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ABSTRACT: Nanostructuring boron-doped diamond (BDD)
films increases their sensitivity and performance when used as
electrodes in electrochemical environments. We have
developed a method to produce such nanostructured, porous
electrodes by depositing BDD thin film onto a densely packed
“forest” of vertically aligned multiwalled carbon nanotubes
(CNTs). The CNTs had previously been exposed to a
suspension of nanodiamond in methanol causing them to
clump together into “teepee” or “honeycomb” structures.
These nanostructured CNT/BDD composite electrodes have
been extensively characterized by scanning electron micros-
copy, Raman spectroscopy, cyclic voltammetry, and electro-
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chemical impedance spectroscopy. Not only do these electrodes possess the excellent, well-known characteristics associated with
BDD (large potential window, chemical inertness, low background levels), but also they have electroactive areas and double-layer
capacitance values ~450 times greater than those for the equivalent flat BDD electrodes.
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Bl INTRODUCTION

The exceptional set of physical properties possessed by
synthetic diamond films grown by chemical vapor deposition
(CVD)," including extreme mechanical hardness, excellent
thermal conductivity, and broad optical transparency from the
deep ultraviolet to the far-infrared, have made them a material
of considerable scientific interest in last few decades.”’
Although n-type doping remains problematic, p-type doping
can be readily achieved by adding boron-containing gases into
the CVD gas mixture during diamond growth.* The electrical
conductivity of the diamond films can be altered from being
highly insulating to near metallic by simply controlling the
amount of boron added to the gas mixture. As well as finding
application in electronics and sensors, such B-doped diamond
(BDD) films are increasingly being used as electrodes in
electrochemical redox cells.>® This is because BDD electrodes
have a number of advantages over conventional platinum or
glassy carbon electrodes, including a wide potential window in
aqueous media and a very low background current, in addition
to chemical and physical stability.” Planar BDD electrodes,
usually grown with a microcrystalline faceted morphology (as
shown in Figure la), have found applications as sensitive
detectors for redox-active compounds in water,® as biosen-
sors,” """ and for water purification.'* However, for optimal
performance and sensitivity, either the electrode has to be
miniaturized to make a microelectrode'®'* or the surface area
of the electrode needs to be as large as possible. Both
approaches have their problems: microelectrodes are difficult to
fabricate and handle, while large-area diamond substrates are
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currently difficult and expensive to fabricate and not readily
available commercially.

One solution to this problem is to grow the CVD diamond
films onto a porous substrate material. The ideal substrate
should have high porosity and be able to withstand the harsh
CVD growth conditions and the compressive stresses that
result from an overlying diamond film, as well as remain
mechanically robust with good electrical conductivity. More-
over, the diamond film must be well adhered and cover the
substrate surface conformally, without pinholes, while main-
taining the large-area porous structure. With this in mind,
porous silicon has been coated with diamond by a number of
workers,'>™%7 although the films suffered from weakened
mechanical stability and poor electrical contacts between the
Si and diamond. Porous titanium has also been used as a
substrate for diamond growth,-lg_20 however, the Ti reacts with
the hydrogen present in the diamond CVD growth process
increasing crack formation throughout the Ti bulk,*® with
subsequent reduction of mechanical stability.

An alternative method to prepare porous diamond films is to
etch a dense matrix of holes into the diamond surface. Kriele et
al”! annealed nanodiamond films at 550 °C in air for 1 h to
selectively etch away the graphitic grain boundaries to produce
diamond with varying degrees of porosity, while Shenderova et
al.** reported nanostructured diamond honeycomb films
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Figure 1. Electron micrograph images of the three types of BDD electrode under study: (a) microcrystalline flat diamond film, (b) CNT/BDD
teepee matrix, (c) CNT/BDD ridged/honeycomb surface, and (d) higher magnification view of the film in (c).

prepared by etching through a porous anodic alumina mask.
However, both these methods required freestanding BDD that
was thick enough to withstand handling, which is difficult,
expensive, and time-consuming to produce. To overcome this,
Nebel et al*® reported that vertically aligned diamond
nanowires could be produced by reactive ion etching (RIE)
of a thin, flat BDD film through a micromask matrix made from
nanodiamond particles. The diamond nanowires exhibited
exceptionally sensitive electro- and biochemical sensitivity,
demonstrating the high performance that can be achieved from
diamond electrodes with large effective surface areas.

Another approach is to coat the diamond onto a suitably
nanostructured substrate, and one of the cheapest and easiest
methods to achieve this is to use vertically aligned carbon
nanotubes (VACNTs). Diamond coating individual CNTs is
possible but difficult;**"*® however, the resulting CNT/
diamond “needles” are not very mechanically robust, and the
amount of current that can be drawn from each needle is
limited; at high currents the tips can rapidly erode away or the
entire needle burn up. To get around this problem, we recently
showed that dense “forests” of multiwall VACNTs can be
connected together at their tips to form “teepee” structures by
simply immersing the sample in liquid.”” Electrospray seeding™®
of these VACNT forests with a nanodiamond suspension also
produced teepees, which could be locked into position by
coating with a thin CVD BDD layer. The number of CNTs
joined together to form one teepee depended on the original
areal density of the VACNTSs and typically was around 20—100.
Such teepee arrays proved to be excellent field emitters of
electrons, with high current loads possible because the current
was shared among so many CNT “legs”, while the emitting
surface was a rounded tip of BDD which did not easily burn
out. Thus, these teepee structures combined the high electrical
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conductivity of CNTs with the robust surface of diamond,
leading to greatly extended lifetimes for field emission. In a later
paper, we showed that similar results could be achieved by
using a diamond-like carbon (DLC) coating to lock the
clumped VACNTSs into a 3D structure.”® In this case, the areal
density of the CNTs used was much greater than in the
previous experiments, and so, rather than form teepees, they
instead formed interconnected ridged structures, similar to
distorted honeycombs. Although they were originally tested for
field emission, both of these nanostructured materials, the
teepees and honeycombs, consisted of a BDD or DLC surface
with a very high surface area, which makes them ideal
candidates for electrochemical electrodes.

In this work, we have investigated the use of these CNT/
BDD teepee structures as electrodes and have studied the effect
of diamond crystallinityy, CNT areal density, and substrate
material upon the nanostructures formed and their electro-
chemical behavior. Of particular interest is the effective
electrochemical area (as opposed to the geometrical area) of
these structures, as this determines the sensitivity of the
electrodes. We have also measured the capacitance of these
layers to ascertain whether they might be suitable candidates for
application in supercapacitor devices.

B EXPERIMENTAL SECTION

Two types of VACNT forests were used to prepare different BDD
nanostructures with varying porosity. The first type of VACNT was
deposited and subsequently treated exactly as described in ref 28 to
produce CNT/BDD teepees. Briefly, multiwalled CNTs were grown
in a d.c.-plasma-enhanced CVD reactor on single-crystal Si (100)
substrates seeded with Ni nanoparticle catalysts. This produced a
VACNT forest with CNTs with length of ~$ m, width of 20—50 nm,
and areal density of ~1 X 10° cm™. These were then electrospray
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seeded with a suspension of 5 nm detonation nanodiamond in
methanol which caused the CNTs to clump into teepees, with each
teepee consisting of ~20—40 CNTs joined at the top, with a teepee
density of ~10” cm™2. Subsequent short (1.5 h) diamond CVD was
performed in a hot filament reactor using 1% CH,/H, with diborane
(B,Hg) as a source of boron, causing the teepees to become coated
with a thin (~0.5 ym) layer of BDD, as shown in Figure 1b. The gas-
phase B concentration was sufficient to ensure that the diamond was
heavily doped and therefore had near-metallic conductivity.

The second type of VACNT differed from the first in three respects:
they were longer (40 ym), their areal density was much greater, and
also they were deposited onto a conducting titanium substrate (as
opposed to a poorly semiconducting Si substrate). To fabricate them, a
10 nm Ni layer was deposited on the Ti substrate by electron-beam
evaporation and placed into a 2.45 GHz microwave (MW) plasma
CVD chamber.”® A plasma of N,/H, (10/90 sccm) was used to heat
the substrate, causing the thin Ni layer to ball up into nanoparticles
that became the catalyst particles for subsequent VACNT growth in
the same chamber. The length, diameter, and density of the CNTs
could be varied by changing the growth conditions. For the CNTs
reported here, CH, (14 sccm) was the process gas which was
introduced into the chamber for 1 min, maintaining a substrate
temperature of 800 °C and a reactor pressure of 30 Torr. This
produced a VACNT forest with CNTs with length of 40 ym, width of
20—50 nm, and areal density of ~2.5 X 10" cm™ Electrospray
seeding followed by diamond CVD were then performed using the
same conditions as before. Due to the higher CNT packing density,
rather than forming teepees, these CNTs instead clumped together
into long extended ridges or honeycombs, as shown in Figure lc. A
thin layer of BDD was deposited by CVD onto these structures using
the same conditions as above, and the material morphologies are
presented in Figure 1c,d. We estimate that each ridge contains 800—
1200 CNTs, although this varies depending on the amount of lateral
interconnection between ridges.

As a control sample, a BDD film was deposited onto a flat single-
crystal (100) Si substrate (p*, resistivity 0.01—0.02 Q cm) using the
same CVD conditions except for a deposition time of 7 h. This
resulted in a continuous microcrystalline BDD film with a thickness of
~1-2 pm, with a surface morphology as shown in Figure la and
typical grain size of ~1 ym.

The surface morphologies of the samples were imaged using a field
emission scanning electron microscope (JEOL JSM-6330F) operating
at an accelerating voltage of 10 kV and a beam current of 12 yA. Laser
Raman spectra (Renishaw) were recorded at room temperature with
UV laser excitation (325 nm).

The three types of diamond sample (which we shall henceforth
refer to as teepees, honeycombs, and a flat control sample) were
mounted as electrodes and characterized by cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS). The electrical
contact of the working electrodes was performed through the diamond
surface using silver paint and copper wire and insulated using Teflon
tape. A standard three-electrode cell system was set up to evaluate the
room-temperature electrochemical performance of the electrodes in a
potentiostat (AutolabPGSTAT30). High-purity platinum wire and
Ag/AgCl (3 mol dm™) were employed as counter electrodes and
reference electrodes, respectively. All potentials are quoted relative to
this reference. All electrochemical experiments were carried out
exposing a constant geometric area of 7.07 mm?* (3 mm diameter) of
the working electrode.

Three different aqueous electrolyte solutions were used to evaluate
different aspects of the electrochemical performance using two redox
species, where potassium nitrate (KNO;) was the electrolyte support.
The redox species come from ferrocene—methanol (C;;H;,FeO),
potassium ferrocyanide K;[Fe(CN)¢], and ferrocyanide (K,[Fe-
(CN)g]), which were obtained from Aldrich and used without further
purification. The CV measurements were carried out using scan rates
of 0.010—0.1 V s™" at potentials of —0.1 to 0.5 V. Prior to taking the
CV measurements, a pretreatment was performed in which the system
was held at —0.1 V for 1 min to polarize the electrodes, and then, a
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first scan was taken from —0.1 V in the oxidation direction for each
sample.

Impedance spectroscopy measurements were carried out at the
formal redox potential of the corresponding probe within the
frequency range of 0.1 to 1000 Hz and amplitude of 5 mV rms. At
the end of each measurement, the Kramers—Kronig test*® was applied
to evaluate the consistency (causality, linearity, and stability) of the
EIS data. Modified Randles circuits were employed in order to fit the
impedance spectra obtained.

B RESULTS

Figure 1 shows SEM micrographs of the typical morphology of
the three types of BDD electrode under study, while Figure 2
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Figure 2. Laser Raman spectra of flat (F), teepee (T), and honeycomb
(H) BDD electrodes using 325 nm laser excitation. The spectra have
been offset vertically for clarity.

shows the corresponding laser Raman spectra which are
consistent with the films being microcrystalline diamond.*!
The Raman spectra from the diamond-coated CNTs reveals the
sp® diamond peak at 1332 cm™', the D and G bands due to
disordered and ordered sp> carbon at around 1350 and 1550—
1600 cm™, respectively, and the peak at around 1120—1180
cm™' due to sp? carbon at the grain boundaries of
nanocrystals.>>

Figure 3 presents the cyclic voltammograms obtained from
the three different aqueous solutions at a scan-rate of 0.01 V
s™". In Figure 3a, the voltammograms from the nanostructured
BDD electrodes in KNO; have a “quasi-rectangular” shage,
which is typical of interfacial double-layer (DL) charging.***
The DL charging current is proportional to the real surface area
of the electrode. There is significant difference in the capacitive
current of the two nanostructured BDD electrodes compared
with that from the flat sample. This is not surprising, as DL
charging is most apparent in systems with a large surface-area-
to-volume ratio, such as in materials with pores or structures on
the scale of um to nm.*® Here, both the teepee and honeycomb
samples have 3D structures on this length scale. From the
relative areas inside the CV plots, the honeycomb sample has
the higher capacitance and, hence, the larger electroactive
surface area,*®” possibly due to the longer carbon nanotubes
used in its preparation and their higher real density area.
Compared to the voltammogram from the nanostructured
BDD electrodes, the voltammogram from the conventional flat
BDD electrode looks like a horizontal line, indicating a
significantly lower specific surface area.”®*’

The electrochemical properties of the nanostructured CNT
template BDD electrodes were investigated by cyclic
voltammetry of outer-sphere redox probes.* Figure 3b,c
compares the voltammetric responses of the three BDD
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Figure 3. Comparison of cyclic voltammetry curves of (a) 0.1 M potassium nitrate electrolyte; (b) 0.5 mM ferrocene—methanol in 0.1 M potassium
nitrate; and (c) 1 mM ferri/ferrocyanide in 0.1 M potassium nitrate, for the three types of BDD electrodes (flat (F), teepee (T), and honeycomb

(H)), all taken at a constant 0.01 V s™* scan rate.
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Figure 4. CV responses obtained using (a) honeycomb (H) and (b) flat (F) BDD electrodes for the ferri/ferrocyanide redox reaction taken at

different scan rates (0.010, 0.025, 0.050, 0.075, and 0.1 V s7%).

electrodes when oxidizing and reducing (b) 0.5 mM of
ferrocene—methanol and (c) 0.5 mM of ferricyanide and 0.5
mM of ferrocyanide as a redox couple. The oxidation and
reduction peaks are clearly defined in both solutions (~0.24
and 0.18 V, respectively, for ferrocene—methanol and ~0.25
and 0.17 V, respectively, for ferri/ferrocyanide) while the effect
of the DL charging on the CV area is also apparent.

Figure 4 shows the voltammetric responses of the (a)
honeycomb and (b) flat BDD electrodes for the solution of 0.5
mM of ferri/ferrocyanide, varying the scan rate from 0.01 to 0.1
V s7!. A significant difference in the peak currents of ~1 order
of magnitude higher can be observed for the honeycomb
electrode compared to the flat electrode, reflecting the
increased charging (background) current. The oxidation and
reduction peaks remain at almost the same potential
independent of scan rate, with a constant separation of 0.059
V, indicative of a reversible redox process.*'

Electrochemical impedance analyses were performed on the
three BDD electrodes in aqueous solutions containing KNOj as
the supporting electrolyte. These data were taken at the formal
potential for each electrode and redox solution. Figure Sa—d
shows a comparison of impedance spectra for each of the three
BDD electrodes and for both redox-active solutions, presented
as: (ab) Nyquist plots and (c,d) Bode plots. The Bode plots
show that for both solutions the impedance decreased markedly
on going from the flat substrate to the nanostructured ones.
The honeycomb sample showed slightly lower impedance
amplitude than the teepee sample, as a result of the larger
double layer capacitance.

The impedance spectra were fitted to the Randles equivalent
circuit* (inset in Figure 5b), which models the electrochemical
electrode as an active electrolyte resistance R; and is in parallel
with a combination of the double-layer capacitance, Cy, and the
impedance of the faradaic reaction, called the Warburg
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impedance, ZW,43_45 together with the charge-transfer
impedance (R.). R, is the internal resistance of the system,
which consists of the ionic resistance of the electrolyte, the
intrinsic resistance of the active material, and the contact
resistance at the electroactive material/current collector
interface.*® Z,, represents the mass transport impedance and
is related to the rate of diffusion to and from the electrode by
redox species.*” Because the electrode surface is not perfectly
smooth and infinitely large, it will not behave like a perfect
capacitor, and charging of the electrical double layer will be
nonfaradaic. The standard way to account for the microscopic
roughness and atomic-scale inhomogeneity in the surface is to
replace Cy with a constant phase element, CPE, given by CPE
= Q" with Q being the charge and n > 0.9. Thus, CPE is the
effective capacitance of the double layer for nanostructured
electrodes.

The impedance data were fitted using the Autolab FRA
software using R, Cy, Zy, and R, as fitting parameters, and the
results are shown as the full lines in Figure Sab, while the
extracted data are tabulated in Table 1. The R, value is
independent of the redox couple and remains constant at ~0.25
+ (0.08), 0.23 + (0.07), and 0.21 + (0.05) k€ for honeycomb
electrodes. The Z,; values are 0.11 + (0.05) 107 for
ferrocene—methanol and 0.21 + (0.07) 107 for ferri/
terrocyanide solutions. The values for R, and CPE are surface
dependent, with the honeycomb sample having the lower
impedance and higher capacitance in all measurements, which
is consistent with the findings from the CVs. Indeed, the
striking aspect of these results is the very large values for the
capacitance of the nanostructured films, which are 150—450
times greater than for the conventional flat electrode. Using
these capacitance ratios, together with the known geometric
area for the flat electrode (7.07 mm?), the electroactive surface

areas of the two nanostructured BDD electrodes were
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Figure 5. Impedance spectra taken at the formal potential as the frequency is increased from 0.1 to 1000 Hz for the three BDD electrodes in the two
redox systems: (a,c) 0.5 mM ferrocene—methanol; (b,d) 1 mM ferri/ferrocyanide solution. (a,b) are presented as Nyquist plots, ie., the real
component of impedance, Z’, against the imaginary component of the impedance, Z”, with the full lines being the best-fit to the modified Randles
equivalent circuit model, shown as an inset into (b). R; is the resistance of the system; R is the charge-transfer resistance; Cg is the capacitance of
the charged double-layer at the BDD electrode surface; and Zyy is the Warburg impedance. (c,d) are presented as Bode plots, i.e., the modulus of the
impedance, |Zl, against the frequency. Inset: phase of the impedance responses.

Table 1. BDD Electrode Properties Extracted from Fitting the Nyquist Plots in Figure Sa,b

0.5 mM C;;H},FeO

0.5 mM K,[Fe(CN)4] 0.5 mM K;[Fe(CN),]

samples CPE (uF) R, (kQ) CPE (uF) R, (kQ)
flat 0.23 + (0.09) 1.65 + (0.05) 0.24 + (0.07) 10.1 + (0.6)
teepee 364 + (0.3) 36.9 + (0.5) 2.95 + (0.07)
honeycomb 104.5 + (0.5) 105.6 + (0.8) 0.49 + (0.09)

estimated as ~1100 mm? for the teepees and ~3200 mm? for
the honeycomb samples, which are consistent with the SEM
images in Figure 1.

B CONCLUSIONS

We have described a novel method to produce electrodes with
large, electroactive surface areas, by depositing a thin layer of
boron-doped diamond onto dense forests of vertically aligned
carbon nanotubes. The size, shape, and porosity of the resulting
nanostructured diamond/CNT composites can be controlled
by changing the CNT length and areal density, as well as the
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preparation method. Nanostructured diamond/CNT electrodes
combine many of the advantages of CNTs (high conductivity,
huge surface area) with the robust, inert surface of diamond,
making them an excellent material for electrochemical electro-
des. Such nanostructured composites have surface areas up to
450 times greater than conventional flat electrodes, which
should greatly improve their sensitivity for detection of trace
amounts of redox species, although this has yet to be tested.
The capacitance of these nanostructured electrodes is also

extremely large, being 150—450 times greater than the
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equivalent flat electrodes. This suggests possible applications as
supercapacitors and (bio) sensors.

In this study, 2 types of BDD/CNT composite structures
were investigated, neither of which have yet been optimized for
surface area or performance. The finding that electroactive
surface area and effective capacitance depend strongly upon
CNT length and density suggests that further improvements to
these properties could be achieved by simply using denser CNT
forests with longer CNTs, both of which are now readily
commercially available over wafer-scale substrates. This may
provide a route for low cost, very large area diamond/CNT
electrodes for a plethora of electrochemical applications.
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