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Bioelectrocatalytic carbon ceramic gas electrode for reduction of dioxygen and its application in a zinc-dioxygen cell

Carbon ceramic electrodes (CCE) were developed in the early 1990's [1]. They consist of dispersed carbon 28 particles embedded in a silicate matrix. This hybrid material is produced by a sol-gel process followed by drying.

29

The most typical example of CCE, prepared for the use in aqueous electrolyte is obtained by sol-gel processing 30 of methyltrimethoxysilane (MTMOS) mixed with carbon microparticles [2]. Methyl groups attached to the 31 silicate network render the pores of the material hydrophobic. Consequently the electrode body is not flooded 32 when immersed into an aqueous solution. Moreover, the porous electrode material can be penetrated by 33 dioxygen up to the matrix|aqueous electrolyte interface inside the electrode body. This property was exploited by 34 the Lev group for preparation carbon ceramic gas electrodes (CCGE) exhibiting dioxygen reduction 35 electrocatalysis with the help of immobilised porphyrins or redox polymer catalyst [3][4][5][6][7]. Bioelectrocatalytic

36

CCE for the reduction of dioxygen dissolved in aqueous solutions has already been reported [8][9][10][11]. Here we 37 combine for the first time the biocatalytic dioxygen reduction with an air-breathing CCE.

38

The construction of dioxygen-permeable biocathode and its application in biofuel cells was recently proposed 39 [12][13][14][15], because dioxygen flux through porous electrode can be superior to O 2 diffusion in electrolyte and higher 40 current densities can be obtained [12]. Additionally, it allows using dioxygen-free electrolytes which improves 41 the operation of some devices. For example, in dioxygen-glucose biofuel cells [16][17][18], electron transfer to the 

78

Procedures 79

The hydrophobic sol-gel matrix was prepared as already described [1]. The hydrolyzed sol was obtained by 80 mixing 500 µL of MTMOS with 750 µL of methanol. After addition of 25 µL of 11 M HCl, it was sonicated for 81 2 min. Afterward, 500 mg of graphite microparticles and 125 mg of CNPs were added and the obtained mash 82 was sonicated for another minute. It was then immediately placed into the 5.7 mm inner diameter glass tube to 83 fill it to 3 mm in depth. After drying at room temperature for at least 48 h, it was polished with printing paper, 84 rinsed with water and dried. The geometric surface area of the exposed disc was 0.255 cm 2 . The electrodes were 85 immersed in 1 g L -1 solution of BOx in 0.1 M phosphate buffer pH 5.0 at +4 ºC for 2 h and rinsed with water.

86

For determination of dioxygen permeability of MTMOS-based silicate a hole (c.a. 100 µm diameter) in 0. 

93

(Hilgenberg GmbH). Its apex was shaped according to literature procedure [40]. Optical micrographs were taken 94 using Nikon Eclipse LV150 microscope with LU Plan 10× objective (Nikon). All experiments were carried out 95 at ambient temperature and pressure. The in-house developed package MIRA was used for data analysis [41].

96

Cyclic voltammetry (CV) was performed with an Autolab PGSTAT 30 (Eco Chemie) electrochemical system 97 with dedicated software in a conventional three electrode cell with a Pt wire (0. micrograph is well focused on both materials (Fig. 1). This is also observed from the opposite side of the sample 116 (not shown). Therefore, one may conclude that the entire hole is filled with sol-gel processed silicate. Only two 117 polystyrene hills extend out of the focal plane. This is probably caused by a distorted laser beam focused using a 118 100 mm converging lens during manufacturing, because the incident beam is not perfectly parallel to the optical 119 axis of the lens accentuating coma and astigmatism. The height of these topographic defects is ca. 6 µm as 120 estimated using optical microscopy. These features are difficult to remove by polishing of the tiny polymer plate. 129 Subsequently, an image was recorded after the microelectrode potential had been switched to -0.4 V in order to 130 achieve diffusion-controlled dioxygen reduction at the Pt UME (Fig. 2B):

131

O 2 + 4H + + 4e -→ 2H 2 O (1)

132

A larger cathodic current is observed over the silicate filled hole (Fig. 2B) indicating that dioxygen concentration 135

In order to estimate dioxygen concentration above the silicate and the dioxygen flux, a cross section above the 136 centre of the silicate has been extracted from a SECM image (Fig. 3). The resulting profile has been fitted to the 137 following equations: 152

138 i T = 4nFD(O 2 ) r T [O 2 ] S ζ (2) 139 ( ) ( ) 2 S 
Ω = 4D(O 2 ) r S [O 2 ] S = 2.66 × 10 -14 mol s -1 (4)
153

Although there is mass transfer resistance for dioxygen diffusion at the entrance of the pore from the gas phase 154 and at the exit from the pore to aqueous solution we supposed that is negligible as compared to that in the pore. [44]), the m for dioxygen transport in MTMOS-based silicate would be over two times higher than the 162 diffusion coefficient for dioxygen in water. Consequently, it can be concluded that the mass transport occurs 163 predominately over the silicate phase as gas diffusion in an interconnected pore system of the electrode material.

164

Next, the CCGE electrode was examined by SECM in K 4 [Fe(CN) 6 ] aqueous solution and the feedback mode was 165 used to visualise the local electrochemical reaction rate and the electronic conductivity of the CCGE (Fig. 4A).

166

Although the electrode was polished the topography can still affect this image [45]. First the microelectrode was 167 kept at 0.5 V in order to oxidize [Fe(CN) 6 ] 4-. Areas of higher feedback current (darker in Fig. 4 A) correspond to 168 the locally higher electronic conductivity. After switching the microelectrode potential to -0.4 V, the diffusion-169 controlled dioxygen reduction current at the microelectrode is recorded above the same region. Now darker areas 170 correspond to higher reduction currents (Fig. 4B) and represent these fragments of the CCGE surface where 171 more dioxygen reaches the electrode|electrolyte interface. Comparison of the SECM images in Figs. 4A and4B, 172 reveals that areas of higher conductivity are characterised by lower dioxygen supply. Vice versa, lower 173 conductivity areas correspond to higher dioxygen ingress. Areas with higher currents in Fig. 4A are most likely 174 graphite microparticles providing conductivity but being impermeable for dioxygen. The high currents fragments 175 shown in Fig. 4B are rich in silicates that provide diffusion paths for dioxygen, but have a lower conductivity.

176

The local analysis of transport pathways for electrons and gaseous reactants in composite electrodes provides a 177 new analytcial tool for optimising the composite structures of porous electrodes that may be important also for 178 other gas breathing electrodes.

179

The catalytic activity of the CCGE with adsorbed BOx was examined by cyclic voltammetry (Fig. 5) in 180 deaerated buffer. In this experiment dioxygen is supplied from the gas phase at the back side of the electrode.

181

The onset of the cathodic current is observed at 0.45 V at a slightly higher potential than for cobalt 182 tetraphenylporphyrin-modified CCGE (ca. 0.4 V vs. Ag|AgCl at pH 0) [5]. The cathodic current is proportional 183 to the dioxygen partial pressure at the back side of the electrode. (Fig. 5, lines 2 and 3). This dependence 184 observed at constant total pressure indicates that transport of the dioxygen from the gas phase affects the current 185 density of dioxygen bioelectroreduction. Interestingly, almost no hysteresis is observed in the voltammograms. 186 This is different than observed for analogous electrode operating in dioxygen-saturated solution [9]. This means 187 that the mass transport through the CCGE can maintain a steady state mass transport. (see ref. [12]). We had 188 already observed earlier that H 2 O 2 as a possible side product can be formed at CCGE, but only if the potential is 189 below 0.05 V vs. Ag|AgCl at pH 5 and dioxygen reduction occurs also at the carbon particles [9]. At higher 190 potentials at which all the oxygen reduction is catalyzed by BOx, no H 2 O 2 can be detected by SECM [9].

191

Finally, the CCGE was tested as cathode in a zinc-dioxygen primary cell [21][22][23]. A non-protected zinc wire 192 could be used as anode. Typical oxygen corrosion of zinc was avoided by using an essentially oxygen-free 
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The dioxygen mass transport rate through the porous carbon ceramic electrode consisiting of MTMOS-based 204 silicate is over two times higher than dioxygen diffusion in aqueous solution. However, the catalytic activity 205 does not differ much from the analogous CCE operated in dioxygen-containing aqueous solution [9]. The 206 construction of the electrode was not optimised and its efficiency as biocathode can be further improved by 

  5 mm diameter) and a 98 Ag|AgCl|KCl sat. as auxiliary and reference electrode respectively. 99 Current density-voltage characteristics of the Zn-O 2 cell were determined by chronopotentiometry. The studied 100 cell acts as an active element of the electric circuit and the galvanostat is a passive element which allows the 101 current to flow with a certain setpoint value. The cell voltage for each current setpoint was recorded 100 s after 102 current setting. It was observed that after this period the voltage was stabilized. Then the galvanostat acts as 103 resistor with voltmeter and ammeter and results are comparable to those obtained by variable resistor method.104The advantage of chronopotentiometry is that it is fully automated.105All experiments were performed in deaerated electrolytes and argon was passed above the cells. nanoparticulate electrodes[12,13] indicates that the transport of dioxygen remains the rate 109 determining step of the mediatorless bioelectrocatalysis. Therefore permeation of dioxygen trough porous 110 MTMOS-based silicate matrix, being the gas permeable CCGE component is a crucial factor. In order to 111 visualize and estimate dioxygen permeability of this silicate material a hole (ca. 150 µm in diameter) in 0.8 mm 112 thick polystyrene plate filled with this material was studied by SECM. In order to provide the most shallow 113 depth of field the topography of the sample was characterized by optical microscopy with totally opened 114 aperture. Both silicate and polystyrene are at the same distance from objective of microscope, because the 115

  133 is higher comparing to other parts of the sample surface. This indicates the ingress of dioxygen from the 134 backside of the gel-closed hole into the deaerated electrolyte.

  developed for diffusion at an isolated disk-shaped pore[42,43], where n = 4 is the number 141 of transferred electrons from the microelectrode per O 2 molecule, D(O 2 ) = 2.0 × 10 -5 cm 2 s -1 [44] is the diffusion 142 coefficient of dioxygen, r T = 5 µm is the microelectrode radius, r S is the radius of the silicate hole, [O 2 ] S is the 143 additional concentration of dioxygen at the silicate surface, and ζ is a dimensionless factor describing the 144 decrease of dioxygen concentration as a function of the lateral distance ∆x = xx 0 and the vertical distance d 145 from the centre of the silicate spot. Non-linear curve fitting (Fig. 3) yields the following adjustable parameters: 146 4FDr T c S = 0.161 nA, x 0 = 275 µm, d = 10.1 µm, r S = 79.9 µm, i offset = 2.08 nA.147The fitted value of d agrees well with the distance the microelectrode was retracted from the surface before 148 recording the image. The value of r S is consistent with the 75 µm diameter estimated by optical microscopy. The 149 offset current is a consequence of the presence of dioxygen traces in the electrolyte. The additional dioxygen 150 surface concentration [O 2 ] S can be estimated as 0.0417 mM, i.e. 15.4 % of dioxygen concentration under air and 151 atmospheric pressure. From this value, the flux Ω of dioxygen from the silicate can be calculated[43]:

155

  Assuming that O 2 partition coefficient between silicate and aqueous solution is equal unity and uniform flux 156 through the silicate the mass-transfer coefficient m for dioxygen in MTMOS-based silicate can be l is mass-transport length equal to the sample thickness and [O 2 ] S ' is dioxygen surface concentration at the 160 back side of the sample. If one assume [O 2 ] S ' = 2.7 × 10 -5 mol cm -3 (corresponding to an air-saturated aqueous 161

  193 electrolyte. Current density-voltage and power density-voltage characteristics are presented in Fig 6A and 6B 194 respectively. The highest open-circuit voltage (1.095 V) was recorded when pure dioxygen was supplied to the 195 back side of the biocathode. The highest power density (41.3 µW cm -2 ) was recorded under the same conditions 196 at a cell voltage of 0.585 V. Clearly, the cell efficiency strongly depends on the external dioxygen partial shown that a carbon ceramic electrode composed of hydrophobic sol-gel processed silicate, carbon 200 microparticles and carbon nanoparticles exhibits bioelectrocatalysis of dioxygen reduction after adsorption of 201 bilirubin oxidase. When its back side is opened to a dioxygen-containing gas phase it can be operated as gas 202 electrode. The bioelectrocatalytic current is proportional to the partial pressure of dioxygen present in gas phase.
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 1123456 Scheme 1: A scheme of carbon ceramic gas electrode for bioelectrocatalytic reduction of dioxygen supplied

  

  

  

  

  

  

  

  Initially SECM imaging were performed in aqueous K 4 [Fe(CN) 6 ] solution with the microelectrode polarized at 124 +0.5 V to achieve a diffusion-controlled oxidation of [Fe(CN) 6 ] 4-(Fig.2A). The microelectrode current does not 125 depend on the microelectrode position except for the two small hills of polystyrene mentioned above. Over these 126 spots the current decrease due more efficient blocking of the diffusion of the [Fe(CN) 6 ] 4-to the microelectrode 127 above the impermeable elevated structures. The lack of any current difference between the position of the hole 128 (between the hills) and the surrounding PS plate indicates that the hole is completely filled with silicate.
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121 Therefore, we decided to use them for SECM experiments bearing in mind that they can affect the obtained 122 currents.
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