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Abstract

Nafion is widely used as a filtering membrane in electroanalytical applications to improve selectivity
towards cations. However, the role of the thickness of Nafion on its electroanalytical performance is
poorly understood. Furthermore, Nafion is often modified with additional elements without
characterizing their influence on Nafion’s filtering properties. To understand in-depth these
uncharacterized effects on Nafion, we approach these issues systematically by studying first (i) the
role of Nafion film thickness on top of a well characterized tetrahedral amorphous carbon electrode
and second (i7) introducing nanodiamonds into the same Nafion films with different thicknesses. With
careful electrochemical and structural analyses, we show that already ultrathin Nafion film
significantly reduces limiting currents of anionic species IrCle>”* and uric acid. With a thicker film
(~3.6 um) the selective nature of Nafion is demonstrated as anionic species are completely filtered and
enrichment of cationic species Ru(NH;3)s>"" is achieved. However, diffusion within the film controls
the overall kinetics of the cation reactions and the electrochemical performance of Nafion is heavily
dependent on the width of the potential window used. In addition, we show that modifying Nafion
with nanodiamonds increases permeability of both cationic and anionic species. Hence, Nafion’s
ability for selective detection of cations is greatly reduced. Interestingly, chemical effects were also
observed between nanodiamonds and an inner sphere redox probe uric acid. Thus, additional elements
in Nafion do not only affect the physical structure of the film, but may produce chemical changes as
well. Based on the results presented here, we emphasize the importance of an in-depth investigation to
understand the case specific effects of modified Nafion films to guarantee the reliability of the sensor

devices in the final application.
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1. Introduction

Nafion, a sulfonated copolymer, is an extensively used material in electroanalytical applications for
detecting biomolecules. Its hydrophilic SOz groups form negatively charged channels inside the
polymer [1]. Due to the electrostatic forces, Nafion enables the enrichment of positively charged
cations and rejects negatively charged anions. Since the common interferents in physiological
environments are anionic ascorbic acid (AA) and uric acid (UA), Nafion is widely used for the
selective detection of different biomolecules due to its ability to reduce the signals of these species. In
particular, numerous studies have been done with selective detection of dopamine [2,3] and glucose
[4,5]. Furthermore, Nafion is a popular material in chemical- and biosensors for its antifouling

properties [6].

Despite the attractive properties of Nafion, the effect of Nafion layer thickness on its performance is
still not unambiguously established. This is the case especially with the very thin films used in neutral
(physiological) solutions. The influence of Nafion film thickness has been mainly characterized for
hydrogen fuel cell applications, where acidic media are used [7,8]. In studies where electrochemical
sensors have been developed for the detection of different biomolecules, Nafion thickness has rarely
been experimentally characterized nor optimized [3,5,9]. As the membrane thickness has a significant
effect on the performance of an electroanalytical device such as response time, permeability and ability
to resist interferents, characterization of the thickness dependence of these properties is required in

order to understand the analytical performance of Nafion.

In addition to inadequate characterization of the Nafion film itself, it is very common that other
materials such as carbon nanotubes [9,10], metallic nanoparticles [11,12] or other polymers [12,13]
are incorporated into Nafion to enhance the electrodes sensitivity towards the target analyte.
As Nafion is further modified with these materials, complexity of the structure increases making it
even harder to understand the relationship between material properties and the electroanalytical
performance. Usually characterization of the structural changes induced by the introduced material
and how these modifications affect Nafion’s ability to detect cations selectively are either insufficient
or totally lacking. Hence it is poorly understood how Nafion’s electroanalytical performance in

selective detection of biomolecules is altered by modifying it with other materials.

Here, we combine Nafion with a tetrahedral amorphous carbon (ta-C) thin film in which the structure
and electrochemical properties has been characterized in great detail in recent years [14—18]. ta-C has
several characteristics that makes it attractive material for electrochemical sensors such as low

background current, wide potential window, chemical inertness [19] and excellent antifouling



properties [20]. Moreover, we have shown that ta-C is suitable material for detection of DA [21],
morphine [22], tramadol and O-desmethyltramadol [23]. As Nafion is combined together with this
well characterized material, it possible to study the role of the polymer film thickness on the

electrochemical performance.

To investigate how the modification of Nafion with other materials alters its electroanalytical
performance, we have introduced detonation nanodiamonds (DND) with a diameter of 4 to 6 nm into
the Nafion film. DNDs are produced by detonation of solid explosives [24]. Around nanodiamonds
crystalline sp® core exists a thin sp? shell functionalized with oxygen and nitrogen containing groups
[25-27]. Even though sp’ is an insulating material the sp>-rich surface layer is conductive and DNDs
have in fact shown high electrochemical activity towards several redox probes such as ruthenium [28],
iridium chloride [29], ferrocenemethanol [30] and ferrocyanide [28,31,32]. This electrochemical
activity has been suggested to arise due to the high content of oxygen containing surface groups
[27,28,33]. In addition to this character, low concentrations of DNDs are also biocompatible [34]
making DNDs attractive material for electrochemical sensing of biomolecules. In fact, we have

previously shown that DNDs on top of ta-C enhances sensitivity towards dopamine [34].

Hence, in this work, we study the influence (i) of Nafion film thickness and (ii) addition of
nanodiamonds on its electroanalytical performance in the detection of cationic and anionic species.
Investigation is carried out by utilizing a careful combination of structural and electrochemical

characterization methods.

2. Experimental

2.1. Sample fabrication

ta-C films were deposited on p-type (100) conductive Si wafers with 0.001-0.002 Q cm resistivity
(Ultrasil, USA). First, a 20 nm Ti interlayer was deposited on Si wafer by direct current magnetron
sputtering. After this step, 7 nm ta-C film was deposited on top of the Ti using a pulsed filtered cathodic
vacuum arc (p-FCVA). More detailed description of the deposition process can be found from
Paloméki et al. (2017). After fabrication the wafer was diced into 0.7 x 0.7 cm pieces with an automated

dicing saw.

Three types of Nafion electrodes were prepared by drop casting 7 ul of 0.1 wt-%, 9 ul of 1 wt-% and
5 wt-% Nafion solution on top of ta-C. The Nafion solutions with concentrations of 0.1 wt-% and 1
wt-% were prepared by diluting 5 wt-% Nafion 117 (Aldrich) with 99.5% EtOH (Altia, Finland) in
ratios 1:50 and 1:5.



Nanodiamond + Nafion composite films were fabricated using same Nafion concentrations as above.
First carboxyl functionalized nanodiamond-water suspension (Carbodeon, Finland) with concentration
of 5 wt-% was diluted with ethanol to 0.05 wt-% and sonicated for 20 minutes. Next three
DND+Nafion composite solutions were prepared by diluting 0.05 wt-% DND solution to 0.005 wt-%
either with 0.1 wt-%, 1 wt-% and 5 wt-% Nafion. Composite solutions were sonicated for 20 minutes
and afterwards DND +Nafion electrodes were fabricated by drop casting 7 pul of 0.1 wt-%, 9 ul of 1

wt-% and 5 wt-% composite solution on top of ta-C.
2.2. Characterization of Nafion thickness

Thickness of the Nafion films were characterized with scanning electron microscope (SEM). Before
imaging, cross-sectional samples were prepared with focused ion beam (FIB) milling. Both procedures
were carried out with FEI Helios NanoLab 600 dual-beam system.

Before the ion milling, 0.1 wt-%, 1 wt-% and 5 wt-% Nafion electrodes were fabricated with 100 nm
of aluminium and 2 pum of platinum. In order to avoid melting of Nafion under ion and e-beams, low
voltages and currents were used. Preparation of cross-sections was carried out with 15 kV acceleration
voltage in rough milling and 280/460 pA currents. SEM study of the cross-sections was conducted

with 5-15 kV and low currents of 86-43 pA. The working distance during the operations was 4.1 mm.
2.3.TEM

Nanodiamonds distribution in 0.1% and 5% Nafion films were characterized with cryo-TEM.
Investigated samples were fabricated by drop-casting composite solution prepared as above on top of
Si substrate with area of 25 mm?. DND + 5% Nafion solution was drop-casted with volume of 3 pl,
whereas DND + 0.1% Nafion sample was prepared by drop-casting 20 x 7 pl of solution to obtain
thicker film for characterization. After drying the composite films in fume hood for 10 minutes, both
samples were submerged into deionized water. Wet DND + Nafion films were detached from the Si
substrate with tweezers and floated on top of copper TEM grid with non-continuous holey carbon film
(Agar Scientific). Micrographs containing only Nafion and DNDs are obtained by imaging composite

film at the regions of holes in holey carbon film.

Samples were imaged perpendicular to the composite film surface using JEOL JEM-3200FSC
transmission electron microscope operated at 300kV under zero-loss conditions. The samples were
maintained at liquid nitrogen temperature during imaging. Acquired TEM images were processed with

Digital Micrograph software (Gatan).



2.4.Electrochemical measurements

Electrochemical investigation of Nafion thin film coatings were carried out with both conventional
cyclic voltammetry (CV) and using a rotating disk electrode (RDE) configuration. Experiments were
conducted with a Gamry Reference 600+ potentiostat. A three-electrode cell was used with an

Ag/AgCl reference electrode (Radiometer Analytical) and a Pt wire (Goodfellow) counter electrode.

The effect of (i) film thickness and (i7) addition of nanodiamonds on Nafion’s electrochemical
performance were both investigated using RDE configuration with rotational frequencies of ® =400,
900, 1600 & 2500 rpm. RDE experiments were conducted in 1 mM Ru(NH3)¢*”**, 1 mM IrCls*”* and
I mM uric acid (UA) solutions, where hexaamineruthenium(IIl) chloride (Sigma-Aldrich) and
potassium hexachloroiridate(IV) (Aldrich) were dissolved in 1 M KCl (Merck Suprapur, pH 6.8),
whereas uric acid (Sigma) in 10 mM phosphate buffered saline (PBS, pH 7.4). New electrodes (r =
2.5 mm) were used for every electrochemical experiment. All electrodes with Nafion film were

immersed into the solution 10 min prior to the measurement for proper hydration.

The solutions were purged with N> for at least 30 min before the experiments. All the measurements

were carried out at room temperature in a Faraday’s cage.
3. Theory

RDE is a powerful method for characterizing the effect of Nafion film on the overall reaction rate as
it enhances the mass transport into the electrode through convection. Hence, a steady state can be

achieved.

For electrochemically reversible reactions, the mass transport (diffusion) limiting current iq follows the

Levich equation [35]
ia = £0.62nFAD*3y6cbg 12 (1)

where n is number of electrons in the reaction , F' the Faraday constant, 4 area of the electrode D the
diffusion coefficient of the reactant, v the kinematic viscosity of the electrolyte, ¢ the bulk
concentration of the reactant and o the rotation rate of the electrode. From equation (1) it is observed

that iq is function of rotation rate and linearly dependent on ®'?

. Hence, the mass transport rate
increases with a faster rotation speed. The overall current i measured under quasi/irreversible
conditions at the bare electrode is related to the diffusional current and true kinetic current ix, which

represents current in the absence of any mass-transfer effects. i given by [35]
/i = 1/ig + 1/ix )

where



ix = nFAknc® 3)

Here kn is rate constant for heterogeneous reaction at the electrode. Kinetic current ix can be evaluated
from linear Koutecky -Levich plot (1/i vs. 1/'?) by extrapolating experimental data to o2 =0. As ©

— oo, the intercept yields 1/ix.

With Nafion/ta-C electrodes, additional mass-transport resistance is produced by the Nafion film.
Therefore, diffusion within the film must be taken into account. Here we will assume that the kinetic
current ix is same for each electrode (ta-C) and difference in the intercept in Koutecky -Levich plot is

caused by the Nafion film. Rate constant kn for Nafion/ta-C electrodes is now given by
kn = kn+ mr 4)
where mt is the mass transfer coefficient describing the mass transfer effects through the Nafion film.

Gough and Leyplot [36,37] have proposed an alternative model for diffusion in Nafion film, where
intercept in Koutecky -Levich plot is sum of 1/ix and diffusional current 1/ir. However, we did not
consider this model especially practical for our case as evaluation of mass-transport within their
approach requires knowledge of the analyte concentration within the film, which is not easy to obtain.

Here equations (2) — (4) enables estimation of mt at mixed region with bulk concentration.

4. Results and Discussion

4.1. SEM — Nafion film thickness

The cross-sectional SEM images for 1% and 5% Nafion/ta-C are presented in Figure 1, where
estimated thicknesses are 180 20 nm and 3.6 + 0.2 um, respectively. For 0.1% Nafion/ta-C polymer
film could not be observed within the resolution limits of SEM (Fig. S1 in supplementary information).
However, when the electrochemical performance of bare ta-C and 0.1% Nafion/ta-C is compared,
significant differences can be seen (discussed further in 4.3). Therefore, we propose that 0.1% Nafion

forms a very thin (tens of nanometers thick, possibly partly non-continuous) film on top of ta-C.



Figure 1 Cross-sectional SEM images of A) 1% Nafion/ta-C and B) 5% Nafion/ta-C electrodes, where thicknesses of the films were
evaluated with SEM/FIB system software.

4.2. TEM — DNDs distribution in Nafion

Distributions of nanodiamonds in 0.1% and 5% Nafion film are presented in Figures 2A and 2B. As
seen from the HRTEM images, DNDs are agglomerated as also observed elsewhere [38]. Based on
qualitative image analysis of the HRTEM-micrographs, in more diluted Nafion (0.1 %) ND
agglomerate size is approximately a few tens of nanometers (Fig. 2C). For 5% Nafion size of the
aggregates is slightly larger. It should be noticed that DND + 0.1% Nafion TEM sample (Fig. 2A)
contains 20 layers of composite solution in order to obtain thicker film for the sample preparation.
Therefore, concentration of DNDs is higher than in samples used in electrochemical experiments.
Moreover, the thickness of Nafion film varies in HRTEM image due to the multilayer composite as
seen from the contrast changes in Figure 2A. However, these results provide background information
to address the question of how aggregate size alters Nafion with different thicknesses. In case of 0.1%
Nafion, DND aggregates are most likely not incorporated inside the very thin film, but instead exist as
agglomerates on top or partly penetrating the film. Conversely, with ~3.6 um thick film (5% Nafion)
it is likely that the small aggregates (with respect to film thickness) of DNDs are mixed into the Nafion
film itself. Depending on if the DND aggregates are introduced into thin or thick Nafion film,

electrochemical response changes significantly (discussed further in 4.4).

High-magnification image of nanodiamond agglomerate is presented in Figure 2D from where
crystalline planes for diamond can be observed. FFT of this image shows cubic diamond phase from
where measured d-spacing is 1.97 A. This correspond closely to value 2.06 A for plane {111} found

from literature for cubic diamond nanoparticles [39,40].
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Figure 2 Cryo-TEM micrographs from the DND + Nafion films. Nanodiamond distribution in A) 0.1% Nafion and B) 5% Nafion film, where
DND aggregates are marked with white circles. Globular network observed in B) is the holey carbon film. C) High magnification
microgaps from DND agglomerates in 0.1% Nafion. D) HRTEM image of DND aggloremate in Nafion, where FTT is taken from area
indicated with red square. Intensity of FTT pattern is low due to the low concentration of DNDs. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

4.3. Effect of Nafion film thickness on detection of cations and anions

Nafion interactions with cationic and anionic species was studied using outer sphere redox probes
Ru(NH3)6*"3" and IrCle>"* . As these redox systems are surrounded by a strong hydration shell they
do not show marked adsorption and are therefore insensitive to the surface chemistry. Thus, the
interaction between Nafion and outer sphere probe can be considered to be mainly electrostatic. In

addition, negatively charged inner sphere uric acid was used to characterize Nafion ability to reduce



access of anionic species with surface specific interaction to the ta-C surface. UA was chosen for these
experiments as it is a common interfering species in physiological environments. The influence of
Nafion film thickness on Ru(NH3)e>"**, IrCl¢*”* and UA redox reactions was investigated with cyclic

voltammetry together with rotating disk electrode configuration.

Hydrodynamic voltammograms for bare ta-C and 0.1% Nafion/ta-C in Ru(NH3)s>"*" are shown in
Figure 3A. Interestingly, 0.1% Nafion already clearly reduces limiting current when compared to bare
ta-C electrode. These findings indicate that 0.1% Nafion solution produces very thin (perhaps

somewhat uneven) film on top of ta-C as suggested above. More significant decrease in limiting current

is observed with 1% Nafion/ta-C (Fig. 3B). As seen from Figure 3B, diffusion of Ru(NH3)s>"** within
the 1% film dominates the overall kinetics as RDE response starts to look more like a conventional
CV and the effect of rotating speed diminishes. This is seen to be true especially with lower rotation
speeds, where almost CV-like behavior is seen. As the rotation speed is increased, the mass transport
limited current is achieved. However, the currents in all cases are significantly smaller than those of

ta-C or ta-C + 0.1% Nafion.
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Figure 3 Nafion/ta-C electrodes electrochemical behavior in 1 mM Ru(NH3)62+/3+ in 1 M KCl. Hydrodynamic voltammograms of A) bare
ta-C, 0.1% Nafion/ta-C, B) 1% Nafion/ta-C and 5% Nafion/ta-C. C) Response and peak current ratio ip,a/ip,c for all electrodes. D) 5%
Nafion/ta-Cin 1 M KCl (t = 10 min) after cycling in 1 mM Ru(NH3)62+/3+. For all measurements v = 50 mV/s.

In the case of 5% Nafion/ta-C (Fig. 3B) rotation speed does not seem to have any effect on the overall
kinetics as with every o the response is the same i.e. steady state is not achieved with 5% Nafion. The
aqueous volume accessible to ions of either charge is a small fraction of the overall volume of Nafion,
and therefore it is expected that the mass transfer of the cations is also affected by the film. In addition,
as the film grows in thickness the percolation can become more difficult as all the channels are not
interconnected or do not necessarily continue through the whole film. Thus, it is evident that Nafion
establishes a diffusion barrier at the interface that reduces the overall kinetics of these cationic species.
It is proposed that in the case of 5% Nafion diffusion through ~3.6 um thick film completely controls
the overall reaction. As seen from Figures 3A and 3B, it is clear that diffusion within the film becomes
more dominating as Nafion film thickness increases. This finding is further supported by the estimated

values of mass-transport coefficients mtin Nafion film (Table S1).

The interaction between Nafion and Ru(NH3)s>"** was studied by measuring CVs for every
electrode in cationic Ru(NH3)s>"3". With increasing Nafion thickness (Fig. 3C), it is observed that (i)
the peak currents are enhanced and (i7) Nafion does not significantly alter the electron transfer
kinetics as for 5% Nafion/ta-C AE, = 67 mV and for bare ta-C AE, = 58 mV, respectively. Therefore,
it is concluded that at least some ruthenium enriches into the film. This assumption is further
supported by the results with high scan rates of 5 and 10 V/s (Fig. S2), where AE,, values are
approximately the same as in Figure 3C. These results indicate that some of the ruthenium is trapped
in the film. Interaction between Ru(NH3)s>”** and Nafion is suggested to be mainly physisorption as

properties of 5% Nafion/ta-C are recovered after insertion to pure KCl (Fig. 3D).



Interestingly, the peak current ratio iy /ipc in Figure 3C decreases with Nafion/ta-C electrodes when
compared to the bare ta-C. Wopschall and Shain [41] have shown that cathodic current enhances when
the oxidation product is weakly adsorbed on the electrode surface. In case of ta-C/Nafion electrodes,
it is probable that the oxidation product Ru*" (with higher oxidation state) is electrostatically trapped
inside of the Nafion film. Thus, more Ru*"is available for the reduction reaction. Alternatively, Nafion

may also act as a barrier that prevents Ru®* for escaping from the electrode surface to the bulk solution.

RDE results with anionic IrCle>”* and UA are presented in Figure 4. With both analytes limiting
current is significantly reduced with 0.1% Nafion/ta-C (Fig.4A and 4C). These results clearly indicate
that already with very thin Nafion film the access of anions on the electrodes surface is strongly
suppressed. In case of IrCl¢*”* (Fig. 4A) 0.1% Nafion thin film reduces limiting current approximately
to one tenth when compared to bare ta-C electrode. Furthermore, 0.1% Nafion/ta-C shows sluggish
kinetics at the mixed region. Similar behavior is observed with UA (Fig. 4C). In addition, it should be
noticed that 0.1% Nafion is not enough to completely block IrClg*”* and UA.
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Figure 4 Nafion electrochemical performance in solution containing anionic species. Hydrodynamic voltammograms for bare ta-C and 0.1%
Nafion/ta-Cin A) 1 mM IrCl63—-/4- in KCl and C) 1 mM UA in PBS. Cyclic voltammograms are presented for 1% and 5% Nafion/ta-Cin B) 1
mM IrCl63-/4- and D) 1 mM UA as rotation did not have any influence on the response. Scan rate for all measurements v =50 mV/s.

In case of 1% and 5% Nafion/ta-C rotation did not have any effect on the performance of the electrode
in IrCl¢*”* and UA solutions. Thus, only conventional cyclic voltammograms are shown for the thicker
films in Figure 4B and 4D. From these results it is observed that the addition of IrCl¢*"* or UA into to
supporting electrolyte does not remarkably change the response of the electrode i.e. CV with or without
the anodic species give a rise to similar response. This strongly indicates that the thicker Nafion films

block the access of anionic species to the electrode surface very effectively.

Interestingly, as backgrounds in KCIl or PBS are measured for the thickest Nafion film some faradaic
processes and/or adsorption of ions takes place on/in the film. Figures 3D, 4B and 4D demonstrated
that reaction(s) in 5% Nafion film are dependent on the potential window. When measuring
Ru(NH3)6*"3", reaction(s) most likely originating from Nafion are not seen within the narrow potential
window used (-0.4 V to 0.1 V) whereas clear peaks at ~0.2 V and ~0.75 V are observed when wider

potential window is utilized.

As rotation does not have any effect on the performance of 1% and 5% Nafion/ta-C electrodes and
addition of IrCl¢>”* and UA does not change the response of the measured signal, it is suggested that
thicker Nafion films (7) effectively block anionic species and (ii) reaction(s) observed in 5% Nafion

3% or UA permeates through the film, the oxidation

arises from the film itself. Alternatively, if IrClg
of these species on ta-C surface may be masked by Nafion own characteristic reactions. Oxidation of
IrCle¢* and UA takes place at ~0.8 V and ~0.7 V (Fig. S3 A and S3 B), respectively, which are at the

same position as Nafion own oxidation peak.



To summarize, results clearly show that an already a very thin Nafion film significantly reduces signals
arising from anionic species. In addition, strong enrichment of ruthenium is seen with thicker Nafion
films. This may be exploited by allowing pre-concentration of cationic analytes of interest to build up
before the analysis. However, results in uric acid and iridium chloride demonstrate importance of
optimizing Nafion film thickness. The thinnest film does not completely block the signal of the anionic
compounds, whereas the thicker (5%) Nafion films generate their own faradic processes and mass-

transfer effects that can mask the reaction of the investigated species.
4.4. Effect of modifying Nafion films with nanodiamonds

Nafion is rarely used as a pure material for selective detection of cations. In most cases the properties
of Nafion based sensors are further modified by combining Nafion with other materials to enhance
catalytic properties. For example graphene [3], carbon nanotubes [10,42] or metallic nanoparticles
[11,43] are used to enhance sensitivity towards dopamine. Furthermore, selectivity of the sensors are
often increased by adding enzymes into the Nafion matrix to detect for example glucose [9,12] and
glutamate [44,45]. However, these studies typically lack characterization of how the modification of
Nafion with other structures alters its filtering performance against interfering anionic compounds. As
composite materials give rise to complicated interactions, it is extremely difficult to evaluate the
relationship between material properties and electrochemical behaviour. Thus, an in-depth
investigation is required to understand the case specific effects of modification of Nafion with other

materials.

To study the effect of modifying Nafion with other structures, we introduced nanodiamonds into
identical Nafion/ta-C electrodes investigated in section 4.3. The utilization of similar Nafion thin films
as in previous section, enables comparison of the DND + Nafion composite results to those from plain
Nafion films discussed above. Experiments were conducted in an identical manner explained in 4.3
with Ru(NH3)s>"3*, IrCl¢* and UA. Here results for DND + 0.1% and DND + 5% Nafion/ta-C are
shown as these composite films represents most extreme cases of how DNDs affect Nafion’s
electroanalytical performance. Results for DND + 1% Nafion/ta-C can be found from the

supplementary information.

Hydrodynamic voltammograms for DND + 0.1% and DND + 5% Nafion/ta-C in Ru(NH3)s>"*" are
shown in Figure 5A and 5B. Comparison of these results to plain ta-C and Nafion/ta-C electrodes are
illustrated in Figures 5C and 5D by utilizing both Koutecky -Levich and Levich plots. From the
Koutecky — Levich plot the kinetic current for plain ta-C is clearly smaller than that of 0.1% Nafion/ta-

C confirming the earlier suggestion that a very thin film of Nafion already influences the overall



reaction rate of the electrode. As DNDs are mixed with 0.1% Nafion, no significant difference is
observed in the performance of the very thin Nafion film as ik and #im are similar to those of 0.1%
Nafion/ta-C. Similar behavior was observed between 1% Nafion and DND + 1% Nafion film (Fig.
S4). Interestingly, performance of DND + 5% Nafion/ta-C electrode differ completely from plain 5 %
Nafion/ta-C. As DNDs are incorporated in thicker Nafion film, steady-state is achieved with RDE and

2+/3+ most

diffusion within the composite film does not anymore control the overall reaction. Ru(NH3)e
likely leaks through the film and electron transfer at ta-C surface controls the overall reaction as ix for
DND + 5% Nafion/ta-C is similar to ta-C kinetic current. Estimated values for mt (Table S1) also
demonstrate similar behavior in composite films. Mass-transport effects through DND + 5% Nafion
film is reduced compered to DND + 0.1% Nafion indicating that a thicker composite film does not act

as a diffusion barrier anymore.
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Figure 5 Hydrodynamic voltammograms of A) DND + 0.1% Nafion/ta-C and B) DND + 5% Nafion/ta-C in 1 mM Ru(NH3)62+/3+in 1 M KCl,
where v = 50 mV/s for all measurements. C) Koutecky—Levich plot at E = -0.18 V and D) Levich plot for ta-C, 0.1% Nafion/ta-C, DND + 0.1%
Nafion/ta-C and DND + 5% Nafion/ta-C in Ru(NH3)62+/3+. 5% Nafion/ta-C is not shown here as effect of rotation was negligible.

When conducting RDE experiments in IrCle>"*, DND + Nafion/ta-C electrodes showed similar
behavior as in Ru(NH3)¢>"**. Addition of DNDs to 0.1% Nafion did not have any significant effect on
the electrode performance as seen from Figure 6A. From Koutecky —Levich plot it is observed that ix
for both 0.1% Nafion/ta-C and DND + 0.1% Nafion/ta-C is approximately the same. However,
modifying 0.1% Nafion film with DNDs slightly changes the slope of the Koutecky —Levich plot.

Figure 6 RDE results of A) DND + 0.1% Nafion/ta-C and B) DND + 5% Nafion/ta-C in 1 mM IrCl63-/4— in 1 M KCl. Koutecky—Levich plot at
E =0.50 V for both 0.1% Nafion/ta-C and DND + 0.1% Nafion/ta-C is shown in Fig. A. Scan rate for all measurements v = 50 mV/s.

Interestingly, in the case of DND + 5% Nafion/ta-C IrCle>”* penetrates through the thicker film (Fig.

6B). Well defined redox peaks with w =400 rpm appears at similar potentials as with plain ta-C (Fig.

3-/4- 3-/4-

S3 A) indicating that responses in Figure 6B are due to IrCls’"™ redox reactions. As anionic IrCle
is detected as well with the thick Nafion film, it becomes clear that the addition of DNDs drastically
alters Nafion’s filtering properties. When introducing DND’s in 5% Nafion, polymers ability to block
anionic iridium chloride reduces. Yet, it should be noticed that magnitude of observed currents with

DND + 5% Nafion are small, perhaps due to the limited amount of exposed accessible area.

The results above demonstrate that carboxyl functionalized nanodiamonds alter the properties of 5%

Nafion films. With DND + 5% Nafion especially the permeability of both cationic and anionic species



increase substantially. Electrostatic forces arising from negatively charged SO*" channels are

inadequate to block IrClg>"*

in the presence of DNDs. Interestingly this is not seen with the thinnest
Nafion films. Based on TEM micrographs in section 4.2, the approximate size of aggregates exceeds
the thickness of the very thin 0.1% Nafion film. Therefore, it is assumed that DND aggregates only
cause stochastic discontinuities in the 0.1% Nafion film as the properties of the film are not changed.
However, in the case of 5% Nafion the DND aggregates are well mixed inside the polymer film. This
is suggested to give rise to more complex interactions between DNDs and Nafion as seen from Figures
5B and 6B. However, based on the results above it is difficult to evaluate if the increase in permeability
of the films is due to the changes in the physical and/or chemical structure of Nafion. Chemical changes
in the structure may arise from the interactions between Nafion and DNDs carboxyl groups with

negative zeta potential [34]. However, this effect must be further investigated using DNDs with

different surface functionalities in DND + Nafion composites.

Selectivity of the DND + Nafion composite film was studied by measuring anionic inner sphere redox
couple uric acid, which is sensitive to surface chemistry. Surprisingly, already with DND + 0.1 %
Nafion/ta-C a significant difference is observed in comparison with plain 0.1% Nafion/ta-C. As DNDs
are introduced in 0.1% Nafion film, limiting currents increase remarkably (see Fig. 4C and 7A). Drastic
effect of introducing DNDs to 0.1% Nafion film is not observed with outer-sphere probes
Ru(NH3)6*3" and IrCl¢*”*, where interactions are considered to be mainly electrostatic. In the case of
plain ta-C, measured iiim values compared to composite film are somewhat smaller. However, as seen
from Koutecky —Levich plot (Fig. 7C) DND + 0.1% Nafion/ta-C kinetics at the mixed region is similar
to ta-C. Hence, both of these electrodes can detect UA whereas plain 0.1% Nafion film reduces
significantly the signal of UA. Based on this result, thin DND + 0.1% Nafion film lacks selectivity
towards UA.
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Figure 7 Electrochemical performance of A) DND + 0.1 Nafion/ta-C and B) DND + 5% Nafion/ta-C in 1 mM UA in 10
mM PBS. C) Koutecky—Levich plot at E = 0.68 V showing kinetic currents for plain ta-C, 0.1% Nafion/ta-C and DND +
0.1% Nafion/ta-C in 1 mM UA. Scan rate for all measurements v = 50 mV/s.

For 5% Nafion/ta-C cyclic voltammograms in UA are shown in Figure 7B. In PBS peak currents for
Nafion characteristic reactions are enhanced as DNDs are introduced into the polymer. Interestingly,
currents are further increased in presence of UA. As discussed in section 4.3, with the thickest film
uric is either blocked or masked by the Nafion’s own characteristic reactions. Thus, it is difficult to
evaluate how the addition of DNDs alters the electrochemical detection of UA. However, results in
Figure 6B demonstrate that introducing DNDs into 5% Nafion also changes the chemical properties
of the polymer film. As UA enhances the redox peaks of DND + 5% Nafion film, it is clear that

chemical interactions take place between the analyte and composite film.

To summarize, addition of nanodiamonds alters significantly the electrochemical performance of
Nafion films. With inner sphere probe UA addition of DNDs is observed already in 0.1% Nafion film,
whereas with outer sphere probes Ru(NH3)s*>"3* and IrCls** difference in Nafion performance is not
seen until 5% Nafion. In all of these three cases adding carboxyl functionalized DNDs to Nafion
enhanced kinetics of the electrode reactions i.e. analytes diffuse more easily through the Nafion film.
When the selectivity of the electrodes is assessed, it is clear that DNDs reduces Nafion’s selectivity
towards anionic species. As these results only demonstrates interactions between DNDs and Nafion,
we emphasize the importance of case specific characterization of the Nafion membrane selectivity
against thickness when other materials, such as carbon nanotubes or enzymes, are incorporated in

Nafion.

5. Conclusions



Here we highlight the importance of optimizing Nafion film thickness in selective detection of cations
under physiological conditions. With extremely thin film (0.1% Nafion) anionic limiting currents are
significantly decreased. However, the film does not completely block anionic species. With thicker
Nafion (~3.6 um) layers Ru(NH;3)s>"** strongly enriches the film. However, electrochemical
performance of thicker Nafion layers are heavily dependent on the width of the potential window used.

Therefore, detection of cationic analytes of interest may be masked by Nafion own redox reactions.

Furthermore, we also showed that modifying the Nafion film with nanodiamonds increases analytes
permeability through the membrane. Overall kinetics increased with the thickest composite film (DND
+ 5% Nafion) with outer sphere probes Ru(NH3)s>”** and IrCls*"*. Interestingly, with the inner sphere
probe UA enhanced kinetics (most likely arising from chemical interactions) were already seen with
extremely thin composite film (DND + 0.1% Nafion). As diffusion of anionic species, especially UA,
increases through the film, it is concluded that the addition of DNDs reduces the selectivity of Nafion
membrane. This phenomena may occur other materials as well. Therefore it is an important factor that
must be taken into account when numerous results from the literature related to Nafion mixtures are
considered. In fact, addition of other substances to Nafion may also induce chemical effects as shown

here by the interplay between DNDs and UA.

As these experiments were conducted in vitro with simple solutions, in the future work Nafion
thickness should be optimized in more complex biological environments to address protein adsorption,
for instance. Additionally when fabricating Nafion composite film, selectivity of the material need to

be characterized in presence of interferents specific for the application environment.
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