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a b s t r a c t

Electrochemical and biological properties are two crucial criteria in the selection of the materials to be
used as electrodes for neural interfaces. For neural stimulation, materials are required to exhibit high
capacitance and to form intimate contact with neurons for eliciting effective neural responses at
acceptably low voltages. Here we report on a new high capacitance material fabricated using nitrogen
included ultrananocrystalline diamond (N-UNCD). After exposure to oxygen plasma for 3 h, the activated
N-UNCD exhibited extremely high electrochemical capacitance greater than 1 mF/cm2, which originates
from the special hybrid sp2/sp3 structure of N-UNCD. The in vitro biocompatibility of the activated N-
UNCD was then assessed using rat cortical neurons and surface roughness was found to be critical for
healthy neuron growth, with best results observed on surfaces with a roughness of approximately 20 nm.
Therefore, by using oxygen plasma activated N-UNCD with appropriate surface roughness, and consid-
ering the chemical and mechanical stability of diamond, the fabricated neural interfaces are expected to
exhibit high efficacy, long-term stability and a healthy neuron/electrode interface.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Neural interfaces, also called brain-computer interfaces, which
are formed at the interface of neural prosthesis and the neural
tissues, hold the potential to treat or assist people with disabilities
of neural function. Neural interfaces have the potential to restore or
enhance the function of neural tissues which might be damaged or
lost due to disease or injuries. Common targets for such devices are
hearing loss [1], vision impairment [2,3] and paralysis [4,5]. Beyond
medical applications, the emergence of neural interfaces offers the
promise of technologies that formerly resided only in the realm of
scientific fiction. For instance, the emergence of technologies that
permit control of machines with our mind potentially frees us from
the physical limitations of our bodies and could greatly increase our
capabilities. Neural interfaces also offer a unique means to gather
rrett).
insight into our basic understanding of neurosciences, in particular
insights concerning brain function and the mechanisms behind
neural diseases.

The generation of action potentials by electrical stimulation or
transduction of action potentials by electrical recording forms the
basis of neural prosthetic interfaces [6]. The properties of elec-
trodes at the interfaces for neural stimulation and recording are
critical to the success of the devices. The selection of electrode
material directly determines the efficacy, reliability and lifetime of
the neural interfaces. Apart from the requirements of chemical and
biochemical stability, it is necessary for the interfacing materials to
be able to be processed into devices, exhibit robust mechanical
stability and maintain electrochemical functionality within the
harsh biological environment over the long term [7]. The biocom-
patibility of the interface material is another critical prerequisite in
that any increase in distance formed between the electrodes and
the target neural cells due to acute or chronic inflammation
resulting in neuron loss may have adverse health outcomes and
decreased neural functionality. These processes will ultimately
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significantly degrade the performance of the electrodes [8,9]. For
stimulation applications, any increase in the electrode to neuron
distance will increase the current required for excitation [10] and
when used for recording, the distance between the active neurons
and the electrode is inversely related to the amplitude of the signals
obtained [6]. In addition, meeting the requirements for the elec-
trochemical properties of the electrodes is also pivotal. The
capacitance and impedance at the electrode-tissue interface
directly impacts the safety and efficacy of stimulation [11,12] and
the quality of recording [13,14]; electrochemical reactions at the
interface can lead to electrode dissolution [15] and production of
chemical species that may be damaging to tissues [6,12]. Therefore,
it is difficult to find a material to fulfill all these requirements, viz.
biocompatibility, high charge injection capacity, low impedance,
chemical and electrochemical stability, simultaneously.

Conventionally, neural electrodes have been fabricated using
materials such as platinum [16], gold [17] and conducting polymers
[14]. These have been demonstrated to record or stimulate neural
activity both in vitro and in vivo [13,14,16,17]. There are however
concerns when using these materials. For example, metals such as
platinum and gold exhibit low charge injection limits and high
impedance, which can be unsuitable for effective electrical stimu-
lation and high quality recording, particularly when very small
electrodes are employed [13]. In the case of conducting polymers,
their mechanical properties are not ideal, as they are quite brittle
[18,19]. Recently developed polymers, named “shape-memory
polymers (SMPs), can change mechanical properties in vivo to
improve the modulus and geometry match with body tissue after
rigid insertion, thus reducing the damage to neural cells as can
happen when implanting electrodes of stiff materials such as
platinum and other metals [20,21]. However, the lack of electro-
chemical stability is another limiting problem when using con-
ducting polymers for long-term neural interfaces [22]. Therefore, it
is desirable to explore other materials with a combination of better
intrinsic properties for the development of neural interfaces.

In comparison with the conventional materials used for neural
interfaces, diamond possesses a number of desirable properties for
advanced biomedical applications [23,24]. Diamond exhibits
outstanding biochemical stability, chemical inertness and me-
chanical stability. Therefore devices fabricated from diamond are
expected to operate steadily for longer periods of time than many
other materials. Studies have shown that diamond produced by
chemical vapor deposition (CVD) is highly biocompatible, eliciting a
minimal immune response comparable to that of titanium [25] or
medical grade silicone [26]. Diamond can promote the adhesion,
proliferation and differentiation of various types of cells, including
fibroblasts [27,28], osteoblasts [29] and many other cell lines
[30,31]. By incorporating non-carbon contaminants such as boron
and nitrogen, the fabricated diamond can be rendered highly
conductive [32,33] therefore attractive to be utilized for neural
interfaces.

One drawback of using diamond for neural interfacing is that it
typically exhibits very low electrochemical capacitance. Diamond
has long been shown to exhibit a large water window but the small
electrochemical capacitance of conventional diamond materials,
and the corresponding low charge injection capacity results in a
material that is generally not suitable for neural stimulation.
Modified versions of diamond however have been found to be
suitable for neural stimulation. For example, a device fabricated by
The Bionic Vision Australia (BVA) consortium for restoring the sight
of blind people utilizes nitrogen included ultrananocrystalline
diamond (N-UNCD) as the conducting form of diamond for retinal
stimulation, attached to the inner surface of the retina (epi-retinal)
using a magnetic attachment method [34]. Previous results have
reported the maximum charge injection capacity for the N-UNCD
electrodes on the BVA device was 160 mC/cm2 (after electro-
chemical activation [35]), a value that was later improved to
300 mC/cm2 [36]. An In vivo study was subsequently conducted by
Shivdasani et al. and they showed that a single 120 � 120 mm2

square N-UNCD electrodes as part of an array, attached retinally,
could elicit a response in the visual cortex of a cat with charge in-
jections as low as 30 mC/cm2 [37]. Some electrodes however
required over 400 mC/cm2 to elicit a response, higher than the safe
charge injection capacity of the diamond (300 mC/cm2). The term
“charge injection capacity” is defined as the amount of charge that
can be injected into the electrode before the voltage of the elec-
trode exceeds a predetermined safe limit. Mathematically this is
the equivalent of multiplying the electrochemical capacitance of
the electrode by the maximum safe voltage. We have previously
determined the safe voltage window for diamond as lying
between �1.8 and 1.1 V [36] therefore the lower of these limits
(1.1 V) is used to determine the charge injection capacity. Therefore,
for diamond, charge injection capacity can be derived from
capacitance by multiplying by 1.1 V.

In this paper, we report an increase in the electrochemical
capacitance and therefore charge injection capacity of N-UNCD
from 17 mF/cm2 for the as-grown material, to more than 1000 mF/
cm2 after 3 h of treatment with low energy (50W, 25% O2 in argon)
oxygen plasma, resulting in a charge injection capacity of more
than 1 mC/cm2. The origin for this increase, and the role of hybrid
sp2/sp3 carbon in N-UNCD is one foci of this paper. We hypothesize
that the increase in capacitance is due to the incorporation of ox-
ygen functionalities followed by etching of the electrochemically
active graphitic grain boundaries in the nanocrystalline diamond
film. The in vitro biocompatibility of activated diamond was then
assessed using primary rat cortical neurons and the surface
morphology was found to be critical for neuron attachment and
neurite outgrowth. The study not only provides a simple and effi-
cientmethod for improving both the electrochemical and biological
properties of N-UNCD films, it might also shed light on improving
other forms of carbon materials for neural interface applications.
Significantly the results provide a method of producing a diamond
electrode that is optimized for both high charge injection capacity
and biocompatibility.

2. Materials and methods

2.1. Diamond preparation

Synthesis of N-UNCD films: N-UNCD films were deposited onto
10 � 10 mm n-type Si (100) substrates (MMRC Pty Ltd) using an
Iplas microwave plasma-assisted chemical vapor deposition sys-
tem, as described previously [35]. Briefly, silicon substrates were
seeded before deposition with nanodiamond (NanoArmor) by ul-
trasound in ~5 nm nanodiamond/methanol solution. A gas mixture
of 79% argon, 20% nitrogen and 1% methane (All gases, BOC
Australia, purity 99.999%) was used. During the growth, the mi-
crowave power was maintained at 1000 W, gas pressure at 90 Torr,
and stage temperature at 900 �C. All the N-UNCD films were grown
for 15 h, resulting in a film thickness of 6e8 mm and a conductivity
(two-point measurement) of 46 S/cm.

Unless specifically mentioned, the experiments were conducted
using the grown surfaces of the N-UNCD films without removing
the silicon substrates. Some N-UNCD surfaces with low roughness
were obtained by dissolving away the silicon substrates with an
etchant solution (HF: HNO3: CH3COOH ¼ 10:10:1) revealing the
‘seeding’ side of the diamond films which in general is smoother
than the growth side.

After the N-UNCD synthesis, samples were placed in a Diener
Femto plasma cleaner using a 3:1 argon: oxygen plasma at 45 sccm
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with a power of 50 W for varying amounts of time from 0.5 min up
to 7 h. Hydrogen plasma treatment was performed in an Iplas mi-
crowave plasma-assisted CVD system using a plasma power of
2000W, a flow rate of 1000 sccm and a chamber pressure of 80 Torr
for 1 min.

2.2. Electrochemical characterization

Electrochemical experiments were conducted on an EDAQ
EA163 potentiostat using a purpose-built Teflon electrochemical
chamber as previously described [35]. The N-UNCD electrodes were
secured to the bottom of the chamber with a small area exposed to
the electrolyte solution. The exposed area was approximately
0.196 cm2 defined by an O-ring. The electrical contact to the N-
UNCD electrodeswasmade using a copper wire glued to the surface
with silver epoxy outside the area defined by the O-ring. A plat-
inum wire counter electrode and an Ag/AgCl (1 M KCL) reference
electrode was introduced through the chamber lid.

For measuring the electrochemical capacitance, cyclic voltam-
metry (CV) was conducted in pH 7.4 50 mM phosphate buffered
saline (PBS, 0.13 M NaCl) at room temperature at scan rates from 10
to 50 mV/s over a voltage range from �100 mV to 100 mV vs Ag/
AgCl. The capacitance was calculated, as previously described [35],
according to the relationship I ¼ C

�
dV
dt

�
, where I is the current (A),

C is the specific capacitance (F), and dV=dt is the scan rate (V/s). The
slope from the current magnitude of a series of cyclic voltammo-
grams at a given potential (0 V in this instance) versus the scan rate
therefore yields capacitance.

CV was also conducted for determining the water window in
PBS at room temperature at scan rate of 100 mV/s over a voltage
range from�2 V to 2 V vs Ag/AgCl. The maximum safely achievable
charge injection capacity was calculated by multiplying the
maximum voltage associated with the water window with the
measured capacitance.

Electrochemical activation of the N-UNCD film was conducted
by cyclic voltammetry in PBS from 0 to 2.5 V at a scan rate of
100 mV/s for various numbers of cycles. Deionized water was used
for all experimental solutions.

2.3. Surface chemistry characterization

X-Ray Photoelectron Spectroscopy (XPS) datawere collected in a
Thermo-Fisher K-Alpha apparatus (10�9 mbar) using an Mg Ka
radiation source at a power of 300 W using a 400 mm spot size and
survey spectra measured at a 200 eV pass energy. Synchrotron
NEXAFS experiments were conducted at the soft X-ray beamline at
the Australian Synchrotron at a base pressure of 10�10 mbar and the
total energy resolution better than 0.1 eV.

Near Edge X-ray Adsorption Fine Structure (NEXAFS) spectra
were obtained in the partial electron yield (PEY) mode. The photon
flux was monitored using the drain current from a half transparent
gold mesh, allowing intensity and energy normalization across
different scans.

2.4. Surface morphology characterization

Scanning Electron Microscopy (SEM) micrographs was obtained
using an xT Nova Nanolab 200FIB/SEM apparatus operating under
accelerating voltage of 5 kV, current of 98 pA, and working distance
of approximately 5 mm.

Atomic Force Microscopy (AFM) was performed using an AFM
CYPHER system under tapping mode. Surface roughness was
assessed in a scanning area of 20 � 20 mm2. Each sample was
scanned in 3 different areas. Data was analyzed using Igro Pro
software.
2.5. Biocompatibility assessment

Cultures of cortical neurons were obtained by isolating the ce-
rebral cortices from one-day-old rats, as previously described [38].
Briefly, the heads were removed and placed in Hank's balanced salt
solution (HBSS; Gibco). Then the skin and top of the skull were
removed and a small area of cortex was pinched off with fine for-
ceps. Meninges were removed and the tissue was chopped with a
scalpel blade. The tissue was dissociated by protease digestion for
20 min at 37 �C using 10 mg/mL DNAse 1 (Sigma) and 250 mg/mL
trypsin (Sigma) in HEPES buffered Eagles Medium. Trypsinisation
was terminated by using Soybean Trypsin Inhibitor (Sigma) con-
taining 10 mg/mL DNAse 1 and cells were pelleted by centrifuging
and then triturated using a P1000 pipette. Finally, cells were diluted
in culture medium (Neurobasal A with 2% B27 supplement, 2 mM
Glutamax, 100 mg/mL penicillin and 100 mg/mL streptomycin;
Gibco) and seeded onto diamond samples. The cell cultures were
then incubated at 37 �C in 5% CO2 for the required length of time.

After incubation for 24 h or 48 h, the cells werewashedwith PBS
once and fixed in 4% paraformaldehyde in PBS for 10 min at room
temperature, followed by cold (�20 �C) methanol for another
10 min. Then the cells were washed with PBS three times. After
30min in a blocking solution (2% fetal calf serum and 2% normal
goat serum in PBS), the samples were incubated for 20min with
primary antibody (mouse anti-beta-III tubulin; Promega) at room
temperature. Samples were then washed with PBS and incubated
with secondary antibody (Cy3-conjugated goat anti-mouse
immunoglobulin; Jackson Immunolabs) and the nuclear stain
DAPI for another 20 min. They were finally washed in triplicate
with PBS and mounted for imaging. Images of neurons were ac-
quired using a fluorescence microscope (Olympus BX60FS micro-
scope with Olympus UplanFL 10x/0.3, 20x/0.5 and 40x/0.75 lenses
and a digital camera (HRc and Axioviosion 4 software (Zeiss)).

Neuron density, neurite number per cell and neurite length was
counted or measured for at least 5 randomly chosen areas per
condition, per experiment, in at least three experiments. The cell
number was counted automatically using software ImageJ and
neurite lengths were measured by tracing individual neurites using
the tool NeuronJ in ImageJ software. The results are expressed as
average neuron density, average neurites per neuron and average
longest neurite length. Statistical significance of the difference was
determined using one-way ANOVA and a Bonferroni post hoc t-test.

3. Results and discussion

3.1. Electrochemical characterization

3.1.1. Electrochemical capacitance enhancement
Fig. 1a and b shows a series of cyclic voltammograms recorded

using an N-UNCD electrode before and after a 3 h oxygen plasma
treatment. To calculate the specific capacitance, the current mag-
nitudes of these cyclic voltammograms at 0 V vs Ag/AgCl were
plotted versus their respective scan rates (shown in Fig. 1c). The
specific electrochemical capacitance was calculated by dividing the
slopes by the exposed electrode area. The greater slope of the 3-h
oxygen plasma treated sample in Fig. 1c indicates a larger electro-
chemical capacitance.

Cyclic voltammograms recorded in PBS over the potential
range �2 to 2 V are shown in Fig. 1d, and are consistent in shape
with CVs recorded previously on N-UNCD [35]. The onset of water
oxidation for both types of diamond films occurs at E z 1:3 V . The
reduction of water occurs at potential more negative than �1:8 V .
The oxygen plasma treatment, up to 3 h, did not narrow the water
window for N-UNCD. The apparently larger enclosed area in cyclic
voltammogram for N-UNCD after 3-h oxygen plasma also indicates



Fig. 1. Cyclic voltammograms recorded using the growth sides of N-UNCD electrodes before (a) and after 3-h oxygen plasma treatment (b) in PBS(c) The current width at 0 V for CVs
shown in (a) and (b) plotted versus their respective scan rates. Note the different vertical scales in (a) and (b) The specific electrochemical capacitance was then calculated according
to the slopes of linear fitting in (c) divided by the electrode area exposed to the PBS (0.196 cm2). The oxygen plasma treatment didn't narrow the electrochemical water window as
shown in (d) that both types of N-UNCD exhibit electrochemical water window from �1.8 V to 1.3 V. A larger enclosed area for N-UNCD after 3-h oxygen plasma indicates its larger
electrochemical capacitance.
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an increase in electrochemical capacitance in comparison with as-
grown diamond films.

Fig. 2 shows the electrochemical capacitance of the growth sides
of N-UNCD after different oxygen plasma treatment times (Red)
and the electrochemical capacitance of the smooth (seeded) side of
Fig. 2. Capacitance values for the growth sides of N-UNCD after oxygen plasma
treatment for various lengths of time (red bars). Capacitance of the smooth, seeded
side of the N-UNCD after 0 and 180 min of oxygen plasma (green bars). Also indicated
are the capacitance of a 180 min oxygen plasma treated sample following a further
1 min in hydrogen plasma (purple dashed line) and the previously reported capaci-
tance of electrochemical activated N-UNCD [35] (purple dashed line). Error bars are the
standard deviation calculated from at least five measurements each from two sample
electrodes. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
the diamond as produced (0 min) and after 180 min of oxygen
plasma treatment (green). Also indicated (purple dashed lines) are
a 180 min oxygen plasma treated sample after a 1 min hydrogen
plasma treatment and an electrochemically activated sample. The
measured capacitance of the as-grown N-UNCD films was 17 mF/
cm2. After 30 s of oxygen plasma treatment the electrochemical
capacitance increased to 40 mF/cm2. We have previously demon-
strated that electrochemical activation enhances the measured
capacitance of N-UNCD [35]. The term electrochemical activation of
the N-UNCD film in this case refers to anodization of the film by
cyclic voltammetry in PBS from 0 to 2.5 V at a scan rate of 100 mV/s
repeatedly. The previously measured capacitance on electrochem-
ically activated N-UNCD increased to 163 mF/cm2 (as shown in Fig. 1,
purple dashed line) [35], which is similar to the capacitance
measured in these experiments on N-UNCD after 10 min oxygen
plasma treatment. Samples exposed to the oxygen plasma for 3 h
exhibited a capacitance of 1070 mF/cm2, the highest capacitance
values measured. This is an extraordinarily high value for diamond
and is superior to some of the best performing high charge elec-
trode materials, e.g. titanium nitride [39]. The enhancement of
electrochemical capacitance was also confirmed using electro-
chemical impedance spectroscopy, as shown in the Supplementary
Fig. S1. Further oxygen plasma treatment after 3 h appeared to
slightly decrease the electrochemical capacitance.

The charge injection capacity of N-UNCD was calculated by
multiplying the electrochemical capacitance with the water win-
dow. The safe water window is defined as voltages between �1.1 V
and 1.1 V (well within the water electrolysis limits, �1.8e1.3 V) for
N-UNCD with or without oxygen plasma activation. Therefore, the
charge injection capacity of N-UNCD increased from approximately
20 mC/cm2 for the as grown material to 1.18 mC/cm2 as a result of
the exposure to the oxygen plasma. The enhanced charge injection
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capacity is more than 7 times that of the electrochemically acti-
vated N-UNCD (163 mC/cm2) [35], and is larger than most neural
stimulation materials [40].
3.1.2. Surface characterization
To investigate the possibility that changes in surface termina-

tion chemistry were responsible for the observed changes in
capacitance, XPS was conducted on various N-UNCD samples using
their grown surfaces. Survey spectra (Fig. 3a) taken before exposure
to the oxygen plasma revealed a small amount of oxygen (~1e2%)
on the surface. This oxygen most likely arises from exposure to air
after removal from the growth chamber. The relative oxygen con-
tent increases to 12e13% after 5min of plasma treatment (Fig. 3a), a
figure which we have found to be consistent with a saturated level
of oxygen on single-crystal diamond surfaces. Higher-resolution
carbon-1s spectra (Fig. 3b) confirm that some of this oxygen was
chemically bonded to the carbon, as seen by a chemically shifted
peak due to CeO or OeCeO bonds at 286.5 eV [35,41]. The oxygen
content then remains relatively constant after further oxidation,
reaching a maximum of 14e15% for N-UNCD exposed to oxygen
plasma for 3 h and longer. The C1s spectra on all samples did not
change significantly after the first 5 min of oxygen plasma expo-
sure. This strongly suggests that the N-UNCD surface is almost fully
saturated with oxygen functionalities after 5 min of treatment.
Fig. 3. XPS survey scans (a) and high resolution carbon 1s spectra (b) of the growth
sides of N-UNCD films exposed to oxygen plasma and hydrogen plasma for different
times, showing the incorporation of oxygen saturates within first 5 min and the
removal of oxygen functional groups by hydrogen plasma.
The presence of oxygen functional groups has been reported to
increase electrochemical capacitance of different materials
[42e44]. It has been suggested that this may be due to increased
hydrophilicity and in some cases, can also give rise to pseudo-
capacitance associated with reversible faradaic reactions, thus
increasing the total capacitance at the electrode/electrolyte inter-
face [45]. The oxidation of the film surface removes hydrogen and
forms oxygen incorporated functional groups. The polar bonds such
as CeO, OeCeOH and CeOH serve as adsorption sites for water [46]
due to strong dipole-dipole interaction between polar molecules
and the N-UNCD surface, potentially decreasing the thickness of the
double layer at the interface. Therefore it is expected, due to this
increased hydrophilicity, that the double layer capacitance will
increase after oxygen plasma treatment [46]. These XPS results
indicate that oxygen functionalization is saturated within 5 min of
oxygen plasma treatment, and may account for some of the
capacitance change during this time period. However the capaci-
tance measurements continue to increase beyond 5 min of oxygen
plasma, suggesting that the surface chemistry is not a sole factor in
the overall increase in capacitance. This was confirmed by re-
hydrogenation of a 3-h oxygen-plasma treated sample, using
1 min of hydrogen plasma. This process is known to remove oxygen
functional groups and alter the surface back to hydrogen termina-
tion [47]. The removal of oxygen functional groups is also indicated
from XPS in Fig. 3 that the oxygen content dropped after the
additional hydrogen plasma and peak for the C1s spectrum shifted
back to lower binding energy. Following hydrogen plasma treat-
ment the electrochemical capacitance of the film remained high
and in fact increased (as shown in Fig. 1, purple dashed line). We
currently do not understand the increase in capacitance following
hydrogen plasma however the result strongly suggests that oxygen
functionalization is not the primary contributor to the enhance-
ment of the capacitance on N-UNCD.

As an alternative to explain the large increase in surface
capacitance for long term exposure to the O plasma, we considered
the possibility that preferential etching of sp2 bonded material in
grain boundaries, known to occur in oxygen plasmas, might be
responsible. The carbon bonding configuration at the sample sur-
face was studied using surface-sensitive NEXAFS in PEY mode on
the growth sides of N-UNCD films before and after oxygen plasma
treatment. We have previously demonstrated that electrochemical
activation enhances the capacitance of N-UNCD by introducing
functional groups onto the surface [35] and hence include similar
treated samples in this investigation for comparison. Spectra ob-
tained from as-grown and electrochemically activated N-UNCD
before oxygen plasma treatment indicate similar electronic struc-
tures (Fig. 4a). Both spectra show the expected features of dia-
mond: a C 1s absorption edge slightly above 289 eV, a sharp core
exciton peak at the onset of the absorption edge, and a distinct
second band gap dip at 302.4 eV [47,48]. They also show prominent
features associated with sp2 bonding, which are at 285 eV corre-
sponding to the p* antibonding state and s* character with the
peak onset at 291 eV [48]. The spectra for N-UNCD after exposure to
oxygen plasma for 90 min (Fig. 4b) on the other hand exhibits a
significantly less intense sp2 bonded carbon p* and s* resonance
peak, compared to the as-grown N-UNCD film, but similar diamond
exciton features. This suggests preferential etching of the sp2 rich
grain boundaries. Combining these studies, the increase of
measured capacitance on N-UNCD after electrochemical activation
appears to be mostly correlated to oxygen functionalization of
carbon species while no significant loss in sp2 bonded carbon is
observed. The different spectra between electrochemical activated
N-UNCD and the oxygen plasma treated N-UNCD however indicate
they are quite different in their sp2/sp3 content, at the surface of the
material.



Fig. 4. NEXAFS spectra for growth sides of N-UNCD films. (a) shows NEXAFS scans for
as-grown N-UNCD (black) and electrochemically activated N-UNCD (red). The diamond
exciton and second band gap feature at 289.5 eV and 302.5 eV [47] remain similar after
90 min oxygen plasma on either as-grown (black) or electrochemically activated (red)
N-UNCD (b) while the intensities of graphitic p* and s* peaks decrease dramatically,
indicating the selective etching of non-diamond in the grain boundaries. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Due to the etching of grain boundaries, the oxygen plasmamight
also roughen the film surface and create a more porous structure,
thus increasing the effective surface area. Such enhancement due to
increased effective surface area has been previously reported by
several groups using different techniques. For example, Honda et al.
reported giant capacitance of 1970 mF/cm2 (geometric area) on
boron-doped diamond by using porous alumina as mask for reac-
tive ion etching to form a honeycomb structures [49]. When
depositing boron-doped diamond on carbon cloth [50] or a carbon
nanotube template [51] the capacitance could be increased 180
times or 450 times higher than that of diamond films on flat silicon
substrates. All these increases were due to a large increase in the
electrochemical surface area. Furthermore, oxygen plasma has
previously shown potential for increasing the electrochemical
surface area of diamond. Yang et al. fabricated diamond nanowires
by using nanodiamond particles as a hard mask and using reactive
ion etching in an O2/CF4 gas mixture [52]. By doing so, the surface
area was increased to a maximum of 2.1 times the original area.

To assess the impact of oxygen plasma on surface morphology of
the diamond high resolution SEM was utilized. Fig. 5 shows the
growth sides of N-UNCD surface before and after 3 h of oxygen
plasma treatment. When observing the surfaces using normal
incidence, there is little observable difference between the samples
before and after treatment. Both of the surfaces have fin-structured
grains with length of about 100 nm and width of 5 nm. However,
using a glancing angle of 52

�
, reveals a dramatic difference in the

nanostructures of the N-UNCD surfaces before and after long oxy-
gen plasma treatment. Nano cone structures can be observed
clearly on the surfaces after 3 h of oxygen plasma exposure, but not
before plasma etching. The cones have various heights, ranging
from several nm up to about 100 nm. A real surface area
enhancement is therefore apparent, which can change the elec-
trochemical behaviors accordingly.

The increase of surface area was also indicated from the change
of surface roughness measured on N-UNCD before and after oxygen
plasma exposure. A set of rough (growth) and smooth (seeded)
diamond surfaces were oxidized for 5 min and 3 h and the average
surface roughness for each surface was characterized using AFM, as
shown in Fig. 6. The surface roughness increased on both types of
N-UNCD films after oxidation. The average roughness of rough
diamond increased from 75.8 nm to 84.4 nm after 5 min oxidation,
and reached 117.4 nm with 3 h plasma exposure. The average
roughness of smooth diamond was 3.2 nm, 7.5 nm and 21.7 nm for
the untreated, 5 min and 3 h plasma treated surfaces, respectively.
The increase of surface roughness therefore indicated that the ef-
fect of surface area increase by extended oxygen plasma is similar
for both types of diamond surfaces. The increases in surface
roughness are insufficient however to account for the very large
increase in capacitance therefore we speculate that there is sig-
nificance nano roughness below the measurement capabilities of
AFM.

3.1.3. Possible mechanism
Combining the surface chemistry and surface morphology

characterization of the oxidized N-UNCD, a mechanism for the
capacitance enhancement can be proposed based on changes to the
hybrid sp2/sp3 carbon structure, as shown in Fig. 7. There are two
steps for the increase of the measured electrochemical capacitance.

Within the first 5 min oxygen plasma exposure, the predomi-
nantly hydrogen terminated N-UNCD surfaces are transformed into
oxygen terminated surfaces due to the incorporation of oxygen
functional groups onto the N-UNCD surfaces (Fig. 7a,b). XPS in-
dicates that the percentage of oxygen in the survey spectra in-
creases dramatically on the 5 min oxygen plasma treated samples.
We have previously shown that the water contact angle of 5 min
oxygen plasma treated samples dropped from 104

�
for as grown to

27
�
after 5 min of exposure to the plasma [28], indicating an in-

crease in hydrophilicity and likely decrease of double layer thick-
ness at the diamond-solution interface. Consequently, the
electrochemical capacitance increases from 20 mF/cm2 to over
100 mF/cm2 after 10 min oxygen plasma treated samples.

After 5 min of oxygen plasma treatment the oxygen termination
is saturated and the major effect of further plasma treatment is the
etching of N-UNCD surfaces (Fig. 7c). According to the SEM images,
there are cone structures formed on the N-UNCD surfaces, indi-
cating a surface area enlargement. The huge surface area increase is
associated with the sp2/sp3 hybridization of N-UNCD in that sp2-
bonded grain boundaries is preferentially etched by oxygen plasma,
as indicated by NEXAFS. This increase is thus unlikely to happen on
surfaces composed with mono-chemical structures such as pure
sp3 or sp2 bonded carbon, on which the plasma etching effect is
uniform across the entire surface. As a result, the ratio between the
effective and geometric surface area increases significantly on N-
UNCD after extended oxidation, leading to the increase of measured
electrochemical capacitance.

Although the mechanism presented above about the surface
area enlargement with extended oxygen plasma is sufficient for
explaining the capacitance or charge injection capacity enhance-
ment for N-UNCD electrodes, the special sp2/sp3 hybrid structures
formed after 3 h oxygen plasma exposure may also play an
important role, according to the AFM roughness measurements.
This is due to the similar electrochemical properties, but signifi-
cantly different surface roughness observed on both smooth and
rough samples oxidized for 3 h. Assuming that surface roughness
and real surface area is positively correlated, the oxidized smooth
N-UNCD (RMS: 21.7 nm) should have real surface area much
smaller than oxidized rough surfaces (RMS: 117.4 nm), which is
however inconsistent with their observed capacitance relation-
ship. On the contrary, their surface sp2/sp3 hybridization is iden-
tical, thus may be a contributor to the observed huge capacitance.
Nevertheless, no matter the relative importance of the surface
area enhancement or the final sp2/sp3 hybridization in



Fig. 5. High resolution SEM images of the growth sides of N-UNCD before (a,c) and after 3 h oxygen plasma treatment (b,d), observed from top view (a,b) and from an angle of 52�

(c,d).

Fig. 6. Schematic illustration of the fabrication of rough and smooth N-UNCD diamond
surfaces (a). AFM shows that the RMS roughness for both rough and smooth N-UNCD
increased after oxygen plasma treatment (b). Values expressed are means
(n ¼ 3) ± standard deviation.

Fig. 7. Schematic of N-UNCD surface change induced by oxygen plasma treatment. The
N-UNCD is composed of diamond grains and non-diamond grain boundaries. Double
layer capacitors form at the electrode/electrolyte interface. After short oxygen plasma
treatment, the surface of the as-grown N-UNCD (a) is changed from hydrogen termi-
nation to oxygen termination (b). Further oxygen plasma etches the non-diamond
grain boundaries, thus dramatically increasing the effective surface area (c).
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determining the extremely high capacitance, both of these factors
are closely linked with the unique hybrid sp2/sp3 structure of the
as-grown N-UNCD.
3.2. Biocompatibility assessment

3.2.1. In vitro neuron culture on oxidized growth side of diamond
The increase in charge injection capacity is a necessary but not

by itself a sufficient condition for the use of N-UNCD as an elec-
trode. It is also necessary to consider the biological interaction of
neurons with these modified surfaces. Therefore the biocompati-
bility of the growth sides of N-UNCD films was assessed using
primary rat cortical neurons without pre-coating the diamond
surfaces with any additional chemicals. Fig. 8aee shows typical
fluorescence images of neurons on different diamond surfaces after
48 h of incubation. The images show that the neurons survived on
the as-grown, 5 min and 30min oxygen plasma treated surfaces.
Few neurons survived however on diamond surfaces that were
exposed to oxygen plasma for more than 2 h.

Statistical analysis of the neuron density and neurite outgrowth
on the as-grown and 5 min or 30min oxygen plasma treated sur-
faces are summarized in Fig. 8feh. The cell density showed no
significant difference. However, the surfaces exposed to 5 min ox-
ygen plasma appeared to be a somewhat better substrate than the
as-grown surfaces for the neurite outgrowth, which showed
significantlymore neurites per neuron in comparisonwith those on
Fig. 8. Fluorescence images of primary rat cortical neuron adhesion and growth on the gro
(aee). Statistical results of cell density, number of neurites per neuron and longest neurite
plasma treatment are summarized in (feh). The bars show the mean value ± the standard de
difference. p < 0.05.
the as-grown samples. The results also suggested that both 5 min
and 30min oxygen plasma treated samples produced extended
neurites, significantly longer than those on the as-grown samples.
The average length for the longest neurite per neuron was even
longer for the 5min oxygen plasma samples than that on the 30min
oxygen plasma samples. Therefore, the surfaces that were exposed
to 5 min oxygen plasma supported neuron growth the most.
3.2.2. The effect of surface roughness
The XPS results indicate that for the growth sides of N-UNCD

increasing the oxygen plasma treatment after the initial 5 min does
not induce significant difference in its surface chemistry. However,
according to SEM and AFM characterization, the diamond surface
was etched by extended oxygen plasma, changing its surface
roughness.

In order to determine whether surface roughness is responsible
for the differences in neuron growth on the brief and extended
oxygen plasma treated samples, the biocompatibility assessment
was repeated on the low surface roughness side of similar diamond
films. Fig. 9aef shows the neurons after 48-h incubation on the
growth (rough) or seeded (smooth) side of diamond films before
and after the same period of oxygen plasma exposure. Consistent
with the results shown in section 3.2.1, therewas no cell survival on
the 3-h oxygen treated rough surfaces. In addition, the neurons on
5 min rough surfaces extended more branches and longer neurites
compared with those on the as-grown rough surfaces.
wth sides of N-UNCD before and after oxygen plasma treatment after 48-h incubation
length on the as-grown diamond films, or diamond films after 5 min or 30min oxygen
viation. Letters shared in common between or among the groups indicate no significant



Fig. 9. Fluorescence images of primary rat cortical neuron adhesion and growth on either rough (growth) (aec) or smooth (seeded) (def) N-UNCD before and after oxygen plasma
treatment after 48-h incubation. Statistical results of cell density, number of neurites per neuron and longest neurite length are summarized in Fig. 10.
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In contrast with the results on diamondwith rough surfaces, the
neurons survived after 48-h incubation on all smooth surfaces,
even for those exposed to oxygen plasma for 3 h. The neurons on
the oxidized smooth samples extended more branches and longer
neurites in comparison with those on the untreated smooth
surfaces.
Fig. 10. Statistical results of cell density, number of neurites per neuron and longest neurit
bars show the mean value ± the standard deviation. Letters shared in common between o
Fig. 10 show the statistical results of neurons adhered onto both
rough and smooth N-UNCD surfaces before and after oxygen
plasma treatment, The cell densities on N-UNCD oxidized for 5 min
showed no significant difference from those on N-UNCD without
oxidation, regardless of their surface roughness. In comparison, the
smooth surface after 3-h oxidation showed greater cell densities
e length on smooth and rough samples with or without oxygen plasma activation. The
r among the groups indicate no significant difference. p < 0.05.
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than all the other surfaces. Five minute oxygen plasma significantly
increased the number of neurites per neuron on both smooth and
rough surfaces. However, the average number of neurites per
neuron was increased to even greater value on the 3-h oxidized
smooth surfaces. Furthermore, the neurons on the 3-h smooth
samples also extended neurites with longest average length.

Therefore, the death of neurons on the extended plasma treated
rough surfaces was likely associated with the very high surface
roughness and or specific morphology of those surfaces. These
different results on the smooth and rough diamond surface indicate
that the neurons can sense the nano-structure of the diamond
surfaces and these differences in turn mediate the neuron growth
and neurite outgrowth. Brief oxygen plasma resulted in the change
of surface termination leading to increased hydrophilicity of N-
UNCD surfaces, and lead to the increase of neurite branches as well
as the length of the longest neurites. The N-UNCD before oxygen
plasma has a surface roughness of 75.8 nm, and on this surface the
neurons showed poor survival on the extended oxygen plasma
treated surfaces, probably due to the great increase of surface
roughness induced by long term plasma etching. However, if the N-
UNCD without oxygen plasma was much smoother and shared a
similar surface roughness with polished silicon (~3.2 nm), the
neurons on these surfaces oxidized for 3 h extended even more
branches and longer neurites in comparison to those on N-UNCD
with short oxygen plasma exposure. Considering that high capac-
itance was also observed on smooth samples treated with oxygen
plasma for 3 h, this is a significant result as it represents a material
that is optimized for both charge injection capacity and
biocompatibility.

Neurons have been shown to be able to sense the nano rough-
ness of different materials [53,54]. For example, Brunetti et al.
investigated the response of a human neuroblastoma cell line to
gold surfaces with different levels of nanoroughness [53]. In the
research, they demonstrated that neurons sensed and actively
responded to the surface nanotopography, with a surprising
sensitivity to variations of a few nanometers. They also suggested
that the observed cell response could be explained by the proper-
ties of nanorough surfaces to influence the adsorption of cell ad-
hesive serum proteins, such as fibronectin and laminin, in terms of
composition and/or correct folding of the adsorbed protein layer.
This class of proteins plays a critical role in neuron adhesion and
growth. The hypothesis can be applied to the explanation of the
results in our experiments that cells survived on smooth N-UNCD
surfaces after long oxygen plasma treatment but died on rough
surfaces with the same amount of oxygen plasma treatment. The
surface nanostructure may be responsible for the different prefer-
ence of neurons and such preference may actually be a conse-
quence of different protein adsorption capacities of these surfaces.
In another study, Fan et al. showed that neurons showed optimal
growth on silicon surfaces with an average roughness ranging from
20 to 50 nm [54]. The cell adherence however was adversely
affected on surfaces with average roughness less than 10 nm or
above 70 nm in good agreement with our observations during the
work discussed here. For N-UNCD after oxygen plasma exposure,
their average roughness sequence is: 3-h rough (117.4 nm) > 5-min
rough (84.4 nm) > 3-h smooth (21.7 nm) > 5-min smooth (7.5 nm).
It is possible that the surface roughness of 3-h smooth samples was
in the range of the optimal surface roughness for neuron growth on
N-UNCD. At the same time, the roughness for 3-h rough samples
may already fall into the region that neuron growth is adversely
affected.

Combining the electrochemical and neuron growth results, both
the charge injection capacity and biocompatibility of N-UNCD was
enhanced greatly using smooth N-UNCD and extended oxygen
plasma activation.
4. Conclusion

We have examined the impact of oxygen plasma treatment on
the electrochemical properties and biocompatibility of N-UNCD
films and discovered optimized conditions that produce a diamond
electrode with high charge injection (>1 mC/cm2) and a surface
morphology that promotes healthy neuron growth (z20 nm RMS
roughness). The electrochemical capacitance and the charge in-
jection capacity of N-UNCD films increased dramatically and
reached a maximum after 3 h of low power oxygen plasma treat-
ment. A model for the origin of increased electrochemical capaci-
tance in oxidized N-UNCD films was proposed taking into account
the effects of oxygen plasma on carbon materials and the special
hybrid sp2/sp3 structure of N-UNCD films. We propose that the
oxygen plasma increased the double layer capacitance between the
electrode/electrolyte interfaces by initially oxygen functionalizing
the N-UNCD films. After oxygen functionalization is saturated
within the first 5min, the electrochemical capacitance continued to
increase due to removal of the graphite component in N-UNCD
grain boundaries, resulting in an increased effective surface area.
The biocompatibility of N-UNCD was then assessed using rat
cortical neurons. Optimal neuron growth was found to be highly
affected by the roughness of the diamond surfaces with best
growth occurring on diamond with an RMS roughness of z20 nm.
Therefore, by using N-UNCD with appropriate surface roughness
and appropriate oxygen plasma activation, both its electrochemical
properties and biocompatibility can be greatly improved. Both
properties are highly beneficial for fabrication of diamond neural
interfaces with the expected long-term stability of diamond whilst
supporting a healthy neuron/electrode interface.
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