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A B S T R A C T

The high cost of Pt-based cathode, and its possibility of being poisoned by the presence of buffer in the elec-
trolyte are two paramount issues in the BES system. The Ni-Fe has become one of the good alternatives because it
has excellent catalytic properties, inexpensive, commercially available and low toxicity to microorganisms. In
this study, Ni-Fe foam applied as a cathode in dual-chamber BES, while effluent of glucose fermentation as a
substrate in the anode side. The characteristic of Ni-Fe surface was analyzed by using field emission scanning
electron microscopy. Whereas, the catalytic property of Ni-Fe was evaluated by using linear sweep voltammetry
test. The maximum hydrogen production rate and yield obtained were 500 ± 80 m3/m3/d and
470.2 ± 11.2 mL/g COD, respectively. The results show that the Ni-Fe has comparable performance to GF/Pt.
Hence it could be used as an alternative cathode in BES application.

1. Introduction

Bio-electrochemical system (BES) is an exciting technology and a
potential future approach for hydrogen production owing to its green
technology, low cost and technically feasible. Originally, BES was de-
veloped for the wastewater treatment and electricity generation using
electroactive bacteria (EAB) to facilitate electron transfer from or to the
solid electrode. Currently, the research has broadened the utility of
BESs to more complex processes such as chemical synthesis, bior-
emediation and biogas productions [1]. BESs have been able to produce
hydrogen as a value-added product from nutrient-rich wastewater with
a small additional power supply [2]. As such, BES prospects as an al-
ternative approach to generating hydrogen from the organic substrate
[3,4].

BES is a bioreactor technology that is constructed by two com-
partments, which are the anode and cathode parts. An anode com-
partment is a place where EAB generates electrons and protons. These
electrons and protons transferred to produce hydrogen at the cathode
side are then (Eq. (1)). However, BESs require less electrical power to

overcome the thermodynamic barrier [1]. Based on the free energy
Gibbs calculation, hydrogen production from an organic substrate (i.e.,
acetate) requires additional energy of 104 kJ/mol under standard
conditions [5,6]. In general, a power source within the range of 0.2 to
0.8 V is needed to supply the required additional energy for the effec-
tive BESs system [7,8].

CH3COO− + 4H2O → 2HCO3
− + H+ + 4H2 (1)

Although BESs is a promising technology in the future, there are still
several challenges to overcome for industrial application. The crucial
issue in BESs is the cost of cathode development and its environmental
impact. Approximately 47% of the total BES cost is due to the cathode
[9]. Most of the research reports the use of expensive metal such as
platinum (Pt) as the primary cathode material [10]. Due to the high
cost and its reaction with the buffer solution which end up being poi-
sonous, the alternative materials to replace this Pt-based material has
become inevitable. Several metal materials were actively studied such
as stainless steel (SS), cobalt (Co), nickel alloy [11–13], Ni mesh (NM)
[14] and nickel foam (NF) [15], to reduce BESs cost as a whole. Among
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these materials, nickel is the most significant material to replace Pt
owing to its excellent catalytic properties for hydrogen evolution re-
action (HER)[16].

In addition to the cathode materials, investigation on the organic
substrate in the anode side is necessary to represent the BES perfor-
mance in a real application. In this study, the effluent of glucose fer-
mentation (EGF) with a small modification (pH = 7.0) became the
substrate to generate hydrogen. In anaerobic condition, glucose can be
fermented by mixed culture to generate volatile fatty acids (VFAs) in
addition to biogas and/or alcohols as shown in Eq. (2) and (3). Several
studies showed that the acetic acid are one of the main VFAs in the EGF
[17,18]. Therefore, we assumed that EGF can be reused as a substrate.
Besides, EGF can also represent the real wastewater model to generate
hydrogen in the BES system.

C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2 (2)

C6H12O6 → 2CH3CH2OH + 2CO2 (3)

Though nickel has been successfully disclosed by other researchers
to replace Pt, the research on nickel–iron (Ni-Fe) performance in the
BESs system is still limited, especially its efficiency for hydrogen pro-
duction from EGF. The current research using NM [14], NF [15] and
nickel–iron-zinc (NiFeZn) [19] have been reported only by several re-
searchers. Based on a report by Salembo et al. [11], the presence of Fe
in Ni alloy exhibited a catalytic activity of the cathode. Besides, the
performance of bimetallic catalysts is generally better than mono-
metallic catalysts. This difference in performance is due to the syner-
getic effect between those two metals, which may combine the prop-
erties related to the two individual metals, hence generate new and
distinctive properties [20]. Consequently, the bimetallic Ni-Fe foam
becomes a good option compared to the monometallic Ni foam.
Therefore, this study embarks the objective to investigate the potential
of Ni-Fe as a new alternative cathode in the BES system to produce
hydrogen. In addition to the use of BES systems equipped with Ni-Fe
cathode, also, the EGF as a real wastewater model will be used as
substrate in this study.

2. Materials and methods

2.1. Electrode preparation

Graphite felt (GF), and Ni-Fe foam were purchased from Sigma
Aldrich Malaysia Sdn. Bhd. GF and Ni-Fe were initially prepared with a
size of 5.0 mm × 5.0 mm. In this study, an acid (HCl) and base (NaOH)
treatments were performed to remove impurities on the material sur-
faces. Both GF and Ni-Fe were immersed in 1 M HCl and then in 1 M
NaOH for 1 h. Each step was followed by washing with deionized water
(DW) thrice [7,21,22]. Next, GF and Ni-Fe were dried overnight in the
oven at 80 °C. Before applied in BES system, the treated GF and Ni-Fe
materials were characterized by using an energy dispersive X-ray
method (EDX, Incorporated Inca, Point & Analyses Software) [23] to
determine the elemental compositions on the surfaces. The elemental
compositions on the GF and Ni-Fe surfaces after acid and base treat-
ments (at startup) are listed in Table 1.

As a comparison, platinum catalyzed graphite felt (GF/Pt) was used
as a control in the cathode side in this work. GF/Pt cathode was pre-
pared as described by Satar et al. [22] in which a 0.05 mg/cm2 Pt was
coated on the GF surface using Nafion solution as a binder. GF/Pt is the
most common cathode used in BES systems, and the cost for this ma-
terial is relatively cheap compared to the Pt sheet.

2.2. Electrolyte preparations

The EGF was collected from a previous study [18]. Volatile fatty
acids (VFAs) were characterized using high-performance liquid chro-
matography (HPLC) equipped with a UV detector at 220 nm (HPLC-UV,

HPLC 1100 s Agilent, USA). The mobile phase was a mixture of 5%
acetonitrile and 95% 2 mM sulphuric acid with a flow rate of 0.6 mL/
min, oven temperature of 40 °C. The stationary phase was a GRACE
Genesis C-8 4u column (150 mm× 4 mm) [24]. The VFAs compositions
and HPLC chromatogram are presented in Table 2 and Fig. 1, respec-
tively. EGF was filtered by using a filter paper (Whatman, 150 mm ϴ
Cat No 1001–150) to remove its solid materials. The EGF was adjusted
to pH values of 7.0 using 2 M Na2HPO4 to ensure the activity of elec-
troactive bacteria at the anode compartment [25]. Then, the filtrate was
used as the carbon source (anolyte) for hydrogen production in the
anode chamber of the BES system. Potassium chloride (KCl) with 0.1 M
at pH = 7.0 was used as catholyte to facilitate the electron and proton
flow at the cathode.

2.3. GF, GF/Pt and Ni-Fe surface Analyses

GF, GF/Pt and Ni-Fe surfaces were characterized by using field
emission scanning electron microscopy (FESEM, JEOL JSM 5800) to
investigate the morphology of material surfaces at the startup and after
six months of BES operation. The FESEM was operated at an accelerated
voltage of 20 kV and a distance of 10 mm for material imaging in dif-
ferent sections. The images were captured by using a high resolution of
1280 × 960 and a dwell time of 160 s. Meanwhile, the elemental
compositions were determined by using the electron dispersive X-ray
(EDX) method (Incorporated Inca, Point & Analyses Software) [23].

2.4. Bioreactor Set-up

An acrylic block with a volume of 25 mL
(50 mm × 10 mm × 50 mm) for each anode and cathode compart-
ments of BES were used in this study. The anode and cathode com-
partments were separated with cation exchange membrane (CEM, CMI
7000 s) with an active surface area of 25 cm2. Before CEM applied into
the BES, it was initially treated with 5% sodium chloride (NaCl,
pH = 7.0) overnight to activate the ion membrane permeability [26].
GF and Ni-Fe were used as anode and cathode material, respectively.
The electrodes were then connected with titanium wire to facilitate
electron transfer via an external circuit. The reference electrode of Ag/
AgCl (+0.197 V vs SHE) was applied either at the anode or cathode
chamber. Subsequently, the BES was operated in batch mode with a

Table 1
Elemental compositions of electrode materials from EDX analysis at startup and
after six months of BES operations.

Electrodes Element compositions (%)
C Ni Fe O Pt Others*

Startup
GF 100.0 ND ND ND ND ND
GF/Pt** 92.1 ND ND 3.7 1.2 3.0
Ni-Fe ND 99.4 0.6 ND ND ND
After six months of BES run
GF 70.1 ND ND 15.7 ND 14.2
GF/Pt 72.1 ND ND 12.3 0.2 15.4
Ni-Fe ND 12.2 ND 37.5 ND 50.3

ND = not detected; * = K, Na, Mg, Cl, P; ** = GF after coated with Pt (GF/Pt)

Table 2
Composition of volatile fatty acids in EGF sample.

VFA composition Retention time (min) (mg/L) % (v/v)

Malic 1.79 ± 0.01 124.78 ± 0.05 7.75 ± 0.01
Succinic 2.61 ± 0.01 11.13 ± 0.06 0.71 ± 0.01
Lactic 3.26 ± 0.01 345.83 ± 0.09 34.59 ± 0.01
Acetic 3.99 ± 0.01 556.23 ± 0.15 52.97 ± 0.01
Propionic 5.18 ± 0.02 2.91 ± 0.02 0.30 ± 0.02
Butyric 6.78 ± 0.02 35.45 ± 0.15 3.68 ± 0.02
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supplement of power source (Keithley 2230–30-1 Triple Channel DC
Power Supply, US) at an additional voltage of 1.0 V into the reactor.
The BES was run in duplicate for more than six months at room tem-
perature (± 26 oC). After each BES cycle, the anode was refilled with
the fresh EGF as a substrate. Then the ultra-high purity nitrogen gas
(99.99%) was purged for 5 min to eliminate oxygen in the media.
Meanwhile, the cathode was drained and exposed to the air to prevent
methanogens growth and before refilled with fresh catholyte [27]. BES
with GF/Pt cathode was used as a control in this study.

2.5. Electrochemical analysis

The voltammetry analysis, such as cyclic voltammetry (CV) and/or
linear sweep voltammetry (LSV), can be used to evaluate the catalytic
properties of materials [28]. In this study, only the LSV method was
used to assess Ni-Fe catalytic performance based on the transformed
Butler-Volmer equation, as described by Salembo et al.[11]. From the
LSV scans, the currents (I, A) data were converted to the absolute value
of current densities (J, A/m2) and later to the log value of the absolute
value of J. The Tafel plot was obtained by plotting the absolute value of
current density (J) against voltage (V). The slope of the Tafel plot can
be generated by fitting the straight line from the data points at the onset
potential. The electrochemical cell was arranged under a three-elec-
trode configuration, in which the tested materials were working as an
electrode (WE), Ag/AgCl (RE 5B, MF-2079) as a reference electrode
(RE), and anode as the counter electrode (CE). The LSV tests were
performed by using a potentiostat (Autolab PGSTAT128N, Netherlands)
at the potential in the range of −1.2 V to 0.2 V with a scan rate of
3 mV/s.

The electrochemical impedance spectroscopy (EIS) was used to
evaluate the cathodic impedance of BES. Similarly, the EIS tests were
carried out by using a potentiostat (Autolab PGSTAT128N,
Netherlands) in a frequency range of 100 kHz to 5 mHz, AC amplitude
of 10 mV scan rate of 25 mV/s and steady-state at the open circuit of
BES [22]. The EIS measurements were conducted by in-situ tests, where

the cathode worked as a WE. During the experiment, the Ag/AgCl (RE
5B, MF-2079) electrode in the cathode compartment was also used as
RE while the anode was used as a CE. All impedance spectra were
converted to the equivalent circuit, in which Rs and Rp symbols re-
presented series and parallel resistances, respectively. The impedance
spectra provide some information including the solution resistance,
capacitances, and charge transfer and double-layer resistances.

2.6. Gas analysis and calculations

Biogas was collected using a 25 mL vial. Then, the biogas was
analyzed using a gas chromatograph equipped with thermal con-
ductivity detector (GC-TCD, GC-HP 4890D USA) with Altech Molesieve
5A, 80/100 as a column at an injector and column temperatures of
120 °C and 180 °C, respectively. The percentage of gas was determined
based on the peak area of each gas.

The BES performance can be determined based on hydrogen yield
(YH2, mL/mL COD) (Eq. (4)), cathodic hydrogen recovery (rH2[cat])
(Eq. (5)), and hydrogen production rate (QH2, mL H2/mL of the anode)
(Eq. (6)). [7,11], All parameters were calculated based on the following
formula:

=Y n M
V

H2
ΔCOD
H2 H2

l (4)

=r n
n

H2[cat] H
H [CE]

2

2 (5)

=Q V
V

H2 ( H )
( )xday)

2

anode (6)

Where, nH2 andMH2 are the number of moles and molecular mass of
H2, respectively. The nH2 can be calculated based on an ideal gas for-
mula (PV/RT) at standard condition and MH2 is 2.0 g/mol. ΔCOD is the
amount of change in COD based on the COD of the substrate at the
beginning (CODo) and final (CODs) of BES run. The nH2[CE] is the
amount of hydrogen mole that can be calculated based on the measured

Fig. 1. HPLC chromatograms of (A) acetic acid and (B) VFAs in EGF sample.
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current from BES run = ∫ Idt

2F
0
t

, Idt is the continuous measured BES
current, and F is Faraday constant (96485C/mol). VH2 and Vanode are
volumes of hydrogen and anode of BES, respectively.

The energy efficiency (ηE, %) of the system is the amount of energy
produced by hydrogen generation (WH2, kJ) over the amount of energy
added into the system (WE, kJ) (Eq. (7)). WE and WH2 are calculated
based on Eq. (8) and (9) as follow;

=η W
W

E E
H2 (7)

∑= −W IxE x t I xR x tE (( Δ ) ( Δ ))
t

ap ex
0

2

(8)

=W n HH2 ( xΔ )H2 H2 (9)

where I (A) is the amount of current produced from the system, Eap
(1.0 V) is the amount of voltage supplied into the system using a power
source, Rex (1 O) is an external resistance applied in the system, ΔHH2

(285.83 kJ/mol) is the energy content of hydrogen-based on the heat
combustion and t (h) is period of data collection.

3. Results and discussion

3.1. Characterization of GF, GF/Pt and Ni-Fe electrodes

The acid and base treatments are important steps to remove organic
and inorganic impurities on the electrode surfaces. The cleaned GF
surface was then enriched with EAB using anaerobic sludge of palm oil
mill effluent (POME) as the inoculum source. The enrichment process
allows the EAB can attach on the GF surface to form a biofilm. In ad-
dition, the presence of specific interaction mediated by biological forces
drives the attachment of microorganisms on the material surface. [29].
As shown in Fig. 2(A), the SEM image of GF surface is clean and smooth
at the startup of BES operation. Meanwhile, Fig. 2(D) shows the GF
surface is covered by EAB after six months of BES operation. The EAB
acts as biocatalyst at the anode that can enhance the anode perfor-
mance to generate protons and electrons from substrate. The robustness
of bioanode to maintain its biocatalytic activity affects the performance
of the whole system [30]. Whereas, Fig. 2 (B) shows a Pt catalyst layer
is covered the GF surface after the coating process. Based on the EDX
result, the composition of the Pt catalyst is obtained 1.2% (Table 1). At
startup of BES operation, the GF/Pt performance is high but its per-
formance is gradually dropped after six months. This phenomenon
might due to the presence of salts or other impurities covered the GF/Pt
surface (Fig. 1(E)), consequently, the activity of Pt catalyst is decreased
to generate hydrogen. Similarly, the performance of Ni-Fe cathode is
high in early of BES operation and later decreased after six months.
Fig. 2(C) shows the Ni-Fe surface is still clean and smooth after the acid-
base treatments while Fig. 2(F) shows Ni-Fe is corroded and covered by
salts or other impurities. Based on the EDX analysis (see Table 1), the
compositions of Ni and Fe on the surface were reduced from 99.4% to
12.2% and 0.6% to ND (~0.0%), respectively. This fact showed that the
presence of salts or impurities layer and the decrease in Fe composition
on the Ni material can reduce the electro-catalytic activity for HER
[19].

3.2. Cathode catalytic Properties: Ni-Fe vs GF/Pt control

Catalytic performance of both Ni-Fe and GF/Pt were evaluated by
using LSV tests. As shown in Fig. 3, two linear regions are represented
(A and B), Butler-Volmer kinetic or high current density (dash line) and
resistive kinetic or low current density (solid line). Based on Tafel slope,
the cathodic transfer coefficient (αc) and a number of electrons (ne)
during the reactions can be determined by using Eq. (10), where J and
Jo are current density (A/cm2) and exchange current density (A/cm2), E
and Eo are working potential (V) and equilibrium potential (V), F is

Faraday constant (96485C/mol), R is the ideal gas constant (8.31 J/mol
K), and T is the temperature (K), as follows:

= + −J Jo α n E Elog log F
2.303RT

( )c e
0 (10)

As mentioned above, the catalytic performance can be referred
based on the Tafel slope and y-intercept, in which the high Tafel slope
indicates the high catalytic properties [31]. Principally, the catalytic
performance (either in anodic or cathodic reaction) can be determined
based on the data points around the onset potential at where the current
starts to increase steeply. In this study, the onset potentials for GF/Pt
and Ni-Fe are observed in the range of 0.0 V to −0.2 V. This study
found that the Tafel slope of –23.5220 and y-intercept of 4.4840 for GF/
Pt is steeper than the Tafel slope of 23.0460 and y-intercept of 8.1435
for Ni-Fe. Tafel slope results can be used as a logical reason to explain
the high BES performance when using GF/Pt compared to Ni-Fe. The
cost of Ni-Fe (USD 15.36 USD/25 cm2) [32] is relatively cheaper than
GF/Pt (USD 25.04/cm2) [33], making the Ni-Fe as one of the feasible
alternatives in BES for hydrogen production.

3.3. Assessment of internal resistances

EIS analysis was carried out on the cathode in the steady-state of
BES. It is well known that the impedance analysis can generate the
Nyquist plots and types of internal resistance. Fig. 4 (A and B) indicates
the circuit of BES by using Ni-Fe and GF/Pt cathodes, respectively.
Principally, a BES circuit consists of five types of internal resistance
(Rin), namely one resistance connected in series (Rs) with two parallel
(Rp) resistances. Generally, the Rs or ohmic resistance represents the
resistance from the solution, separator and electrode, meanwhile, one
of the Rp represents the charge transfer resistance and second of the Rp

represents the diffusion resistance [34,35]. Generally, more than 51%
of Rin is contributed by Rs, while the charge transfer contributed around
23%, and the rest is due to the diffusion effect [35].

Based on the Nyquist plot, as shown in Fig. 4(C), the distance from
coordinates origin to the beginning of the first semi-circle corresponds
to the Rs and the diameters of the first and second semi-circles corre-
spond to the first and second Rp, respectively [36]. For instance, the
circuit of BES with Ni-Fe, in which Rs, the first Rp and the second Rp are
observed 6.91 Ω, 10.1 Ω and 163 Ω, respectively (Fig. 4(A)). From these
data, the Rin of Ni-Fe obtained up to 7.02 Ω is quite higher than the Rin

of 3.43 Ω for GF/Pt. These data indicate that BES by using both Ni-Fe
and GF/Pt have good electrochemical behavior and high conductivity
because the Rin are relatively low (< 10 Ω). The internal resistance
acclaims having a critical factor in the current and cations transfer. The
high internal resistance reduces the number of transferred electrons and
protons from the anode to cathode, consequently, the volume of hy-
drogen gas formation is low [37].

3.4. Electrolyte conditions

Anolyte (EGF) condition, such as pH and organic substrates (nu-
trients) are a few essential factors for consideration in hydrogen pro-
duction [38]. Low pH (pH < 5) and limiting nutrients affect the ability
of the culture for biogas and VFAs or alcohols formation [39]. It is well
known that the type of products are significantly related to the type of
inoculums or microorganisms used in the fermentation process [40,41].
Based on the previous analysis, the effluent of glucose fermentation
generally consists of acetic acid as the primary organic acid. In our
previous work [18], the mixed-culture from anaerobic sludge of palm
oil mill effluent (POME) was used as a source of inoculum in the fer-
mentation. As reported in Table 2, the acetic and lactic acids are the
primary organic acids in EGF with the composition of 52.97% (v/v) and
34.59% (v/v), respectively. Based on this report, we assumed that the
EGF is suitable as a substrate in BES for generating hydrogen.

Besides, EGF conductivity facilitates the transportation of both
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electrons and protons from solution to the solid anode. Low EGF con-
ductivity reduces the number of transferred electrons and protons at the
cathode compartment; consequently, the product formation is low [42].
Therefore, the treatment process on EGF is needed to recover pH and
conductivity. Due to the low pH of EGF (pH=±5), a base solution can
increase the pH value and conductivity simultaneously. Treatment of
EGF with Na2HPO4 (2 M) increases their pH and conductivity, as shown
in Table 3. From Table 3, pH and EGF conductivity are increased from
5.0 and 10.31 mS/cm (before treatment) to 7.0 and 15.84 ± 0.03 mS/
cm (after treatment), respectively. This fact proved that the more ions
dissolved into the solution result in higher solution conductivity [43].
Based on these results, EGF is ready to be used in further experiments.

Theoretically, an anode compartment is a place where dissolved
charged ions, including electrons and protons, are generated. The
electrons are then transferred into the cathode via external circuit while
the cations go through a separator; hence, the number of dissolved

charged ions at the anode (in anolyte) are decreased over time. The
electrons and ions movement are the logical reason to explain why the
anolyte conductivity of Ni-Fe decreased to 13.08 mS/cm at the end of
the BES operation. On the contrary, accumulation of the dissolved ions
at the cathode compartment increases the catholyte conductivity to
17.10 mS/cm. Similarly, pH value of anolyte also decreases to 5.68
which is caused by the presence of a separator, consequently, the
transportation of organic acid ions to the cathode is not optimal
[44,45]. On the other hands, the pH value of catholyte is increased to
11.93, this fact might due to the accumulation of alkali ions at the
cathode compartment.

3.5. Hydrogen production

The main target of this study is to generate hydrogen from EGF by
using BES with Ni-Fe cathode. Table 4 shows the cathodic hydrogen

Fig. 2. SEM images of GF anode (A), GF/Pt (B) and Ni-Fe (C) at startup, while GF anode (D), GF/Pt (E) and Ni-Fe (E) after six months of BES operation.
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recovery (rH2[cat]), yield (YH2) and production rate (QH2) using Ni-Fe
in comparison to stainless steel (SS) and carbon cloth coated with
platinum (CC/Pt). Overall, Ni-Fe shows the comparable performance
with GF/Pt control and references. In fact, the hydrogen yield and
volumetric current density (IV) of Ni-Fe are much higher compared to
SS [46]. In terms of hydrogen composition, Ni-Fe is quite similar to GF/
Pt control. Hence, Ni-Fe is one of the right options for the alternative
cathode to GF/Pt cathode in BES.

Furthermore, as shown in Fig. 5, the trends of hydrogen production
are gradually increased with increase in supplied voltage from 0.6 V to
1.0 V. Logically, increase in the electrical power input into BES accel-
erates the electrolysis processes, and consequently increases the hy-
drogen volume [47]. However, the hydrogen production is quite

constant at 1.0 V and 1.2 V of applied voltage. This phenomenon might
due to the BES performance is closely related with the ability of bioa-
node to supply electrons and protons. Lim et al. [30] reported that the
strength of bioanode is the limiting factor in BES system. The bound
electrons and protons output at bioanode could halt the cathode cap-
ability to generate hydrogen. This study showed that the maximum
hydrogen volume for Ni-Fe and GF/Pt are obtained 32 mL and 40 mL,
respectively, at 1.0 V of applied voltage. This stage was then assumed as
the optimum condition for BES operation. Besides the bioanode ability
and catalytic properties of the cathode, the presence of separator also
plays a crucial role in BES performance as a whole.
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Fig. 3. LSV scans with high and low current density for (A) GF/Pt and (B) Ni-Fe.
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Fig. 4. Type of fitting circuits for (A) Ni-Fe, (B) GF/Pt control and (C) Nyquist plots of impedance spectra for Ni-Fe and inset for GF/Pt.

Table 3
Summary of anolyte and catholyte conditions before and after experimental runs.

Cathodes pH Electrical conductivity (mS/cm) COD (g/L)
Anolyte Catholyte Anolyte Catholyte

Before treated with Na2HPO4*
GF/Pt** 5.01 ± 0.01 7.01 ± 0.01 10.42 ± 0.02 13.08 ± 0.02 –
Ni-Fe 5.01 ± 0.01 7.01 ± 0.01 10.31 ± 0.03 13.08 ± 0.02 –
Starting BES run: After treated with Na2HPO4*
GF/Pt** 7.01 ± 0.01 7.01 ± 0.01 15.84 ± 0.03 13.08 ± 0.02 1.61 ± 0.11
Ni-Fe 7.01 ± 0.01 7.01 ± 0.01 15.84 ± 0.03 13.08 ± 0.02 1.61 ± 0.11
End of BES run
GF/Pt** 5.78 ± 0.02 12.20 ± 0.02 13.00 ± 0.02 18.25 ± 0.02 0.91 ± 0.11
Ni-Fe 5.68 ± 0.02 11.93 ± 0.01 13.08 ± 0.02 17.10 ± 0.02 0.81 ± 0.01

* Anolyte (EGF) was treated with Na2HPO4; ** GF/Pt control cathode

Table 4
Summary of BES using Ni-Fe performance compared with GF/Pt control and references.

Cathode Substr. Eap(V) CE(%) rH2[COD] (%) rH2[cat] (%) ɳE(%) ɳE + S(%) Iv(A/m3) YH2(mL/g COD) QH2(mL/L/d) H2(%) Ref.

GF/Pt EGF 1.0 98.3 ± 0.7 44 ± 4 46 ± 4 138 ± 13 38 ± 4 116 ± 10 553.6 ± 53.5 590 ± 10 71 ± 4 This study
Ni-Fe EGF 1.0 97.8 ± 0.8 41 ± 1 43 ± 4 135 ± 24 36 ± 2 101 ± 16 470.2 ± 11.2 500 ± 80 69 ± 4 This study
CC/SSM EGF 1.0 29.9 ± 2.3 35 ± 2 215 ± 18 68 ± 5 86 ± 8 56 ± 2 330 ± 30 16 ± 0* NA [46]
CC/Pt EGF 0.9 110 ± 20 52 ± 19 49 ± 16 150 ± 50 NA NA 800 ± 290* 590 ± 210 NA [48]
Ni 201 Acetate 0.9 NA 26 ± 3 27 ± 4 46 ± 7 20 ± 3 127 ± 8 NA 380 ± 40 57 ± 3 [11]
Ni 400 Acetate 0.9 NA 31 ± 8 31 ± 5 53 ± 9 23 ± 5 116 ± 9 NA 410 ± 100 62 ± 8 [11]
Pt metal Acetate 0.9 NA 46 ± 4 47 ± 2 81 ± 3 35 ± 3 129 ± 7 NA 680 ± 60 74 ± 2 [11]

*= Calculated; a = mol/mol substrate; CC/Pt = carbon cloth coated with Pt catalyst; CC/SSM = carbon cloth with stainless steel mesh; NA = not available; EGF;
effluent of glucose fermentation
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3.6. GF-anode and Ni-Fe-cathode performance over time

In most cases, the anode in a microbial fuel cell (MFC) is also sui-
table in BES for hydrogen production [49]. The EAB biofilm at the GF
anode has a significant contribution to BESs performance, in which the
EAB biofilm can reduce the anode potential and polarization resistance
[50]. Therefore, the anode must be initially enriched with electroactive
bacteria by using anaerobic sludge or digester before it was used further
in BES experiments. As shown in section 1, the EAB biofilm is attached
to the GF-anode surface after six months of operation (see Fig. 2(D)). At
this stage, the optimum hydrogen production is obtained 32 mL.

Principally, the catalytic properties of metals are gradually de-
creased over time [11]. This phenomenon might due to the presence of
an oxide layer or corrosion reaction on the metal surface. During the
electrolysis processes, Ni-Fe has been continuously explored with the
electrical current (2Ni → 2Ni2+ + 4e-,) and/or (Fe → Fe2+, 3+ + 2e-,
3e-), and oxygen (O2 + 4e- →2O2–), consequently the cathode is oxi-
dized to nickel oxide (NiO) and/or iron (II) oxide/iron (III) oxide (FeO/
Fe2O3). As shown in Fig. 2(F) (Section 3.1), the SEM image is visually
indicated a change in Ni-Fe morphology. However, surface chemical
compositions are not included in this study. Also, the presence of mi-
croorganisms at the cathode surface can accelerate either the oxida-
tion–reduction [51] or corrosion reactions [52]. This phenomenon

might help to explain why BES performance gradually decreased with
long term BES operation. The decrease in BES performances are shown
in Fig. 6, in which trends of the hydrogen production are decreased
from 32 mL to 27 mL after six months of BES operation.

BES performance is associated with the limiting factor of bioanode,
Ni-Fe cathode properties and type of separator (in dual BES system).
Hence, a few approaches are required to maintain the BES performance.
An anode ability can be enhanced by choosing the available material
such as GF. A suitable material is additional to the treatment and en-
richment process of EAB at the anode compartment, and by removing
separator from the system. For the cathode, as discussed above, the
decrease in Ni-Fe catalytic properties might due to the presence of
metal oxide (might be iron oxide) layer on the surface. The electro-
plating technique is one of the methods able to prevent or reduce the
oxidation–reduction and/or corrosion reactions of metal. Electroplating
entails electrodeposition of metal onto the Ni-Fe surface. The coated
metal particles on the surface acted as a sacrificial barrier to prevent
corrosion reaction. Several metals can be deposited on the Ni-Fe sur-
face, such as the precious metal gold (Au) and silver (Ag) or non-pre-
cious copper (Cu), cobalt (Co), molybdenum (Mo), tungsten (W), tita-
nium (Ti) and chromium (Cr) [53]. However, the cost of the process
and the catalytic properties of coated metal must be seriously con-
sidered for their performance to be consistently high.

4. Conclusion

The Ni-Fe properties play a crucial role in hydrogen production
from EGF in the BES. In terms of catalytic properties, Ni-Fe shows a
comparable performance with GF/Pt, in which the Tafel slope of
–23.0460 for Ni-Fe as compared to –23.5520 for GF/Pt. The BES using
Ni-Fe cathode can be generate hydrogen from EGF, in which the
cathodic hydrogen recovery, hydrogen yield, production rate and purity
are obtained up to 43%, 470.2 mL/g COD, 500 mL/mL/d, and 69%,
respectively, at 1.0 V of applied potential. Performance of Ni-Fe as an
alternative cathode is feasible to replace GF/Pt. Exclusively, this study
illustrated that the fermentation could be integrated with the BES
system.
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