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Abstract This research investigated the anodic stability
of boron-doped ultrananocrystalline diamond (BD-UNCD)
film electrodes on a variety of substrates (Si, Ta, Nb, W,
and Ti) at a current density of 1 A cm 2. At an applied
charge of 100 A h cm_z, measurable BD-UNCD film wear
was not observed using SEM cross-sectional measure-
ments. However, anodic treatment of the electrodes resul-
ted in surface oxidation and film delamination, which
caused substantial changes to the electrochemical proper-
ties of the electrodes. The substrate roughness, substrate
electroactivity, and compactness of the substrate oxide
were key parameters that affected film adhesion, and the
primary mechanism of electrode failure was delamination
of the BD-UNCD film. Substrate materials whose oxides
had a larger coefficient of thermal expansion relative to the
reduced metal substrates resulted in film delamination.
The approximate substrate stability followed the order of:
Ta>Si>Nb>W > Ti.
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1 Introduction

Boron-doped diamond (BDD) film electrodes have
recently gained attention for their usefulness for a variety
of emerging electrochemical technologies. These appli-
cations include: (1) water disinfection and treatment,
(2) electrochemical sensors, and (3) electro-synthesis of
organic and inorganic compounds [1]. Traditional BDD
synthesis results in films that are composed of boron-
doped microcrystalline diamond (BD-MCD), with crystal
sizes in the range of 0.5-10 um [2, 3]. Although the
electrochemical properties of BD-MCD are acceptable,
the relatively large grain size can result in films that
contain pinholes and defects that promote premature film
delamination. The large grain size also prevents coverage
of nanostructured materials by BD-MCD films, which
prevents the coating of nanowires, carbon nanotubes, and
nanoparticles and their subsequent use in emerging
applications in electronics, medicine, and chemical and
biochemical nanotechnology.

The development of ultrananocrystalline diamond
(UNCD) films overcomes the primary problems associated
with MCD films. UNCD films are highly uniform resulting
from the small grain size of the material (2-5 nm) [4].
Work has shown that UNCD films are pinhole free and
have lower residual stress than traditional MCD materials
[4-7]. These unique properties have facilitated coverage of
micro- and nano-electrochemical systems (MEMS/NEMS)
[5, 7-9], and hold promise for other unique applications.

An additional problem associated with BDD electrodes
is that the most compatible substrate is p-doped Si, because
of the ability of Si to form a compact self-limiting oxide
and its relatively low electrochemical activity. However, Si
substrates are extremely brittle, and this limits its adoption
in many applications.
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The objective of this work is to test the performance and
anodic stability of boron-doped ultrananocrystalline dia-
mond (BD-UNCD) film electrodes as a function of the
cumulative charge passed by each electrode. Specifically,
the electrochemical, physical, and chemical properties of
BD-UNCD films will be assessed on a variety of substrates
(Si, Ta, Nb, W, and Ti) as a function of anodic ageing using
scanning electron microscopy (SEM), Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS), cyclic voltamme-
try (CV), electrochemical impedance spectroscopy (EIS),
and bulk oxidation of trichloroethylene (TCE). The results of
this study will be used to characterize the mechanisms
associated with electrode failure and develop stable anodes
that can be used for a variety of electrochemical applications.

2 Materials and methods
2.1 Electrode preparation

Substrate materials consisted of 2-mm thick Si, Ta, Nb, W,
and Ti metals, and were cut into 1.0-cm? circular disks
using a water jet. The substrate surfaces were pretreated to
promote the adhesion of diamond during the deposition
process. Pretreatment consisted of roughening the surface
with a proprietary method followed by seeding with nano-
diamond to obtain a high density of nucleation sites.
The chemical vapor deposition (CVD) process was per-
formed using trimethyl borane (TMB) at concentrations of
750-12,000 ppm in flowing CH, at a temperature between
700 and 800 °C. The BD-UNCD film was grown to a
thickness of approximately 2 um. Typical resistivity mea-
surements, by a Four Point Resistivity System (Lucas Labs
Pro-4), were 0.05-0.1 Q cm.

2.2 Reagents

All chemicals were reagent grade and were obtained from
Sigma-Aldrich. Chemicals were used as received without
additional purification. Background aqueous electrolyte
solutions of K,SO, and NaClO, were used for TCE
oxidation experiments and electrode wear experiments,
respectively. The Na,SO, electrolyte was used to avoid
CI™ contamination present in NaClOy solutions, as C1™ is a
product of TCE oxidation. The NaClO, electrolyte was
used because it has been shown to be nonreactive at BDD
anodes and cathodes [10, 11]. All solutions were prepared
from Milli-Q Ultrapure water (18.2 MQ cm at 21 °C).

2.3 Electrode ageing experiments

Electrode ageing experiments were conducted in 200 mL
Pyrex® beakers. Circular l1-cm* BD-UNCD electrodes
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were mounted into custom PEEK® electrode holders.
Electrical contact was made with the backside of the
electrode using a 316 stainless steel current collector con-
tained within the electrode holder, and a water-tight seal
was accomplished by sealing the face of the electrode with
a Viton® gasket. The cell holder provided a 0.35-cm? area
exposed to the solution. The BD-UNCD electrode was used
as the anode and was held stationary in the middle of the
reactor. A 316 stainless steel mesh screen was wrapped
around the inner diameter of the reactor and was used as
the cathode. The background electrolyte was 1-M NaClO,4
and was continuously stirred using a magnetic Teflon-
coated stir bar. The electrodes were connected to a MAS-
TECH (Hong Kong) model HY1803D galvanostatic
power supply operated without a reference electrode, and
were polarized at a constant anodic current density of
1.0 A cm™2 BD-UNCD films deposited on both smooth
and roughened Si, Ta, Nb, W, and Ti substrates were
tested.

2.4 Electrochemical oxidation experiments

Reaction rates for TCE oxidation were measured under
galvanostatic conditions in 50 mL of a 16-mM K,SO,
electrolyte at pH 8 after applied charges of 1, 50, and
100 A h cm™2 The temperature was controlled at 22 °C
using a circulating water bath. Currents and electrode
potentials were controlled and monitored using a Gamry
Series G 750 potentiostat/galvanostat. The BD-UNCD
electrodes were mounted in the electrode holders described
previously. A Princeton Applied Research (PAR) model
316 rotating disk electrode (RDE) assembly was used to
rotate the electrodes at 3,000 rpm to eliminate mass
transfer limitations on reaction rates. The counter electrode
was a 12-cm long by 0.3-mm diameter Pt wire wrapped in
a Nafion® membrane (Fuel Cell Scientific, Stoneham, MA)
to isolate anodic and cathodic reactions. The reference
electrode was a PAR Hg/Hg,SO, electrode saturated with
K,SO,. Potentials were reported versus the standard
hydrogen electrode (SHE), after correction for solution
resistance. To prevent the accumulation of adsorbed
organic compounds on the electrode surface, the BD-
UNCD electrode was preconditioned in the electrolyte
solution at a current density of 20 mA cm™2 for 10 min
before each experiment. Duplicate oxidation experiments
were performed at a constant TCE concentration of
9.7mM by purging the electrolyte solution with
50 mL min~" of N, gas saturated with TCE at 22 °C.
Constant aqueous TCE concentrations resulted from the
high mixing rate provided by the RDE and the high purge
rate of TCE into the solution so that the gas to liquid
transfer rate of TCE ranged from 1.5 to 2 orders of mag-
nitude greater than TCE oxidation rates. TCE oxidation
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rates were calculated by the measurement of Cl™ accu-
mulation in solution with time [12].

2.5 Electrochemical characterization methods

BD-UNCD films were characterized electrochemically
using CV and EIS at 22 °C. CV and EIS experiments were
conducted using the same experimental setup as described
for the electrochemical oxidation experiments. CV experi-
ments were conducted with a stationary electrode in a 1-M
NaClO,4 background electrolyte in both the absence and

presence of a 5-mM Fe(CN )27/ * redox couple. The poten-
tial was swept at a scan rate of 100 mV s~ '. EIS experiments
were conducted with the electrode rotating at 3,000 rpm in a

1-M NaClO, and 5-mM Fe(CN)gf/ " electrolyte composi-
tion. EIS measurements were made at the open circuit
potential (~0.465 V/SHE) with an amplitude of 10 mV
and over a frequency range of 0.1-3 x 10° Hz.

2.6 Analytical methods

Concentrations of C1~ were determined by ion chromatog-
raphy (Dionex ICS-3000). XPS measurements were per-
formed at the University of Arizona Laboratory for Electron
Spectroscopy and Surface Analysis. After the ageing tests,
the electrodes were sent to Advanced Diamond Technolo-
gies to evaluate any surface morphology and surface chem-
istry changes using SEM and Raman spectroscopy.

3 Results and discussion
3.1 Electrode stability tests

Initial electrode stability tests were used to determine if
delamination of the BD-UNCD films occurred after a
1.0 A h cm™? applied charge. It was found that the surface
roughness of the substrate was a key factor that determined
the adhesion of the BD-UNCD film. A roughened substrate
surface reduces the thermal stress within the BD-UNCD
film and improves film adhesion to the substrate [13]. BD-
UNCD films showed no visual signs of delamination on the
roughed substrates except Ti. BD-UNCD films deposited
on both rough and smooth Ti substrates rapidly delami-
nated and visible oxidation of the Ti substrate also occurred
after 1 A h cm™2 applied charge. The poor adhesion of
diamond to Ti has been documented in the literature [14—
16]. Delamination of BD-UNCD films deposited on smooth
Nb and W substrates also occurred, but films deposited on
rough Nb and W substrates were stable. Further testing was
conducted only on BD-UNCD films deposited on rough-
ened Si, Ta, Nb, and W substrates.

3.2 Physical characterization
3.2.1 SEM measurements

SEM was used to characterize changes in the surface
morphology and film thickness of the BD-UNCD film as a
result of the charge applied to each electrode. Micrographs
are shown for BD-UNCD/Si, BD-UNCD/Ta, and
BD-UNCD/W (Fig. 1) and BD-UNCD/Nb (Fig. 2), which
show SEM scans at two spots on each electrode.
The “exposed” and ‘“unexposed” areas, labeled in the
figures, represent portions of the film that were either
exposed or unexposed to the electrolyte solution during
ageing experiments. Significant changes in the film mor-
phology for the exposed area relative to the unexposed area
were observed for BD-UNCD electrodes deposited on Si,
Nb, and W substrates, whereas films deposited on Ta did
not show a significant change.

The BD-UNCD/Si electrode after 100 A h cm™2 applied
charge showed a textural change on the exposed area, which
appears to be a result of electrochemical polishing
(Fig. 1a). The exposed area shows less topographical var-
iation than the unexposed area and also a needle-like
crystal structure. Similar results have been obtained using
BD-MCD film electrodes, where extensive polarization at
1.0 A cm™? resulted in smoothing of the diamond surface
[17]. Cross-sectional analysis of the BD-UNCD/Si elec-
trode is provided in Fig. 3. It is clear from the results of
SEM measurements taken across the entire diameter of the
electrode that there was not any significant film deteriora-
tion (Fig. 3c). Therefore, the visual changes in the elec-
trode surface depicted in Fig. 1a were only surficial and did
not result in measureable film wear. The possible mecha-
nism of electrochemical polishing of the BD-UNCD/Si
electrode is discussed in Sect. 3.5.

The BD-UNCD/ND electrode showed significant film
delamination after 100 A hcm ™2 SEM micrographs
shown in Fig. 2 highlight large areas where the BD-UNCD
film is completely absent. These areas show an amorphous
texture, which most likely is Nb,O5 oxide that was formed
by electrochemical oxidation of the substrate.

The BD-UNCD/W electrode was only polarized to an
applied charge of 50 A h cm™2, because it was obvious by
visual inspection that the BD-UNCD film was completely
absent. SEM micrographs of this electrode at 50 A h cm™>
confirm this conclusion (Fig. 1c¢), showing that the BD-
UNCD film is completely delaminated in the area that was
exposed to solution.

3.2.2 Raman spectroscopy

Raman spectroscopy was used to characterize the bulk
chemical composition of the BD-UNCD films as a function
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Fig. 1 SEM micrographs of
BD-UNCD electrodes after an
applied charge of
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of the applied charge. In general, significant changes in the
Raman spectra were only observed for the electrodes that
delaminated (W and Nb). Both the BD-UNCD films
deposited on Si and Ta show similar Raman spectrum
between the exposed and unexposed areas of the film after
an applied charge of 100 A h cm™2 This result is consis-
tent with the SEM observations and indicates that bulk
changes to the BD-UNCD films did not occur as a result of
anodic polarization.

3.2.3 XPS analysis

To characterize changes in the surface functional groups of
the BD-UNCD film, XPS analysis was performed on both
freshly prepared and aged electrodes. Peak assignments
were chosen based on literature values [18], and a summary
of XPS results is shown in Table 1. The as-deposited
BD-UNCD films showed a high surface content of sp’ C,
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ranging from 62.2 to 71.4% hydrogenated (C—H sp’) and
14.2-27.5% non-hydrogenated (C sp’) diamond. The as-
deposited BD-UNCD films had a low surface content of
graphitic sp2 C (2.3-2.7%), and C-OH (5.5-9.1%) and
C=0 (2—4%) functional groups. These results are similar to
measurements made on as-deposited BD-MCD films by
other research groups [19-21].

High applied charges resulted in significant changes to the
surface chemistry of all electrodes. For the BD-UNCD/Nb
and BD-UNCD/W electrodes, the support was detected at
molar ratios of 0.74 Nb:C and 3.51 W:C, respectively. These
results support both SEM and Raman spectroscopy mea-
surements discussed earlier, indicating BD-UNCD film
delamination. The remaining C on Nb and W substrates
consisted of reduced levels of sp® C and a higher content of
oxygenated functional groups. As a result of anodic polari-
zation, the overall O:C ratio increased from 0.08 and 0.06 to
1.10 and 1.00 for BD-UNCD/Nb and BD-UNCD/W
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Fig. 3 SEM micrograph of cross-section of BD-UNCD/Si electrode
after an applied charge of 100 A h cm™2 showing: a electrode area
unexposed to the solution, and b electrode area exposed to solution.
¢ Graph showing SEM cross-sectional BD-UNCD film thickness

electrodes, respectively. XPS measurements performed on
BD-UNCD/Si and BD-UNCD/Ta electrodes did not detect
the underlying substrate, but did show an increase in the
overall oxygen content. The O:C ratio increased from 0.07

measurements at discrete points across the entire diameter of the
electrode. Error bars represent 95% confidence intervals on
measurements

(BD-UNCD/Si) and 0.08 (BD-UNCD/Ta) for as-deposited
electrodes to 0.27 (BD-UNCDY/Si) and 0.24 (BD-UNCD/Ta)
for electrodes after an applied charge of 100 A h cm™2. The
changes in the BD-UNCD films surficial chemical
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Table 1 Summary of XPS data collected for BD-UNCD electrodes

Substrate Applied charge O:C ratio Support:C Percent carbon
(Ah Cmfz) ratio > 3 3
Csp C-H (sp”) C—C (sp”) C-OH C=0 Carboxyl or ester
Nb 0 0.08 0.00 2.3 71.4 14.2 9.1 2 -
Nb 100 1.10 0.74 - 11.8 323 243 19 12.6
W 0 0.06 0.00 2.7 69.4 22.2 5.7 - -
w 50 1.00 3.51 - - 46.5 35.6 17.8 -
Si 0 0.07 0.00 2.6 62.9 214 9 4 -
Si 100 0.27 0.00 2.6 34.7 33.9 16.1 8.9 3.8
Ta 0 0.08 0.00 23 62.2 27.5 5.5 2.4 -
Ta 100 0.24 0.00 2.7 36.2 30.3 15.9 9.5 5.5
70 (e.g., terraces) relative to low-coordinated sites (e.g., steps,
€0 - M BD-UNCD/Si - 0 A h cm™2 kinks, and edges). Because XPS has a depth of penetration
S BD-UNCD/Si - 100 A h cm of a few atomic layers, such a change would result in a
50 - OIBD-UNCD/Ta - 0 A h cm relative increase in the C sp3 ratio.
c 5 BD-UNCD/Ta - 100 A h cm”®
.§ 107 3.3 Electrochemical characterization
X % 3.3.1 CV measurements
20 - §
10 § To assess changes in the charge transfer occurring at the
% @_E electrode surface, CV scans were performed on aged elec-
A Sm= i % i i i @E_ trodes in a 1-M NaClO, electrolyte in the absence and
Csp2 CH(sp3) Csp3  COH =0 iirsggl presence of 5-mM concentrations of the Fe(CN)gi/ * redox

Fig. 4 Surface functional groups as determined by XPS spectra.
Carbon percentages determined for BD-UNCD film electrodes
deposited on Si and Ta substrates as a function of the applied charge

compositions as measured by XPS are illustrated in Fig. 4. A
decrease in the C—H sp> content was associated with an
increase in C—OH and C=0 functional groups, and also the
emergence of carboxyl or ester groups. These results are
typical for electrochemically oxidized BD-MCD films that
are subjected to low applied charges of <1 C cm™>[19-22].
However, in our study, the BD-UNCD/Si and BD-UNCD/Ta
electrodes were subjected to an applied charge of 360,000
C cm ™2, documenting that the surface chemistry of the films
was similar to those reported in the literature subjected to
much lower applied charges. Reports in the literature per-
taining to XPS characterization of either BD-MCD or BD-
UNCD electrodes after extreme anodic treatment could not
be found.

Interestingly, an increase in the C sp> content was
observed for the BD-UNCD/Si electrode after a
100 A h cm ™2 applied charge. This result may be because
of the electrochemical polishing that was observed by SEM
for this electrode (Fig. 1a). The polishing of the electrode
surface would reduce the surface roughness, which in turn
would increase the fraction of high-coordinated sites
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couple. Scans in 1-M NaClO, are shown in Fig. 5. An
oxidation peak (O-1) at 2.4-2.5 V/SHE and reduction peak
(R-1) at —0.9 to —1.4 V/SHE are present for all four
electrodes at an applied charge of 1.0 A h cm™>. Peaks are
attributed to graphitic micro-domains of sp® carbon that are
likely deposited at the diamond grain boundaries. The high
faradic current response associated with these peaks are
attributed to the very small grain size of the BD-UNCD
films (~1 to 3 nm), thus creating additional sites for sp*
carbon deposition relative to BD-MCD. Previous study
involving grafting of highly ordered pyrolytic graphite
(HOPG) to BD-MCD electrodes produced an oxidation
peak at about 1.9-2.0 V/SHE and a reduction peak that
occurred anywhere from 1.3 to 0.1 V/SHE [23]. The shift-
ing of the reduction peak was attributed to lattice distortion
of the HOPG [23]. The position of the reduction peak R-1
(shown in Fig. 5) occurs at a much more negative potential
than previously reported, which is likely because of the
presence of highly distorted graphitic micro-domains on the
BD-UNCD surface relative to the HOPG used by Mahe
et al. [23]. An additional oxidation peak (O-2) observed on
BD-UNCD films deposited on Nb and W substrates at an
applied charge of 1.0 A h cm™2 was observed at ~1.3 V/
SHE (Fig. 5c, d), which is also attributed to graphitic
carbon in a different bonding environment.
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Fig. 5 CV scans of electrodes
in 1-M NaClO, at different
applied charges: a Si, b Ta,

¢ Nb, and d W
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On ageing the electrodes to an applied charge of
50 A h cm ™2, peaks O-1 and R-1 are no longer present on
CV scans for any of the electrodes (Fig. 5), indicating that
they were oxidized from the surface. However, additional
oxidation peaks were detected on the BD-UNCD/Si (O-3)
and BD-UNCD/NDb (O-4) electrodes at approximately 1.8
and —1.0 V/SHE, respectively (Fig. 5a, c). Peak O-3 was
once again attributed to graphitic carbon, and O-4 is thought
to be because of the response of the Nb support, which was
detected by both SEM and XPS measurements. Two addi-
tional oxidation peaks and a reduction peak were also
observed on the BD-UNCD/W electrode at an applied charge
of 50 Ahcm™? as shown in Fig. 6. These peaks are
attributed to the electrochemical response of the W support,
which was detected by SEM and XPS measurements.

On further ageing of the Si, Ta, and Nb electrodes to
100 A h cm™2, the potential for oxygen evolution of the
BD-UNCD/Si and BD-UNCD/ND electrodes increased and
peaks O-3 and O-2 were eliminated, respectively. The
increased potential for oxygen evolution is clearly a result
of BD-UNCD delamination from the Nb support, and may
be attributed to the morphology changes that were
observed by SEM (Fig. 1a) for the BD-UNCD/Si electrode.
The BD-UNCD/Ta electrode showed an identical response
at both 50 and 100 A h cm™2 (Fig. 5b).

Results from CV scans performed in 1-M NaClO, solutions

containing 5-mM Fe(CN)zi /*" are shown in Fig. 7. The BD-
UNCD/Si electrode showed a significant increase in peak

separation for the Fe(CN)zf * redox couple after the passage
of 100 A h cm™2, whereas the BD-UNCD/Ta electrode did
not show a change. The surface chemistry of both electrodes
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Fig. 6 CV scans of BD-UNCD/W electrode in 1-M NaClO, at an
applied charge of 50 A h cm™>

determined by XPS measurements was virtually identical at
100 A h cm ™2 (see Table 1; Fig. 4). Therefore, the changes
in the CV scans on ageing are thought to be a result of the
morphology changes that were observed by SEM (see
Fig. 1a). The BD-UNCD/ND electrode showed a decrease in

the response of the Fe(CN)gi/ * redox couple with ageing.
There was not any measurable response at 100 A h cm ™2
because of BD-UNCD delamination. Surprisingly, the
response of the BD-UNCD/W electrode was nearly identical
at 1 and 50 A h cm™2 despite complete delamination of the
BD-UNCD film. This result is an indication that the oxidized
W is still electro-active, and that both the BD-UNCD film and
the oxidized W show reversible metallic behavior for the

Fe(CN)zi/ " redox couple. Reports in the literature indicate
that WOj3-based electrodes are active for organic compound
oxidation [24].
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Fig. 7 CV scans of BD-UNCD 3.0 3.0
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3.3.2 EIS measurements

EIS scans were performed on as-deposited electrodes and
after an applied charge of 100 A h cm 2 to characterize
electron transfer at the BD-UNCD surface. Experiments
were performed in a 1-M NaClO, background electrolyte

containing 5 mM of the Fe(CN)gi/ +

Fe(CN)gf/ * redox couple was chosen because it has been
shown to be sensitive to chemical changes at the electrode
surface [23]. EIS scans shown in Fig. 8 were fit using the
two equivalent circuit models shown in Fig. 9. The first
model shown in Fig. 9a contains the following elements:
solution resistance (R,), charge transfer resistance (R.,), and
the double layer capacitance (Cy) was replaced with a
constant phase element (CPEg) to account for surface
roughness and reactive site heterogeneity [25]. The
equivalent circuit shown in Fig. 9b also includes an addi-
tional resistance element that corresponds to a non-con-
ductive passive layer (Rp) along with an additional CPE
(CPE,). Similar equivalent circuit models have been used
to model EIS data for BD-MCD [26] and UNCD electrodes
[27]. The summary of values for model parameters is
shown in Table 2. The EIS spectrum for the as-deposited
electrodes and the BD-UNCD/Ta electrode after a
100 A h cm™? applied charge was fit using the equivalent
circuit shown in Fig. 9a. The similarity in values shown in
Table 2 for the as-deposited and the aged BD-UNCD/Ta
electrodes indicates that the film was not compromised
during anodic polarization. It should be noted that the CPEy,

redox couple. The
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values found for the as-deposited and aged BD-UNCD/Ta
electrodes were approximately three orders of magnitude
higher than those reported for BD-MCD electrodes [26].
This very high capacitance is likely related to the enhanced
surface area, relative to MCD, present at the numerous
UNCD grain boundaries. However, the EIS spectrum for the
aged BD-UNCD/Si and BDD-UNCD/Nb electrodes was fit
with the model shown in Fig. 9b, with values of 68.2 £+ 1.4
and 1,421 + 3 Q cm? for Ry, respectively. The relatively
low R, value for the BD-UNCD/Si electrode is a result of
physical and chemical changes to the BD-UNCD film sur-
face that were observed by SEM and CV measurements.
The large value obtained for R, for the BD-UNCD/Nb
electrode was a result of the delamination of large portions
of the BD-UNCD film that were evidenced by SEM. The
corresponding passive layer corresponds to the formation of
Nb,Os5 oxide on the exposed support. For all fits, the values
for ng and n, were between 0.74 and 0.89, which are in the
range typical for rough electrodes with a fractal dimension
of 2.35 and 2.12, respectively [28], which is indicative of
the electrodes used in this study. The EIS data for the BD-
UNCD/W electrode (Fig. 8d) did not fit the models shown
in Fig. 9, because of the complete delamination of the BD-
UNCD film and the unique electrochemical properties of
the WO; substrate that formed.

3.4 TCE oxidation

Electrochemical oxidation of TCE was performed using all
four electrodes as a function of the applied charge. Results
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Fig. 9 Equivalent circuit models used to fit the data shown in Fig. 8

from these experiments are shown in Fig. 10. TCE oxida-
tion with electrodes having applied charges of 1 and
50 A h cm 2 showed approximately a linear increase in
the TCE oxidation rate with increasing potential. The
notable exception to this observation is the BD-UNCD/W
electrode that changed from a linear increase in TCE
oxidation rate at a 1.0 A h cm™? applied charge to an
exponential increase in the TCE oxidation rate at a
50 A h cm ™2 applied charge. This change is indicative of a
switch in the mechanism of TCE oxidation from a hydroxyl
radical-mediated oxidation (1.0 A h cmfz) for BD-UNCD
to a direct electron transfer oxidation (50 A h cmfz) for
WOj3; [29]. As noted previously, reports in the literature
indicate that WOs-based electrodes are active for organic
compound oxidation [24].

At a 100 A h cm™? applied charge, the TCE oxida-
tion rates for the BD-UNCD/Si, BD-UNCD/Ta, and

BD-UNCD/Nb electrodes were only weakly correlated to
the electrode potential. For the BD-UNCD/Nb electrode,
this result was attributed to delamination of large portions
of the BD-UNCD film. However, for the BD-UNCDY/Si and
BD-UNCD/Ta electrodes, the BD-UNCD film was intact.
For the BD-UNCD/Si electrode, the slow TCE oxidation
rates may be a result of the morphology changes indicated
by SEM. However, it seems more likely that the electronic
properties of the BD-UNCD film changed because of the
applied polarization. The characterization of BD-MCD
films using conductive probe-atomic force microscopy
(CP-AFM) and scanning electrochemical microscopy
(SECM) allowed conductivity mapping of the electrode
surface [30]. Results from their study indicate that the films
consist primarily of insulating diamond containing isolated
conductive sites (~ 10 to 60% of geometric surface area)
[30]. Evidence suggests that these conductive sites were
concentrated at grain boundaries [30], which confirmed
previous work that boron concentrates at grain boundaries
[31]. Reports in the literature suggest that anodic polari-
zation can lead to a depletion of H in the surficial diamond
film, which initially leads to electrode passivation because
of the migration of H into the bulk film and the depletion of
boron acceptors by formation of B-H pairs [32, 33].
However, extended polarization has been proposed to
cause dissociation of B—H pairs and thus an increase in the
boron acceptors and subsequent increase in conductivity
[34]. These processes, accompanied by the formation of
various oxygenated functional groups on the electrode
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Table 2 Summary of fitted values used to fit the equivalent circuit model shown in Fig. 8 for EIS data shown in Fig. 7

Electrode R, (Qcm® R, (Qcm?  CPEgy (WFem™2s"")  ng R, (Qcm®)  CPE, mFem 25" ") n,
BD-UNCD* 8.66 + 030 11.09 £ 047 (543 £0.08) x 10>  0.77 £+ 0.04 - - -
BD-UNCD/Si  6.03 4+ 0.09 998 + 024 21.9 4+ 4.94 0.80 £ 0.02 682+ 14 3.09+0.11 0.77 £ 0.01
BD-UNCD/Nb  4.89 4+ 0.08 18.33 +0.56 8.40 + 1.43 0.87 £0.10 1,421 +3  0.297 + 0.006 0.74 + 0.05
BD-UNCD/Ta 4.41 +2.00 1599 + 0.18 (6.17 = 0.20) x 10>  0.89 + 0.08 - - -

Errors represent 95% confidence interval on fitted values

4 Represents the average values found for the equivalent circuit fits of as-deposited BD-UNCD films on Si, Nb, and Ta prior to anodic

polarization
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Fig. 10 Rates of TCE oxidation as a function of potential and electrode
ageing. a BD-UNCD/Si: Regression—1 A h cm™ y = 0.71x — 1.55,
R*=094;50 Ahem %y = 0.71x — 1.47,R*> = 0.96; 100 A h cm ™%
y = 0.11x — 0.20, R?>=0.63; b BD-UNCD/Ta: Regression—
lAhem™2 y=063x— 149, R>=098 50Ahcm % y=
0.51x — 1.08, R = 0.98; 100 A h cm™> y = 0.25x — 0.57, R> = 0.90;

surface, can result in altering electrochemically active sites,
which alters electron transfer for different adsorbed com-
pounds (e.g., water, TCE). The relationship is complex and
more research is needed to fully understand the mecha-
nisms that control electron transfer at the BDD surface.

3.5 Proposed mechanisms of electrode wear

Results indicate that the main mode of electrode wear was
associated with electrochemical corrosion of the support,
and not oxidation of the BD-UNCD film. Table 3 provides
a summary of the standard electrode potential (E°) and the
coefficient of thermal expansion (CTE) for the oxidation of
the metal substrates used in this study (i.e., Si, Ta, Nb, W,
and Ti). High values for electrode potential indicate that
the substrate will be rapidly oxidized when polarized to an
anodic potential. However, the key factor that determines

@ Springer

¢ BD-UNCD/Nb: Regression—1 A h em™% y = 0.88x — 2.04, R* =
099; 50 Ahem™ y=070x — 1.37, R*=094; 100 A hcm™>*
y =0.19x — 0.17, R? = 0.44; d BD-UNCD/W: Regression—
l1Ahem™ y=0.50x — 1.08, R*=10.99; 50 Ahcm™% y=
0.004e"**, R? = 0.97. Best fit lines represent linear or exponential
regression

the BD-UNCD film adhesion to the substrate is related to
the CTE value. The most important factor is matching the
CTE value for diamond (CTE = 1.18 x 107° C™" [35])
and the substrate, which is essential to maintain film
adhesion as the electrode cools to room temperature after
film deposition. A large difference between the CTE value
of diamond and the substrate can cause defects in the film
that allow electrolyte permeation through the diamond film
and lead to corrosion of the substrate. If the CTE value
decreases from the metal substrate to its corresponding
oxide, then the oxide is more compact and will not result in
delamination of the BD-UNCD film. This scenario is the
case for Si and Ta, which correlated to the most stable
electrodes tested. A CTE increase from the metal to the
oxide results in a physical expansion of the oxide that
promotes BD-UNCD delamination. This scenario was the
case for Nb, W, and Ti, which resulted in BD-UNCD film
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Table 3 Summary of electrode potential and coefficient of thermal
expansion (CTE) for metal substrates used for the deposition of BD-
UNCD films

Reaction E° (V) CTE (x10°C™h
(metal [35]/oxide)
Si/Si0, —0.86 2.5/0.5 [38]
Ta/Ta,0s5 0.75 6.4/3.6 [39]
Nb/Nb,Os 0.73 7.3/7.7 [39]
W/WO, 0.09 4.5/5.7 [40]
Ti/TiO, 2.13 8.6/9.9 [41]

delamination. Additionally, roughening the substrate by a
bead blast method can result in greater adhesion, because
of increasing the density of nucleation sites for the BD-
UNCD film and reducing the overall film stress [13].
Although film delamination did not occur for the BD-
UNCDY/Si electrode, both the physical and electrochemical
characteristics changed as a function of anodic oxidation.
SEM images taken after the passage of 100 A h cm™>
clearly showed electrochemical polishing occurred on the
surface of the BD-UNCD film (Fig. 1a). After passing
100 A h cm™? charge, this electrode also showed an
increased potential for water oxidation (Fig. 5a) and an

increased peak separation of the Fe(CN)Zf/ * redox couple
(Fig. 7a), relative to measurements performed after passage
of 50 A h cm ™2 Changes in the electrochemical response
of the BD-UNCD/Si electrode are likely correlated with
electrochemical polishing. As discussed in Sect. 3.2.2,
changes to the surface roughness can alter the coordination
number of active sites and thus their electrochemical
response. Reports in the literature indicate that surface
roughness has a substantial effect on oxidation reactions
[36]. However, it remains unclear whether the Si substrate
influences electrochemical polishing of the BD-UNCD
surface. XPS measurements have detected low levels of Si
(~0.5 atomic % as Si—C and C-Si-O species) on the
surface of BD-MCD/Si electrodes, and it was suggested
that Si diffused from the substrate along diamond grain
boundaries to the BD-MCD surface, as a result of the high
temperature CVD process [18]. Although research has not
been conducted regarding the role of Si—C species on BDD
electrode wear, reports in the literature indicate that oxi-
dation of Si—C can occur under similar voltages and tem-
peratures used in our study, according to the following
reaction [37]:

SiC + 4H,0 — SiO; + CO, + 8H' + 8¢~ (1)
This process could explain the electrochemical polishing

observed in our study, but more research is warranted, as a
detailed XPS scan on the Si 2p region was not performed.

4 Conclusions

The performance and stability of BD-UNCD film elec-
trodes on a variety of substrates (Si, Ta, Nb, W, and Ti)
was investigated as a function of the applied anodic charge.
A high current density of 1 A cm 2 was used to test the
anodic stability of the BD-UNCD films, up to applied
charges of 100 A h cm™2. Anodic treatment of the elec-
trodes resulted in oxidation of the BD-UNCD film surface,
as determined by XPS measurements. Cross-sectional SEM
measurements did not show any signs of film wear.
However, it was found that substrate roughness, substrate
electroactivity, and compactness of the corresponding
substrate oxide were key parameters that affected film
adhesion to the substrate. The primary mechanism of
electrode failure was associated with delamination of the
BD-UNCD film caused by oxidation of the substrate.
Substrate materials whose oxides had a larger CTE relative
to the reduced metal resulted in film delamination.
The approximate substrate stability followed the order of:
Ta>Si>Nb>W > Ti.

Surficial changes as well as film delamination resulted in
substantial changes in the electrochemical properties of the
various electrodes as determined by CV, EIS, and TCE
oxidation experiments. Interestingly, it was observed that
WO;5; was active for the electrochemical oxidation of TCE
after delamination of the BD-UNCD film from the W
substrate. Results indicate that the mechanism of TCE
oxidation shifted from a hydroxyl radical-mediated path-
way for the BD-UNCD/W electrode to a direct electron
transfer pathway for the WOj; material, indicating future
exploration of WOj; electrodes is warranted for water
treatment applications.
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