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Abstract 
 
This paper summarizes the preliminary results of lithium electrochemical 
intercalation results into boron-doped diamond films grown on no woven of carbon 
fiber or carbon felt (BDD/CF electrode). BDD films were grown by Hot Filaments 
Chemical Vapor Deposition (HFCVD) and characterized from Scanning Electron 
Microscopy (SEM) and Raman Scattering spectroscopy. The BDD/CF electrodes that 
contain diamond layer more conductivity, with smaller grains size and in turn more 
rich of boundary or sp2 sites present an reversible specific capacity that is much large 
than the substrate alone, indicating effectively the participation of diamond in the 
lithium storage. The diamond layer with doping level 10 19 and 1021 provided 160 and 
370 mAh.g-1 of specific capacity associated with lithium storage, respectively. In the 
lithium area the results shows that this new class of electrodes can be very useful 
since the electrodes are free of binder polymer traditionally used in the preparation of 
lithium battery.     
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Introduction 
 
Numerous studies on the electrochemical insertion of lithium into various carbon 

materials have been reported [1-7]. Studies on lithium intercalation into graphite, in 
particular, have been well established [8-14]. It is known that a maximum of one lithium 
atom per six carbon atoms can be intercalated when lithium is fully intercalated into 
graphite. In LiC6, the intercalated lithium exists as a screened ion between two adjacent 
graphite layers with the theoretical specific capacity of LiC6 being 372 mA.h/g. 

 Recently, carbons with capacities higher than the theoretical value of 
graphite have been prepared by pyrolyzing organic precursors at heat treatment 
temperatures below 1000 ºC [15,16]. Some suggestions have been proposed for the extra 
capacity over the theoretical value of 372 mAh/g, such as lithium occupation of nearest 
neighbor sites [17], lithium insertion into nanoscopic cavities [18], binding of lithium in the 
vicinity of the hydrogen atoms [19], additional insertion of lithium at the edge area of 
graphene layers [20] and at the graphene surface as well [21]. Additional works have been 
focused on the efect of chemical substituents in carbons, including phosphorus [22], boron 
[23], and nitrogen [24].   
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Boron-doping into graphite is one of the well-known methods to improve the 
discharge capacity of the graphite electrode. The boron atoms at sustitutional sites should 
not cause a notable distortion of the crystal structure because its atomic size is comparable 
to that of carbon. Because boron has less electrons than carbon, it acts as an electron 
acceptor which creates the hole-carrier in the valence band by enhancing the electrical 
conductivity of graphite and increases its discharge capacity [25]. 

Recently, we have shown the first study of lithium intercalation for diamond films 
grown on Mo and on cloth of carbon fibers substrates [26].  This work represents additional 
contribution for this subject by investigating lithium intercalation into composite diamond 
electrodes by electrochemical characterization. Boron doped diamond films were grown on 
no woven of carbon fibers or carbon felt (BDD/CF electrode) with different levels of boron 
doping. It was studied the lithium intercalation as a function of the boron content. Scanning 
electron microscopy and Raman spectroscopy were also used to characterize the film 
morphology and quality.  
 
Experimental 

 
CF samples were produced from polyacrylonitrile (PAN) precursor at different HTT 

by using temperature steps of 330 K/h under inert atmosphere with nitrogen flow of 1 L.h-1, 
reaching the maximum temperature of 1000 °C, standing at this maximum during 30 min 
until its cooling down to room temperature. 

BDD films were grown by HFCVD technique at 1050 K from 0.5% H2/CH4 
mixture at a total pressure of 6.5 x 103 Pa during 20 hours. The substrates were 
ultrasonically pre-treated in a mixture of 0.25 µm diamond powder dissolved in hexane for 
1 hours.  Boron source was obtained from H2 forced to pass through a bubbler containing 
B2O3 dissolved in methanol. This system permits the control of boron concentration using a 
flow controller for the gas inlet. For all experiments the desired B/C ratios was controled 
monitoring  the H2 and B2O3/CH3OH/H2 flows. The doping level studied corresponds to 
acceptor concentrations in the range of 6.5 x 1018 up to 1.5 x 1021 cm-3, obtained from Mott-
Schottky plots measurements in previous work [27].  

The composite electrodes obtained were disks with 8 mm diameter. The electrodes 
were heated at 120oC for 12 h at 9.103 Pa before the assembly on electrochemical cells in 
the dry-box. The electrochemical characterizations were performed in a coin cell  kind of 
Sagellock, where lithium was used both as the auxiliary and reference electrodes. Two 
layers of separator (Celgard) were used in the electrochemical cells. The electrolyte used 
was 1mol.L-1 of LiPF6 in a mixture of ethylene carbonate (EC), dimethyl carbonate (DMC) 
and diethyl carbonate (DEC) (1:1:1 wt, Selectur). Cyclic voltammetry was carry out at a 
scan rate of 100µV.s-1 sing a potentiostat/galvanostat EGG/PAR 364. The charge/discharge 
curves were colleted in galvanostatic mode using a Macpile cycler at a current of 20µA. 
The discharges of electrodes were carried out until one cut-off of 0.010V versus Li. 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 at room temperature employing 514.5 nm 
argon-ion laser.  
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Results and discussion 
 

The surface analysis made by SEM for BDD films have evidence that the variation on 
surface morphology is associated with the decrease of the growth rate due to boron 
incorporation. Figures 1A and 1B show the micrograph of CF and BDD/CF electrode with 
boron doping of 1018 part.cm-3, respectively.  The Fig.1A shows that surface of CF contains 
in longitudinal direction a roughness. The cross section of the fiber seens to have a non 
regular texture with one central concavity. The CF obtained presents diameter of around 10 
µm, resistively determined by four-probe method  is 0.96 Ω.cm, d002  = 4.34 Å and L002  = 
11.6 Å determined by the XRD [28]. SEM images demonstrated also that individual fibers 
in surface of the felt were completely covered (surface and cap) by the diamond crystals 
(Fig. 1B). The grains are faceted with symmetrical and smooth faces with uniform texture 
and a surface morphology with predominant (111) orientation, but the grain sizes are not 
identical. For all sets of sample studied we have systematically observed that the average 
grain size decreases with the increase of boron content for the same substrate.  

The quality and doping level of the diamond films grown in CF were studied by 
Raman spectroscopy. A drastic change of Raman spectra of diamond films with different 
doping levels was observed. Figures 2 a,b,c show the Raman spectra with an acceptor 
concentrations of around 1018 ,1019 and 1021 cm-3, respectively. The results reveal that the 
peak intensity at 1332 cm-1 corresponding to the transversal mode (related to the sp3 
bonds) of the diamond decreases as the boron concentration increases. Nevertheless, a 
wide band arises approximately 1220 cm-1 and increases as the boron concentration 
increase, as shown in Figure 2c. The decrease of the zone center phonon peak at 1332 cm-

1 and the appearance of the broad peak at 1220 cm-1 was attributed to the relaxation of the 
∆κ=0 selection rule caused by the small coherence length of diamond crystallites [29-31]. 
A small coherence length is expected because of wideness of the distribution of grains 
size decreases with reduction of grains size, as in fact, we have observed in the SEM 
pictures of samples. 
 Figures 3 shows the discharge (negative polarization) and charge (positive 
polarization) curves of the CF and BDD/CF electrodes with an acceptor concentration of 
around 1018 to 1021 part.cm-3.  The table 1 shows the values of Faradic charge during 
cathodic (discharge) and anodic (charge) polarization and the fraction of charge of 
electrode that can not be used in the lithium storage (irreversible capacity), i. e., the 
diference between the specific capacity obtained during lithium extraction (increase of 
voltage) and cathodic polarization (decrease of voltage) divide by the charge specific 
capacity (increase of voltage). 
  All electrodes present, as expected, an voltage variation observed in figure 3 is 
predominantly resulting of the ohmic-drop,  charging/discharging of double-layer and the 
variation of chemical potential of the electrons (Fermi level) and intercalated ions as well 
formation of solid layer insulator permeable to ions that cover the surface of carbon  
resulting from decomposition of electrolyte-SEI [32,33]. Deposition of lithium metalic in 
the carbon electrode are expected only in potential beyond the 0V vs Li. The two first 
contributions occurs in the first seconds of polarization. Afterward, the voltage profile is 
governed by the variation of Fermi level and the chemical potential of electrons such that 
the electronic and structural propriety of composite determine the behavior of voltage 
profile with amount of lithium storied in the bulk of material.  The formation of SEI 



INPE ePrint: sid.inpe.br/yolanda/2004/12.08.14.16 v1 2004-12-09 
 

 4

occurs in carbon materials often at about 1.0 and 0.5 V vs Li and its responsible for lost 
charge in the cycle if we considered that all lithium insered can be extracted in the 
opposite polarization. 
 The CF electrode (Fig. 3a) shows a voltage profile well symmetric without 
presence of plateau. The voltage profile of the CF seems with those determined for pitch-
based carbon fiber  (d002 in the range of 3.4Å that present specific capacity and 
irreversible capacity similar to the table I ) [34]. The lithium storage in the CF studied 
here may be occuring, thus, in the edges of fibers and in the interlayer space along the c-
axis. The irreversible charge (table 1) is associated to formation of SEI.  
 For the case of the BDD/CF electrodes the voltage profile is quite different of 
substrate, indicating that diamond act effectively in the process of lithium storage in the 
composite electrode. The voltage profile and specific capacities changes as Boron 
concentration or conductivity diamond or average grain size that compound the diamond 
layer.  
 Most recently, we have demonstrated that is possible the intercalation of lithium 
in diamonds deposited on Mo substrated by electro-polarization in Li-ions battery 
electrolyte  [26]. We believe that lithium is insered in the structure and in the boundary 
between grains that are rich of sp2 sites. For insertion of lithium in a compound is 
important the formation of concentration gradient in the interface and an electron 
mobility such that the electroneutrality of Li insered ions, an essencial condition to ionic 
diffusing inside the structure. If the material is an insulator the Li eletrointercalation can 
occurs since the electrons arrived in the interface. Typical example, is the olivine, an 
electrolyte that can be used also as electrode in Li-ion battery if its surface is cover by 
carbon [35]. In this context, as smaller are the grains, in turn, better will be the 
intercalation of lithium.  All these statements are supported in Fig. 3. 
 The curves of figure 3 reveals that differences observed in the curves as well as 
the specific capacity are correlated to storage of lithium in the diamond layer. For the 
composite electrode prepared with diamond more insulator we observe a discharge 
capacity that reaches 370 mAh.g-1 and a very high irreversible capacity (see fraction of 
lost charge table 1). The charge capacity that can be associated to effective fraction of 
lithium that was storage in the electrode is only 90 mAh.g-1.  This behavior is agreement 
with the fact that the diamond layer applied in the CF (Fig.3b) is an layer more insulator 
that other layer and their grains are also larger than the grains found in the other layer 
(Fig. 3c, d). Thus, the Fig.3b shows that the diamond layer with 1018 doping level has a 
grains size and conductivity that does not a efficient intercalation to the current applied in 
the electrode. During negative polarization the Faradic charge provide to electrode for the 
galvanostate was used to decomposition of electrolyte. Other aspect interesting, that can 
be observed in Fig. 3b is that in 2.0V occurs an increase of voltage. This invertion can be 
explain as an exfoliation of diamond layer associated to stress provoked insertion of the 
lithium in the bulk of diamond or the sp2 sites (boundary of grains). The exfoliation can 
break the electrode expound new sites for lithium insertion. Exfoliation in graphite has 
been observed  when this material is polarized in electrolytes contain molecules that can 
be insered inside the planes of crystallite or co-intercalated with Li in the inter-layer 
planes [36,37].  
 On the other hand, the composite electrodes that contain diamond layer more 
conductivity, with smaller grains size and in turn more rich of boundary or sp2 sites 
(Fig.3c and 3d) present an reversible specific capacity that is much large than the 
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substrate alone, indicating effectively the participation of diamond in the lithium storage. 
The diamond layer with doping level 10 19 and 1021 provided 160 and 370 mAh.g-1 of 
specific capacity associated with lithium storage, respectively. The bulk of diamond and 
the sp2 sites that exist in the boundary of diamond grains allows one increase of lithium 
storage of CF substrate of the 10 mAh.g-1 (doping level 10 19) and  155 mAh.g-1 (doping 
level 1021). If we take in account the we could represent the lithium insered in the Boron 
diamond layer (sp2 sites in the boundary grains more sp3 sites, sites inside the diamond 
structure) as Lix(BzC1-z)6, for the diamond layer studied  x  is about 0.48 and 0.03 moles 
of lithium, respectively for  Boron doping level 1021 and 1019.  
 The evidence of the increase of sp2 sites respect to sp3 sites  in the B-diamond layer with 
smaller grains 1021 appears also in the voltage profile. The voltage profile of Fig. 3d 
remember that found for graphite [38,39]. This detail may suggest that the lithium is has 
been storied in the Boron diamond layer mainly in the sp2 sites since the diamond layer 
doped with 1021 part.cm-3,  should have grains favorable to insertion of lithium inside the 
diamond lattice (sp3 sites). 
 Finally, Fig. 4 show the voltamograms of CF electrode and the composite 
electrode with best capacity to storage lithium detected in Fig. 3. The voltamograms 
present two intense peaks cathodic and anodic associated effectively by the insertion and 
extraction of lithium.  A higher cathodic peak current is observed for BDD/CF (-0.7 V x 
Li), compared to the CF substrate (-0.2 V x Li). This behavior indicates the kinetics of 
lithium insertion /removal in BDD/CF electrode to be the fastest. 
 Therefore, the results demonstrated that diamond layer grows in carbon substrate 
has effective participation in the process of lithium storage. The grains size and 
conductivity of Boron-diamond layer has big influence in this process. Smaller grains and 
higher electronic conductivity are favorable to increase of capacity of electrode to storage 
lithium. However, smaller grains increase the electrochemical area that imply in the 
charge lost with decomposition of electrolyte that results in the SEI.  
 
Conclusions 
 
 We have show that BDD/CF is able to lithium storage. In this work the Boron-
BDD was used as layer in CF that in the composite electrode seems act as substrate very 
useful to preparation of electrodes to several electrochemical applications. This BDD 
layer was understand as layer where are distributive sp2 sites (boundary grains) and sp3 
sites of diamond.  The results suggest that most of lithium is been probably storage in the 
sp2 sites of layer, however, an better evidence of this supposition may be found in B-
nanodiamond layers grown on CF substrates. 
  In the lithium area the results shows that this new class of electrodes can be very 
useful since the electrodes are free of binder polymer traditionally used in the preparation 
of lithium battery. The results show that boron diamond composite electrode can be 
become competitive if was find a B-diamond layer that provide an elevated number of sp2 
and sp3 with good kinetic the intercalation, but with irreversible capacity very smaller 
that found in table 1.  A best understanding of lithium intercalation in BDD layer on Ti as 
well as the study of composite electrodes on several kind of CF substrates will be carry 
out. 
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Figures Captions 
 

Table I. Results of the first discharge for the BDD/CF electrode with an acceptor 
concentrations of around 1018 to 1021 part.cm-3. 
 
Figure 1. Scanning electron micrographs of CF (A) and BDD/CF electrode (B) for a doping 
level of 1018 part.cm-3. 
 
Figure 2. Raman spectra of diamond films grown CF with doping levels of: (a) 1018 
part.cm-3; (b) 1019 part.cm-3; (c) 1021 part.cm-3 
  
Figure 3. First charge/discharge at 0.020mA for BDD/CF electrodes.(a) Substrate ; (b,c,d) 
doping levels from 1018 up to 1021 part.cm-3.  
 
Figure 4. Cyclic voltammetry with a scan-rate of 0.1 mV.s-1: (a) CF electrode; (b)BDD/CF  
electrode  with 1021 part.cm-3 
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Table I 
 

Sample Capacity Discharge 
(mA.h/g) 

Irreversible Capacity 
(mA.h/g) 

Irreversible Capacity (%) 

BDD/CF ~1021   B/C 
BDD/CF ~1019  B/C 
BDD/CF ~1018  B/C 
CF 

690 
380 
370 
150 

370 
160 
90 

115 

46% 
58% 
76% 
23 % 
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Figure 1 A 
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Figure 1 B 
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Figure 2 
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Figure 3 
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Figure 4 a 
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Figure 4 b 
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