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Composites formed from diamond grown on carbonaceous
materials have been showed special attention due to their
remarkable properties for electrochemical applications. In this
sense, boron-doped nanocrystalline diamond (BDND) films were
grown on reticulated vitreous carbon (RVC) substrates produced
from poly(furfuryl alcohol) at two heat treatment temperatures
(HTT) of 1000 °C and 1700 °C. The films were produced from hot
filament chemical vapor deposition reactor withiassitu doping
process in the gas phase. Scanning electron microscopy and Raman
spectroscopy analyses confirmed that both RVC electrodes were
totally covered by good quality nanodiamond coatings with
acceptor concentrations at around®i®.cmi®, evaluated by Mott-
Shottky measurements. Both RVC/BDND composites presented
good electrochemical response in redox couple. Nonetheless,
RVC/BDND1700 showed the best conductivity due to its lowest
variation of AE, value as well as its highest electrochemical area.
These results demonstrate that RVC/BDND1700 is a very
promising electrode material.

Introduction

Vitreous carbon has been widely used as electrode since other materials do not have a
balanced set of properties, such as light-weight, electric/thermal conductivity, corrosion
resistance and low cost. Reticulated vitreous carbon (RVC) has been used as an electrode,
particularly, to provide many accessible pores, facilitate high current densities, low
electrical/fluid flow resistance and to hold impregnated materials within controlled pore
sizes (1-3). According to the literature, R\Has a free void volume between 90% and
97%, depending on the ppi grade, and a surface area of around 661¢nfor the 100
ppi grade. This material does not combust after heating to bright incandescence in air
followed by removal of the heat source. However, when heating above 315 °C in air can
be generated significant oxidation, resulting in a material with enhanced adsorption
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properties. It is highly resistant to intercalation by materials that disintegrate graphite and
it is inert to a wide range of very reactive acids, bases, and organic solvents (4).

Microcrystalline diamond films electrodes doped with boron, nitrogen, metals and
metallic groups have been extensively used due to their higher electrochemical
performance compared to the vitreous carbon itself, graphite and platinum. Currently,
studies on nano and ultrananodiamond started to be more explored since they have been
highlighted because of their excellent electrical, mechanical, thermal and biocompatible
properties (5-7).

In this work, RVC was processed impregnating polyurethane foams with
poly(furfuryl alcohol) (PFA) resin and heat treated under a controlled atmosphere,
resulting in a highly disordered non-crystalline structure. RVC microstructure or its
graphitization index may be controlled by heat treatment temperature (HTT). As the HTT
increases, RVC disorder decreases due mainly to the increase of its graphitization level
(8,9). For electrochemical applications diamond growth on RVC substrates may produce
a particular composite with good electrical conductivity depend on the RVC HTT as well
as the diamond doping process.

In this sense, the mechanisms of diamond growth on RVC with different HTT have
been already discussed (9,10). However, boron-doped nanodiamond growth (BDND) and
electrochemical performance of RVC/BDND composites were not investigated.
Therefore, the main purpose of this work is the production and characterization of BDND
electrodes grown on RVC (RVC/BDND) by using Scanning Electron Microscopy (SEM),
Raman spectroscopy, X-ray diffraction and Cyclic Voltammetry techniques. It was also
discussed HTT influence on substrate structural properties related with diamond film
growth and its electrochemical response.

Experimental

Reticulated vitreous carbon processing

RVC was processed using poly(furfuryl alcohol) resin synthesized according to the
best condition established previously (11), except for the viscosity that was higher than
specified in order to get a good resin anchorage. The resin had as main features: a
viscosity of 21 Pa.s, pH around 3 and moisture of 2%. Polyurethane foams with 70 ppi
(pores per inch) were used as matrix for the anchorage of PFA. Polyurethane foams were
impregnated with PFA catalyzed with 3% of p-toluenosulfonic acid (60 w/v%) and cured
in an oven for 1h in the following step heating: 50 °C, 70 °C, 90 °C, 110 °C and 130 °C.

The cured material was heat treated in a tube furnace, from room temperature until
1000 °C, remaining 1h at the final temperature, with a heating rate of 1 °C/min and inert
atmosphere of nitrogen. For the samples heat treated at 1700 °C, a high temperature
furnace was used with a heating rate of 5 °C/min and inert atmosphere of nitrogen. After
HTT the material was cut in disk shape with 20 mm diameter.

Boron-Doped Nanocrystalline Diamond films growth

RVC samples were first prepared using seeding pretreatment to improve the diamond
growth process. The substrates were immersed in a solution containing 0.25 pum of
diamond particles dispersed in hexane solvent, followed by ultrasonic agitation for 2 h.
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This substrate pretreatment is necessary in order to keep the surface carbdn in sp
configuration dominant over $pond etching.

Nanocrystalline diamond films were grown by hot filament chemical vapor
deposition (HFCVD) technique, using 5 filaments of tungsten with 125 um diameter,
placed at 6 mm of sample top and 18 h deposition time. Reactor pressure and the
substrate temperature were kept at 4 kPa and 670 °C, respectively, with a gas mixture
composed by 70.8% Ar, 28.3% ldnd 0.88% Ckl The boron doping was performed by
additional hydrogen line passing through a bubbler containi@g &ssolved in CHOH.

When BO; is dissolved in CBDH, trimethylborate (B(CkD)s) is produced, which is
probably the substance containing boron that is added to the gas mixture during the
growth process. The solution was prepared with a concentrationQaf déssolved in
CH3OH that correspond to B/C ratio of 30,000 ppm.

Characterization

The morphology of RVC/BDND composites was evaluated by Scanning Electron
Microscopy (SEM) using a JEOL-JSM-5310 model. The quality of the films was
evaluated with micro-Raman scattering spectroscopy (Renishaw microscope system
2000) using 514.5 nm line of an argon ion laser. The X-ray diffraction patterns were used
to investigate the BDND crystallinity using a PANanalytical model X'Pert Pro MPD
diffractometer with the Cul radiation § = 1.54 A) usingd-26 scan from 5° to 100°.
Finally, the electrochemical behavior of the composites was studied by cyclic
voltammetry measurements using an Autolab 302 equipment. A platinum coil wire
served as the counter electrode and Ag/AgCl was used as the reference electrode. The
voltammetric curves were taken in$0, 0.5 mol.L*. The electrochemical kinetic was
applied by using the redox couple of Fe(€Xfwith different scan rates in 0.5 mof:L
H»SO,+ 1.0 mmol.LI* K4Fe(CNY solution.

Results and Discussion

Boron-doped nanodiamond films, grown on RVC produced at different temperatures,
were firstly investigated by SEM. The nomenclatures of the two composites were formed
according to the HTT of RVC (RVC/BDND 1000 and RVC/BDND 1700). According to
the SEM images (Figure 1), the BDND film presents characteristic ballas morphology
and not defined facets. RVC/BDND 1000 (Figure la) shows an uniform texture while
RVC/BDND 1700 present some clusters of different sizes that were probably caused due
to its high secondary nucleation process. The inset shows an image for each composite
with lower magnification (200x) to show the BDND film recovering all the RVC stems.

According to previous works (9,12), films grown at higher HTT carbon substrate
present a high nucleation rate since the carbon structure is more resistant to the hydrogen
etching. Although RVC1000 presents a higher oxygen content which promotes OH
formation that is more efficient to etching’sgnd sp bonds than atomic hydrogen itself,
no carbon etching was observed on RVC/BDND 1000.
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Figure 1. SEM images of composites: (a) RVC/BDND 1000 and (b) RVC/BDND 1700.

Figure 2 shows the Raman spectra of the two RVC/BDND composites that confirm
the morphology observed by SEM. Both spectra are similar and present a diamond peak
at 1320 crit overlapped by the D band at 1350 trfhis down-shifting compared to the
microcrystalline diamond peak is related to impurities formed in heavily doped films (13).
The bands at 1150 and 1490 toan be related to the transpolyacetylene segments at the
grain boundaries of the nanocrystalline diamond surface. More recently, Mortet et al. (14)
argue that these bands have to be reassigned to a deformation modeboh@$] since
this substance decompose at temperatures far below the deposition temperatures used in
most CVD diamond experiments (around 700-900 °C). The band at 155@ambe
assigned to G band. The bands at 500 and 122%) wtated to the boron doping, are
present in all spectra and are more evident for microcrystalline diamond films. The
presence of the band at 500 tis attributed to the concentration increase in the boron
pairs that have local vibration modes producing this wide band in this region that varies
with the amount of boron incorporation (15).
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RVC/BDND1700 1550
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Figure 2. Raman spectra of RVC/BDND composites.

28
Downloaded on 2016-01-06 to IP 132.239.1.231 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 64 (47) 25-32 (2015)

The XRD patterns of RVC/BDND1000 and RVC/BDND1700 are presented in Figure
3. In both patterns, the diamond peakstat244.0, 75.4 and 91.4° can be identified as
the (111), (220) and (311) reflections of diamond. The carbon band (002) becomes
sharper by increasing the HTT and also leading to the appearance of (004) band as a
shoulder at 53.0°. The carbon band (100) appear overlapped by the (111) diamond peak.
The average crystallite size can be calculated from the FWHM of (111) diffraction peak
using the Scherrer law. The grain sizes obtained are 6.6 nm and 7.6 nm for
RVC/BDND1000 and RVC/BDND1700, respectively. The lower grain size of
RVC/BDND1000 can be related to the presence of oxygen that is responsible for
changing the mechanism of diamond growth as already discussed previously (12).

The intensity ratioobd/l111 sShows the preferential growth in a polycrystalline film. For
randomly oriented diamond powders this ratio is 0.25 (16). The ratifis;h calculated
for RVC/BDND1000 and RVC/BDND1700 are 0.17 and 0.12, respectively. This result
shows the films are dominated by a (111) texture and the lowest value for the film grown
on RVC1700 is coherent with its highest grain size.

Diamond ;
111 —— RVC/BDND1000
i Carbon ( ' ) RVC/BDND1700

(002)

Intensity (a.u.)

Diamond

T T T T T T T T 1
20 40 60 80 100
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Figure 3. XRD patterns of RVC/BDND composites.

Figure 4a shows the working potential window in 0.5 mbIH,SO, solution for the
RVC substrates as well as for RVC/BDND composites. RVC1000 electrode presents
higher contribution of capacitive current probably associated to the presence of oxygen
containing functional groups on its surface. Figure 4b shows cyclic voltammetry i-E
curves using the redox couple Fe(gN} with scan ratew) of 50 mV &' for RVC and
RVC/BDND heat treated at 1000 and 1700 °C. This redox system includes reactions that
depend on the specific interactions with the surface functionalities’dsoegded carbon
electrodes. The results may be analyzed by the quasi-reversibility criteria: the separation
between the anodic and cathodic peaks) is larger than 59/n mV (where n=1 is the
number of electrons involved in the reaction) and increaseswinitrease; current peak
intensity (p) increases with? increase, but does not keep proportionality; and the
cathodic peak potentiaEfc) shifts to negative values, withincrease (17).
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Figure 4. Cyclic voltammetry i-E curves at 50 mV/s of scan rate: (a) in 0.5 thol L
H»SQ; solution and (b) in 1 mmol of fe(CN) + 0.5 mol L* H,SO, solution.

From Figure 5, it is possible to note the effect of BDND film through the variation of
AE;, value. A lower variation oAE, value for RVC/BDND1700 is attributed to a good
conductivity for this composite, which improves the electron transfer in electrochemical
experiments. This improvement was not verified for the RVC/BDND1000, also the
anodic and cathodic peaks were not observed at 500°nsWas rates for this composite.
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Figure 5. AE,as a function of scan rate in 1 mmol ofA€¢(CN)+ 0.5 mol It H,SO,
solution.

The electrochemical response also permits to estimate the Specific SurfacesArea (S
and Specific Electrochemical Surface Area (SESA). Thev& obtained by using the
Randles-Sevcik equation:

S, = IpM*2 x 1/ 2,69.18n*? D2 C, [1]
Where: Ip is the anodic peak current intensity A5 the sweeping rate in voltammetric
experiments (V 3); nis the number of electrons involved in the redox reactigiis e

oxidant concentration (equal to reductor); @wlfor the oxidant diffusivity in solution
(cnm? s?, also considered equal to reductor).
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SESA value was obtained dividing thely the geometric volume of the electrode
(Vo) (Equation 2).

SESA =g Vq (2]

Table 1 shows the s<Sand SESA values calculated for RVC and RVC/BDND
electrodes and the number of acceptors densities in BDND films obtained by Mott-
Schottky plots (MSP). It is possible to note an increase in the SESA value increasing the
HTT, as a result of the electrical resistivity decrease due to a reduction in the structural
defects, which is determinant to the electrochemical response. After BDND film growth,
SESA increases 127% for RVC/BDND1000 and 157% for RVC/BDND1700. This result
can be related to the roughness caused by the nanodiamond film which promotes a larger
SESA.

Table 1. Specific Surface Area {Sand Specific Electrochemical Surface Area (SESA)
and number of acceptors densities obtained by MSP.

Electrode Ss (cm?) SESA (cm?/cm®) Number of
acceptors densities
(B.cm™)
RVC1000 29.1 22.3 —
RVC1700 48.0 34.6 —
RVC/BDND1000 67.1 50.7 3.08x1G°
RVC/BDND1700 114.7 89.0 1.29x16°
Conclusion

The RVC/BDND composites as a three dimensional electrodes were produced and
characterized with success. SEM images have demonstrated a high diamond nucleation
for both RVC electrodes. Raman spectra confirm the growth of nanocrystalline diamond,
and heavily boron doping. RVC electrodes with different HTT and RVC/BDND
composite demonstrate a quasi-reversible systems, asiticeeasing promotekp and
AE; increase. The lowe&E, values and the highest electrochemical area were observed
for RVC/BDND21700 indicating this electrode present the highest conductivity and the
fastest kinetic. Therefore, this work showed that BDND films grown on RVC are very
promising for electrochemical applications.
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