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Diamond formation was studied on carbon felts (CF) substrates produced from an organic 

polymer, polyacrylonitrile (PAN), at different heat treatment temperatures (HTT). CF 

structural properties knowledge and control have demonstrated to be very important for 

growing boron-doped diamond (BDD) films on such substrates. During the deposition, 

fiber etching and diamond nucleation occur simultaneously and compete kinetically. In 

addition, these processes may also be affected by the HTT of the carbon fiber precursor. 

BDD/CF electrodes were produced by Hot Filament Chemical Vapor Deposition (HFCVD) 

and characterized by Scanning Electron Microscopy (SEM), Raman spectroscopy, X- Ray 

Diffraction (XRD) and Cyclic Voltammetry (CV) techniques. It is also discussed the HTT 

influence on substrate structural properties correlated with diamond film growth and its 

electrochemical response. CF substrates were carburized in the temperatures of 1300, 1800 

and 2300 K and presented representative increase in their conductivity values. CV 

measurements in ferri-ferrocyanide system have confirmed the superior properties of 
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BDD/CF electrodes and evidenced a large surface area increase, which turns them 

appropriate to be used as porous electrode in different electrochemical applications. 

 

1. Introduction 

 

Carbon fibers are new breed of high-strength materials and have been described as a 

fiber containing at least 90% carbon obtained by the controlled pyrolysis of appropriate 

fibers. Numerous precursors are used for producing carbon fibers such as cotton, linen, 

ramie, sisal and flax. However, the main three precursors used for large-scale production of 

carbon fibers are PAN, rayon, and pitches [1]. PAN based fibers present superior physical 

properties compared to rayon-based fibers [2]. Besides, the fabrication process is easier and 

more economical due to higher carbon yield, which is 50% against 30% for rayon [3]. 

 Many properties of PAN-based carbon fibers may be affected by their production 

process. The carbonization rate, and consequently the produced gases, must be controlled to 

prevent defects in the fibers. Pores are created in the fiber owing to the formation and 

perfection of carbon layer structures. The high temperature in carbonization process 

increases the crystalline perfection of the fibers and become more perfect the carbon layer 

planes, generating a large closed pore structure [1]. The electric conductivity is strongly 

affected by HTT increase. In recent studies it was observed that electric conductivity values 

increase up to 1800 K and keep almost constant up to 2300 K [4]. 

Considering the numerous electrochemical applications of carbon-based electrodes, 

a constant search of developing new materials represents a challenge. Besides, it is fact 

their importance for surface processes, which require durability and efficiency. The 

frequent use of carbon electrodes in electrochemical applications [5-7] makes the 
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production of diamond films on CF substrates an alternative procedure for increasing the 

lifetime and electrode superficial area. In addition, the conductivity control of diamond 

films through the boron doping level control may guarantee a suitable electrode keeping its 

necessary chemical inertness [8]. 

Diamond growth mechanisms on carbon fibers have already discussed by some 

authors [9-11]. It is known that diamond deposition on carbon substrates using low-

pressure techniques may be unfavorable due to atomic hydrogen etching. The authors 

generally accept that super saturation of hydrogen enhances the diamond formation and 

suppresses the formation of non-diamond phases. Angus and co-workers [12] have reported 

diamond nucleation on graphite and suggested that the graphite surface itself acts as a 

nucleation center in the atomic hydrogen presence. 

 The main purpose of this study is production and characterization of boron-doped 

diamond electrode grown on carbon felt (BDD/CF) by using Raman spectroscopy, XRD 

and CV techniques. It is also discussed HTT influence on substrate structural properties 

related with diamond film growth and its electrochemical response. 

 

2. Experimetal 

 

CF samples were produced from PAN at different HTT by using temperature steps of 

330 K/h under inert atmosphere (nitrogen flow of 1 L.h-1), reaching maximum temperature 

of 1300, 1800 and 2300 K. The maximum temperature was maintained for 30 min and after 

cooled down to room temperature. The samples are denoted CF-1300, CF-1800, CF-2300 

and consist of felt disks with 0.15 cm thickness and 1.8 cm diameter. 
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BDD films were grown by HFCVD technique during 20 hours from 0.5% CH4/H2

mixture. The substrate temperature and total pressure were 1050 K and 6.5 x 103 Pa, 

respectively. The substrates were ultrasonically pre-treated in a mixture of 0.25 µm

diamond powder and hexane. Boron source was obtained from H2 line forced to pass 

through a bubbler containing B2O3 dissolved in methanol. This system permits the control 

of boron concentration in the films using a flow controller. The doping level used (5000 

ppm B/C in methanol) corresponds to acceptor concentration of 1.5 x 1018 cm-3, evaluated 

by Mott-Schottky Plot measurements in previous work [8] and correlated with Raman 

spectra [13]. 

Samples were kept in the vertical position inside the reactor between two pairs of 

parallel tungsten filaments that permitted film growth on both sides, simultaneously. This 

procedure is important to guarantee diamond growth over all carbon fibers, including that 

ones in deeper planes. Top view and cross-section images of BDD/CF films were obtained 

by SEM from a Jeol equipment JSM-5310. Micro-Raman spectra were recorded by a 

Renishaw microscope system 2000 in backscattering configuration. CV measurements were 

carried out using a potentiostat Omnimetra Instrumentos PG 3901 for BDD/CF and CF 

electrodes at different HTT. The electrode geometric superficial area exposed in solution 

was 5.0 cm2, considering both sides and thickness of sample (as a three dimensional 

electrode). The anodic and cathodic charges were evaluated from VC curves obtained in 

1 mM ferrocyanide/0.1M KCl at scan rates from 5 to 500 mV/s. The experiments were 

conducted at room temperature. Simple three-electrodes (work, Ag/AgCl and platinum 

electrode) in a single-compartment electrochemical cell was used in this study. The 

electrodes did not undergo surface treatment before the electrochemical measurements. 
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3. Results and discussion 

 

3.1. CF Structural Characterization 

 

During thermal treatment, most of the non-carbon elements within the fibers are 

volatilized in form of methane, hydrogen, hydrogen cyanide, water, carbon monoxide, 

carbon dioxide, ammonia and various other gases [14,15]. 

The evolution of these compounds decreases the fiber mass 55-60 wt% [16]. As a 

result, the fiber diameter shrinks. Therefore, in a typical PAN process, the precursor fiber 

might have a diameter of 35 µm and after carbonization the final fiber 10 µm. In this range 

of HTT it was not observed a stretched of the fibers diameter, but an increase of tensile 

strength [17,18]. The average values of CF diameters obtained from SEM images are 

shown in Table 1 as a function of HTT. The fibers diameter values are around 10 µm and 

does not show a significant variation according to the literature. 

Micro-structural properties of PAN-based CF are strongly affected by HTT and can 

influence the diamond nucleation and growth as well as the BDD/CF electrochemical 

response. In addition, HTT influences the electrical properties because there is a 

preferential orientation increase of graphitic sheets in fiber axial direction at higher 

temperature. The resistivity values (ρ) observed in Tab.1 were evaluated through four-

probe method and are in good agreement with the literature [4]. Besides, the values present 

lower average standard deviation. At 2300 K the value decreases almost 8 times compared 

with sample treated at 1300 K. Table 1 also presents, for the three HTT studied, other CF 

experimental parameters: pilling up width of layers (L002) and interlayer distance (d002); 

6 of 23

Friday , November  26, 2004

Elsevier



Rev
ie

w
 C

op
y

7

FWHM ratio (ωD/ωG) and the relative intensity (ID/IG) between the D and G bands, 

obtained from XRD and Raman spectra, respectively [4,19].  

The interlayer distance calculated from (002) bands decreases with HTT increase but 

is larger than graphitizable cokes (3.44 Å) treated above 1300 K [20]. This behavior 

supports the arguments that the carbon layers are highly strained and the internal strain 

energy did not release with the HTT. The carbon layers in the crystallites are apparently 

compressed along the basal plane and bent due to the surrounding crystallites.  

CF first-order Raman spectra display two dominant bands called G and D. The G-

band occurs between 1575 and 1600 cm-1 due to E2g vibration mode in ordered graphitic 

structure [21]. The D-band can be found at 1355-1360 cm-1, and it is a good indication of 

the crystal structure disorder. D-bands are associated to discontinuation of hexagonal 

carbon layer planes [21,22]. The results from first-order Raman spectroscopy (Tab.1) seem 

to be in agreement with those of XRD; ωD/ωG and ID/IG decrease with HTT increase, 

revealing the CF graphitization at 2300K. 

 

3.2. Diamond Surface Morphology and Raman Analysis 

The main difficulty of growing diamond films on graphite is sp2-bond etching on 

substrates caused by atomic hydrogen presents in gas phase, which is the main precursor 

for diamond growth. Substrate pre-treatment is necessary to improve the diamond growth 

on carbon substrates keeping the carbon surface in dominant sp3 configuration over 

reconstruction into graphitic sp2 configuration [23-25]. SEM image of diamond film on CF-

2300 sample, with a doping level of around 1018 atoms.cm-3, is showed in Fig.1a and 
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demonstrates CF surface completely covered by diamond polycrystalline film. The grains 

are faceted with symmetrical and smooth faces evidencing a uniform texture and dominant 

(111) type planes. The average grain sizes were also evaluated in 3.0 and 6.0 µm for CF-

1300 and CF-2300, respectively. 

Diamond coating presented thickness of approximately 3.0 µm, as can be observed 

in Fig 1b. This value decreases for internal fibers, as expected, taking into account the 

critical depth for diamond formation, which is mainly related to atomic hydrogen diffusion 

mechanisms. SEM cross-section image obtained in sample center region still evidences 

diamond film existence. This verification is important for electrochemical applications by 

considering these samples as three-dimensional electrodes that also need to have inner 

fibers covered by diamond film. Electrode superficial texture is directly related to electrode 

active area and, consequently, electrochemical response. 

The quality of BDD/CF electrodes were studied by Raman spectroscopy. Figure 2 

shows Raman spectra for BDD/CF-1300 (a), BDD/CF-1800 (b) and BDD/CF-2300 (c). 

Raman spectra evidenced sharp 1332 cm-1 peak, indicating films constituted mainly by 

diamond crystals. In addition, a broad band centered on 1550 cm-1 appeared in (a) and (b) 

curves. This band is attributed to disordered graphitic phases and disappears in (c) curve. 

This is probably associated to the best CF structural organization at higher HTT. During 

higher carbonization temperature, the fibers crystalline quality increases and carbon layer 

planes become more perfect, generating a larger close pore structure [1].  
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3.3. Electrochemical Behavior 

 

CV has demonstrated to be an easy and fast method to study electrochemical 

response of electrode surface. Several works have presented important studies employing 

this technique for BDD electrodes [26-30]. This work presents preliminary electrochemical 

analyses of BDD/CF electrodes as a function of substrate HTT. The main objective is to 

compare how electrochemical response can be influenced by changes observed in substrate 

structure and film morphology. 

The treatment of systems called quasi-reversible is associated to reactions that show 

electrons transfer kinetic limitations and consequently for these systems reverse reactions 

have to be considered. The results presented in previous works have led us to conclude this 

is the most suitable treatment for BDD/CF electrodes in the studied redox system. In this 

way, BDD/CF electrodes were analyzed by the quasi-reversibility criteria: the separation 

between the anodic and cathodic peaks (∆Ep) is larger than 59/n mV (where n =1 is the 

number of electrons involved in the reaction) and increases with sweeping rate (v) increase; 

current peak intensity (Ip) increases with v1/2 increase, but does not keep proportionality; 

and the cathodic peak potential (EPc) shifts to negative values, with v increase [31]. The 

usual reduction and oxidation current peaks were exhibited for all electrodes studied using 

ferro/ferrocyanide redox couple. Besides, the kinetic parameters analyses were studied as a 

function of substrate HTT. Electrochemical response also permitted to evaluate electrode 

Specific Electrochemical Surface Area (SESA). 

The substrate effect on the reported electrochemical experiments may be discussed 

from curves obtained in 1mM of ferrocyanide/0.1M KCl at v = 50 mV/s and presented in 
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Fig. 3. Curve (a) represents the CF electrode response while curve (b) shows response for 

BDD/CF electrode. Both CF samples were carbonized at 2300 K. The predominant 

substrate contribution is related to smaller ∆Ep for CF electrode (270 mV) when compared 

to BDD/CF electrode ∆Ep (530 mV). This behavior is attributed to CF conductivity that 

becomes less dominant when doped diamond covers carbon fibers and electrode 

conduction is controlled by boron doping level. Besides, the higher current density for 

curve (b) is attributed to polycrystalline diamond surface texture, with higher roughness, 

that defines higher active electrochemical area and capacitance.  

By considering the non-Faradaic contribution, CF electrodes present higher 

background current mainly due to their higher active electrochemical area, like usually 

observed on carbonaceous porous electrodes [32]. On the other hand, an important property 

of diamond electrode is low background current (two orders of magnitude lower than glass 

carbon electrode) [33]. We can speculate that there is not an inconsistence of growing 

diamond on CF substrates; in spite of the film to promote a higher active area. Even for 

detecting small quantities of chemical species in electroanalytical applications, it is 

possible to keep the higher sensitivity of BDD/CF electrode. The higher anodic or cathodic 

peak current, produced by such analyzed species, easily compensates its background 

current. 

Figure 4 presents CV curves at 50 mV/s for BDD/CF electrodes that correspond to 

diamond films grown on substrates of 1300, 1800 and 2300 K HTT. It is possible to note 

there are variations on ∆Ep values and active electrochemical area, so these parameters 

were detailed studied. In the Fig. 5, ∆Ep values were also represented as a function of v.

∆Ep, which is larger than 59/n mV, increases with the v increase for all HTT. Besides, it 
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was observed the v increase promotes an increase in Ip for cathodic and anodic reactions. 

Therefore, according to the reversibility criteria, the systems confirm to be quasi-reversible. 

In addition, it is possible to observe the ∆Ep values are higher for the lower HTT. This 

behavior is in agreement with resistivity values discussed in Tab.1. The higher electrical 

conduction of the BDD/CF-1800 and 2300 electrodes improves the electron transfer in 

electrochemical experiments and decreases ∆Ep.

SESA values were calculated by the equation [34]: 

 

vDVC
I

oelo

p
51069,2

SESA
×

= ,

where Ip is anodic peak current intensity (A), Co is oxidant concentration (mol/L, equal to 

reductor), Vel is electrode volume immersed in solution (cm3), Do is oxidant diffusivity in 

solution (cm2s-1, it is also considered equal to reductor), and v is sweeping rate (Vs-1). 

SESA of BDD/CF electrodes were evaluated from the curves presented in Fig.4. The 

found values were 540, 400 and 330 cm2, for 1300, 1800 and 2300 K HTT, respectively. 

This result may be related to surface morphologies observed by SEM. However, in the case 

of three-dimensional porous electrode, like BDD/CF, different contributions should be 

considered. First of all, the film grows around the fibers increasing their diameters and the 

superficial area of each fiber. For higher growth rates, larger grain size and roughness are 

expected, which can also promote a larger SESA. At the same time, the contributions from 

films with larger grain size and fibers with larger diameter tend to fill empty spaces 

between the fibers. This process consequently decreases the porosity associated to active 

electrochemical area and it seems to be more relevant for BDD/CF-2300 electrode. 
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4. Conclusion 

 

BDD films were grown on CF, which were produced at different HTT, with good 

quality and adherence. SEM images show all grains faceted, with symmetrical and smooth 

faces. A variation in average grain size was also observed: 3.0 and 6.0 µm for BDD/CF-

1300 and BDD/CF-2300, respectively. Diamond coating have presented a thickness of 

approximately 3.0 µm. CF structural characterization revealed a very large interlayer 

spacing, calculated from (002) bands, and much smaller apparent crystallites sizes if 

compared to graphitizing carbons. The results from first order Raman spectroscopy are in 

good agreement with those obtained from XRD: ωD/ωG and ID/IG decrease with HTT 

increase revealing graphitization for CF at 2300K HTT.  

The polycrystalline diamond surface texture, with higher roughness, defines higher 

active electrochemical area and capacitance. However, BDD/CF electrode can detect small 

quantities of chemical species, keeping the higher sensitivity, once the higher anodic or 

cathodic peak current can easily compensate its background current. The v increase 

promotes an increase in the Ip and ∆Ep for all HTT, confirming the quasi-reversible 

systems. The substrate effect on the electrochemical results can be observed through CF 

conductivity that becomes less dominant when conduction is controlled by boron doping 

level in BDD/CF electrodes. The electrochemical response is influenced by changes 

observed in substrate structure and film morphology as observed in the following results. 

∆Ep values are higher for the lower HTT in agreement with higher CF resistivity values. 

SESA values for BDD/CF electrodes has demonstrated high electrochemical active area, 

which makes them very promising for applications as electrochemical capacitor. However, 
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there are two contributions of diamond film: the film growth around the fibers increasing 

their diameters, roughness and the superficial area of each fiber; and fibers with larger 

diameter tend to fill empty spaces between the fibers decreasing the porosity and active 

electrochemical area. 
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Figure Captions 

 

Table 1. PAN-CF parameters at different HTT obtained by four-probe method, SEM, XRD 

and first order Raman spectroscopy. 

 

Figure 1. SEM images of diamond film grown on CF-2300, with a doping level of 

1018 atoms.cm-3 B/C: (a) morphology and (b) cross section evidencing diamond film 

thickness. 

 

Figure 2. Raman spectra of diamond films: (a) BDD/CF-1300, (b) BDD/CF-1800 and (c) 

BDD/CF-2300. 

 

Figure 3. Voltammetric curves in 1mM ferrocyanide/0.1M KCl at 50 mV/s: (a) CF-2300 

and (b) BDD/CF-2300 electrodes. 

 

Figure 4. Voltammetric curves in 1mM ferrocyanide/0.1M KCl at 50 mV/s for BDD/CF-

1300, BDD/CF-1800 and BDD/CF-2300 electrodes. 

 

Figure 5. ∆Ep as a function of sweeping rate in 1mM ferrocyanide/0.1M KCl for BDD/CF-

1300, BDD/CF-1800 and BDD/CF-2300 electrodes. 
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HHT  

(K) 

CF diameter 

(µm) 

ρ

(Ω.cm) 

d002 

(Å) 

L002 

(Å) 

ωD/ωG ID/IG

1300 10.4 ± 0.3 0.96 ± 0.39 4.34 11.6 2.76 ± 0.40 0.98 ± 0.02

1800 10.4 ±0 .14 0.11 ± 0.01 4.25 16.2 1.51 ± 0.38 0.79 ± 0.15

2300 10.07 ± 0.22 0.11±0.006 4.16 23.1 0.92 ± 0.01 0.73 ± 0.05

Table 1 
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Figure 1a 
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Figure 1b 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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