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Hydrogen peroxide is a cornerstone chemical, yet its industrial production via the energy-intensive anthraqui-
none process is confined to large, centralized facilities. This paradigm necessitates the hazardous transport and
storage of highly concentrated HyO,, posing significant safety and logistical challenges. Decentralized, on-
demand synthesis offers a compelling alternative, but current methods, including noble-metal catalysis, photo-
catalysis, and electrosynthesis, are hampered by limitations in product purity and concentration brought by
catalysts and solvents/electrolytes. Here, using 3D printing technology, we designed and fabricated a novel, dual-
cooling, plate-to-plate dielectric barrier discharge plasma reactor, which exhibits an excellent performance for
H,0; synthesis via Hy/O2 plasma without catalysts or solvents. We identified the disproportionation reaction of
hydroperoxyl radicals as the core reaction pathway for H,O, synthesis based on combined zero-dimensional
plasma kinetics modeling, in-situ cavity ring-down spectroscopy, and quantum chemistry calculations. Finally,
through parallelization of 20 such reactors, we created a scale-up generator capable of stable, continuous
operation, producing 1190 g H,0, with 43 wt% concentration and Grade 1 purity in 120 h. This work presents a
scalable, direct, and catalyst-free approach for HyO, manufacturing, offering a promising alternative to large-
scale, centralized production, and paving a pragmatic pathway toward safe, small-scale, and modular synthe-
sis to facilitate the decentralized supply of essential chemicals.

1. Introduction

Hydrogen peroxide (H20.) is one of the world's most important
chemicals [1], with widespread applications in water treatment, medi-
cal disinfection, food processing, pulp and paper bleaching, and semi-
conductor manufacturing. Since the 1940s, the anthraquinone (AQ)
process has dominated industrial HyO, production, accounting for over
95% of global output [2] (approximately 6 million tons annually). This
method involves a complex, multi-step cycle: hydrogenation of an

alkylanthraquinone solution, oxidation to produce H,O5, followed by
extraction, purification, and regeneration of the working solution.
However, the AQ process is inherently unsustainable, generating sub-
stantial waste and incurring significant capital and operational costs [2].
These economic constraints render it viable only in massive, centralized
facilities [3]. Consequently, highly concentrated HoOy must be trans-
ported over long distances and stored off-site. This practice introduces
severe safety hazards, as concentrated HpO, is unstable and can
decompose violently, or even explode, during storage and transport
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[4-6].

To overcome the limitations of the centralized AQ process, signifi-
cant research efforts have been devoted to developing decentralized and
on-demand HyO2 synthesis methods. Noble metal catalysis has pro-
gressed on multiple fronts: macroscopic strategies, such as acid pre-
treatment of Au—Pd catalyst supports [7] or oxidation-reduction-
oxidation cycling of Pd—Sn catalysts [8], effectively suppress side re-
actions; atomic-level insights, like Pd isolation within Au matrices, raise
selectivity by tuning activation barriers [9]; and novel pathways, such as
using SnSe nanosheets with tin vacancies, enable direct HyO» synthesis
from H,0 and O under mild conditions [10]. Photocatalysis represents
another promising route, with advances in covalent organic frameworks
(COFs) through dynamic charge traps [11], robust linkage engineering
[12], and heterocyclic isomer incorporation [13], even scaling to panel
reactors for water treatment [14]. Porphyrin-based systems have real-
ized photothermal synergy [15] and enhanced O, adsorption via imid-
azole functionalization [16], while other innovations include single-
atom catalysts [17], metal-free polymers [18], and molecular nano-
packing control [19]. Electrocatalysis offers a green alternative via the
2e” ORR or WOR pathways [20], though standardized reporting of
selectivity is needed [21]. Catalyst design has evolved from oxidized
carbon surfaces [22] and defective graphene oxide [23] to atomic
configuration tuning in Co-N-C single-atom catalysts [24] and supra-
molecularly adjusted cobalt phthalocyanines [25]. Theory-driven dis-
covery has identified active Pt—Hg alloys [26], and hydrophobic layer
construction shifts selectivity toward HyO, [27]. Practical advances
include solid-electrolyte reactors for the direct synthesis of pure 20 wt%
H30, [28], stable NiPS3 nanosheets in seawater [29] and tandem
wastewater treatment systems [30]. Despite the significant progress,
these methods are constrained by the required catalysts and solvent/
electrolytes, which impose restrictions on the purity and concentration
of the synthesized H2O,. This inherent limitation makes the develop-
ment of miniaturized production equipment challenging and unfavor-
able for truly decentralized and on-demand synthesis.

Non-thermal plasma provides a versatile platform for HoO5 synthesis
through various reaction pathways. Recent state-of-the-art de-
velopments have predominantly focused on multiphase systems,
including gas-liquid interfaces [31,32], sub-atmospheric plasma-water
interactions [33], and solution plasma catalysis involving solid catalysts
[34]. While innovative designs like biphasic microreactors [35] have
improved throughput, these multiphase processes often encounter
intense thermal degradation [36] and inherent mass transfer limitations
across phase boundaries. In contrast, the direct synthesis of HyO5 from
Hy and O, via pure gas-phase plasma [37-41] offers distinct advantages.
By operating entirely in the gas phase, this approach eliminates multi-
phase mass transfer resistance and avoids potential contamination from
solvents or catalysts, thereby ensuring superior product purity and
process simplicity. However, the practical development of plasma-based
H»0; synthesis technology has been hampered by the following obsta-
cles. First, a fundamental understanding of the complex reaction
network and radical kinetics in Hy/O5 plasma remains elusive, hindering
targeted process optimization. Second, the reported plasma reactors
featuring a coaxial configuration suffer from critical limitations: they
typically allow cooling only of the grounding electrode, leaving the
high-voltage electrode prone to overheating, which risks thermal
decomposition of HyOy and compromises operational safety. Finally,
conventional manual fabrication of glass plasma reactors struggles to
ensure the uniformity and precision required for reliable parallelization
and scale-up.

Here, we leverage 3D printing to design and fabricate a novel plate-
to-plate, dual-cooling dielectric barrier discharge (DBD) plasma reactor,
which shows excellent performance for HpOy synthesis via Hy/O
plasma in the absence of catalysts and solvents. To unravel the reaction
mechanism, we employed a multi-scale approach. First, zero-
dimensional (0D) plasma kinetics modeling revealed that the dispro-
portionation reaction of HO, radicals is the core pathway for HoO»
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synthesis. We then employed in-situ cavity ring-down spectroscopy
(CRDS) to measure HO; radical concentrations during the discharge to
validate the reaction mechanism. Subsequently, we further clarified the
energetically favorable pathway of key reactions through quantum
chemistry calculations. Finally, by implementing a shared-electrode
design, we successfully parallelized 20 individual reactors into a
scaled-up device, producing 1190 g H,0, with 43 wt% concentration in
120 h continuous operation. This technological advancement offers a
compelling decentralization strategy to overcome the traditional “large-
scale, centralized production, transportation, and storage” model,
driving the transition toward “small-scale, on-demand, and modular
synthesis” for HyOo.

2. Results and discussion
2.1. 3D-printing reactor design and performance

The dual-cooling plate-to-plate reactor comprises an outer frame, a
flow distributor, dielectric glasses, 316 stainless steel meshes, grids,
electrode chamber supports, outer shell glasses, and clamping frames
(Fig. 1a). All components, except for the dielectric glasses, outer shell
glasses, and 316 stainless steel meshes, are fabricated via 3D printing.
The outer frame, flow distributor, and two dielectric glasses form the
discharge chamber, designed for Hy/O, plasma reactions. A seal gap
between the inner side of the reactor outer frame and the outer side of
the electrode chamber support allows for silicone injection to ensure
airtightness (Fig. 1b). The detailed assembly process of the reactor is
shown in Fig. S1-S2. To rapidly dissipate the heat generated during the
discharge—thereby preventing H3O, decomposition and reactor
deformation—the high-voltage and grounded electrode chambers
circulate low-temperature transformer oil and water, respectively.
Transformer oil is used in the high-voltage electrode chamber to ensure
effective cooling while providing electrical insulation. The experimental
setup is illustrated in Fig. S3, and a photograph of the reactor is shown in
Fig. S4.

We first investigated the effect of electrode chamber coolant tem-
perature on reaction performance while maintaining a constant fre-
quency of 7 kHz and a discharge power of 31 W, at a total Hy/O3 flow
rate of 500 mL/min (4% O3). Upon increasing the coolant temperature
from 5 to 30 °C (in increments of 5 °C), the O, conversion rises, but the
selectivity, yield, and energy yield for H,O5 all drop (Fig. 1c, d). This
decline in selectivity is driven by the synergistic effect of thermal
decomposition and a plasma-induced reaction pathway shift. First,
elevated temperatures inherently accelerate the thermal decomposition
of Hy0,. Second, as experimentally illustrated in Figs. S6 and S7, a
higher coolant temperature results in a brighter discharge accompanied
by an increased number of discharge pulses, indicating a transition into
an intense, localized filamentary mode. According to previous kinetic
studies on Hy/O2 plasma [41], such an intense, high-electron-density
discharge leads to the over-activation of O into atomic O and excited
O,. These highly energetic species trigger destructive chain-branching
reactions, shifting the reaction pathway toward HyO formation and
inducing severe secondary destruction of the synthesized H,O,.
Conversely, maintaining a lower temperature helps sustain a milder,
more uniform discharge environment. This controlled regime restricts
the over-activation of Oy, fundamentally favoring the chain-termination
pathway for continuous HOy synthesis while simultaneously sup-
pressing its thermal decomposition. Thus, we fixed the electrode
chamber coolant temperature at 5 °C to subsequently investigate the
influence of discharge power. With increasing discharge power, the O4
conversion consistently rises, while HyO» selectivity initially increases
and then declines (Fig. 1e), peaking at 48.1% at a power level of 16 W,
where Oy conversion reaches 23.6%. At 70 W, the space-time yield of
H0, peaks at 36.4 g/L-h, while the energy yield reaches its maximum of
15.1 g/kWh at 21 W (Fig. 1f). Thermal imaging confirms that regardless
of power variations, the temperature of the high-voltage and grounded
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Fig. 1. 3D printing design and performance evaluation of the dual-cooling plate-to-plate plasma reactor. (a) Schematic of the reactor components. 1 outer frame, 2
flow distributor, 3 glass dielectric barrier, 4316 stainless steel mesh, 5 grid, 6 electrode chamber support, 7 outer shell glass, 8 clamping frame. Chamber 1 is the
plasma discharge chamber, Chamber 2 is the high-voltage electrode chamber with circulating transformer oil inside, and Chamber 3 is the grounded electrode
chamber with circulating water inside. (b) Schematic of the whole reactor. Effect of electrode chamber coolant temperature on O, conversion and H,0, selectivity
(c), and on H,0, space-time yield and energy yield (d), at 31 W and 7 kHz. Effect of discharge power on O, conversion and H,O5 selectivity (e), and on H,O, space-
time yield and energy yield (f), at a coolant temperature of 5 °C.

electrode chambers remain stable at around 10 °C (Fig. S8, S9), indi- Based on the Lissajous figures and electrical parameters, we calculated
cating that the transformer oil and water provide highly effective heat the equivalent capacitance, average electric field strength, reduced
removal. The Lissajous figures, discharge current waveforms and electric field strength, electron energy distribution function (EEDF), and
discharge images (Figs. S10-S12) show that both the number of mean electron energy at various discharge powers (Fig. S13, S14). The
discharge pulses and the discharge area increase with discharge power. dielectric capacitance increases, whereas the gas gap and total
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equivalent capacitances decrease with increasing discharge power.
Concurrently, both the overall average electric field and reduced electric
field strengths rise, and thus the mean electron energy gradually in-
creases. The combination of reaction performance and plasma di-
agnostics suggests that weaker discharges lead to a relatively lower
mean electron energy, which favors HyO» synthesis.

3. Reaction pathways from plasma diagnostics and chemical
kinetics 0D modeling

To elucidate the underlying chemistry, we employed a zero-
dimensional (0D) kinetic model using ZDPlasKin [42] to simulate the
temporal evolution of species densities in the Hy/O2 plasma. The model
considers 38 species and 410 reactions (Tables S1-S7). The simulated O,
conversion and HyO, selectivity exhibit excellent agreement with the
experimental results (Fig. S15), with relative errors largely confined to
within 5%, which validates the reliability of our OD model.

The temporal evolution of species densities during the discharge is
plotted in Fig. 2a. The reactants, Hy and Oj, obviously exhibit the
highest number densities. Highly energetic electrons collide with Hy and
O, molecules, generating substantial amounts of H and O atoms via
electron impact dissociation, consistent with the lines of H (656.3 nm)
and O (777.4 nm and 844.7 nm) observed by optical emission spectra
(Fig. S16). Notably, the density of H atoms exceeds that of O atoms by
several orders of magnitude, attributed to the higher initial concentra-
tion and lower dissociation energy of Hy. Both OH and HO, radicals are
also observed; however, the density of HO, radicals surpasses that of OH
radicals by five orders of magnitude. This is consistent with the reaction
pathways shown in Fig. 2f, where OH radicals are primarily formed
through the reactions of HO5 with H atoms and O atoms. Furthermore,
the temporal profiles of HO, and H205 exhibit similar trends, indicating
a strong correlation between HO5 accumulation and H,O5 formation.

The time evolution of reaction rates for the key generation and
consumption pathways of HyO,, HO,, HyO, and OH are plotted in

Chemical Engineering Journal 546 (2026) 180264

Fig. 2b-e. HyO, is predominantly formed via HO; + HO2 — H305 + Oa,
with its rate being significantly higher than OH + OH + M — H03 + M,
due to the five-orders-of-magnitude-higher HO5 radical density (Fig. 2a
and b). This is further supported by path flux analysis (Fig. 2f). HyO9
consumption primarily occurs via H,O2 + H — Hy0 + OH and H,0, +
OH — HO3 + H50, driven by the high concentrations of reactive H atoms
and OH radicals (Fig. 2a and b). As the primary intermediate in H;O,
synthesis, HO5 is mainly formed via the three-body reaction O, + H + M
— HO3 + M (Fig. 2¢). This is facilitated by the high concentrations of Hp
and O, as well as the abundant H atoms generated from H; dissociation
(Fig. 2a). Beyond H05 formation, HO5 also reacts with H, O, and OH to
produce OH and H0. For Hy0 byproduct formation (Fig. 2d), OH
radicals are crucial. They readily react with H, Hy, HO, and H505 to
yield HO. The reaction OH + Hy — H20 + H shows the highest rate,
largely due to excess Hj in the system. Finally, the analysis of OH radical
formation and depletion (Fig. 2e) shows that the reaction HO2 + H —
OH + OH exhibits the highest formation rate due to the high H atom
density.

By integrating these analyses, we constructed a comprehensive re-
action network for HyO5 synthesis in Hp/O5 plasma (Fig. 2f and S17).
The model unequivocally shows that HyOy is predominantly formed
through the disproportionation reaction HO5 + HO — H205 + O3, while
the critical intermediate, HO,, primarily originates from collisions be-
tween O, and H atoms.

3.1. Reaction pathways validation via in-situ spectroscopy diagnostics

While the HO, disproportionation pathway has been extensively
proposed in conventional models [43-45], direct experimental valida-
tion in a pure Hy/0; discharge has remained highly elusive. This diffi-
culty fundamentally arises from the transient nature, extremely low
steady-state concentration, and severe background spectral interfer-
ence of HO9, which render it virtually invisible to traditional diagnostic
tools. To bridge this gap and experimentally validate the reaction

a b c
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Fig. 2. Zero-dimensional plasma kinetic simulation. (a) Time evolution of the number densities of various species (including e, H,, O, H, O, OH, HO,, H,0, and
H,0,) in Ho/O, plasma (16 W discharge power); Reaction rates of key generation and consumption pathways for HO,, HO,, H,O and OH (b: H,05; c: HO»; d: H,0; e:
OH); (f) Path flux analysis for H>O, synthesis in Hp/O, plasma. Green arrows denote electron-ion recombination reactions, purple arrows represent reactions
involving excited states, orange arrows indicate ionic reactions, and light blue arrows correspond to neutral-neutral reactions.
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pathways, we directly measured the concentration of this key interme-
diate using high-sensitivity Cavity Ring-Down Spectroscopy (CRDS), a
non-destructive diagnostic method [46,47]. A schematic diagram of the
in-situ CRDS setup is shown in Fig. 3a, and the experimental system is
illustrated in Fig. S18. The reactor was installed between the two cavity
mirrors. This reactor still utilizes a dual-cooling structure, with the only
difference being that the distance between the two dielectric glass bar-
riers is 4.5 mm. Note that apertures with 3 mm diameter were reserved
on both sides of the reactor to allow laser transmission with negligible
loss. The entire discharge assembly was electromagnetically shielded to
eliminate interference from the high-voltage power supply during DBD
operation.

Fig. 3b shows a representative absorption spectrum recorded over
the range of 6637.3-6639.2 cm™*, with an averaging of 240 ring-down
events for each data point. A series of HO, absorption peaks is clearly
observed around 6638.2 cm™' [48]. This specific absorption line,
located in the near-infrared O—H first overtone 2v; band, was strate-
gically selected because it has been systematically established by
extensive spectroscopic literature as an unambiguous “fingerprint” for
the HO, radical, exhibiting the strongest absorption cross-section in this
region [46-50]. However, in practical DBD plasma, the process also
generated stable HyO and Hy09, which interfere with the target signal.
To strictly eliminate this background absorption, we isolated the signal
of the highly reactive HO, radical by leveraging its rapid decay after
switching off the discharge [47]. A discharge-on spectrum was first
recorded, after which power and gas flow were terminated. Following a
three-minute delay for HO5 to deplete, a background spectrum (con-
taining only H,0 and Hy03) was acquired and subtracted from the active
spectrum to yield the pure HO signal (Fig. 3b). Because the observed
HO, spectra contain multiple peaks, the resulting background-
subtracted spectrum was fitted using a global Voigt profile to deter-
mine the absolute HO; concentration (Fig. 3c).

The HO; concentrations were measured at different oxygen fractions
and discharge powers (Fig. 3d), and corresponding performance evalu-
ation is shown in Table S8. Details of the raw measurement data are
provided in Fig. S19, while the fitting results are shown in Fig. S20. As
observed in Fig. 3e, the HO, concentration measured by in-situ CRDS is
on the order of 10'2 molecules-cm 3, which is an order of magnitude
lower than the value predicted by our OD plasma kinetics model
(Fig. 2a). This discrepancy is attributed to the lower plasma density in
the CRDS experimental reactor compared to the one simulated, caused
by the broadened electrode gap and threefold larger volume. Crucially,
as shown in Fig. 3e, the experimentally measured HO5 concentrations
exhibit a strong positive correlation with the HyO5 yield under various
operating conditions. Furthermore, we observe a clear quadratic
dependence between the H,0, synthesis rate and the HO, number
density measured by in-situ CRDS (Fig. S21), indicating that the reaction
HO; + HO5 — Hy03 + O is second-order, consistent with literature
[51]. These results provide direct, compelling evidence for the dominant
pathway of HpO, generation, i.e., HOy + HO2 — H204 + Oa.

Furthermore, our 0D simulations indicate that the OH radical is the
primary intermediate in the formation of the HyO byproduct. To verify
this, we used in-situ optical emission spectroscopy (OES) and observed
that the intensity of the OH (A%xt = X2I) transition at 309 nm [52]
shows a strong positive correlation with the HyO production rate
(Fig. S22), providing evidence for the role of OH in HoO generation.

3.2. Kinetic insights from quantum chemistry calculation

To further investigate the competition among key elementary re-
actions, we performed kinetic calculations based on full-dimensional ab
initio potential energy surfaces (PES). Spin—orbit couplings were not
considered here; so the singlet (low-spin) and triplet (high-spin) state
channels were treated separately. As shown in Fig. 4a, the singlet state
oxygen Ox(a'A,) is difficult to generate at room temperature under the
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current experimental condition. Therefore, the H + O, collision reaction
predominantly proceeds through the endothermic triplet state 02(X32;)

channel, allowing the intermediate HO5(?A") to remain relatively stable
for subsequent reactions, most likely in a rotationally excited state and
either the ground or a low-lying vibrational state. Figs. 4b-e illustrate the
energetically favorable pathways of four subsequent key reactions, all of
which are highly exothermic and proceed either without a barrier or via
a submerged one, indicating they can occur readily at room
temperature.

The full-dimensional lowest triplet PES we used for the crucial HO,
disproportionation-reaction was constructed by Li et al [53] using a
permutation-invariant-polynomial  neural-network  (PIP-NN)-based
A-machine learning approach, incorporating 10,700 UCCSD(T)-F12a/
AVTZ energy points and 64,600 corrected points. A relatively stable
doubly hydrogen-bonded intermediate—the HO, radical dimer—is
formed prior to the submerged hydrogen abstraction transition state
(TS), as shown in Fig. 4b. Li et al. also constructed a full-dimensional
triplet PES for the OH + HO2 — H20 + O, reaction, based on 108,000
CCSD(T)-F12a/aug-cc-pVTZ points using the PIP-NN method [54]. The
hydrogen-bonded complex well lies 3.3 kcal/mol below the reactant
asymptote, and the submerged barrier is at —1.5 kcal/mol, as shown in
Fig. 4c. In 2020, Xie, Hu and co-workers developed a multichannel full-
dimensional PES for the HO3 system, fitted to over 21,000 ab initio
points at the MRCI-F12/VDZF12 level using the PIP-NN method [55]. As
shown in Fig. 4d, the dominant low-spin channel for the O + HO; — OH
+ O, reaction features global minima at the planar cis-HO3 and trans-
HOj3 conformers, connected by an isomerization saddle point with a
barrier height of 1.10 kcal/mol. For the H + HO — OH + OH reaction,
the low-spin channel is also energetically more feasible, featuring a deep
potential well that supports the HOOH* intermediate, as shown in
Fig. 4e. Because the MRCI calculations do not describe the energies in
the reaction interaction region with sufficient accuracy, we constructed
a full-dimensional singlet-state PES for the H + HO reaction based on
the CCSD(T)-F12a/aug-cc-pVTZ level of theory. A total of 58,240 energy
points, sampled using ab initio molecular dynamics (AIMD), were
employed in the fitting procedure based on the fundamental invariants
neural networks (FI-NN) approach. In the H + HO» reactant region and
the OH + OH product region, the energies of the triplet state were
calculated and smoothly connected to the singlet-state PES of the
interaction region using a sigmoid function. The PES also includes en-
ergy points for the o('D) + H->0 and 02(1A) + Hj channels. Quasi-
classical trajectory (QCT) calculations confirm that the PES is
converged with respect to the number of ab initio points and the fitting
process. Details of the PES are provided in Supporting Information
(Figs. S23-S24, Tables S9-S10).

Using the above full-dimensional PES, we calculated the thermal rate
constants at 298 K for the four reactions with the QCT method, which
has been shown to yield reliable rate coefficients at room temperature
for many bimolecular reactions, as compared to ring-polymer molecular
dynamics (RPMD) and quantum dynamics calculations. The calculated
thermal rate coefficients are summarized in Fig. 4f along with the cor-
responding values from the NIST database. Notably, the calculated rate
coefficient for the HO, disproportionation reaction is of the same order
of magnitude as the other three competing reactions, confirming its ki-
netic feasibility. Considering that molecules in the reactor may be in a
non-equilibrium state, we also computed initial state-specific rate con-
stants at 298 K for the four reactions to examine the influence of rovi-
brational excitation. Our calculations reveal that the rate coefficients for
vibrationally excited HO, are negligible, and that lower initial rotational
excitation favors the HO, disproportionation reaction over the other
three competing reactions. This suggests that further cooling of the
reactor could enhance the efficiency of HyOy synthesis in future
applications.
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3.3. Scale-up hydrogen peroxide generator

To explore the conceptual feasibility of modular scaling, we con-
structed a multi-unit assembly by connecting multiple reactors in par-
allel (Fig. 5a, Fig. S25). In this parallel configuration, adjacent reactors
are positioned to align electrodes of the same polarity. All electrodes of a
like polarity are then electrically connected to a common power supply.
The complete generator consists of four such systems, with each system
comprising five parallel reactors powered by a single supply, for a total
of 20 reactors. This modular integration was facilitated by an optimized
cooling configuration in each reactor unit (Fig. 5b). In this improved
design, the electrode cavities are filled with a saturated NaCl solution to
maximize conductivity, and cooling plates circulating low-temperature
transformer oil are attached to the external surfaces for efficient heat
removal. The collector is a quartz gas-liquid separator equipped with a
cooling jacket circulating cooling oil at 0 °C. Its specific structure is
shown in Fig. §26.

We conducted a 120-h continuous synthesis experiment at a total
power of 504 W and a total gas flow rate of 10 L/min, with the coolant
inlet temperature maintained at 0 °C. As illustrated in Fig. 5b, the scale-
up generator utilizes multiple cooling plates connected in series. The
external coolant setpoint of 0 °C, rather than the 5 °C used for the single
reactor, was purposefully chosen to minimize the massive cumulative
heat load across the multi-unit system. However, thermal imaging
revealed that the maximum operating temperature on the outer walls of
the reactor electrode chambers in the scale-up system reached 16.8 °C
(Fig. S27). This temperature is notably higher than that of a single

reactor (~10 °C), which is attributed to both the cumulative plasma heat
dissipation and the heat intrusion into the coolant delivery lines and
connecting tubes between adjacent cooling plates from the ambient air
(~22 °C). Although this temperature rise is expected to cause a slight
decrease in HoO3 selectivity based on our single-reactor evaluation, the
overall scaled-up system nevertheless maintained highly stable opera-
tion throughout the 120-h extended run. Additionally, the current
polyurethane (PU) connecting tubes provide limited thermal insulation.
Future industrial deployments will address this by utilizing highly
insulated pipelines and further decreasing the coolant temperature to
minimize heat ingress and cumulative thermal loads, thereby ensuring
an ideal low-temperature reaction environment. To ensure operational
safety, the O, concentration was strictly maintained at 4% throughout
the process. The discharge exhibits excellent stability throughout the
extended operation. The O, conversion remains stable at approximately
64%, ultimately yielding 1190 g H,O5 with a concentration of 43 wt%
(Fig. 5¢). More importantly, inductively coupled plasma (ICP) elemental
analysis of the synthesized H2O5 solution confirmed that the product
purity meets the Grade 1 standard for high-purity HyO, set by SEMI. The
detailed impurity concentrations are presented in Table S11.
Furthermore, disassembly of the reactor revealed that the resin
exhibited no signs of deformation, such as cracking or pulverization
after the reaction (Fig. S28). Similarly, no significant change was
observed for the 316 stainless steel mesh (Fig. S29). In future applica-
tions, highly inert materials such as titanium (Ti) wire or graphite
electrodes could be employed to completely eliminate the risk of
corrosion. This successful demonstration of stable, long-term, and high-
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yield production validates the scalability and robustness of our design. It
should be noted that due to the highly integrated and compact archi-
tecture of the current 20-unit prototype generator, individual isolation
of each reactor cell for separate performance sampling is physically
restricted. Consequently, the localized unit-to-unit performance vari-
ance and exact gas flow distribution profile across the entire parallel

array remain unquantified at this stage. Evaluating this inter-reactor
variability is undoubtedly a crucial pre-requisite for optimizing large-
scale plasma processing. To address this engineering limitation, future
iterations of the scale-up device will incorporate a modular gas manifold
design equipped with individual micro-flow meters and independent
sampling ports, enabling precise tracking of fluid dynamics and
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synthesis uniformity throughout the monolithic array. To bridge the gap
between this foundational milestone and authentic industrial deploy-
ment, future engineering efforts will systematically address the
remaining scale-up challenges. Specifically, further development will
focus on optimizing fluidic and electrical uniformity across larger arrays
and enhancing system-level energy efficiency. Furthermore, while the
3D-printed Polylactic Acid (PLA) components (i.e., the electrode
chamber support and grid) successfully maintained their mechanical
integrity without macroscopic deformation during the 120-h
test—largely due to the low operating temperature significantly
retarding the hydrolysis kinetics—PLA is inherently susceptible to
chemical degradation in saturated brine over extended periods. There-
fore, to ensure an extended reactor lifespan, future configurations will
not only substitute these PLA prototypes with highly chemically inert
polymers (e.g., Polypropylene) to resist brine hydrolysis, but also up-
grade the current resin-based architectures to more advanced ozone-
and UV-resistant 3D printing materials (such as PTFE or PEEK).

a

| Water electrolysis |
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Our approach holds significant potential for further optimization and
application-specific customization. By fine-tuning reactor dimensions
and electrode spacing, we enhanced both the selectivity and concen-
tration of HyOy (Table S12), reaching 60 wt%. We also evaluated the
optimized reactor using the parallel scale-up strategy. Notably, both the
H30, concentration (30 wt% ~ 60 wt%) and production rate signifi-
cantly outperform current state-of-the-art results in electrocatalysis,
photocatalysis and multiphase plasma methods (Fig. 5d). Despite these
superior production metrics, the current energy efficiency of 19.7 g/
kWh remains relatively modest compared to established industrial
benchmarks. However, our preliminary exploration of the scaled-up
apparatus reveals that the optimization of energy efficiency is a multi-
dimensional challenge; beyond conventional reactor geometry re-
finements, we identified that the precise impedance matching between
the plasma power supply and the reactor load is a decisive factor in
significantly enhancing the energy performance (Fig. S30). Concur-
rently, improvements in feedstock purity, quartz dielectric quality, and
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operational cleanliness will be pursued to elevate the product purity
beyond the current Grade 1 standard, with the potential to achieve even
higher purity grades. Such advances would enable direct, catalyst-free
production of HyO2 with tailored concentration and purity, meeting
the stringent requirements of diverse end-use sectors, from microelec-
tronics and pharmaceuticals to aerospace and beyond, without the need
for further purification or handling.

Building upon the scaled-up HoO» generator, we propose a novel,
sustainable, and safe distributed production model for H,O, (Fig. 6a).
Renewable energy sources, such as solar or wind power, are utilized to
electrolyze water, and the produced H; and O are subsequently fed into
our generator (i.e., plasma reactor, also powered by renewable energy)
for high-purity HoO5 production without any other feedstock or chem-
icals. This point-of-use production strategy enables end-users—includ-
ing chemical plants, paper mills, hospitals, research institutes,
semiconductor factories, and the aerospace industry—to generate HoO5
on-site and on-demand. Consequently, this approach fundamentally
circumvents the safety risks and logistical challenges associated with the
conventional storage and transportation of bulk H30,. Crucially,
because the Hj feedstock is generated on-demand via upstream water
electrolysis and immediately consumed by the plasma reactor, this in-
tegrated design also fundamentally eliminates the severe explosion
hazards tied to Hy transportation and bulk storage. A techno-economic
analysis (TEA) was conducted to further validate the feasibility of this
process (Fig. S31, Tables S13-S15). The analysis indicates that the
apparatus maintains robust profitability, even in scenarios with fluctu-
ating electricity prices and energy efficiencies (Fig. 6b). More impor-
tantly, the H205 production cost exhibits a moderate response to
changes in various influencing factors, which endows the process with
strong resilience against market fluctuations (Fig. 6¢).

Beyond its impressive production metrics, this system offers
compelling environmental advantages. First, its purely gas-phase, cata-
lyst- and solvent-free operation fundamentally eliminates auxiliary
chemical waste, circumventing the heavy metal leaching and solvent
disposal issues inherent in conventional methods. Second, decentral-
ized, on-site synthesis inherently enhances safety by eradicating the
explosion risks and transportation-related carbon footprint associated
with bulk H20; logistics. Finally, as an electrically driven module, it
couples seamlessly with renewable energy sources (e.g., solar, wind),
offering a practical route to zero-carbon chemical manufacturing.

4. Conclusions

We have designed and fabricated a novel dual-cooling plate-to-plate
DBD reactor using 3D printing, achieving a new benchmark for the
direct, catalyst-free synthesis of HoO, from Hy/O5 plasma. Through a
combination of 0D plasma kinetics modeling, in-situ CRDS diagnostics,
and quantum chemistry calculations, we provided definitive evidence
that H,0; is formed predominantly via the disproportionation reaction
of HO; radicals (HO; + HO2 — Hy05 + O3). Our experimental mea-
surements confirm a strong positive correlation between the HO, con-
centration and the Hy0, yield, validating the reaction mechanism. By
successfully parallelizing 20 reactors, we engineered a scalable gener-
ator that produces 1190 g of 43 wt% H30, with Grade 1 purity over 120
h of continuous operation, demonstrating a promising route for prac-
tical, on-demand H,0; production. In addition, the concentration and
purity of HyO2 have great potential to be further improved. This
approach overcomes critical limitations of current methods. The cata-
lyst- and solvent-free plasma process ensures high purity, while 3D
printing enables the rapid, uniform fabrication of reactor units, which is
crucial for predictable and scalable performance. Ultimately, this work
pioneers a modular “chemical factory in a box” concept. By circum-
venting complex downstream purification and condensation operations,
and mitigating the logistical risks of bulk transport and storage, it pro-
vides a highly pragmatic framework.

Chemical Engineering Journal 546 (2026) 180264
CRediT authorship contribution statement

Dongxing Li: Writing — original draft, Visualization, Software,
Methodology, Investigation, Formal analysis, Data curation. Shao-Pei
Wang: Writing — original draft, Visualization, Software, Methodology,
Formal analysis, Data curation. Qun Chen: Writing — original draft,
Visualization, Software, Methodology, Investigation, Formal analysis,
Data curation. Shengyan Meng: Writing — original draft, Visualization,
Formal analysis, Data curation. Zhaojun Zhang: Resources, Methodol-
ogy, Formal analysis. Jintao Sun: Writing — review & editing, Visuali-
zation, Software, Resources, Methodology, Investigation, Formal
analysis, Data curation. Shu Liu: Writing — review & editing, Resources,
Methodology, Formal analysis, Data curation, Conceptualization. Cun-
Feng Cheng: Writing — review & editing, Resources, Methodology,
Formal analysis, Data curation. Qi Chen: Resources, Methodology.
Shui-Ming Hu: Resources, Methodology. Dong H. Zhang: Resources,
Methodology. Annemie Bogaerts: Resources, Methodology. Hongchen
Guo: Resources, Methodology. Yanhui Yi: Writing — review & editing,
Visualization, Resources, Methodology, Formal analysis, Data curation.

Declaration of competing interest

Authors H. Guo, Y. Yi, and D. Li are inventors on two pending patent
applications (Application No. 202410904853.1, 202410904916.3)
related to this work. Additionally, authors Y. Yi, D. Li and H. Guo are
inventors on three other pending patent applications (Application No.
202410902689.0, 202410902670.6 and 202610132317.3), also related
to this work. The remaining authors declare no competing interests.

Acknowledgements

We acknowledge financial support from the National Natural Science
Foundation of China [22472018, 22272015, 21503032, 29792071]. S.
Liu thanks J. Li, X. Hu and D. Xie for providing the PES.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cej.2026.180264.

Data availability
Data will be made available on request.

References

[1] R.L. Myers, The 100 Most Important Chemical Compounds: A Reference Guide,
Greenwood Press, Westport, 2007, pp. 144-147.

[2] J.M. Campos-Martin, G. Blanco-Brieva, J.L. Fierro, Angew. Chem. Int. Ed. Eng. 45
(2006) 6962-6984.

[3] Y. Cheng, L. Wang, S. Lii, Y. Wang, Z. Mi, Ind. Eng. Chem. Res. 47 (2008)
7414-7418.

[4] X. Jia, F. Sun, Y. Fei, M. Jin, F. Zhang, W. Xu, N. Shi, Z. Lv, Process. Saf. Environ.
Prot. 119 (2018) 218-222.

[5] J. Yun, H.J. Kim, S.Y. Kim, National Fire Research Institute of Korea 4, 2023,
pp. 133-149.

[6] E. Abdel-Fattah, D. Ogawa, K. Nakamura, Vacuum 222 (2024) 113002.

[7] J.K. Edwards, E. Ntainjua, A.F. Carley, A.A. Herzing, C.J. Kiely, G.J. Hutchings,
Angew. Chem. Int. Ed. Eng. 48 (2009) 8512-8515.

[8] S.J. Freakley, Q. He, J.H. Harrhy, L. Lu, D.A. Crole, D.J. Morgan, E.N. Ntainjua, J.
K. Edwards, A.F. Carley, A.Y. Borisevich, C.J. Kiely, G.J. Hutchings, Science 351
(2016) 965-968.

[9] T. Ricciardulli, S. Gorthy, J.S. Adams, C. Thompson, A.M. Karim, M. Neurock, D.
W. Flaherty, J. Am. Chem. Soc. 143 (2021) 5445-5464.

[10] X. Zhang, Y. Wan, Y. Wen, Y. Zhu, H. Liu, J. Qiu, Z. Zhu, Z. Sun, X. Gao, S. Bai,
Y. Zhang, L. Zhang, X. Yan, J. Zhang, Y. Liu, S. Li, L.-D. Zhao, Nat. Catal. 8 (2025)
465-475.

[11] F. Ma, T. Gao, X. Sun, C. Han, Y. Wang, A. Jiang, Y. Zhou, G. Liang, H. Wang,

L. Wang, B. Jia, Y. Huang, H. Huang, X.Y. Kong, H. Li, N. Huang, T. Ma, L. Ye, Nat.
Commun. 16 (2025) 7432.

[12] J. Yang, Z. Zhao, X. Liu, H. Yang, J. Yang, M. Zhou, S. Li, X. Liu, X. Xu, C. Cheng,

Nat. Commun. 16 (2025) 7654.


https://doi.org/10.1016/j.cej.2026.180264
https://doi.org/10.1016/j.cej.2026.180264
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0005
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0005
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0010
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0010
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0015
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0015
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0020
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0020
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0025
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0025
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0030
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0035
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0035
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0040
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0040
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0040
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0045
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0045
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0050
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0050
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0050
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0055
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0055
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0055
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0060
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0060

D. Liet al

[13]
[14]
[15]
[16]
[17]
[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]
[32]

[33]

Y. Ju, H. Lin, G. Tan, P. Su, Z. Wang, C. Hu, R. Hou, T. Hao, F. Chen, Y. Tang, Nat.
Commun. 16 (2025) 5658.

Z. Chen, H. Weng, C. Chu, D. Yao, Q. Li, C. Zhang, S. Mao, Nat. Commun. 16 (2025)
6943.

Y. Zhang, C. Pan, G. Bian, J. Xu, Y. Dong, Y. Zhang, Y. Lou, W. Liu, Y. Zhu, Nat.
Energy 8 (2023) 361-371.

Y. Guo, Q. Zhou, L. Wang, Z. Deng, D.L. Phillips, C.Y. Tang, Y. Zhu, Nat. Commun.
16 (2025) 6297.

Z. Teng, Q. Zhang, H. Yang, K. Kato, W. Yang, Y.-R. Lu, S. Liu, C. Wang,

A. Yamakata, C. Su, B. Liu, T. Ohno, Nat. Catal. 4 (2021) 374-384.

Y. Shiraishi, T. Takii, T. Hagi, S. Mori, Y. Kofuji, Y. Kitagawa, S. Tanaka,

S. Ichikawa, T. Hirai, Nat. Mater. 18 (2019) 985-993.

H. Yang, C. Li, T. Liu, T. Fellowes, S.Y. Chong, L. Catalano, M. Bahri, W. Zhang,
Y. Xu, L. Liu, W. Zhao, A.M. Gardner, R. Clowes, N.D. Browning, X. Li, A.J. Cowan,
A.1. Cooper, Nat. Nanotechnol. 18 (2023) 307-315.

S.C. Perry, D. Pangotra, L. Vieira, L.-I. Csepei, V. Sieber, L. Wang, C. Ponce de Leén,
F.C. Walsh, Nat. Rev. Chem. 3 (2019) 442-458.

C. Xia, J.Y. Kim, H. Wang, Nat. Catal. 3 (2020) 605-607.

Z. Lu, G. Chen, S. Siahrostami, Z. Chen, K. Liu, J. Xie, L. Liao, T. Wu, D. Lin, Y. Liu,
T.F. Jaramillo, J.K. Ngrskov, Y. Cui, Nat. Catal. 1 (2018) 156-162.

H.W. Kim, M.B. Ross, N. Kornienko, L. Zhang, J. Guo, P. Yang, B.D. McCloskey,
Nat. Catal. 1 (2018) 282-290.

E. Jung, H. Shin, B.H. Lee, V. Efremov, S. Lee, H.S. Lee, J. Kim, W. Hooch Antink,
S. Park, K.S. Lee, S.P. Cho, J.S. Yoo, Y.E. Sung, T. Hyeon, Nat. Mater. 19 (2020)
436-442.

B.-H. Lee, H. Shin, A.S. Rasouli, H. Choubisa, P. Ou, R. Dorakhan, I. Grigioni,

G. Lee, E. Shirzadi, R.K. Miao, J. Wicks, S. Park, H.S. Lee, J. Zhang, Y. Chen,

Z. Chen, D. Sinton, T. Hyeon, Y.-E. Sung, E.H. Sargent, Nat. Catal. 6 (2023)
234-243.

S. Siahrostami, A. Verdaguer-Casadevall, M. Karamad, D. Deiana, P. Malacrida,
B. Wickman, M. Escudero-Escribano, E.A. Paoli, R. Frydendal, T.W. Hansen,

I. Chorkendorff, L.E. Stephens, J. Rossmeisl, Nat. Mater. 12 (2013) 1137-1143.
C. Xia, S. Back, S. Ringe, K. Jiang, F. Chen, X. Sun, S. Siahrostami, K. Chan,

H. Wang, Nat. Catal. 3 (2020) 125-134.

C. Xia, Y. Xia, P. Zhu, L. Fan, H. Wang, Science 366 (2019) 226-231.

C. Zhang, P. Shan, Y. Zou, T. Bao, X. Zhang, Z. Li, Y. Wang, G. Wei, C. Liu, C. Yu,
Nat. Sustainability 8 (2025) 542-552.

J. Xu, X. Zheng, Z. Feng, Z. Lu, Z. Zhang, W. Huang, Y. Li, D. Vuckovic, Y. Li, S. Dai,
G. Chen, K. Wang, H. Wang, J.K. Chen, W. Mitch, Y. Cui, Nat. Sustainability 4
(2021) 233-241.

R.K.M. Bulusu, N. Mihajlov, C.W. Patterson, R.J. Wandell, B.R. Locke, Plasma
Chem. Plasma Process. 43 (2023) 1549-1565.

S. Schuttler, A.L. Schone, E. Jess, A.R. Gibson, J. Golda, Phys. Chem. Chem. Phys.
26 (2024) 8255-8272.

V. Rathore, M. Nisoa, T. Eknapakul, S.C.B. Gopinath, A.B. Zala, V. Pachchigar,

S. Yasmin, W. Panpipat, S. Sarapirom, B. Dheerawan, S.K. Nema, Environ. Technol.
46 (2025) 5470-5483.

11

[34]
[35]
[36]
[37]

[38]
[39]

[40]
[41]

[42]

[43]
[44]

[45]
[46]

[47]
[48]
[49]
[50]

[51]
[52]

[53]
[54]

[55]

Chemical Engineering Journal 546 (2026) 180264

S. Liang, Q. Wu, C. Wang, R. Wang, D. Li, Y. Xing, D. Jin, H. Ma, Y. Liu, P. Zhang,
X. Zhang, Proc. Natl. Acad. Sci. USA 121 (2024) e2410504121.

F. Cameli, P. Dimitrakellis, D.G. Vlachos, ACS Sustain. Chem. Eng. 13 (2025)
20632-20637.

M.S. Hernandez, Y. Mikolaiczyk, S. Soldatov, G. Link, L. Silberer, R. Dittmeyer,
A. Navarrete, J. Am. Chem. Soc. 148 (2026) 10378-10387.

J. Zhou, H. Guo, X. Wang, M. Guo, J. Zhao, L. Chen, W. Gong, Chem. Commun.
(Camb.) (2005) 1631-1633.

Y. Yi, L. Wang, J. Yu, H. Guo, J. Zhang, C. Meng, AICHE J. 64 (2017) 981-992.
Y. Yi, C. Xu, L. Wang, J. Yu, Q. Zhu, S. Sun, X. Tu, C. Meng, J. Zhang, H. Guo,
Chem. Eng. J. 313 (2017) 37-46.

Y. Yi, J. Zhou, T. Gao, H. Guo, J. Zhou, J. Zhang, AICHE J. 60 (2013) 415-419.
Y. Yi, J. Zhou, H. Guo, J. Zhao, J. Su, L. Wang, X. Wang, W. Gong, Angew. Chem.
Int. Ed. 52 (2013) 8446-8449.

S. Pancheshnyi, B. Eismann, G.J.M. Hagelaar, L.C. Pitchford, Computer Code
ZDPlasKin, University of Toulouse, LAPLACE, CNRS-UPS-INP, Toulouse, France,
2008.

D. Vione, V. Maurino, C. Minero, E. Pelizzetti, Ann. Chim. 93 (2003) 477-486.
P.J. Bruggeman, M.J. Kushner, B.R. Locke, J.G.E. Gardeniers, W.G. Graham, D.
B. Graves, R.C.H.M. Hofman-Caris, D. Maric, J.P. Reid, E. Ceriani, D. Fernandez
Rivas, J.E. Foster, S.C. Garrick, Y. Gorbanev, S. Hamaguchi, F. Iza, H. Jablonowski,
E. Klimova, J. Kolb, F. Krcma, P. Lukes, Z. Machala, I. Marinov, D. Mariotti,

S. Mededovic Thagard, D. Minakata, E.C. Neyts, J. Pawlat, Z.L. Petrovic,

R. Pflieger, S. Reuter, D.C. Schram, S. Schroter, M. Shiraiwa, B. Tarabova, P.A. Tsai,
J.R.R. Verlet, T. von Woedtke, K.R. Wilson, K. Yasui, G. Zvereva, Plasma Sources
Sci. Technol. 25 (2016) 053002.

AM. Lietz, M.J. Kushner, J. Phys. D. Appl. Phys. 49 (2016) 425204.

C. Wang, W. Zhao, B. Fang, N. Yang, F. Cheng, X. Hu, Y. Chen, W. Zhang,

C. Fittschen, W. Chen, Opt. Express 30 (2022) 37446-37456.

L. Onel, A. Brennan, M. Gianella, G. Ronnie, A. Lawry Aguila, G. Hancock,

L. Whalley, P.W. Seakins, G.A.D. Ritchie, D.E. Heard, Atmos. Meas. Tech. 10
(2017) 4877-4894.

J. Thiebaud, S. Crunaire, C. Fittschen, J. Phys. Chem. A 111 (2007) 6959-6966.
N. Ibrahim, J. Thiebaud, J. Orphal, C. Fittschen, J. Mol. Spectrosc. 242 (2007)
64-69.

M. Djehiche, A. Tomas, C. Fittschen, P. Coddeville, Z. Phys. Chem. 225 (2011)
938-992.

W. Tsang, R.F. Hampson, J. Phys. Chem. Ref. Data Monogr. 15 (1986) 1087-1279.
A. Qusnudin, K. Kusumandari, T.E. Saraswati, J. Phys. Conf. Ser. 1825 (2021)
012072.

Y. Liu, J. Li, J. Phys. Chem. Lett. 13 (2022) 4729-4738.

Y. Liu, M. Bai, H. Song, D. Xie, J. Li, Phys. Chem. Chem. Phys. 21 (2019)
12667-12675.

J. Zuo, Q. Chen, X. Hu, H. Guo, D. Xie, J. Phys. Chem. A 124 (2020) 6427-6437.


http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0065
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0065
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0070
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0070
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0075
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0075
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0080
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0080
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0085
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0085
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0090
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0090
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0095
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0095
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0095
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0100
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0100
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0105
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0110
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0110
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0115
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0115
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0120
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0120
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0120
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0125
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0125
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0125
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0125
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0130
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0130
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0130
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0135
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0135
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0140
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0145
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0145
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0150
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0150
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0150
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0155
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0155
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0160
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0160
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0165
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0165
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0165
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0170
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0170
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0175
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0175
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0180
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0180
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0185
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0185
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0190
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0195
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0195
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0200
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0205
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0205
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0210
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0210
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0210
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0215
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0220
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0220
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0220
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0220
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0220
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0220
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0220
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0220
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0225
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0230
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0230
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0235
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0235
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0235
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0240
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0245
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0245
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0250
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0250
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0255
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0260
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0260
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0265
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0270
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0270
http://refhub.elsevier.com/S1385-8947(26)07725-9/rf0275

	Direct, catalyst-free H2O2 synthesis via scalable plasma reactor
	1 Introduction
	2 Results and discussion
	2.1 3D-printing reactor design and performance

	3 Reaction pathways from plasma diagnostics and chemical kinetics 0D modeling
	3.1 Reaction pathways validation via in-situ spectroscopy diagnostics
	3.2 Kinetic insights from quantum chemistry calculation
	3.3 Scale-up hydrogen peroxide generator

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


