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Abstract The performance of microbial fuel cells (MFCs) is commonly limited by the sluggish
oxygen reduction reaction (O,RR) at the cathode, which reduces electron acceptance and overall
power generation. Therefore, the development of low-cost and stable cathode catalysts is
important to improve MFC performance. In this study, SnCo-based electrocatalysts were
developed as alternative cathode materials to enhance cathodic reduction reactions in
bioelectrochemical systems. Tin (Sn) was introduced into cobalt (Co)-based catalysts to improve
catalytic behaviour, active-site availability and structural stability. The study was conducted in two
screening parts. First, SnCo was electrodeposited onto carbon felt at different deposition
potentials from —0.2 to —1.2 V to evaluate carbon dioxide reduction reaction (CO,RR) activity and
surface morphology. Carbon felt deposited at —0.6 V showed the highest CO,RR current density,
although surface analysis showed that the deposits did not fully cover the carbon felt. Secondly,
SnCo was deposited onto carbon cloth at Sn:Co ratios of 1:1, 1:2 and 1:4 to evaluate O,RR
activity, stability and MFC cathode performance. Response surface methodology (RSM) identified
—0.6 V and SnCo 1:4 as the most favourable electrochemical screening condition based on the
selected CO,RR and O,RR responses. However, MFC validation showed that SnCo 1:2 achieved
the highest maximum power density of 0.105 W m~2, followed by SnCo 1:1 at 0.089 W m~2 and
SnCo 1:4 at 0.069 W m™, This indicates that electrochemical screening does not directly translate
to whole-cell MFC performance. Overall, SnCo-modified carbon electrodes show potential as low-
cost cathode catalysts for bioelectrochemical systems.

Keywords: SnCo electrocatalyst, microbial fuel cell (MFC), oxygen reduction reaction, carbon dioxide
reduction reaction, energy recovery.

Introduction

The increasing concentration of atmospheric CO, represents one of the most challenging environmental
problems throughout the years. As the primary greenhouse gas driving global climate change, CO,
accumulation has led to rising global temperatures, ocean acidification, and widespread ecological
imbalance [1], [2] According to Global Energy Review 2024 reported by the International Energy Agency,
the global CO2 emissions has increased by 0.8% compared to the year 2023, reaching an all-time high
number of 37.8 Gt of CO2and an atmospheric concentration of 422.5 ppm [3]. Human activities such as
industrial operations like fossil fuel industry, ground transportation, aviation, fishing, international
shipping activities as well as commercial and residential building industries have contributed to CO:2
emissions [4]. Specifically, fossil fuel is the main source of conventional power generation systems, which
are widely utilised especially by developing countries with an average of more than 79% of their electricity
relying on it [5]. In addition to these activities, biological processes such as wastewater treatment plants
also contribute to global CO2 emissions, as these plants produce COz, nitrous oxide (N2O) and methane
(CHas) [6], although it is necessary. To address this problem, a system that combines pollution control
and reduces CO2 [6], [7], [8] is needed. One approach is through the utilisation of wastewater in microbial
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fuel cells. Wastewater can be used as renewable chemical energy source in this system. This provides
better electricity generation while simultaneously reduces carbon footprint of wastewater treatment [9].

Microbial Fuel Cell (MFC) is considered as a suitable alternative for waste management and energy
generation. The principle of MFC involves microorganisms that are electrochemically active. These
microorganisms feed on the organic matter in the wastewater and respire extracellularly by transferring
electrons to the anode. In the presence of oxygen, the electrons flow through the external circuit from
the anode to cathode for reduction reaction to occur. This will produce electrical energy while the
wastewater is treated [10], [11]. One of the advantages of MFC is it can utilise diverse biomass as a
substrate with minimal energy input. In addition, MFC allows direct energy conversion via bio-
electrocatalytic processes and can operate under ambient conditions. Moreover, the system’s capability
to simultaneously treat wastewater and generate electricity with low-cost materials and environmentally
friendly approach demonstrates the practicality and sustainability of the system [9].

The performance and efficiency of MFC are influenced by various factors such as electrode materials,
pH of wastewater, microbial inoculum, reaction kinetics and reactor configuration [12] The development
of new electrode materials can improve the functions and the output of the MFC system. Previously,
various carbon-based materials such as carbon cloth, carbon mesh and graphite fibers have been widely
explored as electrodes [13]. However, they have relatively low electrochemical performance which limits
their overall performance in MFC. This limitation has reduced the efficiency of MFC system and
decreased the practicality of the technology, creating a challenge in the application. The challenge lies
in the sluggish oxygen reduction occurring at the cathode [12]. Oz serves as the terminal electron
acceptor in MFC, which is crucial for power generation within the system. This slow O2RR kinetics is
caused by the neutral media in which MFC is operating, leading to low concentrations of H* and OH-.
The low concentrations of both ions reduce the overpotentials and the kinetics. Slow O2RR kinetics
decrease the overall performance [11]. Metal catalysts have been developed to overcome this challenge.
The right catalyst will improve the power output. Enhanced power output will increase the efficiency of
MFC system [14].

The most commonly used catalyst is Pt. This is due to the high electrical conductivity, high chemical
stability and high resistance to corrosion possessed by the metal, which makes it suitable for long term
operation. Despite these advantages, the sources of Pt are limited and expensive. Due to these
shortcomings, the studies on developing alternative catalysts for cathode electrodes have been
increasing [15]. These studies focus on producing highly available economical electrodes with excellent
conductivity. For example, tungsten oxide/polyprrole (WO3/Ppy) has been studied by [16].In the study, it
was found that the power density produced was 0.571 Wm=2 which was comparable to Pt with power
density 0.84 Wm-2. Other than that, a study on Cu-metal organic framework@Fe-metal (Cu-MOF @Fe-
MOF) has found it to produce maximum power density of 231.2 mV/m2[17]. These studies have proven
that other metals have the potential to be as good as Pt as catalysts.

Transition metals such as Co, Mn and Cu have been explored as catalysts for the development of
cathode electrodes due to their electrochemical properties [18]. Co, specifically, has properties such as
having multiple oxidation states, which facilitate electron transfer and support the formation of Co—O and
Co—OH intermediates. This allows for efficient O2RR. However, the use of Co as catalyst has its own
challenges which include easily corroded and limited active sites. This reduces the stability and the
efficiency of the electrodes. To overcome this shortcoming, Co is doped or integrated with other
elements. Previous research on Co-based catalysts done by [19], [20], [21] and [22] has shown
enhancements in oxygen reduction activity in the MFC system. The study by [19] demonstrated Co
doped with heteroatoms nitrogen, carbon and sulphur had better stability than undoped Co and
maintained high O2RR activity after 10 000 cycles. The heteroatoms coordinated synergistically with Co,
enhancing the durability in harsh electrochemical environments [19]. Besides heteroatoms, one
approach is through doping with Sn. Recent findings indicate that Sn-doped Co-based catalysts have
shown great improvement in catalytic activity especially in CO2 reduction [23]. Sn aids in altering the
electronic structure, renewing the active sites of the electrodes, changing the mass transfer and
improving conductivity of the produced catalyst. The use of Sn is also considered cost-effective [24],
[25]. Despite its potential, the study of Sn as an electrochemical catalyst is still limited. This research gap
highlights the need to understand the properties and mechanisms of Sn so that its potential can be
maximised.

This study focuses on examining SnCo-modified carbon electrodes through two screening parts. First,
carbon felt was deposited with SnCo at different deposition potentials to analyse the effect of deposition
potential on the electrochemical activity and morphology of the produced electrodes. The CO, reduction
study was conducted to evaluate the potential of SnCo-deposited carbon felt in promoting cathodic
reduction behaviour under neutral aqueous conditions. Carbon felt was selected for this screening part
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because it is a commonly used carbon-based electrode material in MFC studies. Its high surface area
and porous structure are also beneficial for electrolyte penetration and catalyst deposition [13]. To align
with the goal of improving cathodic reactions in MFC-related systems, this CO,RR study serves as a
preliminary assessment to understand how SnCo deposition conditions influence the catalytic behaviour
of the material.

Secondly, SnCo was deposited on carbon cloth with different Sn:Co ratios of 1:1, 1:2 and 1:4. The O,
reduction activity of the deposited carbon cloths was measured to determine their efficiency towards
O:RR, as cathodic oxygen reduction is one of the main factors controlling power generation and overall
MFC performance [12],[14]. Carbon cloth was selected for this part due to its sheet-like structure,
mechanical stability and suitability for assembly as a cathode in the MFC reactor. This selection is also
consistent with the common use of carbon cloth as a carbon-based electrode material in MFC studies
[13]. Therefore, the carbon felt and carbon cloth experiments were not intended as a direct substrate-to-
substrate comparison, but as two screening parts to evaluate SnCo catalytic behaviour under different
cathodic reaction conditions.

As carbon cloth showed good stability during prolonged oxidative activity, the SnCo-deposited carbon
cloths with different ratios were further applied in the MFC system to evaluate their practical cathode
performance. This O,RR-focused investigation forms the core objective of the study, as it directly
evaluates the suitability of SnCo as cathode catalysts in MFCs. Overall, the CO, reduction study on
carbon felt provides preliminary information on the potential of SnCo deposition for cathodic reduction
applications, while the O, reduction and MFC study on carbon cloth directly support the main aim of
enhancing O,RR performance and improving MFC power generation efficiency. This approach allows
the electrochemical behaviour of SnCo-modified electrodes and their practical application in MFC
cathodes to be evaluated in a more systematic manner.

Materials and Methods

All materials and chemicals used in this study were handled under controlled laboratory conditions to
maintain accuracy throughout the experimental processes. The materials used include carbon felt,
carbon cloth, tin (Il) chloride dihydrate (SnCl2-2H20), cobalt (II) chloride hexahydrate (CoCl2:6H20),
deionized water (DI), 1 M and 3 M hydrochloric acid (HCI), 0.2 M ethylenediaminetetraacetate (EDTA),
1 M sodium hydroxide (NaOH).

The apparatus used include beaker (100 mL, 500 mL), volumetric flask (100 mL, 250 mL), glass rod,
magnetic stirrer, spatula and weighing tray. Potentiostat (Metrohm AUTOLAB PGSTAT128N,
Switzerland) was used for deposition.

Preparation of SnCo electrolyte

To prepare the electrolyte for carbon felt deposition, SnClz and CoClz were prepared with 1:1 ratio using
EDTA as chelating agent. Chelating agent was added to stabilise and enhance the electrodeposition
method. EDTA alone was used for carbon felt because the study focused on deposition-potential
screening at a fixed Sn:Co ratio in acidic condition. Chelating agent will form stable bonds with Sn2* and
Co?* ions, aiding uniform deposition onto the carbon substrate. SnCl2 was first added into a pre-heated
(~60°C) 3 M HCI in a beaker and stirred until the cloudy solution became clear. After that, CoCl. was
added until fully dissolved. The solution turned bluish-purple. Once dissolved, 0.2 M EDTA was added
dropwise to avoid vigorous reaction that would cause small aggregates to form. Finally, the solution
turned light purple. The pH of the solution was measured. To dilute the solution to 0.05 M, the solution
was added with 250 mL deionized water in a volumetric flask.

To prepare the electrolyte for carbon cloth deposition, SnCl2 and CoCl. were prepared with the Sn:Co
ratio of 1:1, 1:2 and 1:4 as shown in Table 1. The solution was acidified first with HoSO4 to prevent the
hydrolysis of Sn2* and the formation of any Sn salts that can interfere with the deposition. After the initial
acidification, the pH of the solutions was adjusted to 7 using standardised aqueous solutions of NaOH
and HCI before the deposition. KNa tartrate was added with EDTA to improve electrolyte stability at pH
7 and support controlled SnCo co-deposition during the Sn:Co ratio screening as Sn is easily hydrolysed
in neutral condition.
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Table 1. The composition of materials in the electrodeposition of carbon cloth

Composition Sn:Co ratio
1:1 1:2 1:4
CoClz 0.1 M 0.14 M 0.16 M
SnClz 01 M 0.07 M 0.06 M
EDTA 0.2M 0.2M 0.2M
KNa Tartrate 0.2M 0.2M 0.2M
pH 7 7 7

Fabrication of electrodes

Activation of carbon felt and carbon cloth

Carbon cloth electrodes underwent a sequential cleaning and activation process. This involved
ultrasonication in ethanol for 15 minutes to remove contaminants followed by chemical activation through
the immersion in 1 M H2SO4 and then 1 M NaOH, each for 30 minutes. Once activated, the electrodes
were dried at 60°C and stored in a desiccator until further use.

Electrodeposition of ShCo onto carbon felt and carbon cloth

For carbon felt, the cell was set up with carbon felt as counter electrode and Ag/AgCl as reference
electrode. The working electrode, carbon felt was cut with effective area of 2 cm?2(2 cm x 2 cm). The
deposition was done via chronoamperometry. Six potentials, -0.2 V, -0.4 'V, -0.6 V, -0.8 V, -1.0 V and -
1.2 V versus Ag/AgCl were chosen as the potentials for electrodeposition of SnCo on the carbon felt.
After that, the electrodes were thoroughly rinsed with DI water and left to dry at 60°C. For carbon cloth,
the electrodeposition was set up with a titanium wire as the counter electrode and an Ag/AgCl reference
electrode. The working electrode, carbon cloth was cut with effective area of 25 cm2 (5 cm x 5 cm). The
deposition was done via cyclic voltammetry (CV). CV were performed at a rate of 10mV/s within a
potential window of 0 V to 1.5 V versus Ag/AgCI reference electrode. Then, the electrodes were
thoroughly rinsed with DI water and left to dry at 60°C.

Electrochemical analysis of SnCo deposited electrodes

Cyclic voltammetry analysis

CV analysis was performed to measure the catalytic activity performance of produced SnCo electrodes.
CV analysis of SnCo deposited carbon felt were done in CO2-saturated 0.5 M phosphate buffer solution
(PBS) in saturated CO2z at pH 7. The analysis was done using the standard three-electrode system.
Deposited carbon felt was the working electrode and undeposited carbon felt was used as the counter
electrode. Ag/AgCl was the reference electrode. The scan rate for the analysis was 50 mV. The range
of potential used was -1.5 V to +0.5 V versus Ag/AgCl.

CV analysis of SnCo deposited carbon cloth were done in N2 and O2- saturated 0.1 M KOH. Similar to
carbon felt, CV analysis of SnCo deposited carbon cloth were done using the standard three-electrode
system. The working electrode was the deposited carbon cloth, and titanium rod was used as counter
electrode. Ag/AgCI was the reference electrode. The scan rate used was also 50 mV. The range of
potential used was 0 to 1.1 V versus RHE. All scans were performed at room temperature and repeated
three times to ensure consistency and reproducibility.

Chronoamperometry (CA) analysis

CA analysis was performed to assess the stability and durability of the electrodes. The current response
was recorded over a duration of 10 000 seconds at a fixed potential to observe the long term
electrocatalytic performance of each electrode. For SnCo deposited carbon felt, the potential used was
-0.6 V versus Ag/AgCl whereas for the carbon cloth, the potential used was 0.6 V versus RHE. The
potential chosen was based on the CV analysis. -0.6 V was chosen for carbon felt because it is within
the range of CO2 reduction that occurred for the electrode. 0.6 V was chosen for carbon cloth because
it is within the range of O2 reduction.

Surface analysis

The surface morphology of the electrodeposited carbon electrodes were examined using field emission
scanning electron microscopy (FESEM) with a GeminiSEM 500 microscope to study on the morphology,
providing details on the shapes and sizes of features on the sample's surface.

Cell setup, operation and monitoring
For this study, the dual-chamber microbial fuel cells (MFCs) were constructed from perspex two pieces
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of polyacrylic blocks size (7 cm x 7 cm x 2 cm) with a final operational volume of 50 mL. It consisted of
anode and cathode chambers with each of them having 25 mL operating volumes. Both the cathodic
and anodic compartments were separated by cation exchange membranes (CEM) (CMI-7000,
Membranes International Inc., USA). Plain carbon cloth (& 40 mm) was trimmed into a size of 5cm x 5
cm as an anode. The same size of carbon cloth was used as a cathode with additional SnCo being
electrodeposited. Titanium plate (Ti-shop.com, William Gregor Ltd, UK) was used as a connector to link
the terminals to a power supply (Quadpotentiostat, Whinstonbrook, UK). Figure 1 shows the schematic
of the MFC and lab-scale MFC used.

e || —

Reference clectrode

Figure 1. Schematic (on the left) and lab-scale (on the right) microbial fuel cell (MFC)

Inocula were derived from biofilm cultures collected from Tasik Kejuruteraan, Universiti Kebangsaan
Malaysia and enriched with enrichment medium. The inocula were premixed with fresh medium (50%
v/v) before being injected into the MFC systems. The medium was prepared in accordance with [26]
which involves the preparation of phosphate buffer (50 mM) only for the cathode and phosphate buffer
(50 mM), ammonium (5 mM), acetate (10 mM), vitamins, and trace minerals for the anode respectively.
A fixed voltage of 0.3 V was applied to the MFC cells unless stated otherwise. Ag/AgCI reference
electrodes were located at the anode and cathode to provide half-cell potential references. The cell
voltage (V1) and anode (V2) and cathode (V3) potentials were monitored using a multichannel data
logger (NI-USB-6225, 189 National Instruments, UK).

Experimental design for optimisation of parameters

Response surface methodology (RSM) was employed to evaluate the combined influence of
electrodeposition potential and Sn:Co compositional ratio on the electrochemical performance of SnCo
catalysts. Rather than using a predefined experimental design, a second-order polynomial model was
fitted to an experimentally defined grid of conditions selected based on electrochemical constraints.
Deposition potential was varied between -0.20 and -1.20 V, while the Sn:Co ratio ranged from 1:1 to 1:4.
The response variable corresponded to the normalised electrochemical performance obtained from
cyclic voltammetry measurements.

The experimental data were analysed using a quadratic regression model of the form Y = o + 31C + B2V
+ B11C2 + B22V2 + B12CV, where C represents the Co ratio and V represents the deposition potential.
Model coefficients were estimated by least-squares regression, and analysis of variance (ANOVA) was
used to assess overall model significance. Model adequacy was further evaluated through residual
diagnostics, including normal probability plots and residuals versus fitted values. Statistical analyses
were performed using Microsoft Excel (Analysis ToolPak), and three-dimensional response surface plots
were generated from the fitted model to visualise parameter interactions and identify optimal conditions.

Results and Discussion

Electrodeposition of SnCo on carbon felt and carbon cloth

Figure 2 shows the chronoamperometric curves of SnCo depositions using -0.2 V, -0.4 V, -0.6 V, -0.8 V,
-1.0 V and -1.2 V during the second round of deposition. Overall, the curves only have slight curve at the
beginning before becoming flat almost throughout the depositions for all potentials. Carbon felt is a
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porous 3D electrodes which the system reaches a quasi-steady-state that is controlled by the transport
inside the porous network [27], instead of the planar Cottrell t'/2 decay, causing almost constant current
throughout. Other than that, if the flow is restricted in the xy-plane (in-plane) of the electrode, it can
cause stagnation of flow [28]. The magnitude of current density increases as more negative potential
was applied. Generally, this means more metals have been reduced especially if it is in the limiting
potential range. As the potential gets more negative, more charge was being passed and large fraction
of these charge might go to the hydrogen evolution. Hence, the deposition is not efficient [29]. Based on
the curves, there is only slight increment of current with each increasing potential. This could be due to
the limitation of mass transport within the carbon felt or the electron-transfer kinetics is already fast that
makes any overpotential less effective [27].

0 »

—~— =14

§ —-12V
R —-1.0V
= —-08V
Z ——-0.6V
3 — 04V
E ] —-02V
L

5

O =

I 4 I ! 1 ! I L I s I
0 200 400 600 800 1000 1200

Time (s)

Figure 2. Chronoamperometric curves of SnCo depositions at -0.2V, -04V,-06V,-0.8V,-1.0Vand-1.2V

It is observed that the current for -0.2 V was near zero and remained steady throughout the deposition.
This indicates that there was little to no deposition occurring. This is because at this potential, -0.2 V
might be too small to reduce Sn2* or Co?* ions to metals as the reduction potential of Sn2* and Co2*
against Ag/AgCl are -0.34 V and -0.48 V respectively. The deposition of Sn2* to Sn metal might have
started at this potential. However, due to little deposition, the current produced was low. The magnitude
of current shows high increment from -0.2 V to -0.4 V, indicating that deposition has probably increased
at that potential. As the reduction potential of Sn is more positive than Co, it is expected that Sn started

to deposit first. According to [30], the Sn2* will start to deposit at the potential -0.6 V with peak current at
-0.8 V.

From the observation, as the potential increases, the current density also increases. At -1.2 V potential,
it can be observed that the current density increases steeply compared to -1.0 V. Due to high potential,
the deposition competes with the hydrogen evolution reaction (HER) which causes the extra current. At
this potential, HER and deposition might occur simultaneously which changed the nucleation and the
mechanism of growth for the deposition [31].

It is also suggested that, due to the competing hydrogen evolution, this causes rough deposition with
poor adhesion, weakening the deposition which makes it easily fall off of the carbon felt [32]. H2 bubbles
could also be seen during the deposition. The bubbles cannot be removed from the electrolytes quickly.
These bubbles will accumulate on the surface of the electrode. This reduces the active area on the
surface which will make less efficient deposition [33].
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Figure 3 shows the deposited electrodes with different potential. It can be observed that the deposited
electrodes using -0.2 V, -0.4 V and -1.2 V of applied potential against Ag/AgCl| have no deposition that
can be seen with the naked eyes whereas for the deposited electrodes using -0.6 V, -0.8 V and -1.0 V,
shiny grey coating can be seen on the surface of the electrodes.

Figure 3. SnCo deposited carbon felts at different potentials

Electrochemical activity of SnCo deposited carbon felt and carbon
cloth

Figure 4 shows the cyclic voltammograms of SnCo deposited carbon felts using -0.2 V, -0.4 V, -0.6 V
and -0.8 V, -1.0 V and -1.2 V. Based on the figure, the CO2 reduction peak is at -0.5 V to -1.5 V. It can
be observed that the CO2 reduction occurred from -0.75 V to -1.25 V with the peak at ~-0.85 V.
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Figure 4. Cyclic voltammograms of SnCo deposited carbon felts at -0.2 V, -0.4 V,

-06V,-08V,-1.0Vand-1.2V

Figure 5 shows the oxidation current of CO, reduction activity measured at -0.6 VV vs Ag/AgCl varied with
the SnCo deposition potential. Electrodes deposited at potentials (-0.6 to -1.0 V) exhibited higher
cathodic currents, indicating good SnCo composition and accessible active sites. In particular, the -0.8
V deposited electrodes shows a sharp decrease in CO,RR current at -0.6 V. This is probably due to the
lack of deposition due to poor adherence or non-uniform distribution of SnCo on the carbon felt due to
low deposition efficiency. This reduces the CO:2 reducing properties of the felt [34], [35]. Hydrogen
evolution that might occur during the deposition has thinned the diffusion layer. The surface morphology
changed from compact grains to porous and dendritic structure. This has negatively impacted the

properties of the electrode produced due to the hydrogen permeation into the surface [36].
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Figure 5. Oxidation current at -0.6 V from cyclic voltammograms

Figure 6 shows the cyclic voltammograms of SnCo deposited carbon cloth using Sn:Co ratios of 1:1, 1:2
and 1:4. The oxygen reduction activities of the SnCo catalysts were measured in both nitrogen- and
oxygen-saturated electrolytes, with the potential scanned from 0 to 1.1 V vs RHE. Based on the figure,
all SnCo electrodeposited samples showed an increase in the current density under oxygen-saturated
conditions compared to nitrogen, confirming their activity toward the O2RR and proves the success of
the electrodeposition onto the carbon cloth. Distinct oxygen reduction peaks can be observed, with O2RR
potential (Eorr) around 0.55 V vs RHE, and an onset potential (Eonset) ranging between 0.70-0.75 V vs
RHE. This activity is likely due to the presence of metallic (non-oxidised) Sn and Co species uniformly
deposited on the carbon cloth surface [37], [38]. Moreover, a more positive shift in both Eorr and Eonset
can be observed when the cobalt precursor concentration is increased, suggesting that cobalt plays a
crucial role in facilitating oxygen reduction reaction.
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Figure 6. Cyclic voltammetry analysis in saturated-O2 of SnCo deposited carbon cloths with (a) 1:1 ratio, (b) 1:2 ratio and (c) 1:4 ratio
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Stability study of electrodes

Chronoamperometric analysis of SnCo deposited carbon felt and
carbon cloth

Current retention based on the chronoamperometric curves of SnCo deposited carbon felts and carbon
cloths for 10 000 seconds is shown in Figure 7. For deposited carbon felts, the lowest potential, -0.2 V,
-0.6 V and the highest potential -1.2 V were chosen for stability study. From the chronoamperometric
curves obtained, -0.2 V showed the highest current retention at 73%, followed by -0.6 V at 44% and -1.2
V has the lowest current retention at ~30% after 10 000s. The variation in stability is caused by the
different composition of Sn and Co. At -0.2 V, Sn deposited before Co because the more positive
standard reduction potential. The composition of Sn on the surface is higher of Co, making the effect of
Sn more prominent. The presence of Sn can improve the structural stability of catalyst [39]. This makes
the electrode able to maintain its current for long time.

Despite having the highest current density in CO2 reduction, carbon felt deposited at -0.6 V, the low
percentage of current retention is due to Ostwald ripening, coalesce and leaching of the catalyst into the
electrolyte [40]. The lowest current retention shown by carbon felts deposited at -1.2 V is because of the
poorly-adhered metal clusters and partial film formation on the surface as shown in SEM image. These
structures are prone to cracking or peeling due to mechanical fragility. During the deposition, the
composition of SnCo ratios also changed with increasing potential. The deposition at extreme
overpotential can cause electrochemical instability as the surface can have poor electronic contact and
localized corrosion during prolonged operation.
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Figure 7. Current retention of (a) carbon felts and carbon cloths after 10 000 s activity

The SnCo 1:2 sample exhibited highest current retention, maintaining over 85% of its initial
current, followed by the SnCo 1:1 sample, which sustained about 80%. These results highlight
the essential role of Sn in improving the chemical stability of the catalyst layer. Despite having
high O2RR activity, SnCo 1:4 sample experienced current degradation, representing the similar
trend as bare carbon cloth (CC). This can be attributed to the reduced Sn:Co ratio in the
precursor solution, the very thin layer of catalyst deposited on the CC and limited active site
availability. These results indicate that a balanced metal composition not only improves activity
but also enhances long-term operational stability. This finding aligns with previous literature,
which emphasizes that optimal metal ratios and structural integrity are essential for sustaining
catalytic performance in energy conversion devices [41].

Surface analysis of electrodes

Figure 8 and Figure 9 show the SEM micrographs of SnCo deposited carbon felts using 1000%
magnification and 3000x respectively. Overall, it can be seen that the deposits did not fully cover the
carbon felts. The deposited SnCo were embedded to the fibers in the carbon felt. For carbon felt
deposited at -0.2 V, smooth carbon felt surface can be observed in Figure 8(a). It can be seen from the
figure; deposition has occurred at this potential. However, there are only a small number of extremely
fine particles observed on the carbon fibers. This indicates that although the deposition has occurred,
the applied potential was only sufficient for the growth of very small particles. As the potential increased
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to -0.4 V, well-defined nuclei began to form as seen in Figure 8 & 9(b). The overall coverage was sparse
and isolated.

The size distribution became more uniform at -0.6 V. There were more deposits compared to -0.4 V.
Based on electrochemical reduction of CO2, the reduction shown by -0.6 V was better than -0.4 V and -
0.2 V. This could be attributed to the amount of the deposits and the particle size distribution. More
deposits increased the active sites for the CO2 reduction activity to occur [42]. The deposits were
distributed more evenly along the fibers surface. This suggests enhanced nucleation. There were more
metals being deposited onto the surface of carbon fibers the potential of -0.8 V. The aggregates of
deposits on carbon felt were more even too. From Figure 9(d), it can be seen that there were some
particles that were not fully adhered to the surface of the carbon felt. This explains the deterioration in
the electrochemical activity of the produced electrode. The aggregation of particles also reduces the
electrochemical activity of the electrodes due to lessened active sites [43].

For the one deposited at -1.0 V potential, lesser deposition can be observed. Based on Figure 9(e), the
surface of the carbon felt was flaky, indicating electrochemically aged felt [44]. There were irregular and
larger aggregates on the surface. Similarly, these can be observed in felt deposited at -1.2 V too. This is
due to the damage caused by the hydrogen evolution reaction that occurred during the deposition at
both potentials. The electrode showed agglomeration, with larger flakes and loosely attached clusters
(Figure 9(f)). This indicates over-deposition and poor adhesion as a result of excessive metal reduction.

Figure 8. SEM micrographs of SnCo deposited carbon felts at (a) -0.2 V, (b) -0.4 V, (c) -0.6 V
(d)-0.8 V (e) -1.0 V (f) -1.2 V captured at 1000% magnification
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Figure 9. SEM micrographs of SnCo deposited carbon felts at (a) -0.2 V, (b) -0.4 V, (c) -0.6 V
(d) -0.8 V (e) -1.0 V (f) -1.2 V captured at 3000% magnification

Figure 10 shows the SEM micrographs of SnCo deposited carbon cloths using different Sn:Co
ratios. SnCo 1:1 electrode showed defined and uniform coating with smooth surface texture
that adhered closely to the carbon cloth substrate. This proves that EDTA produces effective
coordination with the metal ions enabling controlled co-deposition with the absence of large
agglomerates and homogenous particle distribution. As the cobalt content increased to a SnCo
ratio of 1:2, the electrode maintained similar uniformity as SnCo 1:1, with fewer larger grains
and smoother surface. The higher cobalt concentration can increase surface area that may
lead to enhanced capacitive behaviour.

At the highest ratio, the SnCo 1:4 electrode resulted the least favourable morphology, with very
thin layer of catalyst coverage. Large areas of the underlying carbon cloth remained exposed,
suggesting poor deposition efficiency likely caused by unfavourable deposition kinetics and ion
imbalance. For the SnCo catalyst, the well-dispersed coated surfaces sample provide larger
surface area and enhance adsorption of oxygen molecules onto the cathode. The high surface
area of the catalyst is expected to substantially increase the oxygen reaction rate and electron
acceptance, which is beneficial for boosting cathodic performance in MFCs. Previous research
has highlighted the importance of nano-scale uniformity in enhancing electrocatalytic activity
and aiding reactant diffusion within fuel cell system [45],[46]. The results obtained are
consistent with these findings, demonstrating that precise control over synthesis parameters,
particularly the metal ratio which can influence the catalyst’'s surface structure and its
performance in electrochemical systems.

Figure 10. SEM micrographs of SnCo deposited carbon cloths with (a) 1:1 ratio, (b) 1:2 ratio and
(c) 1:4 ratio
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Comparison of SnCo deposited carbon felts and carbon cloths

For the surface analysis, the SEM micrographs with 1000x magnifications were compared. It can be
seen that SnCo deposited on carbon cloths are more uniform compared to carbon felts. The adherence
of deposits on carbon felts also less than carbon cloths. The differences are due to the different mode of
deposition. Carbon cloths were deposited using CV whereas carbon felts were deposited using
chronoamperometry using single and consistent potential throughout the deposition. CV used wide range
of potential. This wide range of potential might have given more uniform deposits due to different and
changing rate of nucleation throughout the deposition. The nature of structure of carbon felts and carbon
cloths also affected the deposition distribution [47].

For the CV analysis of SnCo deposited carbon felts in saturated-CO., it was deduced that the CO>
reduction indeed occurred for all electrodes compared to control undeposited carbon felts. This shows
that SnCo deposited carbon felts do have the potential in the application of reducing CO2 from
wastewater. The one deposited at -0.6 V potential recorded the highest current density. Although the
CO;RR analysis provides useful information on the cathodic reduction behaviour of SnCo-deposited
carbon felt, the findings are interpreted within the scope of electrochemical screening. The CO,RR
analysis in phosphate buffer at pH 7 was conducted as a controlled electrochemical screening test to
evaluate the cathodic reduction behaviour of SnCo-deposited carbon felt under neutral aqueous
conditions. However, this condition does not fully represent the complete operating environment of an
MFC cathode. Therefore, the CO,RR result should be interpreted as a supporting electrochemical
evaluation of SnCo catalytic behaviour for cathodic reduction. In this study, the MFC performance
evaluation was conducted only using SnCo-deposited carbon cloth, where the catalyst was assessed
through O,RR activity, stability and reactor-level power generation. Further studies under actual MFC
cathode conditions are required to confirm the role of SnCo-deposited carbon felt for practical CO,
reduction applications.

For SnCo deposited carbon cloths, the CV showed that all the electrodes with different ratios showed
good O2RR activity. This proved their efficiency in completing MFC circuit as well as aiding the energy
generation. Due to SnCo deposited carbon cloth having high current retention and stability in O2-
saturated condition, the SnCo deposited cloth were applied in MFC. SnCo deposited carbon cloth also
showed good O2RR activity which was necessary to complete the circuit in MFC. While the efficiency of
CO:2 reduction has been proven for the carbon felts, however, the stability of the produced electrodes
can still be enhanced. Therefore, the carbon cloth-based O,RR and MFC results were used as the direct
evaluation of SnCo cathode performance in the present study.

Response surface methodology

Table 2 shows the statistics of quadratic regression model. A quadratic response surface regression
model was fitted to evaluate the combined influence of electrodeposition potential and Co compositional
ratio on the electrochemical response. The model exhibits good predictive capability, with a coefficient
of determination R2=0.78 and an adjusted R2= 0.75.

Table 2. Quadratic regression model statistics.

Regression Statistics

Multiple R 0.88

R Square 0.78

Adjusted R Square 0.75
Standard Error 0.14
Observations 48

Table 3 and 4 show the results the quadratic regression model in the form of analysis of variance
(ANOVA). ANOVA confirms that the overall model is highly statistically significant with F = 29.64 and
Prob.> F =9.28 x 107*® which indicates that the selected parameters collectively exert a strong influence
on the response.

The results of individual regression terms reveal that deposition potential is the dominant factor that
influences the behaviour of the system. Both the linear potential term (p = 1.70 x 107'2?) and the quadratic
potential term (p = 2.08 x 107*4) are highly significant, confirming the presence of distinct curvature and
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an interior optimum in the response surface. In contrast, the Co compositional ratio exhibits a weaker
linear contribution. As shown in Table 4, the quadratic and interaction terms are not statistically
significant, suggesting a monotonic compositional effect without strong curvature or synergistic
interaction within the studied range.

Table 3. Quadratic regression model in ANOVA.

DF Sum of square Mean Square F Prob. > F
Model 5 3.07 0.61 29.64 9.28 x 1013
Residual 42 0.87 0.02
Total 47 3.94 0.63

Table 4. ANOVA of individual regression terms.

Coefficients Standard Error t Stat p-value
Intercept -0.94 0.19 -4.83 1.83 x 1005
Co 0.18 0.12 1.47 0.15 Non-significant
Potential_V -3.47 0.35 -9.86 1.70 x10-12 Highly significant
Co_sq -0.02 0.02 -0.82 0.41 Non-significant
V_sq -2.45 0.22 -11.38 2.08 x10-14 Highly significant
Co V -0.002 0.07 -0.03 0.97 Non-significant

A three-dimensional response surface was constructed to describe the combined influence of deposition
potential, applied during SnCo electrodeposition on carbon felt, and the Sn:Co compositional ratio
employed for carbon cloth on the overall catalytic performance (Figure 11). The two substrates contribute
to different electrochemical pathways which are CO, reduction on the felt and O, reduction on the cloth.
Hence, their responses were combined using a geometric desirability function (D), where D = 1
represents optimal co-performance and D = 0 represents the least favorable condition [48]. For the
desirability analysis, the CO,RR and O,RR responses were first normalised into individual desirability
values between 0 and 1, where 0 represents the least favourable response and 1 represents the most
favourable response. The overall desirability value was calculated as D = (dco,rr * do,rr)%5, where
dCO,RR represents the desirability value for CO,RR and dO,RR represents the desirability value for
O.RR. Equal weighting was assigned to both responses because CO,RR and O;RR were treated as
cathodic electrochemical screening indicators in this study. The normal probability plot of residuals
obtained from the quadratic response surface model shows that the residuals follow an approximately
linear trend, indicating that they are close to normally distributed (Figure S1). Minor deviations at the tails
are observed and are attributed to experimental boundary conditions at low and high response values.
The residuals are plotted against fitted values (Figure S2). The residuals are randomly scattered around
the zero-reference line without systematic trends. This confirms the adequacy of the fitted quadratic
model.
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Figure 11. (a) 3D and (b) 2D response surface graphs of interaction of deposition potential and Co
ratio based on CO2RR and O2RR

The resulting response surface exhibits a well-defined asymmetric maximum centered at a deposition
potential of approximately -0.6 V and a Sn:Co ratio of 1:4. A curvature along the potential dimension can
be observed, indicating a strong quadratic dependence of CO, reduction activity on electrodeposition
potential. Near -0.6 V, the nucleation and growth of the Sn-rich catalytic phase are optimised,
corresponding to the highest experimentally observed CO, reduction current density (1.09 mA cm™).
Deviation toward either more positive or more negative potentials leads to deteriorating performance.
For -0.2 V to -0.4 V, insufficient metallic Sn formation limits CO: activity, whereas for -0.8 V to -1.2 V, the
low activity of CO, is caused by the change on morphology of electrodes. The changing of electrodes
was caused by the competing hydrogen evolution during deposition [49]. This change suppresses
adsorbed CO; intermediates, resulting in a sharp decline in desirability.

In contrast, along the Co composition axis, the response surface displays a monotonic increment. This
is consistent with the approximately linear dependence of O2RR activity on the Sn:Co ratio. The highest
O2RR performance is observed for the 1:4 Sn:Co composition, in agreement with the measured cathodic
current density (-0.40 A), suggesting that increased Co incorporation enhances the density or stability of
oxygen-binding active sites. The addition of Co increased the stability during nucleation by controlling
the grain growth and the metal crystallization, improving the electrochemical properties as the ratio
increases [50]. There is a smooth gradient along the axis. This shows that the compositional effects are
continuous and predictable, with no evident quadratic curvature within the investigated range.

The combined response surface indicates a favourable electrochemical screening region in which the
selected CO,RR and O;RR responses are simultaneously enhanced. The highest desirability value (D
= 1.00) was obtained at a deposition potential of -0.60 V and a Sn:Co ratio of 1:4, corresponding to the
most favourable combined electrochemical response within the studied screening conditions. The
stronger curvature along the potential axis compared to the gradual compositional slope indicates that
deposition potential has a greater influence on overall response variability. Therefore, the RSM result
should be interpreted as an electrochemical screening outcome rather than a direct predictor of MFC
power output. This provides useful information for selecting electrodeposition parameters that can
enhance CO;RR and O,RR screening responses.

Finally, the smooth and continuous nature of the response surface, together with the absence of saddle
points or discontinuities, supports the internal consistency of the experimental data. This also confirms
the adequacy of the quadratic-linear RSM framework. The 3D model thus provides a strong graphical
and quantitative description of how electrochemical and compositional parameters interact.

Microbial fuel cell performance

The Nyquist plots (Figure 12(a)) show all the SnCo modified cathodes resulting in lower internal
resistance (Rint) compared to the control. Among them, the SnCo 1:1 exhibited low charge transfer
resistance (3.57 Q), followed closely by SnCo 1:2 (3.88 Q), indicating more efficient electron transport
across the electrode—electrolyte interface. The reduced semicircle diameters observed for these two
electrodes reflect enhanced electrochemical kinetics, likely due to better catalyst dispersion and
enhanced active site accessibility, as confirmed by morphological analysis. Furthermore, the SnCo 1:2
cathode achieved the highest maximum power density (0.105 W/m?2), followed by SnCo 1:1 (0.089
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W/m2), SnCo 1:4 (0.069 W/m2) as presented in Figure 12(b). This trend correlates well with the
impedance results, reinforcing the role of optimized Sn:Co ratios and chelating agent selection in
enhancing catalytic efficiency.

In the polarization curves (Figure 12(c)), the SnCo 1:1 & 1:2 electrode also demonstrated slower voltage
drop with increasing current density, indicating better electrocatalytic stability and improved overall cell
performance. This enhanced behavior can be attributed to a combination of optimized metal interaction,
uniform surface morphology, and balanced conductivity between Co (as the O2RR-active site) and Sn
(as a stabilizing agent). These performances do align with past studies that had previously reported
maximum output efficiency in MFCs using balanced bimetallic or composite catalysts [51]. Taken
together, the findings affirm that the SnCo 1:1 & 1:2 composition offers good electrochemical and power
generation characteristics suitable for sustainable energy applications.

Although SnCo 1:4 showed favourable electrochemical response in the RSM screening, its performance
in the MFC system was lower than SnCo 1:1 and SnCo 1:2. This difference indicates that the
electrochemical screening result and whole-cell MFC performance are influenced by different factors.
The RSM result was based on selected CO,RR and O,RR responses under controlled electrochemical
conditions, whereas the MFC performance was affected by reactor-level factors such as microbial
electron transfer, oxygen supply, circuit resistance, proton transfer, pH, concentration and cathodic
reduction behaviour [12]. Therefore, SnCo 1:2 showed better practical MFC performance because it
provided a more balanced catalytic activity, stability and charge transfer behaviour compared to SnCo
1:4.
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Figure 12. (a) Nyquist plots, (b) power density curves and (c) polarisation curves of MFCs at different
ratios of SnCo

The observed enhancement in performance for the SnCo 1:1 & 1:2 catalyst can be explained by a
combination of structural, electronic, and compositional factors. Sn contributes to surface stabilization
and enhanced electron mobility, while Co provides efficient O2RR-active sites [46], [52], [53]. The
synergistic interaction between these metals likely enhances the binding of oxygen intermediates and
facilitates their reduction, resulting in improved catalytic efficiency. The optimized morphology, including
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increased porosity and homogeneous particle distribution, further supports effective mass transport and
reduces charge transfer resistance, making the catalyst suitable for real-world MFC operations. From a
practical perspective, the use of abundant, low-cost materials such as Sn and Co provides a sustainable
alternative to conventional noble metal catalysts like platinum, Pt which are expensive and susceptible
to poisoning [54]. These results highlight the importance of rational material design, specifically in
tailoring metal ratios and synthesis conditions, to develop next generation electrocatalysts for wastewater
treatment and renewable energy applications.

Conclusions

In conclusion, SnCo bifunctional electrocatalysts with varying deposition potentials and Sn:Co ratios
were investigated as cost-effective alternatives to platinum-based cathodes in microbial fuel cell
applications. The study of the potentials was done on carbon felts whereas the study of ratios was done
on carbon cloths. Based on the findings, SnCo deposited carbon felts showed good CO2RR activity. The
carbon felt deposited at the potential -0.6 V exhibited the best CO2RR performance. The CO2RR
performance proved the potential of carbon felts deposited electrodes as cathodes in the future
applications, especially MFC. Optimisation using RSM also indicated the potential used for carbon felts
deposition is the dominant parameters affecting the performance. This strongly justifies further targeted
investigation of carbon felts for MFC applications. For carbon cloths, SnCo 1:1 & 1:2 catalyst
demonstrated the most favourable electrochemical and morphological characteristics, leading to
enhanced O2RR activity, reduced internal resistance, and the highest power output among all tested
modified electrodes. All the SnCo modified carbon cloth electrodes exhibited improved oxygen reduction
performance in neutral conditions, the catalysts showing high current retention and charge transfer
capability compared to unmodified carbon cloth. Due to the low cost and high availability of Sn and Co
precursors, the developed SnCo catalysts present a promising alternative to platinum, offering both
economic and operational advantages for large-scale, sustainable MFC applications.
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