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Abstract 

Objective  

With the strong drive towards miniaturization of active implantable medical devices and the need to improve the resolution of 

neural stimulation arrays, there is keen interest in the manufacture of small electrodes capable of safe, continuous stimulation. 

Traditional materials such as platinum do not possess the necessary electrochemical properties to stimulate neurons safely 

when electrodes are very small (i.e. typically less than about 300 um (78400 µm2)). While there are several commercially 

viable alternative electrode materials such as titanium nitride and iridium oxide, an attractive approach is modification of 

existing Pt arrays via a high electrochemical capacitance material coating. Such a composite electrode could still take 

advantage of the wide range of fabrication techniques used to make platinum-based devices. The coating, however, must be 

biocompatible, exhibit good adhesion and ideally be long lasting when implanted in the body. 

Approach   

Platinum foils were roughened to various degrees with regular arrays of laser milled pits. Conducting diamond films were 

grown on the foils by microwave plasma chemical vapor deposition. The adhesion strength of the films to the platinum was 

assessed by prolonged sonication and accelerated aging. Electrochemical properties were evaluated and compared to previous 

work.  

Main results   

In line with previous results, diamond coatings increased the charge injection capacity of the platinum foil by more than 

300% after functionalization within an oxygen plasma. Roughening of the underlying platinum substrate by laser milling was 

required to generate strong adhesion between the diamond and the Pt foil. Electrical stress testing, near the limits of safe 

operation, showed that the diamond films were more electrochemically stable than platinum controls. 

Significance 
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The article describes a new method to protect platinum electrodes from degradation in vivo. A 300% increase in charge 

injection means that device designers can safely employ diamond coated platinum stimulation electrodes at much smaller 

sizes and greater density than is possible for platinum.  

 

Keywords: Diamond, Electrode, Neural Stimulation, Medical Implant, capacitance, coating, platinum 

 

 

1. Introduction 

Recent investment by major medical manufacturers, governments and startup companies indicates that bionic 

implants are set to enjoy an increasing role in the future of medicine. Implantable monitoring and recording devices 

will represent a major part of this industry but neural stimulation implants are likely to enjoy growth and find 

application in a variety of new and established markets. Since the success of pacemakers and cochlear implants for 

deafness, implantable electrical stimulators for modulation of the human nervous system have become 

commonplace. Applications include deep brain stimulators for Parkinson’s disease [1], post-traumatic stress 

disorder (PTSD) [2] and traumatic brain injury [3]; implants for restoration of hearing (cochlear) and sight (retinal 

prosthetics); stimulators for drug-resistant epilepsy, nerve stimulators for pain control and vagus nerve stimulators 

[4], to regulate the body’s own biochemical processes (i.e. the field of electroceuticals). 

The majority of neurostimulation devices currently on the market, feature mm scale electrodes and interface with 

the central or peripheral nervous system at low resolution. Deep brain stimulator electrodes, for instance, feature 

only a few large electrodes, millimeters in diameter [5]. Devices designed to restore lost human sensation are also 

available. The cochlear implant to restore hearing led the way [6] but retinal stimulators to restore vision are now a 

market reality [7]. Together with the burgeoning field of brain-machine interfaces [8], these implants illustrate the 

need to interact with neurons in a much more sophisticated way and at much higher spatial resolutions than has 

previously been necessary. Hence, there has been in a shift in the focus of implant research towards miniaturization, 

development of wireless communication and power delivery, increasingly sophisticated neural stimulation 

strategies and denser multielectrode arrays. 

From a safety point of view, stimulation electrodes must inject enough charge to activate neurons without the 

electrode experiencing dangerous voltages. In electrical terms, the parameter that governs this ability is 

electrochemical capacitance. Capacitance is the voltage rise experienced in response to the storage of a certain 

quantity of charge, expressed in Coulombs per volt (C/V) or farads (F). In neural stimulation, charge injection 

capacity (Qinj) is a figure of merit used to compare materials. It is defined as the maximum amount of charge that 

can be stored at the electrode-tissue interface, per unit area before voltages exceed a predetermined limit and are 

expressed in C/cm2 [9]. Usually, the predetermined voltage limit is the voltage magnitude before water splitting 

(reduction or oxidation of water) is observed. We have previously established water window limits for N-UNCD 

from cyclic voltammetry [10, 11]. For the purposes of this work, we use the most conservative of our upper voltage 

limits, +1 V. Qinj can be expressed as  

Qinj = C/A × Vmax 

where C = electrode capacitance , A = geometric electrode area, and Vmax = maximum safe electrode voltage.  

Platinum remains the most popular material for fabrication of neural stimulation electrodes in medical devices [12, 

13]. In addition to being a noble metal, it is biocompatible, weldable, ductile, has reasonable conductivity, a 

relatively high Qinj for a metal (0.05 – 0.15 mCcm-2 [12]), and it has an established pedigree of use in successful 
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clinical applications including the cochlear implant, DBS systems, and retinal prostheses. Increasingly, however, 

the drive to make high-resolution neural stimulation electrode arrays has led to a need for very small electrodes. 

Corna et al [14] in a review on the subject, discovered that charge density for stimulation of retinal ganglion cells 

was stable for electrodes greater than 78400 µm2 (approximately 320 µm in diameter), but increased dramatically 

below that limit. Well over 1 mC/cm2 was required for several of the small electrodes reviewed, much greater than 

the safety limits deliverable through conventional materials. Cogan et al, in a review of stimulation safety limits 

[15] illustrates that this phenomenon is likely tied to the behavior of microelectrodes which, electrochemically 

speaking, tend to behave as point sources (far-field stimulators) rather than near-field. Hence, for very small 

electrodes, accepted stimulation safety limits, such as the Shannon limit [16], may not apply [15]. The consequence 

for microelectrodes is that conventional materials, such as platinum, do not possess sufficient charge injection 

capacity to be safe at very small dimensions, hence alternative materials are sought. 

Increasing the electrochemical capacitance of metal electrodes is typically accomplished either by roughening the 

electrode surface [17] or adding a coating. A variety of materials that fulfill this role have risen to the fore including 

iridium oxide, platinum black, titanium nitride, hydrogels [18] and a range of exotic conducting polymers [19]. 

Because these devices are implanted into the body and interact directly with neural tissue, they must be 

biocompatible. In practice, there is a very short list of materials that are considered safe inside the body. The list of 

materials that are also biostable and long lasting is even shorter. Not only must stimulation electrodes possess high 

biocompatibility and biostability, they must also adhere to strict electrochemical guidelines in order to spare neural 

tissue from electrically-induced damage. 

Diamond is a material that exhibits excellent biocompatibility [20] and is famously chemically inert and long-

lasting. We have previously demonstrated that films of nitrogen included nanocrystalline diamond (N-UNCD) can 

be used for hermetic encapsulation [21] and can be post-treated with oxygen plasma yielding Qinj values as high as 

1.2 mCcm-2 [10, 22], comparable with leading high injection materials such as iridium oxide or titanium nitride. A 

number of reports exist demonstrating in vitro [11, 23] and in vivo [24] neural stimulation with diamond electrodes. 

In the work described here, our aim was to enhance the electrochemical performance of platinum electrodes by 

growing a film of N-UNCD and activating that film towards high charge injection capacity. Diamond films have 

previously been grown on platinum wire [25, 26] and heteroepitaxial films on single crystal platinum [27] and on 

TEM grids [28] but not on large scale free-standing foils and not for neural stimulation applications. 

 

2. Experimental Details 

2.1 Preparation of N-UNCD films on Pt foil. 

In build-up work, we discovered that CVD diamond films exhibited extremely poor adhesion to smooth silicon most 

likely due to platinum not readily forming a carbide. To improve adhesion, 50 um thick platinum foils (Goodfellow, 

UK) were laser milled with a regular array of pits using an Oxford Laser CNC milling system fitted with a 532 nm, 

frequency doubled, nanosecond pulsed, YAG laser. Growth of N-UNCD films on platinum was conducted in an 

IPLAS microwave plasma chemical vapor deposition (MPCVD) system by a previously published process.[10, 11, 

21]. Briefly, platinum foils were seeded by sonication in a suspension of 3-5 nm detonation nanodiamonds (Nano 

armor) in methanol. The seeded foils were dried under a flow of compressed air and transferred to the CVD reactor. 

The reactor gas mixture was Ar : N2: CH4 at a ratio of 79:20:1 % and a chamber pressure of 80 tor. 1000 W of 

microwave power was supplied to ignite the plasma and a heating stage set to 800 oC was used. Films were grown 

for 3 h resulting in films approximately 3 µm in thickness. The process is depicted in Fig. 1. A subset of samples 

was subjected to oxygen plasma treatment (termed N-UNCD-O) for 3 h at 0.8 mbar in a plasma cleaner (Electronic 

Diener, Plasma-Surface-Technology) operating at 50 W with a gas mixture of ratio of 80:20, Ar : O2. 
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Fig. 1. Process of fabricating films of N-UNCD on laser roughened diamond. (a) Bare platinum foil was laser 

roughened (b) by drilling a series of pits at a variety of spacings. (c) the roughened platinum foils were seeded with 

nanodiamonds by sonication in a nanodiamond suspension in methanol. (d) Diamond films were gown on the seeded 

foils by microwave plasma assisted chemical vapor deposition. 

2.2 Characterization of films 

Cyclic voltammograms were recorded on a Solartron SI1287 electrochemical interface (potentiostat, Solartron 

SI1260 impedance/Gain-phase analyzer). Counter electrodes were in-house made platinum mesh and reference 

electrodes were 1 M Ag/ AgCl (CH Instruments). Pulse tests were delivered by an in-house built constant current 

stimulator and symmetric biphasic charge-balanced pulses were used. Electrode diameters were either 3 mm, 

defined by an O-ring, or 1 mm, defined by lithographically patterned SU-8 photoresist. Large electrode areas were 

used in order to reduce error in measured capacitance values. Current and voltage during pulse tests were measured 

with a National Instruments (PXI-4072, National Instruments, USA). Charge injection capacity (Qinj) for each 

electrode type was calculated by dividing the maximum deliverable charge (coulombs) during a stimulation pulse 

by the electrode geometric area and multiplying by 1 V (Maximum safe voltage, established in previous work [11]). 

The Qinj for all electrodes before and after electrochemical stress testing was measured for a variety of phase 

durations. Scanning electron microscopy (SEM) of electrodes was conducted at the Advanced Microscopy Facility 

at Bio21, (The University of Melbourne) on an FEI NOVA Nanolab. 

 

2.3 Mechanical and Electrochemical Stress testing of films. 

Samples (plain Pt foil, roughened Pt foil and N-UNCD coated Pt foil) were suspended in distilled/deionized (DI) 

water and exposed to sonication (Elmasonic P sonicator, 80KHz 100% power) for various lengths of time to 

establish mechanical stability. Electrochemical stress testing was conducted on 1 mm diameter lithographically 

patterned electrodes in SU8, fabricated by standard lithographic methods (Fig. 2). All electrodes were subjected to 

5 days of constant stimulation at a rate of 50 Hz (400 µs per phase). All samples were stimulated at a current that 

resulted in a cathodic electrode polarization to their respective maximum safe limits, 0.6 V [12] for platinum and 

1.0 V for N-UNCD [11]. 
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Fig. 2. Lithographically patterned Pt (A), rPt (B) and N-UNCD (C) electrodes in SU-8 photoresist. 

 

3. Results 

3.1 Film deposition and mechanical adhesion assessment. 

Fig. 3 shows SEM images of platinum foil (A, B, and C) laser milled with 20 µm diameter pits in a regular array 

pattern with separations of 20, 40 and 80 µm. Fig. 3 D, E and F shows higher magnification images of the same 

foils after MPCVD growth of N-UNCD which grew conformally over the foil and featured typical, irregular surface 

morphology with occasional mushroom-like outgrowths. 
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Fig. 3. SEM images of platinum foil (A, B and C) milled with small pits at 20, 40 and 80 µm spacing. Higher 

magnification SEM images of N-UNCD films (D, E, and F) grown on the same films depicted in A, B and C. 

During sonication in DI water, films laser milled with 40 and 80 µm pit separation exhibited rapid delamination. 

Fig. 4 shows SEM images of various films, following sonication for various lengths of time. Fig. 4, C1 shows the 

result of 0.5 h of sonication of an N-UNCD film grown on a foil with 80 µm separation pits. Approximately 50% 

of the film is delaminated after just 0.5 h, evident by the lighter color of the platinum foil showing through darker 

color of the diamond film. This sample exhibited almost complete delamination after 15 h (Fig. 4, C4). Adhesion 

was improved when laser milled pits were spaced at 40 µm with major delamination beginning to occur after 2.5 h 

of sonication (Fig. 5, B2). By contrast, N-UNCD grown on foils with 20 µm pit separation exhibited minimal 

delamination over all sonication time periods (Fig. 4, A1-4). The sample shown in Fig. 4, A1-4 was subjected to a 

further 15 h of sonication to establish whether the small delaminated patch evident on image A4 would become 

larger. High magnification images of the delaminated patch after 30 h of sonication are shown in Fig. 5. There was 

no evidence of additional delamination occurring between 15 and 30 h of sonication. 
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Fig. 4. SEM images of N-UNCD films grown on platinum foil laser milled with holes at 20 (A),40 (B) and 80 (C) 

µm spacing. The figure shows a progression of SEM images following sonication of the three films, in DI water for 

0.5, 2.5, 4.5 and 15 h. 

 

Fig. 5. SEM image of a small delaminated patch apparent in Figure 4 (A4) after an additional 15 h of sonication in 

DI water (30 h total). 

3.2 Electrochemical characterization and stability assessment. 

Fig. 6 shows a typical recorded trace (current and voltage) from smooth platinum (Pt, blue trace) foil, 20 µm hole 

separation laser roughened platinum (rPt, red trace) foil and laser roughened foil after growth of an N-UNCD film 

(N-UNCD, black trace). The traces were recorded during a typical, constant current stimulation pulse of 400 µs per 

phase with an interphase gap of 25 µs. Fig. 6, A shows the maximum current amplitude that can be injected into 

each of the electrode types before Emc = 0.6 V is reached, i.e. before the evolution of H2 gas would be expected if 

the electrode were to be polarized further [12]. In this experiment, the maximum voltage limit for Pt was used to 

compare only the relative capacitance of the two materials. Fig. 6, B shows the recorded voltage traces for each of 

the three materials during the constant current pulses shown in A, indicating where the maximum polarization 

voltage (Emc) of 0.6 V is extracted from. 
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Fig. 6. A) Stimulator output trace showing the maximum, current amplitude deliverable through a Pt, rPt and N-

UNCD electrode during a 400 µs per phase, constant current stimulation pulse, using the Pt maximum voltage limit 

of 0.6 V. B) The recorded electrode voltage excursion during the pulses depicted in A, The position where the Emc 

voltage of 0.6 V is extracted is indicated on B. Electrodes were 1.0 mm in diameter and voltages are reported relative 

to an Ag/AgCl reference electrode. (Note: N-UNCD-O was not included in this figure) 

 

Figure 7 shows measured Qinj at a range of pulse durations for platinum (blue diamond), N-UNCD (black circle), 

rPt (red square), and N-UNCD-O (green cross). Also shown is a repeat measurement for N-UNCD-O after 5 days 

of continuous pulsing (black triangle) to demonstrate electrochemical robustness. Each data point is an average 

resulting from assessment of three identical electrodes. During these tests, an upper cathodic electrode polarization 

voltage limit of 1.0 V was used for N-UNCD [10, 11] and 0.6 V for platinum. The plot shows that N-UNCD-O 

electrodes displayed the highest Qinj over all the phase durations measured (0.28 mC/cm2, 100 µs; 1.01 mC/cm2, 

3200 µs). These values were at least double that of N-UNCD without oxygen plasma treatment at all phase durations 

and nearly triple that of rPt (0.09 mC/cm2, 100 µs; 0.40 mC/cm2, 3200 µs). Electrochemical stress testing did not 

lower capacitance, instead, a slight increase in Qinj was observed following 5 days of constant pulsing. 
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Fig. 7. Qinj for Pt, rPt and N-UNCD and N-UNCD-O (before and after electrochemical stress test, n=3 electrodes 

for each case) at various phase durations. Error bars represent standar error of the mean.  

 

The Qinj for Pt, rPt and N-UNCD were also calculated following stress testing but are not shown in Fig. 7, for the 

sake of clarity. In brief, N-UNCD Qinj did not change within error limits after stress testing, yielding values between 

0.15 and 0.27 mC/cm2 over the phase duration range. Bare platinum exhibited a substantial increase in Qinj after 

pulsing. Rising from 0.1 mC/cm2 to almost 0.2 mC/cm2 for a 3200 µs per phase pulse. For rPt however, the Qinj 

dropped from 0.4 mC/cm2 to 0.27 mC/cm2 when using a phase duration of 3200 µs after stress testing. 

CVs and SEM images recorded before and after stress testing are shown in Fig. 8 for all samples. For platinum 

samples, there is clear evidence of changes in the CVs following stress testing. The appearance of the small anodic 

peaks due to hydrogen atom electroplating and the negative deflections due to dissolved oxygen reduction which 

occur at different potentials and peaks on the pristine samples, are absent after stress testing. Likewise, the SEM 

images reveal the appearance of etched pits, in particular on the smooth platinum samples. Etching was less evident 

on the rPt samples but detectable with close inspection, in particular as discoloration inside the smooth laser milled 

recesses. There were no discernable changes in the SEM images of N-UNCD or N-UNCD-O after stress testing. 

Compared to before and after CVs on platinum, The CVs of N-UNCD exhibited very little change after 5 days of 

pulsing. N-UNCD-O exhibited a drop in the area bounded by the CV after pulsing, which would normally indicate 

a drop in capacitance. This was not born out in the pulse test however where a small increase in Qinj was recorded. 

Expanded electrochemical characterization is described elsewhere [29].  
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Fig. 8. CVs and SEM images of Pt (A-A(ii)), rPt (B-B(ii)), N-UNCD (C-C(ii)) and N-UNCD-O (D-D(ii)) for as-

grown and following long-term stimulation cases.  

 

4. Discussion 

N-UNCD films grew conformally on roughened platinum substrates, leaving no obvious voids. In previous work, a 

growth rate of 0.5-1 µm/h is typical for the CVD system used hence films less than 3 µm in thickness were assumed 
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to have been obtained [21]. The inhomogeneity and mushroom shapes, evident in Fig. 8, C(i) and C(ii), are typical 

of N-UNCD films and are thought to arise from the growth of diamond, outward from aggregates of seeds. Due to 

the mismatch in thermal expansion coefficients between diamond and platinum, the foils became curved upon 

cooling (concave on the platinum side). This phenomenon could cause problems with large foils, perhaps forcing 

them to scroll. Foil squares, 5 mm square were slightly curved. Attempts to flatten the foils resulted in cracking of 

the diamond film. Delamination occurred on all but the 20 µm pitch roughened samples. 

Sonication tests showed that the diamond films delaminated rapidly from flat sections of platinum between the laser 

milled pits. When the laser milled pits were sufficiently close to one another (20 µm), delamination due to sonication 

did not occur until 15 h and was minimal. Unlike other metals, platinum does not readily form a carbide [27, 30]. 

Heating of titanium for instance at even moderate temperatures such as 400 oC is known to form a titanium carbide 

interlayer with diamond [31]. Platinum carbide is difficult to synthesize, occurring at 85 GPa and 2327 oC [32]. 

Hence, a chemical attachment between diamond and platinum was not expected. Roughening of the platinum with 

closely spaced pits, however, led to more robust mechanical attachment of the diamond films, sufficient to survive 

30 h of high energy sonication in water. 

Consistent with previous work, N-UNCD exhibited a native capacitance roughly double that of platinum at short 

pulse times [33]. Roughened platinum outperformed N-UNCD at longer pulse lengths, most likely due to the 

surface-confined Faradaic reactions that are known to occur on platinum. With longer pulses, voltage excursions 

occur over a longer time period allowing more time for electrochemical processes [34-37]. During very short pulses, 

purely capacitive charging of the electrode dominates. It is likely that the diamond films have a short timeframe 

capacitance advantage due to possessing high nanoscale roughness (shown in Fig. 8 D2 and D3) which adds 

additional electrochemical surface area over the microscale roughness of the laser milled platinum substrate. 

Also consistent with previous work, we found that oxygen plasma treatment of the diamond films resulted in a 

dramatic increase in electrochemical capacitance [22]. The large increase in area of the CV of N-UNCD-O (red 

trace) over N-UNCD (black trace) in Fig. 8, D1 illustrates this, with a maximum value reported here of 1 mC/cm2 

for 3200 µs. It remains unclear what the precise origins of the high capacitance are. It appears that it may be a 

combination of additional etching of the diamond surface generating higher surface area combined with surface 

oxidation changing the material’s interaction with the aqueous electrolyte [10, 22]. As with our previous work, we 

observed no degradation in performance with extended use. Table 1 compares N-UNCD and N-UNCD-O from this 

work to a range of common and exotic charge injection materials. 

Table 1. Comparison of proposed neural stimulation materials 

 

Material Qinj 

[mC/cm2] 

Water Window 

[V vs Ag | AgCl] 

References 

Pt 0.1- 0.2 a [0.05-0.26] -0.6 to 0.8 [38] 

rPt 0.13 - 0.4 a [0.13-0.364] -0.6 to 0.8 [38] 

N-UNCD 0.15 - 0.27 a [0.1-0.2] -1 to 1 [10, 11] 

N-UNCD-O 0.6 – 1 a [1.2] -1 to 1 [22] 

CNTs 1-1.6 -1.5 to 1 [12] 

BDD / CNTs 105 -1 to 1 [39] 

PEDOT 15 -0.9 to 0.6 [19, 40] 

Conducting Hydrogel 110 -0.8 to 0.6 [18] 

Activated IrOx 1-5 -0.6 to 0.8 [12] 

TiN 1 -0.8 to 1.1 [12] 

BDD/TiN 1.8 -1.3 – 1.2 [41] 

GO / PEDOT 1-4.5 -0.6 to 0.6 [42] 

LCGO 43-60 -1 to 0.9 [38] 
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a Denotes results from this work, [ ] denotes results reported by others. LCGO (Liquid Crystal Graphene Oxide), 

GO (Graphene oxide), IrOx (Iridium oxide), TiN (Titanium Nitride), BDD (Boron-doped diamond), PEDOT (Poly 

(3,4-ethylene dioxythiophene)). 

Materials with higher charge injection than N-UNCD-O have been reported. These typically have inherent surface 

confined Faradaic electrochemistry [12] or exceptionally high electrochemical surface area [18, 38, 39]. Iridium 

oxide and conducting polymers fit into the Faradaic charge transfer category [12]. Though promising, these 

materials are often not mechanically robust and can require specific electrochemical conditions to access their full 

potential. For instance, iridium oxide requires a bias voltage of 0.6 V be applied before the Faradaic processes that 

lead to high capacitance are activated. There is also evidence that the outstanding properties of iridium oxide in 

vitro, do not necessarily translate in vivo [43, 44]. This remains to be tested in the case of diamond. For conducting 

polymers such as Poly (3,4-ethylenedioxythiophene) (PEDOT) there are persistent biostability and hence longevity 

concerns [45-47]. Conducting hydrogels however, possess very high Qinj and have shown good stability during long-

term pulsing [18]. Graphene and carbon nanotube coatings lead to high charge injection capacity, but the coatings 

are famously delicate and friable [48, 49]. One notable exception exists in the work of Zanin et al. There, a carbon 

nanotube film was coated with BDD yielding a robust surface with capacitance ∼450 times greater than that of the 

equivalent, flat BDD electrodes [39]. A similar approach was employed by Maijs et al. who grew boron doped 

diamond films over porous titanium nitride films [41].  

The closest direct comparison to N-UNCD is titanium nitride (TiN), a material also deposited by chemical vapor 

deposition that operates by purely capacitive charge injection. TiN forms films with a columnar structure that have 

extremely high nanoscale roughness and hence high electrochemical surface area [12]. Charge injection values 

around 0.9 mC/cm2 are typically reported for this material [50, 51]. TiN films are softer than diamond and suffer 

mechanical damage easily, but electrodes are well tolerated in vivo and can be patterned using common lithographic 

methods. Patterning of CVD diamond is more challenging, but methods have been developed, nevertheless. Girard 

et al. presented a method of patterned diamond deposition by pre-patterning the seeds from which the diamond was 

grown [52] and Ganesan et al. presented a method of patterning by laser ablation [53-55]. It should be noted that 

TiN deposition temperatures are much lower than diamond, typically 400 oC [56], which means the technology can 

be applied directly onto a wider range of materials than N-UNCD. To employ diamond on low-temperature 

substrates, the diamond must be grown separately and transferred. 

An important future consideration is that Qinj stability of N-UNCD has not yet been assessed in vivo. Green et al. 

found that the Qinj of roughened platinum was greatly reduced in vivo compared with in vitro [57]. This phenomonen 

may arise as a result of protein fouling or a confined electrochemical environment. Through some diamond 

electrodes have exhibited resistance to fouling in electrochemical sensing applications [58], they have not, as yet, 

been assessed specifically for stimulation stability in vivo.  

Perhaps the most important advantage that diamond possesses, is excellent biocompatibility and very high 

electrochemical and biochemical stability [20]. For biomedical implants, there is a range of applications where 

surgical removal of devices is not feasible (such as an intracortical prosthesis for vision or somatosensory function) 

and hence the devices must last for a very long time in order to justify the risk to the patient and avoid re-

implantation. In the case of retinal prostheses, devices should last for decades at least. The effects of electrochemical 

stress tests depicted in Fig. 8, demonstrate the exceptional stability of diamond films. Pitting, such as observed here, 

and gradual dissolution of platinum, operated at its limits, has been previously reported [59, 60]. N-UNCD appears 

to be impervious to electrochemical damage, within safe voltage limits. The stability of the high capacitance in the 

oxygen plasma activated N-UNCD-O samples is also notable. Above 1.0 V it is possible that some water oxidation 

might occur, leading to radicals that can interact with and functionalize the diamond surface. In previous work by 

Garrett et al. it was demonstrated that electrochemical oxidation is an alternative method for increasing charge 

injection capacity [11]. 

5. Conclusion  
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Diamond can be effectively deposited on Pt by using a laser roughening, pre-deposition process. The electrodes, 

once exposed to an oxygen plasma are stable, have high charge injection properties and would appear to be highly 

suited for neural stimulation implants. Sonication strongly indicates that roughening of the platinum substrate 

improves the adhesion of N-UNCD films significantly when a regular array of laser pits 20 µm in spacing was 

employed. Electrochemical tests established that N-UNCD grown on roughened platinum has comparable Qinj to Pt 

and rPt. Once activated with oxygen plasma treatment, however, N-UNCD-O showed significantly enhanced 

electrochemical performance compared to Pt. In addition, the in vitro electrochemical stability assessment showed 

that N-UNCD and/or N-UNCD-O were more stable than Pt and roughened Pt. 
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