was 

reported [286]. The temperature increase was 6 °C accompanied with 3% weight gain. The effect 

was explained by reduction of phosphorus species at high temperature in inert atmosphere to 

reduced species that are very reactive and could be (re)oxidized upon contact with air, even at 

room temperature, forming again C-O-P type groups. 
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5 Chemical state of phosphorus in P-containing carbons 

5.1 FTIR spectroscopy 

Infrared spectroscopy provides valuable information on the chemical structure of carbon 

materials. Phosphorus-containing carbons usually show an absorption band between 1300 and 

900 cm-1. Due to the overlap of absorption bands from many oxygen and phosphorus compounds 

in this region, an unambiguous assignment is difficult. 

The aforementioned broad band between 1300 and 900 cm-1 typical of phosphorus-

containing carbons has a maximum at 1220-1180 cm-1 and shoulders at 1080-1060 cm-1 and 1000-

980 cm-1 [94,102–105,114,117,126,127,136,140,145,147,151,152,155,156,173]. The intensity of 

this band is proportional to phosphorus content in the carbon. The shoulders may be more 

evident as peaks on difference spectra between a P-containing and an equivalent oxidized P-free 

carbon [151]. The peak at 1220-1180 cm−1 was assigned to the stretching mode of hydrogen-

bonded P=O [287–289], to O–C stretching vibrations in P–O–C(aromatic) linkage [287,290] and to 

P=OOH [290]. The shoulder at 1080–1060 cm-1 was ascribed to an ionized linkage P+–O− in acid 

phosphate esters [287,288] and to symmetrical vibration in a chain of P–O–P (polyphosphate) 

[76,291]. The shoulder at 1000–990 cm-1 may be due to P–O–C(aliphatic) stretching [287–289], 

P-O-C(aromatic) asymmetric stretching [289], P-O stretching in >P=OOH [289], P-OH bending 

[288], P-O-P asymmetric stretching in polyphosphates [287,289] and symmetrical stretching of PO2 

and PO3 in phosphate–carbon complexes [76]. 

In summary, FTIR spectroscopy is useful to differentiate several oxygenated species from 

each other (phosphates, polyphosphates, phosphate-carbon complexes), although the multiplicity 

of species makes band assignment somewhat ambiguous. 

5.2 XPS 

XPS is a suitable method to study the elemental composition and chemical state of 

phosphorus in carbons. However, there is some controversy as to the interpretation of peak-fitting 

results connected with peak shape (taking account of spin-orbit splitting 0.84 eV resulting in 

doublet peak 2p1/2 and 2p3/2 [292]; Gauss-Lorentz mixing function) and the standard spectra 

database used for assignment [292,293]. 

There is a great deal of evidence that phosphorus in phosphorus-containing carbons exists 

in pentavalent tetra-coordinated phosphorus form (phosphate-like structure). This is no surprise 

since the most common phosphorus source is phosphoric acid. The phosphorus atom has a great 

difficulty to break all the P-O bonds present in the activating (modifying) agent like H3PO4 and so 



cannot be substitutionally incorporated into the carbon backbone. Another reason may be the 

theoretically demonstrated ability of the phosphorus atoms in a substitutional position to 

chemisorb oxygen, which leads to the formation of P-O bonds [294]. This explanation is supported 

by the experimentally observed formation of phosphate structures in phosphorus-containing 

carbons obtained from oxygen-free sources like graphite and black phosphorus [271], fullerene C60 

and red phosphorus [245], carbon monolith and red phosphorus [246] or by chemical vapor 

deposition of triphenylphosphine [295]. 

Only one type of phosphorus was reported for wood-based carbon (obtained at 480 °C) 

with a binding energy (BE) of 134.3 eV (P 2p3/2), which was attributed to phosphorus bound to an 

aromatic network via C-O-P linkage [85]. 

The XPS P 2p signal of a P-containing carbon obtained by phosphoric acid activation of 

peanut shells at 550 °C was deconvoluted into two main peaks: one at 134.0-134.6 eV 

corresponding to metaphosphate and a second peak at 133.6-134.7 eV ascribed to (PhO)3PO 

compounds [112]. In both cases, the P atom is bonded to four O atoms by one double bond and 

three single bonds. 

Based on a fitting scheme consisting of adding new peaks until no improvement of the 

goodness of fit was achieved, the temperature transformation of the chemical state of phosphorus 

was studied [279,296]. It has been shown that the major phosphorus moiety in phosphorus-

containing carbons from styrene- divinylbenzene copolymer obtained at 400-1000 °C is 

pentavalent tetra-coordinated phosphorus (phosphate-like structure) with a BE of 132.9 0± 0.4 eV. 

The position of the P 2p peak slightly decreases form 133.9 eV to 133.0 eV with increasing 

carbonization temperature from 400 to 500 °C. The decrease in binding energy was ascribed to a 

transformation of phosphate esters to polyphosphates and/or to a change of the nature of the 

atoms surrounding the phosphorus atom [292]. A similar trend was reported for phosphoric acid 

activated carbon fibers from sisal [131]. For carbons obtained up to 800 °C 

phosphate/polyphosphate was the only phosphorus species; at 900 °C, 5% of phosphorus 

pentoxide appeared (BE 136.0 eV), which disappeared at 1000 °C; instead, 5% of red phosphorus 

(BE 129.6 eV) came into existence [279]. 

A similar structure of phosphorus species was revealed by XPS in phosphorus-containing 

carbons from fruit stones [279,297]. Phosphates were present in a small amount in carbons 

obtained at 400-500 °C and disappeared at higher temperatures. Pyrophosphates and 

metaphosphates were the main components (91-96%) for carbons obtained at all temperatures 



(400-1000 °C). A minor content of phosphorus pentoxide (6-9%) was observed in carbons obtained 

at 600-1000 °C. 

The temperature evolution of phosphorus species in phosphorus and nitrogen co-doped 

carbons from polyimide-divinylbenzene copolymer was studied [298]. It has been shown that the 

main component, phosphates, decreases from 44% to zero as the temperature increased from 400 

to 800 °C. The relative amount of pyrophosphates increased from 41% to 58% with temperature 

rising to 800 °C and decreased to 46% at 1000 °C. The relative content of metaphosphates 

progressively increased with increasing temperature from 15% to 47%. A minor amount of 

phosphorus pentoxide (6-8%) was observed at 700-1000 °C. 

The P 2p peak from P-containing carbon fibers from Kevlar [159] was deconvoluted into 

three components, which were attributed to the formation of phosphates and polyphosphates 

(likely pyrophosphates) (131.9–132.7 eV), metaphosphates (133.3–134.9 eV) and phosphorus 

oxide, P2O5 (133.9–134.9 eV). The amount of phosphates and polyphosphates present on the 

fibers increased until IR = 1.0 and at the same time the amount of metaphosphates decreased. 

This tendency reversed for higher impregnation ratios. 

The XPS spectra of P-containing carbon monoliths from formaldehyde and resorcinol [204] 

showed a binding energy of P 2p core-level signal at 133.5 eV that was assigned to tetra-

coordinated pentavalent phosphorus as in phosphates. XPS spectra of P,B-containing carbon from 

resorcinol-formaldehyde showed that the main phosphorus species is a phosphate with BE 

centered at 134.5 eV [166]. 

Soft-templated phosphorus-containing mesoporous carbons were prepared by one-pot 

self-assembly of resorcinol and formaldehyde in the presence of triblock copolymer Pluronic F127 

and phosphoric acid alone or in mixture with nitric or hydrochloric acids [164,165]. The presence 

of phosphorus was evidenced by a P 2p signal at 133.3-133.7 eV, which was ascribed to C–O–PO3 

type species. 

XPS P 2p of carbon from a tannin-melamine-hexamine polymer [169] showed a signal with 

a BE of 132.9 eV (79.1%), which was assigned to P-O species, while another component with a BE 

of 136.3 eV should be attributed to phosphorus pentoxide [292]. The O/P atomic ratio was 3.6, 

which falls within the region between phosphates (4) and polyphosphates (3). 

Deconvolution of the P 2p envelope for P-containing carbon from coffee grounds revealed 

three components with binding energies of 132.9, 134.1 and 136.0 eV, which were assigned to 

pyrophosphate, metaphosphates and phosphorus pentoxide [133]. It should be noted that the 

above assignment of phosphorus is not supported by the O/P atomic ratio - it is about 1.0 ± 0.13, 



which is much less than for pyrophosphates (3.5), phosphates (3) or phosphorus pentoxide (2.5). 

This fact suggests that some P-O bonds may be replaced with P-C bonds. 

The XPS P 2p envelope of an aniline-based carbon [175] was deconvoluted into single 

components with binding energies 132.9-133.1 eV for carbons obtained at 700-800 °C, which were 

assigned to phosphate and/or pyrophosphate groups. A slight increase of the binding energy when 

increasing the carbonization temperature from 700 to 800 °C was attributed to dehydration and 

condensation of phosphates or interaction of phosphorus functionalities with enlarged aromatic 

ring system upon heating. A peak at 135.2 eV for the carbon obtained at 900 °C was ascribed to 

metaphosphate functionalities, which were formed by the condensation of phosphates (or 

pyrophosphates). 

XPS showed three types of phosphorus species present in carbon obtained by H3PO4 

activation of reedy grass leaves at 500 °C. The peak at 131.9–132.7 eV was attributed to 

phosphates and polyphosphates, the peak at 133.3–134.9 eV was ascribed to metaphosphates and 

the peak at 129.6 eV was assigned to elemental phosphorus [137]. 

The XPS P 2p envelope located at 133.3 eV showed that phosphorus in glucose-derived 

carbons was present in form of phosphates [171]. 

Another fitting scheme was suggested for the analysis of the chemical structure of 

phosphorus in hemp stems-derived carbons [299]. By fitting the P 2p envelope to four 

components with fixed binding energies, the following phosphorus species were proposed, from 

the most oxidized to the most reduced: (i) C-O-PO3 at 134.1 eV (ii) C-PO3 at 133.1 eV, (iii) C3PO 

with BE at 132 eV and (iv) C3P at 131.0 eV. 

The P 2p spectrum of phosphorus in hemp-derived P-containing carbons showed a band 

with a main peak at a BE of about 133.7 eV, which was ascribed to pentavalent tetra-coordinated 

phosphorus (PO4) as in polyphosphates and/or phosphates. An increase of the H3PO4 activation 

temperature from 350 to 500 °C slightly increased the binding energy of the main peak to a value 

close to 134.0 eV, which was assigned to C-O-PO3 groups [121,122]. A further increase of the 

activation temperature to 550 °C resulted in decreasing the intensity of the peak at a binding 

energy of 133.4 eV, which was ascribed to a P atom bonded to one C atom and three O atoms, as 

in C-PO3 groups. A small band at around 132.1 eV that appeared in carbon fibers obtained at the 

highest activation temperature of 550 °C was ascribed to a reduced phosphorus compound as C-P. 

The XPS P 2p envelope of phosphorus-containing carbons from different lignocellulosic 

precursors (lignin, olive stones, plywood waste and hemp canes) was deconvoluted into two 

components: one with BE 134.0 eV representing 82% of the total phosphorus and a remaining 



component with BE 133.4 eV [95]. The first component was assigned to C-O-PO3 groups while the 

second peak was ascribed to a P atom bonded to one C atom and three O atoms, as in C-PO3 

groups. 

XPS spectra showed two bands in a phosphorus-containing carbon obtained by H3PO4 

activation of olive stones at 500 °C. The bands were assigned to C-O-PO3 (134.0 eV) and C-PO3 

(133.4 eV) groups with a higher contribution of the former groups on the carbon surface [101]. 

Four types of phosphorus surface groups were suggested to exist in carbons obtained by 

phosphoric acid activation of olive stones at 400-800 °C [102]. The main XPS P 2p peak at 134.0 eV 

was assigned to phosphorus bound to carbon through an O atom like C-O-PO3 or (C-O)3PO groups. 

The peak at around 133.1 eV was ascribed to C-P bonding as in C-PO3 and C2PO2 groups. Lower 

intensity peaks at 132.0 and 131.0 eV were attributed to C3PO and C3P groups, respectively. The 

increase of the activation temperature resulted in a shift of the maximum of the P 2p band to 

lower binding energies, which was explained by a decrease in the proportion of more oxidized 

phosphorus groups and an increase in the amount of C3PO and C3P groups. 

The XPS P 2p spectrum of a lignin-derived carbon obtained by H3PO4 activation at 500 °C 

contained peaks attributable to mainly C2–PO2/C–PO3 and C–O–PO3 groups [144]. Upon thermal 

treatment up to 900 °C, the C-O-PO3 groups seemed to be transformed into C3-PO groups; when 

heated in the presence of oxygen, the latter are reoxidized to C-O-PO3, delaying carbon 

gasification. 

Three types of phosphorus species were reported for lignin-derived carbon fibers obtained 

by carbonization of lignin precursor fibers with H3PO4 at 900 °C in nitrogen containing 3 vol% of 

oxygen [146]. The XPS P 2p envelope was deconvoluted into components for polyphosphates 

and/or phosphates (-C-O-P- species: (CO)3PO, (CO)2PO2 and (CO)PO3) at 134.0 eV; -C-P-O- species 

(C-PO3 and/or C2-PO2 groups) at 133.2 eV; and -C3PO groups, at 132.0 eV. It is notable that the 

major contribution was from the most reduced phosphorus form, -C3PO even though carbon fibers 

were obtained in an oxidizing atmosphere. 

The XPS P 2p signal of P-containing carbons obtained by phosphoric acid activation of rice 

husk at 400-700 °C showed peaks at 134.0-134.6 eV and around 133.6 eV, that were assigned to 

phosphorus bound to oxygen atoms and to phosphorus bonded to one carbon and oxygen atoms 

respectively [127]. 

Nitrogen/phosphorus co-doped nonporous carbon nanofibers were prepared by 

electrospinning of a mixture of polyacrylonitrile (PAN) and phosphoric acid followed by 

stabilization and carbonization at 800 °C [150]. With increasing amount of phosphoric acid, the 



phosphorus content in the carbon nanofibers increased up to 10.2 wt%. XPS showed the presence 

of three major phosphorus groups differentiated by their binding energies: C-O-P type groups 

(134.2 eV), such as (CO)3PO, (CO)2PO2 and (CO)PO3; P atom bonded to one or two C atoms and 

three or two O atoms as in C-PO3 or C2-PO2 groups (133.1 eV); and reduced phosphorus compound 

as C3-P groups (132.2 eV). 

The XPS P 2p spectrum of a carbon obtained by carbonizing a mixture of resol resin and 

phosphoric acid at 500 °C [167] was deconvoluted into three peaks with 132.8, 133.6 and 134.3 eV 

binding energies, which were ascribed to P-C, C-P=O, and P-O-C, respectively. 

The XPS P 2p envelope of a phosphorus-containing carbon obtained by carbonization at 

850 °C of a styrene-divinylbenzene copolymer phosphorylated with PCl3 was deconvoluted into 

two components with binding energies of 132.8 eV and 133.9 eV [212]. The first component (45%) 

was attributed to phenylphosphinic acid, like in the starting resin, and the remaining phosphorus 

species was identified as phosphorus bonded to –OPh, –Ph, =O, or –OH (for example, Ph3PO: 

132.5 eV; (PhO)3PO: 133.6 eV; Ph2PO(OH): 133.3 eV). 

A carbon obtained by direct modification of OMCs with phosphoric acid at room 

temperature showed two peaks with binding energies around 134.6 and 133.4 eV, which were 

assigned to C-O-P and C-P structures, respectively [284]. With increasing carbonization 

temperature of the parent OMC, the intensity of the C-O-P component decreased, whereas the 

C-P component increased. It was concluded that the low-temperature carbon contains more -OH 

groups that form C-O-P linkage while the high temperature carbon leads to formation of direct C-P 

bonds. 

The evolution of the phosphorus-containing groups in two series of carbons prepared by 

H3PO4 activation of lignocellulose and by H3PO4 modification of activated carbon on heat 

treatment up to 900 °C in inert (N2) and reducing (H2) atmospheres was studied [300]. It has been 

shown that heat treatment in H2 resulted in the removal of much more phosphorus than in N2 

atmosphere. During the heat-treatment, C-O-P linkages in phosphorus-containing carbons were 

progressively transformed into C-P-O, C3-P-O, C3-P, and even elemental phosphorus. In an N2 

atmosphere, this evolution occurs extensively at up to 800 °C, leading to considerable formation of 

C3-P-O, whereas C3-P linkages were not formed even at 900 °C. In an H2 atmosphere, this evolution 

occurred extensively at much lower temperatures starting from 500 °C, producing C3−P linkages 

and eventually elemental phosphorus. Moreover, the two activated carbons exhibited different 

evolution trends, suggesting that phosphate-like groups located at the edges of graphite-like 



crystallites (in modified carbon) are more easily transformed, irrespective of the atmosphere used, 

than those in the lattice of the graphite-like crystallites (H3PO4-activated carbon). 

Thus, XPS is a powerful tool to reveal the nature of phosphorus species and their 

transformations in phosphorus-containing carbons though some controversy exists in the 

interpretation of the results. Pentavalent tetra-coordinated phosphorus (phosphate-like structure) 

is, by far, the most common species identified in P-containing carbons by this technique. As the 

heat treatment temperature of the carbons is increased, this species was shown by XPS to 

transform into pyrophosphate, metaphosphate, phosphorus pentoxide and even elemental 

phosphorus. Another interpretation scheme shows gradual substitution of oxygen atoms 

surrounding phosphorus by carbon atoms and even formation of thee-valent phosphorus species 

with increasing heat treatment temperature. 

5.3 31P-NMR 

31P-NMR spectroscopy was used to study the chemical state of phosphorus in carbons 

obtained by phosphoric acid activation of pecan shells at 450 °C under different rates of air flow 

[111]. The 31P-NMR spectra showed only one large peak at around 0 ppm, which was 

deconvoluted into two components – sharp and broad. The sharp component was ascribed to free 

unreacted phosphoric acid, and the broad component was assigned to alkyl and dialkyl phosphate 

esters formed due to the condensation between phosphoric acid and phenolic OH. The relative 

amount of bound phosphorus decreased from 78.0 to 69.9% with increasing rate of airflow from 

100 to 400 mL/min and increased to 85% with further increasing airflow rate to 2000 mL/min. The 

increase in relative amount of bound phosphorus in carbon obtained at 2000 mL/min flow rate 

was in line with 13C-NMR results, which showed a maximum amount of carboxylic and phenolic 

groups (responsible for the formation of phosphate esters) for this sample. It was suggested that 

perhaps small amounts of polyphosphates were present, but no phosphonic acid and 

phosphonates were found in the carbon structure. 

31P-NMR spectra of phosphorus-containing carbon fibers obtained by phosphoric acid 

activation of natural sisal fibers at 250-830 °C revealed two peaks with chemical shifts ranging 

from -3.3 to -7.0 ppm and from -14.5 to -17.4 ppm [131]. These peaks were assigned to 

metaphosphosric acid (or polyphosphates) and to elemental phosphorus, respectively. However, 

the assignment of the small peak at −14.5-−17.4 ppm to elemental phosphorus contradicts a 

reported value −450 ppm [301]. Moreover, the presence of elemental phosphorus is doubtful in 

samples obtained at very low temperatures (250-500 °C) since reduction of phosphoric acid to 

elemental phosphorus occurs at temperatures higher than 750-800 °C (see Fig. 3 and refs 



[145,280]). The presence of elemental phosphorus was not confirmed by XPS (BE around 130 eV 

[292]) [131]. The reported peaks may be assigned to end groups and middle groups in 

polyphosphates [302–304]. 

31P NMR spectra of P-containing carbons from a bituminous coal showed a peak at 

−10 ppm and a second peak ranging from −40 to −54 ppm, which were assigned to phosphates 

and polyphosphates with OP(O-)3 as building units respectively [91]. 

The solid-state 31P-NMR spectra of polymer-based phosphorus-containing carbon showed 

two peaks, one around 0 ppm and a second at 7-14 ppm [279]. The peak at ca. 0 ppm was 

attributed to a phosphate-like structure [76]. The phosphate peak is shifted to a higher magnetic 

field (from 0.4 to −4.9 ppm) with increasing carbonization temperature, which was attributed to 

an increasing positive shielding from π-electrons of enlarging graphene layers. The second peak at 

7–14 ppm appeared at 500 °C, gradually decreased with increasing temperature and vanished at 

800 °C. This peak was tentatively ascribed to phosphonates, i.e. compounds with C-P bonding. It 

follows that phosphorus in the carbon exists mainly in phosphate-like form bound to carbon via C-

O-P linkage. 

The occurrence of the phosphate structure revealed by the XPS P 2p signal (BE 133.5 eV) 

was corroborated by the appearance of a dominant signal at −4.7 ppm in the solid-state 31P NMR 

spectrum of phosphorus-containing carbon monoliths [204]. The upfield shift was attributed to the 

enhanced positive shielding coming from the π-electrons of extended graphene domains. 

The solid state 31P-NMR spectrum of phosphorus-containing graphene showed two peaks 

at −4 and 21 ppm, which were assigned to two types of phosphorus and match well with the 

expected values for triphenylphosphine and triphenylphosphine oxide that appear at −6 and 

23 ppm, respectively [182]. 

A carbon obtained by direct modification of OMCs with phosphoric acid at room 

temperature showed two peaks in its 31P-NMR spectrum in the range from −0.4 to −6 ppm, which 

were assigned to phosphates and phosphonates respectively [284]. With increasing carbonization 

temperature of the starting carbon the intensity of the C-P peak (−6 ppm) increased, which was 

explained by the progressive decrease in the concentration of oxygen-containing groups capable 

of reacting with phosphoric acid during carbonization. 

Graphitic amorphous phosphorus-containing carbons obtained by heat treatment of 

fullerene C60 with red phosphorus were investigated by 31P-NMR spectrometry [245]. It has been 

shown that carbon materials obtained at high temperatures (800-950 °C) contain phosphate (from 

−11.9 to 3.2 ppm), alkyl phosphate (35 ppm) and phosphorane (from −53 to −25 ppm) structural 



elements, besides elemental phosphorus (from −530 to −536 ppm) in considerable amounts. 

Carbons obtained at lower temperatures (650-700 °C) contain nearly exclusively P–O and P–C 

bonds. 

Thus, solid-state 31P-NMR spectroscopy is a suitable method for investigating the chemical 

state of phosphorus in P-containing carbons. Most investigations revealed the occurrence of a 

phosphate-like structure though phosphonates with C-P bonding were also reported. 

5.4 LDI-ToF 

Direct evidence of polyphosphates in phosphorus-containing carbons was obtained by laser 

desorption/ionization method and time-of-flight mass spectrometry (LDI-ToF) [305]. Phosphorus-

containing carbons were obtained by phosphoric acid activation of polymer or fruit stone 

precursors at different temperatures. LDI-ToF spectra showed phosphate and polyphosphate 

fragments, which may be classified into four groups containing fragments of mono-, di-, tri- and 

tetra-phosphates (Fig. 19,Table 2). Polyphosphates with a degree of polymerization higher than 

four were not detected in discernible amounts. Smaller phosphate fragments in each group may 

be obtained by sequential loss of water and oxygen from the parent phosphoric acid molecule (M) 

(Fig. 20, Table 2). The most intense peaks correspond to fragments generated by loss of one water 

molecule ([M -H2O -H]- anion) in mono, di and triphosphate groups and by loss of two water 

molecules ([M -2H2O -H]- anion) in a tetra-phosphate group. The observed 

phosphate/polyphosphate fragments appeared as singly charged species, which suggests that 

phosphorus species in phosphorus-containing carbons exist as monoesters of polyphosphoric acid 

and hence the largest fragment appears in the LDI-ToF experiment by breaking a C–O bond in an 

ester group C–O–P due to laser irradiation. 



 

Fig. 19. Negative mode LDI-ToF mass spectra of phosphorus-containing carbon SP800 obtained from St-DVB 

copolymer at 800 °C. Adapted with permission from Ref. [305]. Copyright (2013) Elsevier. 
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Fig. 20. Fragmentation scheme of phosphorus species in phosphorus-containing carbons. M is a neutral 

molecule of phosphoric or polyphosphoric acids. Reprinted with permission from Ref. [305]. Copyright 

(2013) Elsevier. 

 

Table 2. Phosphate fragments in LDI ToF spectra of phosphorus-containing carbons. Reprinted with permission 

from Ref. [305]. Copyright (2013) Elsevier. 

Group Ion Description m/z 

monophosphate [PO2]- [M -H2O -O -H]- 62.96 

 [PO3]- [M -H2O -H]- 78.96 



 [H2PO4]- [M -H]- 96.97 

Diphosphate [HPO4PO]- [M -H2O -O -H]- 142.93 

 [HPO4PO2]- [M -H2O -H]- 158.92 

 [HPO4H2PO3]- [M -H]- 176.94 

Triphosphate [PO2PO3PO]- [M -2H2O -2O -H]- 188.89 

 [PO3PO3PO]- [M -2H2O -O -H]- 204.89 

 [PO3PO3PO2]- [M -2H2O -H]- 220.88 

 [HPO4HPO3PO2]- [M -H2O -H]- 238.89 

 [HPO4HPO3H2PO3]- [M -H]- 256.90 

tetraphosphate [HPO4PO3PO2PO]- [M -2H2O -O -H]- 284.85 

 [HPO4PO3PO2PO2]- [M -2H2O -H]- 300.85 

 [HPO4HPO3HPO3PO]- [M -H2O -O -H]- 302.86 

 [HPO4HPO3HPO3PO2]- [M -H2O -H]- 318.86 

 [HPO4HPO3HPO3H2PO3]- [M -H]- 336.87 

 

From the above results one can conclude that the most useful feature of mass 

spectrometry is to directly show the presence of polyphosphates on the carbon surface. 

6 Properties and applications 

6.1 Hydrophilic-hydrophobic properties 

Introduction of phosphorus in the structure of carbon materials results in enhancing their 

hydrophilic properties. 

A PCl3-treated carbon from novolac phenol-formaldehyde resin showed a significantly 

increased adsorption of water while adsorption of benzene and CO2 remained intact regarding the 

untreated carbon [235]. The most pronounced increase was observed at low relative pressures 

p/p0 < 0.5 (Table 3). The amount of primary adsorption centers calculated from the initial part of 

the water adsorption isotherm for carbons exposed to different treatments was the highest for 

the oxidized carbon while the number of primary centers per modifying atom was the highest for 

the PCl3-treated carbon (Table 3). 



 

Table 3 Adsorption of water at 20 °C on phenol-formaldehyde-based carbons treated with PCl3, oxidized, 

chlorinated and ammonia-activated. Adapted from [235]. 

Carbon Content of 

modifying 

element, 

wt% 

Number of 

primary 

adsorption 

centers, 

mmol/g 

Number of 

primary 

adsorption 

centers per 

atom of 

modifying 

element 

a0.5 

(cm3/g) 

a1.0 

(cm3/g) 

a0.5/a1.0 

Parent 1.9 

(oxygen) 

0.109 - 0.013 0.353 0.04 

PCl3-

treated 

3.5 4.71 4.17 0.171 0.350 0.49 

Oxidized 9.5 6.15 1.04 0.220 0.306 0.73 

Chlorinated 7.0 0.645 0.32 0.034 0.312 0.11 

Ammonia- 

activated 

2.0 2.18 1.50 0.090 0.256 0.35 

a0.5 – adsorption at p/p0 = 0.5 

a1.0 – adsorption at p/p0 = 1.0 

 

A derivatographic investigation showed that modification with PCl3 at 500-800 °C of a 

carbon from polyfurfuryl alcohol results in five times increase in water adsorption (estimated as 

mass loss in the temperature range 20-200 °С accompanied by a highly endothermic effect) 

showing a higher hydrophilicity for the phosphorus-containing carbon [237]. 

Further investigation [306] showed that the shape of water adsorption isotherms on PCl3-

modified carbons is the same as on oxidized carbons. Difference adsorption isotherms, which 

show the increase of water adsorption by modified carbons as compared to non-modified ones, 

revealed a pronounced increase of adsorption at low relative pressures with maximum at 

p/p0 = 0.3-0.4 (Fig. 21). The increase of water adsorption was proportional to phosphorus content 

(Fig. 22). 

 



 

Fig. 21 Difference water adsorption isotherms at 25 °C by PCl3-modified carbons from polyfurfuryl alcohol 

with P-content indicated on the graph. Adapted from [306]. 

 

 

Fig. 22 Dependence of relative maximum increase of water adsorption at 25 °C on phosphorus content of PCl3-

modified carbons from polyfurfuryl alcohol. Adapted from [306]. 

 

It was also observed that following impregnation with organo-phosphorus esters and 

subsequent heat-treatment, graphite became strongly hydrophilic [231]. The amount of water 

adsorbed increased with increasing amount of residual phosphorus compound (with decreasing 

heat-treatment temperature) (Fig. 23). The effect was ascribed to decomposition of the organic 

part of the ester that left a strongly adsorbed residue, most probably in the form of phosphate 

(-OPO3) or phosphite (-OPO2) groups with high affinity to water molecules. 



 

Fig. 23 Kinetics of water adsorption at 25 °C (PH2O = 23 mm) on graphite treated with trioctyl-phosphate (TOP) 

for 2 hours at different temperatures. Reprinted with permission from Ref. [231]. Copyright (1984) 

Elsevier. 

 

A phosphorus and nitrogen-containing carbon NPC obtained by carbonization of a 

commercial phosphorylated resin showed a high adsorption capacity for water vapor at low 

relative pressures [215,216]. The water adsorption isotherm belongs to type IV of IUPAC 

classification indicating a highly hydrophilic surface of the carbon (Fig. 24). On the contrary, 

adsorption of water on an almost pure carbonaceous adsorbent SCS prepared from the same 

copolymer shows a type III isotherm characteristic of a weak interaction of carbon surface with 

water molecules. The amount of hydrophilic sites calculated by means of the Langmuir equation 

was very high, 11.7 mmol/g, which is 2.5 times higher as compared to a carbon obtained from 

styrene-divinylbenzene copolymer followed by oxidation with nitric acid; however, the amount of 

ionizable acid groups (measured by NaOH adsorption) was only 1.2 higher. From these data it was 

concluded that hydrophilicity is due not only to acid surface groups but to non-ionizable oxygen, 

phosphorus and nitrogen-containing groups as well. 



 

Fig. 24. Water vapor adsorption isotherm at 20 °C on N,P-containing carbon NPC and a purely carbonaceous 

adsorbent prepared from the same copolymer SCS. Adapted by permission from Springer from Ref. 

[216]. Copyright (2000). 

 

The distribution of the hydrophilic surface sites calculated form the water adsorption 

isotherm using the Frumkin-Fowler-Guggenheim model showed multiple adsorption sites with 

maxima at 42, 43, 45 and 49 kJ/mol (Fig. 25) [216]. On the contrary, the distribution for the purely 

carbonaceous adsorbent SCS obtained from the same copolymer is dominated by a large peak at 

40.5 kJ/mol corresponding to micropore filling with water molecules. 

 

Fig. 25 Distribution of hydrophilic surface sites calculated form water adsorption isotherm using the Frumkin-

Fowler-Guggenheim model in N,P-containing carbon NPC and purely carbonaceous adsorbent 

prepared from the same copolymer SCS. Adapted by permission from Springer from Ref. [216]. 

Copyright (2000). 

 

Introduction of phosphorus into a carbon monolith significantly increased water adsorption 

at low relative pressures (p/p0 < 0.5) [121]. Water adsorption on this phosphorus-containing 
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carbon at low relative pressures (p/p0 < 0.5) was comparable to that on silica gel, being 

significantly higher at high relative pressures (p/p0 > 0.5). 

Thus, introduction of phosphorus results in hydrophilic properties of carbon materials. 

6.2 Acid-base properties 

Introduction of phosphorus imparts acid properties to carbon materials, which are 

manifested as adsorption of basic compounds from gas or liquid phase. 

6.2.1 Gas phase adsorption 

Chemisorption of basic molecules such as ammonia, pyridine or 2,6-dimethylpyridine is 

often used to probe the acidity of the solids. 

It has been shown that treatment of phenol-formaldehyde-based carbon with PCl3 at 

800 °C significantly (2-3 times) increased adsorption of ammonia (Fig. 26) [235]. The adsorption of 

ammonia on a carbon containing 3.5 wt% of phosphorus was almost the same as on oxidized 

carbon. Since the porous structure of carbons remained intact during modification, the increase 

regarding the parent carbon was ascribed exclusively to the enhanced acidic properties of the 

modified carbons. 

 

Fig. 26 Ammonia adsorption isotherms at 20 °C on phenol-formaldehyde-based carbons, parent and treated 

with PCl3, oxidized and chlorinated. Adapted from [235]. 

 

The NH3-TPD method was used to assess the acid properties of phosphorus-containing 

carbons [95,101]. NH3-TPD curves were deconvoluted into three Gaussian components 

corresponding to weak (<220 °C), moderate (220–275 °C) and strong (>275 °C) acid groups. The 



total amount of acid surface groups probed by the NH3-TPD method was in the range of 0.86-

1.8 mmol/g. 

Quasi-equilibrium thermodesorption of ammonia showed a decreasing total amount of 

acid sites with increasing heat treatment temperature of phosphorus-containing carbon catalysts 

[307]. Modeling of ammonia desorption using the adsorption integral equation [308] showed the 

presence of five types of surface groups on carbon catalysts, which were assigned to very weak (62 

kJ/mol), weak (82 kJ/mol), medium (107 kJ/mol), strong (136 kJ/mol) and very strong (165 kJ/mol) 

surface sites. The distributions were dominated by very weak and weak surface sites whose 

contribution to the total amount of surface sites decreased from 100% to 55% with increasing 

heat treatment temperature from 200 to 600 °C [307]. The decreasing adsorption of ammonia 

from the gas phase is in line with the decreasing total amount of acid surface groups revealed by 

potentiometric titration. 

The total amount of acid sites, obtained by integrating NH3-TPD profiles, increased with 

increasing phosphorus content in soft-templated phosphorus-containing mesoporous carbons 

[164,165]. The same correlation between phosphorus content and amount of acid groups was 

obtained using TPD of pyridine, however, the total concentration of acid groups was slightly lower 

as compared to ammonia [165]. The difference was ascribed to the larger size of the pyridine 

molecule. The total amount of acid sites was in the range of 0.20-1.52 mmol/g depending on the 

method of preparation. 

NH3-TPD profiles of phosphorus-containing carbons obtained by direct modification of an 

ordered mesoporous carbon at room temperature with phosphoric acid were broad with a 

maximum at 220 °C [284]. The amount of acid surface sites estimated by total amount of desorbed 

NH3 was proportional to the phosphorus content. 

Comparing the amounts of pyridine, which reacts with Brønsted acid sites and Lewis acid 

sites, and 2,6-dimethylpyridine, which titrates only Brønsted acid sites, retained after the 

desorption process it was shown that phosphorus-containing carbon obtained by phosphoric acid 

activation of hemp stem contains only Brønsted acid sites [299]. The absence of Lewis acid sites 

was further confirmed by FTIR of adsorbed pyridine and 2,6-dimethylpyridine. 

The study of acidity by adsorption of pyridine revealed that deactivation of a phosphorus-

containing carbon catalyst during ethanol dehydration in an oxygen-free atmosphere occurs due 

to decreasing acidity from 1 to 0.45 mmol/g caused by coke deposition on acid sites [102]. 

Addition of oxygen prevented this decrease in acidity and hence coke deposition during ethanol 

dehydration. 



Therefore, the general trend for acid-base properties as deduced from gas adsorption 

points to an almost linear dependence of ammonia adsorption on phosphorus content. However, 

the slope of ammonia adsorption vs phosphorus content is different for different series of 

carbons. This most probably due to the fact that ammonia can be adsorbed on other acid groups 

(those containing only oxygen) as well as in micropores. 

6.2.2 Liquid phase adsorption 

6.2.2.1 Boehm titration 

In liquid phase, the acid-base properties of phosphorus-containing carbons are most often 

estimated from the uptake of bases with different strength as proposed by Boehm [1,309]. In 

addition to the acid groups determined by the Boehm titration method a total amount of basic 

groups is also estimated by adsorption of HCl. 

Phosphorus-containing carbons obtained by phosphoric acid activation of different 

precursors showed a high content of acid surface groups as revealed by Boehm titration 

[94,109,110,115,126,128,141,163]. However, no clear correlation between phosphorus content 

and the amount of surface groups was observed. On the contrary, the amount of strongly acidic 

groups obtained by Boehm titration was proportional to P-content for carbons from coffee 

grounds [132]. 

A high value of the cation exchange capacity (CEC) obtained from NaOH adsorption up to 

5.9 mmol/g for phosphoric acid activated carbons from sucrose was reported [173]. In contrast to 

phosphoric acid activation of sucrose, modification of sucrose-based carbons with phosphoric acid 

at high temperature resulted in a much lower content of acid groups (0.8-0.9 mmol/g) due to a 

very low concentration of reactive surface groups in the already prepared carbon. The CEC value 

was linearly dependent on phosphorus content in carbons obtained by both phosphoric acid 

activation of sucrose and by phosphorylation of sucrose-based carbons independently from the 

carbonization temperature and impregnation ratio (Fig. 27). 



 

Fig. 27. Dependence of CEC on phosphorus content in phosphorus-containing carbons from sucrose. Adapted 

by permission from Springer from Ref. [173]. Copyright (2012). 

 

A linear relationship between NaOH uptake and phosphorus content was observed for 

phenol-formaldehyde-based carbons treated with PCl3 at 800 °C [234]. Calculations showed that 

each phosphorus atom is combined with one hydrogen atom capable of reacting with the NaOH 

molecule (Fig. 28). 

 

Fig. 28 Relationship between phosphorus content and NaOH uptake for phenol-formaldehyde-based carbons 

with different burn-offs treated with PCl3 at 800 °C. Adapted from [234]. 

 

The proportional increase of NaOH uptake with increasing P content was observed only at 

low phosphorus contents (<4 wt%) for phosphorus-containing cellulose-based carbon fibers 

treated with PCl3 at 400 °C (Fig. 29) [236]. At higher phosphorus content the NaOH uptake leveled 

off, which was ascribed to the fact that only a part of phosphorus exists in form of monoprotic 

acid. 
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Fig. 29 Relationship between phosphorus content and NaOH uptake for PCl3-treated cellulose-based carbon 

fibers obtained at different temperatures (indicated in the figure). Adapted from [236]. 

 

A linear increase in NaOH adsorption with phosphorus content was also observed for PCl3-

modified polyfurfuryl alcohol-based carbons (Fig. 30) [237]. Contrary to this, adsorption of HCl 

reduced to zero with increased phosphorus content. 

 

Fig. 30 Dependence of NaOH and HCl adsorption on phosphorus content of PCl3-modified carbons from 

polyfurfuryl alcohol. Adapted from [237]. 

 

Thus, the general trend shows an almost linear dependence of NaOH uptake on 

phosphorus content. However, the slope of the NaOH uptake vs phosphorus content line is 

different for different series of carbons. This is most probably due to the fact that NaOH can 

neutralize other acid groups (oxygen-containing only) as well. 



6.2.2.2 Potentiometric titration, point of zero charge and isoelectric point 

The point of zero charge (PZC), i.e. the pH at which both surface negative and positive 

charges are equal to each other, is a suitable characteristic to assess the acid-base behavior of a 

solid [310]. Usually ash-free activated carbons obtained at a high temperature (>700 °C) possess a 

relatively hydrophobic surface and show a slightly basic character in aqueous electrolyte solutions 

[2]. Oxygen-containing surface groups impart acid properties to the carbon and change the PZC 

from slightly basic or neutral to acid pHs [311–313]. 

Introduction of phosphorus into the carbon structure imparts acidic properties, which is 

reflected in a shift of the PZC to the acid region. The point of zero charge of phosphorus-

containing carbon from pecan shells with a phosphorus content of 2.1 wt% was determined to be 

1.77 [109] using a pH drift method [314,315]. The point of zero charge of phosphorus-containing 

carbons as obtained by the pH drift method attained values in the ranges of 1.9-2.0 [128] (carbons 

from jackfruit peels), 3.4-3.5 [99] (carbons from bamboo with phosphorus content 1.46 wt%) and 

1.94-2.24 [135] (carbons from agave bagasse containing 2.2-3.2 wt% of phosphorus). Thus, 

phosphorus-containing carbons show an acid PZC indicating the presence of acidic surface groups. 

Potentiometric titration is a more advanced technique than Boehm titration, as it allows 

one to determine the proton affinity distribution, i.e. the distribution of the amount of surface 

groups in respect to their dissociation constants. 

Potentiometric titration of a phosphorus and nitrogen-containing carbon NPC obtained by 

carbonization of a commercial resin showed only proton dissociation in the pH range of 3-9 with 

0.3 mmol/g of fully dissociated groups at pH 3 [215]. The proton affinity distribution calculated by 

a condensation approximation showed a broad peak in the pK range of 3-8 and a second peak with 

pK at about 9, which were attributed to carboxylic and phosphoric acids, and to phenolic groups 

respectively. 

The pH-titration of a phosphorus-containing carbon obtained by carbonization of a 

phosphorylated phenol-formaldehyde resin did not show any discernible inflection point, which is 

characteristic of polyfunctional ion exchangers [213]. The PZC of this phosphorus-containing 

carbon estimated by extrapolation was 1.75. The calculated proton affinity distribution exhibited 

four types of surface groups with pK’s of 2.5 (0.69 mmol/g), 4.6 (0.22 mmol/g), 6.8 (0.89 mmol/g) 

and 9.9 (0.80 mmol/g), which were attributed either to polyphosphates, phosphonic acids, 

phosphonous acids or phosphines [214]. An electrophoretic measurement showed that the 

surface of the phosphorus-containing carbon is negatively charged in the 1.5-9.5 pH range 



[213,214]. The negative surface charge was attributed to the dissociated acidic phosphorus-

containing groups on the surface. 

Potentiometric titration revealed the acidic surface of polymer-based phosphorus-

containing carbons [151,152,316]. The calculated proton affinity distributions showed very acidic 

surface groups with pK 1.4-1.8, which were assigned to phosphate/polyphosphate groups. The 

amount of P-containing surface groups was proportional to phosphorus content in the carbon. 

Potentiometric titration of phosphorus-containing carbon deposits on silica gel showed a 

progressive shift of the surface charge densities to negative values with increasing phosphorus 

content [170]. 

In the case of phosphorus-containing carbon obtained by the template method (sucrose-

phosphoric acid mixture as carbon and phosphorus sources and silica gel as structure directing 

agent) potentiometric titration revealed a very large amount of acid surface groups (4.1–4.7 

mmol/g), a significant fraction of which (46 ± 3%) corresponds to phosphate groups 

(pK = 2.3 ± 0.1) (Fig. 31) [174]. 

 

Fig. 31. Proton affinity distribution of a phosphorus-containing carbon obtained by the template method. 

Adapted with permission from Ref. [174]. Copyright (2011) Elsevier. 

 

Potentiometric titration of phosphorus-containing carbons from corncob showed a 

progressive shift of PZC values from neutral (7.3) to acid values (1.9-2.4) with increasing 

phosphorus content (Fig. 32 left) [114]. The proton affinity distributions revealed that these 

phosphorus-containing carbons feature several types of surface groups which may be assigned to 
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the first (pK = 2.0-2.6) and second (pK = 6.7-7.4) dissociation constants of phosphates, weakly 

acidic carboxylic groups (pK = 4.7-5.0) and enol and phenol groups (pK = 8-11) (Fig. 32 right). 

 

Fig. 32. Proton binding isotherms (left) and proton affinity distributions (right) for phosphorus-containing 

carbons from corncob obtained with different impregnation ratios. Adapted with permission from Ref. 

[114]. Copyright (2012) Elsevier. 

 

Potentiometric titration of phosphorus-containing carbons from polyimide copolymer (BM-

DVB) showed a progressive shift of the proton binding isotherms to negative values with 

increasing phosphorus content (Fig. 33, left), indicating an increasing amount of acid surface 

groups [153]. The proton affinity distributions calculated by CONTIN method [317] show peaks 

corresponding to the first (pK = 2.0-2.4) and second (pK = 6.6-7.0) dissociation constants of 

phosphate groups together with carboxylic (pK = 4.4-5.4), enols and phenol groups (pK = 8-11) 

(Fig. 33, right). The amount of phosphate groups almost linearly increased with increasing 

phosphorus content (Fig. 34, left). The point of zero charge shifted to a more acid region with 

increasing phosphorus content indicating increasing acidity of the carbon (Fig. 34, right). 
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Fig. 33. Proton binding isotherms (left) and proton affinity distributions (right) for phosphorus-containing 

carbons from polyimide copolymer. P400-P1000 are P-containing carbons obtained at 400-1000 °C. For 

comparison, data for P-free carbon obtained at 800 °C (C800) are included. Adapted by permission 

from Springer, Ref. [153]. Copyright (2013). 

 

 

Fig. 34. Dependence of the amount of phosphate groups (left) and PZC (right) on phosphorus content in 

phosphorus-containing carbons from polyimide copolymer. Adapted by permission from Springer, Ref. 

[153]. Copyright (2013). 

 

The potentiometric titration of an activated carbon from coconut shell modified with 

phosphoric acid at different temperatures showed a drastic shift of the proton-binding isotherms 

to negative values indicating the formation of acid surface groups with increasing temperature 

(Fig. 35, left) [221]. Proton affinity distributions revealed the occurrence of surface groups with a 

pK close to the first and second dissociation constants of phosphates (Fig. 35, right). 
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Fig. 35. Proton binding isotherms (left) and proton affinity distributions (right) for phosphorus-containing 

carbons from coconut shell modified with phosphoric acid at different temperatures. P600 and P900 are 

P-containing carbons modified at 600 °C and 900 °C. For comparison, data for a carbon oxidized with 

HNO3 (Ox) are included. Adapted by permission from Springer, Ref. [221]. Copyright (2012). 

 

The potentiometric titration showed three types of surface groups with pK values of 1.86 

(3.64 mmol/g), 4.15 (0.21 mmol/g) and 5.12 (0.19 mmol/g) in a phosphorus-containing carbon 

obtained by phosphoric acid activation of agave bagasse [135]. In the case of phosphorus-

containing carbons from sucrose, the potentiometric titration showed surface groups of one type 

with pK = 1.7–1.9 [173]. Such acid groups were attributed to residual of phosphate H3PO4 

(pK1 = 1.96), pyrophosphate H4P2O7 (pK2 = 1.95), phosphorous H3PO3 (pK1 = 1.8) and 

metaphosphoric (pK < 2) acids. 

Potentiometric titration of lignosulfonate-based phosphorus-containing carbons (Fig. 36, 

left) revealed the occurrence of up to 7 different types of acid surface groups (Fig. 36, right), which 

could be assigned to phosphate/polyphosphate groups, carboxylic, enols, lactones, and phenolic 

groups [145]. The amount of very acidic groups was proportional to phosphorus content. 
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Fig. 36. Proton binding isotherms (left) and proton affinity distributions (right) for phosphorus-containing 

carbons obtained by phosphoric acid activation of lignosulfonate at 400 °C (P400) and 800 °C (P800). 

For comparison, data for a P-free carbon obtained at 800 °C (C800) are included. Adapted with 

permission from Ref. [145]. Copyright (2014) Elsevier. 

 

Overall, one can conclude that potentiometric titration as an advanced technique is able to 

reveal the presence in carbons of phosphate-like surface groups with at least two dissociation 

constants. The amount of the most acidic groups with pK around 2-2.5 is linearly dependent on 

phosphorus content. 

6.3 Red-ox properties 

Phosphorus combined with the carbon surface can significantly influence the red-ox 

properties of P-containing carbons. The reducing ability to Fe3+ (estimated as Fe3+ uptake from 1 M 

HCl) decreased drastically with increasing phosphorus content for PCl3-modified carbons from 

polyfurfuryl alcohol (Fig. 37) [237]. A concomitant increase in oxidizing ability to KI in N,N-

dimethylformamide was observed. Increasing phosphorus content decreased the amount of 

bound bromine (from an aqueous solution of KBr and Br2), which was attributed to reaction of PCl3 

with the carbon surface in the sites with non-saturated bonds. 
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Fig. 37. Reducing ability to Fe
3+

, oxidizing ability to KI and amount of bound bromine as a function of 

phosphorus content in PCl3-modified carbons from polyfurfuryl alcohol. Adapted from [237]. 

 

Activated carbon fibers obtained by phosphoric acid activation of sisal fiber at 850 °C 

showed an enhanced reduction-adsorption capacity to Ag(NH3)2
+ as compared to carbon fibers 

produced by other methods (ZnCl2 activation, steam activation followed by oxidation with H2O2, 

KMnO4 or HNO3) [318]. The enhanced amount of silver particles on the surface of phosphoric acid 

activated carbon fiber was evidenced by electron microscopy. Thus, H3PO4 activated carbon fiber 

might be used for the recovery of noble metals as well as in the preparation of catalysts. Silver-

containing activated carbon fibers also showed a strong antibacterial activity against Escherichia 

coli and Staphylococcus aureus [319]. 

6.4 Adsorption of organic compounds 

The adsorption of organic molecules on phosphorus-containing carbons was extensively 

studied, however, without revealing the role of phosphorus-containing surface groups [108,320]. 

Generally, oxygen-containing surface groups hinder the interaction of organic molecules with the 

carbon surface [55,321–323]. The same effect was reported for phosphorus-containing surface 

groups. The adsorption of benzene, toluene, ethyl benzene and p-xylene mixture (BTEX) on 

phosphorus-containing carbons from agricultural wastes was inferior to that on commercial P-free 

carbon [324]. The difference was attributed to an increased polarity of the carbon surface 

(phosphorus and oxygen-containing surface groups), which reduces the adsorption of the 

hydrophobic BTEX, despite the highly developed porosity of phosphoric acid-activated carbons. 

By contrast, a high adsorption of paracetamol by phosphorus-containing carbons from 

sucrose was reported [172]. As it might be expected, the adsorption capacity decreased with 
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increasing phosphorus content and concomitant increasing total amount of acid surface groups. 

The reversibility of paracetamol adsorption (adsorbed amount ratio between second and first 

runs) increased linearly with increasing phosphorus content, revealing the key role of phosphorus 

in paracetamol adsorption. It was concluded that phosphorus-containing surface acidic groups are 

responsible for high adsorption capacities precluding chemisorption of the paracetamol. 

An important role of surface acid groups in adsorption of dibenzothiophene from n-octane 

and a commercial hydro-treated diesel fuel using phosphoric acid-activated carbon from rice hulls 

was reported [325]. The beneficial role of the surface groups was ascribed to the formation of 

donor-acceptor complexes between the surface acidic groups and dibenzothiophene. 

The presence of phosphorus, especially in the form of pyrophosphates and phosphorus 

pentoxide, increased the capacity and selectivity of adsorption of dibenzothiophenes on 

phosphorus-containing polymer-based carbons due to induced acidity to the surface [222]. 

Phosphorus doping of carbon also suppressed the oxidation of dibenzothiophenes. 

Finally, surface acidity induced by phosphorus compounds and microporosity were the 

major factors contributing to the adsorption of N,N-dimethylamine from aqueous solution by 

phosphorus-containing carbons [115]. 

6.5 Adsorption of metal ions 

The presence on acidic surface groups confers phosphorus-containing carbons the ability to 

adsorb metal ions from aqueous solutions. Although the adsorption of metal ions by phosphoric 

acid-activated carbons was patented long ago [326], this phenomenon has received only 

occasional attention in the literature until the end of the 20th century. 

The adsorption of metal ions by phosphorus-containing carbons from pecan shells was 

investigated [109,327,328]. Copper adsorption increased with increasing pH in the range 2.1-4.8. 

At low concentrations of copper (< 1 mmol/L), the ratio of copper adsorbed to released protons 

was close to unity suggesting an ion exchange mechanism of adsorption. At higher concentrations, 

the calculated ratio became considerably greater than unity, and increased with an increase in 

solution concentration. From this fact, it was inferred [109] that, in addition to the ion-exchange 

mechanism, surface complexation with oxygen- and phosphorus-containing functional groups can 

be considered as well. Desorption studies showed that copper could not be desorbed by deionized 

water but easily removed by 10 wt% HCl, which suggests that copper species were adsorbed 

chemically. Energy dispersive X-ray spectroscopy revealed a high concentration of phosphorus in 



the studied carbons, which allowed authors to conclude that phosphorus provides acidic sites 

required for copper and strontium adsorption by carbon from pecan shells [329]. 

Copper adsorption by phosphorus-containing carbons from polymers [151,152,330,331] 

and apricot stones [105] was studied as well. The adsorption of copper increased with increasing 

pH due to competition between hydrogen and copper ions for the exchange sites. Phosphorus-

containing carbon showed a higher copper uptake than oxidized carbon from the same polymer. 

Additional oxidation of phosphorus-containing carbon further enhanced copper adsorption. The 

uptake of copper also increased with increasing phosphorus content. Modeling of copper binding 

by means of the surface complexation model showed that phosphorus-containing groups are the 

most important ones for the adsorption of copper from acidic solutions. 

Adsorption of heavy metal ions was investigated on a phosphorus-containing carbon 

obtained from a phosphorylated phenol-formaldehyde resin [213,214]. The capacity to adsorb 

lead was higher (0.76 mmol/g) than for copper (0.61 mmol/g). Breakthrough experiments showed 

that the affinity decreased in the order of Pb > Cu > Cd  Ni. The ability to adsorb heavy metal ions 

was attributed to surface acidic groups containing oxygen and phosphorus. Because the solubility 

of metal phosphates follows the same sequence, metal ion binding was attributed to the 

formation of insoluble surface metal-phosphate species. Contrary to the case of oxidized carbon, 

phosphorus-containing carbon exhibited a high selectivity towards lead in mixed Cu + Pb solution 

[214]. Column experiments showed breakthrough of lead at 400 bed volumes while copper 

breakthrough appeared immediately. Lead uptake at 10% breakthrough was 0.27 mmol/g whereas 

copper adsorption was only 0.04 mmol/g. The high selectivity towards lead was attributed to 

phosphonic surface groups that generally prefer larger, more polarizable (Pb2+ is more polarizable 

than Cu2+) and strongly hydrated cations. 

The adsorption of heavy metal ions (Cu, Cd, Co and Pb) onto oxidized phosphorus-

containing carbon SP800-Ox has been investigated [332]. It has been shown that metal ion 

adsorption depends on solution pH and the amount of metal ions in the adsorption system. At pH 

2 the adsorption decreases in the order: Pb > Cu > Cd > Co (C0 = 0.001 M) and Pb > Cd > Cu > Co 

(C0 = 0.01 M). At pH 4 the adsorption decreases in the order: Cu ≈ Co > Cd > Pb (C0 = 0.001 M) and 

Pb > Cu ≈ Cd > Co (C0 = 0.01 M). At pH 6 the adsorption decreases in the following order: 

Cu > Cd ≈ Co > (C0 = 0.01 M). Heavy metal ion binding was modeled by means of the surface 

complexation model using a diffuse double layer to account for electrostatic effects [333,334]. The 

calculated metal ion binding constants (Table 4) suggest the formation of only monodentate 

charged complex with composition ≡SOMe+, where SO- is a deprotonated phosphoric, carboxylic 



or phenolic surface group. No other surface complexes were found to be significant. The binding 

constants together with calculated species distributions showed the significant role of the most 

acidic phosphate and carboxylic surface groups for heavy metal ion binding. 

 

Table 4. Calculated constants (log K) of formation of charged monodentate surface complex (≡SOMe
+
) with 

surface groups of oxidized phosphorus-containing carbon SP800-Ox. Reprinted with permission from 

Ref. [332]. Copyright (2004) Elsevier. 

Surface group Cu Cd Co Pb 

Phosphorus-containing -1.86 -1.08 -1.26 -0.36 

Carboxylic -0.21 -0.93 -2.71 -0.36 

Phenolic -4.15 -5.17 -6.84 -1.34 

 

Copper binding by phosphorus-containing carbons from corncob obtained with different 

impregnation ratios has been reported [114]. Copper adsorption increased with increasing pH due 

to the gradual dissociation of surface groups (Fig. 38). Addition of phosphoric acid to corncob 

during pyrolysis significantly increased the copper uptake by carbon at the same pH. With 

increasing impregnation ratio, the phosphorus content increased and so did the removal 

efficiency. The carbons obtained with the highest impregnation ratio (1-1.25) showed a significant 

adsorption of copper (20–30%) even at a pH as low as 1.5 which is lower than their corresponding 

PZC (1.9-2.4), i.e. under conditions where the surface of carbon is positively charged and hence 

cation adsorption should be hindered. This phenomenon has been ascribed to an ion exchange 

reaction between the delocalized protonated π-electrons of the graphene layer of carbon 

(-Cπ-H3O+) and the metal ion [335]. The results also show that carbons obtained with IR = 1.0–1.25 

remove more copper at pH = 2.7–4.7 than ion exchange resins with carboxylic (KB-4) and sulfonic 

(KU-23) groups. 



 

Fig. 38. Copper adsorption on phosphorus-carbons obtained from corncob and ion exchange resins with 

carboxylic (KB-4) and sulfonic (KU-23) groups. Impregnation ratio indicated in the inset. Reprinted 

with permission from Ref. [114]. Copyright (2012) Elsevier 

 

A high copper and lead adsorption capacity of phosphorus-containing carbons obtained by 

phosphoric acid modification of carbon from coconut shell has been reported [221]. These 

phosphorus-containing carbons showed a higher adsorption of both metal ions as compared to an 

oxidized carbon prepared from the same activated coconut shell-based carbon (Fig. 39). The 

difference in adsorptive behavior was ascribed to the presence of phosphate surface groups. 

  

Fig. 39. Copper (left) and lead (right) adsorption by phosphorus-containing carbons (P600 and P900) and 

oxidized carbon (Ox) prepared from coconut shell-activated carbon. Reprinted by permission from 

Springer, Ref. [221]. Copyright (2012). 

 

Pb binding by phosphorus-containing carbons obtained by chemical activation of lotus 

stalks with phosphoric acid, trimetylphosphate and tributylphosphate has been investigated [190]. 
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The maximum adsorption capacities were 139.0, 229.1 and 240.6 mg/g for carbons activated with 

phosphoric acid, trimetylphosphate and tributylphosphate respectively. These values are 1.4-2.3 

times higher than for other phosphoric acid-activated carbons. The adsorption was attributed to a 

large amount of oxygen-containing functional groups. 

Pb binding by phosphoric acid activated carbons from sucrose was reported [173]. 

Adsorption capacities were 220-390 mg/g for initial concentration 0.002 M and 30-110 mg/g for 

initial concentration 0.0002 M. The degree of lead removal was about 90%. This high adsorption 

capacity for Pb ions was attributed to a high concentration of phosphorus-containing surface 

groups. 

Pb adsorption on P-containing carbon from water hyacinth fitted the Langmuir equation 

with a maximum capacity of 119 mg/g [139]. Under the optimized conditions, 1.0 g/L of carbon 

could remove as much as 90% of Pb(II) (50 mg/L) in 20 min at pH = 6.0 and temperature of 298 K. 

The desorption study demonstrated that the P-containing carbon could be readily regenerated 

using 0.1 M HCl and reused at least six times without a significant adsorption capacity reduction. 

The proposed mechanism of Pb adsorption includes ion exchange with phosphate groups among 

other phenomena. 

A high adsorption capacity towards copper was reported for phosphorus-containing 

carbons from lignosulfonate [145]. With increasing pH copper binding increased and approached 

100%, which was ascribed to progressive dissociation of surface groups followed by surface 

complexation (Fig. 40). With increasing phosphorus content in carbon the copper adsorption 

increased. All carbons exhibited a pronounced adsorption of copper at pH values lower than the 

PZC, where copper adsorption should be hindered by a repulsive force between the copper cation 

and the positively charged carbon surface. The phenomenon was ascribed to an ion-exchange 

reaction between the delocalized protonated π-electrons of the graphene layer (-Cπ-H3O+) and the 

metal ion, as it occurred for other metal ions [335,336]. An additional support to the important 

role of the interaction with protonated π-electrons is the highest adsorption capacity exhibited by 

the carbon obtained at 900 °C, which has a lower amount of acid surface groups than the 

equivalent carbon obtained at 800 °C. 

 



 

Fig. 40. Copper binding by phosphorus-containing carbons from lignosulfonate. P600-P1000 are P-containing 

carbons obtained at 600-1000 °C. Reprinted with permission from Ref. [145]. Copyright (2014) Elsevier. 

 

The adsorption edge for cadmium was shifted from 8-10 to more acid values, 5.5-8 with 

introduction of phosphorus in carbon deposits on silica gel [170]. The calculated distribution of 

Cd2+ binding constants showed that the strongest binding corresponded to a complex of cadmium 

with phosphate surface groups formed at pH < 4. 

Modification of a biochar with phosphoric acid enhanced the adsorption of copper and 

cadmium [337]. The improvement of adsorption was ascribed to formation of surface complexes 

with phosphorus-containing surface groups together with other carboxyl and hydroxyl groups. 

A carbon obtained by phosphoric acid activation of Cassava peel was efficient for removing Cr(VI) 

(99.8%), Hg(II) (86.4%) and Fe(II) (92.9%) [338]. This chemically activated carbon was more 

efficient than that prepared by physical activation due to the introduction of phosphate groups. A 

phosphorus-containing carbon obtained by H3PO4 activation of birch wood showed a good 

adsorption of mercury from aqueous solution (160 mg/g) [94]. 

A phosphorus-containing lignin-derived carbon showed a very high capacity for 

neodymium (356 mg/g) and dysprosium (345 mg/g), while the adsorption of iron was an order of 

magnitude lower. This suggests a possible method for the separation of these rare earth elements 

from Fe(III) [241]. The XPS study revealed a crucial role of surface phosphate groups in Nd(III) and 

Dy(III) binding, with a minor contribution of carboxylic groups. The study showed the potential of 

lignin-derived phosphorus-functionalized nanoporous carbon for the enrichment and separation 

of Nd(III) and Dy(III). 

A phosphorus-containing carbon from glucose showed a high adsorption capacity towards 

U(VI) [339]. The adsorption capacity was 3.5 times higher than on P-free carbon. The phosphorus-
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containing carbon showed a high selectivity towards U(VI) over Na(I), Mg(II), Zn(II), Mn(II), Ni(II) 

and Sr(II) with selectivity coefficients of 14-51. Almost complete removal (100 %) of U(VI) from 

wastewater containing 15 mg/L was achieved with 12 g/L loading of phosphorus-containing 

carbon. 

Thus, one can conclude that the introduction of phosphorus in carbons leads to the 

formation of acidic surface groups that are able to bind metal ions. An important feature of 

phosphorus-containing carbons is their high adsorption capacity for metal ions at low pHs, which 

could be useful for the treatment of acid solutions. The high selectivity of phosphorus-containing 

carbons towards rare-earth metal ions and uranium deserves further investigations. 

6.6 Hydrogen adsorption 

Theoretical calculations have shown that substitution of carbon atom with phosphorus in 

graphene structure has a positive effect on the adsorption of hydrogen due to the possible 

increase in the local attractive forces of the surface by substituted atoms [340] and decrease in the 

activation energy of hydrogen adsorption [341]. The introduction of phosphorus increased 

hydrogen uptake by 50-55% at both ambient and cryogenic temperatures [340]. 

Introduction of phosphorus heteroatom into carbons enhanced the hydrogen 

physisorption capacities and hydrogen binding energies relative to pristine carbon and common 

carbonaceous materials [189]. The hydrogen uptake at 77 K and 2 bar increased from 1.8 wt% per 

1000 m2/g to 2.4% per 1000 m2/g. 

Phosphorus introduction into a carbon significantly increased hydrogen adsorption from 

0.18% to 1.2% at  100 bar at room temperature [342]. 

Finally, introduction of phosphorus into graphene material significantly increased hydrogen 

adsorption from 0.2-0.3% to 2.2% at 100 bar at room temperature [220]. 

In summary: both theoretical and experimental studies suggest that P atoms in carbons can 

enhance hydrogen adsorption (storage) therein. However, the number of works is limited to 

produce definitive conclusions about the possible advantages of P-containing carbons over the 

corresponding heteroatom-free carbons. 

6.7 Inhibition of carbon oxidation 

To tackle the weak oxidation stability of carbon materials, which impedes their wider use, 

many investigations have been undertaken, including doping of carbons with phosphorus [68]. 



It has been shown that POCl3 treatment of graphite decreased the rate of oxidation in dry 

oxygen [238]. At 850 °C the oxidation rate for a POCl3-treated sample was an order of magnitude 

lower than that of the untreated sample. The apparent activation energy increased in the 

presence of the inhibitor from 49 to 72 kcal/mol. Visual observation of graphite oxidation showed 

that POCl3 affects not only the overall rate of oxidation but also the kinetic anisotropy of the 

reaction by increasing the ratio of oxidation rates along the a- and c-axes. 

Later on, it was found that impregnation of graphite with organic phosphate and phosphite 

esters resulted in an increased resistance to air oxidation at elevated temperatures [231]. The 

oxidation rate of graphite impregnated with trichloroethyl phosphate followed by heat-treatment 

at 400 °C for 2 hours was approximately an order of magnitude lower than that of pure graphite. 

However, the apparent activation energy was the same for both materials (48 kcal/mol), 

suggesting that the phosphorus additive blocked the active sites rather than changing the basic 

oxidation mechanism. All other phosphorus additives showed a similar constant value of the 

apparent activation energy at 209 ± 21 kJ/mol. 

Even simple washing in phosphoric acid for 2 hours followed by drying for 1 hour in a 

vacuum oven reduced the oxidation rate of carbon [343]. The temperatures needed for reaching 

the same burn-offs were increased by about 200 °C after carbon treatment with phosphoric acid. 

It was inferred that phosphoric acid treatment blocks the active sites in the carbon material by 

forming a less reactive complex at edge sites, presumably at both zigzag and armchair sites 

[343,344]. 

Introduction of phosphorus into a glassy carbon obtained by carbonizing a mixture of 

phenolic resin with P2O5 resulted in an increase of the oxidation resistance in air by about 200 °C 

as compared to non-doped carbon [187]. 

On the contrary, phosphoric acid treatment (2 vol% H3PO4 in methanol for 6 h, followed by 

drying at 100 °C for 2 h) of pitch-based carbon fibers was reported to decrease their oxidation 

stability [345]. However, aluminum acid phosphate impregnation, with ozone pre-treatment, 

improved the oxidation resistance of carbon materials (polycrystalline graphite and pitch-based 

carbon fibers), as shown by weight measurements in air up to 1500 °C [345]. 

Reducing the oxidation tendency due to active site blockage of carbonaceous materials by 

impregnation with H3PO4 followed by heat treatment at 600 °C was reported [218]. The 

modification results in the formation of C-O-P bonds at the surface on the zigzag faces of the 

carbonaceous material. The oxidation time to reach 10% burn-off at 650 °C was 5 to 50 times 

longer for the phosphorus-modified carbonaceous materials. Moreover, phosphate groups at the 



surface of the carbonaceous material neutralize the catalytic effect of impurities, which are one of 

the principal causes of the oxidation. The efficiency of oxidation inhibition was limited to 

temperatures lower than 950 °C since desorption and elimination of phosphorus radicals bonded 

to the carbon surface take place at higher temperatures. 

It has been shown that the oxidation resistance of graphite was improved as the 

phosphorus loading (methylphosphonic acid) increased; a 20 wt% phosphorus addition to graphite 

resulted in increasing the oxidation temperature by about 150 °C for the same degree of burn-off 

[232]. 

It was demonstrated that P-doped activated carbon cloth samples exhibited oxidation 

inhibition and retained as much as 20% residual mass after reaction in air at 1000 °C [20]. 

Oxidation inhibition increased with increasing heat treatment temperature. P-doped carbon felt 

samples also exhibited oxidation inhibition, however the effect was less pronounced (the samples 

burned out at 820 °C), most probably due to low phosphorus loading (<0.05 wt% P). Activation of 

carbon felt in nitric acid prior to P-doping slightly increased phosphorus loading (0.07-0.08 wt%) 

and also oxidation inhibition (these samples burned out at 850 °C). 

It has been shown that treatment with methylphosphonic acid and POCl3 increased the 

resistance of C/C composites to oxidation [233]. The temperature of beginning of oxidation was 

increased from 780 K for untreated C/C composite to 890 K for samples treated with 

methylphosphonic acid at 400-800 °C. A C/C composite sample treated with POCl3 at 600 °C 

showed the same strong inhibition effect as a sample treated with methylphosphonic acid at the 

same temperature even though the P-content was much lower. However, the effect became very 

slight when the sample was pretreated at 1000 °C in nitrogen before the oxidation experiment. 

The loss of inhibition effect at 1000 °C was explained by a change in the chemical state of 

phosphorus (C-O-P bonding at 400-800 °C and C-P-O bonding at 1000 °C). The inhibition effect of 

the phosphorus deposit was suggested to be due to active site blockage. 

Introduction of phosphorus in carbons increased their oxidation resistance, due to the 

presence of phosphorus compounds on the carbon surface [122,144,146]. It has been suggested 

that the oxidation resistance is due to phosphorus-containing groups, mainly C–O–PO3, that acted 

as inhibitors of carbon gasification, first by stabilizing the carbon active sites and later acting as a 

physical barrier to oxygen. Upon thermal treatment up to 900 °C, the C–O–PO3 species was 

transformed into C3-PO, which in the presence of oxygen was reoxidized back to C–O–PO3, 

delaying carbon gasification. 



The oxidation resistance of phosphorus-containing carbons obtained by phosphoric acid 

activation of olive stones was investigated [286]. TPD and XPS results indicated that P-containing 

surface groups preferentially react with molecular oxygen, prior to carbon gasification, through 

the oxidation of C-P bond to form C-O-P ones, which are thermally stable at temperatures lower 

than 700 °C. At higher temperatures, these C-O-P type surface groups decompose to less 

oxygenated P groups on the carbon surface (of C-P type) generating CO (and CO2) in the gas phase. 

These C-P type surface groups seem to be very reactive and are (re)oxidized upon contact with air, 

even at room temperature, forming again C-O-P type groups. Thus, the presence of these oxygen-

containing P surface groups with an interesting redox functionality of high chemical and thermal 

stability seems to be responsible for the high oxidation resistance and high oxygen content (once 

exposed to ambient air) of this type of porous carbons. 

Phosphorus compounds can inhibit the oxidation of carbonaceous materials in the 

presence of catalytic additives. A significant suppression of the catalytic activity of cobalt by 

phosphorus (added as methylphosphonic acid) in the graphite-oxygen reaction was reported 

[232]. Neutralization of catalytic impurities by phosphate groups in H3PO4-treated carbon fiber 

preforms and C/C composite was observed [218]. 

It was found that the catalytic effect of Ca was almost completely suppressed by 

impregnation of a C/C composite with methylphosphonic acid or POCl3 followed by heat treatment 

at 600 °C [233]. However, the catalytic effect of K was only partially suppressed due to the 

superior wetting ability and mobility of the potassium species. Phosphoric acid neutralized the 

catalytic activity of alkali metals in the oxidation of HOPG up to 800 °C [346]. 

However, the absence of satisfactory protection of phosphorus (introduced as P(OC6H5)3 in 

15 wt% ethanol solution) in the case of a carbon supported Cu-Cr catalyst towards oxygen was 

reported [347]. 

One can thus conclude that as a rule, phosphorus protects carbons against oxidation, 

although in a few cases the opposite effect was detected. The most widely accepted explanation 

to this inhibition of carbon oxidation is that the phosphorus species blocks the active sites at the 

carbon material surface by forming a less reactive complex at edge sites. This would involve the 

formation of bonds such as C-O-P and C-P-O bonds. P compounds can also inhibit the catalytic 

activity of impurities present in carbon, which would catalyze the reactions of carbon with oxygen. 



6.8 Promotion of carbon functionalization 

Phosphoric acid-activated carbon can graft more surface nitrogen during oxidation with 

HNO3 than a carbon prepared by CO2 activation [348,349]. The surface nitrogen is mainly in form 

of nitro groups on the surface of P-containing carbons, while the N species in P-free carbons are 

mainly in lower oxidation states. The difference was attributed to the participation of phosphorus 

species during treatment with HNO3 through protonation of nitric acid with formation of 

nitronium ion or by detachment from the carbon surface leaving active sites for attaching nitro 

groups. 

6.9 Catalytic activity 

Phosphorus-containing carbons have proven to be an active catalyst in various reactions 

including oxidation, dehydrogenation, dehydration, hydrolysis and etherification or esterification, 

cycloaddition and biomass transformation. 

6.9.1 Hydrogen peroxide decomposition 

The catalytic activity of PCl3-modified carbons from polyfurfuryl alcohol in hydrogen 

peroxide decomposition was reported [306]. It was found that incorporation of phosphorus in 

carbon considerably decreased the rate of H2O2 decomposition (Fig. 41). Noteworthy there is an 

analogy with oxidized carbon because increasing oxygen content as well as phosphorus content 

caused a decrease of basic surface groups (Fig. 30), which are catalytic centers for hydrogen 

peroxide decomposition. 

 

Fig. 41. Dependence of the rate constant for H2O2 decomposition on P-content in PCl3-modified carbons from 

polyfurfuryl alcohol. Adapted from [306]. 

 

6.9.2 Oxidation of cyclohexane 

Phosphorus-doped carbon nanotubes were active in the industrially important liquid phase 

oxidation of cyclohexane with molecular oxygen to produce cyclohexanol and cyclohexanone 



[350]. The enhanced catalytic activity in this oxidation reaction was attributed to an increasing 

electron donation ability of CNT due to doping with n-type dopants like phosphorus or nitrogen. 

6.9.3 Oxidation of cyclohexanone to dicarboxylic acids 

The catalytic properties of synthetic phosphorus-containing carbons in oxidation with air of 

cyclohexanone to dicarboxylic acids were investigated [351]. It was shown that addition of 

phosphorus to carbons increased the selectivity to adipic acid. It was argued that the selectivity 

improvement was due to a higher number of oxygenated functional groups able to catalyze the 

oxidative bond breaking of cyclic ketone. 

6.9.4 Oxidation of benzyl alcohols to benzaldehydes 

A P-doped carbon obtained by microwave treatment of phytic acid showed catalytic 

activity in the aerobic oxidation of benzylic alcohols with > 98% selectivity to benzaldehydes 

[197,352]. Based on extensive studies, a unique catalytic mechanism was proposed (Fig. 42), which 

is different from those for both N-doped and O-doped carbon materials. The reaction mechanism 

includes the formation of benzyl alcoholate intermediate with O=P(V) moieties, production of 

benzaldehyde leaving a reduced P(III) species and oxidation with oxygen of the P(III) species to 

regenerate the O=P(V) centers to complete the catalytic cycle. Dual P,S-doping of porous carbon 

significantly improved the catalytic activity with excellent selectivity in aerobic alcohol oxidation 

reactions [353]. 

 

Fig. 42. Proposed mechanism of benzyl alcohol oxidation over P-doped carbon materials (PGc) using oxygen as 

an oxidant. Reprinted with permission from [197]. Copyright (2016) American Chemical Society. 

 

Later on, the above mechanism was confirmed for a phosphorus-containing carbon 

prepared by phosphoric acid activation of microcrystalline cellulose in the selective oxidation by 

air of benzyl alcohol to benzaldehyde (99.7% yield) in the presence of water [142]. The catalyst 



exhibited a high turnover frequency, which was ascribed to C3PO species identified by XPS 

experiments and DFT calculations. 

6.9.5 Oxidation of aromatic alkanes 

A high catalytic activity of phosphorus, nitrogen and sulfur co-doped carbon in the selective 

oxidation of aromatic alkanes was reported [354]. The excellent activity, selectivity and good 

recyclability of these metal-free carbon catalysts were ascribed to modulation of the electronic 

structure of carbon by dopants like phosphorus, nitrogen and sulfur. 

6.9.6 Direct dehydrogenation of alkanes 

Modification of an ordered mesoporous carbon with phosphorus increased the activity and 

selectivity in the direct dehydrogenation of propane to propylene [355]. The improved activity and 

selectivity were ascribed to the formation of P=O groups created on the catalyst surface after 

modification. The P=O groups are believed to be electron donors for C=O active centers, or 

independent active centers for the direct dehydrogenation of propane. Doping with phosphorus 

was more advantageous than with boron for the direct dehydrogenation of propane, while 

nitrogen-doping was inferior to undoped mesoporous carbon [356]. The difference in catalytic 

activity was attributed to a different effect on the amount of carbonyl and/or quinone groups of 

the carbon, which play a pivotal role in the direct dehydrogenation of propane. 

6.9.7 Oxidative dehydrogenation of alkanes 

Phosphorus doping of carbon can improve the catalytic behavior in oxidative 

dehydrogenation reactions on carbon catalysts, as it was highlighted in recent reviews [357–359]. 

Carbon nanofibers (CNF) showed a high catalytic activity in the oxidative dehydrogenation 

of propane [360]. Modification of CNF with phosphorus (impregnation with (NH4)2HPO4 followed 

by calcination in argon at 800 °C for 2 h and then in air at 600 °C for 2 h) improved the thermal 

stability of the catalyst in an oxygen environment by blocking active sites [20,68]. P-modified CNF 

can operate at 500 °C without gasification and a 40% propene selectivity could be reached at a 

42% propane conversion. 

Oxidized carbon nanotubes were used as catalyst in the oxidative dehydrogenation of 

propane [361] and n-butane [362]. Doping of oxidized CNT with 0.5 wt% of phosphorus 

(impregnation with (NH4)3PO4 followed by calcination for 30 min) significantly enhanced the yield 

of alkenes to 13.8%. Phosphorus doping of carbon nanotubes increased the selectivity to alkenes 

by suppressing the combustion rate of butane, rather than enhancing the formation rate of 

alkenes, and inhibited the oxidation of the carbon catalyst. 



CNT also catalyzed the oxidative dehydrogenation of ethane to ethylene. P-doping of 

oxidized CNT drastically enhanced the oxidation resistance and thus the alkene selectivity was 

increased due to the suppression of electrophilic oxygen intermediates on the carbon surface 

[363]. However, the conversion was low due to a decreasing reactivity of alkanes with decreasing 

chain length. 

A promotion mechanism of phosphate modification of nanodiamond in the oxidative 

dehydrogenation of propane was reported [364]. The results revealed that phosphate 

preferentially reacts with the phenol groups initially present on the nanodiamond surface, and 

then it selectively blocks the defect sites that lead to COx formation from deep oxidation resulting 

in an increased propene selectivity. During this process, the catalyst active sites (ketonic carbonyl 

groups) were not affected. Such effects originated from the formation of covalent C−O−P bonds on 

the carbon surface, which was estimated as 15% loading. 

Modification of a graphitic mesoporous carbon with phosphorus heteroatom improved the 

selectivity in the oxidative dehydrogenation reaction of isobutane to isobutene [365]. The 

improvement in selectivity was not proportional to the amount of phosphorus added – a small 

phosphorus content improved the selectivity by suppressing the combustion of isobutane. 

However, a higher amount of phosphorus groups resulted in coverage of selective quinone sites 

and/or creation of active sites favorable to total oxidation. 

Thus, one can summarize these results as follows: doping of carbons with phosphorus 

enhances oxidation stability in an oxygen environment during the oxidative dehydrogenation by 

blocking defect sites, and enhances the activity and selectivity to alkenes. 

6.9.8 Catalytic wet peroxide oxidation 

A phosphorus and nitrogen-containing carbon xerogel showed a high activity in the 

catalytic wet peroxide oxidation of 4-nitrophenol [168]. It was shown that the increase of 

phosphoric acid concentration during activation resulted in a higher removal rate for 4-

nitrophenol in catalytic wet peroxide oxidation. The carbon catalyst with a highest amount of 

phosphorus (3.5 wt%) achieved a complete decomposition of 4-nitrophenol within 60 min. 

6.9.9 Hydrolysis of ethyl acetate 

Modification of a coconut shell carbon with phosphoric acid at high temperature 

significantly increased its catalytic activity in the hydrolysis of ethyl acetate [366]. With increasing 

modification temperature, the amount of incorporated phosphate groups increased in parallel 

with catalytic activity for ethyl acetate hydrolysis. The high catalytic activity in this reaction was 



ascribed to the formation of thermally stable strongly acidic phosphorus-containing surface 

groups, an increase in the number of surface acid groups and their dissociation constants. The 

catalytic activity of carbons modified by phosphoric acid was higher than that of oxidized carbon 

due to the presence of strongly acidic phosphate groups. 

6.9.10 Dehydration of methanol 

A phosphorus-containing carbon obtained by phosphoric acid activation of olive stones 

showed a high selectivity in methanol dehydration to dimethyl ether [367]. The reaction in helium 

atmosphere resulted in a gradual deactivation of the catalyst due to coke deposition on acid sites 

and reduction of surface C-O-P sites to C-P sites. Deactivation of the catalyst was avoided in air 

atmosphere due to the re-oxidation of reduced surface phosphorus-containing groups without 

gasification of the carbon catalyst. 

6.9.11 Dehydration of ethanol 

The catalytic decomposition of ethanol over phosphorus-containing acid carbon catalysts 

obtained by phosphoric acid activation of olive stones has been studied as well [102]. The reaction 

proceeded to mainly dehydration products, with a very high selectivity to ethylene. In the absence 

of O2 the catalysts suffered a progressive deactivation by coke deposition on the acid active sites. 

However, the presence of oxygen produced a significant increase of the ethanol conversion 

without any significant change in the selectivity of the reaction and avoided deactivation of the 

catalysts under the operation conditions studied. 

6.9.12 Dehydration of 2-propanol 

The influence of phosphorus on the decomposition of 2-propanol at 200 °C was studied for 

PCl3-modified carbons [306]. Comparing the changes of selectivity during 2-propanol 

decomposition towards dehydration (Fig. 43, line 1) and dehydrogenation (Fig. 43, line 2) with 

phosphorus content revealed the great impact of phosphorus on the course of the reaction. The 

increase of phosphorus content, which increased the acidic character of the carbon surface, 

caused as well an increase in the selectivity to dehydration and significant decrease in the 

selectivity to dehydrogenation. Based on the known crucial role of aromatic graphene layers in 

dehydrogenation, it was concluded that introduction of phosphorus, aside from creation of new 

catalytic centers active for dehydration, produces a shield effect that hinders the centers of 

dehydrogenation. This fact is supported by the fast drop of the selectivity of dehydrogenation to 

di-isopropyl ether with increasing phosphorus content (Fig. 43, line 3). 



 

Fig. 43. Dependence of selectivity of 2-propanol decomposition on P-content of PCl3-modified carbons from 

polyfurfuryl alcohol: 1 – dehydration to propylene, 2 – dehydrogenation to acetone, 3 – dehydration to 

di-isopropyl ether. Adapted from [306]. 

 

Phosphorus-containing carbons from lignocellulosic waste or lignin showed a high catalytic 

activity in the decomposition of 2-propanol [95,146,299,368]. For all the studied phosphorus-

containing carbon catalysts the decomposition products were mainly propylene and a very small 

amount of di-isopropyl ether, i.e., only dehydration reaction occurred. It was concluded that 

dehydration of 2-propanol to propylene proceeds over strong Brønsted acid sites of phosphorus-

containing carbon catalysts formed during the phosphoric acid activation step. The increase in the 

amount and strength of acid sites increased the catalytic activity, but did not affect significantly 

the value of the apparent activation energy of the dehydration reaction. The presence of water 

vapor (up to 10 vol%) in the inlet gas stream did not affect significantly neither the conversion 

level nor the product distribution. Phosphorus-containing carbon catalysts showed a stable 

catalytic performance in long-time experiments (up to 10 h). On the contrary, acetone was the 

main product of 2-propanol decomposition when P-free carbon catalyst was used, which is 

indicative of the presence of basic sites. 

A phosphorus-containing ordered mesoporous carbon with 1 wt% of phosphorus showed a 

high conversion of 2-propanol with near 100% selectivity to propene [229]. The point of 50% 

conversion of 2-propanol was observed at 245 °C, which is similar to a previous report [95] despite 

the low phosphorus content. It was argued that the relatively high catalytic activity and selectivity 

may result from the large and uniform mesopores of the ordered mesoporous carbon material. 

Soft-templated phosphorus-containing mesoporous carbons showed a high catalytic 

activity in the conversion of 2-propanol to propene [164]. The activity of these carbon catalysts 



correlated with the number of acid groups obtained by the NH3-TPD method. Increasing the 

phosphorus content increased the number of acid sites and decreased the temperatures for 25% 

and 50% conversion by 60-70 °C. 

6.9.13 Dehydration of 2-butanol 

The catalytic conversion of 2-butanol on a carbon-based acid catalyst prepared by 

phosphoric acid activation of olive stones [95,121] has been investigated [101]. It has been shown 

that 2-butanol over phosphorus-containing carbon yields mainly dehydration products, mostly cis-

2-butene and trans-2-butene with lower amounts of 1-butene, as well as a very small amount of 

methyl ethyl ketone as dehydrogenation product. Theoretical calculations demonstrated that the 

dehydration reaction process follows an E2 mechanism (one-step reaction) with a strong character 

of E1 mechanism (two-step reaction) [369]. 

6.9.14 Selective fructose dehydration to hydroxymethylfurfural (HMF) 

The activity of phosphorylated mesoporous carbons (PMCs) in the dehydration of fructose 

to HMF was investigated [165]. Acidic PMCs containing 0.9-2.6 at% of phosphorus showed a better 

selectivity to HMF compared to a sulfonated carbon catalyst despite exhibiting a lower activity. 

The concentration of P-containing groups on the PMC correlated with the activity/selectivity of the 

catalysts - the higher the phosphorus concentration, the higher the activity. However, increasing 

the P-content decreased the selectivity to HMF. Indeed, a lower concentration of P–O groups 

minimized the degradation of HMF to levulinic acid and the formation of by-products, such as 

humines. 

A linear dependence of the catalytic activity on phosphorus content for phosphorylated 

carbon nanofibers in fructose dehydration was reported (Fig. 44) [283]. The selectivity to HMF was 

significantly improved from 48-54% to 81-87% by heat treatment of phosphorylated carbon 

nanofiber at 400 °C in air. The increase was ascribed to a transformation of C-O-P bonds to C-P 

bonds less prone to leaching, which causes formation of a homogeneous catalyst like phosphoric 

acid with low selectivity. 



 

Fig. 44. Correlation between catalyst activity in fructose dehydration and surface phosphorus content in carbon 

nanofibers. Reprinted from Ref. [283]. 

 

Increasing the amount of acid groups (from 0.64 to 3.36 mmol/g) in a carbon catalyst 

obtained by hydrothermal treatment of glucose with phosphoric acid increased the catalytic 

activity in fructose conversion (from 77% to 96%) [370]. However, the highest selectivity to HMF, 

73.8%, was observed for a carbon catalyst with a moderate amount of acidity. A carbon prepared 

without phosphoric acid showed no catalytic activity for the fructose dehydration reaction. Some 

loss of catalytic activity of the P-containing carbon catalyst appeared in the second cycle, while the 

catalytic performances were maintained well in the latter three cycles. The loss of activity in the 

second cycle was attributed to an acid site leakage from phosphorus-containing surface groups. 

Thus, the acid density and the phosphorus content of the reused catalyst decreased from 0.81 to 

0.15 mmol/g and from 2.5 to 0.08 at% respectively during four cycles. 

6.9.15 Etherification 

Phosphorus-containing carbons prepared by phosphoric acid activation of St-DVB 

copolymer followed by oxidation with HNO3 showed a high catalytic activity in ethyl-tert-butyl 

ether (ETBE) synthesis from isobutene and ethanol [307]. A maximum isobutene conversion of 

63% was achieved at 100 °C with a selectivity of 67%. 

A crucial role of phosphate groups of carbon catalysts in ETBE synthesis was reported as 

well [371,372]. Modeling the catalytic activity showed that the turnover frequency of phosphate 

groups (0.0102 s−1) was almost an order of magnitude higher than that of sulfonic groups 



(0.00116 s−1). The study revealed a key role in ETBE synthesis of relatively weak phosphate groups 

as compared to sulfonic groups. 

The catalytic activity of phosphorus-containing carbon from ash wood in tert-amyl methyl 

ether synthesis from 2-methylbut-2-ene and methanol was studied [373]. A carbon catalyst 

obtained by activated carbon modification with phosphoric acid at 800 °C contained 7.9 wt% of 

phosphorus and showed a moderate catalytic activity, lower than that of sulfonated carbons. 

6.9.16 Esterification 

Phosphorus-containing carbons obtained by direct modification of ordered mesoporous 

carbons with phosphoric acid at room temperature showed a good catalytic activity and good 

reusability in the esterification of oleic acid with methanol [284]. The activity of these carbon 

catalysts increased with increasing both phosphorus content and the amount of acid groups. 

6.9.17 Methoxilation of α-pinene 

An oxidized phosphorus-containing carbon (1.4 at% P) obtained by phosphoric acid 

activation of olive stones showed a high catalytic activity in methoxilation of α-pinene to α-terpinyl 

methyl ether with good selectivity [374]. An oxidized phosphorus-containing carbon exhibited a 

higher catalytic activity than an oxidized carbon xerogel and oxidized commercial carbon Norit, 

which was ascribed to the phosphorus-containing surface groups. 

6.9.18 Cycloaddition of CO2 to epoxides 

Phosphorus-modified graphitic carbon nitride (P-C3N4) was used as catalyst for 

cycloaddition of CO2 to propylene oxide to produce propylene carbonate [375]. The catalytic 

activity of P-C3N4 increased with the rise of P content as a result of the enrichment of acid sites. P-

C3N4 can be easily separated and reused for at least five times without showing significant loss of 

activity. 

6.9.19 Catalytic biomass transformation 

Phosphorus-containing carbon was found to be active in catalytic fast pyrolysis of cellulose 

and biomass to selectively produce levoglucosenone – a key intermediate of biologically active 

products [376]. The activity of this phosphorus-containing carbon was higher than that of liquid 

strong acids (H3PO4, H2SO4), solid super acid SO4
2−/TiO2 and solid phosphoric acid. The superior 

catalytic activity of the phosphorus-containing carbon catalyst was attributed to certain chemical 

forms of phosphorus species including C−O−PO3 and C−PO3 which were absent in other catalysts. 

A granular phosphorus-containing carbon catalyst exhibited a good reusability and stability in the 



recycling experiments – the yield of levoglucosenone was stable during six consecutive runs 

without any regeneration of the recycled granular carbon catalyst. 

Solid catalysts based on carbon xerogels (CXs) containing various heteroatoms (S, P, N, O) 

were tested in hydrolysis of cellobiose to glucose [377]. CXs containing 3.4 wt% of phosphorus 

showed the best catalytic performance, reaching 90% conversion of cellobiose with 72% selectivity 

to glucose, under oxidative atmosphere and in a short reaction time of only 4 h. The presence of 

phosphonates (-P-C-) was found to increase the selectivity to glucose up to an unprecedented 

87%. 

6.9.20 Catalyst support 

A phosphorus-containing carbon obtained by phosphoric acid activation of kraft lignin was 

used as support for Pd catalyst [378]. The presence of phosphorus-containing groups C-O-P, C-P-O 

and especially C3-P avoided the necessity to use triphenylphosphine as ligand in the Suzuki–

Miyaura cross-coupling reaction reactions. 

Phosphorus-containing carbons with deposited Pd showed a high oxidation resistance in 

oxidation of toluene [379]. It has been shown that phosphorus-containing groups function as a 

physical barrier, increasing the oxidation resistance of the carbon support and thus avoiding the 

burn-off of the carbon part of the catalyst during the oxidation of the organics. 

The use of phosphorus-containing carbon with acid surface groups allowed preparation of 

bifunctional Pt-Pd catalyst for hydrodeoxygenation of tire oil [380,381] or bio-oil [382,383]. The 

presence of acid phosphorus-containing acid sites lead to synergetic effect with metallic Pt and Pd 

sites, which favors the hydrogenation of the oxygenated compounds of bio-oil and the 

unsaturated hydrocarbons of tire oil. 

Inhibition of carbon oxidation by phosphorus-doping was utilized in the fabrication of 

oxidation-resistant carbon-supported VPO catalyst for partial oxidation of propane or propylene 

[103,384]. A carbon support with strong acid sites and high oxidation resistance due to the 

presence of stable surface phosphorus groups was obtained by phosphoric acid activation of 

biomass waste (orange skin or olive stones). The subsequent impregnation with NH4VO3 followed 

by calcination at 250 °C yielded surface VPO active phases, selective for the partial oxidation of 

propane and propylene. 

6.10 Phosphorus effects in promoting graphitization 

A partial change from hard carbon (nongraphitizable) to soft carbon (graphitizable) by 

phosphorus introduction was reported [148]. The addition of phosphoric acid to a carbonaceous 



precursor (epoxy resin) had a strong effect on carbon structure. The strain probability distribution 

function calculated from the (002) peak in XRD showed the typical bimodal character of the 

nanostructure of P-doped carbons. The volume fraction of highly strained, non-parallel layers of 

carbon, 1-g, decreased with increasing carbonization temperature and with increasing amount of 

phosphorus in the carbon up to 10 wt% and increased for carbons with a higher content of 

phosphorus. With the increase of phosphorus content in the carbon (with increasing amount of 

H3PO4 added to the precursor) the interlayer spacing, d002, decreased and the lateral crystallite 

size, La, increased indicating an increase in the degree of structural order. Increasing the 

carbonization temperature increased the lateral crystallite size, La, while the temperature 

dependence of the interlayer spacing, d002, was much less pronounced. The pore size, Rg, of the 

carbon doubled with increasing amount of phosphorus in the carbon from 0 to 10 wt%. However, 

the BET surface area of the carbons was in the range of 1.5-2.4 m2/g, which indicates the 

occurrence of closed porosity not accessible to N2 molecules. 

Phosphorus in the carbon structure was reported to enhance the graphitization degree of 

carbon fibers [206]. The (002) diffraction peak of phosphorus-containing carbon fiber suddenly 

sharpened at 3000 °C (Fig. 45). The calculated interlayer spacing for this carbon fiber was 

0.3378 nm, which is close to the ideal value of graphite, 0.3354 nm. Based on the asymmetry of 

the (002) peak it was concluded that phosphorus-containing carbon fiber is an inhomogeneous 

mixture of graphitic and turbostratic structures. The crystallite dimension Lc of that phosphorus-

containing carbon fiber was larger than that of the same carbon fiber without phosphorus 

(Fig. 46). The difference in Lc becomes larger with increasing HTT and became seven-fold at 

3000 °C. 



 

Fig. 45. XRD patterns of the (002) region of (a) phenol-formaldehyde-based carbon fibers (PF(CF) series) and 

(b) phosphorus-containing carbon fibers (PFP(CF) series) obtained at 1000-3000 °C (first two digits of 

the heat treatment temperature included in the abbreviation). Reprinted with permission from Ref. 

[206]. Copyright (1999) Elsevier. 

 

 

Fig. 46. Variation of Lc as a function of HTT. Open symbols – carbon fiber without phosphorus, closed symbols 

– phosphorus-containing carbon fiber. Reprinted with permission from Ref. [206]. Copyright (1999) 

Elsevier. 

 

Addition of phosphoric acid to polyacrylonitrile (PAN) increased the interlayer distance in 

PAN-derived carbons from 0.3510 to 0.3363 nm [149]. The 002 peak became narrower and the 

graphite crystallite size, Lc, increased from 0.962 to 1.030-1.112 nm. The increased interlayer 

spacing was ascribed to the larger size of the phosphorus atom, while the increased crystalline size 

was due to the reaction of phosphoric acid with side –CN groups of PAN to form a cross-linked 



structure, which favors the carbonization process. Scanning electron micrographs of these carbons 

showed that a layer-like structure appeared after addition of phosphoric acid in contrast to the 

turbostratic structure present in the carbon obtained without H3PO4. It was concluded that 

phosphoric acid was bonded with –CN groups of the PAN molecules during carbonization, so that 

the graphite crystallites formed were more ordered. 

The growth of graphite microcrystals was significantly promoted by phosphoric acid 

treatment of a biomass-derived carbon [385]. The coherent domain sizes, Lc, for carbons heat- 

treated at 2800 °C increased from 8.58 to 12.3 nm due to a promotion in the growth of graphitic 

microcrystals brought about by phosphorus. 

6.11 Electron spin resonance 

Various defects that are related to the electronic disorder, created due to different 

bonding configurations and which give rise to gap states around the Fermi level, EF, can be either 

paramagnetic or diamagnetic. The paramagnetic defects can be measured by electron spin 

resonance (ESR). 

Phosphorus-doped diamond-like carbon (DLC) films obtained by the pulsed laser deposition 

technique showed a decrease of spin density with increasing phosphorus content in the carbon 

(Fig. 47) [262,265]. The decrease of spin density is sharper at low concentrations of phosphorus, 

being followed by a gradual decrease at a higher P concentration. The ESR linewidth increases with 

increasing phosphorus content up to 4 wt% and decreases for the DLC film with the highest 

phosphorus content. 

 

Fig. 47. Variation of the ESR spin density and ESR linewidth of carbon films as a function of P content in the 

carbon film. Adapted with permission from Ref. [262]. Copyright (2001) Elsevier. 
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6.12 Electronic properties 

6.12.1 Diamagnetic susceptibility 

The electronic properties reported for phosphorus-containing pyrocarbons refer to the 

anisotropy of diamagnetic susceptibility, Δχ, measured at −196 °C and 20 °C, and the longitudinal 

component of the susceptibility, χ||, measured at room temperature [17]. It was shown that the 

anisotropy of diamagnetic susceptibility, Δχ, decreases with increasing phosphorus content. The 

total susceptibility, χT, calculated from Δχ and χ|| values (χT = 3χ|| + Δχ) decreases with increasing 

phosphorus content, which is in agreement with changes in anisotropy of diamagnetic 

susceptibility. Taking into account the fact that the pyrocarbon becomes considerably more 

disordered with increasing phosphorus content [248], the observed decrease of susceptibility 

indicates an increased trapping of electrons owing to an increasing number of structural defects. 

6.12.2 Electrical conductivity 

Increasing the phosphorus content in ta-C:P film obtained by cathodic vacuum arc 

deposition increased their electrical conductivity (Fig. 48) [272,273]. From the exponential 

dependency of the electrical conductivity on 1/T above −23 °C for all levels of P-content, it was 

suggested that the conduction occurs via extended states. With increasing phosphorus content in 

the ta-C:P film, the room temperature conductivity first sharply increases to level off at a P-

content higher than 1.23 wt% (Fig. 48). The activation energy systematically decreases; the most 

dramatic drop is observed for the lowest doping level. 

 

Fig. 48. Variation of the room temperature conductivity and activation energy of a ta-C:P films obtained by 

cathodic vacuum arc deposition as a function of P content in the carbons. Adapted with permission 

from Ref. [272]. Copyright (1993) Elsevier. 
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The temperature dependence of the electrical conductivity was investigated for 

phosphorus-doped DLC films [262]. The conductivity decreases initially with addition of a small 

amount of phosphorus (0.73 wt% in the DLC film) and then increases sharply and gradually 

thereafter as the P-content increases to 4.9 wt% (Fig. 49, Fig. 50). Above room temperature, the 

conduction mechanism is suggested to be in the extended states as the logarithm of the electrical 

conductivity vs 1/T plot is linear and the temperature at which the activation starts is observed to 

shift to a lower value with increasing P-content (Fig. 50). These results are similar to those 

reported for tetrahedral amorphous carbon (ta-C) films [273]. 

Below room temperature, the slope of the logarithm of the electrical conductivity vs 1/T 

plot changes and as the temperature is further lowered, the increase of conductivity with 

increasing temperature becomes very low. The conduction mechanism for the below room 

temperature and lower temperature regions can be attributed to conduction in band tail states 

and variable range hopping via deep states, respectively [386]. 

The activation energy, determined from the slope of the logarithm of electrical 

conductivity vs 1/T plot for the above room temperature region, increases for the film with 

0.73 wt% phosphorus and decreases for films having higher P-content (Fig. 49) [262]. The 

activation energy follows the opposite trend observed for room temperature conductivity. The 

dependence of activation energy and electrical conductivity on P-doping is different from that 

reported for amorphous carbon films [272], where it was found only a systematic decrease in 

activation energy and increase in electrical conductivity with increasing P-content in ta-C films. 

 

Fig. 49. Variation of the room temperature conductivity and activation energy of DLC films as a function of P 

content in the carbon. Adapted with permission from Ref. [262]. Copyright (2001) Elsevier. 
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Fig. 50. The temperature dependent conductivity of carbon films obtained from camphoric carbon soot targets 

with (a) 0 wt% P, (b) 1 wt% P (c) 3 wt% P (d) 5 wt% P and (e) 7 wt% P. Reprinted with permission 

from Ref. [262]. Copyright (2001) Elsevier. 

 

An investigation of the electrical properties of an amorphous carbon film deposited by 

pulsed laser deposition showed that P-doping decreased the room temperature conductivity from 

1.4·10-4 (Ohm·cm)-1 for an un-doped sample to 2·10-5 (Ohm·cm)-1 for a carbon film with 0.6 wt% of 

phosphorus [264,265,387]. Further increase of phosphorus content to 4.9 wt% in the deposited 

film increased the room temperature conductivity to 1·10-2 (Ohm·cm)-1. The behavior of the 

activation energy of conductivity was opposite: a first decrease from 0.22 eV for the un-doped 

sample, increase to 0.24 eV for a carbon film with 0.6 wt% of phosphorus and further decrease to 

0.13 eV for a sample with 4.9 wt% P. The decrease of the room temperature conductivity for the 

P-doped carbon film as compared to the un-doped sample was ascribed to lattice vibrations 

leading to the scattering of charge carriers by P atoms and to a more amorphous nature of carbon 

films. The increase in room temperature conductivity for the samples with a higher concentration 

of phosphorus was explained by an increase in graphitization degree and substitutional doping, 

though the authors did not show any evidence of crystallinity in the P-doped carbon films. 

Phosphorus-doping of g-C3N4 significantly increased the electric conductivity by 4 orders of 

magnitude (Fig. 51), which was ascribed to a higher charge-carrier density [201]. The increase in 

conductivity was not proportional to the phosphorus content, which was attributed to an 

increasing distortion of the planar graphitic conduction pathways by the bulky phosphorus and 

deviation of the P-N bonding angle from 120°. 



 

Fig. 51. Electrical conductivity of pristine graphitic carbon nitride (g-C3N4) and P-doped samples containing 0.6 

(P-C3N4-0.1) and 3.8 at% (P-C3N4-0.3) of phosphorus. Reprinted with permission from [201]. Copyright 

(2010) American Chemical Society. 

 

In summary: P-doping first decreases and then increases the electrical conductivity of the 

studied carbon materials. However, the increase in electrical conductivity is not proportional to 

phosphorus content, which was ascribed to a distortion of planar graphitic conduction pathways 

due to the bulky phosphorus atom. 

6.12.3 Charge carriers 

The P-doping of amorphous carbon films changes the p-type conduction nature of un-

doped sample to n-type for P-incorporated carbon films [264,272]. It has been suggested that n-

type conduction with P-doping is due to activation into extended π* states [272]. 

Hall effect measurements on semiconducting tetrahedral amorphous carbon (ta-C) films 

deposited by cathodic vacuum arc using 1 wt% P cathode gave a Hall voltage consistent with 

conduction by electrons [273]. 

A P-doped graphene obtained by chemical vapor deposition showed a much stronger n-

type behavior than an N-doped graphene [388]. The phosphorus-doped n-type graphene showed 

a high air-stability even under a pure oxygen atmosphere. It is assumed that the strong electron- 

donating ability of the electron lone pairs of phosphorus can protect graphene against a reduction 

in n-type properties even under an oxygen atmosphere. 

A P,N-co-doped graphene obtained by CVD from ethanol and phosphonitrilic chloride 

trimer showed a remarkably stable n-type behavior at ambient conditions and a reasonable charge 

carrier mobility [256]. Based on the fact that most nitrogen-doped graphene materials cannot 



exhibit n-type behavior in air it was inferred a key role of doped P atoms in significantly enhancing 

the doping efficiency compared to nitrogen-doping. 

6.13 Optical properties 

Photocatalysis has attracted a considerable attention during the past decades because of 

its potential for environment purification and conversion of photon energy into chemical energy. 

Although the studies on the photoactivity of carbons are still in their infancy [389], there are some 

indications on the effect of phosphorus on the optical properties of carbon materials. 

6.13.1 Optical band gap 

The optical band gap of a P-doped DLC film deposited by radio frequency plasma increased 

from 2.5 to 3.3 eV with increasing phosphorus content up to a P/C ratio of 0.79 with a slight 

decrease of the band gap to 2.9 eV with further increasing the P/C ratio to 0.89 [257]. The increase 

in the band gap was explained by a decrease in the concentration of sp2-bonded carbon within the 

film, which is consistent with the idea that the films become more amorphous at a high P-content. 

The optical properties of DLC films doped with phosphorus were investigated using UV/Vis 

absorption [258]. The Tauc plot was curved, which was ascribed to the existence of many mid-

band gap states showing the amorphous, defective nature of the obtained films. The estimated 

band gap decreased from 2.7 to 2.1 eV with increasing P/C ratio from 0 to 3. This fact contradicted 

previous findings [257], which was ascribed to a highly air sensitive nature of the DLC films with a 

high P-content [258]. Increasing the ion energy during radio frequency plasma deposition led to 

decreasing the P/C atomic ratio from 1.6 to 0.9 and reducing the optical band gap from 2.6 to 

2.3 eV [259]. 

The optical properties of phosphorus-doped DLC films obtained by pulsed laser deposition 

[262] have been estimated using the Tauc plot [390]. The optical gap was 0.85 eV for doping levels 

of 0-3.8 wt% of phosphorus and decreased to 0.75 eV in DLC films containing 4.9 wt% of 

phosphorus. The decrease in optical gap for the carbon film containing 4.9 wt% of phosphorus was 

ascribed to an increase of the sp2 cluster size due to graphitization of the DLC film, which is 

probably induced by a high P content [263]. 

Contrary to other investigations, no optical band gap changes were reported for ta-C:P 

films deposited by the cathodic arc method [272]. For a P content of up to 2.5 wt% the optical 

band-gap (1.9-2.0 eV) and sp3-bonded C content (deduced from EELS) were reported to be the 

same as for the un-doped film. The optical band gaps of the ta-C films also remained unchanged at 

1.9-2.0 eV with the inclusion of about 1 wt% phosphorus in the films [273]. 



The optical properties of P-doped amorphous carbon films deposited by pulsed laser 

deposition were investigated by UV/Vis/NIR spectroscopy measurements for films deposited on 

quartz substrates in the wavelength range of 200 to 2500 nm [264,387]. Doping with phosphorus 

increased the optical band gap from 0.65 eV for an un-doped sample to 0.82-0.85 eV for carbon 

films containing 0.22-1.58 at% of phosphorus. Further increasing the amount of doped 

phosphorus to 1.94 at% caused a decrease in the optical band gap up to 0.65 eV. The authors 

pointed out that optical band gaps are smaller than the optimum value of about 1.5 eV for a solar 

cell. The increase of the optical band gap for the samples with a low phosphorus content was 

explained by compensation of dangling bonds in the structure of the amorphous carbon film and 

increase of the tetrahedral (sp3) fraction of carbon, similarly to the effect of nitrogen incorporation 

in carbon films, which increased the sp3-carbon content [391]. 

The optical properties of an amorphous carbon film obtained by the radio frequency 

plasma enhanced chemical vapor deposition technique [261] showed a slight increase of the 

optical band gap from 1.9 to 2.0 eV with increasing radio frequency power to 200 W, and a steep 

decrease to 0.8 eV as the radiofrequency power was increased to 300 W. The changes were 

ascribed to a decreasing fraction of sp3 sites. 

The optical band gap energy was shifted gradually from 2.73 eV to lower energies for a P-

doped g-C3N4 with increasing P-content [201,202]. The phenomenon was explained by the 

electronic integration of the P-heteroatoms in the lattice of g-C3N4. 

In the case of graphene, a large increase in band gap from 0 eV for undoped graphene to 

2.85 eV for P-doped graphene containing 7 at% of phosphorus was reported [182]. 

A P,N-doped carbon obtained by microwave carbonization of a condensation polymer in 

the presence of phosphoric acid showed a broad range of absorption in the UV-Vis spectrum with 

a maximum at 314 nm [169]. The band gap obtained by means of the Tauc equation was found to 

be 2.68 eV. 

In summary, phosphorus introduction definitely affects the optical properties of carbon 

materials. However, the literature reviewed does not allow drawing a certain trend for the 

direction of changes induced by P-doping. More investigations with a focus on the chemical state 

of phosphorus are needed. 

6.13.2 Photovoltaic characteristics 

The photovoltaic characteristics of solar cells constructed from P-doped amorphous carbon 

films were improved with increasing phosphorus content in the carbon up to 4 wt% and 



deteriorated thereupon [264,265]. The quantum efficiency was improved with increasing P-

content in the carbon film up to 4 wt% and decreased for higher amounts of phosphorus. The 

following characteristics of the cell were achieved: maximum power 0.456 mW, energy coefficient 

efficiency 1.14% and fill factor 41%. It was pointed out that although the maximum achieved 

energy coefficient efficiency was low there is still possibility of improving the photovoltaic cell 

characteristics by optimizing the deposition conditions [264]. 

The photovoltaic characteristics of solar cells fabricated from radio frequency plasma 

enhanced CVD P-doped carbon films were the best for a film grown at 100 W, for which the lowest 

amount of phosphorus was measured by Auger electron spectroscopy [260]. The maxima of open 

circuit voltage and short circuit current density for the cells were observed to be approximately 

236 V and 7.34 mA/cm2. The highest energy conversion efficiency and fill factor were found to be 

approximately 0.84% and 49%, respectively. 

Phosphorus-containing graphitic carbon nitride P-C3N4 showed more efficient light 

harvesting, increased electric conductivity (by a factor of 4) and remarkably higher photocurrent 

(by a factor of 5) as compared to pristine g-C3N4 [201]. The negative photocurrent indicated the 

dominance of holes in charge transport. Differential pulse voltammetry plots showed that the 

reduction peak currents are proportional to the phosphorus concentration. 

6.13.3 Photocatalytic activity 

Both, a polymer-derived, sulfur- and phosphorus-doped activated carbon and a commercial 

phosphorus-containing carbon showed a strong photooxidation activity in UV and visible light for 

dibenzothiophene and 4,6-dimethyldibenzothiophene from a model diesel fuel [392]. It was 

suggested that the incorporation of sulfur and phosphorus-containing groups to the carbon matrix 

decreased the energy band gap. It was assumed that photoinduced holes, electrons and oxygen 

from surface groups are involved in the involved oxidation reactions. 

An increase in the photocatalytic activity of carbon nitride upon doping with phosphorus to 

decompose Rhodamine B and Methyl orange in aqueous solution was reported [202]. The increase 

was attributed to favorable textural, optical and electronic properties caused by doping with 

phosphorus heteroatoms into the carbon nitride matrix. 

An enhanced visible light photocatalytic degradation of Rhodamine B over phosphorus-

doped graphitic carbon nitride was reported [393]. The enhanced photoactivity was attributed to a 

favorable texture, optical property and effective separation of photogenerated charge carriers 

(inhibiting the recombination of electrons and holes) brought about by phosphorus doping. 



Doping graphene with phosphorus increased by one order of magnitude the photocatalytic 

activity of hydrogen generation in aqueous methanol solution (30 wt%) and in triethanolamine 

under UV/Vis irradiation [182]. The photocatalytic activity of P-doped graphene increased with 

increasing amounts of phosphorus. The activity of P-graphene under visible light was much lower 

than under UV/Vis light. The photocatalytic activity was attributed to an increasing bandgap from 

0 eV for graphene to 2.85 eV for P-doped graphene containing 7 at% of phosphorus. 

P-doping significantly changed the electronic properties of g-C3N4, causing not only a red-

shifted light absorption, but also improving the electronic conductivity [394]. This resulted in an 

excellent photocatalytic water reduction performance under visible light irradiation. 

6.13.4 Photoluminescence (bioimaging) 

Photoluminescence spectra of P-doped carbon nitride showed a broad band centered at 

approximately 470 nm, which was attributed to the band-band photoluminescence phenomenon 

with the energy of light approximately equal to the band gap energy [202]. Doping with 

phosphorus of g-C3N4 led to quenching of photoluminescence, which was attributed to a decrease 

in the recombination of electron–hole pairs, which would be favorable for the photocatalytic 

process. 

P,N-doped carbon nanodots showed blue fluorescence under UV irradiation [178]. The 

maximum emission wavelength increased from 424 to 463 nm as the excitation wavelength 

increased from 210 to 230 nm. The maximum emission intensity around 453.4 nm (a bright blue 

emission) was observed for excitation at 225 nm. The 5–10 nm P,N-doped carbon nanodots 

showed no cytotoxic effect and were successfully used for bioimaging applications. 

6.14 Electrochemical applications 

Doping of carbon materials with different heteroatoms alters their electronic properties. 

The effect of phosphorus doping was studied by theoretical quantum chemical calculations 

[294,341,395–398] and by experimental investigations of P-doped carbons in electrochemical 

applications like electric double-layer capacitor (EDLC), Li-ion batteries, oxygen reduction reaction, 

fuel cells and other uses [31]. 

6.14.1 Electrical double-layer capacitors 

An extraordinary performance in electrical double-layer capacitors (EDLC) of phosphorus-

containing microporous carbons prepared by a simple H3PO4 activation method has been reported 

[297,298,399]. All the investigated phosphorus-containing carbons of different origin (polymer-

based and fruit-stone-based) showed a high electrical capacitance of 190-220 F/g, much higher 



than that of commercial carbon Norit RB3 (140 F/g). Factor analysis showed that the strongest 

influence on the capacitance corresponded to phosphorus content; a less strong effect was 

exerted by the surface area of 0.65-0.83 nm micropores (determined by CO2 adsorption). This high 

impact of phosphorus content on the capacitance could be connected with an increase in the 

surface conductivity through Grotthuss mechanism [400,401] as in phosphoric acid [402,403] and 

acid zirconium phosphates [404]. The high electrical capacity of P-doped carbons was attributed 

also to pseudocapacitance due to fast Faradic reactions. The most interesting and extraordinary 

feature of phosphorus-containing carbons is that they could operate in H2SO4 at potentials up to 

1.5 V without electrolyte decomposition, which is larger than the theoretical potential of water 

decomposition (1.23 V). This is an important feature since the widening of the cell voltage has a 

great impact on the energy density of the supercapacitor, as it is proportional to the square of the 

cell voltage [405]. Moreover, phosphorus-containing carbons show a stable performance during 

15000 cycles. The durability and capability of operating at high potentials without oxidation is 

explained by blockage of active sites by phosphorus compounds. 

A very stable electrochemical performance of phosphorus-containing carbon from coffee 

grounds at potentials (up to 1.5 V) larger than the thermodynamic potential for water 

decomposition was also reported [133]. Only 18% degradation was observed after 10000 cycles at 

a current density of 5 A/g. Due to the wide electrochemical window, a supercapacitor with P-

containing carbon showed a high energy density of 15 W·h/kg at a power density of 75 W/kg. The 

possibility of widening the potential window above the theoretical potential for the decomposition 

of water was ascribed to reversible electrochemical hydrogen storage in narrow micropores and to 

the positive effect of phosphorus-rich functional groups, particularly polyphosphates, on the 

stability of carbon surface. 

The effect of phosphorus compounds on the electrochemical behavior of a commercial 

phosphorus-containing carbon BAX-1500 (MeadWestvaco) of wood origin was reported [406]. The 

phosphorus environment was altered by modification of the carbon by oxidation and treatment 

with melamine or urea. It has been shown that with an increase in the heterogeneity of 

phosphorus-containing species and with a decrease in the content of pyrophosphates, the 

electrical capacitance increased and the retention ratio of the capacitor was improved. 

Phosphorus- and/or boron-doped ordered mesoporous carbons exhibited superior 

electrochemical performances as compared to their heteroatom-free counterparts when used as 

electrodes of supercapacitors [25]. With increasing phosphorus content, the electrical capacitance 

increased indicating a positive impact of phosphorus doping. Phosphorus and phosphorus-boron-



containing carbons showed a higher capacitance retention with increasing potential scan rate as 

compared to the corresponding heteroatom-free carbons. 

An increase in the electrical capacitance from 31.2 to 124.1 F/g at 50 mA/g in 1 M H2SO4 by 

introduction of phosphorus (using guanidine phosphate) into a starch-based carbon was reported 

[191]. Addition of phosphoric acid instead of guanidine phosphate resulted in a slightly lower 

capacitance of 116.1 F/g. 

Increasing the phosphorus content from 2.15 to 3.30 wt% in ordered P- and B-doped 

mesoporous carbons increased the gravimetric capacitance of the electrode from 158 to 177 F/g 

in 6 M KOH electrolyte [166]. The improvement of the capacitance was attributed to the 

introduction of oxidized B and P species. 

Phosphorus-containing carbon monoliths showed voltammograms with a rectangular 

shape that was maintained for a wide potential window of up to 1.4 V. However, unfuctionalized 

carbon monoliths exhibited a clear deformation of the rectangular shape of the voltammogram at 

much lower voltages (e.g., 1 V) [204]. Phosphorus-containing carbon monoliths showed a better 

retention of the capacitance at high current densities due to a lower equivalent series resistance 

(2.6 Ω for P-containing carbon and 4.7 Ω for carbon without phosphorus). P-containing carbon 

monoliths showed a stable performance during 10000 charge-discharge cycles at 1.4 V with a 

capacitance retention of 90%. Moreover, P-containing carbon monoliths showed a higher (both 

gravimetric and volumetric) energy density than the equivalent carbon monoliths without 

phosphorus. 

The electrochemical properties of P,N-containing carbons were investigated using cyclic 

voltammograms (CV) in deaerated 1 M HClO4 [176]. With increasing phosphorus content up to 

3 wt% the CV area, which is closely related to the capacitance, increased and levelled off with a 

higher concentration of phosphorus. The increase in capacitance was ascribed to an increasing 

surface area with increasing phosphorus content up to 3 wt%. However, XRD, XPS and Raman 

spectra showed that additional P-doping induced defect sites and destroyed the sp2-carbon 

network in the carbon structure, which reduced the electrical conductivity of the carbon. 

Therefore, it was concluded that further increasing the capacitance was not achieved due to the 

diminished electrical conductivity, despite the fact that the surface area of the catalysts was 

enlarged. 

Cyclic voltammetry and galvanostatic charge–discharge tests showed a high specific 

capacitance (154.4 F/g) and excellent stability of P/N co-doped porous carbons in 6 M KOH [175]. 



The improved electrochemical performance was attributed to the combination of the co-doping of 

heteroatoms (P and N) and to micropores generated by phosphoric acid activation. 

Phosphorus-containing graphene from reduced graphene sheets showed an enhanced 

capacitive performance in an aqueous electrolyte (1 M H2SO4) due to an increased 

pseudocapacitance and good electrical conducting network in the electrode structure [226]. The 

specific capacitance was found to be very stable at the level of 430 F/g during 5000 cycles of 

charge-discharge galvanostatic measurements. These samples exhibited a high power density of 

9 kW/kg and energy density of 59 W·h/kg, which is much higher than that of other graphene-

based supercapacitors. The phosphorus-doped graphene showed a high potential for use in low-

cost energy storage devices. 

Phosphorus- and nitrogen-co-doped porous carbons obtained by carbonization of a 

mixture of glucose and (NH4)3PO4 were investigated as electrode material for supercapacitors 

[185]. These phosphorus- and nitrogen-co-doped porous carbons exhibited a specific capacitance 

of 183.8 F/g, a capacitance retention ratio of over 90%, and an operating potential window up to 

1.4 V in an alkaline electrolyte of 6 M KOH. The promising electrochemical performance was 

ascribed to the synergetic effect of (i) the pseudocapacitance that originated from phosphorus- 

and nitrogen-containing surface groups; and (ii) the electric double layer capacitance that came 

from the uniform porosity developed by in situ activation. 

A significant enhancement of the supercapacitive performance of graphene nanosheets 

due to phosphorus doping was reported [219]. With increasing phosphorus content from 0 to 

1.57 at% the specific capacitance in 6 M KOH increased from 7.6 to 244.6 F/g at a current density 

of 0.1 A/g, which has been considered to be the key factor for the enhancement of the 

supercapacitive performance. These phosphorus-doped graphene nanosheets also exhibit a good 

rate capability and excellent stability (up to 10 000 cycles). 

P,N-doped nonporous carbon nanofibers from polyacrylonitrile and phosphoric acid 

showed an excellent electrochemical performance as EDLC electrode in 1 M H2SO4 [150]. 

Increasing the phosphorus content resulted in an increase in electrical capacitance along with 

content of pyrrole-like nitrogen (Fig. 52). The excellent electrochemical performance was ascribed 

to the synergetic effect of nitrogen groups that provide high pseudocapacitance and phosphorus 

groups, which enhance the surface wettability. Moreover, P,N-doped carbon nanofibers exhibit a 

widened electrochemical potential window up to 1.4 V in 1 M H2SO4 electrolyte. The widening of 

the potential window was ascribed to the blockage of phosphorus groups to the electrochemical 



active oxidation sites and/or to the reduction of electrochemical active oxidation sites, which are 

replaced by phosphorus groups. 

 

Fig. 52. Specific capacitance (left side) and N-X (pyrrole-like nitrogen) content (right side) as a function of 

phosphorus content. Reprinted with permission from Ref. [150]. Copyright (2014) Elsevier. 

 

P,N-doped carbon nanofibers (CNF) from bacterial cellulose exhibited a good 

supercapacitive performance [183]. With increasing phosphorus content from 3.6 to 6.6 wt% the 

electrical capacitance in 2 M H2SO4 electrolyte at a current density of 1 A/g increased almost 

linearly from 129.2 to 204.9 F/g. Further increasing the phosphorus content to 7 wt% led to a 

decreased capacitance, which was ascribed to thinning of carbon fiber due to the corrosion by the 

highly concentrated NH4H2PO4 solution. The N,P-CNF showed a high capacity retention ratio and 

stable performance during 4000 cycles. The capacity decreased in the following order: N,P-CNF > 

B,P-CNF > P-CNF > CNF showing that P and N dual doping is favorable for the supercapacitive 

performance. 

Phosphorus-doped graphene (1.3 at% of P) exhibited a significant improvement in terms of 

specific capacitance and cycling stability, compared with an undoped graphene electrode [407]. 

This P-doped graphene electrode could survive at a wide voltage window of 1.7 V in 1 M H2SO4 

with only 3% performance degradation after 5000 cycles at a current density of 5 A/g, providing a 

high energy density of 11.64 W·h/kg and a high power density of 831 W/kg. The wide potential 

window in aqueous supercapacitors was attributed to the reversible electrochemical hydrogen 

storage in carbon materials [408]. 

A P,N co-doped carbon obtained by microwave carbonization of coffee grounds mixed with 

ammonium polyphosphate exhibited a high specific capacitance in acid and alkaline electrolytes, 

the highest specific capacitance value being 286 F/g in 1 M H2SO4 [409]. This P,N co-doped carbon 

was stable under acidic and alkaline conditions with continuous cycling for 2000 times. 



A ternary P,N,O co-doped carbon from shrimp shells exhibited a high specific capacitance 

of 206 F/g at 0.1 A/g in 6 M KOH solution [410]. The energy density and power density of the 

obtained electrodes could be substantially improved (from 2.9 W·h/kg at 0.9 V to 5.2 W·h/kg at 

1.1 V) by widening the operation voltage window with the assistance of doped P. 

An improvement of the electrochemical characteristics of a carbon xerogel by modification 

with H3PO4 at high temperature was reported [411]. Incorporation of phosphorus heteroatoms 

increased the capacitance by almost 5 times to 183 F/g. It was found that the presence of P-

heteroatoms is a crucial factor for high electrochemical capacitance, good rate capability and 

excellent long-term stability. 

A dramatic improvement in the capacitance, rate capability, and cyclic stability by 

incorporation of phosphorus into reduced graphene oxide was demonstrated [412]. Combined 

experimental and theoretical approaches showed a reduction in charge transfer resistance due to 

modification of the electronic structure of the carbon by C-P=O bonding. 

Phosphorus-containing carbons from olive residues showed a higher capacitance and 

capacitance stability despite the lower surface area as compared to KOH-activated carbons [413]. 

The superior electrochemical behavior of P-doped carbons was ascribed to the presence of 

phosphorus surface groups and adequate micro-mesopore network. 

Widening the potential window to 1.5 V in 6 M KOH for P,N-doped graphene was reported 

[414]. This widening was ascribed to the enhanced electro-oxidation resistance of carbon 

electrodes with the aid of P-containing functional groups. 

The enhanced electro-oxidation resistance induced by phosphorus-containing groups in 

olive stones-derived carbons has been demonstrated [415]. A mechanism of electro-oxidation 

resistance was proposed, which involves the gradual transformation of phosphorus-containing 

groups at high potentials from less-to more-oxidized species to slow down the introduction of 

oxygen groups on the carbon surface (oxidation). This hampers the generation of oxygen-carbon 

surface groups and hence, the corrosion of the carbon surface. 

A highly flexible supercapacitor fabricated from phosphorus-containing reduced graphene 

oxide films achieved a specific capacitance of 149 F/g, a capacitance retention of 90.8% from 1 to 

30 A/g, and a cyclic stability of 94.2% over 1000 charging/discharging cycles [416]. The capacitive 

performance was preserved at the bending of 120° angle. The excellent electrochemical behavior 

was attributed to the unique hierarchical structure and the presence of electroactive P=O sites. 



A flexible and binderless electrode for supercapacitors was fabricated by phosphoric acid 

activation of denim cloth waste [417]. This phosphorus-containing carbon showed a stable 

electrochemical behavior in the wide potential window 1.5 V in 1 M H2SO4 electrolyte with a 

gravimetric capacitance of 237 F/g at 0.25 A/g and more than 90% capacitance retention after 

5000 cycles. 

Phosphorus-containing carbon monoliths with high bulk density ∼1.1 g/cm3 were 

prepared by phosphoric acid activation of lignin or olive stones [418]. These carbon monoliths as 

binderless electrodes for EDLC showed high gravimetric (217 F/g) and volumetric (205 F/cm3) 

capacitances in 1 M H2SO4 electrolyte. 

Phosphorus doping improved the electrochemical characteristics of carbon in an organic 

electrolyte [419]. The increase of P-doped content significantly restrained the formation of 

unstable quinone and carboxylic groups, and then enhanced the oxidation stability of P-doped 

porous carbon. P-doped carbon exhibited an excellent rate capability of 75% retention at 30 A/g, 

an extraordinary stability of 90% capacitance retention after 20000 cycles and a low leakage 

current of less than 1.2 mA in 1 M Et4NBF4/PC. Due to the blockage of active oxidation sites by 

phosphate groups the P-doped porous carbon could stably operate at a higher voltage of 3.0 V in 

Et4NBF4/PC compared to that of undoped porous carbon, so as to deliver a high energy density of 

38.65 W·h/kg at 1500 W/kg. 

To summarize the EDLC-related findings, several phosphorus-containing carbons of 

different origin have been found to exhibit a very promising behavior as electrodes for EDLCs. 

Interestingly, among the factors that control the electrical capacitance, P content was often a 

factor of paramount importance. The promising electrochemical performance was generally 

ascribed to the synergetic effect of pseudocapacitance originated from surface groups and electric 

double layer capacitance that came from the uniform porosity developed by in situ activation 

(remember that in many cases, the studied P-containing carbons were derived from H3PO4 

activation). Other reasons for the enhanced electrochemical performance are an increased 

wettability due to hydrophilic P-containing groups and an improved electrochemical stability 

providing long lasting charge-discharge at a wide potential window. In a number of cases, co-

doping of P with other elements such as B or N was carried out, and the resulting carbons 

exhibited an enhanced electrochemical behavior as electrodes for electrochemical capacitors. 



6.14.2 Li-ion batteries 

Worldwide research is in progress to develop Li-ion rechargeable batteries using carbon as 

anode. Recently it was found that phosphorus-doped carbon exhibited a high reversible capacity 

as compared to non-doped carbon [420]. 

Phosphorus doping of fuel green coke increased the capacity and decreased the 

irreversible capacity loss (Fig. 53) [421]. The effect of phosphorus was ascribed to enhancing the 

intercalation of Li by expanding the layer plane spacing at the edge of the carbon structure. 

 

Fig. 53. Capacity and irreversible capacity loss as a function of P-doping content. Reproduced with permission 

from Ref [421]. Copyright 1995, The Electrochemical Society. 

 

A plateau in the 700-1100 mV range on the voltage curve for de-intercalation of lithium 

from P-doped carbons as compared to non-doped carbon was reported [148]. The reversible 

capacity increased almost linearly with an increase of phosphorus content (Fig. 54). It was inferred 

a mechanism by which lithium is bonded to phosphorus at low voltage during intercalation and 

debonded at a higher voltage during de-intercalation, leading to a hysteresis. Phosphorus 

introduction increased the overall charge/discharge coulombic efficiencies to around 80% during 

the first cycle (Fig. 55). At further cycles, the efficiencies stabilized around 98%, however, the total 

capacities decreased. A doping level of 5-10 wt% of phosphorus was most effective in terms of 

improving the capacity and efficiency. Lower dopant levels reduced these properties; higher 

dopant levels (13 wt%) reached a saturation point where it became difficult to accommodate 

more phosphorus in the carbon structure. 



 

Fig. 54. The relationship between phosphorus content in carbons obtained by phosphoric acid activation of an 

epoxy resin at different temperatures and reversible capacity of carbon. Adapted with permission from 

Ref. [148]. Copyright (1997) Elsevier. 

 

Fig. 55. Relationship between phosphorus content in carbons obtained by phosphoric acid activation of an 

epoxy resin at different temperatures and first cycle coulombic efficiency of carbon. Adapted with 

permission from Ref. [148]. Copyright (1997) Elsevier. 

 

An increase of the reversible capacity of a carbon obtained by carbonizing a mixture of PAN 

and H3PO4 with increasing amount of added acid was reported [149]. Phosphorus doping 

enhanced the reversible capacity due to expansion of the layer planes of the carbon, thus 

facilitating the intercalation of lithium. 

An almost linear increase in capacity of Li-ion rechargeable battery with increasing 

phosphorus content in phosphorus-doped disordered carbon was reported (Fig. 56) [188]. The 

phosphorus was assumed to form some cross-linking structures between neighboring crystallites 

or exist at the edge of the graphitic layers. The increase in capacity was attributed to additional Li 

species located near the phosphorus species. 
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Fig. 56. Relationship between P atom content and capacity of carbon. Reprinted with permission from Ref. 

[188]. Copyright (1999) Elsevier. 

 

The effect of phosphorus doping on the reversible capacity depended on the carbonization 

temperature of phenol-formaldehyde resin with phosphoric acid [209]. The phosphorus-

containing carbon prepared by pyrolysis at 500 °C showed a similar electrochemical behavior to 

that of a pure carbon, indicating a small effect of phosphorus atoms. Its reversible capacity was 

mainly determined by the content of hydrogen atoms rather than phosphorus atoms. However, at 

a relatively high pyrolysis temperature, 900 °C, more phosphorus atoms were bonded with carbon 

atoms via C-P bonds and were introduced into the microcrystallite structure of carbon. Hence, 

phosphorus element exerts a strike effect on the electrochemical behavior of carbon and, because 

of its different electronic effect from the carbon element, more lithium species were inserted into 

the carbon matrix. 

Electrochemical measurements combined with structural analysis indicated that 

phosphorus incorporation in natural graphite could make the surface more stable and reinforce 

the solid electrolyte interphase during cyclic intercalation and de-intercalation of Li+ ions [243]. It 

has been shown that surface modification by phosphorus incorporation is effective to improve 

certain electrochemical properties of natural graphite such as cyclic performance and rate 

capability. It was concluded that the surface of graphite modified with NH4PF6 could lead to the 

formation of a relatively stable solid electrolyte interphase by eliminating functional groups or 

dangling bonds on the surface of graphite and incorporating phosphorus into the graphene layers. 



A significant increase of the reversible discharge and charge capacity (from 280 to 

460 mA·h/g) as a result of phosphorus doping of graphene was reported [239]. The improvement 

of the electrochemical performance was ascribed to the induction of a large number of topological 

defects onto the graphene surface during doping, which leads to the formation of a disordered 

carbon structure that further enhances the lithium insertion properties. 

Increases in the charge and discharge capacities upon P-doping of coke were reported 

[223]. The increase of the reversible capacity of carbon with P-doping was ascribed to an increase 

in the number of sites accepting Li ions and an increased interlayer spacing allowing facile Li 

intercalation. In addition to this reaction mechanism, it was assumed that the P species might 

produce crosslinking structures between crystallites at the edge-plane of graphene layers, which 

would increase the capacity of carbon towards Li ions. However, the discharge capacity retention 

of the P-doped carbon electrodes was deteriorated at 60 °C compared to non-doped carbon due 

to the formation of an unstable surface film. This poor capacity retention could be improved by 

vinylene carbonate participating in forming a protective solid electrolyte interphase on carbon. 

A significant improvement of the electrochemical stability of natural graphite by 

incorporation of phosphorus heteroatoms was reported [224]. Incorporation of P compounds 

effectively promoted the consumption of Li ions for solid electrolyte interphase formation on the 

surface of natural graphite during cycling, leading to the formation of a more stable solid 

electrolyte interphase film with better durability and thermal resistivity. As a result, the cyclic 

performance and rate capability of natural graphite were notably improved, even at high and low 

temperatures. Importantly, there was no severe increase in the interfacial impedance of natural 

graphite due to the incorporation of P or B. 

Introduction of phosphorus (1.3 at%) in a petroleum coke-based carbon increased the 

reversible capacity from 337 to 391 mA·h/g, while the excellent rate capability and cycle 

performance were maintained [422]. The improved electrochemical properties were ascribed to 

the nanopores produced by H3PO4 addition, which were formed at a depth of about 1 mm from 

the surface of the soft carbon. 

It should be noted that much attention is being given to red phosphorus/carbon 

composites for Li-ion batteries [423–430]. However, this area of investigation is out of the scope of 

the present review since phosphorus is not bound to the carbons in such composites. 

In conclusion: it has been often reported that phosphorus doping enhances Li intercalation, 

probably by expanding the layer planes of the carbon. In certain cases, phosphorus was assumed 

to form some cross-linking structures between neighboring crystallites or exist at the edge of the 



graphitic layers; insertion of additional Li species located near the phosphorus species would 

explain the increase in capacity observed. Introduction of topological defects onto the graphene 

surface during doping has been claimed as another reason for the improvement of the 

electrochemical performance in P-doped carbons. 

6.14.3 Oxygen reduction reaction 

The oxygen reduction reaction (ORR) [431] occurring in aqueous solutions is a topic of 

tremendous interest in the development of renewable energy technologies like fuel cells, metal-

air batteries, microbial fuel cells etc. Theoretical calculations demonstrated that doped graphene 

is interesting for ORR due to the active sites generated by heteroatoms [432]. A four-electron 

transfer mechanism is believed to be the thermodynamically predominant pathway and the 

highest efficiency is obtained for P-doped graphene as compared to nitrogen and boron doping. 

The improvement of the electrocatalytic behavior by heteroatom doping of carbon materials was 

highlighted in recent reviews [359,433,434]. 

Phosphorus doping of a nitrogen-containing carbon (CNxPy) was reported to increase the 

activity in ORR determined from cyclic voltammograms in an O2 saturated half-cell of 0.5 M H2SO4 

on a rotating ring disk electrode [435]. The greatest improvement in ORR activity was observed for 

P/Fe ratios lower than 3. P-doping also increased the number of electrons transferred per O2 

molecule from 3.7 to 3.95. The maximum increase in the number of electrons was observed for a 

carbon with a P/Fe ratio of 0.33. 

Phosphorus doping significantly improved the electrocatalytic activity of carbon nanotubes 

for the oxygen-reduction reaction in alkaline media, and the carbon nanotubes doped with small 

amounts of phosphorus exhibited higher electrocatalytic activity and stability than a Pt/C catalyst 

[250]. Oxygen reduction currents in the potential range from about −0.25 to −1.2 V increased with 

increasing phosphorus content from 0 to 0.13 at% and decreased with a further increase in 

phosphorus content up to 1.9 at%. From this, it was concluded that the ORR performance of the P-

doped CNTs is not only related to the P content but also to their morphologies. It was also shown 

that the oxygen reduction current density of P-doped CNTs was almost invariable, while Pt 

exhibited an obvious decrease after 10,000 cycles, suggesting that the stability of the P-doped 

CNTs is much superior to that of the noble metal catalyst. 

A P-doped carbon containing 0.17-0.26 at% of phosphorus showed a high electrocatalytic 

activity, long-term stability (over 12000-13000 cycles), and excellent tolerance to cross-over 

effects of methanol in the ORR in an alkaline medium [251,252]. The oxygen reduction current 

densities of the P-doped carbon electrode were about four times higher than those of a 



phosphorus-free carbon electrode and much higher than for a commercial Pt/C electrode in an 

oxygen-saturated 0.1 M KOH solution. Furthermore, an increase in the O2 flow rate led to a clear 

increase in the oxygen reduction current density, which suggested a pronounced electrocatalytic 

activity of the P-doped carbon for oxygen reduction. The high ORR electrocatalytic activity of this 

P-doped carbon was ascribed to (i) the good electron-donor properties of phosphorus [396] and 

(ii) the strong electron affinity of phosphorus for positive charges [251,252] in substitutional 

position in the graphene sheets of the P-doped graphite. These properties facilitate the adsorption 

of O2 and significantly enhance the rate of the overall oxygen reduction process. The number of 

transferred electrons per oxygen molecule involved in ORR was about 3 in the potential range of -

0.4 to -0.7 V and increased to four at a more negative potential. This suggests that peroxide is 

formed first and is partially reduced to water during the ORR process. 

Phosphorus-doped (about 1.4 at%) ordered mesoporous carbons (POMCs) showed an 

excellent electrocatalytic activity for the oxygen reduction reaction, enhanced stability and alcohol 

tolerance compared to those of a platinum electrocatalyst in an alkaline medium [193]. 

Phosphorus doping of OMC significantly enhanced the ORR current, which was ascribed to the 

presence of defect-induced active sites for O2 adsorption that were generated by changes in the 

bond length and the bond angle of the C−P bond. Phosphorus doping changed the two-electron 

pathway ORR (n=2.4) for undoped OMC to a four-electron pathway (n=3.9) for POMC. Comparing 

the values of the ORR peak potential and the current density, it was concluded that the activities 

of the POMCs [193] are higher than that of P-doped graphite [251]. 

A remarkable electrocatalytic activity of phosphorus-doped (1.8 at%) graphene towards the 

ORR was reported [239]. Cyclic voltammetry showed a substantial reduction process at about 

0.6 V in an O2-saturated 0.1 M KOH solution, whereas a featureless voltammetric current was 

observed within the same potential range under N2, suggesting a pronounced electrocatalytic 

activity of P-doped graphene. Linear sweep voltammetry in an O2-saturated 0.1 M KOH solution 

showed that phosphorus introduction increased the ORR current density from −2.6 mA/cm2 at 

−0.2 V to −3.7 mA/cm2, which is close to that of a commercial Pt/C electrocatalyst. P-doped 

graphene showed a significantly increased ORR onset potential (0.92 V), which is much more 

positive than that for undoped graphene (ca. 0.82 V) and close to that of commercial Pt/C 

electrocatalyst (ca. 0.95 V). The number of electrons transferred in ORR was 3.0 to 3.8 indicating 

that ORR proceeds via a combination of two-electron and four-electron pathways. Moreover, P-

doped graphene showed a remarkably better tolerance to methanol crossover as compared to a 

commercial Pt/C catalyst. It was thus concluded that doping phosphorus atoms into the graphene 

structure facilitates the ORR. 



High activities for the ORR in alkaline solutions of a P-doped carbon obtained by high 

temperature heat treatment of a sugar-based carbon with H3PO4 in the presence of Co were 

reported [225]. The activity of this phosphorus-doped carbon, containing 1.6-1.7 at% of 

phosphorus (with superior stability in alkaline solutions) was comparable to that of commercial 

Pt/C catalysts. The number of electrons transferred in ORR was 3.7-3.8 for the P-doped carbon, 

suggesting that a four-electron reaction pathway is predominant. 

An enhancement in the ORR performance in acidic media by additional P-doping (0.4 at%) 

as compared to N-doped graphene was reported [227]. Upon additional P-doping the onset 

potential increased from 0.84 to 0.87 V and the mass activity increased from 0.45 mA/mg at 0.75 V 

to 0.8 mA/mg. Additional doping with P reduced the production of H2O2 in the ORRs, and the 

resulting catalyst showed a much higher stability than that of Pt/C in acidic media. The effect of 

additional doping was explained by an enhanced asymmetry of the spin density or electron 

transfer on the basal plane of the graphene, and a decrease in the energy gap between the highest 

occupied molecular orbital and the lowest unoccupied molecular orbital of the graphene. 

P-doped graphene showed a high electrocatalytic activity and exhibited a good resistance 

to methanol crossover and carbon monoxide poisoning in the ORR in an alkaline medium [244]. 

Phosphorus doping shifted the onset potential from −0.162 to −0.0261 V, a value close to that for 

a Pt/C electrode (−0.0026 V). The ORR current density was about 4.5-4.7 mA/cm2, which is slightly 

higher than that for a Pt/C electrode (4.0-4.2 mA/cm2) and 2-2.5 times higher than that for a P-

free graphene. The transferred electron number per oxygen molecule involved in the ORR process 

was 3.6 in the potential range of −0.4 to −0.6 V, and exceeded 3.9 at more negative potentials, 

indicating occurrence of the one-step four-electron pathway, which is highly desirable for fuel cells 

to gain a maximum energy capacity. Moreover, P-doped graphene showed a good durability – the 

current loss after 16000 s was only 3.6% as compared to 41.9% for a Pt/C catalyst. The enhanced 

electrocatalytic performance of the P-doped graphene was attributed to redistribution of the 

atomic charge from the carbon atom through the P atom as a bridge to the most electronegative 

oxygen atom. This creates a net positive charge on the carbon atoms adjacent to the P atom 

resulting in positively charged carbon atoms near phosphorus atoms, which are active sites for 

adsorption of O2, weakening the O–O bonding, and attracting electrons from the anode to 

facilitate the ORR through the four-electron pathway. 

Much effort has been directed to the design of carbon materials using phosphorus as a co-

dopant, mostly in addition to nitrogen doping. The ORR activities of P,N-doped carbons in O2 

saturated 1 M HClO4 increased with increasing phosphorus content up to 3 wt% and slightly 



decreased with further P-doping up to 5.8-5.9 wt% (Table 5) [176]. The highest ORR activity was 

−2.88 mA/mg for a carbon containing 3 wt% of phosphorus, which is more than fourfold that of 

the equivalent phosphorus-free carbon. The activity of the P,N-doped carbon was about 31% of 

that for a commercial Pt/C catalyst. Phosphorus doping also changed the ORR pathway from a 

two-electron pathway producing H2O2 to a four-electron pathway producing H2O. With increasing 

phosphorus content the H2O2 production yield decreased from 10.1-10.7% to 1.3-3.3%. It was 

concluded that increasing P-doping concentrations could enhance the charge delocalization or 

asymmetric spin density, thus promoting the ORR catalytic activity of the carbon. 

 

Table 5. Phosphorus content and ORR activity of P,N-doped carbons. Adapted from Ref. [176] with permission 

from The Royal Society of Chemistry 

P, wt% ORR current, mA ORR activity, mA/g H2O2 production yield, % 

0 -0.034 -0.69 10.1 

0.9 -0.087 -1.74 10.7 

3 -0.144 -2.88 3.3 

5.9 -0.129 -2.57 1.3 

5.8 -0.116 -2.32 1.6 

Pt/C -0.461 -9.22 0.8 

 

The effect of P, N and B heteroatoms on the electrocatalytic activity of carbon was also 

reported [177]. The ORR activities of carbons increased by 100-108% after additional doping with 

phosphorus, while only an 11-15% increase was observed for additional B-doping. The tertiary 

P,N,B-doped carbon demonstrated the highest activity among the prepared catalysts (−6 mA/mg), 

along with a good stability. Additional phosphorus doping decreased the yield of H2O2 production 

thus improving the characteristics toward a four-electron pathway in ORR. The improvement in 

the ORR activity due to P-doping was ascribed to an enhancement of the charge delocalization of 

the carbon atoms and production of carbon structures with many edge sites. 

Phosphorus (0.8 at%) and nitrogen (2.9 at%) co-doped on vertically aligned carbon 

nanotubes showed a high electrocatalytic activity in ORR, superior long-term durability and good 

tolerance to methanol and carbon monoxide [255]. These P,N-doped CNTs were more active in 

ORR than only P- or N-doped CNTs and even more active than a commercial Pt/C electrocatalyst in 

terms of the onset potential and current density. All CNT catalysts showed a much higher 

selectivity for the ORR with almost no methanol crossover effect than the Pt/C catalyst. The 

transferred electron number per oxygen molecule involved in ORR was close to four (3.7-3.9) on 



P,N-doped CTNs. The P,N-doped CNTs were insensitive to CO addition while the commercial Pt/C 

electrocatalyst was rapidly poisoned under the same condition. The superior ORR performance of 

P,N-doped CNTs was attributed to a synergistic effect of co-doping with P and N heteroatoms. 

A P,N-functionalized nanocarbon showed a high electrocatalytic activity and exhibited good 

tolerance to the methanol crossover effects in the ORR in an alkaline medium [178]. The number 

of electrons transferred in ORR was calculated to be 3.6-4.2 over the potential range from –0.4 to 

0.6 V, indicating occurrence of the four-electron reduction process. 

Improvement in the electrocatalytic ORR activity of reduced graphene oxide with 

phosphorus doping was reported [240]. Ternary N,S,P-doped reduced graphene oxide (phosphorus 

content, 0.96-1.31 at%) was even more active in ORR, which was attributed to the synergistic 

interaction of P with N and/or S in the ternary-doped samples. This resulted in the formation of 

more active sites and conductive species such as P–N bonds along with an increased P doping 

level. The electrocatalytic ORR activity of the ternary N,S,P-doped reduced graphene oxide (onset 

potential −0.03 V, current density −6.4 mA/cm2) was higher than that of a commercial Pt/C 

catalyst (onset potential −0.06 V, current density −5.0 mA/cm2). The electron number transferred 

per oxygen molecule in ORR was close to four indicating that the N,S,P-doped reduced graphene 

oxide can be a promising alternative to the costly Pt-based electrocatalyst. 

The chemical state of phosphorus has a significant effect on the ORR catalytic activity of 

the carbon. A phosphorus-doped carbon with a pronounced P-C bonding showed a high catalytic 

activity in ORR via 4 electron pathway [436]. However, a P-doped carbon with predominant P-O 

bonding exhibited a 2-electron pathway in ORR. Dual P- and N-doped carbon showed an even 

better ORR performance. By contrast, an improvement in the ORR activity due to the formation of 

chemical C-O-P bonds and decrease in the reactivity by C-P bonds was reported [437]. The 

difference was attributed to a significant structural distortion arising from the large size of the 

phosphorus atoms. This may have weakened the stability of the key intermediates during the ORR, 

as indicated by a decrease in the work function. 

To summarize, both theoretical calculations and experimental work have shown that 

doped carbon materials contain active ORR sites generated by the incorporated heteroatoms. A 

higher theoretical efficiency was obtained for P-doped graphene as compared with N- and B-

doping. The high ORR electrocatalytic activity of P-doped carbons has been ascribed to the good 

electron-donor properties of phosphorus and the strong electron affinity of phosphorus for 

positive charges. These properties facilitate O2 adsorption, thus enhancing the rate of the overall 

oxygen reduction process. In some cases, P-doped carbons equaled or even outperformed noble 



metal catalysts for the ORR, exhibiting high stability and durability as well as good methanol and 

CO tolerance. In a number of cases, occurrence of the one-step four-electron pathway was 

detected, which is highly desirable to gain a maximum energy capacity in fuel cells. Much effort 

has been directed to studying the effects of co-doping carbon materials with several heteroatoms, 

using phosphorus as a co-dopant, mostly in addition to nitrogen as well as boron and sulfur 

doping. 

6.14.4 Nitrogen reduction reaction 

Recently it was demonstrated that an N,P co-doped hierarchical porous carbon can serve 

as an electrocatalyst for the nitrogen reduction reaction (NRR) in an acid aqueous solution under 

ambient conditions [438]. Electrochemical in situ-FTIR experiments revealed that the NRR process 

on the N,P co-doped carbon follows an associative pathway (Fig. 57). Molecular N2 is firstly 

adsorbed on the surface of the heterogeneous catalyst, and then protons get attached to N2 to 

form a -N≡N-H bond, which could weaken the stable N≡N bond. In the second step, another 

proton further hydrogenates the weakened -N≡N-H bond and forms a -H-N=N–H bond; thereafter, 

the continuous electron transfer and hydrogenation of -H-N=N-H intermediates occurs to 

form -H-N-NH2, and eventually NH3 is formed on the surface of N,P co-doped carbon and the NRR 

is achieved under ambient conditions in a 0.1 M HCl solution. 

 

 

Fig. 57. Associative mechanism of the NRR process on NPC. Reproduced from Ref. [438] with permission from 

The Royal Society of Chemistry. 

 

6.14.5 Fuel cells 

Phosphorus-doped multiwalled carbon nanotubes (P-MCNTs) were used as support for a 

platinum catalyst for direct methanol fuel cells [253,254]. These Pt/P-MCNTs exhibited a much 

higher electrocatalytic activity and longer-term stability for methanol oxidation than Pt/MCNTs in 

an acidic medium, due to (i) the higher Pt utilization ratio and Pt area-specific activity, (ii) the 

better electronic conductivity of P-MCNT support and (iii) the faster rate of charge transfer at the 



P-MCNTs/electrolyte interface. This indicates a high potential for application of Pt/P-MCNTs as 

anode catalyst for methanol oxidation in alkaline methanol fuel cells. 

Phosphorus-containing Pt-loaded carbon nanofibers from lignin were tested as electrodes 

for electrooxidation of methanol and ethanol [439]. It has been shown that the presence of 

phosphorus improved the resistance to poisoning of Pt-loaded carbon microfibers as anodes for 

the electro-oxidation of methanol, though unfortunately, the presence of phosphorus decreased 

the catalytic activity. 

A phosphorus-doped carbon was prepared via direct pyrolysis of cellulose phosphate to be 

used as an efficient oxygen reduction catalyst in the air-cathode of microbial fuel cells [440]. A 

maximum power density of 1312 ± 82 mW/m2 was produced by the air-cathode with the P-doped 

carbon catalyst prepared at 1000 °C. This value was higher than for the air-cathode with a Pt/C 

catalyst and three times larger than that for a P-free carbon catalyst derived from pure cellulose. 

Phosphorus and nitrogen dual-doped carbons were prepared by pyrolysis of cellulose with 

ammonium phosphate as doping source and used as oxygen reduction reaction catalyst in the air-

cathode of a microbial fuel cell [186]. A maximum power density of 2293 ± 50 mW/m2 was 

generated by the air-cathode using the dual-doped carbon catalyst, which was higher than using a 

Pt/C catalyst with a Pt load of 0.5 mg/cm2 (1680 ± 32 mW/m2). 

Introduction of phosphorus substantially improved the performance of an activated carbon 

air cathode in a microbial fuel cell [441]. The microbial fuel cell with a P-doped carbon air cathode 

showed a 75% higher maximum power density (1278 mW/m2) than those obtained with a P-free 

carbon air cathode. 

6.14.6 Indicator electrodes 

It has been shown that P-doping of glassy carbon electrodes substantially increased the 

overpotential for H+ reduction in H2SO4 by about 200 mV, thus expanding the electrochemical 

window of the material [442]. In the argentometric titration of halides, a P-doped glassy carbon 

showed a 100 mV higher potential jump around the equivalence point as compared to non-doped 

and boron-doped electrodes, and by 300 mV higher than a silver electrode. 

Phosphorus-doped glassy carbon was also applied as a potentiometric indicator electrode 

in the titrimetric determination of active components with bromide or chloride in their molecules 

in different pharmaceutical preparations [443]. It was reported that phosphorus-doped glassy 

carbon is comparable to a standard non-doped glassy carbon in respect to accuracy and has an 



advantage in respect of precision. The method was advantageous over the official methods 

because it requires 75 times less amount of sample. 

7 Conclusions and Prospects 

Phosphorus-containing carbons represent a separate class of carbon materials with unique 

properties due to the contained phosphorus species. The most commonly found structure is 

pentavalent tetra-coordinated phosphorus as in phosphates, however, some P-O bonds may be 

replaced with P-C bonds. The introduction of phosphorus atoms in a trigonal substitutional 

position in the sp2 carbon framework is challenging because the larger size of the phosphorus 

atom results in a stressed corrugated graphene lattice. Moreover, the phosphorus atoms in a 

substitutional position readily chemisorb oxygen, which leads to transformation of trigonal to 

tetra-coordinated phosphorus species. 

The final heat treatment temperature has a greater impact on the structure of phosphorus-

containing species in the carbon in comparison with the source of phosphorus. Phosphorus 

species are stable up to 800-830 °C and are eliminated at higher temperatures. Increasing the heat 

treatment temperature causes a gradual reduction of pentavalent phosphorus to trivalent and 

even elemental zero valent forms. The reduced phosphorus species could be reoxidized by aerial 

oxygen at low temperatures, which is a reason for the more abundant occurrence of pentavalent 

tetra-coordinated phosphorus. 

There is a controversy between two different schemes of interpretation of the XPS spectra 

of P-containing carbons heat-treated at increasing temperatures. One involves a gradual 

dehydration of phosphates (phosphates --> polyphosphates --> metaphosphates --> P2O5 --> P 

elemental) with increasing temperature. Another scheme involves the gradual reduction of 

phosphates (gradual replacement of O-P bonds by C-P bonds and finally formation of C3P, where P 

is 3-valent) with increasing temperature. More research is needed with the use of standard 

substances and confirmation by other methods like solid-state 31P-NMR. 

Phosphorus species bind to the active sites of carbon rendering stability to phosphorus-

containing carbons. This defines the properties of P-containing carbons: hydrophilic acid surface 

and chemical stability. Phosphorus-containing carbons show a high adsorption capacity for metal 

ions and organic molecules with basic nature. Phosphorus-containing species of acidic nature 

impart carbon a catalytic activity in diverse reactions useful in the production of commodity 

chemicals and biomass transformation. Phosphorus-containing species alter the optical properties 

of carbons suitable in energy generation, protection of the environment or bioimaging. Finally, 



phosphorus-containing species make the corresponding carbons very promising in electrochemical 

applications like energy storage (EDLC, Li-ion batteries) or in fuel cells. 

Based on the current tendencies in publication of works on heteroatom-containing carbons 

(and on carbons in general), one can predict much future research on applications (even on 

different applications not connected with each other, but reported in the same paper). Such a 

research where novelty is limited to ascertaining the effects of changes in carbon composition or 

in operation conditions is not much desirable, and we do not consider this as a research need per 

se. Rather, future research on the applications of P-containing carbons should be focused on uses 

where these carbons can be unique, or at least advantageous over carbons that do not contain 

phosphorus. In this regard, further applied research on P-containing carbons could be focused on 

the applications where they are most successful, i.e., energy related like EDLC, Li-ion batteries or 

ORR. Definitely, the chemical and electrochemical stability of P-carbons is important for these 

processes. The possible red-ox behavior of P-species also deserves attention as this is important 

for pseudocapacitance in supercapacitors. 

Another area in which phosphorus-containing carbons may deserve interesting applications 

is metal ion adsorption. Once the high adsorption capacity for metal ions and organic molecules 

with basic nature has been demonstrated, this property should be exploited to further steps such 

as making this adsorption selective for species with industrial or environmental impact such as 

rare earth elements or uranium from aqueous solutions. 

The catalytic properties of phosphorus-containing carbons also deserve further 

investigation. Phosphorus-containing carbons have proven to be an active catalyst in various 

industrially important reactions including oxidation, dehydrogenation, dehydration, hydrolysis and 

etherification or esterification, cycloaddition and biomass transformation. 

Finally, a field in which a great deal of research is to be expected is the combination of 

different heteroatoms in carbons. Although the number of elements that can be incorporated into 

carbons is relatively limited, their combinations can plague the literature with many papers on 

different (ternary, quaternary, and so on) combinations of P and other heteroelements, in 

different proportions, in carbons. Like the aforementioned work on applications, future research 

in this field should be guided by judicious selection rather than by a trial and error approach, being 

focused on those element combinations expected to bring novel behaviors. In this regard, basic 

research, including theoretical work (supplemented, whenever possible, with experiments), can 

provide a useful guide to select the most promising heteroelement combinations to be 

investigated. 
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