
This journal is © The Royal Society of Chemistry 2026 Chem. Commun.

Cite this: DOI: 10.1039/d6cc01364c

Continuous-flow electrochemical production of
H2O2 in a gas diffusion electrode microreactor
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A microfluidic electrochemical reactor equipped with a gas diffusion

cathode continuously produced up to 22.3 mM H2O2, with B88%

faradaic efficiency and an energy consumption of 5.1 kWh kg�1. This

performance surpasses current membraneless electrochemical H2O2

production processes, eliminating the need for a membrane or

separator while maintaining high efficiency.

Decentralized electrochemical production of hydrogen peroxide
(H2O2) offers a sustainable, energy-efficient and green alternative
to the anthraquinone process. However, the decentralized process
is still limited by the oxygen mass transport and reactor design
limitations. Here, we report a modified microfluidic electrochemi-
cal reactor that integrates a gas diffusion electrode (GDE) cathodic
half-cell to mitigate oxygen transport limitations in the selective
two-electron oxygen reduction reaction (2e� ORR). Direct compar-
ison against a parallel-plate configuration1 reveals significantly
enhanced H2O2 productivity and oxygen utilization. Coupled with
in-line optical monitoring of H2O2 production and additional
testing with an off-line electrochemical sensor, this work clarifies
the decisive role of microreactor architecture in governing H2O2

selectivity in a metal-free system.
H2O2 is an environmentally benign oxidant widely used in

bleaching, wastewater treatment, chemical synthesis, and energy
storage/conversion,2–4 with steadily increasing global demand.5

Industrial production is dominated by the centralized anthraqui-
none process, which requires hydrogen, organic solvents, and
platinum group metals (PGMs), and involves transportation of
concentrated H2O2, posing safety and logistical challenges.6

Electrochemical synthesis offers a decentralized and potentially
safer route via a two-electron oxygen reduction reaction in alka-
line media (eqn (1)).

O2 + H2O + 2e� - HO2
� + OH� E0 = 0.74 V vs. RHE (1)

In alkaline solution, hydroperoxide (HO2
�) is formed (pKa of

H2O2 = 11.6); however, sluggish kinetics and limited oxygen
solubility in aqueous electrolytes constrain overall efficiency.7,8

Although PGMs and their alloys achieve selectivity up to 98%,9–11

their cost and scarcity restrict scalability. Carbon-based electrodes
have therefore emerged as promising low-cost alternatives.12–14

Beyond electrocatalyst composition, reactor design critically
governs oxygen delivery and H2O2 production. Ion-exchange
membrane systems and GDE-based electrolyzers improve oxygen
utilization and product concentration.15–17 On the other hand,
membraneless microfluidic electrochemical flow cells enhance
mass transport by controlling flow rate and optimizing channel
dimensions, while also helping to minimize reactant crossover.18,19

Nevertheless, systematic comparisons of different reactor architec-
tures and their direct impact on H2O2 production remain limited.
In addition, quantification is typically performed ex situ rather than
through in situ measurements.20–22

By integrating a GDE cathodic half-cell into a microfluidic
platform and comparing it against a parallel-plate microreac-
tor, we demonstrate how gaseous oxygen supply directly gov-
erns H2O2 production and selectivity. The optimized, metal-free
configuration establishes practical design principles for effi-
cient, decentralized electrochemical H2O2 synthesis.1,23

The electrochemical microreactor housing was fabricated by
CNC milling from PTFE blocks (Fig. 1(a)). The microreactor has
an internal channel volume of 21.6 mL, corresponding to a
retention time of 25.9 s at a flow rate of 50 mL min�1 (eqn (S1)).
In the anode compartment, a glassy carbon (GC) electrode was
embedded and served as the counter electrode. The cathode
compartment was equipped with a gas inlet and an integrated
gas flow channel to accommodate the gas diffusion electrode
(GDE). The gas diffusion layer (GDL) consisted of carbon paper
(Sigracet 22 BB, Fuel Cell Store). The catalyst ink, prepared
using Ketjenblack EC-300J (KJB EC-300J), ultrapure water (resis-
tivity of 18.2 MO cm), 2-propanol (IPA), and Nafion 117
solution, was deposited onto the GDL by spray-coating. Multi-
ple GDEs were prepared with a target electrocatalyst loading of
300 mg cm�2 on a GDL working electrode (WE) with an area of
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36 mm2 (inset of Fig. 1(a)). Full details of the ink formulation
and the preparation procedure are provided in the SI. A
reference electrode (Ag/AgCl/3 M NaCl, BASi Research) was placed
in a separate sealed vial connected to the microchannel system
that supplied electrolyte to the reactor (Fig. 1(b)). All potentials
are reported versus the reversible hydrogen electrode (RHE). The
electrolyte (O2-saturated 0.1 M KOH) was delivered through the
microreactor using a syringe pump. H2O2 production was mon-
itored using an in-line optical detection system,21 and, for high
current chronopotentiometric (CP) measurements, an off-line
electrochemical sensor20 was used.

Electrochemical measurements were performed using a poten-
tiostat/galvanostat (BioLogic SP-300). Full details of the electroche-
mical measurements and data acquisition are provided in the SI.

Before and after electrosynthesis experiments, characteriza-
tion of the GDE electrodes was performed using scanning
electron microscopy (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDS), Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS) (Fig. S3–S6). Cross-sectional SEM
images (Fig. 2(a) and (b)) show that the spray-coated catalyst

ink is deposited on the microporous layer (MPL), while the
backing (support) layer of the GDE is clearly visible beneath it
(shown in Fig. S3). Compared with the freshly coated sample,
SEM analysis indicates no visible morphological changes;
however, EDS analysis reveals an increased oxygen content on
the catalyst surface after the electrochemical experiments.

This suggests surface oxidation during electrosynthesis of
H2O2, which was further confirmed by the XPS results pre-
sented in Table 1.

The system (Fig. 1(b)) was designed to enable controlled CP
for continuous-flow electrochemical H2O2 production in 0.1 M
KOH and O2 flow to the cathode half-cell, while allowing real-time
monitoring of H2O2 concentration using an integrated in-line
optical sensor. Electrolyte flow was maintained at 50 mL min�1

using a syringe pump directly connected to the microreactor, and
a mass flow controller regulated the O2 supply. The reference
electrode was in electrolytic contact with the microreactor. Imme-
diately downstream of the microreactor, an in-line bubble
remover was installed to eliminate bubbles generated during
the electrochemical measurements, likely originating from oxygen

Fig. 1 (a) Schematic of the microfluidic electrochemical reactor configured as a GDE half-cell; inset: the GDL with the spray-coated electrocatalyst. (b)
Flow diagram of the experimental setup, including gas and electrolyte supply, reactor assembly, and product analysis.

Fig. 2 SEM images and the corresponding EDS analysis of the KJB EC-300J spray-coated GDE: (a) before and (b) after electrochemical measurements.
The upper part corresponds to the catalyst layer on the microporous GDL.
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evolution at the counter electrode.1 This ensured uninterrupted
flow to the optical sensor during H2O2 monitoring.

At the core of the system is the microreactor equipped with a
GDE half-cell. KJB EC-300J powder was selected as the electro-
catalyst due to its high selectivity and excellent processability,
enabling the preparation of homogeneous catalyst inks. Before
integration into the microfluidic setup, the electrocatalyst was
evaluated using the rotating ring-disk electrode (RRDE) techni-
que to determine H2O2 selectivity, which was found to be above
80% in the potential range 0.4–0.6 V vs. RHE (Fig. S7), a key
requirement for this study.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed before all electrochemical experiments,
confirming an electrolyte resistance of 2–3 O for all measure-
ments. The CP measurements were performed on different
GDEs with similar loadings, using currents determined from
cyclic voltammetry (CV), with current values selected based on
specific potentials. As shown in Fig. S8, obtaining fully repro-
ducible CVs at this stage was challenging. Nevertheless, the KJB
EC-300J H2O2 selectivity at specific potentials on the GDE
agrees with RRDE measurements.

Recorded potentials of the WE during CP are shown in
Fig. 3(a), with the corresponding H2O2 concentrations shown
in Fig. 3(b). As expected, the measured H2O2 concentration
increased with increasing applied current, reaching an average
maximum of 22.3 mM at i = �4.11 mA (currents taken from CVs
at E = 0.4 V vs. RHE). This represents approximately a 50-fold
increase in H2O2 production compared with our previously
published parallel-plate microreactor system,1 indicating that
the implementation of a GDE and improved control over
oxygen mass transport significantly enhance H2O2 production.

One limitation of applying high currents is the reduced
reliable detection range of the in-line optical sensor. Up to
reductive currents of 1.5 mA, the optical sensor functioned
reliably, providing linear H2O2 determination shown in Fig. S2(a)

and (b) with a correlation coefficient of 0.991. The H2O2 concen-
trations obtained from the in-line detection system are calculated
using eqn (S2). However, at reductive currents exceeding 2 mA,
reliable measurements were no longer possible due to the detec-
tion limit of the optical sensor. For these high-current measure-
ments, an off-line electrochemical sensor was employed to
determine reliable H2O2 concentrations. The calibration of the
off-line electrochemical sensor is presented in Fig. S2(c). Detailed
H2O2 concentrations from in-line and off-line detection are pre-
sented in Table S1.

The application of high currents also suggested possible elec-
trocatalyst deactivation, as evidenced by the increased variability of
the recorded WE potential. As shown in Fig. S9, WE and counter
electrode (CE) potentials were stable at currents up to i =�2.4 mA,
but at higher currents (Fig. S9(f)–(i)), the WE potential gradually
dropped over time, indicating the need for higher overpotential to
maintain H2O2 production. An exception was observed in
Fig. S9(h), where, following a substantial potential drop, the
measurement stabilized for the remainder of the experiment. We
hypothesize that this behaviour may reflect in situ activation of the
catalyst during electrochemical operation.

To investigate this possibility, consecutive CPs at various
currents were performed on the same electrode (Fig. S10). The
results indicate that a potential drop occurs at i = �1.5 mA, and
subsequent repetitions suggest possible catalyst activation, as the
system became more stable. While these observations are consis-
tent with in situ activation (as indicated by the increase of oxygen
content in Table 1), the exact mechanism remains unclear, and
further studies are underway to confirm this phenomenon.

Faradaic efficiency (FE) was calculated using eqn (S3) for all
electrochemical measurements. As shown in Fig. 3(c), the FE
remained high, ranging from 63.2% to 87.5%, with the max-
imum observed at the highest H2O2 concentration. These
results demonstrate the high efficiency of the system for the
two-electron oxygen reduction reaction to H2O2.

The specific energy consumption of the system was calcu-
lated using eqn (S5) for the measurements that produced the
highest H2O2 concentration based on the experimentally deter-
mined full-cell potential (eqn (S4) and Table S2). This resulted in
an energy cost of approximately 5.12 kWh kg�1 H2O2, representing
the average of four independent measurements performed
under the best-performing operating conditions. For comparison,

Fig. 3 (a) Potentials recorded during CP measurements (bar graph) with the corresponding applied reductive currents (spheres). (b) H2O2 concentration
over the course of reactor operation. (c) Corresponding faradaic efficiency.

Table 1 Oxygen content (EDS/XPS) of KJB EC300-J coated GDEs (WE)
before and after electrochemistry

EDS [wt%]
before EC

EDS [wt%]
after EC

XPS [at%]
before EC

XPS [at%]
after EC

WE 1.7 4.1 5.26 9.56
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state-of-the-art electrochemical systems using a gas diffusion electrode
with a membrane assembly consume 6.67 kWh kg�1 H2O2,24 indicat-
ing that the current membraneless configuration reduces energy
consumption by about 23%. Although the conventional anthraqui-
none process requires 2.5–3.5 kWh kg�1 H2O2,25 these results show
that the present system achieves competitive energy efficiency, even at
this preliminary stage. The variation in energy efficiency observed
between different measurement series (Table S2) can be attributed to
minor fluctuations in cell voltage and H2O2 production, resulting from
differences in oxygen mass transport, electrode wetting, and experi-
mental uncertainties in product quantification.

In summary, a microfluidic electrochemical system with a
gas diffusion electrode (GDE) enables efficient and controlled
H2O2 production under alkaline conditions. Post-operation
characterization showed increased surface oxygen content,
indicating surface oxidation during catalysis that may contri-
bute to catalyst activation. Real-time H2O2 monitoring with an
in-line optical sensor, combined with continuous electrolyte
flow and bubble management, ensures stable operation. H2O2

concentration increased with applied current, reaching
22.3 mM – approximately 50 times higher than a previously
reported parallel-plate microreactor. High faradaic efficiencies
(B63–88%) confirm the dominance of the two-electron oxygen
reduction reaction. Although optical sensor limitations and
gradual catalyst deactivation occur at high currents, off-line
measurements validate H2O2 profiles. The system achieves
competitive energy consumption (B5.12 kWh kg�1 H2O2),
approaching the efficiency of the anthraquinone process and
highlighting the potential of GDE-based membraneless micro-
fluidic platforms for selective H2O2 electrosynthesis.
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