
Ionic-Wind-Enhanced Raman Spectroscopy without Enhancement
Substrates
Qingyou Liang,* Xiangjun Gong,* Jinchao Liu, Changming Ke, Jie Dong, Guosheng Song, Pu Feng,
Huakang Yu, Xianfeng Yang,* Jie Cui, Chunlin Deng,* Zhiyuan Li, Shi Liu,* and Guangzhao Zhang

Cite This: Anal. Chem. 2023, 95, 1318−1326 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Raman spectra are often masked by strong
fluorescence, which severely hinders the applications of Raman
spectroscopy. Herein, for the first time, we report ionic-wind-
enhanced Raman spectroscopy (IWERS) incorporated with
photobleaching (PB) as a noninvasive approach to detect
fluorescent and vulnerable samples without a substrate. In this
study, ionic wind (IW) generated by needle-net electrodes
transfers charges to the sample surface in air on the scale of
millimeters rather than nanometers in surface-enhanced Raman
spectroscopy. Density functional theory calculations reveal that the
ionic particles in IW increase the susceptibility of the sample
molecules, thus enhancing the Raman signals. Meanwhile, the
incorporation of IW with PB yields a synergistic effect to quench
fluorescence. Therefore, this approach can improve the signal-to-noise ratio of Raman peaks up to three times higher than that with
only PB. At the same time, IWERS can avoid sample pollution and destruction without substrates as well as high laser power. For
archeological samples and a red rock as an analogue to Mars geological samples, IWERS successfully identified weak but key Raman
peaks, which were masked by strong florescence. It suggests that IWERS is a promising tool for characterizations in the fields of
archeology, planetary science, biomedicine, and soft matter.

■ INTRODUCTION
Raman spectroscopy is based on inelastic light scattering1−3

and is often masked by strong fluorescence in daily acquisition
since the cross section of fluorescence is much higher than that
of Raman. Fluorescence interference has been one of the main
challenges for the Raman technique over half a century.4−6

Numerous effects have been reported to extract Raman signals
in the presence of fluorescence,7−11 including changes in the
excitation wavelength,12 photobleaching (PB),13 surface-
enhanced Raman spectroscopy (SERS),14 computational
algorithms,15 as well as spatially offset Raman spectroscopy.16

However, it remains difficult to obtain Raman signals with
sufficient quality in a noninvasive manner for fragile solid
samples in the presence of severe fluorescence.3,17,18 Non-
contact measurement, low laser power, and easy operation
without sample pollution and damage are urgent needs for
vulnerable samples but extremely challenging in the existing
methods.
SERS is utilized for effective identification of Raman signals

with enhancement of Raman peaks and quenching of
fluorescence.1,19 The electromagnetic enhancement mecha-
nism (EM) and the chemical enhancement mechanism (CM)
are the fundamental mechanisms underlying SERS effects.
SERS can also quench fluorescence by the Förster resonance

energy transfer (FRET) effect.20 Nevertheless, EM and FRET
are highly localized on the nanometer scale near the substrate.
Meanwhile, CM is based on charge transfer (CT),1,19,21 which
is a ubiquitous and essential process in nature.22−24 At present,
CT also relies on coinage-metal and several nonmetal
substrates.25−28 Therefore, the method of long-distance CT
without enhancement substrates may be a potential way to
detect fluorescent but vulnerable samples.
It was reported that an ion flux can influence the nonlinear

Raman light emission because extra electrons were transferred
from negatively ionized air molecules to the sample surface.29

As a kind of ion flux, ionic wind (IW) is a flow of cold plasma
composed of mobile charged and neutral gas molecules as well
as electrons.30,31 It has been applied in the fields of thermal
engineering and satellite propulsion32 and can be generated by
polarized needle-net (Figure 1a) or needle-plate electro-
des.33−35 The charged ion particles in IW can be delivered
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and transferred to targeted samples over a distance of several
millimeters, so that it can be regarded as a remote and tunable
ionization source for CT. Herein, for the first time, we propose
a method of ionic-wind-enhanced Raman spectroscopy
(IWERS) incorporated with PB to perform substrate-free
Raman measurements of several fragile samples by means of
CT at a macroscopic distance. We aim at proving whether
IWERS is capable of enhancing Raman peaks and suppressing
fluorescence simultaneously in the noncontact mode when the
samples are positioned behind the net. The synergistic effect of
IW and PB will be investigated. Density functional theory
(DFT) calculations will be employed to demonstrate the
possible mechanisms of IWERS. Then, nondestructive
examinations of an ancient brick, dyed textiles, a piece of
amber, and a red rock as an analogue to Mars geological
samples will be performed to verify the feasibility of IWERS by
searching for weak Raman peaks under the strong fluorescence
background.

■ RESULTS AND DISCUSSION
Enhancement of Raman Signals of Nonfluorescent

Materials by IWERS. The nonfluorescent materials sodium
carbonate (Na2CO3) and hexadecyl trimethyl ammonium
bromide (CTAB) were used to examine the effect of IWERS
on Raman enhancement (see Figure 2a−d and Supporting
Information S3 and S4). At a U of −300 V and an r of 50 nm,
the highest enhancement ratio (Pe) of the Raman peak of
Na2CO3 at 1083 cm−1 was 21.6% ± 12.0% at a duration time
(t) of 20 min, which was significantly higher than Pe of 3.7% ±
3.3% at t of 0 min (p < 0.05). Pe first increased and then

decreased. Under the same conditions, the main Raman peak
of CTAB at 2883 cm−1 yielded the highest Pe of 18.6% ± 4.4%
at a t of 20 min, which was also significantly higher than Pe of
6.1% ± 5.0% at t of 0 min (p < 0.05). The r of 50 nm was
selected because the concentration of negative ionic particles is
much higher than that of 2 μm behind the net. Therefore, both
organic and inorganic compounds can be enhanced by IW.
In SERS, CT can change the electronic structure of the

analyte molecules. The enhancement factor of the CM is
usually 101−102-fold.19,36 When the plasma flows close to the
sample surface, an electrostatic sheath emerges (the thickness
of this sheath is on the order of 1 μm for an r of 50 nm at room
temperature), and the charged particles are absorbed by the
sample.37 Because the concentration of negatively ionic
particles is on the order of 1018 m−3 (−300 V, 50 nm tip;
see Figure 1b) and is much higher than that of electrons (on
the order of 108 m−3, see Figure S3), charged particles play a
dominant role in CT. In IWERS, these adsorbed ions interact
with sample molecules by means of dipole−ion interactions or
dispersion forces (Figure 2e).38 The surface molecules of the
sample possess a much larger Raman scattering cross section
than the internal molecules, so the surface molecules
contribute most to the Raman signal enhancement.39,40

To confirm the effect of CT for IWERS, an air flow (AF)
test was performed with a small pump blowing air to CTAB
with a similar velocity of IW behind the net. In this case, a
Raman enhancement of 2.7% ± 1.0% was observed (n = 3),
which might be due to the presence of natural negatively ionic
particles in air.41 Another test for Na2CO3 under PB + IW
yielded an enhancement ratio similar to that of IW only (see

Figure 1. Experimental setup and FDTD simulations for the needle-net setup. (a) Schematic of the needle-net electrodes, which generate IW (the
sample is placed around 3 mm behind the net). (b) FDTD results of the needle-net setup, indicating the distribution of the ionic wind velocity
(unit: cm/s) and concentration of negative ions (unit: m−3) with r of 50 nm. r: the radius curvature of the tip, d: the distance between the tip and
the net. D: the distance between the net and the laser spot on the sample. In panel (b), d is 0.4 mm, the voltage (U) is −300 V, and the scale bar is
1 mm. (c) SEM images and EDS result (upper right) of the needle with r of 50 nm: the apex (upper left, scale bar: 1 μm), the whole view (bottom,
scale bar: 200 μm), and the EDS result (upper right). IW: ionic wind. FDTD: finite-difference time-domain. EDS: energy dispersive spectroscopy.
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Figure 2a and S10). These results confirm that PB is not able
to enhance the Raman peaks and AF only has a weak
enhancement effect, indicating that the observed enhancement
is attributed to IW.
IWERS for glycine was also performed. DFT calculations

suggested that electronic doping can supply free electrons to
the valence band of glycine (see Supporting Information S7),
continuously increasing its relative susceptibility from 2.5
without electronic doping to 3.3 with 0.22 e/unit-cell doping.
These results are consistent with the experimental results
(Figures S11 and S12).
Detection of Fluorescent Samples by Incorporation

of IW with PB. PB has been known as a routine method to
alleviate fluorescence interference. To demonstrate the effects
of IWERS coupled with PB on fluorescent materials, graphitic
carbon nitride (g-CN), which is a two-dimensional (2D)
optoelectronic semiconductor42 and shows intrinsic strong
fluorescence and thermal stability,43,44 was prepared and
analyzed (see Supporting Information S3 and S11). The
ratio of fluorescence quenching (K) is defined as the integral
area of the quenched spectrum divided by that of the original
spectrum (see Supporting Information S11) as a function of t.
Therefore, a larger K indicates a more significant fluorescence
quenching performance. In Figures 3a and 4b, K is 3.2% ±
1.8% for IW only at a t of 20 min, indicating that IW slightly
quenches fluorescence. IWERS is able to quench fluorescence
due to oxygen (O2) in air, which is a typical fluorescence

quencher.10,45 Interestingly, the sum of K for IW only (3.2% ±
1.8%) and PB only (19.3% ± 0.9%) is much lower than that of
PB + IW (29.8% ± 0.04%), which implies a synergism of
fluorescence quenching by IW and PB. Thus, IWERS

Figure 2. IWERS of nonfluorescent materials. (a,b) Enhanced Raman spectra of Na2CO3 under IW only: the original and representative enhanced
Raman spectra (a) and the trend of the enhancement ratio of the Raman peak at 1083 cm−1 over time (the highest ratio: 21.6% ± 12.0%, n = 3)
(b). (c,d) Enhanced Raman spectra of CTAB under IW only: the original and representative enhanced Raman spectra (c) and the trend of the
enhancement ratio of the Raman peak at 2883 cm−1 over time (the highest ratio: 18.6% ± 4.4%, n = 3) (d). In (a)−(d), U is −300 V, r is 50 nm,
the net is 40 mesh, and d is 0.4 mm. (e) Illustration of interactions between the sample and the ionic particles in IW.

Figure 3. Variation in the fluorescence quenching ratio (K) with
different conditions for the needle-net setup (n = 5) and typical
Raman spectra of g-CN. (a) Different configurations. (b) Electrode
distance. (c) Voltage. (d) Combination of the curvature radius of the
tip apex and the mesh of the net. The configuration of PB + IW, U of
−300 V, r of 50 nm, d of 0.4 mm, and the net of 40 mesh are selected
as the optimized combination.
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incorporated with PB is more effective to quench fluorescence.
The optimization of U, r, d, and net mesh was further
investigated (Figure 3b−d). The 50 nm tip accompanied by
the 40-mesh net was determined to be the standard
configuration. Although the K value at a U of +300 V was
29.6% ± 1.6% higher than 24.3% ± 4.1% at −300 V (t = 10
min), there were no peaks observed at +300 V. In addition,
there was no difference in K between the sample−net distances
of 0.3 cm (24.3% ± 4.1%) and 1.1 cm (24.8% ± 3.4%) (t = 10
min), confirming that the flow field behind the net was
approximately uniform and that the sample did not require
precise positioning behind the net.
Considering weak signals, a criterion for identifying Raman

peaks was proposed. A candidate Raman peak should be
satisfied with the four rules: (a) the absolute value of the
minimum second-order derivative (2-OD) should be less than
−0.5; (b) the ratio of the second-order derivative (2-ODR)
should be equal to or larger than 0.30; (c) the signal-to-noise
ratio (SNR) should be equal to or larger than 3.0; and (d) the
peak positions of the 2-OD and raw Raman spectra should be
the same. Only when all the above four rules are satisfied, a

candidate peak can be identified (see Figure 4a and Supporting
Information S8 and S11 for the calculation flow and details).
For instance, there are four main Raman peaks for g-CN at 706
and 477 cm−1 (layer−layer deformation vibrations43), 980
cm−1 (symmetric ring breathing mode44), and 1238 cm−1

(N�C (sp2) bending vibration43). The candidate peak locates
at 706 cm−1. Clearly, the 2-OD of this peak changed
dramatically (Figure 4b). Since no peaks attributed to g-CN
were observed in the original spectrum (see Figure 4b and
Table S1), Raman enhancement could not be observed
directly. DFT calculations were employed to determine the
Raman enhancement of g-CN and show that the relative
susceptibility increased approximately linearly by electronic
doping of charged particles in IW to the sample (from 3.41
without electrons to 3.76 with 0.22 e/unit-cell), thus
confirming the enhancement of the Raman peaks (see
Supporting Information S7).
Therefore, with the optimized conditions, the major peak of

g-CN at 706 cm−1 was observed by PB + IW under a strong
fluorescence background, which shows that IWERS incorpo-
rated with PB has the capacity to detect strongly fluorescent

Figure 4. Protocol for the identification of a Raman peak and improvement of the SNR. (a) Flow chart that illustrates the criterion including four
rules for identifying a Raman peak. (b) Typical Raman spectra of g-CN and the variation of the 2-OD. The Raman peak at 706 cm−1 was observed
with PB + IW. The four smaller panels on the right show the change of the 2-OD for varied conditions. (c) Typical Raman spectra of glycine mixed
with g-CN (pure glycine shows no fluorescence, and its spectrum is shown as standard). (d) Typical Raman spectra of textile (CQ) [a piece of
cotton that was colored by Cuqian (CQ), a plant dye made from thick Rubia cordifolia Linn.]. (e) SNR improvement ratio of PB and PB + IW for
glycine mixed with g-CN, textile (CQ), and g-CN, respectively (n = 3). In (b)−(d), the needle-net electrodes were utilized (r = 50 nm and U =
−300 V), and the laser wavelength is 532 nm. PB: photobleaching, EF: electric field, IW: ionic wind, 2-ODR: the second-order derivative ratio,
SNR: signal-to-noise ratio, HR: signal-to-noise height ratio, and arb.: arbitrary unit.
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samples. The other peaks did not emerge. Besides, from Figure
4b, we can see that the average SNR of the four theoretical
peaks can be improved via PB only and PB + IW by 77.8% ±
58.8% and 533.8% ± 387.8%, respectively (p = 0.057). The
SNR improvement ratio of PB + IW to PB only is thus 6.86-
fold for g-CN (Figure 4e), while it is 2.69-fold (p < 0.05) for
glycine mixed with g-CN (see Figure 4c,e for Raman spectra
and comparison, and see Tables S1 and S2 for the
representative SNR value of every peak of g-CN and glycine
mixed with g-CN, respectively). This shows that PB + IW is
much better than solely applying PB, the common method, for
fluorescent samples.
Examination of the Real-World Samples. We further

applied this approach to examine several real samples with
strong fluorescence interference, including dyed textiles, an
ancient brick, a piece of amber, and a natural red rock (see
Figure 5, and Supporting Information S9−S11). This non-
invasive needle-net setup was employed for Raman detections
under the optimized parameters mentioned above, and some
key Raman peaks were observed. First, three types of colored
textiles, which were made by the National Museum of China
with the dyeing procedures totally following the ancient ones,
were examined (see Methods). A red piece of cotton was
colored by Cuqian (CQ), a dye made from thick Rubia
cordifolia Linn. and thus called textile (CQ) (Figure 5a). The
sample has strong fluorescence, and the peak at 1600 cm−1

shows that it has a benzene-ring structure. PB only and PB +
IW tests were also applied for textile (CQ) (Figure 4d). The
SNR is improved by 15.6% ± 7.9% and 50.7% ± 11.8%,
respectively (p < 0.05), and the SNR improvement ratio is
3.24-fold, which is on the same order of g-CN and glycine
mixed with g-CN (Figure 4e). All these results suggested that
regardless of the origin and components of samples, the
improvement ratio of the SNR can be significantly enhanced

by about 3-fold under PB + IW compared to PB only. This is
vitally important for Raman peaks with an SNR between 1 and
2, which are invisible by common Raman spectroscopy and can
be successfully recovered by our apparatus attributed to the
much improvement of the SNR.
The other two textiles were examined next. A yellow piece of

cotton was colored by Huangbo (HB), a dye made from
Phellodendron amurense Rupr. The Raman spectra of textile
(HB) are shown in Figure 5b. The peak at 906 cm−1 and the
peak group at 1482 cm−1 show that the dye has a condensed-
ring-arene structure. When the power of the 532 nm laser
increases from 1 to 2 mW, the peaks of the dye disappear, and
the peak at 1099 cm−1 emerges, which reveals that the
substrate of the sample may be composed of cellulose and the
color fastness is low since 2 mW power is able to totally
penetrate the dye layer. A yellow piece of silk was colored by
Zhizi (ZZ), a dye made from Gardenia jasminoides Ellis. The
Raman spectra of textile (ZZ) are shown in Figure 5c. The
peaks at 1541 and 1166 cm−1 show that there may be
conjugated double-bond structures in the dye molecules. The
three dyes possess distinguished Raman peaks, respectively,
which are characteristic of every textile. A dramatically
improved SNR was attributed to the identification of these
peaks.
Next, an ancient brick made in the Nanhan Dynasty (AD

917−971, located in South China) was analyzed (Figure 5d).
This relic is made of sintered clay with a white body and a
black surface. Apart from the peak at 140 cm−1, the weak peak
at 395 cm−1 of TiO2 (anatase) was clearly observed via PB +
IW with an SNR higher than 5, which was unseen in the
original spectrum. Therefore, anatase was successfully con-
firmed by both of the peaks at 140 and 395 cm−1. Therefore,
we can speculate that the white color is mainly attributed to
anatase. Furthermore, for a piece of Baltic amber (see Figure

Figure 5. Raman spectra of several real-world samples with PB + IW. (a) Raman spectra of textile (CQ) [a piece of cotton that was colored by
Cuqian (CQ), a plant dye made from thick Rubia cordifolia Linn.]. Both the 532 nm (shown in Figure 4d) and 633 nm (this figure) lasers were
applied that worked well. (b) Raman spectra of textile (HB) [a piece of cotton that was colored by Huangbo (HB), a plant dye made from
Phellodendron amurense Rupr.]. When the laser power increases, the substrate (cellulose) peak emerges, which shows that the fastness is low. (c)
Raman spectra of textile (ZZ) [a piece of silk that was colored by Zhizi (ZZ), a plant dye made from Gardenia jasminoides Ellis]. (d) Raman spectra
of the ancient brick made in the Nanhan Dynasty located in South China more than 1000 years ago. TiO2 (anatase) was identified that can be used
as a white pigment. The arrow indicates the brick body that was tested. (e) Raman spectra of a piece of Baltic amber. The peak at 1461 cm−1 is
correlated with amber’s maturity. (f) Raman spectra of the red rock collected from the top of the hill near the campus of the South China
University of Technology. Organics were found on this “sterile” rock that is mimicking Mars geological samples. All the scale bars are 0.5 cm. arb.:
arbitrary unit.
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5e and Supporting Information S11), K was 81.5% ± 2.8%
using PB + IW (n = 3). Vibrational modes at 938 cm−1 (ring
bending), 1011 cm−1 (C−C stretching), 1461 cm−1 (CH2
bending), and 2928 cm−1 (CH2 stretching) were observed.
The peak observed at 1461 cm−1 can be correlated with
amber’s maturity.46

Finally, a red rock with no observable plants was examined,
which can be regarded as an analogue to Mars rock samples
(see Figure 5f and Supporting Information S11). The
background interference was suppressed efficiently since K is
equal to 54.6% ± 9.0% (n = 3), and the peaks at 898 and 2927
cm−1 were discernible from the background, which were
assigned to ring bending and CH2 stretching, respectively. The
two peaks are indicative of organic molecules, and scientists are
now eager to find them on Mars. Mars is a red but sterile
planet. Seeking for life is just the main task for the US Mars
rover Perseverance, which is equipped with Raman spectrom-
eters first time in the world. It also carries an auxiliary
helicopter for image navigation.17,18,47 We are thus inspired to
an aircraft that is able to fly and simultaneously acquire Raman
signals on Mars. This aerial vehicle can be propelled by the
thrust of IW48 or magnetohydrodynamics49 and is able to
record clear Raman signals by IWERS.

■ CONCLUSIONS
In this study, IWERS incorporated with PB was first proposed
and proved to effectively improve the SNR of Raman peaks by
enhancing Raman signals and quenching fluorescence in a
noninvasive and substrate-free way. IW induces long-range CT
to the sample surface on the millimeter scale, which plays a
vital role in Raman enhancement (see Table S3 in Supporting
Information for a summary of the different roles of the main
species). In traditional enhancement methods like SERS, CT
only occurs within a distance of several nanometers between
the substrate and sample, so that close contact between them is
required. On the contrary, the IWERS method is able to
transfer charges on the macroscopic scale, and the physical
contact is thus no longer needed. PB is a common method to
suppress fluorescence but shows a much lower SNR enhance-
ment ratio than IWERS incorporated with it. IWERS shows
the capacity to discover weak Raman peaks under the
fluorescence background.
Although the enhancement ratio is lower in IWERS than the

common methods such as SERS, IWERS presents a unique
ability to address the fluorescence interference problem for
fragile samples in the real world. It can be considered as a new
option for the Raman toolbox. Considering that CM can
enhance Raman peaks by 101−102-fold, a higher enhancement
ratio may be achieved by IWERS if more ion particles are
generated and propelled to the sample. As the dominant
factors of IW, the applied voltage U and r of the tip can be
further optimized to obtain a higher concentration of
negatively ionic particles, which is still far below a safe limit
for the sample surface.50 Therefore, more Raman peaks might
be recovered. The examinations of three sorts of the real-world
samples, including textiles, minerals, and jewelries, suggest the
promising application of IWERS in acquiring pure Raman
spectroscopy in the presence of severe fluorescence. As a result,
IWERS can be expected to be a routine experimental approach
for Raman spectroscopy, either in lab or in outer space.

■ EXPERIMENTAL SECTION
Experimental Setup for IWERS. In this study, a needle-

net setup was utilized. Such a setup does not require contact of
the sample, thus preventing sample contamination and
destruction (Figure 1a). The tip curvature radii (r) of the
needles were 50 nm. All the needles were composed of
tungsten (see Methods, Figure 1c and S1), and a static
polarization voltage (U) was applied to establish a stable flow
field. The finite-difference time-domain (FDTD) method (see
Supporting Information S11) was used to simulate the IW
velocity and concentration of the negatively ionic particles (see
Figure 1b and S2), as well as the strength of the electric field
(EF), spatial density of positively ionic particles and electrons,
as well as net charges (Figure S3). The EF at the tip apex was
on the order of 106 V/m, and a uniform flow field appeared
from 0.3 to 1.5 cm behind the net, while the IW velocity was
approximately 0.5 cm/s at U of −300 V and r of 50 nm. Higher
U and smaller r can lead to higher EF. In all the experiments, a
532 or 633 nm continuous wave (cw) laser with a laser power
at the sample no greater than 2 mW was employed (see
Supporting Information S1 for details).
Parameters of Raman Spectroscopy. A LabRAM

Aramis Raman spectrometer (HORIBA Jobin-Yvon (HJY))
was utilized in this experiment. The wavelength of the cw laser
was 532 or 633 nm for all the experiments. The laser power for
the needle-net setup was not higher than 2 mW at the sample.
For the g-CN sample, the time of accumulation was 1 s twice
because a longer integral time would make the charge-coupled
device signal saturated for strong fluorescence and prevent an
accurate peak area from being calculated. As a narrower slit can
improve the SNR, the slit was set to 100 μm, and the hole was
set to 400 μm. The grating was 600 gr/mm, so the average
spectral resolution was 4 cm−1. The lens was a 50× LMPlan
with a long working distance (Olympus; the numerical
aperture was 0.50). The diameter of the laser spot was 2
μm. The door of the instrument was closed during the
experiments to eliminate surrounding interferences. The
environment of the laboratory was stable during the experi-
ments [temperature: (24.5 ± 0.5) °C, humidity: (50 ± 1)%,
and atmospheric pressure: (1004 ± 4) hPa].
Electrode Setup. For both the needle-net and needle-plate

setup (Figure S14), a screw gauge platform (Runjia Pneumatic
Technology) was utilized to control the distance between the
needle and the net/plate, with a precision of ±20 μm. In the
needle-net setup, the needle was clamped by a metal clip that
was welded to an iron rod. The rod was connected to the
platform by means of a strong neodymium magnet. The net
was made of stainless steel with dimensions of 9 mm × 9 mm
and was linked to the ground. One net was 40 mesh (wire
diameter: 0.13 mm, hole: 0.52 mm), and the other net was 150
mesh (wire diameter: 0.06 mm, hole: 0.11 mm). The net was
connected with a copper (Cu) wire to a magnet that also
attracted an iron rod and could rotate freely so that the angle
of the net could be adjusted. The samples were placed behind
the net (the angle between the direction of the IW velocity and
the normal of the sample surface was approximately 45°). A U
value of −300 V and a d of 0.4 mm were selected when the
other parameters were examined. In the needle-plate setup, the
needle was fastened to a Cu sheet that was also fixed to the
microscope’s stage and linked with the power supply. The plate
that was linked to the ground was made of Cu with dimensions
of 10 mm × 8 mm and connected to the platform by a strong
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neodymium magnet. The g-CN powder was adsorbed on the
tip of the needle. A U value of −300 V and a d of 0.2 mm were
selected when the other parameters were examined. Parallel
tests for the needle-net and needle-plate setup were repeated
five and three times, respectively. Under all the working
conditions, the increase in the air temperature near the facility
was less than 4 °C, so the heat effect could be omitted. To
verify the effects of charged ions and oxygen molecules in
IWERS for the needle-net setup, a test with pure AF instead of
IW was performed. For comparison, a small air pump (LXHE
Inc., LX-JY0300; 2.5 W) was used to generate AF that was
directed to the surface of the sample by a plastic tube. The
input voltage of the pump was adjusted to give a comparable
outlet velocity of AF with IW.
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