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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Ultra-porous neural electrode based on 
over-stoichiometric titanium nitride. 

• Electrode with combined electro
chemical double layer- and pseudo- 
capacitance. 

• Results show low impedance and high 
charge capacity. 

• Sustained electrochemical performance 
for chronic applications.  

A R T I C L E  I N F O   

Keywords: 
Over-stoichiometric TiN 
Neural electrode 
Pseudo-capacitor 
EDLC 

A B S T R A C T   

Frontier applications in implantable neural interfacing have raised the demand for low-impedance, high-charge- 
capacity electrodes capable of retaining these properties with chronic use. Herein, we evaluate an ultra-porous 
electrode based on over-stoichiometric titanium nitride for its application as a dual-action supercapacitor. 
Electrochemical measurements demonstrate both faradaic and non-faradaic capacitive mechanisms operating 
simultaneously, resulting in very high charge capacity with minimal impedance limitations. These characteristics 
were maintained over 10,000 charge-discharge cycles without significant loss in performance. Moreover, N- 
vacancies hypothesized to permit the reversible faradaic reactions on the electrode surface appear to remain 
stable, indicating that the film is able to renew its supply with each cycle, possibly by outward diffusion of excess 
N from the bulk and into the surface.   

1. Introduction 

The treatment, management and prognosis of various diseases, 
conditions, and injuries of the nervous system have benefited greatly in 
recent decades from advancements made in the field of implantable 

neural interfacing electrodes [1]. The ideal device is expected to be 
biocompatible, interface closely with the targeted tissue, withstand 
chemical and physical degradation, and exhibit ease of manufacture and 
implantation [2,3]. In the context of electrochemical performance, the 
two most important criteria that must be met are high charge capacity 
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and low electrical impedance, both of which should be maintained 
throughout the implant’s lifetime [4,5]. As such, the materials employed 
for neural interfacing are generally discussed based on their charge 
transfer mechanism and their ability to retain it [6]. 

The first category of materials relies on the accumulation of electrical 
charge on their surfaces and ionic charge provided by solvated ions in 
solution. When the electrode is polarized, these charges form an inner 
and outer Helmholtz layer respectively, and molecules of solvent trap
ped between the layers act as a dielectric. In this way, the electrode 
functions as an electrostatic double-layer capacitor (EDLC) [2]. This 
being a purely physical process, EDLCs benefit from long-term cycling 
stability, making them the optimal choice in applications where sus
tained operation is the primary concern [7]. The associated disadvan
tage is spatial limitation, whereby the maximum attainable capacitance 
is capped by the size of the electrode/electrolyte interface. As a result, 
most research efforts aimed towards improving EDLCs are focused on 
maximizing effective surface area, usually through the introduction of 
porosity [8,9]. Much progress has been made in this regard, with de
velopments such as titanium nitride nanopores [10], amorphous carbon 
nanotubes [11], and titania nanotube arrays [12] significantly 
improving electrode performance over conventional bulk electrodes. In 
these cases, the necessary balance between structural integrity and 
material porosity is an obvious drawback, and effectively limits the 
extent to which morphological changes can be employed before collapse 
[12,13]. 

The second category of materials, often termed pseudo-capacitors, 
permit electrochemical charge transfer across the electrode surface or 
near-surface. These faradaic reactions occur through rapid chemisorp
tion or intercalation of charge-compensation ions in solution [14]. Some 
of the more prominent materials within this category are platinum [15], 
platinum-iridium alloys [16], and iridium oxide [17], all of which have 
been thoroughly researched and implemented in the past few decades. 
Contrary to EDLCs, the mechanisms of charge transfer are not solely 
dependent on physical phenomena, and thus their characteristics may 
be improved through alternative means [14]. Alloying, heat treatments, 
defect and stoichiometric control have all been employed towards this 
end with reasonable success [15,17,18]. Furthermore, as faradaic re
actions on the electrode necessarily increase with access to surface area, 
pseudo-capacitors also benefit from the same strategies applied to EDLCs 
[10,14,19,20]. Owing to this, pseudo-capacitors typically outperform 
EDLCs in terms of initial charge capacity and low impedance, although 
they may be prone to significant deterioration with repeated cycling 
unless optimized [21]. 

The ongoing development of increasingly targeted therapies, often 
intended to function throughout the patient’s lifetime, has intensified 
the demand for miniaturized electrodes with sustained capacitive 
function [1]. Accordingly, a device combining the assets of EDLCs and 
pseudo-capacitors is highly desirable in this regard. Emerging hybrid 
supercapacitors, high-capacity materials capable of both faradaic and 
non-faradaic charging, have made these goals more attainable in recent 
years [22]. Having widely demonstrated success in the energy storage 
and conversion sector, this material group shows great potential for 
neural interfacing [23]. Transition metal nitrides are a class of materials 
well-suited to this application, owing to their varied bonding (a com
bination of metallic, covalent, and ionic bonding) and special crystal 
structures comprising interstitial nitrogen atoms residing in a metal 
lattice. The resulting characteristics include varied valence states, 
extensive redox chemistry, and exceptionally low electrical impedances 
[23,24]. 

One candidate that combines these traits with good biocompatibility 
is over-stoichiometric titanium nitride, i.e., TiNx where x > 1 [25,26]. A 
well-established EDLC, TiN has a reliable history as a neural interfacing 
electrode [27], with varied applications ranging from incontinence 
management [28] to motor control [29]. Improvements to its electro
chemical properties have been achieved through morphological 
changes, from the development of thin films [30], to bulk material [31], 

and open porous structures [32]. Unlike stoichiometric TiN, many 
research groups posit that TiNx can additionally engage in reversible 
faradaic reactions, despite the lack of characteristic redox peaks in its 
cyclic voltammograms [17,18,32,33]. The origin of its faradaic charge 
transfer is generally attributed to the outward diffusion of loosely-bound 
N-atoms at the grain boundaries, whereby rapid oxidation occurs to 
produce N-doped TiO2. This leads to the formation of O-vacancies in the 
oxide, likely through the act of charge compensation, which then engage 
in pseudo-capacitive reactions [34–37]. In combination with established 
double-layer capacitance, this mechanism drastically improves the 
performance of over-stoichiometric TiN and the material may thus be 
described as a dual-action supercapacitor [21]. Moreover, owing to the 
ease with which morphology and stoichiometry may be controlled 
during physical vapour deposition (PVD), chamber parameters may be 
wholly exploited to develop a TiN electrode that embodies both faradaic 
and non-faradaic charging whilst maximizing effective surface area. 
Primarily, the use of high N2 partial pressures during deposition have 
been shown to result in highly-porous, over-stoichiometric films rich in 
excess N [38–40]. 

Herein we present a low-impedance and high-charge capacity neural 
electrode based on ultra-porous titanium nitride (TiN) films grown via 
PVD. High N2 partial pressure is used to produce over-stoichiometric 
films with an open columnar structure that permits full electrolyte 
penetration for minimal diffusion-related limitations. The hybrid 
charging mechanisms are clearly demonstrated via exclusionary exper
iments, and are additionally shown to be highly reliable, exhibiting no 
significant degradation over 10,000 voltammetry cycles. These results 
establish the ultra-porous TiN as a viable candidate for neural inter
facing, particularly in chronic applications requiring sustained electrical 
performance. 

2. Materials and methods 

2.1. Electrode fabrication 

Grade 5 extra-low interstitial Ti6Al4V was chosen as the substrate 
material for the electrodes (Brindley Metals, UK). A layer of over- 
stoichiometric porous TiN was deposited via DC reactive magnetron 
sputtering using an industrial PVD coating unit (CC800/9 SiNOx, 
CemeCon AG, Germany). The coating was sputtered from four Ti targets 
(88 × 200 mm) of 99.5% purity in an Ar/N2 atmosphere. The gas purity 
was 99.999% and the Ar/N2 flow ratio was 400 sccm/350 sccm. 

2.2. Characterization 

Field emission scanning electron microscopy (FE-SEM) (Carl Zeiss: 
MerlinTM, Germany) was employed to analyse the surface and trans
verse morphology of the porous TiN films. Cross-sections were produced 
by cutting across the electrode with an Accutom-10 (Struers, Denmark) 
and preparing the exposed surface for analysis. Secondary electron im
ages were taken using an acceleration voltage of 5 kV. ImageJ image 
processing and analysis software was used to estimate the surface 
porosity of the TiN film from the SEM images. 

Bragg-Brentano X-ray diffraction data was collected using a Bruker 
D8 Advance X-Ray diffractometer (Bruker, Germany) equipped with a 
CuKα (λ = 1.5406 Å) radiation source. Measurements were taken at 21 ͦC 
using a 40 kV acceleration voltage at a step size of 0.01 ͦ and dwell time 
of 2 s. Resultant peaks were fitted to corresponding phases using PDXL 
integrated X-ray powder diffraction software (Rigaku, Japan). 

Micro-Raman spectroscopy of the TiN electrodes before and after 
electrochemical testing was carried out using a Raman microscope 
spectrometer (Horiba Scientific, Japan) operated at 21 ͦC with 532 nm 
(green light) laser, 1800 grating, and 10 s acquisition time. 15 mea
surements were taken for each condition to ensure repeatability. 
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2.3. Electrochemistry 

All electrochemical measurements were taken in protic and aprotic 
electrolytes; Dulbecco’s phosphate buffered saline solution (PBS) 
(Oxoid, UK), and a 1 M organic solution of tetraethylammonium tetra
fluoroborate (Et4NBF4) (Alfa Aesar, 99%), respectively. A conventional 
three-electrode cell was employed for testing, consisting of a 25 mm 
length of platinum wire (Advent, 99.95%) with 0.4 mm diameter as 
counter electrode, the TiN as working electrode, and a saturated KCl 
(Gamry, USA) or non-aqueous Ag/Ag+ (Ossila, UK) reference electrode 
in protic and aprotic solutions, respectively. A geometric surface area of 
0.238 cm2 on the TiN electrodes was exposed to the electrolytes for 
testing. Experiments were controlled using a computer driven Gamry 
Reference 600 potentiostat/galvanostat. All measurements were carried 
out at a physiological temperature of 37 ± 2 ͦC maintained by means of a 
heated water jacket. 

Potentiostatic electrochemical impedance spectroscopy (EIS) was 
carried out at the open circuit potential with a sinusoidal voltage of 
amplitude 10 mV within the frequency range of 0.1 Hz–10 kHz. 
Equivalent circuit modelling and data fitting functions on the Gamry 
Echem Analyst software were employed to analyse resultant spectra. 
Cyclic voltammetry measurements were made by cycling the electrode 
voltage between the solvent electrolysis limits. These solvent window 
limits were determined by linear sweep voltammetry in the cathodic and 
anodic directions with respect to the OCP at a rate of 50 mV/s, until the 
emergence of a rapidly increasing current. Voltammograms were 
measured at sweep rates of 50, 100, 500 and 1000 mV/s, with 10 cycle 
measurements per sweep rate. The cathodic charge storage capacity 
(CSCc) was determined by integrating the area beneath the zero-current 
axis for the final cycle of each test. The sweep rates were chosen to assess 
the TiN electrodes under different experimental conditions, from the 
high charge/discharge rates associated with typical electrode operation 
(1000 mV/s), down to slower rates where the influence of pore resis
tance and ionic kinetic limitations are reduced (50 mV/s). 

The coulombic efficiency (CE) of the electrodes at sweep rates of 
1000 and 100 mV/s were calculated from the ratio of Qdischarge and 
Qcharge, corresponding to the cathodic and anodic charge densities, 
respectively, as shown in Equation (1): 

CE (%)=
Qdischarge

Qcharge
× 100 (1) 

Lifetime analysis was carried out by subjecting the TiN films to 
10,000 cyclic voltammetry cycles at 1000 mV/s while assessing changes 
in pseudo-capacitance. EIS measurements were taken intermittently at 
the beginning of the experiment and after each 1000 cycles. The tests 
were also conducted at a sweep rate of 100 mV/s. Although not repre
sentative of intended use, the latter experiments were carried out to 
observe electrode behaviour under conditions of high pseudo-capacitive 
demand. Both sets of analyses were conducted in PBS solution main
tained at 37 ± 2 ͦC. 

2.4. Statistics 

All results are expressed as the mean ± standard deviation (SD). 
Regression analysis was used to determine whether trends exist in 
changes to capacitance during electrochemical cycling. The intensity 
ratios of Raman peaks with and without cycling were compared using t- 
tests. All statistical analysis was carried out using SPSS software, version 
20.0 (SPSS, Inc., Chicago, IL, USA). A statistically significant difference 
was considered if p < 0.05. 

3. Results and discussion 

In this work, the morphology, crystal structure, and chemical state of 
the prepared TiN films were examined using SEM, XRD, and micro- 
Raman spectroscopy. SEM images of the electrode topography and 

cross-section are shown in Fig. 1. Film thickness measurements taken 
across 5 different electrode samples were found to be 9.5 ± 0.8 μm. The 
micrographs reveal a rough and porous topography with distinct 
pyramidal-shaped structures crowning disaggregated columns growing 
normal to the substrate and measuring ~500 nm across at their thickest 
point. The resultant electrodes had an average mass loading of 4.98 mg/ 
cm2. 

The X-ray diffraction pattern for as-deposited TiN was measured 
between 2θ angles of 20–80 ͦ and is given in Fig. 2. The (111) and (222) 
peak positions were indexed to the cubic TiN phase (PDF no. 04-015- 
0336) having an FCC-like crystal structure with space group Fm-3m 
(225). The patterns reveal a highly textured coating with a preferred 
orientation along the (111) and corresponding (222) planes, situated at 
the 2θ values of 36.46 ͦ and 77.74 ͦ, respectively. Being the plane of 
lowest strain energy, prevalence of the (111) orientation is expected in 
thick TiN films (>150 nm), where strain energy dominates over surface 
energy. The crystallographic texture thus develops as a means to lower 
the total energy of the system [41]. This texturing effect is highly ad
vantageous in the application of neural interfacing, as many research 
groups report increased surface roughness, and hence effective surface 
area, with increasing (111) orientation dominance [39,42,41]. 

The micro-Raman spectrum in the range of 50–700 cm− 1 was 
collected for the electrodes using 532 nm green light laser and is shown 
in Fig. 3. In the case of TiN films, it has been previously shown that 
scattering in the acoustic range (~150-350 cm− 1) may be attributed to 
vibrations of the heavy Ti cations while that in the optical range (~550- 
650 cm− 1) is associated with vibrations of the lighter N anions [43]. 
With reference to the findings of other research groups, the peaks 
occurring at 152, 260, and 601 cm− 1 may be respectively corresponded 
to the first-order transverse acoustic (TA), longitudinal acoustic (LA) 
and transverse optical (TO) vibrations of TiN [18,33,34,38]. In perfect 
crystal structures such as stoichiometric TiN, the detection of first order 
scattering is understood to be forbidden, as every ion in the crystal oc
cupies a site of inversion symmetry. However, defects introduced into 
the crystal structure effectively disrupt this symmetry, causing atomic 
displacement in neighbouring atoms. As a result, their derivatives are 
non-zero and thus first-order polarizable [44]. In addition to randomly 
occurring imperfections in the crystal, deviations from stoichiometry 
impart numerous defects within the TiN structure, thereby allowing 
first-order detection. In this case, each peak is a representation of the 
defect that induced it, i.e., acoustic and optical peaks indicate nitrogen 
and titanium vacancies in the lattice, respectively [43]. Thus, assessing 
the relative intensities of the transverse acoustic (TA) and optical (TO) 
peaks may provide an indication of the defect ratio in the film [19]. 
Since acoustic scattering dominates over optical transmissions, and thus 
ITO/ITA<1, it may be concluded that N-vacancies comprise the majority 
of defects in the bulk of the electrode. 

Although at the outset it appears contradictory that N-vacancies 
prevail in N-rich TiN, some factors may be considered to corroborate this 
result. Primarily, it is understood that in over-stoichiometric TiN, the 
loosely bound N at grain boundaries permit rapid oxidation even at 
room temperature, as the reaction of TiN with O2 is thermodynamically 
favourable [37,44]. Supporting this statement are three further peaks in 
the Raman spectrum ascribable to anatase TiO2, which occur at 205, 
410, and 519 cm− 1. These peaks, closely associated with β-N doped TiO2 
(hereafter denoted as N–TiO2) as indicated by literature, can only be 
detected within a narrow spectrum of laser wavelengths [34,45]. The 
green light laser used in this study carries an energy of 2.33 eV, which is 
similar to the band gap of N–TiO2 (2.2–2.6 eV) [46]. This results in a 
resonance effect, and thus the peaks of the oxide may be recorded [35]. 
Attempts to replicate these measurements using a 785 nm wavelength 
were in fact unsuccessful, as only peaks associated with TiN were 
detected as shown in Fig. 4. Congruently, if β-N dopants are present in 
the oxide, the prevalence of N-vacancies in the bulk is validated, as 
many research groups posit the outwards diffusion and incorporation of 
excess N-atoms into the growing oxide [17,34,35]. 
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Ultimately, the development of N–TiO2 is a desired characteristic 
when considering TiN for chronic neural interfacing; N-doping triggers 
the induction of O-vacancies through the effect of charge compensation. 
In turn, these vacancies can engage in reversible faradaic reactions that, 
in combination with traditional double layer capacitance, greatly boost 
capacitive ability [34–37]. Thus, the suspected O-vacancies, coupled 
with the evident porous architecture of the TiN film, was expected to 
exhibit excellent electrochemical properties. 

To demonstrate this phenomenon, EIS and CV measurements were 
taken in two different electrolytes to permit distinction between pseudo- 
capacitance and double-layer capacitance. Previous studies have reli
ably shown that pseudo-capacitance is affected only by the protons and 
cations in solution, and thus the electrolytes employed in this work were 
chosen accordingly [33,46]. To simulate the physiological condition, 
under which both mechanisms are assumed to operate, tests were con
ducted in aqueous PBS solution. Conversely, a non-protonated organic 
solution of 1 M Et4NBF4 in acetonitrile was used to inhibit reversible 
faradaic reactions. Coupled with the lack of protons, the bulky Et4N+

cation is spatially limited, and thus restricted from participating in 
pseudo-capacitance. 

Bode and Nyquist spectra recorded during EIS measurements are 
plotted in Fig. 5. A basic Randles Circuit consisting of double layer 
capacitance, CPEdl in parallel with resistance to faradaic charge transfer, 

Fig. 1. Cross-sectional morphology (left) and surface topography (right) SEM images of the ultra-porous TiN deposited onto Ti6Al4V.  

Fig. 2. Bragg Brentano XRD pattern for TiN electrode. Miller indices for cubic 
TiN are labelled (PDF no. 04-015-0336). 

Fig. 3. Raman spectrum collected for untested TiN electrode using 532 nm 
laser wavelength. Identified peaks were corresponded to acoustic and optical 
modes of TiN (black), as well as N-doped Anatase TiO2 (red). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 4. Raman spectra of untested TiN electrodes. Measurements were taken 
using laser wavelengths of 532 nm (green) and 785 nm (red). Peaks typically 
associated with N–TiO2 appear when using a laser wavelength of 532 nm but 
are notably absent when using a wavelength of 785 nm. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

J. Arpa et al.                                                                                                                                                                                                                                     



Materials Chemistry and Physics 289 (2022) 126435

5

RF, both in series with solution resistance, Rs, was sufficient to model the 
spectra obtained in organic electrolyte. An identical circuit could not 
adequately model spectra obtained in PBS solution, predominantly due 
to incongruency in the low frequency domain. In such cases a Warburg 
impedance is commonly included in the equivalent circuits of porous 
materials to account for diffusion limitations within the narrow, inac
cessible channels. However, the characteristic 45 ͦ angle associated with 
this phenomenon is not evident in the resulting spectra, indicating good 
ionic mobility within the pores of the TiN film. Instead, the approximate 
angle of 75 ͦ suggests the imperfect capacitive behaviour typically 
associated with pseudo-capacitance. A constant phase element CPEpseu 
(Ypseu, αpseu) was thus placed in series with RF, where Ypseu acts as a stand- 
in for pseudo-capacitance, and αpseu is an empirical constant represent
ing deviation from ideal behaviour (ie, when α = 1), usually due to 
leakage current. In both models, the double layer capacitors are also 
replaced with constant phase elements, having variables Ydl and αdl. In 
this case the Ydl is a stand-in for double layer capacitance, and αdl rep
resents deviation from ideal behaviour, potentially due to non-ideal 
layer formation, leakage current, or influence from surface roughness. 
Both circuits are given in Fig. 6. 

Values extracted from fitting the equivalent circuit models are given 
in Table 1. The different behaviour of the TiN films in the two electro
lytes is readily apparent, with a three-fold increase in impedance at 0.1 
Hz for measurements taken in Acetonitrile. The Ydl in PBS was found to 
be slightly lower than that measured in organic solution, and as such the 
double layer capacitance was ruled out as an influencing factor on the 

increased impedance in acetonitrile. As pseudo-capacitance is the phe
nomenon through which faradaic charge transfer is enabled, an envi
ronment which inhibits its action would necessarily result in a larger RF. 
This was the case for tests conducted in acetonitrile where RF was 
calculated at 2537 Ωcm2, a large figure when compared to the 1.5 Ωcm2 

measured in PBS. This highlights the dominant role of pseudo- 
capacitance in lowering the electrode’s overall impedance at low fre
quencies. Furthermore, it strongly corroborates the observations made 
via Raman analysis, lending credence to the theorized role of over- 
stoichiometry in permitting reversible faradaic reactions. 

The impact of pseudo-capacitance on electrochemical performance 

Fig. 5. Resultant EIS spectra, showing Bode (left) and Nyquist (right) plots for TiN electrodes tested in PBS (black) and 1 M Et4NBF4 solution in acetonitrile.  

Fig. 6. Circuits used to model resulting EIS spectra after testing TiN electrodes in PBS (a) and 1 M Et4NBF4 solution in acetonitrile (b), where the following pa
rameters are used: reference electrode (RE), working electrode (WE), solution resistance (Rs), resistance to faradaic charge transfer (RF), double layer capacitance 
(CPEdl, a constant phase element further described by αdl and Ydl), and pseudo-capacitance (CPEpseu, a constant phase element further described by αpseu and Ypseu). 

Table 1 
EIS results from curve fitting of equivalent circuit models for tests conducted in 
PBS and 1 M Et4NBF4 solution in Acetonitrile. The average of five readings is 
given with standard deviation from the mean.  

Test Solution 

Element PBS 1 M Et4NBF4 in AN 

Rs, Ωcm2 14.9 ± 3.1 7.6 ± 0.4 
Ydl, mSs^acm2 3.9 ± 0.7 7.1 ± 2.7 
αdl 0.855 ± 0.024 0.868 ± 0.019 
Ypseu, mSs^acm2 14.7 ± 3 / 
αpseu 0.879 ± 0.007 / 
Rf, Ωcm2 1.5 ± 0.5 2537.9 ± 840 
|Z| at 0.1Hz, Ωcm2 79.5 ± 14.4 248.3 ± 57.5  
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was further studied by performing CV tests in the same two solutions. 
Representative voltammograms measured at sweep rates of 50, 100, 
500, and 1000 mV/s in both electrolytes are given in Fig. 7, and the 
average calculated CSCC are presented in Table 2. The cathodic and 
anodic working limits were found to be − 0.6 and 0.9 V vs SCE respec
tively, and all voltammograms are presented between these values. With 
respect to measurements made in PBS solution, the voltammograms at 
low scan rates (≤500 mV/s) display the typical rectangular shape 
associated with a quasi-ideal capacitor. The shape is lost at faster sweep 
rates, adopting the slanted, diagonal representation of an ohmic-type 
conductor. Previous studies on highly-porous TiN have wholly attrib
uted this phenomenon to the large ohmic drop that forms across pores, 
rendering the deeper sections of the channels redundant [39,47]. Ana
lysing the results for organic electrolyte affirms the influence of porosity, 
as CSCC values drop by ~45% as the scan rate is increased from 50 to 
1000 mV/s. However, it is notable that the drop in acetonitrile is not 
equivalent to that in PBS, which was calculated at ~58%. Considering 
the observations made from EIS results, where it was shown that 
changing electrolyte has no significant impact on the electrochemical 
characteristics of the double layer, this discrepancy may be attributed to 
a larger influence on the pseudo-capacitance. Specifically, it highlights 
the kinetic limitations associated with reversible faradaic reactions as 
compared to the double layer. Despite this, the ultra-porous TiN still 

outperforms many of the electrode materials currently in use for neural 
interfacing in the form of higher charge capacity and lower impedance, 
including platinum/iridium (Pt/Ir) alloys [16] and iridium oxide (IrOx) 
[17], as well as some frontier materials like porous graphene [48] and 
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) 
[49]. These findings emphasize the advantages of designing 
hybrid-capacitance electrodes over pure EDLC’s or pseudo-capacitors. 

When assessing applicability for chronic interfacing, the retention of 
capacitive mechanisms over numerous cycles is necessary. With a high 

Fig. 7. Cyclic voltammograms of TiN electrodes tested at different sweep rates (50, 100, 500, and 100 mV/s) in PBS (black, solid) and 1 M Et4NBF4 solution in 
acetonitrile (red, dotted). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Cathodic charge storage capacity (CSCC) for tests in PBS and in a 1 M solution of 
Et4NBF4 in Acetonitrile, measured at scan rates of 50, 100, 500 and 1000 mV/s. 
The average of five readings is given with standard deviation from the mean. The 
approximate % difference in charge storage between tests conducted at 50 and 
1000 mV/s for the same electrolyte are also given.  

CSCC (mC/cm2) 

Scan Rate (mV/s) PBS 1 M Et4NBF4 in AN 

50 53 ± 6 11 ± 3 
100 46 ± 5 9 ± 2 
500 30 ± 3 7 ± 1 
1000 22 ± 3 6 ± 1 

% Drop from 50 to 1000 mV/s 58 45  
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coulombic efficiency (CE) of 99.68 ± 0.06% (calculated using Equation 
(1)) at a sweep rate of 1000 mV/s, the electrodes were expected to 
demonstrate a high level of reversibility during the charge/discharge 
process. To assess this, the TiN was subjected to 10,000 CV cycles at 
1000 mV/s within the previously defined water window limits (− 0.6 to 
0.9 V vs SCE). PBS solution was chosen to permit monitoring of CPEpseu 
and CPEdl in tandem. EIS measurements were taken every 1000 cycles to 
quantify any resulting changes. Using the equivalent circuit model given 
in Fig. 6a to analyse the EIS spectra, CPE values (Y and α) were derived 
and plotted as a function of cycle number, as shown in Fig. 8 and Fig. 9. 
Regression analysis showed no significant drop (p > 0.05) in either Ypseu 
or Ydl over 10,000 consecutive cycles, nor any change in αpseu and αdl. 
Moreover, the electrode displayed very high charge retention, as shown 
in Fig. 10, with no statistically significant decrease (p > 0.05) being 
recorded. While such a high level of cycling stability is common for 
EDLC’s, it is relatively exceptional in pseudo-capacitors [21]. Perform
ing micro-Raman analysis on the electrodes additionally shows no 
appreciable change in chemical makeup after 10,000 cycles. In fact, 
quantifying and comparing the relative intensities ITO/ITA before and 
after cycling, as presented in Fig. 11, shows no statistically significant 
change (p > 0.05). 

These results would imply that the number of oxygen vacancies in 
the N–TiO2 remains stable despite repeated oxidation during cycling 
and, by extension, that the relative number of N-vacancies in the TiN 
sub-surface is also maintained. In this regard, Achour et al. [35] have 
proposed that the bulk TiN acts as a reservoir for β-N dopants, diffusing 
out into the oxide and creating new O-vacancies to replace the ones 
oxidized by electrochemical cycling. Concomitantly, atomic oxygen 
generated through this process diffuses downwards into the bulk TiN, 
healing N-vacancies while the oxide grows. In this way, the relative 
number of nitrogen and oxygen vacancies is stable, and 
pseudo-capacitance is maintained. To assess the applicability of this 
theory in explaining the observed results, the experiment was modified 
to intentionally exhaust the material’s pseudo-capacitive mechanism. A 
cycling rate of 100 mV/s, at which the coulombic efficiency drops to 
99.06 ± 0.52%, was chosen to maximize engagement of redox-active 
sites (O-vacancy sites) on the electrode whilst keeping the test dura
tions reasonably short (<5 days). All other parameters were maintained 
as per the previous experiment. 

As shown in Fig. 8, a clear negative correlation (p < 0.05) between 
cycle number and Ypseu exists, with an average drop of 46% recorded 
over 10,000 cycles. As with the 1000 mV/s tests, no significant change 

(p > 0.05) was observed for Ydl with cycling, and behavior does not 
differ meaningfully between the two conditions. The αpseu and αdl, 
shown in Fig. 9, also exhibit no significant change (p > 0.05), suggesting 
that the decline in electrode performance is unlikely to be related to 
increased current ‘leakage’. Conversely, charge retention drops down to 
54% by the 10,000th cycle (Fig. 10), clearly demonstrating the incom
plete reversibility of the pseudo-capacitive process at low scan rates. The 
micro-Raman spectra for the electrodes were collected after the tests, 
and the ITO/ITA ratio calculated and compared to that of untested TiN. A 
significant change (p < 0.05) in the relative intensity of the 152 cm− 1 

peak is evident, dropping by an average of 22.7% after cycling. 
The marked decrease in N-vacancies may therefore be reliably linked 

to the change in pseudo-capacitance, and a strong case can be made for 
the hypothesis outlined above. By extension, it can be inferred that the 
excellent performance of the TiN electrode is reliant on its over- 
stoichiometry, whereby pseudo-capacitive mechanisms are enabled 
through a balanced ratio of nitrogen and oxygen vacancies in the TiN 
bulk and TiO2 oxide, respectively. Moreover, these properties are 
retained over numerous charge/discharge cycles when executed under 

Fig. 8. Changes in Ypseu (top) and Ydl (bottom) with number of cyclic vol
tammetry cycles carried out at 100 mV/s (black) and 1000 mV/s (red) in PBS. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 9. Changes in αpseu (dashed line) and αdl (solid line) with number of cyclic 
voltammetry cycles carried out at 100 mV/s (black) and 1000 mV/s (red) in 
PBS. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 10. Change in percentage (%) charge retention with number of cyclic 
voltammetry cycles carried out at 100 mV/s (black) and 1000 mV/s (red) in 
PBS. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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conditions similar to those employed in vivo. These reversible faradaic 
reactions act in tandem with double layer capacitance, itself expanded 
through the film’s porous architecture, to permit the large charge stor
age capacities and very low impedances that are crucial in neural 
interfacing. 

4. Conclusions 

In this work we develop a low-impedance, high-charge-capacity 
neural interfacing electrode based on ultra-porous, over-stoichiometric 
TiN film grown via PVD. Characterization revealed an open, columnar 
microstructure with an abundance of N-vacancies detected in the ma
terial sub-surface, thus indicating the potential for pseudo-capacitive 
behavior. The TiN demonstrated excellent electrochemical behavior in 
physiological electrolyte, with impedance and capacitance measure
ments equaling and, in some cases, even surpassing those of lead 
competing materials. Similar tests carried out in non-protonated elec
trolyte clearly demonstrate the large role pseudo-capacitance plays to
wards electrode performance, by suppressing its action and observing 
the corresponding changes in impedance and charge measurements. 
Aggressive cycling in protonated electrolyte resulted in lower detectable 
N-vacancies that were corresponded to drops in charge capacity and 
increased impedance, thus strengthening the theorized relationship 
between over-stoichiometry, vacancies, and reversible faradaic re
actions on the TiN surface. Moreover, the electrode was also subjected to 
10,000 cycles in physiological media at rates similar to those of opera
tion in vivo, resulting in no significant physical, chemical, or electro
chemical deterioration. Thus, in combination with the double layer, the 
large recorded pseudo-capacitance and its retention with cycling high
light the ultra-porous TiN as an excellent dual-action supercapacitor for 
use in neural interfacing. Further work employing test conditions that 
mimic more closely the clinical application, including the use of a two- 
electrode setup and the addition of proteins in the electrolyte, should be 
considered to study their influence on the electrode performance. 
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