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ABSTRACT: Diamond is known as a promising electrode
material in the fields of cell stimulation, energy storage (e.g., FEESPEISEEE
supercapacitors), (bio)sensing, catalysis, etc. However, en-
gineering its surface and electrochemical properties often
requires costly and complex procedures with addition of
foreign material (e.g., carbon nanotube or polymer) scaffolds
or cleanroom processing. In this work, we demonstrate a novel
approach using laser-induced periodic surface structuring
(LIPSS) as a scalable, versatile, and cost-effective technique
to nanostructure the surface and tune the electrochemical
properties of boron-doped diamond (BDD). We study the effect of LIPSS on heavily doped BDD and investigate its application
as electrodes for cell stimulation and energy storage. We show that quasi-periodic ripple structures formed on diamond
electrodes laser-textured with a laser accumulated fluence of 0.325 kJ/cm” (800 nm wavelength) displayed a much higher
double-layer capacitance of 660 yF/cm? than the as-grown BDD (20 xF/cm?) and that an increased charge-storage capacity of
1.6 mC/cm® (>6-fold increase after laser texturing) and a low impedance of 2.74 Q cm? turn out to be appreciable properties
for cell stimulation. Additional morphological and structural characterization revealed that ripple formation on heavily boron-
doped diamond (2.8 atom % [B]) occurs at much lower accumulated fluences than the 2 kJ/cm? typically reported for lower
doping levels and that the process involves stronger graphitization of the BDD surface. Finally, we show that the exposed
interface between sp® and sp® carbon layers (i.e. the laser-ablated diamond surface) revealed faster kinetics than the untreated
BDD in both ferrocyanide and RuHex mediators, which can be used for electrochemical (bio)sensing. Overall, our work
demonstrates that LIPSS is a powerful single-step tool for the fabrication of surface-engineered diamond electrodes with tunable
material, electrochemical, and charge-storage properties.
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1. INTRODUCTION tigated,m_15 thanks to diamond’s chemically resilient,
functionalizable, and biocompatible surface and also to the
development of methods capable of enhancing the electrode’s
sensitivity, selectivity, and charge-storage/injection properties,
through the modification of the BDD morphology, structure,
and composition by top-down or bottom-up fabrication. Most
of those strategies, however, either make use of complex and
costly cleanroom processing (i.e., lithography and dry etching)

Interest in diamond has grown remarkably over the last years
due to its superlative properties,' > particularly in applications
such as photonics and quantum information processing,*”
high-power high-frequency switching in electronics,’ micro-
electromechanical systems (MEMS),”® as hydrophobic coat-
ings for microfluidic devices, as biocompatible substrates for
cell proliferation in bioimplants,” in (bio)electrochemical
sensors,”'” neural probes,'' and supercapacitors,'”"* to name

a few. The use of nanostructured boron-doped diamond Received: September 13, 2018
(BDD) for (bio)electrochemical sensing, cell stimulation, and Accepted: November 15, 2018
energy storage in particular has been increasingly inves- Published: November 15, 2018
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or involve the addition of foreign materials, such as masks/
templates, carbon nanotube or polymeric scaffolds, metal
particles, etc,'”'>"*~"7 which are often unstable in the harsh
growth environment during chemical vapor deposition (CVD)
of diamond."® Another disadvantage of most methods is poor
scalability for mass production. To overcome such limitations,
we introduce the use of laser-induced periodic surface
structuring (LIPSS)'” as a promising single-step technique
for the controlled surface engineering of diamond electrodes,
down to the nanoscale, without the need for costly cleanroom
processing or addition of foreign materials.”’

Laser-induced periodic surface structures/structuring
(LIPSS), laser texturing, or simply “ripples” consists of
(quasi)periodic nanostructures formed on the surface of
metals, semiconductors, or dielectric materials when irradiated
by a polarized laser beam with high enough energy. This
process typically gives rise to parallel lines with shape and
periodicity that are strongly correlated with the laser
wavelength, polarization, as well as laser fluence and the
number of pulses.19 With this technique, the formed
nanostructures can be generated in a single-step process and
allow the modification of the optical, mechanical, and chemical
surface properties of the material. Additionally, LIPSS has the
advantage that it can be performed in open environment and
be easily incorporated into manufacture process flows, thus
being an attractive alternative to costly vacuum- and
cleanroom-based processing (e.g., lithography, dry etching,
etc.) for the micro/nanostructuring of materials. Major fields
of application are in the treatment of mostly metallic surfaces
toward the control of color (due to diffraction), antireflective
properties,”’ wettability (i.e, hydrophobicity/hydrophilic-
ity),” antibacterial properties, as well as tribological properties
(i.e., reduction of friction and wear). Thorough reviews on the
mechanisms of LIPSS formation and its applications can be
found here.'"*

The study and application of laser-textured diamond are still
limited, with most of the reported works dating from 2014
onwards. LIPSS formation on diamond with ultrashort laser
pulses was first demonstrated in 1999 by Ozkan et al,”* and
later, Calvani et al. reported the modification of the optical
properties of diamond films by femtosecond laser texturing™
for the fabrication of photon-enhanced thermionic emission
(PETE)-based devices.””*” More recent work has been done
on the structural properties,” wettability,” conductivity,” and
antireflective properties’’ of laser-textured diamond surfaces.
LIPSS thus has the potential to enable a high degree of control
over the performance and application of diamond-based
(bio)electrochemical sensors and diamond electrodes in
general, with the advantage of being a scalable and low-cost
fabrication method.

In this paper, we present a thorough electrochemical
characterization of BDD electrodes laser-textured by the
LIPSS process under different conditions. We employed
standard redox couples, ferrocyanide (Fe(CN)~/47) and
ruthenium hexamine (Ru(NH;)s**/?*), in aqueous solution
and performed standard cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements,
to derive essential electrode parameters and quantitative
figures for the electron-transfer kinetics for both mediators.
The electrochemical investigation is complemented by
morphological, structural, and surface characterization of the
laser-textured BDD, performed by high-resolution field
emission scanning electron microscopy (FE-SEM), Raman

spectroscopy, contact angle measurement, and X-ray photo-
electron spectroscopy (XPS). After the results are described,
we analyze the effect of LIPSS on the electrochemical
performance of the BDD electrodes in detail and discuss the
potential use of laser-textured BDD for cell stimulation and
recording applications, as well as for energy storage as
supercapacitors, through the measurement of double-layer
capacitance, charge-storage capacity (CSC), and impedance
1ZI.

2. EXPERIMENTAL SECTION

2.1. Diamond Growth. A homogeneous polycrystalline boron-
doped diamond film (4 ym thick) was grown in a hot-filament CVD
(HFCVD) reactor (sp® Diamond Technologies) on an 8" Si wafer,
following a seeding procedure described elsewhere.’”” The growth
conditions consisted of 8 mbar atmosphere, 2.4% CH,/H, gas ratio
(72 sccm/3000 sccm), 40 scem trimethylborane (TMB), and ~850
°C temperature. The achieved B-doping level was ~2.8 atom %, as
measured from secondary ion mass spectrometry (SIMS), and the
BDD film resistivity was ~5 X 107> Q cm.” Identical samples were
produced by dicing the grown wafer into neighboring pieces of ~1.5
X 1.5 cm?.

2.2. Laser Texturing. The LIPSS process was achieved with a
femtosecond laser of 800 nm wavelength, linearly polarized, focused
perpendicularly onto the BDD sample surface (spot size, 2160 ym;
ablation size, ~@100 ym). The samples were processed in a high-
vacuum chamber (<2 X 107 mbar), placed onto an X—Y stage for the
control of the raster movement (i.e., laser path). By controlling the
raster speed, the laser accumulated fluence, which is defined as the
energy of a single pulse multiplied by the number of pulses impinging
at a given point on the sample surface, was defined. The vertical step
between each horizontal raster line was set at 100 ym, to align the
ablated zones. The laser pulse energy was kept constant at 0.65 mJ,
thus corresponding to a fluence of 3.25 J/cm? which is above the
diamond ablation threshold of 0.3 J/ cm?>* More details about the
setup can be found in the Supporting Information.

2.3. Structure and Morphology Characterization. Raman
spectroscopy measurements were performed with a Horiba LabRAM
HR setup, equipped with an argon ion laser operating at 514 nm and a
spectral resolution of ~0.3 cm™'. High-resolution scanning electron
microscopy (FE-SEM) measurements were performed with a field
emission FEI Nova NanoSEM 450 setup operating at 15 keV, with a
high-resolution (immersion mode) secondary electron detector.

2.4. Surface Characterization. Contact angle measurements of
the BDD samples were performed with an Attension Theta setup
from Biolin Scientific, at ambient conditions. The droplet size was 3
UL of deionized water. XPS data were collected using a PHIS600
photoelectron spectrometer (Physical Electronics) with an Al Ka
monochromatic X-ray source (1486.71 eV energy). Measurements
were done before and after sputtering with Ar" to remove
contamination. The XPS data were analyzed with PHI MultiPak
software without binding energy correction, due to the high
conductivity of the samples. More details can be found in the
Supporting Information.

2.5. Electrochemical Characterization. Solutions containing 1
mM concentration of either ferrocyanide or hexaammineruthenium-
(II1) chloride (RuHex) in a 0.1 M KCl aqueous solution were
employed for electrochemical characterization. The laser-textured
BDD samples were analyzed (1) after texturing, (2) after cleaning in
boiling concentrated acid, and (3) after strong polarization in nitric
acid. A glassy carbon (GC) electrode was also used for comparison.
Before acid cleaning, the samples were consecutively ultrasonicated in
acetone, ethanol, and DI water to remove any loose debris formed by
the laser-texturing process.

The electrochemical measurements were performed by a multi-
channel Metrohm Autolab potentiostat/galvanostat setup, equipped
with an 8 X M101 channel and a 1 X FRA2M impedance analysis
module. Cyclic voltammetry (CV) and electrochemical impedance
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spectroscopy (EIS) measurements were done in a three-electrode
configuration, with a Ag/AgCl reference electrode and a working
electrode area A = 0.219 cm® More details about the electrochemical
cell can be found in the Supporting Information. Electric contact to
the sample surface was achieved with conductive silver paint. The CV
data were treated and analyzed with the Nova software (Metrohm)
and a MATLAB script developed in-house.

EIS measurements were done with a 10 mV RMS perturbation
signal and a frequency range of 107'—10° Hz. In the presence of
analyte, an offset potential equal to the formal potential, V,, was
applied. The measured data were fitted to the Randles circuit in two
steps, using the Nova software and the MATLAB ZfitGUI script
(available online at the File Exchange portal from MATLAB central).

2.6. Chemicals. Hexaammineruthenium(III) chloride (Ru-
(NH;)¢Cl;, 98%) and potassium hexacyanoferrate(II) trihydrate
(K,Fe(CN)¢3H,0, >99%) were obtained from Sigma-Aldrich and
used as redox mediators without further purification. The supporting
electrolyte for Ru(NH;)s**/** and Fe(CN)s*/3~ consisted of 0.1 M
potassium chloride (KCI from Sigma-Aldrich, >99%). All of the
solutions were prepared with ~18 MQ cm, Type I water (ELGA
Purelab UHQ) and bubbled with N, to remove dissolved O, before
each measurement. Acid cleaning of the samples was done in a boiling
mixture of HCl (38%), H,SO, (95%), and HNO, (70%) (1:1:1
volume ratio), followed by thorough ultrasonication in deionized
water.

3. RESULTS

3.1. Laser Texturing. Optimum conditions for laser
texturing of the 4 ym thick, heavily doped BDD were found
after a systematic survey of parameters was carried out on a
test BDD sample, by changing the laser pulse energy, the
number of repetitions, and the raster speed, v,. Starting at 3.35
mJ/pulse (SO pulses and v, = 0 mm/s), there was significant
damage of the film at the central area of the laser spot (ca. 240
um inside the 100 um ablation spot), which decreased as the
energy was lowered down to 0.65 mJ/pulse. This lowest energy
produced the best outcome, showing consistent formation of
quasi-periodic structures across the whole laser spot. We also
observed that, even for this low energy value, increasing the
number of pulses to ~100 led to the destruction of the
diamond film. Taking these parameters into consideration, a
range of conditions for the laser texturing of our BDD samples
were established (see Table S1 in the Supporting Information),
with ripples being observed from 14 to 410 J/cm? (see Figure
S1). Out of the total seven samples produced within that
accumulated fluence range, two distinct ones were taken for in-
depth comparison: BDD-42 with low accumulated fluence and
BDD-500 with high accumulated fluence (see Table 1).

Table 1. Summary of Parameters Used for Laser-Textured
Samples BDD-42 and BDD-500 (Low and High
Accumulated Fluences, Respectively)

parameter BDD-42 BDD-500
v, (mm/s) 225 1.88
pulse repetition rate (Hz) 100 1000
pulses per unit treated area (cm™) 42 x 10° 500 x 103
accumulated fluence (J/cm?) 27 325

SEM and Raman analyses of the laser-textured samples were
carried out before cleaning or any chemical treatment and are
shown in Figures 1 and 2, respectively. Measurements of a
reference untreated BDD are also included for comparison.

It can be seen from the SEM images that the laser texturing
produced significant morphological changes to the BDD

surface. While before the treatment the individual crystallites
and grain boundaries of the BDD films can be clearly seen
(Figure la,d), after texturing, the surfaces consist entirely of
quasi-periodic, elongated structures aligned preferentially
perpendicular to the laser polarization direction and
perpendicular to the raster direction. The low accumulated
fluence treatment (Figure 1b,e) shows the formation of ripples
~165 nm wide, as well as the presence of “faults” (marked with
dashed elippses), where adjacent ripples are merged together
as a single, larger structure. The surface modified by the high
accumulated fluence treatment (Figure 1c,f) is characterized by
ripples that are straighter, narrower (~125 nm wide), and
more clearly separated from one another, thus achieving better
morphology. These structures resemble those obtained under
similar conditions in a previous work,”> where the ripple
periodicity is explained as the outcome of the interference
between surface plasmons and the incident laser, which gives a
nominal average periodicity of 4/2n = 167 nm (where 1 = 800
nm is the wavelength of the laser and n = 2.4 is the refractive
index of diamond at 800 nm). The higher level of imperfection
of the ripples observed in the present work can be attributed to
the more irregular topography of the as-grown BDD, with
coexistence of micro- and nanosized crystalline facets at the
film surface, which is inherent to the CVD growth process, as
can be seen in Figure la,d. Additionally, the improved
morphology of BDD-500 relative to BDD-42 is coherent
with the observation that, for subwavelength periodicity LIPSS
process, the spatial periodicitg on the surface decreases with
increasing number of pulses.”

The reference BDD displays a typical Raman spectrum
(Figure 2a) of a heavily B-doped diamond film, with strong
distortion of the diamond one-phonon line (1332 cm™) into
two separate branches located at 1200—1300 cm™, due to the
Fano resonance effect.’® Simultaneously, the ~454 cm™" broad
band, which is attributed to Raman scattering involving B—C
vibrational modes,® is visible. The G-band is also visible, likely
arising from graphitic material present in the grain boundaries
of the BDD film. On the other hand, the spectra of the laser-
textured samples show predominantly the D- and G-bands,
which originate from sp’ carbon present in both disordered/
defective and crystalline forms of graphite.””*®

To remove debris and redeposited material from the LIPSS
process, as well as to have a more stable oxygenated surface,
the laser-textured samples (Figure 2b,d) were subjected to acid
cleaning in a strong, highly oxidizing bath containing HCI
(38%), H,S0, (95%), and HNO; (70%) (1:1:1 volume ratio).
Raman and SEM measurements after the cleaning are shown,
respectively, in Figure 2a and Figure 2¢,e, and compared to the
results before the procedure. It can be seen that the D- and G-
bands in the Raman spectra became narrower, indicating
higher material quality, but lower intensity relative to the B—C
band from the BDD underneath, which indicates decreased
thickness of this sp* carbon layer. At the same time, the SEM
images show narrower ripples and larger gaps between them,
thus suggesting that disordered carbon from the immediate
surface was removed by the acid cleaning. As it can be seen in
more detail in Figure S2 (Supporting Information), no obvious
trend in the Raman spectra as a function of laser fluence was
found, neither before nor after acid cleaning. We attribute this
to a complex behavior of material melting, ejection, and
redeposition onto the surface during the different laser-
texturing conditions, which affect the composition of the
surface in addition to the LIPSS pattern itself.
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Figure 1. SEM images of (a, d) reference (untreated) BDD, (b, e) laser-textured sample BDD-42 (low accumulated fluence), and (c, f) laser-
textured sample BDD-500 (high accumulated fluence). Top images (a—c): low magnification (X10*), same scale; bottom images (d—f): high
magnification (X10°), same scale. The solid lines in (e, f) indicate approximate width values of the ripples; the dashed ellipses in (b, e) indicate

faults in the periodicity of the ripples.

(a) Reference BDD®
BDD-42"

——— BDD-500""
——BDD-42%?
——BDD-500?

i D-band G-band
: ~

B-C

INTENSITY

RAMAN SHIFT (cm™)

After acid cleaning

Figure 2. (a) Raman spectra of the laser-textured samples BDD-42 (low accumulated fluence) and BDD-500 (high accumulated fluence) before
(1) and after (2) acid cleaning. The spectrum of the acid-cleaned reference BDD is also included for comparison. The as-measured curves were
normalized relative to the background around 70 cm™. The dashed vertical line indicates the position of the (undoped) diamond one-phonon
Raman line. (b—e) SEM images of laser-textured samples before (b, d) and after (c, e) acid cleaning, showing clear loss of material. (b,c) Low-
fluence BDD-42, (d,e) high-fluence BDD-500. The arrows indicate clear signs of chemical etching.

Overall, the high sp® carbon content on the surface suggests
that the LIPSS process induces stronger graphitization of the
heavily B-doped diamond than of diamond with lower B-
doping levels, as will be discussed in Section 4.1.

3.2. Cyclic Voltammetry. In a first step, the potential
window and the background current of the laser-textured
samples were measured by cyclic voltammetry in 0.1 M KCL
The voltammograms measured (1) before and (2) after acid
cleaning are shown, respectively, in Figure S3 (Supporting
Information) and Figure 3. The results were compared to the
same measurements performed on the reference BDD in the
acid-cleaned state (2), which has a stable oxygenated surface
and therefore more reproducible electrochemical behavior.
The increased hydrophilicity confirms the oxygenation of the
surface, as shown by contact angle measurements (Figure S4 in
the Supporting Information). Before acid cleaning (Figure S3),
the voltammograms of both laser-textured samples displayed
identical potential windows of ~2.1 V and comparable

background current values of 19—20 uA/cm” (i, 190—200
uF/cm?). In contrast, the reference BDD sample showed a
larger potential window of ~24 V and a much lower
background current of ~2 uA/cm® (ie, ~20 uF/cm?).
However, after acid cleaning (Figure 3), the two laser-textured
samples showed quite distinct behaviors: although the
voltammogram of BDD-42 (low accumulated fluence)
remained effectively unchanged, the background current of
BDD-500 (high accumulated fluence) more than tripled to a
value of ~66 pA/cm® (ie, ~660 uF/cm?). In fact, we
observed a general linear trend of increasing capacitance for
increasing laser accumulated fluence, but the scatter was high
(ie, 7 = 0.38). The sample treated with the highest fluence of
410 J/cm? resulted in ~108 uA/cm? (i.e., ~1080 uF/cm?). In
comparison, a reference glassy carbon (GC) electrode resulted
in a much lower value of ~7.6 yA/cm?® (ie., ~76 puF/cm?).
Overall, the voltammograms of the laser-textured samples
resemble the voltammograms of glassy carbon electrodes,"**”

DOI: 10.1021/acsami.8b15951
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Figure 3. Cyclic voltammograms of laser-textured samples BDD-42
(low accumulated fluence), BDD-500 (high accumulated fluence),
and reference BDD, all (2) after acid cleaning, measured in 0.1 M KClI
aqueous solution at 0.1 V/s scan rate. Measurement with a glassy
carbon (GC) electrode was added for comparison. Each curve
corresponds to the 10th cycle. The indicated background current
values were measured at 0.1 V during the forward scan.

which typically show a narrower potential window and larger
background current than BDD electrodes. The reduction
current onset observed at around —0.3 V for both samples
arises likely from sp’-catalyzed reduction of functional groups
present at the surface. The additional peak at ~0 V observed
only for BDD-500 and the concomitant appearance of an
oxidation peak at ~0.2 V might be related to the redox reaction
of functional groups only present at this electrode and explain
in part its larger background current.

3.2.1. Ferrocyanide. Next, 1 mM ferrocyanide was added to
the 0.1 M KCI buffer solution, and the laser-textured samples
were analyzed by cyclic voltammetry performed at different
scan rates. Measurements were done (1) before and (2) after
acid cleaning, and the results are shown in Figure S§
(Supporting Information) and Figure 4, respectively. The
plots are presented without correction for the potential drop,
iRs, induced by bulk resistances. Overall, all three samples
showed qualitatively similar results, with comparable anodic
and cathodic peak positions (Vp, in the range of ca. 0.2—0.3
V) and peak currents (Jp 4 in the range of ~0.2 mA/cm” at 0.1
V/s). The higher capacitive charging of the laser-textured
samples, relative to the reference BDD, is evident both before
and after acid cleaning, from the large difference between
anodic and cathodic currents observed between —0.5 and 0 V.
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Table 2. Summary of the Electrochemical Parameters Obtained by CV (at 0.1 V/s) and EIS (at the Formal Potential) of All

Samples in 0.1 M KCI Solution with 1 mM

Fe(CN)>/*+

ref BDD BDD-42 (low fluence) BDD-500 (high fluence)
sample ) (1) ) (3) (1) (2) (3)

Cyclic voltammetry (iRg-compensated)

Joa (uA/cm?) 243.12 + 021  205.01 + 0.15 223.15 + 0.17 232.51 +£ 022 191.37 + 0.14 23642 + 0.18 23321 + 0.23

Vpa (mV) 2643 £ 2.5 2842 + 2.5 2804 + 2.5 2352 + 2.5 2779 £ 2.5 2502 + 2.5 237.7 £ 2.5

AV, (mV) 854 + 3.5 1132 + 3.6 952 + 36 774 + 3.5 138.5 + 3.6 90.5 + 3.6 77.1 + 3.6

V, (mV) 221.6 + 1.8 227.6 + 1.8 2328 + 1.8 196.4 + 1.8 208.6 + 1.8 2050 + 1.8 199.1 + 1.8

D X 10° (cm?/s) 828 + 47 483 + 35 738 + 41 873 + 44 345 £ 27 615 + 61 880 + 44

ko (um/s) 96 + 14 352 +2.7 657 + 6.8 143 + 29 202 + 12 69.1 + 8.7 147 + 31

A = ky(RT/FDv)*? 1.68 + 0.14 0.806 + 0.038 1.216 + 0.074 244 + 028 0.547 + 0.022 1.40 + 0.11 248 +0.29
Electrochemical impedance spectroscopy

Rs (Q) 182 188 186 188 182 193 191

Rer (Q) 133 591 309 44 969 449 32

Q, X 10° (s"/Q) 0.35 4.99 4.96 3.75 2.72 11.11 2.46

ng 0.93 0.87 0.87 0.76 0.89 0.89 0.83

Cal eq. (UF/cm?) 10 175 159 38 99 432 36

W, x 10° (sV2/Q) 69.3 622 61.1 51.1 58.1 61.0 54.4

My 0.52 0.53 0.52 0.50 0.50 0.52 0.50

x*x 10 9 39.5 4.7 333 96 8.1 21.3

“The numbers (1—3) stand for the different sample states: (1) not acid-cleaned; (2) acid-cleaned; and (3) after strong polarization in HNOj.
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Figure S. (a—c) Cyclic voltammograms of acid-cleaned samples in 0.1 M KCI aqueous solution containing 1 mM Ru(NH,
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rates. (a) Low accumulated fluence sample BDD-42, (b) high accumulated fluence sample BDD-500, and (c) reference BDD sample. Each CV
curve corresponds to the 10th cycle. (d) Relationship between anodic peak current density and square root of the scan rate for each sample. The
open symbols with dashed lines denote measurements (1) before acid cleaning; the closed symbols with full lines correspond to measurements (2)
after acid cleaning. The adjusted r* values of the linear fits were all above 0.95.
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Table 3. Summary of the Electrochemical Parameters Obtained by CV (at 0.1 V/s) and EIS (at the Formal Potential) of All
Samples, Measured in 0.1 M KCl Solution with 1 mM Ru(NH)**/>**

ref BDD BDD-42 (low fluence) BDD-500 (high fluence)
sample 2) (1) 2) ©) (1) @) ©)
Cyclic voltammetry (iRg-compensated)
Toa (HA/cm®) 188.86 + 0.39 184.96 + 0.35 205.83 + 0.39 245.53 + 0.44 240.17 + 0.52 18424 + 0.28 238.61 + 0.45
Voa (mV) —933 + 25 —101.5 £ 2.5 —912 + 2.5 —-117.7 £ 2.5 —1124 £ 2.5 —1104 £ 2.5 —-117.9 £ 2.5
AV, (mV) 76.3 £ 3.6 78.1 £+ 3.5 79.1 + 3.6 772 £ 3.5 782 + 3.6 91.3 + 3.6 77.3 + 3.5
V, (mV) 1315+ 18 —140.5 + 1.8 —1308 + 1.8 —1563 + 1.8 —1515 + 1.8 —1561 + 1.8 —156.6 + 1.8
D x 10% (ecm?/s) 877 + 83 598 + 45 778 + S5 984 + 52 364 + 75 (39 + 11)x 10! 908 + 49
ko (um/s) 154 + 34 114 + 22 123 £ 23 154 + 32 89 £ 19 539 + 9.6 147 % 30
A = ko(RT/EDY)Y? 261 + 033 235 + 0.26 222 + 024 247 + 0.29 233 +0.32 1.36 + 0.17 245 + 0.28
Electrochemical impedance spectroscopy
Rs (Q) 188 189 183 187 178 192 192
Rer (Q) 60 22 9.4 27 38 13 28
Qo X 10° (s"/Q) 17 8.8 411 357 123 25.6 34
ng 0.67 0.86 0.95 0.83 0.80 0.81 0.84
Ca e (WF/cm?) 175 188 139 56 240 447 57
W, X 10° (sV2/Q) 60.3 65.4 75.0 56.9 58.3 51.0 56.2
Ny 0.49 0.52 0.54 0.50 0.49 0.46 0.50
xrx 10t 5.9 8.7 35.6 28.8 7.2 6.8 222

“The numbers (1—3) stand for the different sample states: (1) not acid-cleaned; (2) acid-cleaned; and (3) after strong polarization in HNOj.

BDD-500 showed again substantially higher capacitive
charging than BDD-42 after acid cleaning. The narrower
potential window of the laser-textured samples, in comparison
to reference BDD, is also visible, as the current density
increases at the extremities of the voltammograms (i.e., onset
of hydrolysis current). The obtained peak—peak separations,
AVp = 90—95 mV, and anodic peak current densities, Jp, =
0.223-0.236 mA/cm? in ferrocyanide are in the range
expected for BDD and GC.*

A more detailed analysis of electrode kinetics for
ferrocyanide was carried out as follows. For each sample,
several voltammograms were measured at different scan rates,
v, ranging from 0.025 to 0.8 V/s. The voltammograms were
then corrected for the iRg potential drop, with the series
resistances, Rg, obtained from EIS (see section 3.3). Then,
according to the Randles—Sevéik equation,”' the background-
corrected peak current density, Jp,, was plotted against the
square root of the scan rate, v/2, for each electrode, as shown
in Figure 4d, and fitted to a first-degree polynomial. The
diffusion coeflicient, D, of electroactive species near the
electrode surface was obtained from the slope, assuming the
area A as the known geometric surface area. The electron-
transfer rate, k,, of each electrode was estimated from the well-
known Nicholson method.”” This method assumes quasi-
reversible kinetics and relates k, directly to the (iRg-corrected)
peak—peak potential, AV}. All parameters obtained for v = 0.1
V/s are summarized in Table 2.

The linearity of Jp  as a function of v'/2 in Figure 4d can be
seen for all electrodes, which is characteristic of diffusion-
controlled (i.e, mass transport-limited) kinetics and fast
heterogeneous electron transfer. The iRg-corrected peak—
peak separation increased only slightly with increasing scan
rate, indicating quasi-reversible behavior for all electrodes. The
figure of merit'" A = ko(RT/FDv)"?* calculated for each scan
rate also pointed to quasi-reversible kinetics, as 15 > A > 1073
(assuming the transfer coefficient @ = 0.5). As shown in Table
2 for v = 0.1 V/s, the reference BDD (acid-cleaned) had the
highest ky of 96 um/s among all acid-cleaned samples. The
laser-textured samples attained a higher electron-transfer rate

43242

after acid cleaning, with ky = 69 and 66 um/s for BDD-500
(high fluence) and BDD-42 (low fluence), respectively. The
reference BDD showed the highest diffusion coeflicient value
of D = 828 um?/s, whereas BDD-42 showed D = 483 um?/s
before acid cleaning and D = 738 um?®/s after acid cleaning.
BDD-500 improved from D = 345 to 615 /,tmz/s. It must be
noted, however, that the laser-texturing process most likely
increased the surface area of the electrodes with the creation of
nanoripples, and thus the obtained diffusion coefficients for
BDD-42 and BDD-500 are likely overestimated. The fact that
D increased after acid cleaning is consistent with an increase in
surface area, and the overall lower values compared to the
reference BDD are consistent with the hindering of mass
transport to and from the electrode surface due to porosity.
The reference BDD also yielded better figures for the anodic
peak current density, Jp 5, and the peak—peak separation, AV,
whereas the laser-textured samples showed improvement after
acid cleaning and similar performance. The combined results
point to faster kinetics for the reduction and oxidation of
ferrocyanide on the reference BDD and highlight the positive
effect of acid cleaning on the electrochemical performance of
the laser-textured BDD.

3.2.2. RuHex. The same analysis was subsequently done in
RuHex, with the results (1) before and (2) after acid cleaning
shown, respectively, in Figure S6 and Figure S. A summary of
the obtained parameters is shown in Table 3. Overall, after iR
correction, the peak—peak separation was found to be almost
independent of the scan rate, showing quasi-reversible kinetics
for all electrodes, as also indicated by the figure of merit A.
Before acid cleaning, BDD-42 (low accumulated fluence)
showed faster kinetics than BDD-500 (high accumulated
fluence), but slower kinetics than the reference BDD. The
values for the diffusion coefficient and electron-transfer rate of
the latter sample resulted in, respectively, D = 877 um?/s and
ko = 154 um/s. For BDD-42, the diffusion coefficient increased
from D = 598 to 778 um?*/s and k, remained effectively
constant at 114—123 um/s after acid cleaning. For BDD-500,
the diffusion coeflicient increased marginally from D = 364 to
390 um?/s, whereas k, decreased from 89 to 54 um/s after acid
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cleaning. Much higher background currents were again
observed for BDD-500 after acid cleaning to such an extent
that it interfered with the fitting of the voltammograms for
higher scan rates (see Figure 5d): before acid cleaning, the Jp
vs v'/? relationship is arguably nonlinear, whereas the curve
measured after acid cleaning, although apparently linear, lacks
the values for higher scan rates. This led to uncertainty in the
calculated slopes, which affected the diffusion coefficient, D,
and thus also k;, and A. Consequently, it is not possible to
affirm an improvement of this electrode’s kinetics after acid
cleaning, despite this being the expected outcome. The much
higher background current of BDD-500 between —0.4 and
—0.3 V after acid cleaning (Figure S) appears to be related to
an additional redox process occurring at the surface of the
electrode, as suggested by the shape of the voltammograms
with extra reduction and oxidation waves in that potential
region. Overall, the results with RuHex point to practically
similar kinetics among the reference BDD and the laser-
textured samples, with the main difference being the increased
background current of the high-fluence BDD-500. The
obtained peak—peak potentials, AV, = ~80 mV, and anodic
peak current densities, Jp, = ~0.2 mA/ cm?, are in the range
expected for BDD and GC.***’

3.3. Electrochemical Impedance Spectroscopy. To
better support the results from cyclic voltammetry, impedance
spectroscopy was employed. Measurements were done in a 0.1
M KCI buffer solution, with and without analyte (i.e, 1 mM
ferrocyanide or RuHex); the impedance data were fitted to the
Randles circuit™ shown in Figure 6, and the final obtained

CPE/Q

w

RCT

Figure 6. Randles circuit modeling a single faradic reaction coupled
with mass transfer. It contains the electric double layer in the
constant-phase element (CPE), Q, the heterogeneous electron
transfer in Rcr, and the diffusion of species near the electrode surface
in the Warburg element, W. In the fitting, W was treated as a CPE
with a phase of ~45° (i, my =~0.5). The series resistance, Ry,
accounts for bulk electrode resistivity, electrolyte resistivity, and
contact resistances.

parameters are listed in Tables 2 and 3, respectively, for
ferrocyanide and RuHex. The y* values (sum of weighted
squares of residuals) indicate the high fit accuracy.

Overall, R was consistent among all samples and solutions,
with an average value of 186.1 + 4.5 Q. That is expected, since
the base electrode material is the same, and the solutions have
the same electrolyte concentration. Thus, the similar series
resistance values point to the laser-textured surfaces being
highly electrically conductive, with the high resistance coming
from the bulk electrolyte. The charge-transfer resistance is a
direct measure of electron-transfer kinetics on the electrode
and can be directly related to the electron-transfer rate, i.e., k,
o 1/Rcr.” In ferrocyanide, both BDD-42 (low accumulated
fluence) and BDD-500 (high accumulated fluence) samples
yielded Rep values which are coherent with the estimated
electron-transfer rates from cyclic voltammetry. That is, the
reference BDD showed the lowest Ry (highest k,), whereas
acid cleaning the laser-textured samples led to the decrease of

Rer (thus increase of k), i.e., improved kinetics, compared to
the as-laser-treated samples. In the case of RuHex, the charge-
transfer resistance of both laser-textured samples improved
after acid cleaning, indicating a marginal increase of electron-
transfer rate.

The double-layer capacitance, Cq, was also estimated from
the impedance data, according to the procedure described by
Hsu et al,*® where the CPE is converted to an effective
capacitance as a function of its ideality factor, ng, and the
frequency, @, where the imaginary part of the complex
impedance, Im(Z), is at its maximum. The obtained values are
summarized in Tables 2 and 3, respectively, for ferrocyanide
and RuHex. In the case of ferrocyanide, the double-layer
capacitance of the laser-textured samples was >10 times higher
than that of the reference BDD, which showed the lowest value
of 10 uF/cm’. The effect of acid cleaning on the capacitance of
the laser-textured BDD samples observed with EIS was
coherent with the observations with CV (see Section 3.2):
the capacitance of BDD-42 (low accumulated fluence)
decreased only slightly from 175 to 159 uF/cm?® whereas
the capacitance of BDD-500 (high accumulated fluence)
increased from 99 to 432 uF/cm? The slight decrease of Cg
for BDD-42 (in both ferrocyanide and RuHex) after acid
cleaning reflects the behavior in the cyclic voltammograms
(Figures 4a and Sa compared to Figures SSb and S6b), which
did not see an increase in background current. This is likely a
consequence of how the particular morphology of the low-
fluence sample was affected by the acid cleaning procedure,
which likely decreased the surface area. In fact, a linear trend of
increasing Cy for increasing laser accumulated fluence was
observed among all samples, from BDD-42 to BDD-630, with
7* = 0.55. The highest-fluence sample BDD-630 resulted in the
highest capacitance of 549 uF/cm” in ferrocyanide, after acid
cleaning. In the case of RuHex, BDD-42 and BDD-500 yielded,
respectively, 139 and 447 uF/cm® upon acid treatment, with
BDD-630 showing an even higher value of 904 uF/ cm?.

3.4. XPS Analysis. To further investigate the change in
electrode kinetics and the increase in double-layer capacitance
after acid cleaning, additional XPS analysis of both low-fluence
and high-fluence samples was performed, as shown in Figure 7.
Significant changes on the composition of the surface can be
seen after acid cleaning, namely, the appearance of the ~289
eV component, which indicates the presence of oxidation
states mostly attributed to carbonyl groups, and the ~293 eV
component, which is a 7—7z* shake-up satellite peak arising
from the delocalization of electrons in conjugated aromatic
compounds,””*® which were not present before acid cleaning.
That supports the increased degree of order of the graphitic
layer observed by Raman spectroscopy, as well as the activation
of the surface with chemically active sites, which contribute to
the enhanced double-layer capacitance. The reference BDD
also shows the presence of carbonyl groups, due to the acid
cleaning process. Figure 7 also includes the XPS data of BDD-
42 and BDD-500 after the ripples were removed by (3)
polarization in HNO;, which exposed the laser-ablated
diamond surface, as discussed in detail below. Figure S7 in
the Supporting Information shows that contamination can be
ruled out as the origin of those features in the XPS spectra.

3.5. Effect of Polarization in Nitric Acid. Potential
cycling in nitric acid is typically performed on diamond
electrodes before electrochemical measurements, to produce a
more stable and electrochemically reproducible O-terminated
surface.*”*” Due to the initial interest in investigating the
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Figure 7. XPS spectra of the laser-textured samples at different stages:
(1) before acid cleaning, (2) after acid cleaning, and (3) after
polarization in HNOj;. (a) Low accumulated fluence sample BDD-42;
(b) high accumulated fluence sample BDD-500. Spectra of the
reference BDD after acid cleaning were added for comparison. The
spectra are shown as measured, i.e., without correction of
conductivity-induced shift in energy.

pristine laser-textured BDD surface, this procedure was
skipped for the electrochemical characterization described
above and applied later as a last step. A strong cycling between
2.5 and 3 V (ohmic regime) with >10 repetitions was chosen
to remove the sp® carbon layer from the diamond and to
quickly stabilize the electrode in an oxygenated state. After
that, the samples were again measured in 0.1 M KCI with and
without 1 mM ferrocyanide or RuHex. The results are shown
in Figure 8 and summarized in Tables 2 and 3, respectively.
It can be seen that, after strong polarization in HNO;, the
background current of the laser-textured samples became
much smaller than before (more than S-fold for BDD-500),
down to ~6 pwA/cm? and much more similar to the
background current of the reference BDD. Also, the potential
windows became almost identical to those of the reference
BDD. The drastic change in background current can also be
seen in the voltammograms measured in ferrocyanide and
RuHex (Figure 8a—d) compared to Figures 4 and 5. Both low-
and high-fluence samples showed an identical behavior after
strong polarization in HNOj; and more similar j—V profiles to
the reference BDD. The impedance spectroscopy analysis of
BDD-42 and BDD-500 also confirmed the decrease in
background current from the reduction of the double-layer
capacitance, Cg, from 159 to 38 uF/cm?* (>4-fold) for BDD-42

and from 432 to 36 uF/cm®? for BDD-500 (>11-fold),
measured in ferrocyanide. A similar outcome was observed
in RuHex.

The electrode kinetics of BDD-42 and BDD-500 improved
substantially after polarization in HNOj;. Looking at Table 2, in
the case of ferrocyanide, it can be seen that reversibility, A,
increased, the peak—peak potential decreased, the diffusion
coefficient increased, and the rate constant also increased for
both laser-textured samples. BDD-42 and BDD-500 showed
nearly identical parameters. The EIS analysis also confirmed
the improved kinetics with the reduction of the charge-transfer
resistance, Rep, from 309 to 44 Q for BDD-42 and from 449 to
32 Q for BDD-500, ie, 3—4 times lower than that for the
reference BDD. In the case of RuHex (Table 3), BDD-42 and
BDD-500 also showed improved kinetics and reversibility after
strong polarization in HNOj;, performing quite similar to the
reference BDD. However, EIS showed an increase of Ry,
which contradicts the increase of k, as estimated from cyclic
voltammetry. Nevertheless, the Rcr values of 27 and 28 Q for
BDD-42 and BDD-500, respectively, are lower than the 60 €
obtained for the reference BDD.

The change in electrochemical behavior of BDD-42 and
BDD-500 was further studied by Raman spectroscopy and
SEM performed on the active electrode areas that were
subjected to strong polarization in nitric acid and the
electrochemical measurements that followed. Figure 9a
shows the Raman spectra of BDD-42 and BDD-500 after the
treatment, revealing that the predominant sp> nature of the
laser-textured surface (as seen in Figure 2) was reverted back
to that of the untreated BDD. The SEM images in Figure 9b,c
show the absence of ripples and the presence of scars, which
likely originate from laser ablation of the BDD surface.

The enhanced electrochemical behavior of the laser-textured
electrodes after strong polarization in nitric acid is not entirely
clear. While the Raman spectra indicate a predominantly, if not
exclusively, B-doped diamond surface, the plan-view SEM
images (Figure 9b,c) indicate that some of the sp* carbon-rich
materials from the laser-texturing process still remained on the
surface, which may have conferred to the electrode surface a
more favorable environment for the redox reaction of
ferrocyanide, as the data from Table 2 indicate. In the case
of RuHeg, although the polarization in nitric acid improved the
kinetics relative to the previous state (i.e., laser-textured
surface, acid-cleaned), as observed from cyclic voltammetry,
the values did not quite match those of the reference BDD. On
the other hand, EIS data pointed to a slight decrease in
performance (i.e.,, higher Rcr), which could be related to a
decrease of surface conductivity from the loss of sp> carbon.
Looking at the XPS spectra in Figure 7, it can be seen that the
n—n* shake-up satellite peak and the C=O peak are not
present after polarization in HNO;, whereas a C=C (sp?)
shoulder is visible for both laser-textured samples. The results
point to a substantial change of the surface, with only residual
sp> carbon content left.

Further SEM analysis of all samples in cross section was
carried out to better differentiate the surface morphologies (1)
before laser texturing, (2) after laser texturing, and (3) after
strong polarization in nitric acid. The images are shown in
Figure 10. In Figure 10a, the typical polycrystalline structure of
the as-grown BDD can be seen, with pyramids formed by the
crystallographic facets of the individual diamond grains. Figure
10b shows the laser-textured BDD-42 (low accumulated
fluence), while Figure 10d,e shows the laser-textured BDD-
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Figure 8. Effect of strong polarization in HNO; on the subsequent electrochemical behavior of the laser-textured samples. (a, b) Cyclic

voltammograms in 0.1 M KCI aqueous solution containing 1 mM Fe(CN);

3=/4 at different scan rates. (c, d) Cyclic voltammograms in 0.1 M KCl

aqueous solution containing 1 mM Ru(NH;)¢**/?* at different scan rates. (e) Cyclic voltammograms in 0.1 M KCl aqueous solution without redox
couple. Each curve corresponds to the 10th cycle. (f) Relationship between anodic peak current density and square root of the scan rate, for each
sample, for both redox couples. The linearity was high in all cases, with all r* above 0.99.

500 (high accumulated fluence). In both cases, the nano-
structured, rippled surfaces can be clearly distinguished from
the underlying BDD. The depth of the laser-textured surface is
roughly in the range of 100 nm, similar for both low and high
accumulated fluences. Figure 10c¢f shows the respective
surfaces after strong polarization in nitric acid, revealing the
diamond structure that was left underneath the laser-textured
surface. Both the morphology and image contrast show that
the ripples were completely removed, exposing a BDD surface
covered by scars arising from laser ablation, which are more
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prominent for the high-fluence treatment. Figure 10g
schematically summarizes those observations discussed above.

4. DISCUSSION

4.1. Laser Texturing. The results from SEM and Raman
spectroscopy indicate that the laser-texturing procedure for
heavily B-doped diamond led to the formation of somewhat
irregular quasi-periodic structures consisting of predominantly
sp® carbon material. This is significantly different from the
black diamond films previously obtained by laser-texturing
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Figure 9. (a) Raman spectra of the laser-textured BDD samples after
strong polarization in 0.1 M HNOj;. The spectrum of the acid-cleaned
reference BDD was added for comparison. The dashed vertical line
indicates the position of the (undoped) diamond one-phonon Raman
line. The inset shows a photograph of the BDD-500 sample after the
treatment, highlighting the physical change of the surface inside the
active area (yellow arrow). (b, ¢) SEM images of (b) BDD-42 and (c)
BDD-500 after polarization in HNO;.

polished, optical-grade polycrystalline diamond,”” where the
ripple formation was achieved with far higher accumulated
fluences (from 2.5 to 12.5 kJ/cm?” versus 0.014 to 0.410 kJ/cm?
in this work) and consisted of more regular structures without
the presence of sp* carbon after acid cleaning. In the report
from Granados et al,”” where polished BDD with lower
doping level was used (~0.01 atom % compared to ~2.8 atom
% in this work), the formation of ripples was achieved starting
from laser accumulated fluences of ~2 kJ/cm? which is
consistent with the observations on undoped diamond.””*’
Our results thus indicate that heavily B-doped diamond
undergoes a different mechanism of LIPSS formation than
diamond with lower doping concentrations, likely due to a
combination of optical and material properties: on the one
hand, heavily boron-doped diamond is reported to show an
unusually high extinction coefficient in the visible to near-
infrared region,51 causing the incident laser energy to be
absorbed in a smaller volume of the BDD surface. The higher
local energy density, further helped by BDD’s lower thermal
conductivity,” is thus sufficient to initiate graphitization of the

diamond at lower laser fluences. On the other hand, heavily
boron-doped diamond is also known to be a softer material. In
a previous work,” we showed that both the hardness and
elastic modulus of BDD films with 2.8 atom % [B/C] were
roughly 2 times smaller than in the case of 0.6 atom %. The
wear rate of BDD films was found to increase proportionally
with the doping level, with the 2.8 atom % films wearing at
least 3 times faster than the 0.6 atom % ones. Thus, we
attribute the formation of the observed sp” carbon-rich ripples
in the present work to the particular optical and material
properties of heavily B-doped diamond films, which may
translate into a lower ablation threshold for this material than
for diamond of lower doping levels. In a recent work by Cadot
et al,”* the ablation of BDD (with lower [B]) by a single
nanosecond laser pulse (30 ns, 1064 nm wavelength) was
studied theoretically and experimentally. They reported that
BDD undergoes a thermally driven graphitization process, with
the formation of a nanocrystalline graphite layer at low fluences
(<30 J/cm?), which transforms into an amorphous layer at
higher fluences, due to melting. A higher degree of disorder of
the graphitized layer was observed near the surface, which is
coherent with our observations from Raman spectroscopy
before and after acid cleaning (Figure 2). Overall, despite the
laser ablation conditions in their work being significantly
different from the present work, the results further support our
observations that LIPSS on heavily boron-doped diamond
induces a stronger graphitization of the surface.

The graphitic nature of the ripples was further confirmed by
the effect of strong polarization in nitric acid. This process is
known to induce the removal of active sp> carbon material
from the electrode surface, presumably by oxidative dissolution
or complete “burning” into CO,, with the etch rate being
proportional to the relative sp®/sp® content exposed to the
electrolyte.*”>> The Raman and SEM results shown in Figures
9 and 10c/f, respectively, measured after polarization in nitric
acid, clearly show the removal of the sp* carbon ripples,
exposing features of a predominant diamond surface. The
Raman spectra of both low- and high-fluence samples were
identical to each other and nearly identical to the reference
BDD, presenting the same features. The SEM images, however,
still show an electronic contrast, which suggests the existence
of leftovers from the sp® carbon layer that were not fully
removed by the nitric acid procedure and which may be
responsible for the improved electrochemical performance of
the electrodes, as seen from the kinetic parameters measured in
ferrocyanide (Table 2) and RuHex (Table 3). This is
supported by the visible C=C (sp?) shoulder in the XPS
spectra of the laser-textured samples after polarization in
HNO;, shown in Figure 7.

4.2. Electrochemical Performance. Overall, the laser-
texturing process with the formation of sp® carbon led to
slightly slower electrode kinetics for ferrocyanide, for both low
and high fluences, as can be seen in Table 2 and Figure SS (i.e.,
lower peak currents in the voltammograms). That is somewhat
surprising, given that the presence of sp® carbon is known to
efficiently catalyze electron transfer on glassy carbon or highly
oriented pyrolytic graphite (HOPG) electrodes.”*” Diamond
electrodes with high-phase purity are not favorable for the
redox reaction of ferrocyanide, as it exhibits inner-sphere
electron transfer and relies on the presence of specific
adsorbates, chemical sites, and surface termination’® ’ to
catalyze electron transfer. Thus, we attribute the observed
slower kinetics after laser texturing to two possible reasons: (1)

DOI: 10.1021/acsami.8b15951
ACS Appl. Mater. Interfaces 2018, 10, 43236—43251


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b15951/suppl_file/am8b15951_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b15951

ACS Applied Materials & Interfaces

Research Article

Before laser texturing

After laser texturing

(iii)

Ablated BDD
surface

After polarization in HNO;

Figure 10. Cross-sectional SEM images of (a) reference BDD (i.e., before texturing), (b) BDD-42 (low accumulated fluence) sample after
texturing and acid cleaning, (c) BDD-42 after strong polarization in 0.1 M HNO;, (d) BDD-500 (high accumulated fluence) sample after texturing
and acid cleaning, (e) higher magnification of (d), and (f) BDD-500 after strong polarization in 0.1 M HNOj;. The images were acquired with 10°
tilt toward the surface. Images are at the same scale, except for (e). (g) Schematic description of (a), (b), and (c), respectively, in (i), (ii), and (iii).

the presence of debris partially obstructing the surface, on the
one hand, and (2) the reconstruction of the surface into (likely
amorphous) forms that are not electrochemically active, as the
laser-texturing process was carried out in vacuum (i.e., no
oxygen, no hydrogen). This hypothesis is supported by the fact
that the electrochemical behavior of the laser-textured samples
in RuHex was more similar to the behavior of the reference
BDD, considering the overall picture from the CV and EIS
data shown in Table 3 and Figure S6. As RuHex undergoes
outer-sphere electron transfer on carbon electrodes and is
mainly affected by surface conductivity,”® the lack of
chemically active sites did not hinder electron transfer. The
electrode performance in RuHex thus indicates that the surface
conductivity was not negatively affected by the laser-texturing
process.

After acid cleaning, which is a strongly oxidative process, the
electron-transfer kinetics in ferrocyanide improved for both
laser-textured samples (see Table 2), likely due to the partial
removal of amorphous carbon and to the activation of the
surface with functional groups (e.g, hydroxyl, carboxyl) and
aromatic compounds that were not present before, as indicated
by XPS measurements (Figure 7). The most striking change,
however, was the massive increase in background current of
the BDD-500 (high-fluence sample), by more than 3-fold,
whereas the background current of the low-fluence sample
remained effectively unchanged (see Figure 4). As suggested
by the Raman spectra and SEM images taken in this state (see
Figure 2), we argue that both the improvement in kinetics for
ferrocyanide and the increase in background current were

caused by a combination of material removal and surface
functionalization. The boiling concentrated H,SO, and HNO;
etched away weakly bound sp* carbon debris and likely also a
certain fraction of the ripples themselves, contributing to an
increase of the electroactive area, particularly of the high-
fluence sample, while at the same time creating chemically
active sites for the redox reaction of ferrocyanide. The effect of
acid cleaning on the electrochemical behavior in RuHex, on
the other hand, is less clear, likely due to the uncertainties
discussed in Section 3.2.2. There, the cyclic voltammetry
analysis suggests worse kinetics for BDD-500 and better for
BDD-42, whereas the impedance analysis suggests improved
kinetics for both, thus pointing to improved conductivity (see
Table 3). However, the substantial increase in double-layer
capacitance after acid cleaning was also evident in RuHex (see
Figure S).

The analysis of all laser-textured samples revealed a clear
relationship between the full width at half-maximum of the D-
and G-bands in the Raman spectra and the reversibility
parameter, A, of the electrodes in ferrocyanide after acid
cleaning, as shown in Figure S8 (Supporting Information). The
lower the degree of disorder of the surface (i.e., from
amorphous to graphitic), the higher the electrode kinetics,
with BDD-42 and BDD-500 showing the best performances.

After polarization in HNO;, both electrodes showed
improved kinetics for ferrocyanide (even better than the
reference BDD) and comparable kinetics to the reference BDD
for RuHex. The effect can be explained as a consequence of
excess amorphous carbon material formed by the laser ablation

DOI: 10.1021/acsami.8b15951
ACS Appl. Mater. Interfaces 2018, 10, 43236—43251


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b15951/suppl_file/am8b15951_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b15951/suppl_file/am8b15951_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b15951

ACS Applied Materials & Interfaces

Research Article

process being removed from the surface of the diamond. This
amorphous material decreased electrode kinetics, as seen
earlier for both laser-textured samples before and after acid
cleaning. However, as indicated by the sp® shoulder on the
XPS images in Figure 7, the electrodes after polarization in
HNO; still contain a small percentage of nondiamond phase,
which likely catalyzes the redox reaction of ferrocyanide. The
increase in electrode kinetics suggests that controlled laser
ablation of the BDD surface could be used as a strategy to
enhance its sensitivity and tune its selectivity toward specific
redox couples and thus enhance the performance of BDD
applied as electrochemical (bio)sensor.

4.3. Electrode Performance for Cell Stimulation and
Energy Storage. The most prominent effect of laser texturing
on the BDD electrodes was the huge increase in capacitive
charging, which is a very important electrode property for cell
stimulation and recording®"®* and for applications as super-
capacitors.'”"* Diamond has been of particular interest for
such applications due to its biocompatibility and chemical
inertness. However, its inherent low dielectric constant, which
is an advantage for (bio)electrochemical sensing, is a
disadvantage for cell stimulation and electrochemical super-
capacitors. This has led to the investigation of different surface
nanostructuring routes to increase the electroactive area and
thus enhance charge-storage capacity (CSC), most of them
consisting of coating carbon nanotube (CNT), polymeric or
other scaffolds with diamond,'"'*'® or producing nano-
'215 These approaches have the disadvantages of being
complex to fabricate and require the use of materials that are
foreign to the diamond electrode, such as polypyrrole, which
may suffer from issues with diamond seeding and growth (i.e.,
incomplete coating) and poor long-term stability. All of these
issues can be avoided with laser texturing, as LIPSS can be
performed locally at the desired electrode location, quickly and
in one step, creating the required all-carbon nanostructures on
the electrode surface without complexity. Indeed, the results in
Figure 11 confirm that laser texturing can significantly enhance
the CSC. The left axis displays the same voltammograms from
Figure 3 as a function of time, whereas the right axis shows the
total charge (sum of anodic and cathodic currents), CSC,,, =
CSC, + CSC,, from the integrated voltammograms. Laser
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Figure 11. Time-dependent voltammograms (left axis) and total
charge-storage capacity (right axis) of the laser-textured samples
BDD-42 (low accumulated fluence), BDD-500 (high accumulated
fluence), and reference BDD, all after acid cleaning, measured in 0.1
M KCl aqueous solution at 0.1 V/s scan rate. Each curve corresponds
to the 10th cycle.
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texturing at high accumulated fluence led to >6-fold increase of
total CSC compared to the untreated reference sample, from
0.5 to 3.2 mC/cm? This is, to the best of our knowledge, the
first report of CSC for laser-textured BDD and also the highest
reported value for a modified BDD surface without the use of
scaffolds (see Table 4). The laser-textured BDD also
performed remarkably well compared to the highly surface-
enhanced BDD foam/paper reported by Gao et al."” applied as
supercapacitor: with a much lower electroactive area and
single-step surface texturing, we obtained a comparable
double-layer capacitance of roughly 0.7 mF/cm” at only 0.1
V/s (see Table 4).

The second important electrode parameter is the impe-
dance, which should be low to enable signal collection and
recording,”* as well as fast charging/discharging. The summary
in Table 4 shows the normalized impedance (i.e., 1Z| X A),
measured at 1 kHz, of a few reported microelectrodes. The
values are typically in the order of a few € cm? while a state-
of-the-art value of 0.16 Q cm? for diamond'' was achieved
using CNT scaffold onto a 3.14 x 107° cm® BDD
microelectrode, thus leading to a much higher electroactive
area. There, the bare BDD with the same geometric area led to
an impedance value of 3.14 Q cm? which is in the same range
as for other nondiamond, high-surface-area polymer/CNT
composite materials.’® In the present work, the measured 1Zl at
1 kHz for the high-fluence laser-textured sample was 195 Q,
which corresponds to the total series resistance of the circuit,
including the electrolyte resistance, as was systematically
measured by EIS in ferrocyanide and RuHex (see Section
3.3). This is because we employed a relatively large-scale
electrochemical setup, instead of a closely spaced cell or
microelectrode configuration. As the impedance modulus
curve was flat from 10' to 10° Hz (see Figure S9 in the
Supporting Information), the real electrode impedance can be
approximated to its bulk resistance of 12.5 Q (ie. 2.74 Q
cm?). This competitive value, together with the high CSC,
makes laser texturing a viable and attractive route for the low-
cost fabrication of nanostructured diamond electrodes for cell
stimulation/recording and energy storage.

5. CONCLUSIONS

In summary, we reported a comprehensive characterization of
the electrochemical and morphological/structural properties of
laser-induced periodic surface structures (LIPSS) formed on
heavily boron-doped CVD diamond (BDD). We observed
LIPSS formation on this material at much lower accumulated
fluences than the 2 kJ/cm® typically used for diamond with
lower doping levels. This was attributed to stronger laser
energy absorption at the BDD surface, as well as to the lower
hardness and elastic modulus of heavily B-doped diamond.
The LIPSS process led to the formation of sp* carbon-rich
surfaces, with a high accumulated fluence of 0.325 kJ/cm”
leading to a more regular and periodic rippled morphology
than the low accumulated fluence of 0.027 kJ/cm? Cyclic
voltammetry and impedance spectroscopy measurements in
ferrocyanide and RuHex enabled the quantification of
electrode kinetics in several electrode states, ie, (1) as-
textured, (2) after acid cleaning, and (3) after removing the
ripples with strong cycling in nitric acid. The laser-texturing
process led to slower kinetics for ferrocyanide, relative to the
untreated BDD, despite the increased sp* carbon content on
the surface. The acid cleaning treatment improved the
electrode performance through partial etching of sp® carbon,
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Table 4. Comparison of Several Reported Electrode Properties

material Cy (mF/cm?) CSC, . (mC/cm?) scan rate (V/s) potential window (V) electrolyte 1 kHz 1Z| (Q cm?)

diamond

BDD" 0.07 0.22 0.1 33 LiClO, 3.14

CNT/BDD" 3 10 0.1 33 LiClO, 0.16

PPy/NCD'¢ 3 53 0.1 2.8 LiClO,

N-UNCD® 0.3 2.9 PBS

BDD paper'? 0.69 2.5 NaClO, 1.95°

this work” 0.66 1.6 + 0.1 0.1 2.1 KClI 2.74
others

PEDOT** 75 0.05 1.3 PBS 0.095

r0,%* 28 0.05 14 PBS 0.47

PPy/CNT® 67.7° 0.1 1.6 NaCl 3.88

PEDOT/CNT® 923" 0.1 1.6 NaCl 425

“Parameters from the high-fluence sample BDD-500. *Total charge-storage capacity, which is roughly twice the anodic/cathodic charge-storage

capacity, CSC,,.. “Roughly estimated.

by exposing graphitic material with higher crystallinity and by
activating the surface with chemically active sites. The best
electrode performance was achieved after step (3), by exposing
the ablated diamond surface directly to the solution, which
suggests that the controlled laser ablation of the BDD surface
can be used to enhance its sensitivity and selectivity toward
specific analytes for electrochemical (bio)sensing. Overall, the
LIPSS process had a significant impact on the double-layer
capacitance, Cy: the formation of ripples with a high laser
accumulated fluence of 0.325 kJ/cm? led to an increase in Cy
from 20 uF/cm? for the untreated BDD up to 660 uF/cm? for
the laser-textured BDD. As a consequence, the anodic/
cathodic charge-storage capacity increased from 0.5 to 1.6
mC/cm?” after laser texturing. A general trend of increasing
capacitance for increasing laser fluence was observed, with the
highest fluence of 0.410 kJ/cm?® leading to 1080 uF/cm®
Impedance spectroscopy measurements in RuHex showed an
increase in capacitance of the high-fluence electrode up to a
factor of ~3, while measurements in ferrocyanide yielded a
factor of up to ~40. Together with a low impedance of 2.74 Q
cm?, the high-fluence laser-textured BDD with its enhanced
capacitive charging showed great potential as electrode for cell
stimulation and energy storage as supercapacitors.

Overall, we demonstrated that LIPSS is a promising,
scalable, cleanroom-free, and versatile method for the
modification of the electrochemical properties of boron-
doped diamond. This technique allows the simultaneous
manipulation of the electroactive area, as well as the chemical
nature of the diamond surface by introducing sp®> carbon
phases. If performed in controlled atmosphere (i.e., containing
O, H,, or other gases), LIPSS process on BDD has the
potential to promote in situ surface functionalization with a
wider range of functional groups. Combining that with further
optimization of laser-texturing conditions (e.g., laser wave-
length, pulse energy, etc.), as well as double texturing by
scanning the laser beam in orthogonal directions,”® LIPSS is
expected to enable an even greater degree of control over the
electrochemical properties of carbon electrodes in general and
lead to future BDD electrodes with higher charge-storage/
injection figures and enhanced sensing performance for specific
target molecules, such as dopamine, paracetamol, glucose, and
others.
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B SYMBOLS

Symbol, unit, Description

a, 0—1, transfer coefficient from Butler—Volmer theory of
charge transfer in an electrochemical cell

A, cm?, geometric area of the electrodes

Cyy #F/cm?, double-layer capacitance

Caleqy ME/ cm? equivalent double-layer capacitance esti-
mated from the constant-phase element

CSC,/, mC/cm?, anodic/cathodic charge-storage capacity
CSC,y, mC/cm?, total charge-storage capacity

D, cm?/s, diffusion coefficient of species near the electrode
surface

F, C/mol, Faraday constant

A, figure of merit for the reversibility of electrode kinetics
i, mA, current
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j, mA/cm?, current density

Jo.a mA/cm’, anodic peak current density

ko, um/s, electron-transfer rate

A, nm, wavelength of the laser incident on the sample

n, index of refraction of diamond

ng (0—1), ideality factor of the constant-phase impedance
element

fy, (0—1), phase of the Warburg element (~0.5 for 45°
phase)

Qp, s"/Q, coeflicient of the constant-phase element
(pseudocapacitance), with units in seconds to the nyth
power per Ohm

7%, (0—1), adjusted coefficient of determination

R, J/(mol K), ideal gas constant

Rty Q, charge-transfer resistance

Rg, Q, bulk series resistance

T, K, absolute temperature

Vo, mV, formal potential

AVp, mV, peak—peak separation, i.e, Vp,—Vpc

Vp o, mV, anodic peak potential

Vp,c, mV, cathodic peak potential

v, V/s, potential scan rate applied in cyclic voltammetry
measurements

v, mm/s, raster speed of the laser spot across the sample
surface

W,, s'%/Q, Warburg coefficient of the Warburg impedance
element

X, sum of weighted squares of residuals from the impedance
fitting

1Zl, Q cm?, normalized impedance modulus

@ 1ad, frequency at which the Im(Z) is at its maximum
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