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Abstract The improvement of the electron transfer from

the microorganisms to the anode is considered to be one of

the most important factors for increasing the biofuel cell

efficiency. In our recent study, a significant improvement

of the yeast-biofuel cell output was achieved by application

of Ni-modified carbon felt anodes. In this study, the

electrocatalytic properties of new nanomodified carbon

materials were investigated. Nickel–iron and nickel–iron–

phosphorous nanostructures were electrodeposited on car-

bon felt by means of pulse plating technique. The produced

materials were analyzed for cytotoxicity and applied as

anodes in a double-chamber mediatorless yeast-biofuel

cell. The use of all modified electrodes resulted in increase

of the biofuel cell outputs in comparison with those

obtained with non-modified carbon felt; however, higher

maximum power density values, exceeding up to 5-folds

that of the control, have been achieved with NiFeP-carbon

felt anodes. The observed electrocatalytic effects were

connected with the particular elemental content, size dis-

tribution, and morphology of modified materials as well as

with a hypothesis for switching on adaptive mechanisms as

a response to Ni and Fe presence, resulting in facilitated

electron transfer across the cell membrane.

Abbreviations

MFC Microbial fuel cell

SEM Scanning electron microscopy

EDX Energy dispersion X-ray

CV Cyclic voltammetry

OD600 Optical density at 600 nm

NME Non-modified electrode

NiFe(g.) Galvanostatically modified NiFe-carbon felt

NiFe(p.) Potentiostatically modified NiFe-carbon felt

NiFeP(g.) Galvanostatically modified NiFeP-carbon felt

NiFeP(p.) Potentiostatically modified NiFeP-carbon felt

YPfru Yeast extract-peptone-fructose

Introduction

Biofuel cells, more popularly known as microbial fuel cells

(MFCs), are recently gaining an increasing attention as

opportunity for simultaneous electricity generation and

waste water purification [1–3]. The low electrical output

achieved, however, is the major drawback for their practical

utilization. Among all factors influencing the biofuel cell

performance, the improvement of the electron transfer from

the microorganisms to the anode is considered to be one of

the most important one for increasing its efficiency [1, 4–6].

According to Schröder [4], there are two basic mechanisms

of the electron transfer in microbial fuel cells: (i) direct

electron transfer (DET), which takes place via a physical

contact of the bacterial cell membrane or a membrane

organelle with the fuel cell anode, with no diffusional redox
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species being involved in the electron transfer from the cell

to the electrode; (ii) mediated electron transfer (MET) with

the participation of soluble self-produced primary or sec-

ondary metabolites or added artificial redox mediators.

Although most of the initial studies on MFCs were per-

formed with exogenous mediators, mediatorless biofuel cell

systems are presently preferable [7]. It has to be mentioned

that the term ‘‘mediatorless’’ means ‘‘without artificial

mediator of electron transfer’’ and does not concern the

cases when the microbial cultures produce endogenous

mediators. On the one hand, the addition of artificial medi-

ators raises the cost of the whole system, and on the other

hand, at concentrations high enough for increasing the bio-

fuel cells outputs they could be toxic toward the living cells.

In regards to this, different electrode modifications seem to

be one of the main approaches for improvement of the MFC

performance. The commonly used carbon materials, such as

felt, cloth, graphite, etc., possess relatively small electro-

catalytic activity toward the bio-anode reactions. The anode

performance has been improved by modifications with

Mn(IV), Fe(III), Pt, tungsten carbide, polyaniline/Pt com-

posites, covalently linked mediators [8, 9]. However, prob-

lems connected with the chemical and the electrochemical

stability as well as the biocompatibility of the examined

electrocatalysts are hindrances for their wide utilization.

The most reported MFC studies have focused prokary-

otic strains used as biocatalysts [1–9]. Reports on the use of

eukaryotic cells in MFCs are still rare in the literature.

Yeast-biofuel cell research was performed mostly with

Saccharomyces cerevisiae [10–13]. However, it has been

established that S. cerevisiae is not an ideal microorganism,

as it operates in fermentative/respiration mode with the

ratio of fermentation to respiration approximately 80:20

[14]. Thus, the most of the substrate energy remains in the

end product of the fermentative pathway. Haslett et al. [14]

have recently demonstrated that Arxula adeninivorans

MFC generates a higher power output than S. cerevisiae

MFC and this difference is due to the production of an

extracellular redox molecule by A. adeninivorans. Prasad

et al. [15] reported that a mediatorless yeast fuel cell

achieved a maximum power density of 2.9 W/m3 using

Hansenula anomala as a biocatalyst.

In our recent study [16], a significant improvement of

mediatorless yeast-biofuel cell output was achieved using

nanomodified Ni-carbon felt anodes and the electrogenic

strain Candida melibiosica 2491 [17]. We have ascer-

tained that this yeast strain accomplishes the electron

transfer to the anode combining two mechanisms—by

expression of cellular endogenously generated media-

tor(s) and by formation of yeast biofilm on the modified

as well as non-modified carbon felt electrode surface [16].

The supposition that the yeast cells are able to adapt their

metabolism and the mechanisms of electron transfer to

changes in the anode potential to maximize the biological

energy gain is in consensus with other studies concerning

anode-respiring cultures [18–20]. Furthermore, modifica-

tions with proper metal nanocomposites could adjust the

anode potential to desired values that enable better cap-

turing of electron flow from different catabolic steps of

living cells, thus increasing the MFC electrical output, or

could force the switching over of adaptive cellular

response mechanisms connected with the metal ions

presence in the surrounding.

Ni–Fe-metal clusters are crucial for the energy produc-

tion in many bacteria and archaea as they serve as cofactors

or prosthetic groups of [NiFe]-hydrogenases [21–26].

Although the hydrogenases activity is proven for bacteria

and fungi, the [NiFe]-hydrogenases presence is not well

established for yeasts. The intracellular transmembrane

transport of iron in yeast cells, however, appears to play an

important role. It is supposed that yeasts take up iron by

different mechanisms including a formation of metallo-

protein complexes like flavo-hemoproteins and sidero-

phore-mediated mechanism with a participation of metal

chelators excreted by the cells and attached as ligands to

cellular high-affinity receptors [27, 28].

The aim of this study is to develop methods for elec-

trodeposition of nickel–iron and nickel–iron–phosphorus

island structures on carbon felt and to examine the per-

formance of the prepared nanomodified materials as anodes

in mediatorless yeast-biofuel cell. For this purpose, the

biocompatibility of the newly synthesized materials toward

Candida melibiosica 2491 was analyzed and their elec-

trocatalytic properties in MFC were investigated by means

of polarization measurements as well as cyclic voltam-

metry (CV) studies.

Experimental

Electrodeposition and characterization of NiFe

and NiFeP nanostructures

Nickel–iron and nickel–iron-phosphorous nanostructures

were electrodeposited on carbon felt (SPC-7011, 30 g/m2,

Weißgerber GmbH & Co. KG) by applying galvanostatic

or potentiostatic pulse plating technique [16]. The content

of the used electrolytes is presented in Table 1. The elec-

trolysis was carried out in a conventional three-electrode

cell with platinum–titanium mesh counter electrode and

saturated calomel electrode (SCE) as a reference using

Gamry G750 potentiostat–galvanostat (Gamry Instruments,

US). The electroplating bath temperature was kept constant

at 50 �C by thermostat. The characteristics of the applied

galvanostatic and potentiostatic pulse regimes are sum-

marized in Table 2.
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Scanning electron microscopy (SEM) using Leo

1455VP and Leo Supra 55VP microscopes with energy

dispersion X-ray (EDX, Oxford Inca 200 instrument,

Software INCA-Vers.4) was applied for characterization of

the surface morphology and elemental analysis of the

modified carbon felt materials.

Prior to use in MFC, the corrosion behavior of the

produced nanomodified materials in neutral medium

(67 mM phosphate buffer, pH 7) was investigated by

means of potentiodynamic anodic polarization as well as

cyclic voltammetry with a scan rate 2 mV/s. The stability

of materials was evaluated by estimation of the corre-

sponding corrosion rates from Tafel plots, obtained by

potentiodynamic measurements.

Cell cultivation and cytotoxicity test

Yeast strain Candida melibiosica 2491 was cultivated as

previously described [16]. The comparison of the yeast cell

growth observed at normal cultivation conditions (YPfru

medium, 28 �C) and in the presence of modified carbon felt

or addition of Ni2? and Fe2? in concentrations, corre-

sponding to the maximal quantity of the electrodeposited

nickel and iron on carbon felt, was used to analyze the

potential toxicity of the used new materials. For that pur-

pose the produced nanomodified carbon felt materials were

put in a contact with the yeast suspension and the cell

development was followed up by measuring the optical

density OD600 with time. The same analyses were carried

out with addition of Ni2? and Fe2? to the cell suspension in

concentrations up to 100 and 50 nmol/L, respectively.

Yeast-biofuel cell studies

The electrocatalytic effects of the deposited nanostruc-

tures were investigated by applying the modified carbon

felt materials as anodes in double-chamber mediatorless

yeast-biofuel cell [16]. A non-modified carbon felt was

used as cathode. Both electrodes were fixed in plastic

holders, which assured a constant electrode area of

4.5 cm2 exposed to the electrolyte. Unified quantity of

yeast concentrate, corresponding to 0.3 g/L yeast cells,

was used as inoculum for biofuel cell experiments.

Buffered suspension of Candida melibiosica 2491 yeast

cells in YPfru medium (pH 7) was used as an anolyte

and 0.1 M potassium ferricyanide served as a catholyte

as well as a final electron acceptor. The anodic and

cathodic chambers, each with a volume 13 cm3, were

separated by proton-exchange membrane (Nafion 117,

Du Pont).

Polarization measurements at variable resistances (from

100 kX to 10 X) were carried out at each 6 h using

resistance decade box. The load resistances were changed

through 2 units at each decade. The cell voltage, U, was

recorded 5 min after switching a given resistance by using

digital multimeter DMM2700 (Keithley Instruments Inc.,

US). The current density, i, was calculated in respect to

the geometric electrode area using Ohm’s law. Polariza-

tion curves, presenting the MFC performance, were

plotted as U versus i. Power density, P, was estimated for

each pair voltage–current density using Joule’s law

P = U 9 i and the corresponding power curves P vs.

i were also drawn.

The capability of the yeast-MFC for continuous elec-

tricity generation was investigated by switching a load

resistance (1 kX) in the external electric circuit and mon-

itoring the MFC voltage as well as anode and cathode

potentials with time. During these experiments, the anolyte

was refreshed at each 24 h by half-replacement with a fresh

yeast-free YPfru-medium.

Cyclic voltammetry studies

In order to examine the electron transfer interactions

between the yeast cells and the anode, CV-studies of

modified electrodes in yeast/YPfru-suspension was carried

out at times corresponding to polarization measurements.

As a control, CV-measurements of modified carbon felt

samples in YPfru medium without yeast cells were also

performed. CV-experiments were carried out in three-

electrode cell by using PJT 35-2 potentiostat–galvanostat

(Radiometer-Tacussel) with IMT 101 electrochemical

interface and VoltaMaster 2 data acquisition system. The

working electrode potentials were measured against Ag/

AgCl reference. Scan rate of 2 mV/s was applied.

Table 1 Content of the electrolytes used for electrodeposition

of NiFe and NiFeP nanostructures on carbon felt

Electrolyte component NiFe NiFeP

NiSO4�6H2O (g/L) 40 40

NiCl2�6H2O (g/L) 40 40

FeSO4�7H2O (g/L) 30 30

H3PO4—50% mL – 11

Na2H2PO2 (g/L) – 4

b-alanine 26 26

Glycine 26 26

Table 2 Regimes applied for electrodeposition of NiFe and NiFeP

nanostructures on carbon felt

Regime I pulse II pulse Repetitions

Galvanostatic 100 mA/3 s Pause/3 s 40

Potentiostatic -2.2 V(vs. SCE)/

2 s

-0.3 V(vs. SCE)/

2 s

40
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Iron-chelating properties of yeast suspension

Yeast suspension at 24th hour of the cells’ development

was centrifuged at 50009g for 10 min, the collected

supernatant was filtered through 0.2 lm sterile syringe

filter, and the presence of ferric ions chelator in it was

analyzed by means of modified absorption spectrometry

method [29]. 0.1 mL FeCl3 (up to 3 mM) was added to

4.9 mL of the sample (1009 diluted) and mixed with 5 mL

10 mM KSCN. The absorbance of the obtained red-colored

complex was measured at 450 nm using Agilent 8453 UV–

VIS–NIR spectrophotometer. The concentration of the

residuum free iron was estimated by calibration curve.

All experiments were performed in a minimum of

triplicate.

Results and discussion

The morphology of the produced NiFe and NiFeP elec-

trodeposits is shown in Fig. 1. As seen from the SEM-

images, globular island-structure deposits with particle

sizes from 100 to 500 nm have been obtained by both

regimes applied. As a whole, the prepared nanoparticles are

larger than previously studied nickel island nanostructures

[16]. The phosphorous content above 10 wt% leads to

amorphization of the produced composites [30], which may

explain the more uniform rounded shape of the NiFeP

particles in comparison with the microcrystalline NiFe

ones. However, under potentiostatic mode applied, the

observed anodic current during the second pulse (-0.3 V

vs. SCE) is connected with a partial dissolution of the

deposits’ surface, which results in rougher and more

developed surface of the particles in these cases.

The elemental analysis, obtained by EDX, shows that

the component content is almost independent of the type of

the applied pulse plating technique. The ratio Ni:Fe is

approximately 2:1 in the NiFe electrodeposits, while the

presence of phosphorus results in augmentation of Ni and

decrease of Fe content (Table 3).

The electrochemical performance of the produced

nanomodified NiFe- and NiFeP-carbon felt materials in

neutral medium (phosphate buffer, pH 7) is presented in

Fig. 2. Identical CV patterns were obtained with electrodes

with the same elemental content but produced under dif-

ferent pulse plating regimes (see Table 3). That is why only

Fig. 1 SEM images of: a NiFe-modified carbon felt obtained under

multiple galvanostatic pulse; b NiFe-modified carbon felt obtained

under multiple potentiostatic pulse; c NiFeP-modified carbon felt

obtained under multiple galvanostatic pulse; and d NiFeP-modified

carbon felt obtained under multiple potentiostatic pulse conditions

Table 3 Elemental content of the electrodeposited island

nanostructures

Electrodeposit Regime Ni

(wt%)

Fe

(wt%)

P

(wt%)

O

(wt%)

NiFe Potentiostatic 55 29 – 16

Galvanostatic 62 30 – 8

NiFeP Potentiostatic 75 6 13 6

Galvanostatic 71 9 13 7
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one cyclic voltammogram is shown for each type (NiFe-

and NiFeP-) of modified electrodes. When the potential

was swept in the range between -400 and ?600 mV

versus Ag/AgCl no peaks appeared in the recorded vol-

tammograms, while if the cathodic scan was performed up

to -1200 mV, two broad anodic peaks related to electro-

oxidation of the metals to different oxidation states

appeared in the reverse anodic scan. The observed behavior

is connected with the existence of protective surface

coatings on the electrodeposited nanoparticles, which are

reduced by the evolved hydrogen only when the cathodic

switch potential is negative enough.

The corrosion rates and potentials of each material were

estimated from Tafel plots, obtained by potentiodynamic

anodic polarization, are presented in Table 4.

As seen from the data, the corrosion rates of all modified

materials are close or even smaller than that of non-mod-

ified carbon felt electrodes (NME). In addition, the shift of

Ecorr to more positive values reveals a lower affinity to

corrosion of the produced nanomodified electrodes in

comparison with the bare carbon felt.

The spectrophotometric measurements of OD600 in the

progress of Candida melibiosica 2491 yeast strain culti-

vation show that the culture development is not inhibited

by the presence of the examined modified materials. The

analyses for cytotoxicity performed with addition of Ni and

Fe ions to the growth medium, in concentrations equivalent

to the maximal amounts of the metals in the produced

electrodeposits, also confirmed that these metal ions do not

disturb the cell development and it is commensurable to the

growth of the control (Yeast/YPfru) (Fig. 3). The presented

graphs describe well-defined lag-, exponential-, and sta-

tionary phases of the yeast development. The observed

deviations from the control in the presence of heavy metals

during the lag-phase could be explained with a switching

on of adaptive mechanisms of the yeast cells connected

with (i) increased expression of molecules taking part in

the bringing the Ni- and Fe-ions into the cells for their

further participation as prosthetic groups of the important

for the cell energy system [NiFe]-hydrogenases [27] or (ii)

restriction of metal entry into the cells [31]. Summarizing

the results from the conducted cytotoxicity tests we have

concluded that the prepared nanomodified carbon felt

materials are non-toxic toward Candida melibiosica 2491
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Fig. 2 Cyclic voltammograms obtained with: a NiFe-carbon felt; b NiFeP-carbon felt electrodes in phosphate buffer (pH 7); scan rate 2 mV/s

Table 4 Corrosion potentials, Ecorr, and currents, Icorr, of the studied

electrodes in neutral phosphate buffer

Electrodeposit Ecorr, mV (vs. Ag/AgCl) Icorr (lA)

NME (C-felt) -279 ± 25 11.1 ± 4.6

NiFe(p.) -126 ± 15 10.0 ± 3.9

NiFe(g.) -121 ± 9 8.4 ± 3.7

NiFeP(p.) -166 ± 16 7.2 ± 2.6

NiFeP(g.) -140 ± 19 11.3 ± 3.6

0 5 10 15 20 25 30

0,5

1,0

1,5

2,0

O
D

60
0

Time, hours

 Yeast/YP
fru

 medium

 Yeast/YP
fru

 with 100nM Ni2+

 Yeast/YP
fru

 with 50nM Fe2+

 Yeast/YP
fru

 with 100nM Ni2+ and 50nM Fe2+

Fig. 3 Development of Candida melibiosica in YPfru medium in the

absence (squares) and presence of metal ions: Ni2? (circles); Fe2?

(triangles); Ni2?: Fe2? = 2:1 (rhombuses)
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yeast cells and could be applied as electrodes in yeast-

biofuel cell.

The application of the produced modified materials as

anodes in mediatorless yeast-biofuel cell has shown that all

of them increase the MFC outputs in comparison with the

use of non-modified electrodes (NME). Higher maximum

power density values have been achieved with NiFeP-

carbon felt anodes—260 ± 8 and 155 ± 6 mW/m2 with

potentiostatically (NiFeP(p.)) and galvanostatically (NiF-

eP(g.)) modified ones, respectively, against 52 ± 9 mW/m2

for the NME (Fig. 4). Lower power density, exceeding just

1.8 and 1.6 times that of the control has been obtained with

NiFe(p.) and NiFe(g.) anodes. For the latter, an increase of

the MFC outputs was attained using KMnO4 instead of

K3[Fe(CN)6] as a catholyte, however, the permanganate

reduction produced insoluble manganese dioxide which

precipitated on the cathode, thus impeding its proper

operation. It is worth noting that the highest outputs with

the investigated modified electrodes were achieved in the

earlier stage (12th to 18th h) than with NME and previ-

ously reported Ni-nanomodified ones [16]. This indirectly

indicates that the presence of NiFe and NiFeP nanocom-

posite structures modulates the yeast cells to switch on

metabolic mechanisms responsible for the observed elec-

trochemical activity at earlier stages of the yeast culture

development. In summary, comparing the results from this

and our previous study [16], the increase of the iron content

in the electrodeposited nanostructures tends toward a

decrease in the yeast-MFC current and power outputs when

the corresponding modified materials were used as bioa-

nodes. One of the possible explanations of the discussed

performance may be connected with the increasing specific

resistance of modified materials with the enrichment of

iron in the deposited nanocomposite structures, resulting in

the observed increase of the internal cell resistance.

Another possible reason could be assigned to the individual

electrocatalytic properties of the different modified mate-

rials, including their intrinsic catalytic activity, which

depends on the particular elemental content and distribu-

tion of the electrodeposited nanostructures, as well as the

specific surface area, influenced on the particle size and

morphology of the produced materials. The better perfor-

mance achieved with potentiostatically deposited NiFeP

and NiFe anodes in comparison with the corresponding

ones obtained by galvanostatic pulse plating technique is

most probably connected with the more developed parti-

cles’ surface of the former due to the partial anodic dis-

solution during electrodeposition. Besides the different

elemental content, the lower electrocatalytic activity of the

examined modified materials in comparison with that of

previously studied Ni-nanomodified carbon felt [16] may

be assigned to the quite smaller size of the Ni particles,

which results in a larger surface area of the latter materials.

The last but not least reason for the observed behavior,

however, may be associated with specific metabolic

mechanisms switched on by the yeast cells as a response to

the different metallic content in the environment.

In a batch mode, a drop in the MFC-outputs after 24 h

operation was observed. In order to overcome that we per-

formed experiments in a fed-batch mode, in which a half of

the yeast suspension was periodically replaced with fresh

YPfru medium. In these experiments, the MFC was contin-

uously loaded with an external resistance and the terminal

voltage, anodic, and cathodic potentials were simultaneously

monitored. The obtained results are illustrated in Fig. 5. The

plotted discharge curves show that the MFC-voltage,

respectively, current output, is mainly determined by varia-

tions of the anodic potential, while the cathodic potential

becomes almost steady-state after an initial drop in the first

24 h. Therefore, the whole MFC-performance is limited by
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the anode-half reaction connected with the electron transfer

interactions between the yeast cells and the bioanode. Each

refreshment of the yeast suspension led to a shift of the

anodic potential in negative direction, respectively, increase

of the biofuel cell voltage. Relatively stable MFC-charac-

teristics were achieved after the second refreshment of the

anolyte, which is probably associated with the previously

reported biofilm formation [16].

In order to elucidate the origin of the observed elec-

trochemical activity, cyclic voltammetry study with the

modified carbon felt electrodes in yeast suspension as well

as in YPfru medium without yeast cells was carried out.

Cyclic voltammograms recorded at times relevant to the

optimum MFC characteristics achieved are presented in

Fig. 6.

In contrary to the previously studied nanomodified Ni-

carbon felt, the CV performance of NiFe- and NiFeP-car-

bon felt electrodes in yeast/YPfru suspension (Fig. 6a)

looks like that of non-modified ones, characterized by

separated anodic and cathodic peaks connected with a

production of endogenous electron shuttle during the mid-

log phase of yeast growth [16]. However, the observed

anodic and cathodic peak at ?175 and -100 mV vs. Ag/

AgCl, respectively, are shifted about 50 mV in the negative

direction when compared with those obtained with non-

modified carbon felt (inner graph), which indicates a

facilitated electron transfer from the yeast suspension to the

modified electrode surface. The absence of the aforemen-

tioned peaks in the voltammograms obtained with fresh

YPfru medium non-inoculated with yeast cells (Fig. 6b)

proves that their origin is connected with bioelectrocata-

lytic effect, and not with a direct electrooxidation/reduction

of substances in the medium or corrosion of the electrodes.

The characteristic peaks obtained with NiFeP electrodes

are more intensive than those with NiFe ones, which

correlates with their performance as anodes in MFC. The

broad anodic peak at potentials over ?500 mV, more

expressed in the voltammograms obtained with NiFeP

modified electrodes, should not be associated with the

reactions that take place on the MFC bioanode, because its

potential is rather positive than the anodic potentials

recorded during biofuel cell polarization measurements.

The origin of this peak may be assigned to oxidation of

either the electrode material itself or not readily oxidizable

species, presented in the electrolyte. The position of the

peaks corresponding to a formation of metallic ions in

higher oxidation state (Fig. 2), however, does not coincide

with the potential of the intensive anodic peak in voltam-

mograms obtained in yeast suspension (Fig. 6a). Thus, it

can be concluded that the latter is not connected with a

corrosive oxidation of the electrodeposited nanocompos-

ites. Furthermore, CV pattern similar to those with modi-

fied electrodes was obtained when Fe3? ions were added to

the yeast suspension and cyclic voltammetry was carried

out with non-modified carbon felt working electrode

(Fig. 6a, inner graph). Taking into account this we sup-

posed that the observed intensive anodic peak is more

probably associated with a formation of highly stable

extracellular ferric complexes, like siderophores, as a

response to the yeast iron uptake mechanism [27].

To examine such a hypothesis, determined amounts of

ferric ions were added to a supernatant, obtained by cen-

trifugation of yeast suspension at times corresponding to its

highest electrochemical activity, and the quantity of

strongly bonded iron was estimated as a difference between

the introduced and the residuum free iron in the medium,

determined by means of spectrophotometric analysis

(Table 5). The significant decrease of Fe3? concentration

in the supernatant samples indicates that part of them is

bounded with a soluble component of the yeast suspension
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in a more stable complex than the analyzable [Fe(SCN)]2?

one, i.e., proves the presence of strong ferric iron chelator.

Conclusions

The application of nanomodified NiFe- and NiFeP-carbon

felt, produced by electrodeposition, as anodes in mediator-

less yeast-biofuel cell results in an improvement of its

electrical outputs. The observed electrocatalytic activity of

the studied materials depends on their elemental content, but

also on the preparation technique applied. The electrode

performance improves with an increase of nickel and a

decrease of iron content. At the same time, the better per-

formance of potentiostatically over galvanostatically

deposited electrodes could be assigned to the more devel-

oped particles’ surface of the former due to a partial anodic

dissolution during preparation. The obtained results in a fed-

batch mode reveal potentials for long-term operation of the

system.
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