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Modification of carbon foam with gold nanoparticles (AuNPs) was successfully performed through

a hydrothermal method. The modified AuNPs were functionalised with 4-mercaptobenzoic acid (MBA)

to improve their affinity toward microorganisms. TEM and SEM characterization indicated that although

polydisperse spherical nanoparticles of AuNPs with particle sizes around 17 nm were obtained, the

attached nanoparticles were agglomerated to be around 0.4 to 1.5 mm in size on the carbon foam

surface. The electrochemical studies using cyclic voltammetry technique affirmed that the modified

carbon foam electrodes have electroactive properties against glucose. Evaluation of the electrode was

performed for a microbial fuel cell using Candida fukuyamaensis yeast as the microorganisms. The

polarization curves showed that functionalisation of AuNPs-modified carbon foam with MBA provides

around three times higher current density (1226.93 mA m−2) and power density (330.61 mW m−2)

compared to the unmodified one. This result indicated that the modification is suitable to improve yeast

attachment on the electrode surface.
Introduction

The dependency on non-renewable energy sources has already
triggered several negative environmental impacts, such as
greenhouse gas emissions and air pollution, which raise various
health and social consequences.1 One of the efforts to overcome
the energy problem is to utilize environmentally friendly and
renewable energy sources that can support human needs for
electricity.2

Compared to the other energy sources, microbial fuel cells
(MFC) are considered as an inexpensive, relatively safe renew-
able energy source that can convert organic substances, such as
acetate and glucose, into electricity through an electrochemical
technique by utilizing microorganisms and their metabolic
pathways.3,4 Not only to reduce the dependency on fossil-
generated energy sources, but the application of MFC can also
be used to produce energy from wasteful sources,3 such as
household/industrial wastewater,5,6 lignocelluloses biomass,7

and urine.8,9 In principle, MFC performance can be inuenced
by several factors, namely the microbial inoculums, fuel
substrates, proton exchange membranes, and electrode
ematics and Natural Sciences (FMIPA),

epok 16424, Indonesia. E-mail: ivandini.

mation (ESI) available. See

the Royal Society of Chemistry
materials.10 The role of electrode and its modication in
determining MFC performance has been extensively discussed
compared to the other factors as it may signicantly affect
bacterial adhesion and electron transfer.11

Electrode materials such as graphite rods, graphite brushes,
carbon cloth, and carbon paper are commonly used as elec-
trodes in MFCs due to their high electrical conductivity, specic
surface area, high biocompatibility, chemically stable and low
cost.11,12 In addition, the efficiency of catalysts can be further
improved by increasing the surface area through porous elec-
trode material.13 The porous material, for example carbon foam
(CF), can also facilitate the microorganisms to colonize and
potentially increase the electron transfer between the microor-
ganism and electrodes.14 Accordingly, CF becomes a promising
candidate for MFC material electrode. However, CF has several
limitations, including its chemically inert surface and low
specic surface area.15 To solve the problems, modication of
CF with other metals has been oen performed to improve its
performance.

Some previous works exposed the possibility to improve the
performance of the CF as an electrode in glucose fuel cell
application by using a noble metal.16,17 Gold nanoparticles
(AuNPs) are favourable due to their operational stability and
electrocatalytic activity for glucose oxidation.18 Moreover,
AuNPs are also biocompatible and chemically stable in the
RSC Adv., 2022, 12, 28647–28657 | 28647
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presence of microorganisms without observable self-
poisoning.16

It is also crucial in the MFC system to keep the power output
stable by maintaining the stability of the microorganisms, as in
this system electrons were obtained due to an anaerobic respi-
ratory reaction of the microorganisms by oxidizing glucose. In
this case, instead of the direct oxidation of glucose at the
catalytic site of electrode, the oxidation of glucose will be per-
formed by the microorganisms, followed by electron transfer to
the modied electrode. Accordingly, good immobilization of
the microorganisms on the electrode surface is particularly
important to maintain the electron transfer between the
microorganisms and the electrode. It was reported that gold
functionalisation with carboxyl and amine groups forming
a stable microbial layer on the electrode surface.19 A direct
contact of the implanted functional groups on electrode surface
with trans-membrane protein was proposed to enhance
microbe adhesion through the polar covalent bonds between
carboxyl and amine groups of yeast cells. A number of previous
studies proved that carboxyl containing functional groups were
responsible to accelerate the direct extracellular electron
transfer (EET) of electrochemically active microbe due to the C–
N bonds between microorganism and electrode surface.19–21

On the other hand, the development of yeast-based fuel cells
has attracted great attention due to its several advantages, such
as mostly non-pathogenic, wide range substrate metabolisms as
well as inexpensive and easy handling under ambient condi-
tion.21,22 Although prokaryotic-based fuel cells have been widely
studied and showed great results to transfer electrons by cyto-
chromes in outer membrane, yeasts, the eukaryotic cells, are
considered to be the ideal biocatalyst for MFC applications due
to its superior metabolic pathway in providing the cell energy
balance.23 Additionally, yeast cell membrane contains higher
protein which is useful as the electrochemically active sites to
capture electrons via EET to generate power.24,25 Several studies
have reported the effectiveness of using various yeasts as bio-
catalysts in MFC systems, such as Saccharomyces cerevisiae sp.,21

Candida sp.,26 and Arxula adeninivorans.27

In this report, AuNPs have been deposited on the CF surface,
which was then functionalised with 4-mercaptobenzoic acid
(MBA) to provide active sites for the immobilisation of Candida
fukuyamaensis (UICC Y-247) in the MFC system. The carboxyl
functional groups in MBA were expected to exchange electrons
with the immobilised yeast and speed up the metabolism rate.
C. fukuyamaensis was selected as the yeast because it is easy to
obtain, can grow easily, and relatively stable in extreme condi-
tions.28 An application of this yeast for a sensor development to
determine biochemical oxygen demand was reported to
perform a stable detection method.28 However, the use of this
yeast as a biocatalyst in the MFC system has not been reported.
As it was expected, the modication of CF with MBA-AuNPs
improved the attachment of C. fukuyamaensis yeast in the
MFC system, resulting a signicant increase in the power
generation.
28648 | RSC Adv., 2022, 12, 28647–28657
Experimental
Materials and methods

Glucose (C6H12O6), hydrogen tetrachloro aurate(III) tetrahydrate
(HAuCl4), and agar powder were purchased from Wako Pure
Chemical Industries, Ltd (Osaka, Japan). Trisodium citrate
dihydrate (C6H5Na3O7$2H2O), hydrogen peroxide (H2O2, 30%),
potassium hydrogen phosphate (KH2PO4), dipotassium
hydrogen phosphate (K2HPO4), Naon-117, ethanol (CH3CH2-
OH), and nitric acid (HNO3) were obtained from Merck
(Darmstadt, Germany). Sulphuric acid (H2SO4, 98%) was
supplied by J.T. Baker (Center Valley, PA, USA), while MBA (4-
mercaptobenzoic acid, HSC6H4CO2H, 99%) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). All chemicals were
purchased and used without further purication. In addition,
CF was manufactured and purchased from Xiamen Lith
Machine Ltd., while the double-distilled water was produced
using Millipore Direct-Q® 5 UV. Finally, the C. fukuyamaensis
(UICC Y-247) was cultured and retrieved from the Culture
Collection Laboratory, Centre of Excellence Indigenous Biolog-
ical Resources and Genome, Universitas Indonesia.
Microorganism and experimental set-up

The cube-type MFC reactor was designed with a volume of
40 mL in each chamber and separated by a proton exchange
membrane, Naon 117. Prior to modication, Naon 117 was
pre-treated by boiling in 3% H2O2 for 1 h, soaked in 1 M H2SO4,
and nally washed with deionized water to remove the impu-
rities. The system was inoculated with a pure culture of C.
fukuyamaensis grown with an anaerobic condition in a sterilized
medium fed (10 g L−1 glucose, 3 g L−1 yeast extract, 3 g L−1 malt
extract, and 5 g L−1 peptone). The anode compartment was l-
led with phosphate buffer, glucose, and C. fukuyamaensis. An
oxygen-free cell was conditioned by bubbling with high-purity
nitrogen gas through the anode compartment. Meanwhile, the
cathode compartment was lled with phosphate buffer
bubbling with oxygen to support the water formation reaction.
The schematic equipment of the fabricated MFC cell is shown
in Fig. 1.
Fig. 1 MFC cell illustration in this study.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Electrode preparation

The electrode for MFC was prepared by modifying CF with
AuNPs using a hydrothermal method.29 Prior to modication,
CF was cleaned by ultrasonication in 0.1 M HNO3 followed by
deionized water for 15 min each. Then, CF was immersed into
a mixture solution of 30 mL 2.4 mM HAuCl4 solution and 5 mL
1% sodium citrate solution in a 50 mL Teon-lined stainless
steel.30,31 The mixture containing CF was then placed in an
autoclave and heated to 120 �C for 6 h. Aer the reaction, CF was
separated, rinsed with distilled water, and dried in the oven at
60 �C.

To functionalise the AuNPs-modied CF (AuNPs@CF) with
MBA, AuNPs@CF was placed in ethanol solution containing 2
mmol L−1 MBA for 48 h.32 Then, the MBA-functionalised
AuNPs@CF (MBA-AuNPs@CF) was rinsed with deionized
water and dried in N2 atmosphere. The characterization was
performed by FTIR and UV-vis spectroscopy as well as SEM,
TEM, and XRD. The schematic preparation of the MBA-
AuNPs@CF electrode was provided in Fig. S2.†
Electrochemical characterization of MFC system

Electrochemical characterization was conducted by using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) to analyse the electrochemical process in the system. All
the electrochemical measurements were conducted using
a three-electrode electrochemical system. The MBA-AuNPs@CF
was used as the working electrode, while Pt spiral and Ag/AgCl
were used in this work as the counter and the reference elec-
trodes, respectively. All electrodes were connected to Autolab
potentiostat (PGSTAT204) to collect the measured voltage and
current data. Open circuit voltage (OCV) was rst measured for
10 min until it reaches the steady state. The voltage output was
measured for 5 h running and the average of the last 10 seconds
of data in every 5 min were then recorded as voltage and current
data.
Fig. 2 (a) UV spectrum and (b) and (c) TEM images of the prepared
colloidal AuNPs with different magnifications; and (d) the distribution
of the particle sizes extracted from the TEM images in (b) by using
ImageJ software.
Results and discussion
Preparation and characterization of the modied-carbon
foam

AuNPs were synthesized using trisodium citrate as both
reducing and capping agent to control the morphology and
dispersity of nanoparticles as well as to prevent aggregation or
coagulation during the synthesis.33 Trisodium citrate can be
later decomposed into citric acid, which can act as a weak
reducing agent to reduce AuCl4

− (from HAuCl4, the precursor)
into Au0. Several parameters affecting the formation results can
be controlled including the ratio of gold ion concentration,
reaction temperature, synthesis time, and pH.34

The hydrothermal method was used in the synthesis and
deposition of AuNPs on CF electrodes. This technique was used
to accelerate the interaction between solid and liquid
substances, resulting in an increase kinetics reaction.35 Thus,
the high production yield of homogeneous particle size can be
achieved. In this study, the cleaned CF electrodes were placed in
the Teon autoclave together with HAuCl4 and trisodium citrate
© 2022 The Author(s). Published by the Royal Society of Chemistry
solutions. It was expected that AuNPs will grow on the electrode
surface due to the electrostatic interaction occurs between
AuNPs on the CF. Charge transfer and p–d electronic interac-
tions facilitate the electronic affinity between AuNPs and CF as
a support material.30 The occurrence of AuNPs deposited on the
electrode surface is visually indicated by the presence of a dark
purple coating on the CF surface aer the hydrothermal
process.

The size of AuNPs formed on the surface of CF was predicted
by characterizing the solution in the reactor with a UV-vis
spectrometer and TEM. The ability of AuNPs to display a series
of colours (brown, orange, red, and purple) in solutions can be
reected in the visible spectrum with an absorption peak at
500–550 nm.36 The wavelength of the absorbance peak depends
on the increase of particle diameter, which corresponds to the
particle formation from 1 to 100 nm. The UV-vis spectrum of
AuNPs solutions synthesized with the hydrothermal method
showed an absorption spectrum at a wavelength of 533 nm
(Fig. 2a), indicating that AuNPs have been formed with a diam-
eter of more than 10 nm.33 Conrmation using TEM shows that
AuNPs have spherical shapes (Fig. 2b and c) with a size distri-
bution from 6 nm to 25 nm determined by ImageJ soware
(Fig. 2d).

SEM characterization was also performed to determine the
CFmorphology before and aer modication with AuNPs. Fig. 3
shows that the AuNPs have been well deposited on the CF
surface. The results show that the gold particles have fewer
uniform sizes, with the distribution size between 0.4 and 1.5
mm. Corresponding to the particle size, the AuNPs were
agglomerated aer being deposited on the CF surface which can
be caused by attraction forces between the nanoparticles.
However, the distribution of Au particles on the CF surface
seems to be evenly spread and well deposited through the
results of SEM mapping (Fig. S1†). Furthermore, EDS charac-
terization revealed the presence of nickel at around 13.89% as
RSC Adv., 2022, 12, 28647–28657 | 28649
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Fig. 3 SEM images of CFmorphology before (a) and after modification
with AuNPs with (b) 100�, (c) 300�, and (d) 100 00� magnifications.

Fig. 4 (a) XRD patterns of CF, Au, and synthesized AuNPs@CF, and (b)
FTIR spectra of MBA, AuNPS@CF, and MBA-AuNPs@CF. Inset of (a)
shows the magnification of the XRD spectrum of CF.
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View Article Online
the carbon foam was prepared by using nickel foam as the
support. Meanwhile, the presence of gold was 37.46%. The EDS
result is summarised in Table 1.

Further conrmation by using XRD was performed. Fig. 4a
displays the XRD pattern of CF in comparison with those of the
gold plate and the prepared AuNPs@CF. The XRD spectra of CF
(black line) show very sharp peaks of the 2q of 44.1� and 51.6�

correspond to Ni (111) and Ni (200).37,38 However, the spectrum
magnication observes weak peaks at the 2q of 26.6� (002), and
44.8� (100) validating the presence of carbon.38,39 These spectra
conrm the specication of the CF that was prepared by carbon
coating on the surface of nickel foam as the template. On the
contrary, the strong XRD pattern of Au (orange line) shows the
typical characteristic diffraction peaks of gold at the 2q of 38.4�

(111), 44.5� (200), and 64.9� (220).37,40 These peaks appear at the
XRD spectrum aer the modication of CF to be AuNPs@CF
(blue line), indicating the successful AuNPs attachment on the
surface of CF.

Furthermore, full width at half maximum value was
measured using the Debye–Scherrer equation to calculate the
size of the crystal particles. From the three typical AuNPs@CF
peaks, the similar average particle size of one crystal unit was
observed at 17 nm.

To conrm the presence of MBA at the modied CF, FTIR
characterization was performed. The FTIR spectra (Fig. 4b) were
recorded for MBA-AuNPs@CF in comparison to the unfunc-
tionalized AuNPs@CF and MBA. The spectrum of AuNPs@CF
(green line) exhibited stretching bands at 1739 cm−1 and 1261
cm−1 due to the COO− vibrations of citrate from the capping
agent, trisodium citrate.41 This result showed the evidence that
Table 1 The composition of AuNPS@CF measured by EDS

Element % Mass % Atom

C 37.95 74.25
O 10.70 15.71
Ni 13.89 5.56
Au 37.46 4.47

28650 | RSC Adv., 2022, 12, 28647–28657
citrate has been adsorbed on the AuNPs and acted as the
capping agent of AuNPs. Furthermore, the spectrum of MBA
(red line) shows typical peaks at wavenumber 2559 cm−1

correspond to S–H stretching absorption, 1699 cm−1 related to
C]O carbonyl stretching, 1483, 1428, 1392 cm−1 to C]C
aromatic, and 2500–3300 cm−1 to O–H vibration of carboxylic
acid. Additionally, several ngerprint-region peaks were
observed at 692 cm−1, which corresponds to C–S stretching
vibration, while at 936 cm−1 to O–H bending vibration (out of
plane), and at 1306 cm−1 to C–O stretching vibration.

Meanwhile, upon the addition of MBA, all those peaks at
both MBA and AuNPs@CF spectra were observed to have the
same absorption peaks at the MBA-AuNPs@CF spectrum (blue
line) with the absence of –SH at 2559 cm−1 as the exception. The
results indicated that MBA has been successfully attached on
the surface of the AuNPs specically through its –SH groups.42

The tendency of AuNP to attach at –SH groups can be explained
based on the hard and so Lewis acids and bases theory.43

Accordingly, considering higher affinity of S to gold than S to
carbon, most probably S–Au bonds were mainly formed in the
attachment of MBA. Although from the FTIR spectra, it was not
clear whether S–C or S–Au bonds were formed.
Electrochemical studies of the prepared electrodes

To conrm the existence of AuNPs that has been well deposited
on the electrode surface, electrochemical studies in 0.1 M
phosphate buffer solution (PBS) pH 7.2 were conducted using
electrodes before and aer MBA functionalisation. The anodic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and cathodic peaks were observed in the AuNPs@CF voltam-
mogram (Fig. 5a, black line) at +1.00 and +0.40 V, respectively.
According to eqn (1),43 these oxidation peaks correspond to the
formation of an oxide monolayer on the AuNPs.

2Au + 3H2O + 6e− / Au2O3 + 6H+ (1)

This result was conrmed to the voltammogram of the Au
electrode as the control (Inset of Fig. 5a), which shows similar
peak potentials. These typical peaks were also observed aer
electrode functionalisation to be MBA-AuNPs@CF (Fig. 5a, red
line) with a slightly higher generated current density (11.8 mA
cm−2) compared to that before the modication. The higher
current density of MBA-AuNPs@CF was due to the increase of
the electroactive surface area and the conductivity of the elec-
trode aer the MBA functionalisation.

Linear sweep voltammetry was also performed in three
different mediums to conrm the oxidation of glucose as the
substrate and the role of C. fukuyamaensis as the biocatalyst
using the modied electrode, MBA-AuNPs@CF. Comparison of
the voltammograms in the absence (Fig. 5b, black line) and in
the presence of glucose (Fig. 5b, red line), showing two
Fig. 5 (a) Cyclic voltammograms of 0.1 M PBS pH 7.2 recorded at
AuNPs@CF before and after MBA functionalisation. The inset shows
the voltammogram at a gold plate electrode. All scan rate were 10 mV
s−1; and (b) linear sweep voltammograms of 0.1 M PBS pH 7.2 recorded
at MBA-AuNPs@CF in three different media.

© 2022 The Author(s). Published by the Royal Society of Chemistry
oxidation peaks detected at approximately −0.2 and 0.4 V in the
N2-saturated electrolyte. Aer glucose was added, an obvious
oxidation peak appeared, indicating that glucose was oxidized
by the AuNPs. These peaks were associated to the oxidation of
glucose forming the overlapping peaks with the further glucose
oxidation, as previously reported.44 Meanwhile, in the addition
of C. fukuyamaensis (Fig. 5b, blue line), the peaks at −0.2 and
0.4 V were not observed in the voltammograms, while a signi-
cant increase of current density at −0.3 V is observed due to the
oxidation of glucose through the anaerobic respiration of C.
fukuyamaensis. The mechanism of glucose oxidation by micro-
organisms was proposed to be similar to the enzymatic reaction
by glucose oxidase.45

To evaluate the effectiveness of MBA functionalisation in
increasing current density by producing a higher biolm
attachment, further CV measurements were carried out using
two different electrodes (AuPNs@CF and MBA-AuNPs@CF) in
the absence and in the presence of C. fukuyamaensis as the
biocatalyst. In the absence of C. fukuyamaensis (Fig. 6a), oxida-
tion peaks are observed in both electrodes. This prole proved
that the glucose oxidase-like activity of AuNPs promotes the
oxidation process of glucose which represents by anodic peak at
−0.3 V. Moreover, the presence of C. fukuyamaensis (Fig. 6b) at
each electrode depicts a reduction peak around −0.4 V which
Fig. 6 Cyclic voltammograms of glucose in 0.1 M PBS (a) in the
absence and (b) in the presence of C. fukuyamaensis.

RSC Adv., 2022, 12, 28647–28657 | 28651
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Fig. 7 (a) Nyquist plot of AuNPs@CF (black line) and MBA-AuNPs@CF
(red line); and (b) the equivalent circuits are exploited for the experi-
mental data fitting. The insets of (a) show the zoom of the high-
frequency region curves.
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attributed to the reduction of NAD+ (NAD+ + H+ + 2e− / NADH)
through ametabolic pathway of C. fukuyamaensis. A summary of
the peak potentials and the current density produced from the
voltammograms in Fig. 6 is displayed in Table 2, showing
higher peak intensity at the modied electrodes. The results
indicated that more microorganisms could be attached on the
surface of MBA-functionalised electrode.

It was previously reported that the N-, O-, and S-containing
surface functional groups on carbon substrate can improve
adsorption capacity of carbon for not only molecules like CO2,
heavy metals, or other metabolites, but also microorgan-
isms.46,47 FTIR spectra in Fig. 4b suggest that the MBA modi-
cation at AuNPs@CF provided carboxyl functional groups,
which can contribute to the electron exchange capacity of
carbon materials to form stable interactions with amine groups
of yeast. The increase of the current density aer MBA modi-
cation (Table 2) indicated the improvement of electrons
exchange of the modied carboxyl surface functional groups
with the adsorbed yeast to speed up the metabolism rate.
Furthermore, the extracellular electron transfer mechanism of
MBA-AuNPs@CF between the conductive material and the yeast
on the electrode can involve the direct interspecies electron
transfer (DIET), resulting in higher conductivity of CF and
AuNPs. Recently, the DIET mechanism of carbon materials in
microbial (electrochemical) systems have been discussed.48–50

Briey, the DIET mechanism of electron transfer in yeast cell
was dened during the degradation of organic compounds, in
this case is glucose (Fig. S3 Scheme A†). Initially, glucose
consumed by the C. fukuyamaensis is oxidized into pyruvate
during glycolysis process (glucose / pyruvate + 4H+ + 4e−),
generating ATP and NADH, which then recycled through its
oxidation by releasing the electron to the anode surface through
the trans-membrane protein via DIET (Scheme B†). Since
glycolysis reaction takes place in the cytosols of the cells rather
than in the mitochondria, the electrons are easily accessible
throughout the membrane of the yeast by the help of carboxyl
functional groups to be further transported into the electrode
surface in the anode chamber. Further, these electrons will be
transported onto the cathode chamber throughout the external
circuit to exhibit currents. Accordingly, it could be concluded
that the MBA functionalisation could improve the electron
exchange capacity through the simple DIETmechanisms and be
promising to enhance the MFC performances.

Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out to provide information on the imped-
ance changes caused by chemical interaction at the interface
between the electrode surface and electrolyte, which produce an
electrical charge transfer or ion diffusion process.45 In the
frequency ranges from 100 kHz to 1 MHz with an amplitude
Table 2 Summary of the parameters obtained by cyclic voltammetry in

Electrode
Epc (V vs.
Ag/AgCl)

J (mA c
in the

AuNPs@CF −0.3908 8.96
MBA-AuNPs@CF −0.3912 10.28

28652 | RSC Adv., 2022, 12, 28647–28657
signal of 10 mV, the EIS spectra (Fig. 7) show an incredibly
signicant difference between AuNPs@CF with and without
MBA functionalisation. The Nyquist plot of the functionalised
electrode (red line) displays a linear and semicircle part, while
the non-functionalised one (black line) shows only a large-
diameter semicircle. The smaller semicircle of MBA-
AuNPs@CF exhibits an exceptionally low charge transfer resis-
tance and indicates remarkable enhancement of catalytic
reaction and electron transfer. These ndings reect the vital
role of MBA functional groups in enhancing and promoting
electron transfer as the resistance decrease the MBA-
AuNPs@CF to the electrolyte interface. In addition to the
expectation in increasing the direct contact between the elec-
trode and the C. fukuyamaensis due to the presence functional
group of MBA, it is also expected to enhance the electron
transfer efficiency.51

The values of polarization resistance (Rp) and initial resis-
tance (Rs) were obtained and summarized in Table 3. The value
of Rp was similar to that of Rct which represents the charge
transfer resistance between electrolyte and electrode surface.
Compared to those of the AuNPs@CF, the Rp and Rs of MBA-
the absence and presence of C. fukuyamaensis

m−2)
absence of biocatalyst

J (mA cm−2)
in the presence of biocatalyst

10.27
16.87

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Parameters resulted from experimental data fit in EIS
measurements

Electrode Rs (U) Rp (U)

AuNPs@CF 4.3235 4512.6
MBA-AuNPs@CF −0.2099 319.74

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

12
:3

3:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
AuNPs@CF were smaller, suggesting the decrease of resistance
AuNPs@CF aer the functionalisation. In this work, the
appearance of negative resistance (Rs ¼ −0.2099 U) in the
Nyquist plots of the MBA-AuNPs@CF electrode corresponds to
the formation of an oxide lm.52 This issue will correlatively give
the same result to the measurements of the polarization curve
by giving a negative slope. In addition, the experimental data
tting to the conventional non-linear least-square exhibits
a good agreement as shown by the corresponding Nyquist plots
in Fig. 7b. The decrease of the resistance in MFC system due to
the addition of the functional groups was previously reported as
well.51
MFC acclimatization

Acclimatization is the process by which a microbial population
adapts to degrade a compound (glucose, in this study) to which
it is exposed. The acclimatization process is a signicant role to
understand the microorganisms’ activity for power production.
The current density output during the acclimatization process,
as the growth time and the formation of biolm on the surface
of the electrodes, was monitored.

The current density output in Fig. 8 shows an upward trend
from the rst day until the fourth day. Starting from zero, the
current density continuously raises to 100 mA m−2 on the rst
and the 2nd day, while on the next day, the current density
sharply raises, reaching approximately 650 mA m−2 and hitting
the maximum point at 1270mAm−2. A rapid increase in current
density indicates that the microorganisms were in a logarithmic
growth phase. Furthermore, current density generation on the
Fig. 8 Profile of the current density output of the MFC in 0.1 M PBS pH
7.2 containing glucose and C. fukuyamaensis during the acclimatiza-
tion using MBA-AuNPs@CF electrode in 4 days measurements.

© 2022 The Author(s). Published by the Royal Society of Chemistry
4th day reaches around 1250 mA m−2 in 60 min, and then
continues hovering reaching the steady-state condition. Aer 4
days of acclimatization, a stable biolm was established in the
MFC system, adapted to utilize glucose as its substrate.
Power production

There are four options for MFC polarization measurement,50

rst is by giving the resistance to the MFC system; the second is
by conducting LSV with a slow scan rate; the third is by
controlling the current density and the resulting voltages
measured (galvanostatic discharge); and the last is by poten-
tiostatic discharge. Performance studies of the electrode in this
study were dened by a potentiostatic discharge, where the
voltage was controlled then the resulting current density was
measured.

The polarization curves in Fig. 9 shows the performance
parameter including open circuit potential (OCV) and power
density generation of the AuNPs@CF (Fig. 9a) and MBA-
AuNPs@CF (Fig. 9b) electrodes. The potential generated by
the MBA-AuNPs@CF was 0.5564 V vs. SHE with the obtained
maximum current density was 3797 mA m−2. In the case of
Fig. 9 Typical power density and polarization curves generated using
(a) AuNPs@CF and (b) MBA-AuNPs@CF in 0.1 M PBS pH 7 containing
5 mM glucose with and without the presence of C. fukuyamaensis.

RSC Adv., 2022, 12, 28647–28657 | 28653
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Fig. 10 SEM images after 5 hours MFC measurements using MBA-
AuNPs@CF (a) and AuNPs@CF (b). The white arrow in (a and b) indi-
cates the C. fukuyamaensis yeast existence on the electrode surface.
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AuNPs@CF, the obtained potential and maximum current
density were 0.6060 V vs. SHE and 894mAm−2, respectively. The
power density was calculated by multiplying the potential and
current density response and plotted as a semi-circular curve.

The comparison between two electrodes indicated that the
functionalised electrode could stimulate biolm enrichment.
However, when compared to both results in Table 4, the OCV of
both electrodes have different values which are then associated
with the power obtained. MBA-AuNPs@CF produces lower
potentials than AuNPs@CF. Nonetheless, the power produced
by MBA-AuNPs@CF was higher than the unfunctionalized one.
Some previous studies reported that power production of MFC
laboratory-scale is varied depending on some factors, namely
voltage produced by the systems, electrode surface area, and
external resistance.53,54 These factors allow an analysis of how
the external resistance could affect the power production, which
was in accordance with the observation of EIS measurements.

A summary of the OCV and power density measurements is
displayed in Table 4, showing that the MFC performance using
the MBA-AuNPs@CF as the working electrode has the highest
current and power density compared to the AuNPs@CF elec-
trode. The maximum power density of AuNPs@CF was
improved to be around four times higher aer it functionalised
with MBA as displayed in Fig. 9. Eventually, this result suggests
that the modication of the electrode surface enables better
MFC performance due to better microorganism’s attachment
on the electrode.

Typical studies by Han et al.13 illustrated the effect of porosity
as an accessible surface for microorganism entrapment by
comparing CF and graphite felt, where the CF appeared to have
a larger amount of microorganism adherence as well as a higher
current density generation. The surface functional groups
inuence biolm growth and structure. Functionalisation of the
electrode with MBA could signicantly improve the interaction
between the surface electrode and microorganism as the
implanted functional groups on electrode surfaces facilitate
a short-distance force, namely hydrogen bonds, covalent bonds,
or peptide bonds as expected in this study. In addition, stable
microorganism adsorption has been well achieved for the
majority of microorganism adhering, which led to an increase
in the MFC power output. This result is in good accordance with
the SEM result aer MFC measurements as shown in Fig. 10.

SEM images were conducted to verify the attachment of C.
fukuyamaensis on each electrode aer 5 h MFC operation.
Fig. 10 clearly shows bubble area image in clear black contrast
resembles of the yeast clusters. The two electrodes showed
differences in the biolm morphologies of their surfaces. The
Table 4 Summary of OCVs and current densities extracted from polaris

Electrode Medium

AuNPs@CF PBS + glucose
PBS + glucose + C. fukuyamaensis

MBA-AuNPs@CF PBS + glucose
PBS + glucose + C. fukuyamaensis

28654 | RSC Adv., 2022, 12, 28647–28657
appearance of cell aggregates wrapped the MBA-AuNPs@CF
(Fig. 10a) electrode, while the biolm on AuNPs@CF
(Fig. 10b) was sparse and rare. In particular, the MBA-
AuNPs@CF electrode was observed to attach more amount of
C. fukuyamaensis.

Table 5 shows the comparison of AuNPs@CF and MBA-
AuNPs@CF used in this work with other reported Au and
carbon-based electrodes for MFC application.8,13,17,19 MBA-
AuNPs@CF produced higher current density as well as power
density in compared to Au, Au-COOH, Au-NH2, BDD, and Bio Au
MWCNT@CC,8,17,19 although lower current and power densities
were generated compared to the CF and NPS-CF electrode when
acetate and G. sulfurreducens were used as the substrate and
biolm,14 respectively. The probable reason might be due to the
different formation of biolm which could affect its ability to
surpass the electron into the electrode that led to generating
higher power density in MFC. Therefore, this MBA-AuNPs@CF
still needs to be further optimized to achieve better
performance.

Despite the value being low compared to the previous work,13

the performance is still better than the work of Rahmawati
et al.8 using the same substrate and yeast which produced
current and power densities of 1030 mA m−2 and 186.43 mW
m−2, respectively. The low power generated may be caused by
poor mass transfer and poor electron transfer pathway due to
the inconvenient orientation between C. fukuyamaensis and
MBA-AuNPs@CF. Therefore, it is necessary to maximize the
current density generation by the use a ow cell as well as
optimising the amount of the applied yeast.
System stability

In contrast to the chemical fuel cell where the electrode has
a key role as catalyst, in microbial fuel cell, microorganisms
ation curve in Fig. 6

OCV (V)
Current density
(mA m−2)

Power density
(mW m−2)

0.4907 283.27 40.9
0.6060 392.29 132.67
0.4602 300.63 81.82
0.5564 1226.93 330.61

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of the MFC performances on the various reported electrodes

Anode Substrate Biolm
Power density
(mW m−2)

Current density
(A m−2) Ref.

Au Acetate and fumarate G. sulfurreducens — 0.35 19
Au-COOH — 0.99
Au-NH2 — 0.82
Carbon foam Acetate G. sulfurreducens 1218 2.87 13
NPS-CF 3134 7.56
Boron-doped diamond Glucose C. fukuyamaensis 186 1.03 8
Bio Au MWCNT@CC — Digester sludge 178.34 — 17
MBA-AuNPs@CF Glucose C. fukuyamaensis 330.61 1.23 This work

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

12
:3

3:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
initiate the chemical reaction as the biocatalyst. Therefore, the
stability process in MFC system depends on the availability of
the microorganisms. The substrate, serving as energy source, is
one of the major challenges in MFC affecting long-term
stability. Several studies discovered the connection between
substrate concentration and power generation.55,56 Using two
linearization method, Lineweaver–Burk and Eadie–Hofstee,
Lorant et al. reported that a decrease in substrate concentration
will not affect the decrease in power production, as if the
concentration used does not reach the saturation constant limit
according to the two-linearization method.6 Henceforth, Ullah
et al. demonstrated the higher the substrate concentrations, the
higher power generations.54

The stability of the MFC with two different electrodes was
examined using chronoamperometry conducted in 0.1 M PBS
containing glucose and C. fukuyamaensis and was then recorded
for 24 hours operation. An applied potential of −0.355 V was
performed in accordance with CV measurement for glucose
oxidation. Fig. 11 demonstrates the three major phase of C.
fukuyamaensis growth in glucose 5 mM. The initial phase occurs
when the current response rst recorded, namely a lag phase.
During this phase, cells were acclimating to the environment
and were growing in size. Aer a short lag phase, there was
a signicant increase in current response indicating the entry of
the logarithmic phase begins around 12 hours’ operation
resulted the highest current response reaching 0.07 mA for
Fig. 11 Chronoamperometry of 0.1 M PBS pH 7.2 containing 5 mM
glucose and C. fukuyamaensis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
MBA-AuNPs@CF electrode. However, aer 12 h operation, the
AuNPs@CF electrode appears to have a longer stationary phase
compared to the modied electrode. While –COOH functional
groups of MBA facilitates the attachment of C. fukuyamaensis by
forming the peptide bond with the N-terminal site of trans-
membrane protein, the colonies formation on the MBA-
AuNPs@CF would increase rapidly. Consequently, the
nutrient demands of growth and reproduction decreases over
the time enter a stationary stage, where cell division slows-down
and cell population stays constant. Followed by stationary
phase with no growth and no nutrient, the cells eventually lead
to death.

Conclusions

Modications of carbon foam electrodes with gold nano-
particles and further functionalisation with 4-MBA have been
successfully performed. The functionalisation was proven to
facilitate the microorganism colonization on the surface of the
electrode, resulting in a better performance of the modied
electrodes with the signicant increase of the current and the
maximum power densities in compared to the unfunctionalized
one. Furthermore, better stability was shown, suggested that the
modied electrodes can be applied for a real MFC application.
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R. Gooneratne and K. H. R. Baronian, Biosens. Bioelectron.,
2011, 26, 3742–3747.

28 T. A. Ivandini, Harmesa, E. Saepudin and Y. Einaga, Anal.
Sci., 2015, 31, 643–649.

29 X. Liu, Y. Li, Z. Xing, X. Zhao, N. Liu and F. Chen, New J.
Chem., 2017, 41, 15027–15032.

30 T. A. Ivandini, M. S. P. Luhur, M. Khalil and Y. Einaga,
Analyst, 2021, 146, 2842–2850.

31 J. Gunlazuardi, A. D. Kurniawan, P. K. Jiwanti, Y. Einaga and
T. A. Ivandini, Anal. Methods, 2022, 14, 726–733.

32 A. Sharma, Z. Matharu, G. Sumana, P. R. Solanki, C. G. Kim
and B. D. Malhotra, Thin Solid Films, 2010, 519, 1213–1218.

33 S. Link and M. A. El-Sayed, J. Phys. Chem. B, 1999, 103, 4212–
4217.

34 J. P. Oliveira, A. R. Prado, W. J. Keijok, M. R. N. Ribeiro,
M. J. Pontes, B. V. Nogueira and M. C. C. Guimarães, Arab.
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