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Abstract
Metal nanoparticles have extraordinary properties, but their integration into mesostructures has been challenging.
Producing uniformly dispersed nanoparticles attached to substrates in industrial quantities is difficult. Herein, a
“plasmashock” method was developed to synthesize metal nanoparticles anchored on different types of carbonaceous
substrates using liquid salt solution precursors. These self-supporting, nanoparticle-loaded carbon fabrics are
mechanically robust and have been tested as antibacterial substrates and electrocatalysts for reducing carbon dioxide
and nitrite. A piece of silver–carbon nanotube paper with a silver loading of ~0.13 mg cm−2 treated after a few-second
plasmashock presents good antibacterial and electrocatalytic properties in wastewater, even after 20 bactericidal
immersion cycles, due to the strong bonding of the nanoparticles to the substrate. The results prove the effectiveness
of this plasmashock method in creating free-standing functional composite films or membranes.

Introduction
The utilization of metal nanoparticles (NPs) has impli-

cations for the development of new catalysts1–5, flexible
electronics6, environmental filters7,8, energy storage/
transfer materials9,10, and antimicrobial substrates11,12.
For catalysis, the large specific surface area of metal NPs
minimizes the use of noble metals13,14. This has reduced
the cost of catalysts utilizing expensive materials such as
Pt, Pd, Rh, Au, and Ag15. Furthermore, metal NPs have
been applied in filters to remove toxins from aqueous
environments due to their large surface areas and unique
catalytic activity16. In addition, bacteria have been effec-
tively sterilized via contact killing, mitigating the effects of

bacteria such as E. coli17. Finally, some aqueous and
hybrid-energy storage devices18 have metallic NPs inside.
Although the aforementioned applications are

impressive, the benefits of metallic NPs are partially
mitigated if binders are required to fasten them or if the
NPs coarsen or aggregate during service19,20. To address
these practical limitations, research has been conducted
to fabricate binder-free metal nanoparticle-decorated
films or membranes21,22. Ultrahigh-temperature synth-
esis methods have been widely used to fabricate metallic
NPs on substrates. The carbothermal shock method,
which allows the rapid conversion from electric to heat
energy, has been used to prepare Pt, Ni, and Pd NPs on
carbon supports by Hu et al.23. Ultrafine silver NPs on
carbon nanofibers for lithium metal anodes have also
been fabricated by carbothermal shock24. Plasma, which is
categorized as hot plasma or cold plasma, has also been
applied in the fabrication of binder-free metal
nanoparticle-decorated substrates25. For example, Vu
et al.26 applied dielectric barrier discharge plasma to a
polyamide fabric to investigate the effect of the particle
size on metallic Ag nanoparticle deposition. However,
current processes to manufacture free-standing materials
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are both time-consuming and energy-intensive, as the
entire process tends to take from several hours to several
days and is composed of a series of complex steps, with
little chance to synthesize large enough quantities for
industrial use27–30.
Here, a method to synthesize metal NPs on carbon

nanotube papers (CNTPs) via burst microwave plasma
discharge is reported. The plasma-induced reduction of
metal salts on the surface of the CNTP was observed after
5 s, confirming the effectiveness of using the CNTP as
both a sharp electrode tip to ionize the argon plasma and
a substrate for the uniform dispersion of the metal NPs.
Denoted as the “plasmashock” method, this rapid synth-
esis of free-standing metal NPs was achieved in a low-cost
in-house system. To test the effectiveness of our method,
the nano-Ag/CNTP thin film, with a NP diameter of

1.0 cm and a silver loading of ~0.13 mg cm−2, was tested
against E. coli and CO2 and NO2

− reduction, and the
results revealed good antibacterial and electrocatalytic
properties in wastewater.

Results and discussion
Experimental setup
Argon gas is easier to ionize than N2 because of its

lower breakdown electric field of 160 Vmm−1 versus
340 Vmm−1. The ease of ionization with argon can be
shown experimentally. In the presence of N2 gas, carbon
nanotube paper encourages only localized burning of the
plasma (Fig. S1, Video S1). In contrast, argon readily
ionizes (Fig. 1A) when exposed to microwaves and various
carbon-rich materials, such as carbon nanotube paper
(Fig. S2, Video S2), carbon fabrics (Fig. S3, Video S3), and

Fig. 1 Synthetic mechanism of Ag atoms on CNTs by Ar microwave plasma. The CNTP induces an Ar microwave plasma at 3500 K, dissociating
AgNO3 and obtaining Ag atoms on the CNT. A Schematic illustration of carbon-ignited microwave plasma in argon. B The in situ spectrum and fitted
temperature of carbon nanotube paper exposed to argon and microwave irradiation. C Ellingham diagram of silver and carbon25. D The initial
configuration for ab initio molecular dynamics (MD) simulation. The supercell contains two intact AgNO3 molecules and one carbon nanotube (CNT).
The dissociation of AgNO3 molecules and oxidization of the CNT occurs at T= 3500 K. The CNT is oxidized by the adsorption of O atoms from AgNO3

molecules while reducing AgNO3 molecules to NO, NO2, and Ag atoms.
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carbon nanotube foams (Fig. S4, Video S4). This ioniza-
tion is further corroborated by the in situ photon spec-
trum of carbon nanotube paper exposed to argon cover
gas and microwave irradiation, which is fitted to Planck’s
law of black-body radiation (Fig. 1B, Fig. S5)31. The fitted
temperature reaches ~3500 K in a few seconds. The light-
emission spectrum of the Ar plasma based on the double-
atom model was further investigated via high-level
quantum chemistry calculations (Fig. S6, Video S2). The
CCSD//6-311++g(3df, 3pd) results indicate that the first
excited state emitting (S1→ S0) wavelength is 1411 nm,
which is beyond the range of visible light. The second (S2)
and third excited states (S3) are degenerate states with an
emitting wavelength of 654 nm. In addition, the higher
excited states S4 and S5 generate 526 and 377 nm emitting
wavelengths, respectively. Generally, the calculated emis-
sion wavelength is in line with the experimental obser-
vations (Fig. 1B). The argon plasma has a higher electrical
conductivity (0.0025 Sm−1) than that of nitrogen plasma
(0.00013 Sm−1) at 3500 K (Fig. S7)32. The argon plasma
also has a lower thermal conductivity (0.099W (mK)−1)
than that of nitrogen plasma (0.20W (mK)−1) at 3500 K
(Fig. S8). A detailed comparison of the mass density,
specific heat capacity, viscosity, enthalpy, and entropy for
argon and nitrogen plasma is shown in Figs. S9–13.
The Ellingham diagram of silver and carbon (Fig. 1C)

shows that, at a wide range of high temperature, the
oxygen‒carbon reaction is thermodynamically more
favored than the oxygen‒silver reaction, suggesting the
possibility of obtaining silver NPs by reducing silver
nitrate salt particles at local high temperature with carbon
materials. To validate our hypothesis, we carried out ab
initio MD simulations near 3500 K to investigate the
evolution of the AgNO3-CNT system. The initial config-
uration of our ab initio MD simulation consists of two
intact AgNO3 molecules and a CNT (Fig. 1D, Fig. S14A).
The temperature was increased from 1 to 3500 K within
10 ps, after which the system was further relaxed for 6 ps.
After ~4.5 ps when the heating process had begun, the
oxygen atoms started to dissociate from the AgNO3

molecules and were adsorbed by the CNT. These adsor-
bed oxygen atoms did not detach immediately from the
CNT but remained bonded to the CNT over the course of
the simulation. As a result, the original AgNO3 molecules
were dissociated into NOx (x= 1, 2) and Ag atoms (Fig.
1D, Fig. S14B, Video S5). These reactions are consistent
with the trend shown in the Ellingham diagram, thus
validating our above hypothesis. Our ab initio MD
simulation also indicates that the Ag atoms may further
form metal NPs upon cooling.

Characterization of free-standing metal nanoparticle-CNTP
Carbon nanotube paper has high electronic con-

ductivity, excellent mechanical properties, and high

thermal conductivity33. Carbon nanotube paper was
washed with nitric acid to remove residual metal catalysts
and impurities (Figs. S15, S16). Then, the treated CNTP
was placed in a microwave to ignite the argon plasma (Fig.
S17A) for just a few seconds. After the successful testing
of Ar-CNTP in the microwave, the CNTP was immersed
in aqueous solutions of metal salts (see the “Methods
section”). The metal salts adhered to the surface of the
CNTP (Fig. S17B). Metal NPs grafted onto the surface of
the CNTP within a few seconds after the formation of the
argon plasma without additional reducing agents (Fig.
S17C).
CNTP is composed of multiwalled carbon nanotubes

with a diameter of ~10 nm (Fig. 2A, Fig. S15). The silver
NPs are deposited on the surface of the CNTP after the
ignition of argon and reduction of AgNO3-CNTP (Fig.
2B, C). A complete reduction of AgNO3 occurs in 5 s,
including 3 s to initiate the plasma discharge. The dia-
meter of the silver NPs was observed via transmission
electron microscopy (TEM) (Fig. 2D, E; Fig. S18), and the
particle size was statistically analyzed (Fig. S19): the mean
diameter was ~10 nm, with a sigma of 1.22 nm. The ele-
mental mapping images of silver and oxygen are not
similar, further indicating that silver NPs are successfully
obtained on the CNTP (Fig. 2F–I).
The Young’s modulus of CNTP is 794 ± 134MPa (Table

S1), which is in rough agreement with values reported in the
literature34. The Young’s modulus of Ag-CNTP is
1298 ± 141MPa, which is 63% greater than that of CNTP
(Fig. S20). The tensile ductility (by ~77%) and ultimate
tensile strength (by ~21%) also decreased. However, the Ag-
CNTP composite remains flexible and robust after the fast
plasmashock reaction, despite exposure to transient high
temperature (Video S6). The X-ray diffraction (XRD) pat-
tern for CNTP (Fig. 3A) shows two main peaks, similar to
the (100) and (002) planes for graphite, as our CNTs are
multiwalled and have atomic structures similar to those of
graphite35. After the silver NPs are well grafted on the
surface of the CNTP, (111), (200), (220), (311) and (222)
diffraction peaks appear in the XRD pattern of Ag-CNTP,
corresponding to JCPDS Card No. 87-0597 (face-centered
cubic silver)36. The presence of the Ag 3d peak in the X-ray
photoelectron spectroscopy (XPS) spectra for Ag-CNTP
further verifies the presence of silver NPs (Fig. 3B). The C
1 s peak is from the CNTP (Fig. 3C). The O 1 s peak cor-
responds to the bond between carbon and oxygen (Fig.
3D)37. The adsorption of O onto the CNT plays a crucial
role in Ag nanoparticle formation38. To demonstrate that
CNT–O bonding is indeed favored, we carried out both
differential charge density analysis and binding energy cal-
culations (Fig. 3E, F). Charge density differences were cal-
culated by subtracting the charge density of the three
adsorbed O atoms and the charge density of the remaining
atoms (CNT, NOx and Ag) from that of the entire structure.
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The blue isosurface represents electron depletion zones,
whereas the yellow isosurface denotes electron accumula-
tion zones (Fig. 3F). The adsorption of O onto the CNT
involves considerable charge transfer, with more charges
accumulating around O atoms, implying the oxidation of
the CNT. The strong bonding between O and the CNT was
further verified by binding energy calculations (Fig. 3G–I).
We extracted different binding sites from ab initio MD
trajectories, such as those in Fig. 3E. The binding energies
were calculated by subtracting the potential energy of iso-
lated O and the potential energy of the distorted CNT (Figs.
S21, S22) from that of the bound structure. The binding
energies of the oxygen atoms on the CNT at the three
typical sites (Fig. 3G–I) are −3.15, −2.47, and −5.94 eV,
respectively. These relatively large binding energies suggest
that the CNTP tends to capture O atoms and should
remain relatively stable even at high temperatures.

To test the generality of the plasmashock method for
dispersing different metal NPs, silver nitrate salt was
replaced with metal chlorides to make gold (Fig. S23A, B),
palladium (Fig. S24A, B), platinum (Fig. S25A, B), cobalt
(Fig. S26A, B), nickel (Fig. S27A, B), and iron NPs (Fig.
S28A, B). These NPs have diameters of ~5–10 nm. The
corresponding elemental mapping images demonstrate
the presence of metal NPs with trace signatures of
chlorine.

Electrocatalytic CO2 and NO2
− reduction

Noble-metal NPs such as Ag or Pd NPs on high elec-
trical conductivity carbon substrates may exhibit good
performance in electrochemical CO2 reduction to CO and
NO2

− reduction to NH4
+39–41. CO+H2, also known as

syngas, can be directly used to synthesize chemical pro-
ducts via the Fischer‒Tropsch process42,43. NH4

+ can be

Fig. 2 Ag particles bonded to the CNTP were nanosized and had a uniform distribution. Scanning electron microscopy (SEM) images of (A)
CNTP and (B) Ag-CNTP. C Transmission electron microscopy (TEM) and (D) high-resolution transmission electron microscopy (HRTEM) images of Ag-
CNTP. E Scanning transmission electron microscopy (STEM) image of Ag-CNTP and the corresponding elemental mapping images for (F) silver, (G)
carbon, (H) oxygen, and (I) all mappings superimposed on each other.
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used as the main fertilizer in agriculture. Ag-CNTP is
capable of catalyzing the two electrochemical reductions
mentioned above (Fig. 4A). CO2 reduction electrolysis
was performed in a CO2-saturated 0.1M KHCO3 aqueous
electrolyte (Figs. 4B, S29, S30). With a total current of
12.5 mA at -1.0 V vs. the reversible hydrogen electrode
(RHE), Ag-CNTP showed ~60% and 35% Faradaic effi-
ciency (FE) for H2 and CO production, respectively. The
FE (CO) remained stable during the 10-h stability test
(Fig. S31). When NO2

− reduction electrolysis was per-
formed in an Ar-saturated 0.1M KNO2+ 0.1M KHCO3

aqueous electrolyte, Ag-CNTP exhibited >93% FE (NH4
+)

in the electrode potential range of −0.4 to −0.8 V vs. RHE
(Figs. 4C, S32). Compared with previous research on Ag-
NP-loaded materials (Table 1), although the FE of Ag-
CNTPs for the reduction of CO2 and NO2

− is not the
highest, considering the facile fabrication, short duration
time for silver loading, flexible substrate, and catalysis for
transfer from wastewater containing CO2 and NO2

− to

reusable materials (CO, H2, and NH4
+), Ag-CNTP is still

a promising catalytic material.

Antibacterial performance
To verify the effectiveness of Ag-CNTPs as anti-

microbial materials, the antibacterial activity of the
fabricated Ag-CNTP against the gram-negative bacteria
E. coli ATCC 25922 was investigated (Fig. 5A). A cir-
cular disk of Ag-CNTP with a diameter of 1.0 cm and a
silver loading of ~0.13 mg cm−2 (~19.0 wt% of the total
sample) in a 3 mL suspension with a concentration of
~104 cells mL−1 was used for these tests. Compared with
other AgNP-loaded materials (Table 1), Ag-CNTP
showed good antibacterial efficacy toward an E. coli
aqueous suspension, whereby the bacteria lost the ability
to reproduce within 10 min. In the control experiment,
CNTP itself had no noticeable influence on the viability
of the bacteria (Figs. S33, S34). The antibacterial efficacy
of Ag-CNTP in repeated use (i.e., after the wash cycle)

Fig. 3 The binding mechanism of Ag on CNTP. The CNTs absorb O atoms easily to form bonds, facilitating the bonding of Ag and O atoms.
A X-ray diffraction (XRD) patterns of CNTP and Ag-CNTP. B Ag 3d, (C) C 1 s, and (D) O 1 s X-ray photoelectron spectroscopy (XPS) spectra for Ag-CNTP.
E Optimized geometries and (F) differential charge densities of Ag-CNTP with NO and NO2. The red, blue, silver, and brown balls represent oxygen,
nitrogen, silver, and carbon atoms, respectively. G, H, I Optimized geometries of oxygen on different sites of a CNTP.
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was also investigated. Compared with decorated anti-
microbial substrates, immobilized Ag NPs perform
better, as the leaching of silver and reusability are
minimized and maximized, respectively (Figs. S34,
S35)44,45. With repeated use, Ag-CNTP displayed
decreased antibacterial efficacy, increasing from 10 min
to sterilization in its first use to more than 20 min after
the tenth time to sterilize the same amount of E. coli.
However, the Ag-CNTP killed most of the bacteria
present (more than 90%) within 40 min and all of the
bacteria within 60 min, even after twenty cycles of bac-
tericidal use and washing, demonstrating the high reu-
sability of the Ag-CNTP fabric. As expected, this

decrease in antibacterial efficacy may have resulted from
the detachment of silver NPs from the CNTP after the
bacteria were agitated in suspension, but the loss of
silver was expected to be limited (Fig. S35).
According to previous studies, the primary mechanism

for the antibacterial properties of the Ag-CNTP, is contact
killing46,47. Other potential antibacterial mechanisms for
free-standing Ag NPs, such as the deactivation of enzymes
and ribosomes and denaturation of proteins, may also
contribute to the high antimicrobial efficacy of Ag-CNTP
but are not dominant (Fig. 5A)48,49. To visually observe
the antibacterial effect of the Ag-CNTP, the treated bac-
teria were stained with live/dead fluorescent dyes. The

Fig. 4 Ag-CNTP was applied in a green and sustainable way to reduce CO2 and synthesize ammonia. A Schematic illustration of the Ag-CNTP
electrocatalyst for the CO2/NO2

− reduction reaction and practical applications. B CO2 reduction electrocatalysis of Ag-CNTP in CO2-saturated 0.1 M
aqueous KHCO3. C NO2

− reduction electrocatalysis of the Ag-CNTP in an Ar-saturated 0.1 M KNO2 and 0.1 M KHCO3 aqueous electrolyte.
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bacteria with intact cell membranes were stained green by
SYTO 9, whereas bacteria with damaged cell membranes
were stained red by propidium iodide. The bacterial
concentration was 108 cells mL−1 to facilitate microscopy.
Fluorescent green bacteria were initially observed, with
only a few fluorescent red bacteria due to cell death and/
or cell membrane damage during bacterial culture or
sample preparation (Fig. 5B). After treatment for 4 h, the
majority of bacteria were stained red, with only a few
stained green, as shown in Fig. 5C, indicating damage to
the cell membranes (Fig. 5A). All bacteria were stained
red after 8 h of treatment with the Ag-CNTP (Fig. 5D).
The viability of bacteria was further tested by colony
counting because of the possibility of false-positive via-
bility readings. Fig. 5E–G confirms the results shown in
Fig. 5B–D.

Conclusion
Functional metallic nanoparticle‒carbon mesostructures

were successfully prepared via microwave-assisted burst
plasma discharging with liquid metal salt solutions drop-
ped on porous carbonaceous substrates. These metal NPs
were homogeneously distributed on the surface of the
carbon in a short time. Furthermore, as a fabric, Ag-CNTP
has good antibacterial and electrocatalytic properties, and
these properties survive repeated washing.

Methods
Carbon nanotube paper treatment
The CNTPs were cut into rounds with a diameter of

10 mm. These CNTPs were subsequently soaked in

3mol L−1 nitric acid aqueous solution for 10 h at 60 °C.
Finally, the CNTPs were repeatedly washed with deio-
nized water and ethanol and dried at room temperature.

Preparation of metal‒carbon nanotube papers
The treated carbon nanotube paper was soaked in 5mL of

0.05mol L−1 silver nitrate aqueous solution for 1 h and then
dried at room temperature for 3 h. The obtained silver
nitrate‒carbon nanotube paper (Ag-CNTP) circle was placed
in a sealed container with argon. The sealed container was
put into a household microwave oven with a power output of
1100W for 5 s. Finally, silver‒CNTPs were obtained after
washing with deionized water and drying at room tempera-
ture. Ni-CNTP, Pt-CNTP, Co-CNTP, Fe-CNTP, Pd-CNTP,
and Au-CNTP were obtained by replacing the silver nitrate
aqueous solution with nickel chloride, platinum chloride,
cobalt chloride, iron chloride, palladium chloride, and gold
chloride aqueous solutions.

Materials characterization
In situ light spectrum data were recorded on an

FX2000-EX-type fiber optic spectrometer. Scanning
electron microscopy (SEM) was performed on a Zeiss
Merlin high-resolution scanning electron microscope.
TEM and scanning transmission electron microscopy
were carried out on a JOEL 2010F instrument. X‐ray
diffraction (XRD) patterns were recorded on a Rigaku
Smartlab multipurpose diffractometer. X‐ray photoelec-
tron spectroscopy (XPS) analysis was performed on a
Perkin-Elmer PHI 550 spectrometer with Al Kα radiation
(1486.6 eV) as the X‐ray source.

Table 1 Comparison of the performance, metal loading amount, and loading time of Ag-CNTPs and other Ag NP-loaded
materials.

Materials Application performance Loading amount of

metal nanoparticles

Duration time of

metal loading

Ref.

Ag NPs decorated carbon foams Reduction of CO2 to CO: FE 84% 57.4 wt% >16 h 59

Thiol-capped Ag NPs deposited on carbon black Reduction of CO2 to CO: FE 86.7% - >3 h 60

Pt/Rh-enzyme complex immobilized on carbon

particles

Reduction of NO2
− to NH4

+: FE 69% - >8 h 61

AgNPs/PDA decorated non-woven cotton fabrics Antibacterial activity against S.

aureus and E. coli

- >6.5 h 62

AgNPs deposited on carbon nanotube carpets

functionalized with plasma treatment

Antibacterial activity against E. coli 6.6 wt% >12 h 63

AgNPs/rGO decorated cotton fabrics Antibacterial activity against E. coli 13.2 wt% >20 h 64

Ag-CNTPs via plasmashock Reduction of CO2 to CO: FE 35%

Reduction of NO2
− to NH4

+: FE 93%

Antibacterial action against E. coli

19.0 wt% 5 s This work

As no instances of Ag NPs electrocatalyzing NO2
− reduction have been reported, a Pt/Rh NP-loaded material was chosen instead.
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Fig. 5 Ag-CNTP demonstrates effective and stable antibacterial performance. A Schematic diagram of the antibacterial mechanism of Ag-CNTP.
Once E. coli is exposed to Ag nanoparticles immobilized on the CNTP, the Ag nanoparticles function. Contact killing is considered the predominant
antibacterial mechanism for immobilized Ag nanoparticles. Bacterial viability and integrity of the cell membrane after treatment with Ag-CNTP at (B)
0, (C) 4 h, and (D) 8 h. Bacteria with intact cell membranes were stained green and considered alive, while bacteria stained red were dead. E, F, G Are
the abilities of the corresponding bacteria to reproduce in suitable nutrient agar. The data are presented as the mean ± s.d. (n= 3).
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Mechanical performance
The samples were cut into ribbons with dimensions of

~3mm× 20mm. The sample width and thickness were
extracted from optical images and SEM images, respec-
tively, via ImageJ 1.52i. Film tensile experiments were
carried out on a dynamic mechanical analysis Q850 model
(TA instruments, New Castle, DE) at a rate of
1 mmmin−1 at room temperature. At least 3 samples
were tested for each case.

CO2 and KNO2 reduction measurements
With continuous 20 sccm CO2 bubbling, step-potential

electrolysis was performed from −0.7 to −1.2 V at 0.1 V
10min−1 per step. The gas products were subjected to
CO2 flow and analyzed via gas chromatography (GC). The
gas chromatograph (MG#5, SRI Instruments) was oper-
ated with Ar as the carrier gas. The quantification was
calibrated by running standard gaseous samples contain-
ing known amounts of H2, CO, and CH4. With con-
tinuous 20 sccm CO2 bubbling, potentiostatic electrolysis
was performed for 10 h at −1.0 V to test the stability of
the Ag-CNTP. Formate was the only liquid product,
which was quantified after electrolysis by sampling the
cathodic compartment electrolyte. A total of 450 μL of
post-electrolysis electrolyte was mixed with 50 μL of an
internal standard solution containing 50mM potassium
benzoate in D2O. By comparing the formate proton peak
area vs. that of benzoate, the concentration of formatted
was determined. Potentiostatic electrolysis was performed
in 0.1M KNO2+ 0.1M KHCO3 aqueous solution at each
potential for 30 min under a 20 sccm Ar flow. The gas
product H2 was produced by the Ar flow and analyzed by
the GC. The liquid product NH4

+ was quantified after
electrolysis via a colorimetric method.

Antibacterial test
E. coli ATCC 25922 was cultured overnight as instruc-

ted and diluted to an OD600 of 1 with culture media for
further use. To investigate the antibacterial activity of Ag-
CNTP, the culture (OD600 ~ 1) was centrifuged at
5000 × g for 3 min, resuspended in sterile Milli-Q water,
and diluted 105 to 104 cells/mL. Three milliliters of the
cell culture mixture was added to a 15-mL Falcon™
round-bottom polystyrene test tube, followed by the
addition of one piece of Ag-CNTP with a diameter of
10 mm. The tube was then incubated at 25 °C with
shaking at 250 rpm. One hundred microliters of suspen-
sion was sampled at prescribed time points, i.e., 10, 20, 40,
and 60min, and then spread on an agar plate. The plate
was incubated at 37 °C overnight for colony counting. The
experiment was carried out in triplicate. A LIVE/DEAD®
BacLight™ Bacterial Viability Kit (Cat. L7012) was used to
stain E. coli. The bacterial culture was suspended in sterile
water after washing and diluted to 2 × 108 cells/mL. A

piece of Ag-CNTP was added to the bacterial culture and
incubated at 25 °C with shaking at 250 rpm. A 10 µL
suspension was sampled after 4 h and 8 h for staining and
colony counting.

Simulation
The emission spectrum of the Ar plasma was calculated

via the CCSD method with a 6-311+g (3d, p) basis set
executed in the Gaussian program suite50. The double-
atom model system was employed to mimic the Ar
plasma51.
Ab initio MD simulations were computed via the

Vienna Ab initio simulation package (VASP)52–55. The
generalized gradient approximation, with the Perdew‒
Burke‒Ernzerhof exchange-correlation function56, was
adopted for the exchange‒correlation functional.
Projector-augmented wave pseudo-potentials57,58 (ver-
sions of C, O, N, and Ag as supplied in the VASP package)
were used to model core electrons. The planewave energy
cutoff was set as 520 eV. A k-point grid of size 1 × 1 × 3
was used for the Brillouin zone integration. Gaussian
smearing with a width of 0.05 eV was used for the partial
occupancies of states. All calculations were spin-
polarized. Ab initio MD simulations were carried out
under the Nose‒Hoover thermostat ensemble with a time
step of 1 fs. Differential charge difference was carried out
by assuming two subsystems, i.e., adsorbed oxygen atoms
and the remaining CNT-NOx-Ag. The binding energies of
oxygen with the CNT were calculated according to Eb ¼
ECNTþO � ECNT � EO, with all configurations directly
extracted from our ab initio MD simulations.
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