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A wide electrochemical window makes boron-doped diamond (BDD) a promising electrode material. To utilize
its excellent properties, nanopore formation on the surface to increase the specific surface area is highly desir-
able. Although anodization has the potential to produce nanoporous structures on the surface of materials, BDD
has yet to be anodized due to its high physical and chemical stability. Here, we report that high-energy Si(II) ion
irradiation forms sp2 defects, which enable the anodization of BDD, and demonstrate that this anodization results

in the formation of nanoporous BDD.

1. Introduction

Diamond, which is one of the hardest substances utilized in materials
processing, has potential as a next-generation, wide-gap semiconductor
in energy-saving devices [1]. Boron-doped diamond (BDD) is often used
as an electrode material due to its large apparent potential window
owing to its low electrocatalytic activity [2]. Although BDD electrodes
are strong candidates for electrochemical sensors [3-5], porosification
of electrode surfaces on the nano- and micrometer scales is desired, since
a large specific surface area is often an important requirement in sensor
materials.

Anodization is a powerful technology used to produce nanopores on
metal and semiconductor surfaces [6,7]. Although many studies have
investigated anodization to form and utilize porous silicon [8-15], few
have reported anodization of semiconductors with wide band gaps,
mainly due to their physical and chemical stability. In spite of this sta-
bility, we previously reported that high-energy ion or mid-infrared free-
electron laser irradiation can control the lattice defects and anodize
silicon carbide, a well-known wide-band gap semiconductor [16,17].
Because diamond has a similar crystal structure to silicon carbide, as
well as similar physical and chemical stability, a strategy utilizing high-
energy ion irradiation could be applicable to the anodization of
diamond.

Here, we report that a combination of high-energy Si(I) ion irradi-
ation and anodization can produce nanoporous BDD. The formation of

lattice defects in diamond, namely sp? carbon, promotes anodization. In
contrast, anodization without high-energy ion irradiation generates a
roughened and oxidized BDD surface, which is not suitable for practical
electrodes. Our results clearly indicate that high-energy ion irradiation
is critical to the formation of nanoporous BDD without surface
oxidation.

2. Experimental

Polycrystalline BDD (NeoCoat Electrode) thin films (~2.5 pm thick)
on Si(100) were used. The doping level of the BDD electrode was 2500
ppm. The working electrode was a 10 mm x 10 mm BDD substrate. The
substrate was cleaned in acetone for 10 min under sonication and sub-
sequently cleaned in a mixture of NH4OH, H20,, and HyO with a 1:1:5
vol ratio for 5 min at 80 °C. Then the substrate was immersed in a
mixture of HCl, H,05, and H,0 with a 1:1:6 vol ratio for 5 min at 80 °C.
All the chemicals were of analytical grade. Prior to use, the substrate was
cleaned in ultrapure water for 10 min under sonication and etched for 5
min in 5 wt% HF.

High-energy Si(I) ions at 5.1 MeV (Dual-beam facility for energy
science and technology; DuET, Kyoto University) were used for irradi-
ation before anodization. Ion irradiation was conducted for 60 min at
400 °C in a vacuum with an ion flux of 8.7 x 10*®> m~2 s~!. Electro-
chemical measurements were carried out using a potentio-galvanostat
(BioLogic Science inc. SP-150) with a three-electrode cell using Ag|
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Fig. 1. Anodic linear sweep voltammograms for an electrolytic solution con-
taining (a) acetic acid (3.0 M CH3COOH + 1.0 M H,SO4) and (b) formic acid
(2.0 M HCOOH + 1.0 M H,SO4) with and without high-energy ion irradiation.
Raman spectra of BDD before and after anodization (c) without and (d) with
high-energy ion irradiation.

AgCl sat. KCl and a platinum rod as the reference and counter electrodes,
respectively. Note that herein all the potential values are referred to the
reference electrode. The area of the working electrode was fixed at
0.196 cm? (5 mm ). The current density values were calculated using
the projected electrode area (0.196 cmz). Anodization was performed in
an electrolytic solution of 3.0 M CH3COOH + 1.0 M H2SO4 at a constant
current density of 0.2 A cm™2 for 4 h. To verify the effect of acetic acid, a
different electrolytic solution of 2.0 M HCOOH + 1.0 M H3SO4 was
tested for comparison. Linear sweep voltammograms were obtained at a
scanning rate of 10 mV s !. Samples after anodization were character-
ized by field-emission scanning electron microscopy (FE-SEM; JEOL
JSM-6500F) and scanning transmission electron microscopy (STEM;
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JEOL JEM-2010F), together with electron diffraction analyses, X-ray
photoelectron spectroscopy (XPS; JEOL JPS-9010TRX, Al-Ka), and
Raman spectroscopy (AIRIX corp., STR-CRPS-633BN-KU).

3. Results and discussion

The effect of high-energy ion irradiation on anodization behavior
was investigated. Fig. 1(a) depicts the anodic linear sweep voltammo-
grams (LSVs) using BDD electrodes with and without high-energy ion
irradiation. The oxidation current begins to flow at 2.5 V without irra-
diation and at 2.2 V with irradiation. The difference in current density
reaches 40 mA cm2 at 3.0 V, demonstrating that high-energy ion
irradiation promotes the anodic oxidation of BDD in a mixed solution of
acetic acid and sulfuric acid. To investigate whether acetic acid en-
hances the electrochemical reactivity, LSVs were also measured in a
mixed solution of formic acid and sulfuric acid (Fig. 1b). Compared with
the results obtained using acetic acid, the promotion of anodic oxidation
by high-energy ion irradiation is less pronounced, indicating that the
type of carboxylic acid influences the enhancement of anodic oxidation
in BDD electrodes.

To investigate the origin of the enhanced anodic oxidation, BDD
electrodes were characterized by Raman spectroscopy. Fig. 1(c) shows
Raman spectra of BDD without high-energy ion irradiation before and
after anodization. The bands at ~520 cm™! and ~1330 ecm™! are
assigned to the phonon modes of the silicon substrate and the sp® hy-
bridized carbon, respectively. No other peaks are assigned to sp? and sp
hybridization.

Fig. 1(d) depicts the corresponding spectra with high-energy ion
irradiation. The sp> band is apparent, but the peak width increases
significantly compared to the spectra without high-energy ion irradia-
tion. The broadening of the sp® peak is attributed to lattice defects
induced by ion irradiation [18]. Because the peak at ~1620 cm™! is
often observed in graphite (sp? hybridized carbon) with structural de-
fects [19], the lattice defects are formed by ion irradiation. Since the
Raman band at ~1620 cm ™! remains after anodization, high-energy ion
irradiation produces defects in the interior of the BDD film with local-
ized graphitization and not on the outermost surface.

Fig. 2 shows typical surface morphologies of BDD electrodes anod-
ized in an electrolytic solution containing acetic acid. These images were
acquired by FE-SEM and cross-sectional STEM. Comparing Fig. 2(a) and
2(b) shows that the BDD surface dissolves electrochemically even
without high-energy ion irradiation. Fig. 2(b) strongly suggests that the
dissolution rate depends upon the crystal faces exposed to the solution.
In contrast, anodization has a negligible effect on the macroscopic sur-
face morphologies of irradiated BDD (Fig. 2¢ and 2d); however, the
crystal grains after anodization formed numerous nanopores, even
though the pore size is too small to be observed by FE-SEM. Anodization
randomly roughens the BDD surface, even without high-energy ion
irradiation (Fig. 2e and 2f). Thus, anodization of BDD without ion
irradiation increases the surface roughness due to crystal-face-
dependent dissolution. Anodizing the high-energy ion irradiated BDD
electrode forms a surface containing many nanopores with a relatively
constant diameter of 10 nm (Fig. 2h). Hence, high-energy ion irradiation
suppresses the crystal-plane-dependent dissolution while promoting
self-organized dissolution to form nanopores.

To understand the properties of BDD electrodes, Fig. 3(a) and 3(b)
show XPS C1s and C2p spectra before and after high-energy ion irradi-
ation. As a result of high-energy ion irradiation, the peaks shift ~1.1 eV
to higher binding energies, suggesting that the Fermi level increases and
the BDD electrode should behave more like an intrinsic semiconductor.
However, the modified Fermi level itself cannot explain the enhanced
anodic oxidation of BDD. Fig. 3(c) shows the XPS C1s spectrum of a BDD
electrode without high-energy ion irradiation and its deconvolution.
The peak comprises the contributions of sp° carbon in the bulk and the
C—H, bond on the surface of BDD. Anodizing without high-energy ion
irradiation induces a new peak as a shoulder as shown in Fig. 3(d). Using
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100 nm

Fig. 2. FE-SEM images of the top surface of BDD acquired before anodization (a) without and (c) with high-energy ion irradiation, and after anodization (b) without
and (d) with high-energy ion irradiation. Cross-sectional STEM images acquired before anodization (e) without and (g) with high-energy ion irradiation, and after

anodization (f) without and (h) with high-energy ion irradiation.

an electron flood gun for neutralization during the XPS measurement
shifts the main peak at 286 eV to a slightly lower binding energy but the
shoulder is unaffected (Fig. 3d), indicating that differential charging on
the surface of BDD occurs after anodization without high-energy ion
irradiation. Under such differential charging, the spectrum cannot be
deconvoluted. Fig. 3(e) is a typical Cls spectrum obtained after high-
energy ion irradiation without anodization. Deconvolution reveals a
non-negligible contribution of sp? carbon. The results shown in Figs. 1
(d) and 3(e) suggest that the sp2 carbon contribution comes from defects
formed by high-energy ion irradiation.

Fig. 3(f) shows the Cls spectrum after anodization of the irradiated
BDD. The C—H, bond is the main contributor to the peak followed by
the sp> carbon and then some oxidated species. Since the C—H, bond
exists on the surface of BDD, the drastic increase in the contribution of
C—H, means that the surface area of BDD increases due to the combi-
nation of high-energy ion irradiation and anodization. Fig. 4(a) shows
the electron diffraction pattern of a sample near the top surface without
high-energy ion irradiation after anodization. The diffraction is weak
and unclear, suggesting that crystalline and amorphous regions coexist
in the analyzed area. In contrast, the diffraction remains clear after
anodizing using a BDD with high-energy ion irradiation (see Fig. 4b).

Based on these results, a mechanism explaining the enhancement of
anodic oxidation of BDD by high-energy ion irradiation is proposed. In
previous studies on BDD corrosion, Kashiwada and coworkers found that
corrosion occurs in a solution containing acetic acid, but not in a solu-
tion with formic acid [20]. They concluded that BDD corrosion is trig-
gered by methyl radicals electrochemically formed by Kolbe electrolysis.
Methyl radicals attack the BDD surface, forming dangling bonds. The
dangling bonds are then stabilized by forming sp? carbon. Thus, the
corrosion reaction occurs stepwise on the surface of the BDD. By
contrast, in our experiments, sp? carbon is pre-formed inside the BDD by
high-energy ion irradiation prior to anodization. Consequently,
exposing the sp? carbon in the bulk BDD to the electrolytic solution
greatly enhances the anodic oxidation of BDD. It is likely that the anodic
reaction causes the frontier to intrude into the BDD bulk. Unfortunately,
we have yet to produce much deeper nanoporous BDD since prolonged
anodization causes the nanopores to disappear, which is probably due to

electropolishing of BDD.

Although high-energy ion irradiation forms defects in BDD, the
defect density is not uniform along the thickness of BDD. The number of
defects increases as the distance from the surface to the BDD bulk in-
creases [21]. It is likely that a threshold defect density to achieve
nanopore formation exists. Above the threshold density, the anodization
reaction occurs uniformly on the surface, which leads to the disap-
pearance of the nanopores.

4. Conclusion

Nanoporous diamond is formed by anodization for the first time. The
key to anodization is the localized formation of sp? carbons upon high-
energy ion irradiation, which act as the reaction centers. Although
anodization occurs under limited conditions, the results in this study
should trigger more research on nanoporous diamond formation by
anodization and may eventually enable control of the pore diameter and
depth.
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Fig. 3. XPS spectra of BDD. Spectra (a) Cls and (b) C2p, respectively, with and without high-energy ion irradiation. (c) Cls spectrum with the deconvolution of the
as-prepared BDD without high-energy ion irradiation and anodization. (d) Spectrum of BDD without high-energy ion irradiation after anodization. (e) C1s spectrum
irradiation after anodization.

with the deconvolution of BDD with high-energy ion irradiation but without anodization. (f) Cls spectrum with the deconvolution of BDD with high-energy ion
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Fig. 4. Nanobeam diffraction of anodized BDD electrodes. Diffraction near the
top surface of BDD (a) without and (b) with high-energy ion irradiation.
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