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Abstract—Platinum (Pt) is a widespread electrode material 
choice for neural interfaces and electrochemical biosensors, due 
to its supposed electrochemical inertness. However, faradaic 
reactions can take place at Pt electrodes, including Pt oxide 
formation and reduction. Repeated redox cycles of Pt can lead 
to Pt dissolution, which may harm the tissue and significantly 
reduce electrode lifetime. In this study, we investigated how the 
electrolyte may influence Pt dissolution mechanisms during 
current pulsing. Two electrolyte characteristics were 
considered: pH and gelation. We confirmed that empirically 
reported tissue damage thresholds correlate with Pt oxide 
formation and reduction. Varying electrolyte pH occasioned a 
shift in recorded potentials, however, damage thresholds 
correlated with the same mechanisms for all pH values. The 
similar behaviour observed for pH values in the central range (4 
≤ pH ≤ 10) can be explained by variations of local pH at the 
electrode surface. Gel electrolytes behaved comparably to 
solutions, which was confirmed by statistical similarity tests. 
This study extends the knowledge about platinum 
electrochemistry and shows the necessity to carefully choose the 
stimulation protocol and the electrolyte to avoid platinum 
dissolution and tissue damage. 
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I. INTRODUCTION  
Both neural interfaces and electrochemical biosensors 

require charge transfer at working electrode surfaces. 
Increasing focus on implantable devices means that devices 
must be miniaturized and must function in the body 
environment. However, current benchtop tests overestimate 
safe charge injection limits in the body by 2- to 10-fold [1, 2], 
and were developed for electrodes with up to 1000-fold 
greater diameter than modern miniaturised devices [3-5]. Safe 
limits for galvanostatically controlled charge injection at Pt 
electrodes have been linked to Pt dissolution driven by 
platinum oxide (PtO) formation and reduction [6], placing a 
lower limit on safety than the typical background limits of the 
water window. In particular, the empirically derived 
Shannon’s limit (eq. (1)) for current pulse safety linking 
charge per phase Q, charge density per phase D, and material-
dependent damage limit k, is associated with PtO formation 
[6, 7]. Exceeding this limit during current-controlled pulsing 
with any electrode risks degrading sensor performance and 
lifetime as well as releasing toxic dissolution products. 

 
  log (D) = k + log (Q)  (1) 

Kumsa et al. [6] developed a framework to study the 
underlying mechanisms of Shannon’s limit by recording the 

electrode potential as a function of k, during biphasic current-
controlled pulsing, voluntarily exceeding the damage limit to 
observe damage-related changes. Differences in safe limits in 
vivo have been attributed to differences in the electrode 
environment [8]. In this work we use a similar framework to 
Kumsa et al. [6] to investigate the effect of two characteristics 
of the body tissue on Pt electrode damage mechanisms: first, 
pH which varies with sensor location and foreign body 
response to implantation and stimulation [9, 10], and second, 
the extracellular matrix which we model as a gel electrolyte 
[11]. 

II. MATERIAL AND METHODS 

A. Electrolytes 
Unbuffered saline solutions were prepared at a range of 

pH by mixing a sodium chloride (NaCl) saline solution with 
hydrochloric acid (HCl) or sodium hydroxide (NaOH). 
Medical grade NaCl (MW: 58.45 g.mol-1, Promega) was 
diluted in deionized water (DW, 15.6 MΩ.cm-1, Millipure 
system) at a concentration of 18 g/L or twice the isotonic 
concentration (0.9% w/v, equivalent to 9 g/L). HCl (1 M, 
Sigma-Aldrich) and NaOH (crystals, BDH) were diluted at 
the desired concentration in DW and mixed in a 1:1 ratio with 
18 g/L NaCl to give an isotonic solution of desired pH. 

Agar powder was added (0.5 wt%) to the base 
electrolytes, and gelation was achieved by heating to boiling 
point followed by cooling to room temperature. pH was 
adjusted following gelation. Agar gel electrolytes were 
prepared with three base solution electrolytes: phosphate-
buffered saline (PBS), sulfuric acid (H2SO4) and pH 11 saline 
(NaOH in isotonic 0.9 wt% saline (NaCl)). 

B. Electrochemical setup 
A three-electrode setup composed of a Pt disk working 

electrode (WE, Ø 5mm), a carbon rod counter electrode (CE), 
and a Ag|AgCl reference electrode (RE) was used for all 
experiments.  

A custom stimulator was designed to deliver trains of 1000 
biphasic cathodic-first asymmetric pulses with a capacitive 
charge-balancing anodic phase, similar to cyclic 
chronopotentiometry, after Hudak [12]. A capacitor placed in 
series with the electrodes charged during the cathodic phase 
and reversed the charge injection during the anodic phase to 
ensure charge balance. WE potential excursions vs RE were 
measured for the 1st and 1000th pulses using a differential 
probe (Pico). k (see definition eq. (1)) was varied between 0.5 
and 2, crossing the empirically observed damage limit for Pt 
at k ≈ 1.75.  



Between pulsing trains, electrodes were connected to a 
potentiostat (Gamry Reference 600+) to carry out a series of 
electrochemical tests, that would also serve as electrode 
conditioning sequence. Tests included electrochemical 
impedance spectroscopy (EIS), cyclic voltammetry (CV), and 
open-circuit potential (OCP) measurements. EIS was 
conducted between 1 Hz and 105 Hz centred at OCP with a 5 
mV RMS amplitude. CV was conducted at a sweep rate of 100 
mV.s-1 between potentials delimitating the water window, 
which would vary for each electrolyte. 

C. Data analysis 
Data were analysed using custom MATLAB scripts. The 

potentials of interest in pulsing experiments were the start and 
end potential of the pulse train, the maximum anodic electrode 
polarization, and the maximum cathodic electrode 
polarization. Polarization potentials were obtained by 
subtracting the electrolyte ohmic drop in the cathodic and 
anodic phases. 

To compare potential excursions in gels and solutions, 
statistical similarity tests were performed using MATLAB: 
two sample Kolmogorov-Smirnov (K-S) test and direct linear 
regression (DLR) comparison. K-S test was run using a built-
in MATLAB function with a 95% confidence interval. DLRs 
comprised plotting potentials obtained for gels vs potentials 
for solutions (all electrolytes, all k-values). A linear fit was 
realized, and 95% confidence intervals were calculated. 

III. RESULTS 

A. Effect of pH 
Maximum anodic potential (MAP) was positive for all 

electrolytes and correlated with k (Fig 1 D). MAP would 
increase slowly with k at low k-values and two trends were 
observed when approaching the limit k = 1.75: for pH 1, the 
potential increase was less steep, showing the start of a 
plateau, and for pH 4, 6 and 10, the potential plateaued before 
increasing steeply for the largest k-values, when k > 1.75. For 
pH 4 and 10, the plateau at k = 1.75 was preceded by an 
inflexion in the trend of MAP with k. pH 12 showed an initial 
increase in MAP with k, however, then MAP was constant for 
all k > 1.25. 

Minimum cathodic potential (MCP) showed similar trends 
to MAP (Fig 1 C). MCP correlated negatively with k, which 
was expected since increasing k equates to increasing the 
stimulation current (i is proportional to 10k/2). For all pH, 
MCP decreased slowly at the lowest k-values and decreased 
more steeply after. For all pH, the decrease slowed down, 
plateaued, or underwent an inflexion around the k-value limit, 
either before (pH 4, 6 and 10) or after (pH 1 and 12) k = 1.75. 
MCP further decreased after k = 1.75 for pH 4, 6 and 10. 

To analyse the implications of variations in MAP and 
MCP, a cyclic voltammogram was aligned with the potential 
evolution plots (Fig 1 A & B). Projecting MAP and MCP onto 
CV scans shows that MAP was located in the oxide formation 
region for every k-value, and MCP was located inside or just 
before the Pt oxide reduction peak. For most pH values, the 
limit k-value k = 1.75 coincides with entering the Pt oxide 
reduction region during cathodic charge injection. 

Similarities for pH 4, 6 and 10 were corroborated by EIS 
and CV measurements. Saline solutions from pH 4 to 12 had 
very similar impedance Bode plots, with only some 

discrepancy at high frequencies (f > 10 kHz) and a slightly 
lower impedance at high frequency for pH 12. pH 1 was 
substantially different, showing a 2- to 3-fold lower high 
frequency impedance and transition to capacitive behavior at 
higher frequency, by about one order of magnitude.  

pH 1 and 12 had narrower water windows than pH 4, 6 and 
10, which exhibited almost identical voltammograms. pH 1 
was shifted towards higher potential as expected, and the 
voltammogram showed differences in the H-evolution 
region, exhibiting a larger area and peaks closer to one 
another, and an oxide reduction peak split into two distinct 
peaks. For pH 12, and slightly less for pH 10, 6 and 4, H-
peaks were more spaced due to lower H+ ion concentrations 
and higher overpotentials. 

B. Effect of gelation 
Three electrolytes of different pH and ionic composition 

(H2SO4, PBS, pH 11 saline) were formed into gel 
electrolytes with 0.5% agar, and the electrode response to the 
current-controlled pulses was compared between gels and 
solutions. Gels and solution had very similar anodic and 
cathodic potential excursions, both in trend of potential with 
k, and in absolute value. Fig 2 shows the evolution of MAP, 
MCP and end potential with Shannon’s parameter k, for PBS 
solution and gel. As observed previously for saline solutions, 
MAP was positively correlated with k, MCP was negatively 
correlated with k, and both potentials had an inflection around 
Shannon’s limit k =1.75. Similar trends were observed for 
H2SO4 and pH 11 saline. The intended pH 11 saline pH 
varied with time, decreasing of 1 to 2 pH units over 24h, 
before stabilizing. Therefore, most data points were taken 
after stabilization at pH ≈ 10, but the similarity between gel 
and solution was still observed.  

To quantify the similarity of potential evolution in gel and 
solution, three statistical comparisons were performed: 
Bland-Altman plot, Kolmogorov-Smirnov test (table I), and 
direct linear regression (DLR) plot (Fig 3).  

K-S rejected the hypothesis that MAP and MCP of gels and 
solutions belong to different distributions, i.e. gels’ and 
solutions’ behaviours were not statistically significantly 
different (table I), however, noticeably different trends were 
observed in the DLR plots.  

Fig. 1. Extreme potentials reached during the cathodic (D) and anodic 
(C) phases for each k value after 1000 biphasic cathodic-first current-
controlled pulses. Above, cyclic voltammograms (A & B) were aligned to 
identify corresponding reactions. Arrows indicate the sweep direction. 
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Fig. 2. Evolution of potentials of interest with Shannon’s parameter k for 
PBS solution vs gel after 1000 biphasic cathodic-first current-controlled 
pulses.  

 
Fig. 3. Direct linear regression (DLR) plots comparing the maximum 
anodic potential (MAP, A) and minimum cathodic potential (MCP, B) of gel 
versus solution for all electrolytes, for all k values. 

TABLE I.  RESULTS OF TWO SAMPLE K-S TEST 

K-S test 
results 

Two sample K-S test parameters 
Hypothesis (similarity) rejected a a p 

MAP 0 (False) 0.95 0.99 

MCP 0 (False) 0.95 0.50 
a Confidence interval. 

 
The DLR show very similar behaviour for MAP (Fig 3 A) 

between gel and solution, with the linear regression almost 
superimposed on the identity line (gel = solution). However, 
MCP (Fig 3 B) showed a visible discrepancy, with a steeper 
linear regression, which suggests there is a combined effect of 
pH and gelation. High pH electrolytes gels had consistently 
lower MCP than solutions, while for low pH, gels had 
consistently higher MCP. 

IV. DISCUSSION 

A. Analysis of polarization potentials at a range of pH 
Plateaus observed for a range of pH signify that the 

increasing charge injection demanded by a higher stimulation 
intensity is not supplied by a capacitive mechanism, as this 
would result in a potential increase/decrease (Q=CV). 
Therefore, a plateau indicates that a faradaic reaction is 
occurring and serves as charge injection mechanism. Steep 
increases/decreases of potential with k indicate capacitive 
charge injection until the potential enters a region where 

faradaic reactions are able to support the required charge 
injection. MAP was systematically found in the oxide 
formation region and MCP just before or in the oxide 
reduction.  Therefore, the plateaus observed at and above the 
limit k-value indicate that a faradaic reaction supplies the 
charge injected and it corresponds to oxide formation and 
reduction. For pH 1 and 12 particularly, the MAP plateau is 
less marked around the limit k-value, but it is clearly visible 
for the MCP. Moreover, the MAP was consistently found in 
the oxide formation region, even for low k-values, whereas 
MCP entered the oxide reduction region at higher k-values, 
around k = 1.75. Therefore, we hypothesise that the Shannon 
damage limit for Pt during current-controlled pulsing is linked 
to oxide reduction mechanisms, rather than oxide formation 
and is independent of pH. 

The absence of pH shift for pH 4, 6 and 10 observed in CV 
is counter-intuitive but has also already been observed in 
fundamental electrochemistry. Strbac [13] found that 
diffusion limited currents were different for pH < 3.5 and pH 
> 10 but no difference was observed in between. In low buffer 
concentrations, outside of extreme solution pH, the local pH 
at the electrode surface converges to a stable value, without 
changing the global solution pH [13]. Therefore, even if the 
solution pH is measured across a range of values, the local pH 
will converge to a stable value, different from solution pH and 
the electrode behaviour will remain unchanged. Since body 
pH belongs to this central range (3.5 < pH < 10), it is possible 
that such local pH swings happen at the electrode-electrolyte 
interface during stimulation. 

B. Influence of gelation 
The initial hypothesis considered for gels, was that having 

a hydrogel electrolyte structure could reduce ionic mass 
transport and diffusion coefficients and change the electrode 
polarization. Additionally, there is evidence that proteins may 
adsorb on the electrode surface, thereby influencing 
polarisation at the interface [14]. While similar behaviours 
were observed on individual electrolytes between gels and 
solutions, the comparison of three electrolytes of different pHs 
unveiled a noticeable trend. A combined effect of gel and pH 
on cathodic polarization was shown, whereas no effect on 
anodic polarization appeared. This means that the gelation 
affects the reaction(s) involved in cathodic charge injection, 
possibly PtO reduction, without affecting anodic charge 
injection reactions. Future work will consider higher gel 
concentrations and alternative cellular tissue models. 

 

V. CONCLUSION 
The aim of this study was to characterize the effects of pH 

and gel structure on the safe charge injection limit of Pt 
electrodes. Despite showing a clear potential shift, pH did not 
influence damage mechanisms, which were linked to Pt 
dissolution during PtO reduction. Gel electrolytes modelling 
the extracellular matrix structure did not statistically 
significantly influence charge injection, however, a noticeable 
discrepancy was observed on cathodic polarization only, 
which suggests gelation affects cathodic charge injection 
mechanisms, including PtO reduction, but not anodic charge 
injection mechanisms. This must be considered for neural 
interfaces and electrochemical biosensors using cyclic 
chronopotentiometry which may repeatedly cross the Pt 
oxidation/reduction potential boundary.  
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