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ABSTRACT

Electrochemical synthesis of hydrogen peroxide (H,O,) via oxygen reduction reactions (ORR) represents a
green, environmentally friendly, and decentralized alternative to the conventional, fossil-based, and centralized
anthraquinone process. This work presents a flow-through module using commercial carbon black (CB) as a
catalyst at current densities of up to 120 mA cm™2. Acid treatment of CB increases its oxygen content, leading to
Faraday efficiency (FE) values above 80 % with a maximum specific H,O, production rate of 64.3 mgcm™2h~!.
Additionally, the effect of catalyst loading on the functionality of a gas diffusion electrode (GDE) at 120 mA cm™>
and over long-term electrolysis (7.5h) is investigated, discussing the detrimental penetration of electrolyte into
the GDE due to the enhanced electro-wetting, which shifts the three-phase boundary toward the gas channel
side. This study underscores the critical significance of optimizing the parameters involved in GDE fabrication,
especially under high current densities and extended operational periods, propelling our understanding toward

the development of a robust flow-through module for the electro-generation of H,O,.

1. Introduction

Hydrogen peroxide (H,0,) is gaining recognition in green chemistry
due to its eco-friendliness and various uses. Its decomposition into
harmless water and oxygen makes it a “green” oxidant and reagent.
Predominantly produced through the anthraquinone process, H,O0,
plays a vital role in chemical industries, valued for its efficiency and
cost-effectiveness [1,2]. It also contributes to healthcare and sanita-
tion as a powerful disinfectant, notably effective against pathogens
like SARS-CoV-2 [3,4]. In industrial sectors, H,O, is an oxidizing
agent for textile bleaching, paper production, wastewater treatment,
and rocket propulsion, attributing to its environmental compatibil-
ity [5,6]. As a mild oxidizing agent in chemical reactions, it facilitates
selective organic transformations. The combination of its versatility
and minimal environmental impact highlights H,O,’s pivotal role in
advancing sustainable and green chemical practices, with an annual
market production nearing 3000 kt (4.57 billion USD in 2023) [7,8].

Currently, approximately 95% of H,0, is manufactured using the
indirect anthraquinone process [9]. Despite the high efficiency of
the anthraquinone process and obtaining H,O, concentrations up to
70 wt%, this process requires complex and costly infrastructure, metic-
ulous maintenance, precise monitoring due to the use of hazardous
materials, and environmental impacts because of periodic catalyst
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replacements. Alternatively, hydrogen peroxide (H,0,) can also be
synthesized directly from hydrogen (H,) and oxygen (O,) at low tem-
peratures using palladium-based catalysts, which enables a continuous
and decentralized process. [10-12]. However, the potential risk of
forming an explosive mixture of oxyhydrogen (H, + O,) in the direct
synthesis process presents a challenge to its application in decentralized
H,0, production units.

On the other hand, required concentrations of H,O, at the use
points are, in practice, significantly lower. For instance, a concentration
as low as 0.4 wt% and lower than 6 wt% is sufficient for water treatment
and antimicrobial purposes, respectively [13,14]. Therefore, highly
concentrated (>27 wt%) H,0, solutions are produced and transported
from centralized units to end-users, where H,0, is stored and diluted
before usage, which is costly and hazardous [15-18].

A paradigm shift in H,O, synthesis is its electrochemical synthesis
through the two-electron oxygen reduction reaction (ORR) [19-27].
Research in catalysis has pursued the development of non-precious
catalysts with ORR activity similar to platinum (Pt). Materials like
chalcogenides, transition metal compounds, carbides, and nitrides have
emerged as alternatives. Notably, chalcogenides like Ru,Se, have
gained attention. Despite platinum being the most active catalyst, its
cost and availability issues have led to an interest in non-precious
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carbon-based alternatives for ORR catalysis [28-30]. Carbon catalysts
have been widely used for electro-generation of H,O, due to their
cost-effectiveness, large surface areas, their versatility in doping and
modification with different functional groups, and their selectivity [31-
37]. Specifically, carbon blacks such as Printex L6 and Vulcan 72R
have been extensively employed in various applications owing to their
high surface area and electrical conductivity [38]. In the context of
the electro-generation of hydrogen peroxide or other electrochemical
processes, these carbon blacks serve as catalyst supports or components
of gas diffusion electrodes, thereby facilitating mass transport and
electrochemical activity [38-41]. Synthesizing carbon catalysts for
electro-generation of H,O, has been widely studied, reporting specific
H,0, production rates from 6.8 mgcm=2h~! to 23.6mgecm=2h~! with
selectivities up to 87% [42-58]. However, synthesizing new catalysts
commonly requires several delicate steps that cannot be facilely scaled
up [50-53].

Additionally, these studies usually focus on the short-term (<2h)
behavior of catalysts through screening beaker experiments using small
electrode areas, e.g., <4cm” and low current densities (<50 mA cm™2)
[42-45,54,55,59]. Therefore, understanding H,O, -electrosynthesis
over long-term experiments (>5h) at current densities above
100mA cm~2 using larger electrode’s areas (>4 cm?) in a flow-through
module is fairly limited [58]. Most of the studies focusing on the
electro-generation of H,0, at high current densities (>100mA cm™2)
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deployed electrode areas between 1cm? to 4cm? [53,56,59], which
cannot properly reflect the impact of scaling-up on the behavior of the
electrode at industry-relevant current densities.This is particularly cru-
cial for the electro-generation of H,O, since a gas diffusion electrode
(GDE) must be deployed as the heart of the production unit, particularly
for industrial-scale H,O, generation [60].

Although a GDE provides a three-phase boundary and enhances the
mass transport of sparingly soluble gaseous reactants, e.g., O, it suffers
from flooding that usually occurs at longer electrolysis times. Flooding
or undesired electrolyte ingress into the GDE shifts the location of
the three-phase boundary toward the gas channel, causing complete
wetness of the catalyst layer and electrolyte loss into the gas channel,
which is particularly crucial for liquid products such as H,0, [61].

This work presents a flow-through module for the electro-generation
of H,0, using acid-modified commercial carbon black catalysts at cur-
rent densities up to 120mA cm™2, aiming at accelerating the transition
phase from catalyst development to real-life experimental conditions.
Besides the characterization of as-modified CB catalysts, their func-
tionality and selectivity for electro-generation H,O, are demonstrated.
Additionally, GDEs with different catalyst loading are investigated
before and after short- (60 min) and long-term (450 min) experiments,
highlighting the change in wettability over time and its influence on
the efficiency of the whole process.
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Fig. 1. Schematic diagram of experimental setup (Top) and flow-cell assembly, the number representing as follows (1) Cell housing, (2) Sealing layer, (3) Meander gas flow frame,
(4) Electrode frame, (5) Gas diffusion electrode (Cathode), (6) Liquid flow frame, (7) Membrane frame, (8) Cation exchange membrane (Nafion117), (9) IrO, expanded metal
(Anode) and (10) Current collector (Bottom).
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2. Materials and methods
2.1. Materials

Ammonium metavanadate (NH,VO3), 30% H,0,, and sodium sul-
fate (Na,SO,) were purchased from Sigma-Aldrich. Gas diffusion layers
(GDL340), made of carbon paper coated with a microporous layer, and
20wt% nafion solution were provided by Quintech. Gaseous oxygen
(04, 99.995 %), Nitric acid (HNO3, 69 wt%), and sulfuric acid (H,SOy,
0.5M) was bought from Nippon gases, Sulpeco, and VWR Chemicals,
respectively. Commercial carbon black powders (VULCAN XC72R) with
an average particle size of 50 nm were purchased from Cabot.

2.2. Carbon acid treatment and characterization

Acid treatment of commercial carbon black (CB) was conducted
by baking 500mg CB at 85°C in a 12M nitric acid solution for 1h,
2h, 4h, and 7.5h residence time. Afterward, the slurry solution was
filtered and washed with deionized water and ethanol until a neutral
pH was obtained, followed by a drying step at 60° under vacuum
conditions 75 mbar (Fig.S1A). Based on their residence time, the acid-
treated samples are designated as CB-1h, CB-2h, CB-4h, and CB-7.5h.
CB-Oh represents as-received CB catalysts without any acid treatment.
As-prepared catalysts were then characterized by elemental analysis
(EA) of the bulk phase using the Vario EL cube model (Elementar
Corporation). All samples were measured twice for elemental anal-
ysis. Surface functional group analysis was carried out using X-ray
photoelectron spectroscopy (XPS) with an Ultra Axis TM spectrometer
from Kratos Analytica. As-synthesized CB catalysts were analyzed by
the N,-physisorption technique at 77 K using ASAP2020, micrometrics.
All samples were degassed under vacuum at 250°C for 24h before
measurement. The pore size distribution and specific surface area are
computed based on the density functional theory (DFT) and Brunauer—
Emmett-Teller (BET) model, respectively, which is recommended for
micro- and mesoporous materials [62].

2.3. Electrode fabrication and characterization

For preparing GDEs, a catalyst ink consisting of Nafion (20 wt%),
isopropanol, and as-prepared CBs was prepared with a CB: Nafion
ratio of 5:1. The ink was sonicated (GT-7810A, Globaltronic) for 30 min
before airbrushing. Using an airbrushing technique (Harder&Steinbeck,
Evolution Silverline), The catalyst ink was evenly applied onto a Gas
Diffusion Layer (GDL340, Quintech) serving as the substrate, which in-
cludes a microporous layer (MPL). After spraying, catalyst-coated GDLs
were thermally treated at 130 °C for 1 h. Fig.S1B depicts a schematic rep-
resentation of GDE fabrication steps. Catalyst loading was determined
by weighing GDL before and after airbrushing. A catalyst loading of
0.46 mgcm~2 was applied unless otherwise mentioned.

Fabricated GDEs were characterized by Field Emission Electron
Microscopy (FESEM) and Energy-Dispersive X-ray Spectroscopy (EDX)
using a Hitachi SU5000 to visualize the distribution of the catalyst layer
and its thickness and to identify its composition, respectively. Fourier-
transform infrared spectroscopy (FTIR) technique was also used to
qualitatively identify functional groups of the fresh and used electrodes
(Perkin Elmer, LAS 60000 400695). Additionally, The degree of hy-
drophobicity or hydrophilicity of GDEs was determined by measuring
the contact angle (KRUSS) of a water droplet (containing 0.1 M Na,SO,)
on their surface, measuring the angle formed between the tangent of
the drop and the solid surface (GDE). Surfaces with a contact angle
below and above 90° are considered hydrophilic and hydrophobic,
respectively.
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Fig. 2. Elemental analysis of as-prepared CB catalysts measured as duplicates. Each
point represents the average value with standard deviation as error bars.

2.4. Electro-generation of H,0,

Electrolysis experiments were conducted in a three-electrode setup
using a Flex-E-Cell (Flex-X-Cell GmbH). As-fabricated GDEs (6 cm X 6 cm)
and Iridium(IV)-oxide expanded metal (Umicore, Ti-support, 6 cm X 6 cm)
with an active geometrical surface area of 25 cm? served as cathode and
anode, respectively; while a potassium saturated Hg/Hg,SO, (0.64 V vs.
SHE) was used as a reference electrode at the catholyte’s inlet stream
(Fig. 1C). The electrodes were connected to a potentiostat (SP-150,
Biologic) for constant current experiments. 200 mL (unless otherwise
mentioned) of 0.5M H,SO,4 and 0.1 M of Na,SO, was circulated at a
flow rate of 200 mL min~! as anolyte and catholyte, respectively. Oxygen
was supplied on the back of GDEs with a flow rate of 100 mL min~' using
an Alicat gas flow meter (MC-5 SLPM-D). The outlet of the oxygen gas
was directed to a water trap (20 mL DI water), and a back pressure valve
(Swagelok) was deployed for pressure control. Additionally, the pH and
temperature of the electrolytes were monitored during electrolysis by a
pH meter (Knick SE555) connected to a control unit (ZUMOLab GmbH,
Wesseling, Germany).

2.5. Analytical methods

The concentration of H,O, at certain time intervals was determined
using a colorimetric method at 450 nm through the formation of per-
oxovanadium cations [63]. The concentration of sodium ions in water
trap collected from the backside of GDEs was determined using ion
chromatography (Compact 930 IC Flex, Metrohm) equipped with a
conductivity sensor.

3. Results and discussion
3.1. Characterization of catalysts and GDEs

Functionalization of carbon catalysts with oxygen-containing
groups, e.g., ethers (C—O—C) and carboxylic acids (HO—C=O0), have
shown selectivity toward H,O, electro-generation [25,53,57]. Fig. 2
depicts the oxygen (0), carbon (C), hydrogen (H), and nitrogen (N)
content detected by elemental analysis for CBs with different acid-
treatment residence time. Accordingly, as-received CB contains
97.4 + 1.1 wt% carbon with 2.2+ 1.0 wt% O. Acid treatment leads to
an increase in O content to 30.2+0.8 wt% and 34.4+1.1 wt% for
1h (CB-1h), 2h (CB-2h), respectively, which is in agreement with
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Fig. 3. Field emission scanning electron microscopy (FESEM) images of pristine GDE (A), GDE coated with 0.46 mgem=2 CB-1h (B), the cross-section of the GDE with 0.46 mgcm~
CB-1h (C), GDE coated with 0.46 mgcm™ CB-7.5h (D), and GDE coated 2 mgcm~ CB-1h (E) and its cross-section (F).

literature [64]. However, further extension of acid-treatment time leads
to a decline in oxygen content, amounting to 16.5 + 2.0 wt% (CB-4h) and
10.4 + 1.3 wt% (CB-7.5h). Compared to O and C contents, the share of
H and N remains below 0.2 wt% for all CBs.

The decline in oxygen content for prolonged acid treatment dura-
tions (>4h) could be attributed to the desorption or decomposition
of previously incorporated oxygen functional groups and carbon ero-
sion under harshly acidic conditions [65-67]. Table S1 represents the
BET surface area and pore volume of pristine and acid-treated CBs.
The BET surface area slightly decreases from 213 m? g~! for CB-Oh to
195m? ¢g~! and 200m? g~! for CB-1h and CB-2h, respectively; followed
by a sharp drop to 133m?g~! for CB-4h. However, a longer acid
treatment duration of 7.5h leads to an increase in BET surface area
from 133 m? g~! to 171 m? g~! due to an increased micropore area (Table
S1). Activation processes, e.g., acid treatment, generally lead to defect
formation due to carbon erosion and increased specific surface area,
particularly for carbons with a less defective surface, such as graphite
and solid carbon particles. In this work, the pristine CB is porous with
the highest micropore area of 70m? g~! (Table S1), and further defect
formation during acid treatment can cause two effects. First, it can
increase the pore volume by further oxidizing the pore walls of porous
carbon. Second, excessive defect formation may lead to the collapse
of pore structures, leading to smaller pore volume and specific surface
area [53].

Based on Table S1, the pore volume increases from 0.16 cm? g~! for
CB-0h to 0.26 cm® g~! for CB-1h and 0.3 cm? g~! for CB-2h, respectively,
which implies the enlargement of pores during short acid treatment
times. Subsequently, the total pore volume decreases to 0.22 cm® g~! for
CB-4h, which can be associated with the collapse of porous structure
for prolonged acid treatment. The decline in total pore volume aligns
with the significant drop in oxygen content (Fig. 2).

Additionally, Fig. S12 represents the XPS data for CB-Oh, CB-1h,
and CB-7.5h concerning their Ols and Cls spectra. CB-Oh represents
two separate peaks at 531.8eV and 533.4eV, which can be attributed
to oxygen functional groups of C=0 and O—C=O; respectively [38]
In contrast, acid-treated CBs (CB-1h and CB-7.5h) only show one peak
at 531.8eV, which has been reported as the most active oxygen func-
tional group for two-electron ORR [68]. Additionally, the Cls spectra
display four distinct peaks for CB-Oh at 284.8 eV, 286.1¢V, 287.5¢eV, and
289.3eV, which are associated to C—C, C—0, C=0, and O—C=0, re-
spectively [38] Nonetheless, CB-1h and CB-7.5h show only two distinct
peaks at 284.8 eV and 286.1 eV that could be related to the oxidation of
carbon under acid treatment.

Fig. 3 presents the FESEM images of the as-prepared GDE electrodes
with CB-1h and CB-7.5h at various loadings. The pristine GDE, without

any catalyst coating on the GDL layer, displays a complex network of
cracks, varying in width and length and forming a mosaic of irregular
patterns (Fig. 3A). Coating the GDL with a catalyst layer covers the
surface smoothly, partially filling the cracks (Fig. 3B &D). Interestingly,
CB-1h (Fig. 3B) resulted in fewer agglomerates while air-brushing
compared to CB-7.5h (Fig. 3D), which could be attributed to their
different surface properties due to the higher acid-treatment residence
time for CB-7.5h. In the case of 0.46 mgcm~2 loading, the catalyst layer
amounts to 6.2 +0.4 pm (Fig. 3C), which increases to 17.6 £ 0.7 pm
at a higher catalyst loading of 2mgcm=2 (Fig. 3F). Additionally, at
2mgem~2 catalyst loading, the cracks are completely clogged, and
larger agglomerates can be discerned (Fig. 3E). According to Fig. S2,
all unused GDEs with and without catalysts represent a hydrophobic
surface with a contact angle above 130°.

3.2. Effect of acid treatment on H,0, production

Screening experiments (Fig. S3) using as-received commercial GDLs
without coating any catalysts shows an increase in H,0, concen-
tration from 0.06gL~! to 53gL~! (catholyte volume of 100mL) by
increasing the current density from SmAcm™ to 65mAcm™2, corre-
sponding to a specific H,O, production rate of 2.3 + 0.1 mgecm™2h~! to
21.4 +5.5 mgem~2h~!, respectively. In contrast, the current efficiency
declines from 71 +2% at 5mAcm™2 to 49 + 12% at 65mAcm~2. This
decline can be attributed to an enhanced cathode (pristine GDL) wetta-
bility at higher current densities due to electro-wetting, which can shift
the three-phase boundary toward the gas channel due to electrolyte
ingress [69]. Hence, the diffusion path for the formed H,0, toward the
bulk solution increases, promoting further electro-reduction of H,O, to
water (Eq. (2)) while diffusing through the microporous layer (~ 60 pm,
Fig. S10) of the electrode [18,70,71].

Fig. 4 depicts H,O, concentration and the corresponding FE val-
ues over time for GDEs airbrushed with 0.46 mgcm=2 acid-treated CB
catalysts. Accordingly, the H,0, concentration reaches 4.0 + 0.1 gL~!,
27+06gL71,1.9+07¢gL™!,24+03 gL', and 2.1 +0.2 gL~! for CB-
1h, CB-2h, CB-4h, and CB-7.5h, respectively. Compared to the pristine
GDL, adding CB-1h as the catalyst enhances the specific H,O, pro-
duction rate by 50% to 32 mgcm~2h~!. Additionally, CB-1h shows the
highest selectivity among all catalysts, with FE values above 80% over
electrolysis time (Fig. 4B), which could be associated with its oxygen
content (Fig. 2).

Except for CB-4h with an impaired FE from the beginning that can
be attributed to its low oxygen content (Fig. 2) and BET surface area
(Table S1), CB-2h and CB-7.5h represent FE values above 80% for the
first 5min and 10 min of electrolysis, declining to 51 + 12% and 45 + 6%
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Fig. 4. Electro-generation of H,0, (A) and the corresponding current efficiency (B) over time at 65mAcm™ using CB-1h, CB-2h, CB-4h, and CB-7.5-h. 200mL of 0.1M Na,SO,

and 0.5M H,SO, was circulated at 200mL min~! as catholyte and anolyte, respectively.

at t = 60 min, respectively. A similar, but not as pronounced, decline
can be observed for CB-1h: a drop in FE value from 89 + 4% at 40 min
to 76 + 11% at 60 min. One possible reason for these declines can be
the gradual reduction of oxygen functional groups over electrolysis
time [72]; however, the EA and FTIR analysis of fresh and used CB-1h
catalyst indicates no decrease in oxygen content and functional groups
(Fig. S13) after one-hour electrolysis. Another plausible explanation
can be associated with the changes in surface properties of GDEs
coated with these catalysts, e.g., hydrophilicity. A more hydrophilic
GDE surface may cause a faster electrolyte ingress, moving the three-
phase boundary toward the gas channel. Based on Fig. S2, GDEs coated
with CB-2h and CB-7.5h represent the lowest contact angle of 133° and
142.5° among all unused GDEs.

Oy + 2H" + 2e” — H,0,, E®=0.7V vs. RHE @
H,0, + 2H" + 2¢” — 2H,0, E°=1.76V vs. RHE 2
2H' + 2" —> Hyy). E°=0.0V vs. RHE 3

Additionally, monitored cathodic potential (without ohmic drop
(IR) correction) and cell potential over time depict a seamless behavior
(Fig. S4), ranging from 0.17V to 0.35V vs. RHE and from 3.8V to
4.5V, respectively, which evidences the occurrence of no major par-
asitic reaction such as hydrogen evolution reaction (HER, Eq. (3)). pH
and temperature profiles also indicate no abrupt changes over time,
decreasing from 2.7 to 1.8 +0.1 and increasing from 21°C to 23°C,
respectively (Fig. S4).

3.3. Effect of current density on H,0, production

Increasing current density is required for high rates of H,O, electro-
generation. However, only few studies show on current densities above
100mA cm=2 [53,56,58], while most studies are below this thresh-
old [37,42-49,54,55,57,73]. Fig. 5 depicts H,0, concentration (A) and
current efficiency (B) over 60 min electrolysis at current densities of
100mA cm~2 and 120 mA cm~2 next to 65mA cm~2 for comparison.

Increase of current density from 65mA cm=2 to 100 mA cm~2 boosts
the electro-generation of H,0,, attaining a concentration of
6.6+0.5 gL~! after 60min while maintaining FE values above 79%
over the experiment time (Fig. 5). Nonetheless, further increasing of

current density to 120mA cm™2, despite resulting in a slightly higher
initial HyO, concentration of 1.2+0.4 gL~! at t = 5min compared
to that (0.9 gL™!) at 100mAcm™2, shows a severe drop in H,0,
production rate, particularly after 30 min, and amounts to a final value
of 5.5+0.2 gL~!. Correspondingly, the FE values stay above 80% at
120mA cm~2 over the first 30 min, followed by a significant decline to
55% over the rest of experiment (Fig. 5B).

Based on Fig. S5, the cell potential slightly increases from
500+0.13 V to 5.7+0.1 V at 100mA cm~2, while it rises more dras-
tically from 6.00 £0.13 V to 7.2+ 0.5 V at 120mA cm~2. This increase
in cell potential at higher current density could be associated with
the counter electrode potential on which oxygen evolution reaction
(OER) occurs. The formation of bubbles on the counter electrode
impairs the contact between the electrolyte and electrode and increases
ohmic resistance, causing a higher cell potential [74]. Additionally, the
highest temperature increase was observed at 120 mA cm~2, from 21 °C
to 29°C (Fig. S5D).

However, increasing current density has no significant influence on
the recorded cathodic potential (without ohmic drop (IR) correction),
varying from 0.26 + 0.02 V to 0.31 + 0.04 V vs. RHE for 100 mA cm~2 and
from 0.28 + 0.01 V to 0.33 +0.01 V vs. RHE for 120 mA cm~2 (Fig. S5A).
For comparison reasons, monitored cathodic and cell potentials at
120 mA cm™2 is plotted once N, was fed into the GDE and HER occurred
at the lack of O,, showing a more negative value of —0.38V vs.
RHE and 8.5V, respectively. This comparison indicates that HER as a
parasitic reaction holds an insignificant contribution during electrolysis
at 120 mA cm~2, particularly after the first 30 min. Hence, one credible
explanation for the steep decline in H,0, production and FE originates
from the slow back diffusion of formed H,0, toward the bulk solution
as electrolyte ingresses into the GDE pore network over time, enhancing
its further electro-reduction to water (Eq. (2)) [18,61,70,71]. Further-
more, this electrolyte ingress or electrode wetting, promoted at higher
current densities, could also shift the three-phase boundary to the MPL
instead of the CL, decreasing the selectivity of GDE due to the lack of
catalysts.

Fig. 6 illustrates the H,O, concentration and FE for GDEs with a
higher catalyst loading of 0.86 mgcm™ and 2mgcm™2 at 120 mA cm™2.
Accordingly, the increase of CL thickness (Fig. 3) led to a linear increase
of H,O, concentration over the course of the experiment, amounting
to 8.0+0.3 gL~! and 8.9+0.3 gL~! for GDEs with 0.86 mgecm~2 and
2mgcem~2 loadings, respectively; compared to 5.5 +0.2 gL~! achieved
for the GDE with 0.46mgcm™2 catalyst loading. Additionally, the FE
stays above 80% throughout the electrolysis, with a value of 81 +3%
for 0.86 mgcm=2 and 89 + 3% for 2mgcm~2 at 60 min.



M. Mohseni et al.

100 mAcm?

:
e

-
-
-

0 10 20 30 40 50 60
Time [min]

(A)

Electrochimica Acta 497 (2024) 144533

-
N
o

100 mAcm?

-
o
o

65 mAcm? |

o]
o
1
[
1
1
i
]
/.
L 4

(o2}
(=}

120 mAcm™2 g

N
<)

Faraday Efficiency [%]
N
o

0 10 20 30 40 50 60
Time [min]

(B)

Fig. 5. Electro-generation of H,0, (A) and the corresponding current efficiency (B) over time using CB-1h as the catalyst at higher current densities. 200 mL of 0.1 M Na,SO, and

0.5M H,S0, was circulated at 200mL min~! as catholyte and anolyte, respectively.

A higher catalyst loading increases the CL’s thickness and better
fills the intrinsic cracks of the pristine GDE (Fig. 3). However, the
contact angle slightly increases from 157.4° for 0.46mgcm=2 to 163°
for 2mgcm~2. Considering similar hydrophobic features of GDEs with
different loadings at the same applied current density, a similar wetting
behavior (electrolyte ingress) for GDEs is expected. Therefore, it can
be implied that the higher catalyst loading contributes to holding the
three-phase boundary within an extended CL, maintaining a linear
H,0, production rate and FEs above 80% over the course of the
experiments. These results highlight the importance of positioning the
three-phase boundary within the CL over electrolysis time since a lack
of catalyst can significantly decline process efficiency.

Fig. S6 compares the H,0, production and FE for the GDE coated
with CB-1h to those for the GDE coated with as-received CB catalysts,
without any acid-treatment (CB-Oh) at 120 mA cm~2. Evidently, the GDE
coated with CB-0Oh represents an inferior performance, with an initial
FE of 63 + 3% dropping to 39% at t = 60 min, which can be attributed
to the lack of oxygen content (Fig. 2).
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Fig. 6. Electro-generation of H,0, (A) and the corresponding current efficiency (B) over time using CB-1h with two different catalyst loading of 0.46mgcm=2 and 2mgcem™

3.4. Long-term experiments

Although the increase of catalyst content enhanced the electro-
generation of H,O, over one-hour electrolysis, the functionality of as-
fabricated GDEs for a longer electrolysis time remains unclear. Thereby,
the GDE with the highest catalyst loading of 2 mgcm~2 was tested over
450 min of electrolysis using CB-1h, and the data are presented in Fig. 7.

Based on Fig. 7A, the concentration of H,O, linearly rises up to
7.9 gL~! over the first 60 min, followed by a slower increase to 14.9 gL ™!
over the next 150 min (texp = 210 min), when it reaches a plateau over
the rest of electrolysis. Consequently, the FE severely declined from
78 +7 at 60 min to 19% at 450 min. Since monitored cathodic and cell
potentials show no abrupt change over the course of the experiment
(Fig. S7), it can be concluded that the contribution of the parasitic
HER reaction (Eq. (3)) on declining the FE values remains insignificant.
Additionally, the EA and FTIR analyses of the fresh and used GDEs after
450 min of electrolysis show no significant decline in oxygen content
and oxygen functional groups (Fig. S13) due to their possible gradual
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120mA cm™2. 200mL of 0.1 M Na,SO, and 0.5M H,SO, was circulated at 200mL min~! as catholyte and anolyte, respectively.
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)

450 min electrolysis using CB-1h with a catalyst loading of 2mgcm=2 at 120 mA cm=2.
200mL of 0.1 M Na,SO, and 0.5M H,SO, was circulated at 200mL min~! as catholyte
and anolyte, respectively.

reduction during electrolysis [72], which shows the stability of oxygen
functional groups overtime at 120 mA cm~2.

Similar to one-hour electrolysis using GDE with 0.46 mgcm=2 load-
ing, electrolyte ingress over time and pushing the position of the
three-phase boundary to the MPL, where no catalyst is present, can
explain the impaired functionality of the GDE after 60min since it
promotes further electro-reduction of formed H,O, (Eq. (2)) inside
the porous network of GDEs instead diffusing back to the bulk solu-
tion [18,61,70,71]. Additionally, shifting the three-phase boundary to
the vicinity of the gas channel enhances the vaporization and dripping
of the catholyte to the O, gas stream, where it is carried away to the
water trap and further is released to the off-gas duct (Fig. 1). Recently,
our group has reported on electrolyte permeation to the gas channel
during CO, electrolysis at current densities above 100 mA cm~2, which
contained a higher ion concentration compared to the bulk catholyte
that indicates high local concentrations in the vicinity of the catalyst
layer [75].

Analysis of the samples from the water trap beaker, placed at
the outlet of the O, gas channel (Fig. 1), reveals a drastic increase
in Nat concentration from below 0.18 gL.~!' over the first 180 min to
3.7+ 0.4 gL~! at t = 450 min (Fig. S8A). Similarly, no H,0, was detected
in the water trap solution during the first 180 min, while it increased to
2¢L~! over the rest of the experiment (Fig. S8B) It should be noted
that 2gL~! of H,0, implies a higher local H,0, concentration in the
permeated catholyte since the water trap was filled with 20 mL DI water
in the beginning (Fig. S8B).

Furthermore, FESEM analysis and EDX mapping of the backside
of the used GDE after 450 min of electrolysis (Fig. S9) indicate the
presence of Na-containing salt crystals, proving the electrolyte ingress
into the gas channel side over the long-term experiment. Moreover,
characterization of used GDEs after electrolysis experiments (Fig. S10
& Fig. S11) illustrates the deposition of Na*t salt layer on the top
of the CL, increasing the thickness of the CL by several micrometers
(Fig. S11). The contact angle of the used GDE after the long-term
experiments severely drops from 163° to 48.7° (Fig. S2), representing
a hydrophilic surface, which can be attributed to the deposition of Na*
salts (Fig. S10). Therefore, the characterization of GDEs can be severely
altered by electrolysis experiments, particularly longer runs, which
must be considered while optimizing GDE fabrication parameters.

Table S2 collects the specific H,O, production rates, FE values, and
experimental conditions from this work and compares them with the

Electrochimica Acta 497 (2024) 144533

literature [39,42,44,46-49,53-56,58,59,76-78]. For instance, Zhang
and co-workers [56] have reported the highest value of 283 mgcm=2 at
400 mA cm~2 with an FE of 90% using reduced graphene oxide, which
reduced to 51 mgcm™2 at a lower current density of 100 mA cm~2 with
87% FE. However, changing the catalyst to CB lowered the production
rate to 44.2mgcm~2 at 100mAcm~2 [56]. In comparison, a specific
H,0, production rate of 52.5 mg cm~> with an FE of 89% was attained in
this work at 100mA cm~2, increasing to 63.1 mgcm~2 and 64.3 mgcm™2
at the maximum applied current density of 120 mA cm~2 for CB-1h with
higher catalyst loadings (Fig. 6).

4. Conclusion

This study investigated the electro-generation of H,O, in a flow-
through module using GDEs, with a relatively large geometrical surface
area (e.g., 25 cm?) compared to the literature. These GDEs were coated
with acid-treated carbon black (CB) catalysts. Elemental analysis of
CB catalysts revealed that oxygen content in CB catalysts increased
after acid treatment durations of 1h and 2h but declined with longer
durations of 4 h and 7.5 h, which can be associated to erosion of carbon
or the desorption of oxygen functional groups over extended times.
Electrochemical experiments at 65 mA cm™> demonstrated the superi-
ority of catalysts with high oxygen content (CB-lh and CB-2h) and
BET surface area (CB-l1h, CB-2h, and CB-7.5h). Despite the initial
high Faraday efficiency (FE) of GDEs (>80%), their performance de-
clined overtime for both short-term (60 min) and long-term (450 min)
experiments. Surface characterization of fresh and used GDEs indicated
that decreasing hydrophobicity over time, especially at higher current
densities (e.g., 120mA cm™2) contributes to the observed decline in FE
since no significant decline in oxygen content and functional groups
of GDEs after usage was observed. These results highlight the impor-
tance of maintaining GDEs’ hydrophobic properties during electrolysis,
particularly over long-term runs at industry-relevant current densities
(=100 mA cm~2), which must be addressed for electrochemical H,0,
generation as a sustainable, decentralized alternative to the traditional
anthraquinone process.
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