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SUMMARY

Plasmas under atmospheric pressure offer a high-temperature environment for material synthesis, but
electrode ablation compromises purity. Here, we introduce an atmospheric-pressure microwave plasma
(AMP) operated without electrodes to overcome the existing limitations in pure material synthesis. The
distribution of the electrostatic field intensity inside a waveguide during AMP excitation was examined
via electrostatic field simulations. The lateral and radial gas temperature distributions were also studied
using optical emission spectroscopy. The AMP exhibited a uniform ultrahigh temperature (9,000 K), a
large volume (102–104 cm3), and a response time on the millisecond level. AMP efficiently synthesized sil-
icon nanoparticles, graphene, and graphene@Si–Fe core-shell nanoparticles within tens of milliseconds,
ensuring purity and size control. We propose the ‘‘heat impulse’’ metric for evaluating the plasma charac-
teristics (na, Tg, and t) in material synthesis, extended to other high-temperature plasmas. AMP is
compact, cost-effective, and easy to assemble, promising for eco-friendly mass production of pure mate-
rials.

INTRODUCTION

Multiple advanced material synthesis processes necessitate precise conditions: a uniform high temperature (>3,000 K), a rapid heating rate

(103 K/ms), and a large volume.1–3 The utilization of plasma has emerged as a promisingmethod because of its enhanced reactivity and lower

environmental risks compared to traditional approaches.4–6 However, fulfilling the simultaneous requirements of a high temperature, a large

volume, and a lack of contamination remains a challenge for most plasma technologies. For example, although dielectric barrier discharge,

corona, and glow plasmas provide extensive discharge areas, they face limitations due to their modest gas temperatures (Tgz300 K), which

hinder high-temperature synthesis.7–10 Various arc plasmas offer an extremely high Tg exceeding 10,000 K and a large plasma volume.11–13

Nevertheless, these advantages come at the expense of substantial energy consumption and noticeable electrode erosion. Low-temperature

plasmas, thermal arc plasmas, and emerging plasmas with diverse discharge structures all share a common feature—the incorporation of

electrodes.1,2,14 Electrode ablation, which is particularly prevalent in high-temperature arc plasmas, leads to a limited duration of plasma sus-

tainment and permanent material contamination.

Because a microwave plasma is generated by a microwave electric field, it inherently has self-ignition and self-sustaining capabilities.

Various microwave resonators have been designed to produce uniform microwave plasma under low-pressure conditions.15–18 However,

achieving self-generated uniform microwave plasma without electrodes under atmospheric pressure conditions is an enduring challenge

that has not been overcome to date.19–22

In this study, we report an ultrahigh-temperature (up to 9,000 K), large-volume (102–104 cm3), atmospheric-pressure microwave plasma

(AMP) that operates entirely in the absence of electrodes. This particular AMP exhibits a rapid temporal temperature gradient (103 K/ms)

and can generate various gas-phase environments for various material synthesis and modification applications.
RESULTS AND DISCUSSION

Gas temperature distribution

The AMP virtually reaches the local thermodynamic equilibrium due to lower convection rates compared to those of chemical processes.23–25

In this case, the heavy species in the atmospheric plasma efficiently interchange both rotational and translational energy.26 The optical emis-

sion spectra (306–310 nm) of OH radicals can be used to determine the gas temperature in the plasma core, and thermocouples can be used

to measure the gas temperature in the outer plasma shell outside the waveguide. The gas temperature distribution of the AMP within the

waveguide exhibits a consistently stable, large-volume, and uniformly high temperature in the center, as shown in Figure 1C. With an
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Figure 1. Ultrahigh-temperature, large-volume, and uniform AMP operated without electrodes

(A–E) Schematic of the AMP system; (B) electrostatic field distribution in the compressed waveguide segment that transverses the quartz tube center (highlighted

in the blue dotted box in Figure 1A); (C) high-speed images and radial gas temperature distributions measured from the bottom view of the air and N2 AMPs

within the waveguide, showing a uniformly high-temperature area in the plasma core within the waveguide; (D) side views of a section of the air and N2 AMPs

(highlighted in the green dotted box in Figure 1A); and (E) gas temperature contour plots of the air and N2 AMPs.
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absorbed microwave power of 1,715 W, the core regions of the air and N2 AMPs reach uniformly high temperatures of 8,000 and 5,000 K,

respectively. These uniformly high-temperature regions reach the dimensions of approximately p 3 (2 mm)2 3 23 mm in the plasma core

within the waveguide. Figure 1E shows the two-dimensional gas temperature contour plots of the AMPs in the region marked by the blue

dotted box in Figure 1D. Outside the waveguide, the gas temperature gradually decreases along the axial and radial directions away

from the plasma core. The microwave energy density outside the waveguide was relatively low, making the gas temperatures (Figure 1E)

in this area lower than the gas temperatures (Figure 1C) of the plasma core inside the waveguide. Additionally, within the range from 8 to

20 L/min, the gas flow rate has a minimal influence on the gas temperature while primarily impacting the dimensions and volume of the

AMP. The plasma volume (102–104 cm3) and gas temperature (2,000–9,000 K) can be easily controlled (with amillisecond response) by altering

the absorption power, gas flow rate, and carrier gas composition. This allows the specific conditions needed for the synthesis of various ma-

terials to be met. Furthermore, ultrahigh-temperature and large-volume AMP can remain stable for more than 1 h without water cooling. The

introduction of water further extends this duration, allowing for stability throughout the entire lifespan of the magnetron to surpass 1,000 h.

Heat impulse H

The AMP in the material synthesis generates a substantial high-temperature area, which is primarily responsible for the presence of neutral

particles. Put simply, the properties of the plasma that play a significant role inmaterial synthesis are primarilymanifested in the density na and
2 iScience 27, 110328, August 16, 2024
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temperature Tg of the neutral particles and the residence time (plasma processing duration) t. The residence time t, which is the duration over

which nanomaterials transverse the plasma, can be estimated by dividing the axial length of the plasma by themean gas flow velocity (details

in the supplementary material). According to the results of the confirmatory experiments of this study, the residence time t ranges from 45 to

80 ms, indicating the ultrafast synthesis of nanomaterials by the AMP. According to Dalton’s theory, na exhibits an inverse relationship with Tg
under atmospheric pressure.22 Hence, the influence of the plasma on thematerial synthesis process can be ascribed to the joint impact of the

gas temperature Tg and processing duration t. Similar to the notion of an impulse, we introduce the concept of the heat impulse H = Tg 3 t

(Figure 2G) to thoroughly and quantitatively assess the plasma characteristic parameters (na, Tg, and t) in the high-temperature synthesis of

materials. Furthermore, because the heat impulse H is an inherent characteristic of plasma, it can be used to assess plasma properties under

various external conditions. This metric can also be extended to assess various forms of high-temperature (>2,000 K) plasmas for comparison

of their properties across various plasmas.

Characterization and properties of the product nanoparticles

A scanning electron microscopy (SEM) image of the produced Si nanoparticles is shown in Figure 2B. The particle diameter distribution was

evaluated from multiple SEM images (>10) and is shown in Figure 2C. The Gaussian fit of this distribution yields a mean particle diameter of

17 nm and a narrow full width at half maximum (FWHM) of 15 nm for the Si nanoparticles. The size of the Si nanoparticles exhibits minimal

variation across the heat impulse H range from 240 to 380 Ks, and the average particle size remains consistent within the range from 10 to

35 nm, as shown in Figure 2D, demonstrating excellent homogeneity in terms of the particle size achieved using the AMP. The quality of

this particle size is on par with the greatest level attained with plasma-enhanced chemical vapor deposition (PECVD) under harsh reaction

conditions.27 In other words, the reaction conditions needed to produce nanoparticles usingmicrowave plasma are quitemild, which is bene-

ficial for industrial production applications. The AMP can also ensure that the silicon particles are smaller than 150 nm, as shown in Figure S2,

thus ensuring cycling stability when these particles are used as a lithium battery anodematerial.28 Due to the limitedmagnification in the SEM

statistical analysis, many extremely small particles cannot be counted; hence, the AMP approach yields better particle sizes.

‘‘Fluffy’’ graphene (Figure 2E) can be immediately formed from gas-phase plasma without any catalyst, similar to snowfall, during the

plasma cracking of waste polyethylene (PE). As shown from the Raman spectra presented in Figure 2F, the relative intensity ratios ID/IG
and I2D/IG are 0.79 and 0.72, respectively, indicating few-layer graphene with abundant defects. This defect-rich and few-layer graphene

can provide ample effective Li storage sites and can form a stable solid electrolyte interface during anode cycling.29,30

The composite core-shell nanoparticles fabricated using AMP are depicted in Figures 2H–2J. The X-ray diffraction (XRD) pattern suggests

that the nanoparticles consist of crystalline iron, silicon, an iron-silicon alloy, and graphite. The Scherrer particle sizes of the silicon (with

evident peaks at 28.3�, 47.2�, and 56.0�), iron (with a peak at 44.5�), and ferrosilicon alloy (with a peak near 43.46�) nanoparticles were deter-

mined to be 33.9, 9.9, and 6.7 nm, respectively. A high-resolution transmission electron microscopy (HRTEM) image of the nanoparticles

generated throughout the high-temperature AMP is shown in Figure 2I. The mean interplanar spacings within the regions marked by the

red, green, blue, and magenta boxes in Figure 2I are consistent with the (220) crystallographic plane of Si, the (002) plane of graphene,

the (110) plane of Fe, and the distinctive plane characterizing the Fe-Si alloy, respectively, as shown in Figures S3 and S4. These findings reveal

that the nanoparticles synthesized using the AMP consist of an amalgamation of an iron-silicon alloy, silicon nanoparticles, and iron nanopar-

ticles embedded within the layered structure of graphene. The formation of this structure is a consequence of the violent collisions between

the particles induced by the high-frequency microwave electromagnetic field and high temperatures in the AMP. These impacts promote

inelastic interactions between the individual silicon and iron particles, leading to partial alloy formation and ultimately the formation of these

composite entities. In addition, we investigated the impact of various plasma characteristic parameter (heat impulse H) conditions and the

silicon concentration in the precursor on the particle size and coating of this composite material, as shown in Figures 2J, S5, and S6. AMP

(H ranging from 240 to 380 Ks) can be utilized to produce core-shell nanoparticles with precise and consistent particle sizes (20–40 nm), as

shown in Figure 2J; this approach is superior to other methods (e.g., deflagration, hydrogel methods, and polymerization restriction).3,31–33

The coating ratio of the composite particles with graphene decreases with an increasing proportion of the silicon source in the precursor, as

shown in Figure S5. Notably, at an approximate silicon source proportion of 40%, the coating ratio reaches 90%, as shown in Figure S5. Unlike

the core-shell nanoparticles generated via other methods (e.g., arc plasma, electrostatic attraction, aerosol, and hydrothermal synthesis), the

nanoparticles obtained by using the AMP are extremely pure and small and do not contain oxygen-containing functional groups in the gra-

phene layer shell, which is a problem encountered when using other synthesis methods.31,32,34–37

Indeed, AMP (H > 104 Ks) can also serve as a means for producing bulk materials with larger size. For instance, inorganic fly ash and glass

waste can be sinteredwith AMP into a vitreous (amorphous) body in an open atmosphere, as shown in Figure S7. In brief, nanoparticles can be

prepared using an AMP with a minor heat impulse, and bulk materials that require high temperatures can be synthesized by employing an

AMP with a much greater heat impulse that can be achieved by altering the processing technique to extend the residence time.

Comparison to other techniques

Comparedwith other nonthermal equilibriumplasmas and PECVD,8–10,38–45 as shown in Figure 3A, anAMP can produce extremely high (up to

9,000 K), uniform, and stable gas temperatures over a large volume (102–104 cm3) for a long time with a modest power input (e.g., 0.5–2 kW).

AMPs whose gas temperatures reach several thousand degrees can rapidly induce vaporization or melting of materials, hence facilitating the

processes of melting, sintering, or nanomaterial preparation. By contrast, PECVD and low-temperature plasmas, such as dielectric barrier

discharge, corona, and glow plasmas, cannot carry out this task and can only treat the surface. Unlike arc (including gliding arc) plasmas,
iScience 27, 110328, August 16, 2024 3



Figure 2. Application of an N2 AMP in the synthesis of various nanomaterials

(A–J) Schematic of the practical process of material preparation using an AMP; (B) an SEM image of Si nanoparticles synthesized from micron-scale silicon using

an AMP; (C) influence of heat impulse H on the size distribution of Si nanoparticles in the SEM images of the Si nanoparticles synthesized using an AMP;

(D) influence of heat impulse H on the Gaussian mean Si particle size and its FWHM; (E) a transmission electron microscopy (TEM) image of graphene

synthesized from waste high-density PE using an AMP; (F) Raman spectra of graphene synthesized from waste high-density PE using an AMP; (G) 3D

schematic illustrating the dependence of heat impulse H on gas temperature Tg and residence time t; (H) XRD pattern of graphene@Si–Fe nanoparticles

synthesized using an AMP; (I) HRTEM image of graphene@Si–Fe nanoparticles synthesized using an AMP; and (J) influence of heat impulse H on the

Gaussian mean graphene@Si–Fe particle size and its FWHM.
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the AMP is characterized by its electrodeless nature, eliminating the issues of electrode ablation and material contamination.12,13,39–42,46,47

Hence, microwave plasma can generate highly refined materials that can be applied in a variety of fields. Moreover, AMP can function at

low power levels (e.g., 0.5–2 kW). By contrast, arc plasma requires a minimum driving power of 50 kW,48,49 which inevitably results in large

energy losses during material synthesis, as the system must be equipped with an effective cooling system to handle this high energy input.

Despite the significant benefits of the PECVDmethod in generating high-quality nanomaterials, it is plagued by issues such as a low-pres-

sure working environment, the use of complex equipment, extremely high cost, and the use of flammable and explosive raw ingredients (e.g.,

hydrogen, alkanes, and silane). The viability of industrial-scale continuous production based on PECVD is constrained by these issues, which

can be effectively addressed through the use of the AMP technique.27,44,58,59 AMPs can offer lower energy consumption and lower costs for

scalable syntheses of nanomaterials and facilities; therefore, they are suitable for industrial applications.
4 iScience 27, 110328, August 16, 2024



Figure 3. Technique comparison and future prospects of AMP in material synthesis

(A and B) Comparison of the gas temperature and electrode contamination of AMP with those of other plasmas,8–10,12,13,38–47 revealing the advantage of AMP in

generating ultrahigh temperatures without electrode ablation; (B) comparison of the purity and environmental friendliness of AMP and the size and homogeneity

of the synthesized nanoparticles with those of other techniques32,50–57; and (C) mass production prospects for AMP modules in continuous batch synthesis of

materials.
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Production of pure productmaterials by ball milling and chemical synthesis techniques (e.g., sol-gel, hydrothermal, and solvothermal tech-

niques) is difficult due to the limitations in chemical reagents (Figure 3B).32,50–57 Additionally, some chemicals are not environmentally friendly.

The AMP approach effectively mitigates contamination issues inherent to these conventional methods. The AMP method excels in the pro-

duction of nanomaterials. For example, AMP can produce high-quality silicon nanoparticles with an average particle size of 17–30 nm and a

particle size distribution width of 10–20 nm without requiring a harsh reaction environment. The AMP approach outperforms hydrothermal,

sol-gel, and other chemical processes in terms of the quality of the resulting particles, including their size and homogeneity. Moreover, this

approach achieves a particle size quality comparable to that achieved by the best PECVD methods while avoiding the high expense and

complexity associated with mass production using chemical vapor deposition methods on an industrial scale.27,44,58,59

Conclusions, outlook, and future aspects

AMP driven only by clean electricity provides a fast response (millisecond level), is controllable, and has a uniform high temperature (up to

9,000 K) over a large volume (102–104 cm3), making it an efficient solution for industrial mass manufacturing. By determining the operating

conditions specific to each process, it becomes feasible to customize waveguides for particular applications. For instance, energy-absorbing

and tuning components like circulators, water loads, and three-stub tuners can be excluded from operational conditions based on the re-

quirements of the process, achieved by adjusting the waveguide size (e.g., modifying the distance between the short end and the quartz

tube) to achieve optimal resonance or zero-power reflection. The AMP can be seamlessly integrated into a compact module comprising

only a cost-effective field applicator and a magnetron, as illustrated in Figure 3C. The absence of a water load, circulator, directional coupler,
iScience 27, 110328, August 16, 2024 5



ll
OPEN ACCESS

iScience
Article
and three-stub tuner in the AMP generator is expected to yield space and cost savings in industrial microwave plasma applications. The re-

sulting AMPmodule demonstrates a remarkable degree of versatility, compactness, and ease of assembly, accommodating a broad range of

surroundings and reaction conditions with modest green power consumption. Multiple AMPmodules can be assembled in parallel (as shown

in Figure 3C) or in series based on industrial requirements.

Taking the synthesis of nanosilicon as an example, the reaction time between the precursor and AMP is ultrafast (tens of millisec-

onds), and a single AMP module offers a productivity of nearly 100 g/h. By arranging 100 modules in parallel, the productivity can

reach approximately 10 kg/h. Since microwave plasma is a dry preparation process, it can significantly reduce the overall process

cost compared to chemical wet processes. Assuming that the electricity price is 1 Chinese yuan/kWh and the power of the microwave

plasma source module is 2 kW, the plasma energy consumption cost of 100 microwave plasma modules running at the same time to

prepare nanosilicon particles is only �18 Chinese yuan/kg. Comparison with the cost of current commercially available 20 nm silicon

particles, which is 24,900 Chinese yuan/kg, shows that the microwave plasma dry preparation method and its relaxed reaction con-

ditions can provide rapid and low-cost preparation capabilities for nanomaterials; thus, this method is expected to contribute to the

development of high-temperature nanomaterials. Large-scale production provides clean, green, and efficient solutions with broad

commercial prospects. Every module has the capability to function continuously for more than 40 days using renewable elec-

tricity only.

This flexibility allows for the utilization of AMP in various processes, such as continuous material synthesis, surfacemodification, or powder

bed fusion-sintering processes in industrial production lines, as depicted in Figure 3C. In addition, the dry AMP process and mild reaction

conditions enable the realization of rapid synthesis (e.g., 50 ms) while eliminating solvents and reducing the overall cost. As a result, AMP

can provide a clean, green, and efficient solution for the mass production of high-temperature materials.
Limitations of the study

Various collection techniques can influence the cooling, separation, and agglomeration of nanomaterials, warranting further examination.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

AMP generator

The AMP generator, with the dimensions of 68 cm3 16 cm310 cm, consists mainly of a waveguide (WR-340) that includes an incident cavity, a

circulator, a directional coupler, and a field applicator, as depicted in Figure 1A. A household magnetron operating at 2450 MHz was used to

generate an electromagnetic field. This field enters the waveguide through the incident cavity and creates a stable standing wave state within

the waveguide. The power output of the source (SM1250, Richardson Electronics, USA) can vary between 0 and 4.5 kW. The circulator and its

water load protected the magnetron from reflected microwaves.22 The absorbed power delivered to the AMP was measured using a direc-

tional coupler. The plasma was sustained within a vertically oriented quartz tube with an inner diameter and length of 26 mm and 40 cm,

respectively. The tube was positioned at the standing wave peak with the high electric field, i.e., approximately 1/4
th of the wavelength of

the waveguide away from the shorted end.

Through electromagnetic simulation and experimental optimization, we reduced the height of the field applicator to 23 mm near the

quartz tube, thereby increasing the microwave energy density. Additionally, a temporary carbon coil was introduced into the quartz tube

within the waveguide to increase the local electric field strength. The reducedwaveguide and the carbon coil considerably increased the local

electric field augmentation near the tube wall, as shown in Figure 1B. The carbon coil directly vaporized upon excitation due to microwave

absorption and bombardment of seed particles, eliminating contamination during material synthesis. This enhancement significantly miti-

gated the challenges associated with the generation of an AMP. To maintain and stabilize the uniformity of the plasma, a swirling flow

unit was employed to convert the directional feed gas into a swirling flow inside the quartz tube. This swirling flow additionally shielded

the quartz tube from potential high-temperature damage.

Under atmospheric pressure, various gases can be ionized to create a microwave plasma that is homogeneous, stable, and has a large

volume. Air and nitrogen are likely to be extensively utilized as carrier gases in future microwave plasma industrial applications due to their

abundance, low cost, and ability to meet the requirements of practical industrial production. We selected ordinary air and nitrogen as the

working gases and investigated the uniformity and gas temperature distribution of the AMP in both the radial and lateral directions, as shown

in Figures 1C–1E. The conditions of the absorbed microwave power and gas flow rate were 1715 W and 12 L/min, respectively. The bottom

views of the air and nitrogen AMPs were captured using a high-speed camera (Miro M310, Phantom, USA) with an exposure time of 80 ms, as

shown in Figure 1C and the supplementarymaterial. A side view of the AMPs beyond thewaveguidewas obtained, as shown in Figure 1D. The
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total column length of the AMPs (including the internal waveguide part) can exceed 40 cm Figures 1C and 1D exhibit remarkably homoge-

neous large-volumeprofiles of theAMPs, with a volumeof�102 cm3.Moreover, lowering themicrowave frequency from2450MHz to 915MHz

resulted in a more than 10-fold increase in the volume (up to 104 cm3) of the AMPs.
Materials and conditions

The optical parameters were measured from images and spectra of the plasma. A grating spectrometer (Princeton PI-Acton-SP2500i) was

used in the spectral acquisition. A CCD (PIXIS 400) was mounted at the exit of the spectrometer to convert the acquired optical signals

into electrical signals, which were output to a personal computer. The exposure time of the CCD was set to 1 s. Although the flow instability

was thus time-averaged and the local, time-dependent spectrum was likely distorted at the above exposure time, the obtained spectra were

the closest to the theoretical OH spectrum, with the smallest error among multiple attempts. The focal length of the spectrometer was

500 mm. The spectrometer was equipped with a 2400 lines/mm grating for measurement of spectra in a narrow wavelength range. The res-

olution of the grating, slit width of the spectrometer and instrumental broadening were 0.01 nm, 100 mm and 0.07 nm, respectively. A convex

lens with a diameter of 5 mm and a focal length of 10 mm could be moved along a guide rail to collect the light from the plasma.

During the experiment, the spectra of the microwave plasma were measured from the bottom and from the side. At the bottom of the

plasma torch, a collimation lens (74-UV) with a diameter of 200 mmwas fixed to the optical fiber to collimate the input optical path into a par-

allel path, thus reducing the divergence angle of the optical fiber. The diameter and focal length of the lens were 5 mm and 10 mm, respec-

tively. The collimation lens was moved along a guide rail (from r = �8 to 8 mm) to collect the radial spectra of the plasma. Using the single-

mode optical fiber, the divergence angle qwas estimated from the Gaussian intensity distribution using qzD/f3 57.596� z 1.15�, whereD is

themode field diameter and f is the focal length of the collimator. For themeasurements from the side of the plasma torch, the focus lens had

the same parameters as the collimator lens. However, the distance between the focus lens and the optical fiber was decreased to allow light

from a small spot in the central cross-section of the plasma torch to be focused into the fiber.

Using optical emission spectroscopy, the gas temperature in the plasma core was determined, while thermocouples were employed to

measure the gas temperature in the outer plasma shell outside the waveguide.

A high-speed camera (MiroM310; Phantom, USA) with a lens (AF-SDXMicroNIKKOR40mm f/2.8G;Nikon, Japan) was used to capture the

images, whose focus and aperture values could not be adjusted. The distance from the high-speed camera to the core area of the plasma was

approximately 60 cm, which wasmuch greater than the length of the plasma core (<5 cm). Therefore, the focal length of the lens did not affect

the brightness of the plasma image obtained.

To validate the use of this large-volume, high-temperature source in material synthesis, we employed a vertically arranged N2 AMP to

consecutively synthesize silicon nanoparticles, graphene, and graphene-coated ferrosilicon core-shell (graphene@Si–Fe) composite nanopar-

ticles in dozens of milliseconds. These materials require a high synthesis temperature and are economically valuable in energy storage ap-

plications; however, achieving high-quality and uncontaminated products by alternative means is challenging.60–64 The precursors were

1 mm silicon powder, high-density polyethylene (PE) powder and a combination of ferrocene (40 wt. %) and silicon powder (60 wt. %), respec-

tively. We used a powder doser (LAMBDA, Switzerland) to ensure that the the precursor powder fell to the plasma reaction zone at a uniform

speed due to the effect of gravity and the rotational movement of a rod. The feed rate could be controlled precisely by adjusting the speed of

the motor-driven rotating rod. The feed rate of the precursor powders was approximately 1 g/min for all experiments. In the experiments, the

AMPwas operated at an absorbedpower of 2 kWwith a nitrogen flow rate of 12 L/min. The practical plasma state during the synthesis process

is shown in Figure 2A. The precursors were delivered into the AMP through the effect of gravity, and underwent vaporization and potential

decomposition. This process results in the formation of atoms and radicals within wide regions of high-temperature and high-energy particles

generated by the plasma. As the gaseous particles passed through the plasma core andmoved away from it, they underwent supersaturation

and precipitated due to a progressive decrease in the gas temperature. Inevitable frequent and stochastic collisions of these precipitated

atoms resulted in homogeneous nucleation and subsequent growth, leading to the formation of the product materials. The AMP reaction

process ensures the absence of any contamination in the product material due to the exceptional purity of the plasma used.

Raman spectroscopy: The formation of graphene was confirmed using Raman spectroscopy (LabRAMHR Evolution, HORIBA Jobin Yvon,

Japan). The laser utilized in the experiment had a wavelength of 532 nm, a beam spot diameter of 1.25 mm and a power of 0.62 mW/cm2. The

scan time was 60 s, while the number of cumulative scans was one.

X-ray diffraction: XRD, D8 advance, Bruker, Germany.

Scanning electron microscopy: SEM, Merlin, Zeiss, Germany.

Transmission electron microscopy: TEM, JEM-2100F, JEOL, Japan.
METHOD DETAILS

Gas temperature measurement

Local thermodynamic equilibrium (LTE) is nearly reached in an atmospheric pressure microwave plasma flowing at a relatively low velocity

(<120 m/s) because the convection rates are lower than those of the chemical reactions in this case.23 In an LTE state, the gas temperature

Tg is approximately equal to the rotational temperature of the atmospheric-pressure plasma due to its highly collisional nature and the nearly

complete exchange of rotational and translational energy among the heavy species of the atmospheric-pressure plasma.26 Since the lifetime

of an OH radical molecule in the ground state is normally much longer than the characteristic time between collisions and the OH radical
10 iScience 27, 110328, August 16, 2024
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spectrum is easily distinguished due to its small overlap with other spectral lines, the rotational temperature of the OH radical molecules usu-

ally provides a good representation of the gas temperature.65

In the high-temperature environment of theAMP, H2Omolecules are easily ionized intoOH radicals. The emission spectrumofOH radicals

via the A2S+/X2Pr electronic band system is intense. This makes determination of the plasma gas temperature convenient. The OH radical

spectrum is located mainly in the 305- to 325-nm wavelength region, and the relative intensities of its spectral lines are determined by the

rotational and vibrational temperatures. In particular, the relative intensities of the spectral lines in the 306- to 310-nm wavelength region

are determined almost exclusively by the rotational temperature.66

Therefore, we fitted the experimental spectra to the theoretical spectra of the A2S+/X2Pr electronic system of OH radicals in the 306- to

310-nm band to obtain the AMP gas temperature. With the value of themaximumpeak at 309 nm normalized to 100, the relative intensities of

the other peaks within the 306- to 310-nm band were related almost solely to the rotational temperature. Moreover, the rotational temper-

ature of the OH radical could be approximated as the gas temperature because intermolecular collisions frequently occur in microwave

plasmas at atmospheric pressure.65 Thus, the theoretical spectra could be fitted to the experimental spectra by adjusting the rotational tem-

perature (varied at 10 K intervals) using LIFBASE spectral simulation software.67 The best fit between the theoretical and experimental spectra

was obtained when the sum of the variances between the experimental and theoretical spectra for all wavelength data points within the 306-

to 310-nmbandwasminimized.When this best fit was achieved, the rotational temperature corresponding to the theoretical spectra could be

considered the gas temperature of themicrowave plasma. Figure S1 shows the best fit between the theoretical and experimental spectra at a

rotational temperature Tr (i.e., gas temperature) of 5050 K.
Residence time estimation

Under the high temperature of the plasma, the precursor is considered to instantly vaporize; then, it transforms into the gaseous state in the

plasma, and the flow rate is consistent with the plasma gas flow. Considering the effect of errors, similar to the 95% confidence interval used in

statistics, the position where the brightness was 95% of the maximum brightness (i.e., a brightness of 243) was selected as the plasma

boundary.

To simplify the analysis of the vortex gas flow, we can initially adopt themean gas flow velocity u by neglecting the azimuthal component of

u!, which is given by68

u =
Q

pr2
Tg

300
3

1

60
3 10�3 (Equation 1)

where Q is the gas flow rate in units of L$min�1, r is the inner radius of the quartz tube in units of m, and u is in units of m$s�1.

The residence time t, i.e., the duration over which nanomaterials transverse the plasma, can be estimated by dividing the axial length of the

plasma by the mean gas flow velocity.
iScience 27, 110328, August 16, 2024 11


	ISCI110328_proof_v27i8.pdf
	Continuous batch synthesis with atmospheric-pressure microwave plasmas
	Introduction
	Results and discussion
	Gas temperature distribution
	Heat impulse H
	Characterization and properties of the product nanoparticles
	Comparison to other techniques
	Conclusions, outlook, and future aspects
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	AMP generator
	Materials and conditions

	Method details
	Gas temperature measurement
	Residence time estimation





