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ARTICLE INFO ABSTRACT

Handling Editor: Jinlong Gong Despite its high cost, Pt is the usual catalyst for hydrogen production in the cathode of Microbial Electrolysis
Cells (MECs). Its effectiveness depends not only on the amount deposited but also on the availability and dis-
tribution of Pt nanoparticles on the cathode surface. This work provides a comprehensive study of the effec-
tiveness of the Pt coating with five deposition techniques: spray, electrospray, brush painting, doctor blade and

sputtering. The performance of the cathodes was studied with different Pt loadings by monitoring the current
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Mieccrégil: lr ae}l]ectrolysis cell intensity and Hp production in MECs. Furthermore, cathodes were characterized morphologically using scanning
Spray electron microscopy together with energy-dispersive X-ray spectroscopy to study their Pt surface distribution and
Sputtering composition. Sputtering was initially discarded due to Pt detachment. When using the same amount of Pt (0.50

mg Pt cm~2), the highest current density was obtained for electrospray (2.0 mA cm™2), followed by spray (1.9
mA cm’z), brush painting (1.6 mA cm’z) and doctor blade (1.2 mA cm’z). Hence, electrospray improved 20 %
the results obtained by the default method of brush painting. Electrospray and spray provided better performance
because of the direct deposition of Pt on the carbon fibres creating a compact Pt layer on the electrode surface.
Furthermore, it was observed that the cell performance decreased significantly with decreasing amount of Pt per
cm?, observing the best performance with the highest Pt load tested (0.5 mg Pt cm™2) regardless of the deposition

technique.

1. Introduction

Due to the growing global economy and industrialization, the world
energy demand has increased considerably in the last decade. Currently,
the main energy source (>86 %) is derived from fossil fuels (oil, coal,
and natural gas) which are finite and result in high CO3 emissions [1]. In
this context, renewable energies, such as solar, wind, and hydraulic
among others are being promoted. Hydrogen (Hs) emerges as a prom-
ising energy vector because: (i) is a clean and renewable energy [2], (ii)
does not contribute to CO emissions [3], (iii) has a high specific heat of
combustion (142.9 kJ g'l) compared to other fuels (methane, 55.7 kJ g'1
or ethanol 29.7 kJ g'l) [4]1, (v) is abundant as an elementary atom [3]
and (vi) is easy to convert to other forms of energy as raw material [5].

Nowadays, the most sustainable approach for producing Hy is the
well-known concept of Power-to-gas (P2G), i.e. integration of water
electrolysis and renewable energies to produce a gaseous fuel. However,
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water electrolysis requires high purity water, which is estimated to ac-
count for 12 % of CAPEX [6]. Wastewater as a feedstock for Hy pro-
duction is a promising alternative that allows to simultaneously exploit
the energy potential of wastewaters [7,8] while avoiding an
energy-intensive treatment such as activated sludge. However, the low
conductivity, high complexity of wastewaters and the potential presence
of harmful compounds for the catalysts have prevented water electrol-
ysis technologies to grow in this field [9].

Bioelectrochemical techniques and, particularly, Microbial Elec-
trolysis Cells (MECs) are a novel and promising approach for Hy pro-
duction from organic matter, including wastewater and other renewable
resources that fit in the recent paradigm shift of circular economy [10,
11]. An MEC is a bioelectrochemical system (BES) with a microbially
colonised anode and a cathode [12]. Organic matter is oxidized by
electroactive bacteria able to extracellularly transfer the electrons to the
anode while generating CO5 and protons (eq. (1)). Electrons travel to the
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cathode through the external circuit and reduce either protons or water
to Hy (eq. (2) and eq. (3)) [13].

CH3COO™ + 2H20 - 2COy + 7 H" +8e” (eq. 1)
8H'™ +8e - 4H, (eq. 2)
4H,0 + 8 e~ — 4Hy + 8 OH™ (eq. 3)

If acetate is the electron donor, the electromotive force is —0.13 V
under standard biological conditions (T = 25 °C and pH = 7), leading to
a positive Gibbs energy (93.14 kJ mol™H [14]. Therefore, the MEC re-
quires an externally supplied voltage (typically between 0.6 and 1.0 V
depending on the specific overpotential) for Hy production at the cath-
ode [15,16]. Furthermore, this reaction has slow kinetics and it is
heavily dependent on the catalyst deposited on the cathode electrode
[17]. The most common catalyst used is platinum (Pt) because of its
superior performance [18,19]. However, alternatives are currently
sought because of its elevated market price [20-22]. The most wide-
spread technique for the fabrication of Pt-coated cathodes in BES is
brush painting, which consists of using a brush to deposit a catalyst ink
on the carbon support surface [23]. Being a handmade technology,
cathode production costs are reasonable at expenses of poor precision
and reproducibility. Thus, brush painting results are particularly suit-
able for lab applications [23,25]. Nevertheless, the large amount of Pt
used (0.5 mg Pt cm~2) and the handmade approach discourages its use
for full-scale applications. Novel techniques for Pt deposition are needed
to optimize production costs by using the strictly necessary amount of Pt
while improving BES operation. For instance, the overlapping of Pt
atoms should be avoided because only the layer which is in contact with
the mineral medium will catalyse hydrogen evolution reaction (HER).
Moreover, these alternative methodologies should be easily scalable to
bridge the current gap between lab-scale and full-scale MECs
development.

In this regard, this work analyses five different Pt-deposition meth-
odologies to obtain low, or even ultra-low, Pt-loaded electrodes with a
scaling-up perspective: brush painting, doctor blade (tape-casting),
spray, electrospray and sputtering. These techniques are widely used in
the fabrication of proton exchange membranes (PEMs) for solid oxide
electrochemical systems [26,27] and have scarcely been applied in
MEGCs.

Doctor blade is broadly used for the fabrication of electrodes in
different applications beyond fuel cells such as photoelectrochemistry
[29] or organic solar cells [21]. Electrodes are produced by the depo-
sition of a catalyst slurry on the support, which is then spread by a blade
or similar. Doctor blade is more precise than hand-painting methods,
however, its accuracy strongly depends on the slurry composition, its
rheologic properties and the morphology of the support. Doctor blade
has only been applied in smooth surfaces such as cation exchange
membranes [30] or in photo-microbial fuel cells [31], while it has been
barely used for the deposition of catalysts over carbon supports in BES.
Li et al. [24] deposited sulphur polypyrrole onto carbon fibre paper
(CFP) using doctor blade as the first step of the fabrication of CoNi-based
cathodes for MECs.

Spraying has been used for PEM fabrication since the eighties, and
currently, it is used for the deposition of the catalyst layer in PEM-based
fuel cells at industrial scale. Different approaches have been applied
such as spraying of a Pt ink on the carbon support [32] or directly over
the membrane [33]. Although alternative methodologies have been
proposed [34,35], the catalyst ink should be homogenized employing a
spraying process [36]. Once the ink is homogenized, it is sprayed over a
support by using an airbrush (manually or automated) while promoting
the evaporation of the solvent, for example using a hot plate or using an
IR lamp. In MECs, spraying has gained attention for the fabrication of
low-cost cathodes by deposition of different Pt-free catalysts. Manuel
et al. [28] prepared cathodes for H, production by spraying two types of
catalytic inks on carbon paper: a multicomponent ink containing Ni, Mo,
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Cr, and Fe (total catalyst load of 1 mg c¢m2) and ink with only Ni (0.6
mg cm™2). Ghasemi et al. [39] reported the fabrication of a new cathode
based on spraying polyaniline and graphene on a stainless-steel mesh.

Electrospray (or electrospinning) is a recent and precise technique
for nanoparticle synthesis or deposition [38]. It comprises the
electro-atomization of a colloidal suspension of catalyst particles by the
application of a high voltage difference between an ejector needle and
the collecting support. Electrospray allows the fabrication of ultra-low
Pt-loaded cathodes (as low as 0.012 mg Pt em 2 [40]) with a uniform
distribution of catalyst nanoparticles, resulting in highly efficient cata-
lyst utilization [41,42]. Since the first reported application on PEM fuel
cells in 2005 [41], the use of electrospray has been growing in the last
decade but rarely in the BES field. Electrospray has only been applied for
the fabrication of carbon nanofibers support for anodes [43] or mem-
branes [44].

Sputtering provides dense catalyst layers with ultra-low Pt loadings
[45], even lower than those in electrospray (down to 0.001 mg Pt cm?)
[46]. Lefevre et al. [47] prepared ultra-low Co- and Pt-loaded cathodes
(0.01 mg Pt em™2) for oxygen reduction in a microbial full cell (MFC)
and compared its performance against a commercial 0.5 mg Pt cm™2
cathode. Interestingly, the Co-based cathode reported only less 27 %
power than the commercial Pt cathode (with 5 times higher loading).
Sputtering has rarely been used in MECs. To the best or our knowledge,
sputtering was used for the simultaneous phosphorus recovery and Hj
production as Pt-sputtered carbon felt cathodes [37,48].

Each of the mentioned techniques exhibits promising potential for
cathode optimization in BES. Nevertheless, it is crucial to understand
their respective advantages and disadvantages before implementation.
In this work, five different techniques, namely brush painting, spray,
electrospray, sputtering, and doctor blade, are compared for the first
time for Pt deposition on the cathode of the same experimental MEC
configuration to minimise the Pt loading on the cathode, one of the main
bottlenecks for its economic feasibility. Furthermore, cathodes with
different Pt loadings (from 0.01 to 0.5 mg Pt cm™2) were prepared to
understand the effectiveness of the different coating methods even at
low Pt loadings.

2. Materials and methods
2.1. Microbial electrolysis cell construction

The single-chamber MEC used in this work (Fig. 1a) consisted of a 35
mL cube cell of methacrylate (4.4 cm length x 5 cm width x 5 cm height)
with a glass tube (7.7 cm height x 2 cm diameter) connected to a 100 mL
gas bag to collect the produced gas (Fig. 1b) [49]. The main body was
assembled with two lateral methacrylate endplates, using O-rings and
gaskets to prevent electrolyte leakages. These pieces were kept together
by tightening screw and wing nut [50].

The anode was a commercial graphite fibre brush (2.0 x 2.5 x 5.0
cm, Mill-rose, US) with a titanium wire as a current collector. This
electrode was thermally treated in a muffle furnace at 450 °C for at least
30 min. This treatment allows both, the elimination of impurities and
microfractures generation, leading to an increase in the active area and
thus, enhancing biomass adhesion [51]. The cathode (7 sz) was based
on treated carbon cloth. The catalyst used was Pt, coated with different
techniques and Pt loads (mmg Pt crn’z). Pt-loads of 0.15, 0.3, and 0.5 mg
Pt cm ™2 were used for brush painting, doctor blade, spray and electro-
spray. Sputtering was investigated only with a Pt loading of 0.01 mg Pt
cm 2 due to the long operation times of the deposition process. In all
cases, cathodes were electrically connected to the carbon cloth support
through a titanium wire.

2.2. Pt deposition procedures for cathode preparation

A schematic of the cathode preparation procedure by brush painting
is shown in Fig. 2a. A paste or slurry with catalyst was obtained by
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Fig. 1. Scheme (a) and picture (b) of a MEC used in this work.

mixing 10 % Pt/C (0.5 mg Pt cm™%; Pt/C EC-10-PTC and 10 wt% Pt/
VXC725 g) and Milli-Q water (4.15 pL cm~2) for 20 s. Then, a mixture of
Nafion (33.4 pL cm™2, Merck) and 2-propanol (16.7 pL cm 2, Sigma
Aldrich) was added to obtain a binding paste which was stirred again.
The resulting slurry was coated over the carbon cloth, using a thick
brush. Finally, the coating was air-dried for 24 h.

In the case of doctor blade’s method (Fig. 2b), the catalyst slurry for
the cathodes was prepared following the same procedure as in the brush
painting method. Then, the Pt slurry was coated over the carbon cloth,
using a glass rod. After that, the coating was air-dried for 24 h, and a
titanium wire was assembled to the cathode as an electrical connection.
The same Pt load was used (0.5 mg Pt cm™~2) but with a homogeneous
distribution of the catalyst slurry and a suitable viscosity which avoided
the ink seepage through the carbon cloth.

The spraying procedure is depicted in Fig. 2c. The catalyst ink was
prepared by mixing 20 % Pt/C (0.5 mg Pt cm2), Nafion 5 % (0.13 +
0.02 mL cm~ %) and 2-propanol (between 4 and 8 mL cm‘z), and then
homogenized using an ultrasound equipment during 2 h. Cathodes with
different Pt-loads (0.13-0.24 mg Pt cm~2) were obtained by using a
hand-held VEGA 2000 airbrush [32]. Cathodes with 0.5 mg Pt cm 2were
prepared with a Nordson EFD Dispensing Robot with an integrated spray
nozzle [42] because of the longer times required for the coating process.
Cathodes were frequently weighed in a precision microbalance
(CPA225D, Sartorius), with an accuracy of 0.1 mg to obtain the required
coating load.

In the case of electrospray (Fig. 2d), the ink catalyst was prepared
following the same procedure as in the spray technique. The resulting
ink was coated over the carbon cloth support using a YFLow StartUp Lab
Device (Yflow S.D., Spain) equipped with a flat collector (200 x 200
mm), using a simple injector with an external/internal diameter ratio of
0.9/0.6 mm [52]. The ink was introduced into 10 mL syringes and
deposited at flow rates of 1 mL h ™}, an applied potential of 11-15 kV and
15-20 cm between the collector and the injector needle. Cathodes with
different Pt-loads (0.15, 0.24 and 0.5 mg Pt cm—2) were obtained by
modifying the operation time, determined by weighing the electrodes.

A schematic of the sputtering procedure is depicted in Fig. 2e. The
carbon substrate was coated by using a Leica EM ACE600 sputter coater
(Leica Microsistemas S.L.U, Spain). Energetic argon-ions accelerated by
a high voltage (3-5 kV) are forced to collide with a Pt plate and promote
the extraction (sputtering) of Pt atoms, which are directed towards the
carbon cloth, thereby forming a very thin film [53,54]. This technique
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resulted in the deposition of a thin layer (very few nanometres) of Pt.
The cathodes had 20 nm of Pt, corresponding to 0.01 mg Pt cm 2.
Finally, the coating was air-dried for 24 h. The cathode was electrically
connected by a titanium wire assembled to the carbon cloth support.

2.3. Experimental conditions

The anode was inoculated in an MFC, by mixing 14 mL of fresh
medium and 14 mL of media from an already working inoculum-MFC
[55]. The anode was assembled in an MEC once inoculated, i.e. when
a stable current density was measured for several cycles. A voltage of
0.8 V was applied to each cell to drive the reactions.

The initial concentration of anhydrous sodium acetate (Ac™) as the
carbon source was about 1.5 g L'!. The mineral medium composition for
all cells contained (per L of Milli-Q-water) 15.09 g NaaHPO4-2H50, 2.06
g KH,POy4, 0.2 g NH4Cl, 4.0 mg FeCly, 6.0 mg Na,S and 5 ml of nutrient
solution, which contained per L: 1 g EDTA, 0.164 g CoCl,-6H>0, 0.228 g
CaCly-2H0, 0.02 g H3BO3, 0.04 g NazMoO4-2H50, 0.002 g NaySeOs,
0.02 g Nay;WO4-2H,0, 0.04 g NiCly-6H,0, 2.32 g MgCly, 1.18 g MgCly,
1.18 g MnCl,-4H50, 0.1 g ZnCly, 0.02 g CuSO4-5H50, and 0.02 g AIK
(SO4)2. All reagents were of analytical grade supplied by Scharlau SL
(Spain). The initial pH and conductivity in the cells were around 7.5 and
13 mS cm’}, respectively [56].

2.4. Analytical methods and instrumentation

Acetate was measured by gas chromatography (GC) (Agilent Tech-
nologies, 7820-A) using a flame ionization detector, DB-FFAB column,
and helium as carrier gas. Samples for chemical analyses were taken at
the beginning and the end of each cycle, accounting for a maximum of
10 % of the total reactor volume.

Hj,, methane, and carbon dioxide were measured with a gas chro-
matograph equipped with two columns, a Porapaq Q 80/100 3 ft.
G3591-81136 (1.38 m x 2 mm) packed column and a second column
MolSieve 5A 80/100 3 ft. G3591-80017 (1.83 m x 2 mm) from Agilent
Technologies. N was used as carrier gas. The initial temperature of the
oven was set at 70 °C for 2 min, followed by a temperature ramp of
20 °C- min~! up to a temperature of 140 °C. Chromeleon 6.8 software
(ThermoFisher Scientific) was used for data acquisition and signal
processing.

Both electrodes were connected to a power supply (LABPS3005DN,
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Fig. 2. Schematic of each deposition technique used: (a) brush painting, (b) doctor blade, (c) spray, (d) electrospray and (e) sputtering.

Velleman Group, Belgium) with 0.8 V as applied potential. The intensity
was monitored by measuring the voltage evolution across a resistance
(10 Q) using a 16-bit data acquisition card (Advantech PCI-1716) con-
nected to a personal computer with the Addcontrol software developed
in LabWindows/CVI 2020 [56].

The morphology and composition of the cathode surface was
assessed by Scanning Electron Microscopy (SEM) in a Merlin™ micro-
scope (Carl Zeiss AG, Germany) and a Jeol JSM 6010 (JEOL Ltd, Tokyo,
Japan) in Centro Nacional del Hidrégeno (Puertollano, Spain), both were
equipped with an EDX analysis system [50].

2.5. MECs performance indices

The performance of the MECs was assessed through the calculation of
the Coulombic Efficiency (CE), rcaT, IE, I's, IE + s, relative composition
Hj, and H; production.

The CE (eq. (4)) compares the coulombs recovered as current in-
tensity with the coulombs that could be theoretically generated from the
substrate oxidation,

tp
JoIdt

1

E—_ o
¢ Fbs'VLACMgl

(eq. 4)

with ty and tg (s) the initial and final time of the batch experiment, I (A)
current, F (96485 C mol e Faraday’s constant, bg (8 mol e /mol
Ac™) number of electrons transferred in the reaction per mole of the
substrate, Vi, (0.035 L) volume of the reactor, AC (g L) substrate
concentration change over a batch cycle and Mg (59 g mol~!) molecular
weight of the substrate.

MEC performance was also assessed by rcar (eq. (5)), which com-
pares the coulombs consumed in Hy production with the coulombs
arriving at the cathode as current intensity,

by, Vg, F-V,!
- t]
JoIdt

Tcar

(eq. 5)

with Vys (L) volume of Hy produced, bys number of moles of e trans-
ferred per mole of Hy (2 mol e™ mol ! Hy) and V,, (24.03 L mol~ 1) molar
gas volume at 20 °C and 1 atm [57].

The energy recovery of the cell, i.e. the amount of energy produced as
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Hy with respect to the energy supplied, was calculated with (i) the
electrical input (rg) (eq. (6)), (ii) the energy content of the substrate (rs)
(eq. (7)), and (iii) both the electrical input and the energy content of the
substrate (rg + s) (eq. (8)) as described [58],

_ WH2 _ Ny, AHH2
Wi ¥ (IEgp-P-Rex )dt

Ie (eq. 6)

with Wy (kJ) energy content of the produced Hy, Wg (kJ) energy input
by the power supply, ngs moles of produced Hy, AHy, heat of com-
bustion of Hy (—285.83 kJ mol’l) and Ejj, (V) applied voltage,

_ WH2 _ Ny, 'AHH2
Ws ns~AHS

Is (eq. 7)

with Wg (kJ) energy content of the substrate, ng mols of consumed
substrate and AHg (kJ mol™ 1) heat of combustion of the substrate
(—870.28 kJ mol ! for acetate).

TR 4 / /'v
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(ra)
i+7
e Ts

The Hj relative composition in the cell was calculated as the ratio of
H, to the total amount of Hy and methane (eq. (9)),

Wh,

_ .8
Wy + Ws (eq- 8)

Tgis =

VH2

Relative compositiony, = —————
VH2 + VCH4

(eq. 9)

with Vyo and Vg (L) volume obtained for Hy and CHy, respectively.

Gas composition was calculated according to the “Gas Bag Method”
presented by Ambler and Logan [59]. The procedure followed consisted
of first analysing the initial composition of the gas in the bag. Then, a
known volume of tracer gas (carbon dioxide) was added to the gas bag
using a gastight syringe (10 mL Hamilton Samplelock Syringe), and
finally, the resulting mixture was again analysed. From these two ana-
lyses, mass balances were calculated, including the change in sample
composition and the volume added, which allowed the calculation of the
initial Hy and methane volume (eq. (10)),

x50 500q™ @ amrrem -
SN e € May 28, 2019

Fig. 3. SEM images obtained at x50 magnification of (a) bare carbon cloth, (b) after brush painting, (c) after doctor blade, (d) after spraying, (e) after electro-

spraying and (f) after sputtering.
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Vaddecl,Nz (1 — Xrun 2AN2) + Vrun 1 (xrun 2N, — Xrun 1.N2)

Xrun 2Ny — Xrun 1.N,

(eq. 10)

Vtotal,inin'al =

with Viotal, initial (L) initial total gas volume in the bag, Vadded, n2 (L)
known volume of nitrogen added, Vyy, 1 (L) volume injected in the GC in
the first analysis, and x molar fraction of carbon dioxide in the first/
second analysis as indicated on the subscript.

3. Results and discussion
3.1. Optical characterisation of the cathodes

The morphological characteristics of the cathodes fabricated with
the five deposition techniques and their composition were studied

through SEM. Fig. 3 shows the SEM images of the cathodes using the
applied Pt deposition methodologies. All the cathodes in Fig. 3

/1 1.0 mm
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contained 0.5 mg Pt cm ™2 except for the sputtered one, which was only

0.01 mg Pt cm ™2 as abovementioned. The SEM images for the electrodes
manufactured by brush painting and doctor blade (Fig. 3b and c) showed
arigid and flat layer on the electrode surface where the individual fibres
cannot be clearly distinguished. These cathodes exhibited cracks in the
surface. In the case of doctor blade, the cracks were large and divided
into square-shaped sections, apparently coinciding with the electrode
material. More specifically, these cracks were associated with the warp
and weft of the carbon cloth fibres used in the electrode construction. On
the other hand, the brush-painted cathode showed numerous thin cracks
distributed over the entire cathode surface. These cracks were due to the
mechanical stress of the ink when becoming rigid after drying: that
cracks led to an increase in the active area compared to an ink without
cracks. In any case, the area was still lower than that obtained with
techniques that do not generate a rigid layer, namely spray, electro-
spray, and sputtering (Fig. 3d, e and f). The sample prepared by doctor

b)

PtM ] 1.0 mm

Pt M

] 1.0 mm Pt

Fig. 4. EDX images of the Pt element for cathodes with (a) brush painting, (b) doctor blade, (c) sputtering, (d) electrospraying and (e) sputtering.
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blade showed a smoother surface since the glass rod allows for a more
even distribution. The brush painting technique is manual and, as such,
brings high variability to the process and cannot guarantee a suitable
control of the morphology and heterogeneity of the deposited layer.

Mapping of Pt with SEM-EDX images (Fig. 4) provided information
about the catalyst distribution over the cathode. The SEM-EDX images of
the cathodes show the Pt distribution on the electrode fibres. Although
Pt is distributed over the entire surface, some differences can be iden-
tified: the Pt distribution looks like a compact ink with the brush
painting and doctor blade technique (Fig. 4a and b) but, in the case of
spray, electrospray and sputtering (Fig. 4c and d and e), the Pt is
deposited more selectively on the electrode carbon fibres and Pt nano-
particles are observed on the surface.

Fig. 5 shows zoomed SEM images for spray, electrospray, and sput-
tering. The coating appears to be more effective on the outermost fibres
(Fig. 5a and d). In fact, the most superficial fibres of the sprayed cathode
are completely covered whereas only a partial coating is observed in the
inner ones (Fig. 5a). Electrospray seems more effective on the outermost
layers of carbon cloth, and internal fibres would only be covered under
longer electrodeposition times, unfortunately resulting in higher ink
requirements. The electrosprayed electrode displays a rougher coating
in all its fibres (Fig. 5¢). A similar morphology to the sprayed cathode
was expected. Yet a continuous wrinkled ink layer was observed.
Rugosity was expected to increase the electrode active area and catalyst
accessibility, and thus, the cathodic performance. The difference be-
tween both spray and electrospray is that an electric field is applied in
the latter. The sputtered cathode (Fig. 5d) shows a thinner, smooth, and
uniform layer, due to the direct deposition of Pt atoms. Nevertheless, the
covering range depends on the location of the fibres: the external ones
showed a full coverage; intermediate fibres presented a partial Pt
deposition, and deeper ones were practically uncoated.

The different morphologies of coatings are also related to the
different properties of the catalyst ink (paste, slurry) required to drive
the process. Doctor blade and brush painting needed high viscosity
slurries, which generated an almost unique and continuous layer over
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the carbon fibres, which were hardly distinguished. Spraying techniques
rely on the evaporation of the solvent. This allows particles to only de-
posit on the fibres, although, when spraying, a significant percentage of
catalyst ink is lost due to the high porosity of the support. This loss was
not observed in the case of the electrospray methodology since the
electric field diverts the particles to the carbon fibres, allowing a thicker
catalyst layer over the fibres and a more efficient and selective deposi-
tion (less catalyst ink losses) than spray. Finally, only Pt is used in the
case of sputtering, with no application of an ink nor a slurry, thus
selectively coating the conductive zones of the carbon support (i.e. the
fibres).

From an economical point of view, minimizing the amount of Pt
dosed is essential when using an expensive catalyst such as Pt. However,
this Pt load reduction should not be at expenses of a much worse per-
formance. All the Pt added must be accessible and exposed to the liquid
to avoid a loss in the catalytic activity. Thus, a homogeneous distribu-
tion of a low amount of Pt nanoparticles is critical from both an
economical and performance point of view. In this sense, spraying,
electrospraying and sputtering methods seemed to be best candidates.

3.2. MEC performance for each cathode

The cathodes with different Pt deposition techniques and different Pt
loadings were operated for long-term under batch conditions. Each cell
operated for 115 days, performing a total of 23 cycles. Since each cell
showed a similar behaviour along the operation, the current density of
the first and last 15 days of operation of each cell with cathodes loaded
with 0.5 mg Pt cm ™2 (0.01 mg Pt cm™2 for the sputtered cathode) is
shown in Fig. 6. Table 1 summarizes the performance of each cell with
the different cathodes. The cathodes with Pt deposition using electro-
spray and spray showed the maximum current density among all tech-
niques (2.0 and 1.9 mA cm ™2, respectively) and higher Hy production
rate (2.01 and 2.06 m® m3d ! of Hy, respectively). These methodolo-
gies showed a more accurate, selective, and efficient deposition. Brush
painting showed at maximum of 1.6 mA cm ™2 of current density, with a

Fig. 5. SEM images of cathodes after (a) spraying 0.3 mg Pt cm 2, (b) spraying 0.5 mg Pt cm ™2 (c) electrospraying 0.5 mg Pt cm 2 and (d) sputtering 0.01 mg

Pt cm 2.
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Fig. 6. Current density evolution of MECs with cathodes made using different
Pt deposition techniques.

high H, production (1.98 m? rn’3d’1), while doctor blade showed at
maximum of 1.2 mA cm 2 and a production of Hy of 1.55 m® m’sd’l, a
22 % lower than brush painting, electrospray, and spray techniques.
This ranking of current densities correlated well with the Pt deposition
observed in Fig. 3, where brush painting and doctor blade presented
visually a lower active area, because the ink formed a compact layer
with lower roughness, decreasing the electrode active area.

The cell with sputtering technique reported a current density of
almost 0.3 mA c¢m 2. Considering the Pt loading of this cathode (0.01
mg Pt cm~2), 30.0 mA mg! Pt resulted to be a much higher specific
current density compared with all other deposition techniques. How-
ever, the current density became almost null after mineral medium
replacement. Pt detachment was observed multiple times upon contact
with the medium even with the naked eye (i.e. the medium became dark)
and confirmed by EDX measurements of the mineral medium (data not
shown). Such poor stability of the sputtered cathode leads to discard this
technique.

Fig. 7 shows the maximum current density along the cycles. All MECs
(except that with the sputtered cathode) produced a stable maximum
current density. The MEC with the electrosprayed cathode produced the
highest current density until cycle 11. Thereafter, a slight decreased of
the current density was observed. From cycle 11 onwards, the cell with
the sprayed cathode showed the highest current density (jqsx o = 1.68
+ 0.12 mA em™~2) and displayed a more stable performance. However,
the average current density was very similar for the sprayed cathode
(1.68 mA cm ?) and the electrosprayed cathode (1.67 mA cm™2).
Table 1 also shows that the Hy production was not directly proportional
to the current density. This means an uneven cathodic recovery which
was attributed to Hy leakages in the gas bag or Hj recycling. The highest
Hj production was observed with the spray electrode with a Pt loading
of 0.5 mg Pt cm™2. In general, the amount of Pt per cm? was not directly

Table 1
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proportional to the current density (neither considering the maximum
current density nor the average current density). However, the cathodes
modified by the electrospray and spray had a similar performance,
which was proportional to the amount of Pt. At low Pt-loads, the elec-
trode was not completely covered with Pt regardless of the technique
used, there was not a continuity of Pt in the deposition on the surface. On
the contrary, the Pt was distributed over the entire surface at Pt load of
0.5 mg Pt cm~2 (Fig. 5). The maximum specific current density (Table 1,
mA mg! Pt) decreased by 17 % from 0.50 mg Pt cm™2 to 0.24 mg Pt
cm 2 using electrospray, and by 33 % when decreasing the Pt loading to
0.15 mg Pt cm 2. Using spray, the maximum specific current density is
equal in the case of 0.5 mg Pt cm 2 and 0.13 mg Pt cm 2, but it
decreased by 12 % when changing the loading to 0.24 mg Pt cm™2.
Fig. 8 shows the MEC performance parameters for the cells with
different Pt deposition techniques. Most MEC provided CEs between 92
and 98 % (brush painting showed an unrealistic value of 102.6 %),
which is a high value compared with other studies. For instance, using
dewatered sludge the CE was almost 20 % lower than the cells used in
this work [60] indicating that the consortium was well-adapted to ac-
etate due its long-term operation or that a certain amount of Hy was
being recycled, ie. part of the generated Hy was scavenged by micro-
organisms. In addition, regarding the energy produced as Hy compared
to the energy input, Fig. 8 shows that the energy content in Hy was only
higher than that of the substrate but was lower than the electrical input.
These values are usual in these lab-scale MECs. The values of rcat ranged
between 75 and 95 %, indicating that a high amount of the current in-
tensity was used for Hy production and that the cell leakages were low.
A similar Hy production of 1.98, 2.01 and 2.06 m® m~3d~! was found
for brush painting, electrospray and spray techniques, respectively,
followed by doctor blade (1.55 m® m3d1) and sputtering (0.53 m?

—e— Brush painting
2.5 1 —e— Doctor blade
v— Sputtering
—v— Electrospray
—~ 2.0 —=— Spray
o
5
> 15¢%
< 1
E
5 10] =" NN
£
0.5 1
e
0.0 .

10 15
Cycle number

5 20

Fig. 7. Maximum current density at each cycle of MECs with cathodes made
using different Pt deposition techniques.

Characterization and performance of MECs with cathodes made using different Pt deposition techniques. Average data obtained from 23 cycles. Pt load was calculated

by weighting. Experimental error is standard deviation (n = 23).

Deposition Pt load (mg Pt Jmax (MA Jjmax average (mA Maximum specific current Average maximum specific current H, production
technique cm ™) cm?) cm™?) density (mA mg'1 Pt) density (mA mg'1 Pt) m®m—3d 1
Brush painting 0.50 1.6 1.40 + 0.12 3.2 2.8 1.98
doctor blade 0.50 1.2 1.07 £+ 0.08 2.4 2.1 1.55
Electrospray 0.50 2.0 1.67 £ 0.21 4.0 3.3 2.01

0.24 0.8 0.72 + 0.03 3.3 3.0 1.09

0.15 0.4 0.36 + 0.02 2.7 2.4 0.82
Spray 0.50 1.9 1.68 & 0.12 3.8 3.4 2.06

0.24 0.8 0.75 £ 0.02 3.3 3.1 1.12

0.13 0.5 0.39 + 0.05 3.8 3.0 0.86
Sputtering 0.01 0.3 0.02 + 0.07 30.0 2.0 0.53¢

2 Production during the first cycle of the cell only.
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Fig. 8. The experimental value of CE, rcar, I, I's, It + s and Hy production on
MEGs for all cathodes coating with Pt. Error bars correspond to the standard
deviation for n = 3 measurements.

m~3d™!) due to the fact that doctor blade cathode did not provide
neither a homogeneous surface nor a high surface area, while sputtering
led to Pt losses in contact with the medium. Furthermore, the Hy con-
centration in all cells was above 77 % in each cycle, a high value,
knowing that the remaining 23 % was mainly CO2 and Ns. Finally,
comparing the Hy production values obtained with those of other pub-
lished works, our production was much higher when compared with
single-chamber cells with glycerol (between 1.3 and 0.6 m® m~3d™1)
[61,63], cellulose (over 1.11 m®m—3d™Y [62] or proteins (over 0.42 m?
m~3dY [57].

The effect of the Pt deposition technique in the performance of MECs
has been scarcely reported since brush painting stands out as the most
employed [23]. Some authors studied the spraying technique to deposit
Ni nanoparticles [28], Pt on carbon felt [64], while brush painting and
spraying have also been used to deposit Pt on polymer electrolyte fuel
cell cathodes [27]. Recently, 3D printing with a thing film coating has
shown current densities of up to 46.63 mA ecm™? but with an applied a
voltage of 1.7 V, making the energy expenditure significantly higher
[65]. Kiely et al. [66] modified a cathode with brush painting with 0.5
mg Pt ecm~2 in MECs to treat a dairy industry wastewater, achieving
lower intensity, reaching 0.64 mA cm2 in the best-case scenario.
Conversely, research using wastewater from the dairy industry, a
non-synthetic medium, demonstrated enhanced yields of Hy production
when employing cells with cathodes modified through the sputtering
technique and electrospray [67,68]. The use of the spray technique to
deposit Ni in MECs yielded almost one third of the current density (less
than 0.5 mA cm™~2) than that obtained in this work with the electrospray
technique. Overall, Pt is an optimal catalyst, but its deposition on the
electrodes must be improved to make it viable on a large scale.

4. Conclusions

The use of spray and electrospray techniques for Pt deposition on
carbon fibres resulted in a more accurate and homogeneous surface
modification compared to bare carbon cloth, thereby enhancing per-
formance. For cathodes with 0.5 mg Pt cm ™2, electrospray and spray
techniques showed the best performance, with maximum current den-
sities of 2.0 and 1.9 mA cm ™2, respectively. Average current densities
were 1.67 + 0.21 mA cm ™2 for electrospray and 1.68 + 0.12 mA cm 2
for spray, with Hz yields of 2.01 and 2.06 m® m-2d-!. These techniques
provided almost 20 % higher current density than brush-painted cath-
odes (1.40 mA cm_z) and over 55 % higher than doctor blade cathodes
(1.07 mA cm™2). The better performance of spray and electrospray was
attributed to selective Pt deposition on carbon fibres, confirmed by SEM
and EDX analysis. The spray technique is labour-intensive and suitable
for small-scale applications, whereas electrospray is automated and
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scalable. Regardless of the technique, the optimal Pt loading was 0.5 mg
Pt em 2.

Spray and electrospray allowed a more customisable amount of Pt
per cm? to be selected (tested values were 0.5, 0.24 and 0.15-0.13 mg Pt
cm™~2), while maintaining a similar specific current density per mg of Pt
added. Techniques such as doctor blade and brush painting produced
compact layers that reduced the active surface area and cell perfor-
mance. Sputtering was discarded due to Pt detachment.

With a Pt-loading of 0.5 mg Pt cm ™2, the CE was around 100 %, and,
sometimes, exceeding it. In addition, Hz production rates were similar to
literature but lower than expected given the current density, suggesting
H: leakage or Hy-recycling in cells. Rates of Hy production were 2.06,
2.01, 1.98, and 1.55 m® m-3d-! for spray, electrospray, brush painting,
and doctor blade, respectively.
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