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ABSTRACT 

 

Carbon foams with improved resistance to oxidation were obtained from a bituminous 

coal and different boron precursors (boron oxide, boron carbide, pyridine-borane 

complex), by controlled carbonisation under the pressure derived from the release of the 

volatile matter, which also acts as the foaming agent. The foams were subsequently 

carbonised at 1100 °C and the presence of boron gives rise to an increasing disorder in 

the carbon structure. After heat treatment at 2400 °C, it is confirmed that boron 

occupies substitutional positions in the graphitic layers, and at high boron loadings (> 

2.5%), boron clusters, boron carbide and BC2O structures are also observed. The 

presence of boron has two opposite effects on the oxidation behaviour of the foams. At 

low B loadings, the foams obtained with boron carbide display lower oxidation 

temperatures. In the other foams, increases in the temperature of oxidation and the 

amount of residue remaining after the oxidation tests are observed. 
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1. Introduction 

 

Carbon foams are light weight materials, with a high mechanical strength, a low 

thermal expansion coefficient, and a high thermal and electrical conductivity that make 

them suitable for numerous thermal, mechanical and electrochemical applications [1-4]. 

In the manufacture of carbon foams, coals are an economical alternative [5] to other 

typical precursors such us polymers [6-9] or mesophase pitches [5,10,11]. The 

manufacture of coal-based carbon foams does not require any previous preparation of 

the precursor, foaming agents or stabilization steps, making for a simpler foaming 

process. The properties of the final carbon foams can be controlled by adjusting the 

foaming operating conditions (temperature and pressure), and the plastic behaviour of 

the precursor [12]. 

At the elevated temperatures typical of thermal isolation or heat exchange 

applications (500-1200 °C), normally associated with oxidizing conditions, carbons 

readily chemisorb oxygen and subsequently desorb carbon oxides. This oxidation 

process results in the degradation of the original structure and properties of the material. 

Thus, carbon corrosion is a major problem that can impede the use of foams and other 

carbon materials at high temperatures.  

Protection against the oxidation of carbon materials has been extensively studied 

using a wide variety of methods [13]. Various studies have revealed that the use of 

surface coatings prevents interaction between carbon and oxygen. For example, certain 

carbides and borides have shown promising results in protecting carbon materials 

(fibres, carbon-carbon composites, graphite and graphite foams) [14-16]. However, the 

thermal expansion of most coatings differs from that of carbon and, as a consequence, 
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cracks in the coating can develop, as a result of which the carbon is exposed to high 

temperature oxygen atmospheres. 

A promising method to overcome this drawback is based on the incorporation of 

certain heteroatoms into the carbon material. Boron, phosphorus, or halogens have been 

reported to provide intrinsic oxidation protection. Specifically, boron has the unique 

property of replacing carbon in the graphene layer, altering the electronic structure; this 

reduces the number of active sites and their reactivity [17]. Many studies have shown 

that boron-doping at high temperature can introduce boron atoms into substitutional 

positions in the carbon lattice [18,19], thereby improving the oxidation resistance of 

graphite [18,20,21], carbon fibres [22-24], C/C composites [25-28], and other carbon 

materials [29-35]. Moreover, boron-doped carbons can also be prepared at low 

temperature by co-pyrolysing pitch with a suitable boron compound, e.g. pyridine-

borane complex [36]. 

Inhibition of carbon oxidation by substitutional boron may be a consequence of 

[22,24,29]: (1) blockage of specific surface active sites by boron oxide formed as the 

carbon conversion proceeds, (2) boron catalysing graphitization of the carbon, resulting 

in a more ordered and oxidation-resistant graphitic carbon, and (3) substitutional boron 

lowering the electron density on the reactive carbon atoms and, hence, having a 

suppression effect on O2 chemisorption. However, in certain cases a catalytic effect has 

been observed on the desorption of CO and CO2 due to the presence of substitutional 

boron, which lowers the Fermi level and redistributes the delocalized -electrons in a 

way that strengthens the C–O bonds but weakens the adjacent C–C bonds. 

This work is an attempt of manufacturing coal-derived carbon foams with 

enhanced oxidation resistance, for high temperature applications, by doping with boron. 

The behaviour of boron-doped carbon foams towards oxidation has been studied by 
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thermogravimetric analysis (TGA). Different boron compounds and loadings were used 

to study their effect on the properties of the resultant foam. 

 

Table 1 

Analytical data of the Litwak coal used as precursor for carbon foams 

Gieseler plasticity test  

Softening temperature (ºC)  432 

Solidification temperature (ºC)  498 

Maximum fluidity temperature (ºC)  473 

Fluidity (ddpm)  80 

Crucible swelling test  

Swelling index  7 1/2 

Proximate analysis  

Volatile matter (% d.b.)  19.0 

Ash (% d.b.)  7.0 

ddpm: dial divisions per minute as obtained by the Gieseler 

plasticity test (ASTM D2639-98). 

d.b.: dry basis 

 

2. Materials and methods 

 

A low volatile bituminous coal (Litwak, from USA) was used as the precursor of 

the carbon foam. The characterisation data of the coal are summarized in Table 1. As 

boron source, three different boron compounds were used: boron oxide (B2O3, Aldrich), 
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boron carbide (B4C, Aldrich), and a borane-pyridine complex (C5H5N.BH3, 8 M in 

pyridine, Aldrich). 

The carbon foam preparation technique used in this study is similar to that 

previously reported [12]. The key of the process is a pressurised carbonisation that was 

carried out in a conical trunk-shaped stainless steel reactor. In a typical experiment, the 

coal (20 g, ground to  212 m) was mixed with boron oxide or boron carbide, at initial 

loadings of 0.75, 1.5, 2.5 and 5% of B mass, and the blend was homogenized for 20 

minutes. It was then moulded and pressed, to produce a cylindrical piece. The latter was 

wrapped in aluminium foil and loaded into the reactor, which was subsequently 

pressurised with argon until the initial pressure (30 bar) was reached. The reactor was 

then heated in a fluidised sand bed oven with a heating rate of 2 ºC min-1 up to 475 ºC, 

and a soaking time of 2 h. Under these conditions, the volatile matter released from the 

softened coal acts as the foaming agent, while the pressure, which final value increases 

with the initial proportion of the boron compound in the blend (from 70 bar in the 

absence of boron compound to 120 bar with a 5% of the latter) determines the pore 

structural characteristics of the resultant foam. 

In the next step, the green foam obtained in this manner was heated under argon 

at a rate of 1 ºC min-1 up to 1100 ºC with a soaking time of 1 h. To incorporate the 

boron substitutionally into the carbon foam, a high temperature treatment was carried 

out under argon at 2400 ºC, using a Pirox VI 150/25 graphite furnace. 

As the organoborane complex decomposes at about 120 ºC into pyridine and 

highly reactive borane, the preparation of the foams using this precursor followed a 

different procedure. The coal (2 g, ground to < 212 m) was placed in a cylindrical steel 

reactor (1.4 cm internal diameter x 11.5 cm height) and then the pyridine solution of the 

organoborane complex was added dropwise, at initial loadings of 1.95, 4.5 and 9% of B 
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mass, under Ar atmosphere. Taking advantage of the maximum fluidity of the coal 

(which occurs at 473 °C, Table 1) to improve the reaction with borane, the first foaming 

step was carried out at 475 ºC with a soaking time of 2 h. The reactor was closed at 

atmospheric pressure and then placed inside a cylindrical furnace, previously heated to 

the required reaction temperature. Subsequent treatments at 1100 ºC and 2400 ºC were 

carried out in a way similar to those used for the boron oxide and boron carbide foams. 

The codes used to designate the samples indicate: the percentage of B loaded 

(from 0.75 to 9%), the boron precursor (boron oxide: BO; boron carbide: BC; pyridine-

borane complex: PB), and the heat treatment temperature (11 stands for 1100 °C and 24 

for 2400 °C). For example, 0.7BO24 is the foam doped with 0.75% B, using boron 

oxide as precursor, and subsequently heat treated at 2400 °C. Appropriate boron-free 

carbon foams, obtained by the two preparation procedures described, were used as 

reference materials: 0.0B11 and 0.0B24, obtained by means of the B2O3 and B4C 

procedure, and 0.0PB11 and 0.0PB24, by means of the pyridine-borane complex one. 

 

Table 2 

Textural properties of two of the carbon foams 

Foam 0.0B24 5.0BC24 

True density (He, g cm-3) 1.95 2.00 

Apparent density (Hg, g cm-3) 0.47 0.57 

Open porosity (, %) 75.95 71.40 

Total pore volume (VT, g cm-3) 1.62 1.25 

 

As an example, Table 2 lists the textural properties of two of the foams obtained 

in this study, with and without boron-doping. In terms of pore distribution, Fig. 1 
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displays the differential pore volume of these foams. The size of the majority of the 

pores in the undoped foam is ≈20 m. Pore sizes in the B-doped foam are smaller and 

less homogenous. 
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Fig. 1. Differential pore volume of two of the foams studied. 

 

Boron loadings in the graphitic carbon foams were determined by inductively 

coupled plasma (ICP) emission spectroscopy, using an Agilent 7500ce instrument. The 

samples were digested by fusing them with sodium peroxide, the resulting melt being 

dissolved in water together with a small amount of hydrochloric acid. The solution was 

then analyzed by the method of standard additions.  

X-ray diffractometry (XRD) was employed to measure crystallinity changes. 

Scans were made between 18 and 90º (2) using a step size of 0.02º s-1 and a step time 

of 2 s, by means of a parallel-beam X-ray diffraction system (Bruker, model D8 

Advance power diffractometer), equipped with a göbel mirror in the incident beam and 
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a parallel-slits analyzer in the diffracted beam. The interlayer spacing, d002, was 

evaluated from the position of the (002) peak by applying the Bragg equation. The 

crystallite sizes, Lc and La, were calculated from the (002) and (110) peaks, 

respectively, using the Scherrer formula, with K values of 0.9 for Lc and 1.84 for La. 

X-ray photoelectron spectroscopy (XPS) was carried out by means of a Specs 

spectrometer equipped with a high performance Phoibos 100 hemispherical analyser 

and a 5 multiplier channeltron detector (5MCD). The X-ray radiation was a non 

monochromatic MgK (1253.6 eV) emitted from a double anode at 50 w. 

The Raman spectra were recorded on a Raman microspectrometer (HR-800 

Jobin Yvon Horiba). The source of radiation was a laser operating at a wavelength of 

532 nm and a power of 25 mW. Extended scans from 1700 to 1225 cm-1 were 

performed to obtain the first-order Raman spectra of the samples, with typical exposure 

times of 30 s. To assess differences within the samples, at least 21 measurements were 

performed on different particles of each individual sample. The intensity of the Raman 

bands was measured using a mixed Gaussian–Lorentzian curve-fitting procedure. 

The oxidation behaviour was analyzed in a thermogravimetric analyzer (TA 

Instruments, mod. STD 2960). The measurements were carried out in dry air at 1 atm 

with a gas flow rate of 30 ml min-1, under non-isothermal conditions. The temperature 

was raised to 1200 ºC at a heating rate of 10 ºC min-1. In all the analyses, samples were 

cut into cylindrical pieces (10 mg), which were then placed in platinum crucibles. 

Mass changes were monitored with a microbalance.  
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3. Results 

 

3.1. Boron retention analysis 

 

The final B concentration in the graphitised samples and the efficiencies of B 

doping or loading are summarized in Table 3. When any of the inorganic precursors 

were used, the maximum theoretical boron doping was ≈5%. For higher loadings, it was 

impossible to obtain suitable green foams. However, when the pyridine-borane 

precursor was used, higher B loadings, up to 9%, were possible. Doping efficiency 

seems to depend on both the type of doping compound and its concentration. Thus, for 

the inorganic precursors, doping efficiency increases from 20 to 60% as the theoretical 

B doping increases from 0.75% to 1.5%. However, for the organoborane complex, it is 

necessary to use more than 5% to achieve high efficiencies. Below that, only 29% of 

boron retention could be obtained with the complex, which is well below the 56 and 

44% reached with boron carbide and boron oxide, at similar B loadings. 

 

The discrepancy between theoretical and experimental loadings is thought to be 

due to the migration of B to the reactor during the heat treatments. In the case of the 

organoborane complex the loss of B is higher, due to its lower vapour pressure 

compared to that of the inorganic precursors. These results are fairly similar to those of 

other carbon materials and boron precursors which can be found in the literature [37]. 
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Table 3 

Boron content in different graphitic foams and their B doping efficiency 

Sample Bexp (wt. %) Btheor (wt. %) Beff (%) 

0.0B24 0.05 - - 

0.7BO24 0.14 0.75 19 

1.5BO24 0.88 1.50 59 

2.5BO24 1.50 2.50 60 

5.0BO24 2.20 5.00 44 

0.7BC24 0.18 0.75 24 

1.5BC24 0.92 1.50 61 

2.5BC24 1.61 2.50 64 

5.0BC24 2.80 5.00 56 

0.0PB24 0.05 - - 

1.9PB24 0.43 1.95 22 

4.5PB24 1.30 4.50 29 

9.0PB24 5.63 9.00 62 

Bexp: determined by ICP-MS 

Btheor: initially added B 

Beff: B doping efficiency 

 

3.2. Characterization of boron-doped foams 

 

The interplanar spacing results (d002), derived from XRD analyses of the 

undoped carbonised foam 0.0B11 is 0.3516 nm. This value increases with the increasing 
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B loading in the foams obtained with boron oxide and boron carbide, up to 0.3536 

(5.0BO11) and 0.3539 nm (5.0BC11), respectively. This indicates an increase in the 

disorder when the B load is increased and suggests that the substitution process that 

incorporates the B into the carbonaceous structure has not occurred yet at the 

carbonisation temperature (1100 °C). Thus, the initial precursor and its bonds persist, 

generating defects in the structure (Fig. 2). 
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Fig. 2. XRD spectra of doped-foams synthesized at 1100 ºC with different boron 

precursors. () B2O3 bands; () B4C bands. 

 

In the case of the pyridine-borane complex, an increase in d002 is observed, from 

0.3485 in 0.0PB11 to 0.3531 in 9.0PB11. Boron oxide and boron carbide are not seen in 

the difractograms (Fig. 2). In this case, the increase in d002 must be attributed either to 

the loss of planarity in the graphene layers as a consequence of the replacement of the 

carbon atoms by boron, or to the presence of B atoms in interstitial positions [38].  
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Table 4 

XRD parameters of the graphitic carbon foams 

Samples  d002 (nm) Lc (nm)  La (nm)  

0.0B24 0.3386 19.8 53.1 

0.7BO24 0.3383 18.5 53.7 

1.5BO24 0.3379 20.3 57.8 

2.5BO24 0.3372 24.4 57.2 

5.0BO24 0.3370 26.8 63.6 

0.7BC24 0.3375 24.0 57.6 

1.5BC24 0.3370 26.6 54.6 

2.5BC24 0.3368 29.9 58.4 

5.0BC24 0.3363 39.7 62.5 

0.0PB24 0.3385 22.2 51.6 

1.9PB24 0.3376 26.8 58.7 

4.5PB24 0.3371 25.2 54.9 

9.0PB24 0.3361 41.5 63.8 

 

Increasing the heat treatment temperature up to 2400 °C enhances the structural 

ordering in the doped foams due to the B catalytic effect on graphitisation. This can be 

inferred from the structural parameters obtained from the XRD analysis (interlayer or 

interplanar spacing, d002, average crystallite height, Lc, and crystallite diameter, La) of 

the foams treated at 2400 °C, listed in Table 4. The doped samples show large crystallite 

sizes and small interlayer distances, approaching that of the natural graphite (0.3354 

nm) [23]. In addition, the intensity of the (101), (004) and (112) peaks increases with 
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the amount of boron added, and the separation between peaks (100) and (101) becomes 

clearer, as shown in Fig. 3. These results indicate that boron doping improves the 

crystallinity of carbon foams, which supports the view that boron is substitutionally 

positioned in the hexagonal graphitic layers. The enhancement of graphitization by 

substitutional boron has been extensively studied [23,39]. 
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Fig. 3. XRD spectra of graphitic foams doped with: a) boron oxide; b) boron carbide; c) 

pyridine-borane complex. () B4C. 
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Fig. 3 (cont.). XRD spectra of graphitic foams doped with: a) boron oxide; b) boron 

carbide; c) pyridine-borane complex. () B4C. 

 

When the amount of the boron loaded is increased above 2.5%, peaks 

corresponding to B4C appeared, even for the samples prepared with boron oxide and the 

pyridine-borane complex. Therefore, this compound must have been formed during the 

graphitization process. This is because the maximum capacity of the boron to dissolve 

into graphite foams has been reached, forcing the excess boron to migrate to other 

phases. 

XPS measurements of the boron-doped foams were carried out to determine 

whether the replacement of carbon atoms by boron atoms had taken place. The B1s peak 

is not present either in the undoped carbon foams, 0.0B11, 0.0B24, 0.0PB11 and 

0.0PB24, or in the foams doped with the lowest B loadings: 0.75% for boron oxide and 

boron carbide (0.7BO24 and 0.7BC24), and 1.95% for the complex (1.9PB24). 

The carbonized foams 2.5BO11 and 2.5BC11, exhibit considerable amounts of 

boron and oxygen, which decrease drastically with the heat treatment at 2400 ºC (Table 

5). At 1100 ºC boron is not present inside the carbon lattice (B-C), but in the oxidised 
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form (B2O3), with a peak at around 193.5 eV. In the case of B4C precursor, this means 

that interactions with the oxygenated functional groups present in the coal have taken 

place, at least in the coal surface. When the temperature is increased, the B1s band shifts 

towards lower energies (Fig. 4). 

 

Table 5 

Surface composition of carbonized and graphitised foams, determined by XPS (in 

atomic %) 

Samples C O B N Others 

2.5B011 45.52 33.98 14.48 0.33 5.69 

2.5B024 96.98 2.10 0.92 - - 

2.5BC11 56.39 24.41 12.48 0.31 6.41 

2.5BC24 96.37 2.52 1.01 - - 

4.5PB11 80.43 11.38 2.76 2.83 2.60 

4.5PB24 94.64 3.03 1.10 1.27 - 
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Fig. 4. XPS B1S spectra of foams doped with: (a) boron oxide; (b) boron carbide. 

a b 
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Four B1s peaks are identified in the high resolution B1s spectra of 2.5BO24 and 

2.5BC24, as shown in Fig. 4. The binding energies corresponding to these peaks are 

186.2, 187.5, 188.8 and 190.2 eV, which are close to those reported for boron clusters, 

boron carbide (B4C), substitutional B (B-C), and B-C bonding in a partially oxidised 

trigonal geometry (BC2O) as a consequence of interstitial boron oxidation [27,30,34]. 

Table 6 gives the relative proportions of the boron forms in the doped foams. It 

can be seen that the intensity of the B1s peaks located at 187-189 eV increases with the 

amount of boron added, in agreement with XRD observations (higher crystallinity and 

B4C content).  

 

Table 6 

Distribution (% of total surface atoms) of the different boron forms, in the foams doped 

with B2O3 and B4C (deduced by XPS) 

Samples Total Boron 

Boron type (Peak position, eV) 

Clusters 

(186.2) 

B4C 

(187.5) 

B-C 

(188.8) 

BC2O 

(190.2) 

1.5BO24 0.62 0.48 0.09 0.05 - 

2.5BO24 1.10 0.48 0.46 0.15 0.01 

5.0BO24 1.24 0.46 0.58 0.19 0.02 

1.5BC24 0.88 0.56 0.25 0.06 - 

2.5BC24 1.16 0.44 0.47 0.13 0.11 

5.0BC24 1.22 0.35 0.56 0.30 0.01 

 



17 

To a great extent, boron is present in the doped foams in the form of boron 

clusters, in contrast to previous studies in other carbon materials, like graphite, pitch, 

semicoke, etc., where B tends to move to substitutional positions and incorporate to the 

carbonaceous structure until its maximum solubility in graphite is reached, after which 

it begins to form boron carbide. 

This different behaviour could be attributed to the large empty volume available 

in the macroporosity of the foams, so that the boron compound is able to accumulate 

within the pores, instead of being retained in the carbon structure. In this situation, the B 

is more likely to form clusters that will react with carbon. At higher B loadings, the 

transfer of the B to other phases begins and, then, the substitutional B (B-C) increases in 

conjunction with carbide. 

The decrease in boron content between samples 4.5PB11 and 4.5PB24 is low 

compared with the 2.5BO11/2.5BO24 or 2.5BC11/2.5BC24 pairs (Table 5). This is due 

to the replacement of carbon atoms by boron taking place at 1100 °C when the pyridine-

borane complex is employed. At this temperature, the excess of B precursor is removed, 

resulting in low B loadings. The most remarkable effect of the increase in temperature, 

in this sample, is the loss of oxygen. 

Fig. 5 corresponds to the XPS study of 4.5PB24 and 9.0PB24. In addition to 

carbon, boron and oxygen, measurable amounts of nitrogen are detected, as expected, 

due to the fact that doping with the pyridine-borane complex typically leads to the 

parallel incorporation of boron and nitrogen with the preferential formation of B-N 

bonds [40]. 
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Fig. 5. XPS spectra of foams doped with the pyridine-borane complex. 
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Fig. 6. XPS B1s spectra of foam 4.5PB11 at different heat treatments. 

 

The deconvolution of the B1s band in the foam 4.5PB11 gives rise to two peaks 

at 190.1 and 192.3 eV (Fig. 6). The first one can be attributed to boron bound to the 

incorporated nitrogen atoms (B-N), and the second to the presence of the oxidized form 

of the boron-nitrogen group ([O]-B-N) [38]. The latter is the main feature in the spectra 

of the carbonized foams and can be attributed to the high amount of oxygen they 
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contain. When the temperature is raised to 2400 ºC, this peak completely disappears and 

B-N gives rise to the largest peak in the spectrum (Fig. 6). Moreover, boron carbide and 

boron clusters appear in the graphitised foams (Fig. 6). The amount of boron carbide 

increases with increasing additions of boron (Table 7).  

 

Table 7 

Distribution (% of total surface atoms), of the different boron forms in the boron-doped 

foams (deduced by XPS) 

Samples Total Boron 

Boron type (Peak position, eV) 

Clusters 

(186.2) 

B4C 

(187.5) 

B-N 

(190.1) 

BCO2 

(192.3) 

4.5PB24 1.10 0.19 0.02 0.89 - 

9.0PB24 2.05 0.11 0.17 1.77 - 

 

Fig. 7 shows the shift of the C1s band in the boron-doped foams towards lower 

energies. This is caused by the presence of boron in the carbon structure which, due to 

its electron deficient character, lowers the Fermi level energy [23,24]. 

The high resolution C1s spectrum of 0.0B24 shows a main peak at 284.4 eV, 

usually assigned to C in graphitic structures, and a shoulder at higher energies that 

corresponds to C in higher oxidation states. In the doped samples, the C1s peak moves to 

283.8 eV, which Shirasaki et al. [41] assigned to carbon atoms in plane without boron 

atoms as first neighbours. If the boron loading were higher, a new band would appear at 

a lower energy, 282.6 eV, which is typically attributed to B-C bonding. 

To further study the graphitic structure of the foams, some of the samples were 

analysed by Raman spectroscopy. Fig. 8 shows the spectra obtained from particles of 
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samples 0.0B24, 1.5BO24, 5.0BO24 and 4.5PB24. These are characteristic of well-

ordered carbon materials, with three bands detected in the first-order region: a 

prominent G-band (after graphite) at 1580 cm-1, a less intense D-band (after defects) at 

1350 cm-1, and the D´-band, appearing at 1620 cm-1 as a shoulder of the main 

graphite band. 
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Fig. 7. XPS C1S spectra of undoped and doped foams. 
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Fig. 8. Raman spectra of carbon foams. 

 

The relative intensity of the Raman D-band, ID/It (It = IG + ID + ID´, where IG, ID and ID' 

are the intensities of G-, D- and D'-bands, respectively), is used as an indicator of the bi-

dimensional disorder of carbon materials, and is also associated with the degrading of 

the crystalline orientation of the materials. Fig. 9 displays an increase in this ratio with 

the increasing boron content of the foam. These results seem to contradict those 

obtained by XRD, because according to the relationship between ID/IG and the inverse 

of La, postulated by Tuinstra and Koenig [42], they suggest that the doped foams ought 

to have crystal sizes smaller than the undoped foam. However, Cuesta et al. [43] have 

shown that several factors may affect the intensity and width of the D-band, apart from 

the finite size of the crystals: namely the degree of crystalline orientation or the 

presence of disordered carbon and interstitial or sp3 carbons. Hence, the formula by 

Tuinstra and Koenig is valid only as a first approximation to La values, and errors as 

high as 100% are possible. The use of this formula is more appropriate for disordered 
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carbons where direct La measurement by XRD is complicated due to the poor definition 

of the (10) band. It should also be noted that these two techniques do not show the same 

sensitivity in detecting distortions. That is to say, they provide complementary 

information, rather than equivalent information. 
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Fig. 9. Relationship between ID/It and the percentage of total boron (determined by ICP-

MS). 

 

In the case of boron doped materials, it has been previously reported by Hagio et 

al. [44] and Wang et al. [45], that substitutional boron causes a distortion of the carbon 

atoms next to it, which reduces the symmetry of the structure and increases the intensity 

of the D-band. This effect is not present in the undoped foam and is more pronounced as 

the boron concentration increases. Fig. 9 refers to the % of total boron obtained by ICP-

MS. The same plot for the substitutional boron found in the XPS analysis is shown in 
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Fig. 10, and displays a worse correlation, indicating that the presence of boron clusters 

might also produce a distorting effect on the graphitic layers. 

 

0.0

0.2

0.4

0.6

0.8

1.0

24 26 28 30 32 34 36 38 40 42 44

ID/It

B
s

u
st

 (
%

)

 

Fig. 10. Relationship between ID/It and the percentage of substitutional boron 

(determined by XPS). 

 

3.3. Oxidation behaviour 

 

Non-isothermal TG curves for the oxidation of doped and undoped graphitic 

foams have been obtained. The initial mass loss temperature and the residual mass 

determined from the TG curves are summarized in Table 8. The oxidation of foams 

0.7BC24 and 1.5BC24 begins slightly below 700 ºC, whereas foam 0.0B24 starts to 

oxidize at temperatures higher than 710 ºC. Moreover, in foam 0.7BO24 total burn-off 

was achieved faster than in the rest. These observations indicate a catalytic oxidation 

effect at low B loadings in the foams doped with B4C. 
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Table 8 

TGA results for the graphitic foams 

Samples 

Initial mass loss 

temperature (ºC) 

Residual 

mass (%) 

0.0B24 709.7 0.0 

0.7BO24 732.1 1.8 

1.5BO24 769.1 10.8 

2.5BO24 781.2 27.0 

5.0BO24 823.7 41.7 

0.7BC24 671.0 15.9 

1.5BC24 648.2 18.8 

2.5BC24 796.1 28.8 

5.0BC24 822.3 50.0 

0.0PB24 690.2 0.0 

1.9PB24 702.7 4.4 

4.5PB24 788.3 28.6 

9.0PB24 838.8 59.2 

 

As the amount of boron added increases (Fig. 11), the oxidation-inhibiting effect 

starts to predominate, with temperatures at which oxidation starts reaching values above 

800 ºC. Moreover, the doped foams have not yet been entirely oxidized at 1200 ºC and 

the residues remaining in the crucible still retain the shape of the initial samples. The 

residual mass increases with the B loading (Fig. 12). 
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Initial mass loss temperature vs. Bexp
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Fig. 11. Variation of the initial mass loss temperature in the TGA tests with the 

experimental B loading. 
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Fig. 12. Variation of the residual mass in the TGA tests with the experimental B 

loading. 
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4. Discussion 

 

The results obtained in this study confirm the existence of the two effects 

(inhibitory and catalytic) previously reported by other authors [29,32], in relation with 

the influence that the presence of boron exerts on the oxidation of carbon materials. 

Most of the graphitised boron-doped carbon foams display an enhanced resistance 

against oxidation, which is reflected in higher initial gasification temperatures and 

higher amounts of residual matter in the TGA experiments conducted under air. This 

finding is in good agreement with the improved graphitisation parameters obtained by 

the XRD analyses, which reveal a better degree of structural ordering. This is one of the 

causes reported as determinant in the oxidation inhibition produced by the presence of 

boron, which, together with the formation of a B2O3 layer, allegedly counteract the 

intrinsic oxidation catalytic effect of substitutional boron [32]. 

The only two exceptions to this general trend are two samples obtained by 

doping with low amounts of boron carbide (0.7BC24 and 1.5BC24), where the initial 

mass loss temperature starts below the value displayed by the reference sample, 0.0B24 

(Table 8). This catalytic effect observed when low concentrations of B are loaded was 

previously observed by Lee et al. [37], and was attributed to the graphite crystallites 

being of a much smaller size. In that study, only the effect of substitutional boron is 

taken into account, and its authors consider that the location of the boron atoms in the 

graphene layers is determinant. They postulate that the presence of large amounts of 

substitutional B close to the graphene edges rather than well inside the basal plane is the 

reason for the catalytic effect on the oxidation process. The affinity of oxygen for the 

reactive carbon sites is greater. High B loadings promote graphitisation and an increase 
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in the size of crystallites, so that the possibility of finding substitutional B atoms next to 

the graphene edges is more remote. However, the graphitised samples that have a 

catalytic effect on oxidation in this study do not display the lowest crystallite sizes 

(Table 4). 

Zhong et al. [32] reported that doped boron has a catalytic effect on the 

oxidation of carbon, when B is kept in low concentrations, and that several factors 

contribute to the inhibition of oxidation observed at higher B levels. Our results indicate 

that, clusters and B4C are the most abundant associations of B, but, in spite of being 

low, the concentrations of substitutional B (B-C in Tables 6 and 7) are very influential 

in the graphitisation enhancement and consequently in the oxidation inhibition as B 

loading increases. Higher loadings of B, with an enhancement of the concentration of all 

forms, such as boron clusters, boron carbide and substitutional boron also originate the 

formation of a B2O3 shield upon oxidation, contributing to the inhibition of carbon 

oxidation. 

 

5. Conclusions 

 

Boron-loaded carbon foams can be prepared from coal and different boron-

containing precursors by using a controlled carbonisation process. A subsequent 

graphitisation process gives rise to foams with highly ordered graphitic structures. 

Boron promotes graphitisation with crystallite parameters approaching those of natural 

graphite in the foams with the highest B loadings. However, Raman spectroscopy 

revealed the presence of distortions in the graphitic layers, probably as a consequence of 

the presence of boron phases other than substitutional boron: B clusters, boron carbide 

and BC2O associations, as revealed by XPS and DRX. 
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The presence of boron forms in the foams promotes two opposite effects on their 

oxidation behaviour. In The foams obtained employing low amounts of boron carbide, 

the presence of substitutional B results in a catalytic effect on the oxidation process. 

Hence, these foams display lower oxidation temperatures than the unloaded ones. 

The other foams are more resistant to oxidation, as indicated by the higher 

temperatures and resultant residues. The enhanced structural order of the graphitic 

structures promoted by substitutional boron greatly contributes to oxidation resistance. 

The higher content of all B forms leading to the formation of a B2O3 layer under 

oxidation conditions is another factor responsible for this greater resistance of B-loaded 

graphitic foams. 
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