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ABSTRACT: The future of fuel cells that convert the chemical energy to electricity relies

mostly on the efficiency of oxygen reduction reaction (ORR) due to its sluggish kinetics. By



effectively bypassing the use of organic surfactants, post-synthesis steps for the immobilization
onto electrodes, the catalytic inks preparation using binders, and the common problem of
nanoparticles detachment from supports involved in traditional methodologies, we demonstrate a
versatile electrodeposition method for growing anisotropic microstructures directly onto a three-
dimensional (3D) carbon felt electrode, using platinum nanoparticles as elementary building
blocks. The as-synthesized materials were extensively characterized by integrating methods of
physical (TGA, XRD, SEM, ICP, XPS) and electroanalytical (voltammetry, EIS) chemistry to
examine the intricate relationship of material-to-performance and select the best-performing
electrocatalyst to be applied in the model reaction of ORR for its practical integration into a
microbial fuel cell (MFC). A tightly optimized procedure enables decorating an
electrochemically activated carbon felt electrode by 40-60 nm ultrathin 3D-interconnected
platinum nanoarrays leading to a hierarchical framework of ca. 500 nm. Half-cell reactions
reveal that the highly rough metallic surface exhibits improved activity and stability towards
ORR (Eonset ~1.1 V vs. RHE, p(HO2") < 0.1%) and hydrogen evolution reaction (HER, -10 mA
cm 2 for only 75 mV overpotential). Owing to its unique features, the developed material showed
distinguished performance as an air-breathing cathode in a garden compost MCF exhibiting
better current and faster power generation than its equivalent classical double chamber. The
enhanced performance of the material obtained herein is explained by the absence of any organic
surfactant on the surface of the nanoarrays, the good metal-support interaction, the particular
morphology of the nanoarrays, and the reduced aggregation/detachment of particles. It promises
a radical improvement in current surface reactions and paves a new way towards electrodes with

regulated surface roughness allowing for their successful application in heterogeneous catalysis.



INTRODUCTION

Electrochemical energy technologies such as fuel cells (FCs) in which chemical energy is
converted to electricity enables accessing clean, affordable and reliable energy to satisfy the
world’s increasing needs. They represent promising sustainable solutions to the looming energy
crisis at the small or large scale.! Owing to their fascinating features (high energy density, low
operating temperature, green emissions), FC-based on proton exchange membrane (PEMFCs),>?
low-temperature direct alcohol (DAFCs),*’ microorganisms (MFCs)*® and enzymes (EFCs)”!°
are highly desirable for automotive/portable electricity generation, pollutant removal and
implantable devices. Their performances, however, mainly rely on the activity and durability of
the electrocatalysts toward the oxygen reduction reaction (ORR) and the fuel oxidation reaction
(methanol, hydrogen, glucose...) at the electrodes.'’"!? Only biocatalysts (enzymes) are able to
drive ORR with the lowest activation overpotentials, but their high production cost, and reduced
thermal and chemical stabilities makes them unsuitable for PEMFC, DAFC and MFC uses.*'*"!”
MFC, considered as a green type of FC, is an electrochemical device that involves
bacteria as a bio-engine converting all kinds of organic waste and inorganic matter to electricity
through the aid of electroactive bacteria acting as bioanode.'®?! Wastewater being a rich source
of organic matter, MFCs provide the double benefit of producing electricity and removing
pollutants.'?2%2223 Various electroactive microbial sources for FCs such as anaerobic sludge,
marine sediment, domestic wastewater, garden compost and manure have been reported.!®**%
However, some factors should be considered such as abundance, ease of handling, and relative
toxicity (non-pathogenic microbial). Owing to its rich microbial content, abundant source of
inoculums and suitable environment, garden compost seems to fit with most requirements to

empower MFCs.?*? Previous works with garden compost were mostly operated in a classical



double chamber MFC.2**” However, this classical system is facing many limitations when come
up in large scale application and as alternative, single chamber MFC with air-breathing cathode
system using garden compost is initiated.?® Nonetheless, its power production is still very low.
Therefore, the search for efficient cathode and bioanode catalysts has become a prerequisite for
using MFCs.

To improve ORR efficiency with low platinum group metals (PGMs) content, the direct
growth of catalysts onto supports such as carbon papers (known as ‘gas diffusion layer, GDL’)
allowing for a better control and higher catalyst utilization has been introduced.?*-** This
approach enables a better electrode durability by preventing the catalyst agglomeration through
anchoring the nanoparticles (NPs) to the carbon surface and minimizing carbon corrosion.** Up
to now, the overwhelming majority within the state-of-the-art ORR electrocatalysts are in a form
of fine NPs dispersed either on conducting carbon powders or in a liquid in presence of
stabilizing surfactants before coating onto electrodes for tests.!>**3> Subject to long-term
stability and/or repetitive cycles during the FC operation, the electrochemical active surface area
(ECSA) of the catalyst decreases because of the NPs migration and sintering, metal dissolution
and redeposition at lower potentials either in the membrane or on bigger NPs (Ostwald ripening),
and carbon substrate corrosion that causes NPs detachment.**=3® The emerging methods for the
improvement in each of the above shortcomings of electrocatalysis include methods of
electrodeposition, sputter deposition and chemical reduction.’>’ It has been shown that the
direct growth of Pt, Pd, Au NPs directly onto large surface, up to 50 cm? geometric’!, three-
dimensional (3D) structures such as carbon papers or carbon fibers enables increasing
significantly the catalytic properties.?>3! The entire catalyst layer is in such intimate contact with

the electrode that the need for binders such as Nafion for the inks preparation (contributes to the



proton transport within the electrode) is partially resolved. Yet, carbon and graphite materials
have been used in most studies on oxygen microbial cathodes such as graphite plates, glassy
carbons, carbon papers, carbon felts, graphite granules and graphite fiber brushes.® Herein, we
initiate self-assembly of Pt NPs on a carbon felt (CF), pre-activated, as a remarkable method to
synthesize electrocatalysts with high ORR activity and durability at various pH range. The
developed convenient electrodeposition approach without introducing any template or organic
surfactant enables simplifying the various preparation and post-synthesis steps. We firstly
interrogated the functional surface state of CF by initiating a convenient activation process. In
subsequent ultimate attempts, we studied the effect of synthesis parameters, e.g. electrochemical
technique, reaction duration, and concentration of metal precursor. The present direct fabrication
method led to a high Pt utilization, a robust electrode impeding NPs migration, and a better
electrical NPs-support contact. Finally, a simple but efficient air-breathing cathode system was
developed and applied in garden compost MFC. Different with precedent work, in this research,
the electroactive biofilm was self-developed without electrical driving force that constitutes an
important technological jump since eliminating the energy needed for the bioanode development.
The synthesis process reported herein can be readily extended to other kinds of paper-based

electrodes for widespread use in catalysis and surface processes.

EXPERIMENTAL SECTION

Chemicals and Materials. Carbon felt (CF, 6.35 mm thick, 99%) was purchased from Alfa
Aesar. Sulfuric acid (H2SO4, 97%), ethanol (VWR, 96%), hexahydrate hexachloroplatinic(IV)

acid (H2PtClg-6H20, 99%), sodium phosphate monobasic monohydrate (NaH>PO4-H20, 99%),



potassium chloride (KCl, 99%) and potassium nitrate (KNO3, 99%) were obtained from Sigma-
Aldrich. Sodium phosphate dibasic dihydrate (NaHPO4:2H>0O, 98%, Fluka Analytical), and
potassium ferricyanide (Ks3[Fe(CN)s], 99%, Merck), potassium hydroxide (KOH, 85%, Prolabo),
sodium acetate (99%, Carlo Erba Reagents), and garden compost (Neuhaus) were used as-
received. All used oxygen (Oz) and nitrogen (N3) gas were ultrapure (Air Liquide, France). All

named ultrapure water is obtained from a Milli-Q Millipore source (18.2 MQ c¢m at 20 °C).

Activation of 3D CF Electrodes. Typical experiments were performed using a rectangular
parallelepiped CF (bulk density of 76 mg cm >, i.e. 22 mg cm2) constitutes of 1 cm high, 1 cm
wide and 0.635 cm thickness (i.e. a geometric area of 3.9 cm? available for the entire 5 exposed
rectangular surfaces). In an L-shape configuration, the sample is dangled into the solution while
the upper side of the electrode is protected by the Teflon. Given its 3D morphology, it is obvious
that the real geometric surface area of CF is higher than 3.9 cm?. All the reported data herein are
normalized using this area. For the scale-up, larger dimensions were considered (=3 cm). To
remove any impurity resulting from the industrial manufacturing process, as-received CFs were
ultrasonically cleaned in ethanol for 2 h, washed with water thoroughly and let to dry in an oven
at 70 °C overnight before further used and referred as raw carbon felt (RCF). RCF samples were
electrochemically pretreated in 1 M H2SO4 by cyclic voltammetry (CV) from 0 to 1.5 V vs.
Ag/AgCl for 30 cycles at 20 mV s!. Then, the samples were thoroughly rinsed with water until
neutral pH, finally dried in oven at 70 °C (referred as ACF). A SP-50 potentiostat (Biologic

Science Instruments) was used during the entire electrochemical measurements.

Growth of Pt Nanoarrays on 3D ACF Electrodes by the Method of CV. After preliminary

tests, the Pt electrodeposition on ACF was carried out by the method of CV at 20 mV-s! from 0



to -1 V vs. Ag/AgCl for 30 cycles in 5 mM HoPtCls (pH adjusted to 9) under N> atmosphere.
Preliminary tests under ambient air resulted in a lower electrocatalytic performance, likely due to
a concomitant ORR. Syntheses were performed in a three-electrode configuration where ACEF,
saturated silver-silver chloride (Ag/AgCl) and platinum mesh act as working, reference and
counter electrodes, respectively. After electrodeposition, the sample is rinsed and dried at 70 °C.

The as-fabricated sample is labeled as ACF@Pt CV, meaning ACF decorated by Pt NPs.

Growth of Pt Nanoarrays on 3D ACF Electrode by the Method of Chronoamperometry
(CA). A method of constant electrode potential also referred as chronoamperometry was used for
the in situ generation of Pt NPs, directly onto ACF. After preliminary tests, the Pt
electrodeposition was fulfilled at Eappi = -0.60 V vs. Ag/AgCl (i.e. 0.14 V vs. reversible hydrogen

electrode (RHE) at pH 9) by varying parameters such as the reaction time and the amount of the

precursor, i.e. [ PtCIZ™ ]. It is worth noting that the applied potential is significant lower than the

standard redox potential of PtCIZ /Pt (E° = 0.7 V vs. SHE = 0.5 V vs. Ag/AgCl), thus proving

enough thermodynamic driving force (Eq. 1) for deposition and growth (Pt""Y reduction to Pt°).

HZPtC| dissolutin/dissocition ‘2H+(aq) +PtC|2— electrodemstion Pt NPs (Eq 1)

6(s) 6 (aq)

Syntheses were performed as described above by changing either the reaction duration or
[ PtCIZ ]. For time-dependent materials, durations of 0.5, 1, 2 and 5 h were probed at [ PtCIZ" ] =

5 mM. Resulting samples are labeled as ACF@Pt CA-T0.5, ACF@Pt CA-T1, ACF@Pt CA-

T2, and ACF@Pt_CA-TS5, respectively. Then the best compromise of 1 h was used for different
[PtCIZ ] concentrations of 1, 2, 3, 5 and 7 mM. The samples are named as ACF@Pt CA-CI,

ACF@Pt CA-C2, ACF@Pt CA-C3, ACF@Pt CA-CS5, and ACF@Pt CA-C7, respectively.



Material Characterizations. The thermogravimetric analysis (TGA) was used to evaluate the
metal loading, carried out on a TA Instrument SDT 2960 apparatus equipped with TA Universal
Analysis software.’® Typically, a representative sample of 15-20 mg was put in a platinum
crucible, thermally heated under air flow of 60 mL min! at 10 °C min' to 600 °C followed by
an isotherm of 600 °C for 60 min and finally at 10 °C min™' to 800°C. X-ray diffraction (XRD)
was used to determine the crystallographic structure and the crystallite size of the as-synthesized
materials.*® The raw XRD data were recorded using PANalytical Xpert-PRO diffractometer
(X’celerator detector employing nickel filter) in Bragg—Brentano (6-6) configuration and
powered at 40 kV and 20 mA (Cuke = 1.54060 A and Cuke = 1.54443 A). Data were collected
from 10 to 80° in 26 (a step of 0.017°) at 55.245 s/step. Finally, information on interest was
extracted from the patterns by using the common pseudo-Voigt function on HighScorePlus
software; however, XRD patterns shown herein are not fitted.®® Textural and morphological
analyses of the materials were performed using scanning electron microscopy (SEM) on a
Hitachi S-4800 microscope.’® The surface state characterization was performed using X-ray
photoelectron spectroscopy (XPS) on a ESCALAB 250 spectrometer (Thermo Electron,

monochromatic radiation source Al-Ko = 1486.6 eV**%"). As indicated elsewhere,*

survey
spectra were collected with a step of 1 eV (transition energy: 150 eV) and high-resolution spectra
were recorded at a step of 0.1 eV (transition energy: 20 eV). The measurement of binding energy
(BE) was corrected based on the energy of Cls at 284.4 eV and quantifications were carried out
from the corresponding XPS peak area after correction with suitable sensitivity factor.3%*°
Quantitative analysis by the inductively coupled plasma mass spectrometry was performed on an

ICP-MS iCAP Q (Thermo Scientific) at the AETE-ISO platform (OSU-OREME/Université de

Montpellier). Fourier transform infrared spectroscopy (FTIRS) analysis was carried out on a



Nicolet Nexus FTIR spectrometer (Thermo Electron Corporation). Contact angle measurements
were performed by the water droplet method (ultrapure water aliquot of 6 puL is dropped on the

electrode), using a Low-bond axi-symmetric drop shape analysis (LBA-ADSA) technique.

Electrochemical Measurements. The entire half-cell electrochemical tests were fulfilled in a
conventional three-electrode cell using the above potentiostat. The working electrode is
fabricated to yield a rectangular parallelepiped of 1 cm high, 1 cm wide and 0.635 cm thickness
(see above for the disposition in the cell). The reference and counter electrodes were a saturated

Ag/AgCl and large Pt mesh, respectively. However, the majority of the potentials were scaled

herein versus RHE according to Eq. 2 where E,:g, agct = 0.20 V vs. standard hydrogen electrode

(SHE) at 20-25 °C. Depending on the intended application, the electrolytic solution consists of
either 0.1 M KOH (pH ~13) or 50 mM of phosphate-buffered saline (PBS: pH 7, 50 mM KCI).
For CV, the solution was completely deoxygenated with N> while ORR polarization curves are
obtained with saturated O.*° The stability tests were performed under O, atmosphere using the
method of CA at different electrode potentials. Electrochemical impedance spectrometry (EIS)
was performed by scanning frequencies from 50 KHz to 25 mHz (10 mV amplitude) at different
electrode potentials using a SP-150 potentiostat. Hydrogen evolution reaction (HER) was
evaluated by LSV at 5 mV s in a deoxygenated 0. M KOH solution and stability was

performed by CA at -0.12 V vs. RHE. All the measurements were done at room temperature.
E(V vs. RHE) = E(V vs. Ag/AgCl) + 0.06pH + E,:g,AgC,(V vs. SHE) at 25 °C (Eq. 2)

Analytical Measurements for Hydrogen Peroxide (H202) Quantification. CA experiments
were performed as described above for ORR (the counter electrode is a glassy carbon, 20 mL, 1

h) on RCF (Eappi = 0.5 V vs. RHE), ACF (Eappl = 0.5 and 0.6 V vs. RHE), and ACF@Pt (Eappl =



0.5, 0.6 and 0.8 V vs. RHE). Since pKa(H.02/HO>") = 11.75, any produced H>O> from the
incomplete ORR is the form of HO, . Samples were then acidified toward pH 3.5, and the
resulting H,O> was quantified by spectrophotometry using potassium titanium(IV) oxalate as a

colored indicator*'?

via a calibration curve obtained from standard solutions. The absorbance of
the yellow pertitanic acid complex between H>O> and potassium titanium oxalate in acidic

solution was measured by a Jenway 6300 spectrophotometer (Barioworld Scientific Ltd,

Dunmow, UK) at A = 400 nm through a 1 cm polystyrene cuvette.*’

Application towards a Microbial Fuel Cell. ACF@Pt with dimensions of 3 cm high, 3 cm
wide and 0.635 c¢m thickness (i.e. a geometric area of 23.7 cm? available for the entire 5 exposed
rectangular surfaces) as an air-breathing cathode was prepared using optimal conditions (1 h, 5
mM). RCF (10 x 1 x 0.635 cm) was used as supporting electrode to grow microbial anode. The
inoculums source was the garden compost leachate obtained by lixiviation as explained in
previous work.?” Garden compost and 60 mM potassium chloride solution (equivalent volume
ratio of 1:1) were mixed and stirred for 24 h. The garden compost leachate was separate by rough
filtration using sieve. Sodium acetate was added to the garden compost leachate hence giving a
final concentration of 20 mM. Two configurations of MFC applications have been probed, as
depicted in Figure 1. The first system was oriented as classical double chamber microbial fuel
cell (¢cDCMFC) and the second one as air-breathing microbial fuel cell (ACMFC). Both systems
involve Nafion® 115 as proton exchange membrane (PEM) that was soaked in water overnight.
The anodic compartment of both systems was filled by the mixture of garden compost leachate
and acetate, and closed to maintain anaerobic environment. In the cDCMFC system, the cathodic
part was filled with 20 mM potassium ferricyanide solution and stainless steel (4 x 1 x 0.1 cm)

was dipped inside as cathode. For the ACMFC system, the air-breathing cathode was prepared

10



by adhering Nafion® 115 PEM to ACF@Pt electrode, 3.14 cm? exposed surface area. The
Nafion® 115 PEM side faced anodic solution while ACF@Pt was exposed to free air. MFC were
firstly characterized by recording: (i) the open circuit voltage (OCV) until a steady-state and (ii)
polarization curves by the constant resistance discharge technique where variable external
resistance are applied to the cell, ranging from 0.1 MQ to 10 Q.3%* The current and power were
derived from the applied resistance and the measured cell voltage (using a high-impedance

).3% The MFC metrics of current density (7, mA m2) and power density (P, mW m™)

multimeter
are given as a function of the geometric surface area of the current-limiting electrode that is the

cathode.** For the durability tests, a resistance-load R (= 1 kQ) was connected to the MFC and

the generated voltage E was monitored by a high-impedance multimeter (j = ExR ™).

acetate {[Fetcwid" acetate
He
H, 1
co, [Fe(CN)gJ*- co,

biofilm air-breathing

I Fﬁ

Figure 1. Two equal anodic-chamber MFC reactor: (a) Classical double chamber (cDCMFC),

and (b) The design air-breathing cathode (ACMFC) employing ACF@Pt electrode material.

RESULTS AND DISCUSSION

Setup of Substrate Activation and the Method for Pt Particles Growth. The modification of

carbon paper/felt substrates by metallic (nano)particles for electrocatalytic purposes rely on two
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distinguished approaches.®! In a more traditional method, pre-synthesized materials (solution or
powder) are re-dispersed to form a homogeneous catalytic ink before the incorporation on the
support while simplified method for the direct growth of metallic particles involved the reduction
of metallic ions directly onto the support using a chemical reducing agent or electrical driving
force. Guided by the simplicity of the second methodology, we aimed in a first experimental
attempt to load Pt NPs (in situ growth process, see next sections) on the as-received CF or the
cleaned material (RCF). All attempts to deposit significant amount failed, likely because of the
possible high repulsing force between RCF surface and Pt NPs being deposited. Indeed, it was
previous argued that carbon felt electrodes (3 and 10 mm thickness samples) are highly
hydrophobic in nature.*>*>%¢ We then used the water droplet method to question the wettability
of our received CF (6.35 mm thickness) and cleaned RCF electrodes wherein the further
produced ACF and ACF@Pt electrodes are used for a better comparison. Photographs within
Figure la show the very slow penetration of a water droplet into the RCF electrode. Extended
pictures within Figure S1 state that upon the contact with either ACF or ACF@Pt electrode
surface, the droplet enters instantaneously into the 3D-electrode matrix. We therefore initiated an
activation step to lower the hydrophobic character of RCF samples by treating them
electrochemically in 1 M H>SO4 aqueous solution by CV from 0 to 1.5 V vs. Ag/AgCl for 30
cycles at a scan rate of 20 mV s™!. Figure 2b depicts CVs of RCF (black) and resulting activated
carbon fiber (ACF, red curve) electrodes in 0.1 M KOH electrolyte. It can be qualitatively
observed that ACF electrode produces much higher current density than RCF electrode does.
More importantly, when ORR was used as a model reaction to examine their electrocatalytic
abilities, the as-activated ACF sample outperformed RCF electrode (Figure 2c). Indeed, the

activation process leads to oxygenated functions on ACF surface (see XPS results), which makes

12



it more hydrophilic. We then sought to find the best configuration to electrochemically deposit Pt
NPs on ACF by examining methods of CV (ACF@Pt CV) and CA (ACF@Pt CA), as described
above. The recorded blank CVs and ORR polarization curves are displayed within Figures 2b
and 2c. Typically, the hydrogen desorption from Pt sites occurs during the positive potential-
going scan between 0.05 and 0.45 V vs. RHE, followed by the double layer charging current up
to 0.75 V vs. RHE and finally the Pt surface oxidation at higher potentials.*’ In the reverse scan,
the Pt oxide reduction corresponding to the cathodic peak takes place at 0.80 V vs. RHE.*’ Then,
the Pt free surface is covered by adsorbed hydrogen in the lower potential region (from 0.45 to
0.05 V vs. RHE).*” The magnitude of the hydrogen region current density stipulates that the CA
method leads to a higher ECSA, which is supported by ORR data where ACF@Pt CA is more
efficient. This gap may certainly come from the deposited amount of Pt. Thus, CA method was
used. To investigate the possible interference of the dissolved oxygen (Oz)) from the ambient
air and that produced at the counter electrode during the electrodeposition, we run control tests
by pulling out Ozq). The corresponding CVs are reported within Figure S2a and highlight
enhanced electrochemical properties for the sample obtained under nitrogen atmosphere, even
with a reduced electrodeposition time. Interestingly, its ORR polarization curve presented in
Figure 1b (sample ACF@Pt CA-T1, i.e. ACF decorated by Pt NPs by the method of CA for 1 h
as reaction time)) underpins the conclusion that an inert atmosphere enables the fabrication of

high-performance materials by cancelling O(q) interferences such as concomitant ORR, and the
localized oxidative capability of C17/Ox etchant?"*4 that can oxidize Pt’ back to PtClZ". Having

successfully modified the surface of CF and subsequently deposited Pt NPs, we next design

experiments to interrogate their surface ability to transfer electrons.
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Figure 2. (a) Photographs recorded on RCF, ACF and ACF@Pt electrodes (from top to down)
before and after a water droplet contact with the electrode surface (from left to right). (b) Steady-
state CVs recorded in Nz-saturated 0.1 M KOH aqueous solution at 5 mV s! on pristine RCF,
pretreated (ACF), and Pt decorated ACF by method of CV (ACF@Pt CV) or CA
(ACF@Pt_CA) in ambient air. (c) iR-uncorrected ORR polarization curves recorded at 5 mV s™!
in Oz-saturated 0.1 M KOH aqueous solution on pristine RCF, bare ACF, Pt decorated ACF by
method of CV (ACF@Pt CV) or CA (ACF@Pt CA) in ambient air, and Pt decorated ACF by
method of CA (ACF@Pt CA-T1) under N, atmosphere. (d) Steady-state CVs (iR-free) recorded
at 10 mV s ! in 10 mM K3[Fe(CN)s] + 1 M KNO; on pristine RCF, bare ACF and ACF@Pt CA
(by method of CA under N> for reaction time of 0.5, 1, 2, 5 h) electrode materials. (e)
Corresponding real active surface (left x-axis) based on the used electrode of Sy = 3.9 cm?
geometric surface area and enhancement factor (right y-axis: RCF = reference): Error bars

represent one standard deviation (n = 3).
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Different materials of ACF@Pt were obtained during the time-dependent experiments,

where the reaction is quenched after 0.5, 1, 2 and 5 h hereafter referred to as ACF@Pt CA-T0.5
and so on. The quasi-reversible Fe(CN)3 /Fe(CN); redox probe (sensible to microstructure)

was used to determine the real electroactive area (S;) through the Randles-Sevcik’s equation
wherein the peak current density (jp) is proportional to S;.’%! Figure 2d shows steady-state CVs

(after ohmic drop correction) where the two oxidative and reductive waves are associated to the

Fe(CN)S™ + le = Fe(CN);s~ process that is fully reversible. Indeed, the peak-to-peak difference

is ca. 60 mV and 1l = 60 mV

~1, corresponding to the theoretical AE ,n=1. Furthermore, jj, is

a

8-fold higher for ACF compared to the pristine RCF material, thus supporting its improved
electron transfer capability after treatment. The determined values of S; are presented in Figure
le and gathered within Table 1; thus highlighting an augmentation of the available active sites at
ACF. Moreover, the modification of ACF by Pt NPs results in a slight increase of S;. In an
ultimate effort to scrutinize and find out the origin of the enhanced performances of ACF over
RCF, EIS experiments were implemented to evaluate both the ionic conductivity of the system
and the electron transfer ability of electrodes. Complex-plane Nyquist impedance plots for RCF,
ACF and ACF@Pt (CA-T1 sample) electrodes recorded at the open circuit potential (i.e. 0.35,
0.42 and 0.41 V vs RHE for RCF, ACF and ACF@Pt, respectively) are reported within Figure
S2b. A slightly depressed semicircle for ACF and ACF@Pt is characteristic of a charge-transfer
process (with contribution of diffusion within the 3D network of CF). The intersection between
the Nyquist curve and x-axis at high frequencies enables extracting the ohmic resistance (Rq,
making the measured overpotential of the electrode larger than the true value) also referred as

cell resistance.’> Rq is the resistance between the reference electrode and the surface of the
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working electrode in a conventional three-electrode measurement and includes contribution from
the connections, the electrolyte, and electrode material resistance. Rq is about 3.2, 2.3 and 1.2 Q
cm? for RCF, ACF and ACF@Pt, respectively. Since the setup configuration was kept
unchanged, these results show that the electrode-electrolyte interface itself causes an extra
potential drop in the order RCF (hydrophobic character) > ACF (hydrophilic character) >
ACF@Pt (metallic character). The determined charge-transfer resistance (R, using a geometric
surface of 3.9 cm?) of 1.2 Q cm? for ACF@Pt, 3.9 Q cm? for ACF, and >100 Q cm? for RCF
greatly supports the effectiveness of a faster electron transfer ability of ACF@Pt. Indeed, the
metric of R (inversely proportional to the exchange current density, jo) reflects the ability of
electron transfer and the difficulty of an electrode reaction for driving larger current density with
a minimum driving force.’? It is also correlated to the number of electrons that are transferred
from the catalytic surface to the reactant(s) as well as intermediate(s) formation inside the double
layer.>® For a given electrode, the big R is, the lower is the kinetic rate and the lesser is the
driving force.” Thus, Rc: is highly desired to be as small as possible for faster electrochemical
kinetics. The decrease of R¢t from RCF to ACF and from ACF to ACF@Pt is rationally
explained by the increase of active sites density, resulting from the enhanced real electroactive
area (Figure 2e) as well as a better electrical conductivity upon the deposition of Pt metal on

ACF.

Table 1. Summarized results from physicochemical and electrochemical characterizations by
electrodeposition (chronoamperometry: CA), ICP, TGA, XRD and CV. Sg(geometric surface
area), ap(lattice parameter of Pt), L.(crystallite size), Si(real active surface), ECSA. n.d.: not

determined.
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5 CA ICP TGA XRD CV__ | CV: Pt ECSA(em?)
Entry | em?) | puwt%) | Puwt.%) | Pawt%) | am(A) | Lom) | Sqem? | KOH | PBS
RCF | 3.9 i i 0 ] ] !&’1 ] ]
ACF | 3.9 i i 0 i i 2o i i
T05 | 39 | 104 nd | ses | on | | O AR
T1 | 39 | 128 13.4 130|305 | o | 00 ] Tl BES
2 | 39 | 372 nd 20 | 396 | 10 | 200 | TIO2 | 3%
5 | 39 | 1174 nd oY I B

Optimization for Metal Particles Growth on the Surface of ACF: Electrochemical,

Physical, and Morphological Characterization.

Time-dependent Pt particles growth on ACF. Suitability of materials for the applications
mentioned above requires a precise optimization of the synthesis procedure. To this end, the
electrodeposition was performed at different reaction times and Figures 3a and 3b show CVs for
blanks and LSV profiles for ORR in KOH solution (pH ~13) while those in PBS (pH 7) are
summarized in Figures 3¢ and 3d. The entire samples exhibit the same behavior of platinum and
the reduced current density in PBS results from the low pH. ECSAs were determined and
gathered within Table 1 where the sample obtained after 1 h of reaction time has the highest
value (from 1.2 to 1.5 times higher in KOH and 1.1 to 2.5 times greater in PBS). The increase of
ECSA from 0.5 to 1 h is explained by the deposition of higher amount of Pt. However, longer
reaction time may result into too much deposition of Pt and subsequently their growth into
bigger NPs leading to lower utilization efficiency.”® Or other possibility, the accentuated

localized oxidative capability of CI/O2 diminishes the number of active sites by turning out the
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rough metallic surface into smooth one.**** The high ECSA of ACF@Pt CA-T1 is
substantiated by ORR tests at pH = 13 and 7. The drastic decrease of performance of the sample
after 5 h can be rationally supported by the above explanation. After the normalization with Pt
content (TGA), the specific electrochemical active surface area (SECSA)is 9,9 and 5 m? g'! for
0.5, 1 and 2 h samples, respectively. The trend is in agreement with LSV results. These values
are lower than the conventional Pt/Vulcan samples coated onto glassy carbon or carbon fibers
electrodes.*®47555 One of the reasons is the large particle size (typical Pt/Vulcan is ~3-10 nm).>’
It was observed that the 3D nature of a support such as carbon fibers decreases notably the
SECSA (values range from 3 to 27 m*> g'! depending on the Pt amount)*® compared to a glassy
carbon electrode (55 m? g !)*’ that is widely used in literature, but has no practical suitability.
For a rational comparison, there are fewer data for a similar 3D supporting electrode material. >

Owing to its excellent ORR performance, the sample from 1 h is selected for deeper

studies. During the course of the electrodeposition, the initial yellow chloroplatinic acid aqueous
solution turns progressively into clear solution, indicated that Pt"CI™ is being reduced into Pt’.

The amount of electrodeposited Pt was firstly evaluated by Faraday law of electrolysis (Eq. 3).

m(Pt)
m(Pt) + m(ACF)

=x100 1is resumed in Table 1. Based on

The metal loading expressed as Pt(wt.%) =

the experimental conditions, the maximum value is ~20 wt.%, which is confirmed for reaction
time T < 1 h. The obtained unrealistic values of 37 and 114 wt.% for 2 h and 5 h result from an
overestimation of the charge Q since after the completed Pt disposition, other faradaic reactions
takes place at the surface of the formed Pt NPs (such as hydrogen adsorption, Eappl = 0.14 V vs.

RHE). TGA analysis was therefore necessary to determine the accurate value of Pt loading.

m=2M (Eg. 3)
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where m is the mass of deposited Pt, O is total electric charge, M is atomic molar mass of Pt, F'is

Faraday constant (96485 C mol™!) and z = 4 is number of electron transferred per ion.
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Figure 3. Electrochemical characterization and performance of pristine RCF, bare ACF, and as-
synthesized materials by the method of CA (ACF@Pt CA) under N> atmosphere for the reaction
time of 0.5, 1, 2, and 5 h. Steady-state CVs recorded at 5 mV s™!' and iR-uncorrected ORR
polarization curves recorded in: (a) Na-saturated 0.1 M KOH (pH ~13), (b) O;-saturated 0.1 M

KOH (pH 13), (c) N2-saturated 50 mM PBS (pH 7), (d) O;-saturated 50 mM PBS (pH 7).

Figure 4a shows TGA curves for blanks (RCF, ACF) and ACF@Pt. The carbon
combustion starts around 450 °C for the entire samples, followed by an enhanced kinetics for
samples containing more Pt (shift toward lower temperatures), which is not surprising since Pt
NPs are a good catalyst for the reaction.*” An isotherm of 1 h at 600 °C was introduced to

enables a fast carbon oxidation. However, the continuous weight loss between 600 and 700 °C
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would mean that the entire carbon was not oxidized at the isotherm and the noticed difference
could be assigned to the structure of each substrate and/or the Pt-carbon interaction. Aside RCF,
the process is complete above 750 °C that enables accessing the real Pt content at 800 °C. The
obtained values for the reaction times of 0.5 and 1 h confirm the calculated data (Table 1). For 2
h, 19.7 wt.% 1is in agreement with the theoretical maximum value of ~20 wt.%. For a better
confirmation, a representative sample for the time-dependant synthesis (ACF@Pt CA-T1) was

analyzed by ICP. The obtained metal loading of 13.4 wt.% substantiates the TGA outcome.

Compositional and Surface Characterization of Pt Particles Decorated Carbon Felt. Having
demonstrated by CV and TGA the ability to use electrodeposition as an effective tool to grow
NPs directly onto a carbon support, we sought to study the crystallinity, composition and
morphology more carefully. XRD patterns are shown in Figure 4b. The broad diffraction peak at
ca. 25° corresponds to the graphite (002) plane of carbon and the one at ca. 43° belongs to (111)
of diamond.*>*’ Those situated at 39.43°, 45.85° and 67.01° correspond, respectively, to the
crystallographic planes (111), (200), (220) and (311) of face-centered cubic (fcc) of Pt in the
ACF@Pt material thereby confirmation its polycristallinity. The slight decrease of these
positions compared to either bulk Pt (XRD reference code 98-007-641439: 39.76°, 46.23° and
67.45°) or Pt/Vulcan (39.84°, 46.30° and 67.73°)* suggests a possible Pt-carbon electronic
interaction.’® The lattice parameter (ap;) and crystallite size (Lv) were evaluated (Table 1) using
the Bragg law and Debye-Scherrer equation.*”>*%° The determined parameter of ap; ~3.95 A is in

agreement with the bulk Pt.%!

The calculated crystallite sizes of Ly ~9-11 nm indicate the
formation of nanoscale domains. High-resolution SEM analysis will be further used to probe this

hypothesis. Furthermore, this bulk analysis by XRD indicates the formation of metallic platinum,

i.e., no Pt oxide phase. However, a better sensitive surface analysis is necessary to confirm that.
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To gain deeper insights on the oxidation state and the surface chemical composition of
the as-elaborated ACF and ACF@Pt materials, we used a surface technique, XPS to probe their
surface together with the as-received RCF as a control material. The present technique also aims
at scrutinizing the direct correlation between the physicochemical and electrochemical properties
of the materials. A survey spectrum is first recorded for all materials to have an overview and a
qualitative analysis (Figure S3). Then, a high-resolution spectrum is recorded for each different
core-levels of interest, namely Cls (Figure 4c), Ols (Figure 4d), and Pt4f (Figure 4e).
Qualitatively, the initiated activation of RCF enables introducing more oxygenate species on the
surface (making the surface more hydrophilic), jointly supported by Figures 4c and 4d. The
activation increases the surface oxygen content and subsequently decreases the carbon signal at
the surface. Then, by decorating the fibers surface (electrodeposition), the Ols signal decreases

rationally since the electrode surface becomes covered by platinum nanoarrays. These results
confirm the previous electrochemical data from Fe(CN)3 /Fe(CN); redox probe and ORR. The

doublets for the same band 4f (Figure 4e, results without any charge compensating with an
electron beam) are related to the spin-orbit splitting (x+1/2, x = 3 for the f band), located at BEs
of 71.0 eV (Pt 4172) and 74.4 eV (Pt 4fs/2) for metallic platinum. Those situated at 72.1 and 75.2
eV belongs to 4f7, and 4fs» levels of PtO, (x > 2). The absence of oxide peaks from bulk
analysis by XRD endorses completely the conclusion that the presence of the oxide is simply due
to the natural oxidation of noble metal when exposed to ambient air (a thin layer prevents the
surface from deep oxidation).>* Indeed, XPS probes only the surface of the materials while XRD
is a technique that provides bulk information. The surface atomic composition of the samples
RCF (97 at.% C, and 3 at.% O), ACF (87 at.% C, and 13 at.% O), and ACF@Pt (57 at.% C, and

13 at.% O, 30 at.% Pt (i.e., 23 at.% from metallic platinum and 7 at.% of total contribution from
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oxidized platinum)) substantiates a surface enrichment in O-containing functional groups. FTIRS

results within Figure S4 confirm a signal increase in the region between 900 and 1240 cm!,

ascribed to C—OH (hydroxyl groups).*® The obtained results support so far the enhanced

electroactive surface area, reduced charge transfer resistance and improved ORR kinetics. The

high exposed Pt atoms at the surface of particles may result from the particular morphology of

the particles, which will be further examined by SEM.
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Figure 4. Physicochemical characterization of pristine RCF, bare ACF, and as-synthesized
materials by the method of CA (ACF@Pt CA) under N> atmosphere for the reaction time of 0.5,
1, 2, and 5 h. (a) TGA curves: inset shows the weight loss between 480 and 600 °C. (b) XRD
patterns. High-resolution XPS spectra of Cls (c), Ols (d) and Pt4f (e) core levels for RCF, ACF
and ACF@Pt CA-T1 samples. (f) Surface atomic composition. Overview SEM micrographs of

Pt particles growth on ACF for the reaction time of (g) 0 h, (h) 1 h, and (i) 2 h.

Suitability of NP materials for the applications mentioned above requires control of
particle localization within the 3D structure of carbon fibers. Figure 4g displays a typical SEM
image of the used support showing different fibers with a size of ~20 um, thus composed of
roughly 300 fiber layers (6.35 mm as electrode thickness). Representative and overview SEM
micrographs of carbon surfaces containing Pt particles when the reaction was quenched at 1 h
(Figure 4h) and 2 h (Figure 41) demonstrate that the particles were successfully deposited onto
the electrode’ surface as well as within the 3D network (interior), suggesting that particles are
preferentially being deposited onto the carbon surface. As for the case of carbon black, the
reduction of metal salt takes place at the external fibers’ surface. Then, the formation of the first
seed layer of particles acts as an active site where further reduction occurs. The decoration of the
entire fibers’ surface enables (as in our previous reports for electrospinning®’) maximizing the
utilization of the high electroactive surface area of ACF compared to previous reports where
either ligament of particles are formed or only the external fibers are decorated.?®>! Deeper
analysis by cross-section SEM pictures (Figure S5) suggest that the distribution of Pt is not
homogeneous from the surface to the interior. The electrode being thick, only the first tens of the

~300 fiber layers are covered by Pt nanoarrays. A precise knowledge of the material structure

23



helps to optimize its catalytic properties.*’ To this end, the physical morphology of blanks (RCF
and ACF) and platinum modified carbon was examined under high-resolution SEM (HRSEM)
wherein we quenched the reaction at 0.5, 1, and 2 h to better evaluate the influence of reaction
time on the growth and subsequently the morphology of Pt particles. Figures 5a-h depicts the
corresponding micrographs. After 30 minutes, Pt particles decorate the entire fibers surface
(Figure 5¢) where HRSEM highlights the formation of 40-60 nm ultrathin 3D particles leading to

a heterogeneous surface (Figure 5d) confirming its enhanced electroactive surface area as

determined previously by the Fe(CN) /Fe(CN)s redox probe. Then, the re-organization of

these “seeds particles” evolves into a well-defined 3D sponge-like structure with heterogeneous
diameters of 500 nm for larger particles and 50-100 nm for intermediate sizes (Figures 5e and

51). Such results are expected to enhance the catalytic performances of the as-prepared materials.

The increase of the reaction time leads to more PtCl:™ reduction, and the number of the

elementary building blocks promptly increases. This number increase of the building blocks is
logically accompanied by the size of the 3D microstructures constituted by 3D-interconnected
nanoarrays (Figure 5h) leading to a framework at the surface of each carbon fiber (Figure 5g).
These imaging results substantiate the metal loading obtained by TGA and the electrochemical
data (ECSA, ORR). Indeed, both samples obtained at 0.5 and 2 h are very dense and this
interconnection with aggregation of particles is well known to decrease the utilization efficiency

of metal >*+%?
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Figure 5. Close-view SEM/HRSEM micrographs of pristine RCF (a), bare ACF (b), and Pt

metallic particles grown on ACF for the reaction times of (c,d) 0.5 h, (e,f) 1 h, and (g,h) 2 h.

Additional Parameters Affecting the Formation of Anisotropic Pt Particles on Carbon Felt. The

previous outcomes indicate the ability of our method to direct the synthesis towards different

ACF@Pt electrodes with various surface behaviors. Next, the role of PtCI:” concentration as

precursor for the electrodeposition solution was interrogated by choosing a reaction time of 1 h
as the best compromise. Table 2 summarizes the obtained data from physical and
electrochemical characterizations. The experimental Pt loading are in agreement with TGA
results while the overestimated Pt from CA measurement results from the explanation already
given above. In addition, ICP analysis from representative samples of the concentration-
dependant synthesis gives values of 2.0, 8.9 and 13.4 wt.% for C1, C3 and C5, respectively. The
obtained metal loading of 13.4 wt.% for C5 (ACF@PT_CA-T1) substantiates the TGA outcome.
CVs in KOH (Figure 6a, pH 13) and PBS (Figure S6a, pH 7) indicate an increase of the
hydrogen region current density, corroborated by the ECSA (Table 2 and Figure S6b: the
description of the method used for ECSA evaluation is reported within the Supplementary
Information (Figure S7)). After normalization with Pt content, SECSA is 6, 10 and 9 m? g*! for

C1, C3 and CS5 samples, respectively. Figures 6b and 6¢ display ORR polarizations, pointing out
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the best performance achieved by the material obtained at 5 mM within the potential window of
interest in FCs (E > 0.8 V vs. RHE). SEM micrographs depicted in Figures 6d-f for
concentrations of 1, 3 and 5 mM show that the size and coverage of ACF by Pt particulates

depend strongly on the input, i.e. Pt!

species in the synthesis reactor. The effect of low
concentration is similar to those previously observed in Figure 5. The swift reduction of PtV on
the entire fiber surface leads to a thin-film that further acts as active sites for the anisotropic
growth Pt clusters into larger particulates. Larger amount (7 mM) results in the formation of

bigger arrays, thus decreasing the utilization efficiency of the catalyst. Hence, the accessibility of

02 molecules to all Pt within each particle is limited.

Table 2. Summarized results from physicochemical and electrochemical characterizations by

electrodeposition (chronoamperometry: CA), ICP, TGA, XRD and CV for materials at different

inputs of PtCIZ~ (RCF and ACF are blanks). 7.d.: not determined.

. 5 | Theory | ca | ICP TGA XRD CV: Pt ECSA(cm?)

iy | em?) Pt Pt Pt Pt art Ly KOH PBS
(wt%) | (wto%) | (wi%) | wt%) | (A) (nm)

ACF | 39 | 0 : : 0 - i i ]
cl | 39 | 43 | 16 | 20 2.9 3.95 e | 1090 18O
2 | 39 | 72 2.8 n.d. 151 16‘1 169915
c3 | 39 | 82 | 104 | 89 8.6 3.95 s | 72| 2
cs | 39 | 195 | 128 | 134 | 130 3.95 9.3 P B
C7 | 39 | 273 | 457 nd f71 6352 i31 1)'.21
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Figure 6. Characterization and performance of as-synthesized materials by the method of CA
(ACF@Pt_CA) under N, atmosphere for different precursor concentrations (1, 3, 5, and 7 mM).
(a) Steady-state CVs recorded at 5 mV s™! in Np-saturated 0.1 M KOH aqueous solution (pH
~13). iR-uncorrected ORR polarization curves recorded at 5 mV s™!: (b) O,-saturated 0.1 M
KOH, (c¢) Oz-saturated 50 mM PBS aqueous solution (pH 7). Close-view SEM micrographs of Pt

particles growth on ACF for the precursor concentration of: (d) 1 mM, (e) 3 mM, and (f) 5 mM.

Electrochemical Performances towards 4-electron ORR, HER and MFC.

Determination of the depth of ORR. Before integrating the home-made ACF@Pt materials as air-
breathing cathode in MCF application, it is highly important to design electroanalytical
experiments to evaluate the amount of possible H>O» as an incomplete reaction product since the

63,64

classical rotating ring-disk electrode (RRDE) setup is not useful herein. Owing to the

presence of Pt particulates, we hypothesize that the event of ORR using ACF@Pt electrode
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produces only OH™ at pH 13 (O2 + 2H>0 + 4¢- — 40H"), which is the maximum faradaic yield
(exchanged number of electrons of 4). Indeed, the production of stable HO>™ (net reaction: O +
2HO™ — 2HOy") within alkaline aqueous environments where the hydroperoxide ion HO>™ is the
conjugated base of H,O; is well-known (pKa(H202/HO2) = 11.75 at 25 °C).>%7 Thus, within
our conditions, any produced H>O» from incomplete ORR in a 2-electron process (02 + H2O +
2¢- — OH + HOy") is in the form of HO>™. As investigated by LSV above, the resulting current
for differing electrodes (RCF, ACF and ACF@Pt) allow an accurate determination of the
efficiency of oxygen reduction. Hence, we next sought to screen the reaction by running 1 h CA
while recording the current (/) followed by substrate analysis. To this end, we turned out our
electroanalytical tool to enable the detection of “trace product” by UV-Vis assays where
collected samples were acidified toward pH 3.5, and the resulting H>O> was quantified
spectrophotometrically via a calibration curve obtained from standard solutions. After the CA,
the 7 vs. t behavior is integrated to determine the involved charge (Q), and then used to calculate
the intermediate HO, ™ concentration. Figure 7a compares the reduction current to the quantity of
electricity resulting from the reaction at each electrode for each applied electrode potential
(Eapp), which was chosen based on the preliminary LSV curves (Figure 3b). The current is quite
constant, highlighting the good stability of the as-fabricated electrodes. The entire analyzed data
are reported within Table S1. Figure 7b shows the as-quantified H,O, from UV-Vis assays where
negligible intermediate is detectible on ACF@Pt material, thus underpinning the conclusion that
ORR is performed in a 4-electron process. The durability of electrodes in strong corrosive and
degrading alkaline conditions is one of the major issues in designing efficient electrocatalysts.*’
Thereof, we sought to evaluate the impact of the electrochemical treatment (fixed potential of 0.8

V vs. RHE in Os-saturated 0.1 M KOH for 3 h) on the evolution of the obtained ACF@Pt
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material. Figure 7c shows the post-reaction SEM images for different areas of the sample,
focused on small particles (more sensitive to a morphology change). No significant morphology
modification is noticed, fully supported by the recorded amperometric / vs. ¢ curve that does not
show any current decay (the first 60 min is depicted within Figure 7a). Taken together, all these

findings endorse the good electrochemical stability of the fabricated ACF@Pt.
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Figure 7. (a) Behavior of 7 (left y-axis: filled symbols) and Q (right y-axis: opened symbols)
during CA in Oz-saturated 0.1 M KOH aqueous solution on different electrode materials and at
various electrode potentials. (b) Potential-dependent production of H,O, production from
incomplete ORR, as-quantified from UV-Vis assays (note: HO>™ was converted into H>O> before
3 assays). (c) SEM micrographs of aged ACF@Pt material after 3 h of electrochemical durability
test (Oz-saturated 0.1 M KOH solution at 0.8 V vs. RHE). (d) iR-free HER polarization curves

recorded at 5 mV s™! on ACF and ACF@Pt in N,-saturated 0.1 M KOH aqueous solution: inset
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shows the durability of ACF@Pt at -0.12 V vs RHE. (e) Fuel cell polarization curves (iR-
uncorrected): Nafion® 115 PEM separated both sides; anodic part (anaerobic: garden compost
leachate + acetate). cDCMFC: 20 mM potassium ferricyanide solution and stainless steel
cathode. ACMFC: ACF@Pt air-cathode. (f) Performance of ACMFC and cDCMFC exhibiting
by current generation at load resistance of 1 kQ connected to the MFC: a fresh fuel is added at

each current minimum.

Performance towards HER. Next, we aimed to study the newly described ACF@Pt as electrode
materials for another model reaction in alkaline media, HER, that is very important for water
splitting to supply PEMFCs by H», which is also a critical chemical feedstock in the modern
industry used in the synthesis of ammonia for fertilizer and petroleum refining.>? Figure 7d
displays LSV curves in 0.1 M KOH for ACF@Pt electrode material where the reaction (2H20 +
2e” — Hz + 20H") starts without any overpotential at 0 V vs. RHE while ACF used as a control
electrode exhibits a large overpotential of 400 mV. Only overpotentials of 55 and 75 mV are
needed to reach current densities j of -5 and -10 mA c¢cm > compared to benchmark materials in
alkaline medium.''*87! It is worth of mentioning that the current density of || = 10 mA cm? is
the most used relevant metric for HER catalysts evaluation in acidic media and due to the
reduced kinetics in basic solutions, |j| = 5 mA c¢cm? is commonly used in alkaline solutions.”®"?
Importantly, ACF@Pt material exhibits exceptional durability evaluated by either long-term CA
to mimic the practical operation of the catalyst (inset of Figure 7d). Furthermore, the developed

strategy (to grow Pt particulates directly on high surface area and scalable electrodes with porous

3D structure that can be directly used for the tests) can be readily scaled-up for the large-scale
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catalyst elaboration to be integrated into hydrogen generation devices (solar-fuel devices,

electrolyzer based on water or alcohols in basic solutions).

Performance towards MFC. Finally, we tested the cell performance employing the as-
synthesized ACF@Pt as an air-breathing cathode and a garden compost electrode as bioanode,
respectively (ACMFC). Figure 7e depicts the polarization curves in terms of cell voltage (£) and
out power density (P) where cDCMFC (classical) was used as reference, both powered by the
garden compost leachate. The recorded OCV (0.67 and 0.47 V for cDCMFC and ACMFC,
respectively), P (180 and 140 mW m for cDCMFC and ACMFC, respectively) and maximum
current density (jsc) are comparable to relevant reported values within the literature for biological
or abiotic (metal-based) cathodes.!*1>21:2%27 Figure 7f shows the long-term operation of both
systems in current generation. To avoid limitation in cDCMFC, it was necessary to add fresh
ferricyanide solution in cathodic part (to maintain power generation) while the design of
ACMEC system eliminates the continuous supply. Minima indicate the depletion of fuel and the
decrease of j over time could also be attributed to a thicker biofilm formation on the anode
surface that increases proton transfer resistance and inhibit substrate diffusion.”*"® It should be
noted that, a fresh fuel is added to recover the current when a minimum is reached. The small
current within the first days corresponds to the formation of an electroactive biofilm on the
anode surface.?®?””> Then, only 1 week is needed for ACMFC to produce high current density
while it takes almost 3 weeks for cDCMFC to generate power, thus indicating that the efficient
formation of biofilm is linked to the air-breathing cathode, the main reason is still unknown. The

main difference with previous garden compost MFCs?*26-28

is the suppression of a preliminary
step to develop an electroactive biofilm. Therefore, it would be an advantage for application in a

real system. It is worth of noting that the polarization curves within Figure 7e were collected
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when the current density reached its maximum value at first cycle i.e. at 49" day for cDCMFC

and at 13" day for ACMFC.

CONCLUSION

In summary, this research shows the feasibility of simple decoration of carbon felt by platinum
as multifunctional electrode materials for oxygen reduction reaction (ORR at pH 13 and 7),
hydrogen evolution reaction (HER at pH 13) and air-breathing cathode microbial fuel cell
(ACMFC) associated with a garden compost bioanode. Up to now, the overwhelming majority of
methodologies available to material scientists for the production of catalysts do not employ the
elegant approach of growing particulates directly onto usable high surface area and electrical
conducting materials with a three-dimensional (3D) structure. Within this contributing report on
such novel class of electrode materials, we demonstrated herein that not only the direct formation
of 3D and anisotropic Pt microstructures at the surface of carbon felt material is feasible but can
also be used as an effective tool to fabricate high-performance electrocatalysts. The performance
of the garden compost based ACMFC was demonstrated to be better than its equivalent classical
double chamber (cDCMFC), attributable to the particular morphology and intimate metal-
support contact. By fine-tuning the experimental conditions, we were able to regulate the
particles growth. It generates Pt nanoarrays (each particulate of ~500 nm is composed of various
40-60 nm ultrathin 3D particles as elementary building blocks) having various roughness and
distinguished electrocatalytic properties (ORR starts at Eonset ~1.1 V vs. RHE in a quasi-4-
electron process with hydrogen peroxide < 0.1%, HER reaches -10 mA cm2 for only 75 mV

overpotential). The presented approach enables bypassing the use of any Nafion binder during
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the electrode preparation and minimizes the particle detachment during the reaction, which was
fully supported by the stability and post-reaction analysis by scanning electron microscopy.
Since the metal particles are directly assembled onto the electrode surface, there is no need to
prepare a catalytic ink, thus allowing the simplification of the electrode-assembly process.
Owing to these unique outcomes, it is believed that the developed idea will offer a new strategic

approach for simplifying the design of electrodes to achieve superior performance.
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