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HIGHLIGHTS

o Increased electrocatalyst loading on GDE lowers efficiency of H;O, electrosynthesis.
e Increased electrocatalyst loading decreases GDE porosity.

e Decreased GDE porosity likely affects H,O, mass transport.

o Electrolyte pH plays a significant role in H,O, production.

ARTICLE INFO ABSTRACT

Keywords: The effect of carbon black electrocatalyst loading on the efficiency of cathodic hydrogen peroxide (H2O32)
Peroxide . electrosynthesis in neutral buffered catholytes using gas-diffusion electrodes (GDEs) was evaluated. Increased
Electrosynthesis carbon black loadings on carbon cloth-based GDEs (from 0.5 to 1.5 mg/cm? to 3.3 mg/cm?) reduced the cathodic

Gas-diffusion cathode
Electrocatalyst loading
X-ray CT

coulombic efficiency significantly although no significant advantage in terms of electrochemical performance
was noted for the highest loading studied in linear sweep voltammograms. Decreasing cathodic coulombic ef-
ficiency during a given batch Hy05 electrosynthesis experiment was a result of increasing catholyte pH, which
occurred irrespective of the carbon black loading, and could be alleviated using a higher buffer concentration.
Scanning electron microscopy (SEM) and X-ray computed tomography (CT) reconstructions of the GDEs with the
different carbon black loadings showed that increased loading leads to lower GDE porosity, which likely causes
mass transport limitations, that result in consumption of HpO5 in-situ in the electrocatalyst layer, either due to
electrochemical reduction or decomposition in high pH conditions. Future studies should focus on engineering
GDE structures that allow enhanced mass transport rates for HoO out of the GDE, thus also achieving high
coulombic efficiencies.

1. Introduction

Hydrogen peroxide (H2O») is an important industrial chemical that is
currently produced primarily through the anthraquinone process, which
uses large amounts of energy and expensive catalysts, and produces
toxic intermediates [1]. Electrochemical synthesis of HpOy via the
cathodic reduction of oxygen (O3), as shown in equation (1), is
increasingly being researched to provide an alternative to the anthra-
quinone process that is safe, efficient and energy-positive or -neutral
especially if linked to a chemical or biological fuel cell [2-6]. The
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electrosynthesis of HyO2 especially in microbial fuel cells (MFCs) has
been of keen interest recently as in this route, the chemical energy
present in waste organics is converted to electrical current to power the
production of HyO5 for on-site use [7-11]. Such MFCs could potentially
be incorporated in HyO,-using industries such as water and wastewater,
pulp and paper, food processing, and animal processing, where waste
organics are also produced and/or treated on-site [12-16], and in space
missions for life support systems (LSS) where H205 produced from waste
organics could be used for cleaning and disinfection [17].

0, + 2H" + 2~ - H,0, 1

Received 12 May 2020; Received in revised form 5 September 2020; Accepted 18 September 2020

Available online 30 September 2020
0378-7753/© 2020 Published by Elsevier B.V.


mailto:spopat@clemson.edu
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2020.228992
https://doi.org/10.1016/j.jpowsour.2020.228992
https://doi.org/10.1016/j.jpowsour.2020.228992
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2020.228992&domain=pdf

E. Murawski et al.

In MFCs, waste organics are converted in the anode chamber through
a series of microbially-catalyzed reactions under anaerobic conditions to
simple fatty acids [18]. Anode-respiring bacteria (ARB) oxidize these
simple fatty acids to produce electrical current [19]. At the cathode, O,
is reduced on inorganic electrocatalysts, most often carbon-based, to
H0; [8,11,20]. To incorporate HyO» production in MFCs, most studies
use a cation exchange membrane to separate the anode and the cathode,
to avoid exposure of anode microorganisms, especially the ARB, to
H30,, which could be toxic [6,7,10,20]. One alteration however is a
single-chambered MFC with Hy0O, production, which was recently
shown to result in better sludge stabilization, without any major effect
on the activity of ARB [21].

While precious metal electrocatalysts catalyze the 4-e” O, reduction
reaction (ORR) to produce water (H30), carbon- and non-precious
metal-based electrocatalysts are implicated in the 2-e" ORR to produce
H20; [2,22-24]. During the past decade, several new catalysts have
been developed and studied for cathodic HyO, electrosynthesis with
mesoporous carbon-based electrocatalysts ranking amongst the most
efficient [23,25-29].  Although most electrocatalyst devel-
opment/characterization studies in relation electrosynthesis of H,O5 are
performed with rotating disk or rotating-ring disk electrodes (RDE or
RRDE) in air-saturated solutions, from a scale-up perspective,
gas-diffusion electrodes (GDE) provide the most feasible engineering
approach, as Oy can passively diffuse to the electrocatalyst, thus
avoiding costs and energy use for aeration [27,30-34]. For GDEs for
MECs, a carbon cloth treated with polytetrafluoroethylene (PTFE), often
referred to as a gas-diffusion layer (GDL), to increase its hydrophobicity,
is used as the support [35]. Other alternative supports include stainless
steel meshes treated in a similar fashion [36]. One side of the support,
which faces ambient air, is coated with one or more layers of an ink
containing carbon and a hydrophobic polymer (most often PTFE)
forming a carbon micro-porous layer (MPL) that allows O, diffusion into
the GDE, as well as preventing electrolyte leakage [35]. The other side of
the support, which faces an electrolyte in which H50; is collected, is
coated with the electrocatalyst ink of interest. The use of GDEs with
carbon black electrocatalyst has shown to result in high rates and effi-
ciencies for electrosynthesis of HoO5 in MFCs as well as other electro-
chemical cells [7-11]. Even so, such GDEs are not optimized, like they
have been, for example, for proton exchange membrane (PEM) fuel cells.

One outstanding question is how electrocatalyst loading affects the
voltage and coulombic efficiency of cathodic electrosynthesis of HyO3 on
GDE:s. Similar studies for PEM fuel cells, have allowed engineering GDEs
to have electrocatalyst loadings of as little as 0.1 mg Pt/cm?, without
compromising on performance [37]. Most electrocatalysts that produce
H20; from the 2-e" ORR will also electrochemically reduce it further to
H,0 [24]. Electrocatalyst loading is likely to govern H,O; electrosyn-
thesis by affecting the electrode potential and/or HyO» diffusion within
and out of the electrocatalyst layer. In fact, some studies focused on
developing non-platinum group metals (non-PGM) as electrocatalysts
for the 4-e” ORR have found that electrocatalysts such as cobalt and iron
will produce Hy0- at high efficiencies, if loaded onto RRDE at low
amounts [38-40]. At low loadings of these electrocatalysts, a thin
electrocatalyst layer is formed and H2O2 diffusion into the electrolyte
from the electrocatalyst layer is faster than its electrochemical reduction
within the electrocatalyst layer, as per equation (2). Increased loadings
lead to a thicker electrocatalyst layer, and HoO gets reduced in situ
faster than its diffusion out of the electrocatalyst layer.

H,0, + 2H' + 2¢~ - 2H,0 2

Yet, there is no mechanistic understanding of whether a similar
phenomenon of decreased HyOy production with increased electro-
catalyst loading occurs on GDEs in which an electrocatalyst ink is
applied to a GDL support, the properties of which would affect the
electrocatalyst layer properties. Thus, in this study, the effect of loading
of carbon black, selected as an electrocatalyst for cathodic
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electrosynthesis of HyO», on GDEs based on a commercially available
carbon cloth GDL support was evaluated. To gain mechanistic under-
standing of the effect of electrocatalyst loading, not only the HyO9
production performance, but also how the structure of the GDE and the
electrocatalyst layer is altered was studied using scanning electron mi-
croscopy (SEM) and X-ray computed tomography (CT) scanning.

2. Materials and methods
2.1. Carbon black electrocatalyst ink

The carbon black electrocatalyst ink used in this study was prepared
by first adding and mixing 0.5 g of Vulcan XC 72R carbon black powder
(Fuelcellstore.com) and 1 mL of deionized (DI) water in a sterile 20 mL
vial. Then, 5 mL of Nafion ® D-521 dispersion (5% w/w) (Fuelcellstore.
com) was added to the vial, and the mixture was placed in an ultrasonic
bath for 30 min to allow for homogenization. The vial was then placed
on a magnetic stirrer at a speed of 300 rpm for 24 h to allow the ink to
mix before use in preparation of GDEs.

2.2. Gas-diffusion electrodes

To prepare each GDE used in the study, CeTech Carbon Cloth with
MPL (Fuelcellstore.com), with dimensions of 6 cm x 6 cm was first cut
out from larger sheets. A square of 5 cm x 5 cm in the center of cloth was
coated with the appropriate amount of carbon black electrocatalyst ink
on the side opposite to the MPL. The ink was dispensed by pipetting onto
the cloth and then spreading it evenly with a paintbrush. Three carbon
black loadings were achieved by using 0.15, 0.45, and 1.0 mL volume of
ink for each 25 cm? electrode area, corresponding to carbon black
loadings of 0.5, 1.5, and 3.33 mg/cmz, respectively. The GDEs were
allowed to dry overnight after ink application.

2.3. Gas-diffusion half cells

Gas-diffusion half cells were made as previously described in liter-
ature [41,42], and shown in Fig. S1 in the Supporting Information,
except the anode and cathode chambers were separated by a Chemours
Nafion membrane, of 127 pm thickness (Fuelcellstore.com). Nafion was
chosen as the membrane of choice and it has been found less susceptible
to degrade H05 in a previous studies [9,43]. The volumes of the anode
and the cathode chambers were 40 mL and 20 mL respectively. The
anode was a hydrophilic carbon cloth (Fuelcellstore.com). The reference
electrode used was a RE-5B Ag/AgCl electrode (Bioanalytical Systems,
Inc.). For each experiment, the anode and cathode chambers were filled
with a 100 mM phosphate buffer solution (PBS) electrolyte containing
35 mM of NapyHPO4 and 65 mM of NaH,PO4-Ho0, with a pH of
6.45-6.50. The catholyte was continuously mixed by external recircu-
lation at the rate of 25 mL/min.

2.4. GDE performance analysis

A BioLogic VMP3 potentiostat was used for all electrochemical
measurements and experiments. Multiple linear sweep voltammograms
(LSVs) were performed before beginning each HyO5 production test. All
LSVs were iR-corrected using either the ZIR or Current Interrupt tech-
nique available in the EC-Lab software. After the LSVs were performed,
chronopotentiometry method was used to apply constant current to the
GDEs. Once a desired current was set, catholyte samples were taken
every 30 min. A volume of approximately 0.25 mL was withdrawn at
each sampling time point, which allowed for two Hy0, concentration
measurements at each time point. At the end of each 4-h experiment, the
pH of the anolyte and the catholyte was measured. Additionally, the
concentration of HyO5 in the anode chamber was measured at the end of
each experiment; no HoO, was ever detected in the anolyte in any of the
experiments performed.
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2.5. H,0, measurements

H,0, concentrations in all samples collected were measured using
the titanium oxysulfate method [44]. The method involved adding 0.1
mL of samples collected to 1 mL of titanium(IV) oxysulfate-sulfuric acid
solution (27-31% H3SO4 basis) and 0.9 mL of DI water in a 2 mL plastic
cuvette. The titanium(IV) oxysulfate-sulfuric acid solution was suffi-
ciently acidic to protonate any HO> ions; so, this method measured the
total concentration of H,O5 and HO3 in the samples.

2.6. Coulombic efficiency calculations

The coulombic efficiency of HyO5 electrosynthesis at each sampling
time point was calculated as using equation (3).

[H:0:] (%) x V(L)

i (mA) x t (h) x 96485 < C) x Z(M,) x 34< mg )

meeq mmol mmol

Coulombic efficiency =

x 100
3

Here.

[H202] = measured HpO5 concentration (mg/L) at a given sampling
time point

icurrent set using chronopotentiometry technique (mA).

t = cumulative time since beginning of experiment at given sampling
time point.

2.7. Scanning electron microscopy

All SEM images of GDEs were obtained with a Hitachi S4800 SEM.
GDE samples of approximately 2 cm x 2 cm were first clamped between
two glass microscope slides, with half of the sample resting in between
the slides and half uncovered by the slides. The clamped samples were
placed in liquid nitrogen for approximately 10 min. This helped freeze
the fibers of the cloth in place so that they did not bend or shift when cut.
Then, a razor blade was used to cut off a slice off the piece of the GDEs
that was not covered by the glass slides, which was then discarded. The
piece of the GDEs that was covered by the glass slides was then mounted
on a stub using double sided tape, with the edge that had been sliced
with the razor oriented towards the electron beam. This allowed imag-
ing the cross-section of the GDEs and observe distinct layers in the GDE
structure. Each sample was imaged at 500X, 1000X, and 2000X.

2.8. X-ray computed tomography

A laboratory X-ray CT system, VECTor*CT (MILabs, The
Netherlands) was used to obtain 3D reconstructions of all GDEs. Samples
for imaging were prepared as 1 cm x 1 cm squares. Each sample was
placed between foam in a horizontal tube that was inserted into the CT
system. A source voltage of 55 kV and a current of 0.27 mA was used for
each sample. A 3D reconstruction of each cathode was performed using
ImageJ, using the Volume Viewer plugin. All images were first processed
via automatically correcting threshold. To determine the porosity of
each GDE, 10 cross-sectional images 10 pm apart were taken from each
3D reconstructions in the X-Z direction. These images were further
processed using MATLAB. Carbon within each image was set to appear
as pink, and empty pore space was set to appear as black, and a MATLAB
code was developed to count the number of pink and black pixels within
each image. The porosity of each GDE was then calculated as the average
of the 10 values.
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3. Results and discussion

3.1. Electrochemical characterization gas-diffusion electrodes with
different carbon black loadings

First, to determine if the different carbon black loadings on GDEs for
H20, production lead to different polarization curves for the GDEs,
cathodic LSVs were obtained for each of the different GDEs, in 100 mM
PBS electrolyte at pH ~6.45-6.5. The electrolyte chosen here was on the
basis of typical conditions anticipated to be used in biological fuel cells
such as MFCs for HyO2 production [41]. Discussed later is how the
choice of pH may affect HyO5 production on GDEs. Multiple LSVs were
obtained for each GDE and shown in Fig. 1 are select representative
LSVs. All LSVs are iR-corrected. The ohmic resistance determined for
each scan for the different GDEs were similar, and thus did not point to
any major changes in electrode electrical conductivity with changes in
carbon black loading. Also shown in Fig. 1 with a dotted line is the
theoretical potential for HyO, production from ORR at a pH of 7 (~+0.3
V vs. SHE). From Fig. 1, it is obvious that adding carbon black as an
electrocatalyst significantly improves the ORR kinetics. For example, at
a current density of 1 mA/cm?, the overpotential for the CeTech Carbon
Cloth with MPL, i.e. without any electrocatalyst, and referred to as bare
GDL is ~1.05 V while for the GDEs with the carbon black electrocatalyst
is 0.3-0.4 V. Considering this, all HyO5 production experiments
described hereon focus only on the three carbon black electrocatalyst
loadings, and not on the bare GDL.

Between the different carbon black loadings, no major differences in
the LSVs are noted at high current densities (>1 mA/cm?). Additionally,
no O limitation, usually characterized by a sharp overpotential at high
current densities, was observed at least until current densities of 5 mA/
cm?, suggesting that the different carbon black loadings do not affect O,
diffusion in the electrocatalyst layer enough to lead to O, limitation at
the range of current densities used in the study. At lower current den-
sities (<1 mA/cm?) and at open circuit, some differences can be
observed. First, the open circuit voltages (OCVs) for each of the three
carbon black loadings differed, with increasing OCVs resulting from
increasing carbon black loadings. The theoretical potential for HyOo
production from ORR is ~+40.3 V vs. SHE, and yet all of the OCVs were
higher. The theoretical potential for the 4-e° ORR at neutral pH is
~+40.81 V vs. SHE, and so it appears that the OCVs here represent a
mixed potential, with some potential for catalyzing the 4-e° ORR on each
of the GDEs with the different carbon black loadings. A higher OCV for

ko —Bare GDL —0.5 mg/cm?
wm 1.0 F —1.5 mg/cm? —3.3 mg/cm?
% 0.5
¢ 0.0
.05 |
210 |
qu-1.5 -

210 ' ' ' '

o

1 2 3 4 5
Current Density (mA/cm?)

Fig. 1. Linear sweep voltammograms of GDEs with different loadings of Vulcan
carbon XC 72R as the electrocatalyst. Bare GDL represents a control with no
electrocatalyst loading. A total of 10 voltammograms were recorded for each
GDE and shown here is one representative. Shaded in grey is the range of
current densities that was used for the HyO, production experiments.
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the highest carbon black loadings thus also indicates a higher potential
for the 4-e” ORR, which could potentially lead to lower HyO production
efficiency, depending on the current density.

Shown in Fig. 1 highlighted in grey is the range of current densities
that was used for the HyO, production experiments described below.
This range is not only where some differences are noted in the LSVs, but
also is representative of a typical range of current densities obtained in
MECs [45], as well as other biological fuel cells [46], where Hy05 pro-
duction could be incorporated.

3.2. H30; production comparison for gas-diffusion electrodes with
different carbon black loadings

Shown in Fig. 2 are results from the HyO, electrosynthesis experi-
ments conducted for the GDEs with the different carbon black loadings.
Fig. 2a, b and 2c show the concentration of HyOy accumulated in the
cathode chamber of the gas-diffusion half-cells during a 4-h batch ex-
periments at three different current densities (0.1, 0.5 and 1.0 mA/crnz),
while Fig. 2d, e, and 2f show the corresponding cathodic coulombic
efficiencies. From Fig. 2, several observations can be made. First, irre-
spective of the current density, the GDEs with a carbon loading of 3.3
mg/cm? consistently underperformed in terms of Hy0, production, with
a 4-h coulombic efficiency of 12.4 + 0.7%, 19.5 + 5.4% and 20.6 + 0.7%
at current densities of 0.1, 0.5 and 1.0 mA/cm? respectively. In com-
parison, carbon black loadings of 0.5 and 1.5 mg/cm? resulted in similar

200
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coulombic efficiencies at 4 h of 27.3 + 0.6%, 47.7 + 3.2%, and 25.6 +
3.5% at current densities of 0.1, 0.5 and 1.0 mA/cm? respectively for 0.5
mg/cm? loading and 29.7 + 3.8%, 42.0 + 2.9%, and 27.3 + 0.6% at
current densities of 0.1, 0.5 and 1.0 mA/cm? respectively for 1.5 mg/
cm? loading. Such a decrease in coulombic efficiency with increasing
electrocatalyst loading has been observed previously in RRDE experi-
ments not only with carbon black electrocatalysts, but other electro-
catalysts as well, including PGM electrocatalysts, as well as non-PGM
electrocatalysts including cobalt and iron [38-40]. In these studies, the
decrease in efficiency is clearly linked to an increased electrocatalyst
layer thickness that likely leads to diffusional limitations for HyO5, and
its further reduction in situ in the electrocatalyst layer. However, the
question that arises is if the mechanism of the efficiency decrease is the
same on GDEs as RRDEs. Understanding the mechanism of this phe-
nomenon will lead to new avenues to fabrication of GDEs with proper-
ties more suitable for enhancing HoO; diffusion out of the electrocatalyst
layer. This is addressed later through detailed structural analysis of the
GDEs prepared here.

Second, for the highest current density tested, of 1 mA/cm?, a sig-
nificant decrease in coulombic efficiency can be noted after an experi-
mental duration of 2-3 h, especially for the carbon black loadings of 0.5
and 1.5 mg/cm? H,0, concentrations in this case increase linearly to
946 + 17 mg/L for 0.5 mg/cm? loading at 2.5 h and to 1035 + 29 mg/L
for 1.5 mg/cm? loading at 3 h, and then plateau for the rest of the
experimental duration. This efficiency decrease is postulated to be a
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Fig. 2. (a, b, and ¢) H,0, concentrations, and (d, e, and f) coulombic efficiency, achieved using GDEs with different loadings of Vulcan carbon XC 72R as the
electrocatalyst, in a 4-h batch test at three different current densities. Each experiment was repeated thrice, and data reported is an average of triplicate experiments.

Error bars show the standard deviation.
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result of an increase in cathode pH to >10. Shown in Fig. 3 are the
cathode pH values at the end of the each of the experiments, as a
function of the current density. A higher current density leads to an
increase in the cathode pH, because of the larger consumption of protons
or the production of hydroxide ions during the 2e -ORR. Shown in
Fig. 3, shaded in grey, is also the range of pH values in which the HoOy/
HO;3 ratio changes from 99/1 to 1/99; this occurs due to the deproto-
nation of HyO as per equation (4). HO3 is more unstable than Hy0o,
with rates of auto-degradation significantly higher [47]. If the cathode
pH thus increases to well above 10, significant coulombic efficiency
decreases can be expected as H,O5 deprotonates to the unstable HO3.

H,0, + OH™ — HO; + H,0 ()]

Higher cathode pH values at 1 mA/cm? in comparison to the 0.1 and
0.5 mA/cm? thus support the decreasing coulombic efficiency, espe-
cially for carbon black loadings of 0.5 and 1.5 mg/cm?. For the inter-
mediate current density of 0.5 mA/cm?, a slight downward trend in
coulombic efficiency appears to exist at the end of the 4-h experiment,
especially for carbon black loadings of 0.5 and 1.5 mg/cm?, as the pH
increases to just above 10. Even so, it is also important to note that the
cathode pH was lower in the carbon black loading of 3.33 mg/cm?
compared to the other carbon black loadings despite the same current
density at both 0.5 and 1 mA/cm?; this could be a result of slower OH~
ion diffusion out of the less porous electrocatalyst layer. This translates
to a smaller (or no) decrease in coulombic efficiency with time, despite a
lower overall coulombic efficiency in comparison to the other two car-
bon black loadings.

For the current density of 0.1 mA/cm?, a sharp decrease in coulombic
efficiency is noted from the first sampling point onwards. However, this
cannot be related to the cathode pH, as even at the end of each exper-
iment, the cathode pH at the lowest current densities, irrespective of the
carbon black loading, was <7. This decrease in coulombic efficiency is
likely governed by other phenomena, which could most likely be elec-
trochemical reduction of H,0; at the electrode potentials attained at the
lower current densities to H,O [48]. However, without further tests in
the present set-up with the as-fabricated GDEs, it is not possible to
confirm this hypothesis.

Even so, the observation that cathode pH has a significant impact of
coulombic efficiency in cathodic HyO4 production has several implica-
tions for Hy0 production in biological fuel cells, including MFCs, which
are often operated at physiological pHs [45]. The increase in pH in the
present experiments to >10, with a corresponding decrease in
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Fig. 3. Final catholyte pHs at the end of 4-h batch chronopotentiometry ex-
periments. All reported average values are based on experiments repeated
thrice. Error bars show the standard deviation. Shaded in grey the range of pH
values in which the H>O,/HO3 ratio changes from 99/1 to 1/99.
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coulombic efficiency, suggests that HyOo production at pH values of
10-12 should be the most impacted. Above a pH of 12, many metal
impurities that may be present in the catholyte likely will precipitate
out, thus improving the stability of HO3. This should be evaluated in
further studies with GDEs, along with a wide range of catholyte pHs, and
the effects of hydrodynamics on changes in catholyte pH. Most of the
existing literature on cathodic HoO, production has focused exclusively
on acidic or basic pHs, to study the selectivity of several catalysts under
the two extreme conditions [4,5,49]. Studies on neutral pH electro-
chemical production of HyO, are fewer and have not elaborated on the
effect of increasing cathode pH on coulombic efficiency [50-52].
However, to make HyO, production feasible in MFCs, it is essential to
understand this relationship, and study methods with an increase in
cathode pH can be hindered, to allow for high coulombic efficiencies. To
illustrate the effect that a lack in cathode pH increase would have, we
performed H202 production tests with a carbon black loading of 1.5
mg/cm? in 500 mM PBS as well and compared the results to those in 100
mM PBS, for a current density of 1 mA/cm?. The results from these are
shown in Fig. S2 in the Supporting Information. When using a 500 mM
PBS catholyte, cathode pH increased only to 7.10 from 6.50, compared
to 10.70 with 100 mM PBS catholyte, and correspondingly there was no
decrease in coulombic efficiency throughout the 4-h production exper-
iments, with HyO5 concentrations accumulated to as high as 2000 mg/L.
The effect of electrolyte pH on H204 production should be a topic of
further study, especially as using high buffer concentrations is not
feasible for practical applications.

3.3. Characterization of structures of gas-diffusion electrodes with
different carbon black electrocatalyst loadings

Shown in Fig. 4 are SEM micrographs of the various GDEs prepared
with different carbon black electrocatalyst loadings; Fig. 4a is a cross-
section of a GDE with 3.3 mg/cm? carbon black loading, while Fig. 4b
shows zoomed in portions of the cross-section of each of the three GDEs
with the different carbon black loadings (0.5, 1.5 and 3.3 mg/cm?), as
well as a bare GDL. From Fig. 4a, it becomes apparent that rather than
forming a distinct electrocatalyst layer on top of the carbon cloth sup-
port, the method of electrocatalyst layer preparation used in this study,
viz. brush-painting, in combination with the properties of the carbon
cloth support used, likely resulted in carbon black becoming embedded
in the carbon cloth support. In Fig. 4a, the carbon MPL of the support can
be clearly seen at the bottom end of the GDE as a backing to the carbon
cloth structure.

For PEM fuel cells, GDEs are prepared either with the carbon MPL
facing the air side or the membrane side, with distinct advantages noted
for each approach [53,54]. In the case of fuel cells with aqueous elec-
trolytes however, such as MFCs, it is common to include a carbon MPL
on the air side rather than the electrolyte side [35], as is the case also in
this study. This configuration allows altering the air-facing side with
multiple coatings of the MPL to avoid electrolyte leakage, if necessary.
Whether or not the catalyst ink application would lead to a distinct
electrocatalyst layer formation on top of the carbon cloth depends on the
hydrophobicity of the carbon cloth, and in the case here, CeTech carbon
cloth with a 30% PTFE loading was not hydrophobic enough to allow for
carbon black to be loaded on top of the carbon cloth, forming a distinct
electrocatalyst layer. Rather the carbon black embedded within the
carbon cloth for each of the carbon black loadings tested, as is apparent
in Fig. 4b. Fig. 4b also indicates that increasing the carbon black loading
likely results in decreasing porosity of the carbon cloth with more car-
bon black coating each of the carbon fibers of the carbon cloth. This
makes the carbon cloth layer of the GDE analogous to the electrocatalyst
layer. Fig. S3 and S4 in the Supporting Information show more SEM
micrographs with different zoom levels, supporting the hypothesis here
of a decreased porosity of the electrocatalyst layer with increasing car-
bon black loading.

In RRDE studies focused on evaluating the effect of electrocatalyst
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Fig. 4. Scanning electron microscopy (SEM) images of cross-sections GDEs with different loadings of Vulcan carbon XC 72R as the electrocatalyst. Bare GDL rep-

resents a control with no electrocatalyst loading. Samples were imaged at 1000X.

loading on ORR, an increased thickness of the electrocatalyst layer with
increasing electrocatalyst loading has been noted [38-40], as discussed
before. Instead, here, on a commercially available carbon cloth support,
it is observed that rather than altering the electrocatalyst layer thick-
ness, increased catalyst loading leads to a decreased porosity of the
electrocatalyst layer. This decreased electrocatalyst layer porosity likely
leads to the same effects on the ORR as noted in RRDE studies with
increased electrocatalyst layer thickness, viz. transition from 2-e” ORR to
4-e” ORR, due to in situ reduction of HyO», stemming from diffusional
limitations.

For further qualitative evaluation of the change in electrocatalyst
layer porosity with increasing carbon black loading, X-ray CT 3D re-
constructions of the GDEs with the different carbon black loadings were

obtained. In Fig. 5, cross-sections showing 3D reconstructions of each of
the GDEs are shown. In the figure, pink color indicates the location of all
carbon that can be detected using X-ray measurements. Note that it was
not possible to distinguish between the carbon black electrocatalyst, the
carbon cloth support and the carbon MPL using the image-processing
techniques used here, and so the pink color constitutes the composite
GDE. It is, however, easily confirmed from Fig. 5 that increasing carbon
black loading leads to a denser, less porous electrocatalyst layer, as
previously indicated by the SEM micrographs.

To obtain quantitative information on changes in porosity of the
electrocatalyst layer resulting from the increased carbon black loadings,
the X-ray CT 3D reconstructions were processed into multiple slices of
the GDEs that were then filtered using a MATLAB code as described in
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Bare GDL

the materials and methods section, to allow for determination of overall
GDE porosity (Fig. S5 in the Supporting Information). These de-
terminations are shown in Table 1, from which it is clear that substantial
decrease in overall GDE porosity occurs as a result of increasing carbon
black loading, with a marked decrease noted when loading is increased
from 1.5 to 3.3 mg/cm?. Another important observation from the slides
of GDE shown in Fig. S5 and from the small standard deviations in the
porosity calculated is the uniformity of the catalyst ink application. Due
to a lower resolution offered from a micro-CT scanner used here
compared to a nano-CT scanner that is used in some recent studies to
determine gas-diffusion layer porosities [55], it was not possible to
distinguish the porosities of the electrocatalyst layer from the carbon
MPL, and thus the porosities reported in Table 1 are useful only for
relative comparison, but are not the absolute porosities of the electro-
catalyst layer resulting from different carbon black loadings.

Overall, the structural characterization of the GDEs, using a combi-
nation of SEM micrographs and X-ray CT 3D reconstructions, confirms
both qualitatively and semi-quantitatively that increased carbon black
loading leads to a decreased porosity of the electrocatalyst layer on the
carbon cloth support used here. This decreased porosity corresponds
directly with a decreasing efficiency of HyO; electrosynthesis in exper-
iments shown in Fig. 2.

3.4. Perspectives on gas-diffusion electrode development for H202
production

Considering the strong effect the carbon black catalyst loading had in
the present experiments on the cathodic coulombic efficiency in HoOy
production, and the likely mechanism of decrease in efficiency through
H,0; diffusion limitations along with electrochemical and/or chemical
decomposition in situ in the electrocatalyst layer, it can be deduced that
the best electrocatalyst configuration for GDEs for cathodic HyO5 pro-
duction would be a thin layer which limits the reaction to the
electrolyte-electrode interface. This could potentially be achieved with

Table 1

Porosities of GDEs calculated using 10 sections from X-ray CT re-
constructions of each GDE with different loadings of Vulcan carbon XC
72R electrocatalyst. To determine porosity, each section sliced using
ImageJ was processed using a MATLAB code developed to determine
porosity. Porosity calculations are for the entire GDE including the carbon
MPL, as resolution available did not allow clearly delineating the different
layers in the GDEs.

Gas-diffusion electrode porosity (%)

Bare GDL 66.9 + 0.7
0.5 mg/cm? 40.7 £1.3
1.5 mg/cm? 380+ 1.3
3.3 mg/cm? 31.8+0.4
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Fig. 5. X-ray CT reconstructions of GDEs with
different loadings of Vulcan carbon XC 72R as the
electrocatalyst. Bare GDL represents a control with no
electrocatalyst loading. Shown are reconstructions of
al mm x 1 mm section of each of the GDEs, as
processed using ImageJ, with pink color denoting
carbon. No distinction could be made between Vulcan
carbon XC 72R, and carbon fibers of the CeTech
carbon cloth GDL. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the Web version of this article.)

0.5 mg/cm?

b

tuning the hydrophobicity of the electrocatalyst layer to block water
diffusion beyond the interface. To test this hypothesis, we used the
CeTech carbon cloth with MPL (i.e. the bare GDL), with the MPL facing
the electrolyte, as the electrocatalyst, and compared the performance in
terms of coulombic efficiency to the carbon black loading of 1.5 mg/
cm?. The MPL for this GDL is synthesized with carbon black mixed with
PTFE which makes the layer significantly hydrophobic.

Shown in Fig. 6 is the comparison of the carbon MPL electrocatalyst
against the 1.5 mg/cm? carbon black electrocatalyst loading for HyO
electrosynthesis at a current density of 1 mA/cm?. As hypothesized, the
carbon MPL produced Hy0, to higher concentrations and with higher
coulombic efficiency. HyO5 concentrations with the carbon MPL elec-
trocatalyst increased to 1314 + 51 mg/L, compared to ~1035 + 29 mg/
L on the 1.5 mg/cm? carbon black electrocatalyst. Even so an increasing
catholyte pH (>10) led to a decrease in efficiency beyond 2 h, as with the
previous experiments described. While the purpose of this experiment
was not to advocate the use of the carbon MPL as the electrocatalyst for
H205 production, the results obtained do warrant studying tuning
electrocatalyst layer hydrophobicity as a method to improve perfor-
mance of HyOy-producing GDEs through limiting the electrochemical
reactions to electrocatalyst area that does not limit HoO diffusion into
the electrolyte.

4. Conclusions

In this study, the effect of carbon black electrocatalyst loading on
GDEs for Hy03 electrosynthesis in neutral catholytes, for possible use in
MFCs, was studied. Higher carbon black loading (3.3 mg/cm? vs. 0.5 and
1 mg/cm?) did not provide any benefits in terms of electrochemical
performance. However, higher loading did lead to a lower cathodic
coulombic efficiency. At the end of 4-h batch electrosynthesis experi-
ment, the coulombic efficiency for a carbon black loading of 3.3 mg/cm?
ranged between 12 and 21% depending on the current density, while for
smaller loadings, ranged between 25 and 48%. This decrease in effi-
ciency as a result of increasing carbon black loading was attributed to a
decreased GDE porosity, resulting in mass transport limitations for HoO5
out of the GDE. Under mass transport limiting conditions, HyO is likely
consumed in-situ in the GDE through electrochemical reduction, or
auto-degradation at a high pH.
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