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Electrosynthesis of H2O2 aqueous solution beyond
30 wt% using sunlight, water and air
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Tuo Ji, Liwen Mu, Xin Feng, Xiaohua Lu and Jiahua Zhu *

The industrial anthraquinone process produces H2O2 solution with concentrations greater than 27.5 wt%;

however, concerns regarding process safety, pollutant discharge and product purification remain. Here,

we report an electrosynthesis system that directly produces H2O2 solution exceeding 30 wt% under

ambient conditions using only sunlight, water and air. Benefiting from a carbon-based catalyst that

achieves 17.86 mol g−1 h−1 H2O2 yield and up to 99.4% two-electron oxygen reduction reaction selecti-

vity, the integrated electrosynthesis system can produce 30 wt% H2O2 continuously for more than

500 hours without noticeable degradation. Moreover, electronic-grade products were obtained without

downstream purification. This work establishes an electrochemical route to produce high concentration

and high-purity H2O2 that directly meets the needs of the chemical and semiconductor industries, advan-

cing the electrification of chemical engineering processes in a sustainable way.

Green foundation
1. The industrial anthraquinone process produces H2O2 solution with concentrations greater than 27.5 wt%, yet no existing photo/electrochemical techno-
logies can produce H2O2 solution beyond 20 wt%. This work directly synthesizes H2O2 solution at concentrations beyond the industrial level (>27.5 wt%) with
only electricity, air and water.
2. In this work, we developed a highly efficient carbon-based catalyst that enables exceptional yield and selectivity in electrosynthesis of H2O2. The catalyst
was then integrated into a membrane electrode and packed in a stack reactor; 30 wt% H2O2 aqueous solution can be continuously produced for more than
500 hours without noticeable degradation. By integrating a solar panel with the electrochemical H2O2 unit, a self-powered H2O2 production system was estab-
lished and field tests were carried out to demonstrate the feasibility of the design.
3. This work can be enhanced as a more environmentally friendly process in several ways. The design of novel catalysts could eliminate the need for precious
metals, membrane electrodes could be substituted with more sustainable materials, and reactor configurations could be optimized to boost reaction yield
and efficiency.

Introduction

Hydrogen peroxide (H2O2) is a crucial chemical widely utilized
in sterilization, paper bleaching, environmental remediation,
and chemical production.1,2 Currently, industrial manufactur-
ing of H2O2 primarily relies on the anthraquinone (AQ)
process,3 which poses significant risks of explosion in the
hydrogenation, oxidation and distillation steps and also
environmental harm due to the generation and discharge of
carcinogenic anthraquinone.4,5

The direct electrosynthesis of H2O2 through a two-electron
oxygen reduction reaction (2e− ORR) has emerged as a safer,

simpler and more environmentally friendly alternative.6,7 Flow
cells with gas diffusion layers were earlier used to produce
H2O2, but due to the solubility of oxygen in electrolyte solu-
tion, the concentration and purity of the product were unsatis-
factory.8 In 2019, Wang et al.9 reported an electrosynthesis
method that produced 20 wt% H2O2 aqueous solution using
solid electrolyte in flow cells. This process involves two half-
reactions (cathode: O2 + H2O + 2e− → HO2

− + OH−; anode: H2–

2e− → 2H+) and effectively prevents contact between hydrogen
and oxygen, thus enhancing safety and eliminating organic
impurities and potential pollutions.10 However, there is a
pressing need to further increase H2O2 concentrations to
industrial levels, such as 27.5 wt% and beyond. Achieving this
remains a significant challenge, with the development of
efficient catalysts being one of the key hurdles to overcome.
Modification of carbon11,12 seems a promising approach to
achieve satisfactory 2e− ORR selectivity,13 while it often
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damages the graphite domain and thus corrupted the electron
conduction pathway. Therefore, there is still ongoing research
to develop 2e− ORR catalysts that offer higher yield and selecti-
vity to produce H2O2 in a more efficient way.14–16

In addition, as we transition from fossil fuels to sustainable
electricity sources like solar and wind power, there is a strong
push to integrate electricity and transform traditional chemical
engineering processes into greener and safer alternatives.17

However, the intermittent nature of sustainable energy poses
challenges for its integration into existing processes, as consist-
ent and continuous operation is crucial for chemical engineer-
ing.18 While converting green electricity to hydrogen has gained
traction, issues related to the storage and transportation of
hydrogen remain.19 A more practical approach is to utilize sus-
tainable electricity for the production of chemicals and liquid
fuels;20 however, options are constrained by technological readi-
ness, economic viability, and environmental factors.

Here, we report an integrated solar-powered electrosynth-
esis system directly transforming H2O to 30 wt% H2O2

aqueous solution without an external energy supply.
Specifically, a high-selectivity, high-yield 2e− ORR catalyst was
synthesized using low-temperature plasma. When integrated
into a continuous flow electrochemical reactor, an H2O2

aqueous solution with concentrations exceeding 30 wt% can
be achieved, satisfying the industrial standards without
additional concentration. With environmental and pipeline
upgrading, electronic grade products can be produced without

any purification processes. In addition, a solar powered system
was developed for continuous production of green H2O2

without relying on external power. Moreover, techno-economic
analysis (TEA) and life-cycle assessment (LCA) were conducted
based on the established system.

Results and discussion

To realize high-concentration H2O2 production, the 2e− ORR
selectivity and H2O2 yield of the cathode catalyst are essential.
Conventional wet-chemical modification of the carbon catalyst
can enhance selectivity,9 while it sacrifices the intrinsic con-
ductivity of the carbon framework. Here, we used a low-temp-
erature plasma technology to tune surface functionality while
retaining the bulk electrical conductivity of carbon. A series of
elements, such as oxygen (O), nitrogen (N) and boron (B), were
doped onto the carbon surface (for elemental analysis, refer to
Fig. S1) and their ORR performance was assessed using a rotat-
ing ring-disk electrode (RRDE) at 1600 rpm in an O2-saturated
0.1 M Na2SO4 electrolyte. The corresponding ORR polarization
curves for these catalysts are shown in Fig. 1a. The O-AC catalyst
demonstrated a higher ring current density (1.08 mA cm−2) and
a more positive onset potential (0.70 V) compared to the other
samples (0.38–0.60 mA cm−2 and 0.64–0.68 V), indicating sig-
nificant H2O2 production activity. According to the Koutecky–
Levich equation, O-AC exhibited a value of n close to 2 and a

Fig. 1 (a) ORR polarization curves on a RRDE; solid and dashed lines represent the disk and ring current densities ( jdisk and jring), respectively; (b)
H2O2 selectivity and the corresponding electron transfer number; (c) in situ Raman spectroelectrochemistry during the ORR measurements of
O-AC; (d) H2O2 production rate of all catalyst samples; (e) H2O2 yield and Faraday efficiency (FE) of O-AC in the H-cell and flow cell; and (f ) compari-
son of the H2O2 yield with recently reported catalysts (comparative data references: 9 and 22–30).
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H2O2 selectivity of 99.4% at 0.6 V (Fig. 1b). Furthermore, O-AC
demonstrated remarkable selectivity over a broad voltage range
of 0–0.6 V, significantly surpassing the other catalysts
(57.6–81.2%). It showed marginally improved reaction kinetics
and outstanding ORR activity (Fig. S2 and S3).

To understand the reaction process, in situ Raman spectra
were recorded on the catalysts at various potentials using an
electrolytic cell (refer to Fig. 1c for O-AC and refer to Fig. S4 for
the others). Besides the characteristic D band (1350 cm−1) and
G band (1580 cm−1) of the carbon substrate,12 a broad peak
around 1100 cm−1 was observed, attributed to the adsorption
of oxygen molecules on the catalyst surface and initial electron
transfer.21 A peak at 1250 cm−1, associated with the vibration
of *OOH, was observed for O-AC at 0.6 V,22 aligning with the
previously noted most positive onset potential for O-AC. In
terms of the H2O2 production rate, O-AC exhibited the highest
rate of 3.57 mmol h−1 among the tested catalysts (Fig. 1d). As
current density increased, the H2O2 production rate
approached linear growth, with only a slight decrease in
Faraday efficiency (FE) observed at a current density of 100 mA
cm−2 (Fig. S5). Following optimization, O-AC achieved H2O2

yields of 17.86 mol g−1 h−1 in a flow cell and 5.75 mol g−1 h−1

in an H-cell, both with Faraday efficiencies exceeding 92%
(Fig. 1e). O-AC in this work demonstrated outstanding per-
formance, compared with previously reported catalysts9,22–30

(Fig. 1f).
To meet industrial production requirements, the reactor

size was scaled up from 4 cm2 to 625 cm2 (Fig. 2a–c). For each

reactor size, the H2O2 concentration and FE were monitored at
various water flow rates (Fig. 2d–f ). Decreasing the water flow
rate led to an increase in H2O2 concentration, reaching values
from 1.96 wt% to 36.76 wt% in the 625 cm2 reactor (Fig. 2f). A
noticeable drop in the FE occurred once the H2O2 concen-
tration exceeded 5–10 wt% in all reactors of different sizes.
Specifically, the FE for producing 30 wt% H2O2 dropped to
51.1%. This decline may be attributed to the disrupted
balance between high-concentration H2O2 and the oxygen
reduction reaction, causing a shift from the 2e− process to the
4e− process, thus resulting in lower selectivity. Additionally,
H2O2 decomposition is likely to occur at high concentration,
which is evidenced by the appearance of oxygen columns in
the pipeline of the outlet stream.

Fig. 3a illustrates the main flow of materials through two
reactors, where water is fed into the electrolysis system (using
a commercial PEM reactor in this work) to produce hydrogen
and oxygen. To maintain a 1 : 1 molar ratio of hydrogen to
oxygen, a separate stream of oxygen or air was supplied to the
H2O2 electrochemical (EC) reactor. The detailed structure of
the EC reactor is shown in Fig. 3b, where O-AC and platinum
carbon (Pt/C) served as the cathode and anode catalysts,
respectively. The catalysts, along with the exchange mem-
branes (PEM and AEM) and gas diffusion layers (GDLs), were
assembled into two membrane electrodes, positioned on both
sides of a partition filled with a solid electrolyte. Hydrogen
and oxygen were introduced to both sides of the reactor, while
ultrapure water was discharged through the solid electrolyte,

Fig. 2 (a–c) Scaling up of the H2O2 reactor with different dimensions of 4, 100 and 625 cm2 and (d–f ) the variation of H2O2 concentration and FE
as a function of flow rate on different-sized reactors.
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carrying away the produced H2O2 to form an aqueous solution
(Fig. 3b). A maximal H2O2 concentration of 36.76 wt% can be
produced, which is the highest reported value so far9,22–30

(Fig. 3c).
To assess the stability of the reactor system, experiments

were conducted with H2O2 output concentrations of approxi-
mately 30 wt% over a continuous period of 500 hours (Fig. 3d).
The results showed that the H2O2 concentration remained con-
sistently above 30 wt%, with only a slight decrease in current
density after 500 hours of operation. Furthermore, by placing
the reaction system in a clean room and upgrading the pipe-
line, ultrapure H2O2 aqueous solutions were produced. The
quality indicators of the produced H2O2 solution, including
the concentration, free acid, total organic carbon, and metal
ions, are summarized in Table 1 (with further details in Tables
S2–11), demonstrating the capability of the reactor system in
producing electronic grade H2O2 solution without any purifi-
cation steps. Indicators for different grades of H2O2 solution
were also provided for comparison. It is important to note that
the concentration of free acid and total organic carbon in this
work is two orders of magnitude lower than the electronic
grade (G5) standard, highlighting its distinct advantage over
existing technologies.

To address the intermittent nature of sustainable electricity
and the continuous energy demands of the reactor, a solar
powered electrosynthesis system for continuous H2O2 pro-
duction was designed. This system consists of a solar panel,
an energy storage module, and an H2O2 production unit
(Fig. 4a–c). The entire system was tested onsite at the Nanjing
Tech University campus for over twelve days from March 15 to
26, 2025. Daily records were kept of weather conditions, solar
power generation, battery power levels, and H2O2 concen-
tration (Fig. 4d). During daylight hours, the solar panel gener-
ated electricity, which was stored in the battery. At night, the
battery supplied energy to the H2O2 production unit, ensuring
continuous synthesis. The battery charge level fluctuated
between 10% and 100%, demonstrating its ability to buffer
energy generation and consumption for the H2O2 production
unit. Throughout the twelve days of operation, the production
line consistently delivered H2O2 solutions with concentrations
above 30 wt%, demonstrating its capability to deliver reliable
performance (Fig. 4d).

To perform TEA and LCA, the electrochemical production
(EP) process of electronic grade H2O2 was developed using
Aspen Plus V14 based on experimental data. For comparison, a
conventional production (CP) process was also established,

Fig. 3 (a) The schematic illustration of the reaction process, (b) diagram of the H2O2 electrochemical reactor stack, (c) comparison of H2O2 concen-
tration obtained in this work with those in other literature reports (refs. 9, 22 and 24–30), and (d) stability evaluation for 500 hours by monitoring
H2O2 concentration and FE (reactor size: 100 cm2).

Table 1 Main quality indicators of H2O2 solution of different grades

Industrial grade Medical grade Food grade Electronic grade (G5) This work

H2O2 concentration (wt%) ≥27.5 1–6 ≥35 ≥30 ≥30
Free acid (ppb) ≤400 000 ≤400 000 ≤50 000 ≤30 <0.1
Total organic carbon (ppm) ≤250 000 ≤250 000 ≤80 ≤10 <0.1
Metal ions (ppb) ≤200 000 ≤1000 ≤500 ≤0.01 <0.001
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integrating the AQ process for H2O2 production with an ultra-
purification step to achieve electronic-grade quality. Detailed
process descriptions and calculation details are provided in
Tables S12 and S23. Both processes were designed to achieve
an annual H2O2 output of 100 000 tons, assuming 8000 hours
of operation per year (for details, refer to Fig. S6–S11). Fig. 5a
and b present the mass flow of the reaction species involved in
the EP and CP processes, based on an H2O2 production rate of
12 500 kg h−1. The EP process directly produced electronic-
grade H2O2 without purification, reducing raw material con-
sumption and eliminating wastewater treatment compared to
the CP process. Furthermore, the EP process decreased energy
consumption by 14.02%, mainly by eliminating the energy
needed for concentration and purification, which were
required in the CP process (Fig. 5c).

Fig. 5d compares the production costs of H2O2 for the EP
and CP processes. The EP process achieved a lower cost of USD
189.92 per ton, which is a 32.88% reduction compared to the
CP process. This cost advantage is primarily due to the elimin-
ation of the complex concentration and purification steps,
allowing for the direct production of 30% electronic-grade
H2O2. This study also demonstrated economic benefits over
previous reports, such as Zhang et al.30 (233.40 USD per t for
3 wt%) and Xia et al.9 (340 USD per t for 20 wt%). The main
contributors to costs were the capital investment of electro-
chemical equipment (40.03%) and electricity consumption
(36.22%). Fig. 5e presents a sensitivity analysis, identifying far-
adaic efficiency, current density, and electrolyzer cost as the
key cost drivers. With improvements in electrochemical equip-
ment and the increasing availability of green electricity, the

Fig. 4 The solar-power driven electrosynthesis system for continuous production of aqueous H2O2 solution. (a) Solar panel, (b) energy storage
model consisting of a switch, an inverter and a battery, (c) H2O2 production unit, and (d) continuous on-site operation for twelve days under
different weather conditions with recorded photovoltaic power generation, battery charge level and H2O2 concentration.
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costs of H2O2 are expected to decrease further. Moreover, the
EP process demonstrated environmental advantages (Fig. 5f),
with a GWP of 0.055 kg CO2e per kg H2O2, significantly lower
than that of the CP process (0.750 kg CO2e per kg H2O2).

Conclusions

By offering a complete green approach for producing H2O2 using
sustainable resources (light, water, and air) and ensuring that the
product meets industrial requirements, this work serves as a
unique example of connecting intermittent electricity with liquid
chemicals. The integrated electrosynthesis system can produce
30 wt% H2O2 continuously for more than 500 hours with a
17.86 mol g−1 h−1 H2O2 yield and 99.4% 2e− ORR selectivity cata-
lyst. Furthermore, the adaptable design of the reaction module
allows for the implementation of a customized H2O2 production

unit for localized production. The TEA and LCA results indicated
that this new process is more economical with lower carbon emis-
sions compared to the anthraquinone process.
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Fig. 5 Mass flow, energy consumption, H2O2 cost, and LCA analysis of electrochemical (EP) and conventional (CP) processes, including (a and b)
mass flow Sankey diagrams with the production of 12 500 kg h−1 H2O2 as a benchmark, (c) energy consumption, (d) cost estimation, (e) H2O2 cost
sensitivity analysis, and (f) carbon footprint comparison.
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