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Abstract: Highly aligned multi-wall carbon nanotubes were investigated with scanning electron
microscopy (SEM), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) before and after
bombardment performed using noble gas ions of different masses (argon, neon and helium), in an
ultra-high-vacuum (UHV) environment. Ion irradiation leads to change in morphology, deformation
of the carbon (C) honeycomb lattice and different structural defects in multi-wall carbon nanotubes.
One of the major effects is the production of bond distortions, as determined by micro-Raman
and micro-X-ray photoelectron spectroscopy. We observe an increase in sp® distorted bonds at
higher binding energy with respect to the expected sp? associated signal of the carbon 1s core level,
and increase in dangling bonds. Furthermore, the surface damage as determined by the X-ray
photoelectron spectroscopy carbon 1s core level is equivalent upon bombarding with ions of different
masses, while the impact and density of defects in the lattice of the MWCNTs as determined by
micro-Raman are dependent on the bombarding ion mass; heavier for helium ions, lighter for argon
ions. These results on the controlled increase in sp3 distorted bonds, as created on the multi-wall
carbon nanotubes, open new functionalization prospects to improve and increase atomic hydrogen
uptake on ion-bombarded multi-wall carbon nanotubes.

Keywords: carbon nanotubes; ion bombardment; SEM; XPS; Raman

1. Introduction

Since the pioneering work by lijima on carbon nanotubes [1], multi-wall carbon
nanotubes (MWCNTs) have generated enormous interest among scientists and engineers
in the field of materials science [2]. These structures feature a set of unique properties due
to small dimensions, closed topology and lattice helicity. The presence of atomic-scale
defects in MWCNTs is responsible for changing or altering their mechanical and electronic
properties [3]. Thus, the development of methods capable of controlling the amount and
type of defects in MWCNTs is highly desirable, both for addressing the defect origin and
for exploiting their properties to engineer the system characteristics. Among such methods,
the use of heavy ions cause surface roughening and the removal of carbon atoms, leading
to changes in the surface structure and properties of the nanotubes [4]. On the other hand,
implanting lighter ions can affect the chemical composition and electronic properties of the
nanotubes [5]. Both heavy and light ion bombardment can introduce vacancies and defects
in the MWCNTs structure. These defects can act as active sites for chemical reactions or
serve as traps for gas molecules, making them useful for various applications. We underline
that functionalized MWCNTs can be applied in the fields of sensors [6,7] and biological
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sensors [8], composites [9], devices [10], energy storage systems [11,12], engineering [13],
field effect transistors [14,15], power electronic devices [16], supercapacitor [17], etc.

Recent theoretical and experimental studies on the irradiation of carbon nanotubes
with energetic particles have revealed a broad range of new interesting phenomena. Differ-
ent ions like nitrogen [18], argon [19], helium [20], carbon and silver [21], with high [22]
and low doses [23], and with varying energies, were used to bombard CNTs. These works
aimed to induce defects, creating molecular junctions between the nanotubes [24], to form
multiple species at the surface, to find a saturation damage, and to evaluate the stability and
the evolution of the bonding. Effects on CNTs upon ion irradiation can be compared with
analogous studies on its basic constituent, graphene. Carbon [25], helium [4], hydrogen [26]
and deuterium were irradiated on graphene to functionalize it and to observe the charge
carrier transport phenomena, to produce defects that lead to engineering process [27] and
to unveil the band gap opening [26], useful for optoelectronic properties.

However, a quantification of the changes in hybridization and structure of MWCNTs
that will eventually lead to a change in their electronic and physical properties, obtained by
bombarding them with a sequence of non-interacting gases, remains an open question. To
this purpose, we have investigated the influence of noble ion beams with different masses,
at a fixed energy and given flux of ions. The choice of ion species, energy, and dosage,
as well as the conditions under which the bombardment is conducted, can significantly
influence the outcomes.

The main objective of the present study is to produce controlled defects on MWCNTs,
in order to understand whether the different noble ion masses influence the quality and
density of effects. Thus, we use heavy and light ions of noble gases (Ar", Ne™ and He™)
to check the suitability for applications requiring controlled modifications and function-
alization of MWCNTs. In particular, we present a careful characterization of produced
defects in ultra-high-vacuum (UHV) conditions, offering an ultra-clean environment. The
achievement of a controlled density of defects mainly associated with sp® hybridized levels
in the C-atomic mesh of the CNTs would constitute active sites for CNTs functionalization.
The increase in sp® bonds is an important prerequisite for perspective usage, like improving
alkali metal adsorption [28] for charge accumulation applications, or favoring hydrogen
uptake [26] towards a potential solid-state material for hydrogen storage.

2. Materials and Methods
2.1. CNT Growth by Chemical Vapor Deposition

Vertically aligned MWCNTs were grown by the chemical vapor deposition (CVD)
method with a home-made thermal CVD reactor in UHYV, at the TITAN laboratory in
Sapienza University of Rome, as described elsewhere [29,30]. Silicon was used as growth
substrate, with a 2 um thick buffer layer of SiO;. Electron beam evaporation was exploited
over the substrate to deposit a 3 nm-thick layer of Fe catalyst. Samples were mounted
inside a high vacuum reaction chamber with a base pressure in the low 10~7 mbar range
and a two stage CNT synthesis was performed. First, we annealed the substrate for 4 min
at 720 °C in a H, atmosphere, necessary to remove the oxide components of catalyst that
possibly stick to the surface of the Fe/SiO;/Si substrate. Annealing also helps to activate
the catalyst layer (dewetting of catalyst) and the nucleation of iron-based nanoparticles.
Next step leads to the growth of carbon nanotubes, in which the reaction temperature
was increased to 740 °C and a carbon precursor (acetylene) was introduced inside the
CVD chamber at a 300 sccm flow rate, without any carrier gas, up to a partial pressure of
about 50 mbar. The growth time is limited to 10-12 min, in which reaction between carbon
precursor and iron nanoparticles occurs and nanotubes grow vertically on the substrate by
lifting the catalyst upward. After cooling, the vertically aligned (VA) MWCNTs grown on
the Si substrate are extracted from the UHV chamber.
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2.2. High Resolution Imaging

Scanning Electron Microscopy (SEM) measurements were carried out at CNIS Labora-
tory of Sapienza University Rome, with a field emission Zeiss Auriga 405 instrument, with
a resolution of 1 nm at maximum magnification, by using a beam energy of 19 keV with a
working distance in the 1.5-3.5 mm range.

2.3. X-ray Photoelectron Spectroscopy

The VA-MWCNTs samples were transferred to the integrated X-ray Photoelectron
Spectroscopy (XPS)/micro-Raman apparatus at the SMART Laboratory [31] of the Depart-
ment of Physics of Sapienza University, to carry out high-resolution XPS measurements,
in UHV with a base pressure in the low 10~!! mbar range. Pristine MWCNTs samples
(~1 cm? size) were mounted on the sample holders in such a way to be able to measure both
the top and lateral faces of the nanotubes (see Figure S5 in the Supplementary Information,
SI), and introduced into the preparation chamber.

For the XPS measurements, core-level photoelectrons were excited by a monochroma-
tized X-ray Al K, (1486.8 eV) photon source (model SPECS XR50 MF) with focused beam,
and analyzed by a PHOIBOS 150 analyzer (SPECS group, Berlin, Germany) working with
0.4 eV energy resolution, analyzed in constant pass energy (PE) mode set at 20 eV. Best
spatial resolution of this setup was 30 pm. The electron binding energy (BE) scale was
calibrated by using a gold foil that was in electrical contact with the sample, by acquiring
the Au 4f;/, core-level at 84.0 eV. The C 1s core level was taken in the (280-296) eV binding
energy range.

2.4. Raman Spectroscopy

Micro-Raman (p-Raman) measurements were performed at ambient conditions, with
the sample being mounted on piezoelectric motors (by Attocube). The excitation laser
was provided by a single frequency Nd:YVOy laser (DPSS series by Lasos) emitting at
532.2 nm. The laser light was focused on the sample by a 50x long-working-distance
objective with numerical aperture NA = 0.5 (by Olympus), resulting in a spot of about
1 um. The same objective allowed us to collect the scattered light, in a backscattering
configuration. The laser light was filtered out by a very sharp long-pass Razor edge filter
(by Semrock). The Raman signal was spectrally dispersed by a 75 cm focal length Acton
monochromator (by Princeton Instruments) equipped with a 300 grooves/mm grating,
and was detected by a back-illuminated Nj-cooled Si CCD camera (100BRX by Princeton
Instruments). For depth-dependent Raman measurements, the laser was focused on the
sample side. The laser spot was initially positioned at the very top of the carbon nanotubes
(depth = 0) and the sample was then moved relative to the spot on-demand in order to
have the laser focused at increasing depth along the nanotubes direction, going towards the
sample substrate. Raman spectra were taken in the (500-3800) cm ! wavenumber range.

2.5. Ion Bombardment on MWCNTs

Samples were measured at room temperature (RT) before annealing, to analyze the
contamination content (O 1s core level signal at 6%). To remove the oxygen contamina-
tion [32] we annealed the pristine sample at 400 °C for 1 h reducing it to less than 1%. To
avoid temperature healing effects, we avoided annealing the samples after ion bombard-
ment. The ion bombardment was carried out with a sputtering ion source apparatus by
Omicron Nanotechnology (ISE 10) on pristine MWCNTs samples coming from same batch
of growth. Samples were bombarded with 3 keV Ar™, Ne™ and He™ ions impinging from
a direction parallel (TOP side) and perpendicular (LAT side) to the CNT axis. We used an
ion current density of 10 uA/cm? and bombarded for 2400 s time, corresponding to a total
number of 1.5 x 10" bombarding ions.
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3. Results and Discussion
3.1. SEM Analysis

The scanning electron microscopy images of the pristine MWCNTs displayed in
Figure 1 (left), show the vertically aligned forests of MWCNTs grown on the Si substrate.
At this high resolution spatial scale, a waviness in the orientation is visible that does not
affect the average vertical alignment. On the top, a crust of twisted nanotubes of the order
of few 10 nm is present, in agreement with previous observations on VA-CNTs [29]. All
MWCNTs samples used in this experiment present heights of about 200 um and diameters
of about 10 nm, more details in the SI (Figure S1).

Pristine ‘ _Ar ] _ Ne* S _He-

A

Figure 1. SEM image from the top side (TOP) and from the lateral side (LAT) of the CNTs; pristine
(left), irradiated by 3 keV Ar™ (center-left), Ne™ (center-right) and He™ (right) ion beams.

Ion bombardment with noble gas ions of different masses at the same energy (3 keV)
affects both sides (top, [TOP] and lateral, [LAT]) of the samples. SEM images reveal
that bombardment damages the surface of MWCNTs as shown in Figure 1, causing a
rearrangement of the MWCNTs, with creation of holes across the entire surface due to
coalescence in bundles, clusterization by combination of several CNTs and interlacing of
external walls of individual CNTs with each other. From an analysis of the SEM images,
we can extract the mean hole area by applying a grain analysis based on a watershed
algorithm [33], implemented in the image-processing software Gwyddion (for more details
see the SI Figure S2). Through this analysis we can find the area of the holes present in
the TOP SEM image of each differently bombarded sample, that results to be roughly
0.07 + 0.04 um? (pristine), 0.09 & 0.04 um? (He%), 2.8 4+ 1.4 um? (Ne*t) and 5.5 + 2.6 um?
(ArT) (see SI Figure S3). We observe that the larger the ion mass, the larger the mean
hole size induced on the sample. However, the He™ bombardment does not induce a clear
damage in the sample at least from a topographic perspective.

3.2. Core Level Analysis of the MWCNTs

An excellent technique to determine the density and the nature of defects present or
produced in graphene-based materials, is core-level photoelectron spectroscopy. In fact,
XPS is a very sensitive technique to finely determine the chemical bonding through the
measured chemical shift in the C 1s core level components [34], like the sp? and sp® bonds,
possible dangling bond states, etc.

The C 1s XPS spectrum of pristine MWCNTs taken after annealing to 400 °C is shown
in Figure 2, along with the results of a fitting analysis. The experimental data have been
deconvoluted using pseudo-Voigt line profiles (Lorentzian—Gaussian curves, with the
Gaussian component taking into account the overall experimental uncertainty and the
Lorentzian one the intrinsic excitation lifetime). We can single out five components: (i) the
most intense associated to C—C sp? bonds [34] at 284.5 eV BE; (ii) the one due to C—C sp®
distorted bonds at 285.1 eV (i.e., 0.6 eV higher BE than the sp? peak), where the presence of
sp> bonds in pristine MWCNTSs can be explained by the bending of the graphene surfaces in
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the nanotubes; (iii) an almost negligible component due to C-O, bonds at 287.0 eV, related
to residual oxygen contamination [19,35]; (iv) the expected 7r-plasmon (extended shake-up
satellite) at 290.0 eV (i.e., 5.5 eV higher BE than the main peak); (v) a small fraction of
dangling bonds (DB) component at low binding energy (283.9 eV) [36] that represents the
tiny presence of vacancies in the MWCNTs.

Intensity (arb. un)

296 292 288 284
Binding energy (eV)

Figure 2. XPS C 1s core level of pristine CNT after annealing; experimental data (black dots),
sp2 fitting component (blue area), sp3 component (green area), DB component (pink area), COy
component (yellow area), 7r-plasmon component (violet area), Shirley background (dotted line) and
fitting sum curve (red line).

The dominating sp? component is estimated to be 66% w.r.t the overall peak intensity.
The sp?® relative intensity ratio with respect to the sp? is ~19%, due to the bent nature of
the cylindrical nanotubes [19,37-40]. We found very small concentration of oxygen, only
0.7% of overall intensity of the C 1s peak, in agreement with the measured intensity from
the O 1s core level peak (see SI, Figure 54). The peak corresponding to vacancies in the
honeycomb lattice, and associated to dangling bonds (DB), has a concentration of 3%. All
fitting data of pristine MWCNTs are reported in the SI, Table S1.

Variation in the C 1s spectral lineshape of the bombarded MWCNTs with respect to the
pristine sample is observed as an evident broadening, as shown in Figure 3b. The results of
the fitting analysis are reported in the histogram of Figure 3¢ and in the SI Tables 52-54.

After bombardment, both TOP and LAT, all the components do not shift in energy,
while the sp? peak and the 7t plasmon [20] are reduced in intensity, and the sp> component
representing the bond deformations in the lattice, shows a huge increase in intensity. The
latter increase leads to a @ ratio of about 48 + 5%, where @ = I(sp?)/[I(sp?) + I(sp®)].
Increase in dangling bond (from 3% to 8%) is also observed, due to an increase in vacancies
in the honeycomb structure caused by bombardment. We do not observe any increase in
the residual oxygen contamination onto the sample, thanks to the highly UHV controlled
in situ experiment. XPS shows to be a very effective fingerprint of defect production in
highly aligned MWCNTs after ion bombardment.

Finally, regarding the effect of different ion masses, we do not measure any signifi-
cant difference in the C 1s spectral lineshapes, despite the different damage morphology
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observed by SEM. This can be explained by the local nature of defect production in the C
mesh and on the very surface sensitivity of the XPS technique.
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Figure 3. (a) XPS C 1s core level of the CNTs after ion bombardment with Ar™, Net and He™" (spectra
stacked from top to bottom, respectively); experimental data (black dots), sp2 fitting component (blue
area), sp> component (green area), DB component (pink area), CO, component (yellow area), Shirley
background (dotted line) and fitting sum curve (red line). (b) Experimental C 1s data for the pristine
and bombarded CNTs. (c) Histogram of the percentage of the C 1s core level components for pristine
clean MWCNTs (red bars), Ar™ bombarded CNTs (black bars), Ne™ bombarded CNTs (blue bars) and
He* bombarded CNTs (green bars); from the top to the bottom: sp?, sp>, COy and DB components.

We know from the SEM images that the morphology of CNTs is different from the
TOP and LAT views, presenting circular voids from the top and elongated void parts
among nanotubes on the side view. In order to obtain information about a possible spatial
anisotropy in the defect production, we studied the XPS C 1s core level after bombardment
of the two different sides of CNTs, TOP and LAT, as shown in Figure 4. To do these
measurements we mounted two parts of the same sample oriented in the two sides (as
shown in SI Figure S5), on the same sample holder, so to be able to bombard both sides at
the same time in situ, with the same energy and dose.

We observe that there is not any lineshape change of the C 1s spectra of pristine CNTs
taken for both orientations, as shown in Figure 4a. After bombarding with argon ions, we
confirm the broadening of the lineshape, as discussed previously, but we do not observe
any anisotropic effect depending on the nanotube orientation with respect to the impinging
ion direction. This result confirms the local nature of the chemical damage induced by the
ion beams, that does not depend on the spatial meso-scale morphology.
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Figure 4. Comparative analysis of the XPS spectra of the CNTs after 3 keV Ar™ bombardment on
top (TOP) and perpendicular to the CNT axes (LAT). (a) superimposed C 1s XPS experimental data
for the clean pristine (red dots and black line) and Ar"™ bombarded (blue and purple lines) CNTs.
(b) fitting analysis of pristine TOP and Ar™ bombarded CNTs TOP; experimental data (black dots)
with fitting curve components, namely sp? (blue area), sp® (green area), DB (pink area), COy (yellow
area), Shirley background (dotted line) and fitting sum curve (red line).

3.3. Raman Evidence of Defects

Raman spectroscopy is one of the most efficient and well-known techniques to de-
termine defects and lattice deformations in graphene-based materials [41]. The Raman
spectrum of pristine MWCNTs taken on the top of the sample after annealing to 400 °C,
shows five most prominent peaks, the D, G, 2D, D+G and 2D’ bands, all expected for
MWCNTs [20,42], as shown in Figure 5b. We fitted the Raman bands with Lorentzian
curves (fitted values are reported in SI Table S9). The G band is representative of C—C
stretching mode and appears at 1604 cm !, the D and D’ bands are associated with defects
and distortions in the carbon hexagon rings and they appear at 1350 cm~! and 1610 cm !,
respectively, and the 2D band appears at 2690 cm~!. Bumpy broad structures due to some
residual amorphous carbon signal are considered below the main peaks by using Gaussian
curves, in agreement with the literature on MWCNTs [19]. The integrated intensity ratios
between the D and G band I(D)/1(G), and between the 2D and G bands I(2D)/1(G) are
0.90 and 0.47, respectively. The peak widths of the different peaks are 60 cm~!, 81 cm ™!,
116 cm 1,145 cm 1, 132 cm ™1, 198 em ! and 109 cm ! for the G, D, D/, D+D”, 2D, D+G
and 2D’ bands, respectively.

Raman data taken on the top of the He™, Ne™ and Ar* bombarded CNTs, as compared
to the pristine one, are shown in Figure 5a. We fitted the Raman bands and fitting results
are reported in Figure 5c. We observe a clear broadening of all main Raman bands, and
also an important increase of the Gaussian component underlying the peaks, associated
to the amorphous response [43,44]. In particular, broadening of the G and D bands after
bombardment reaches 140 cm~! and 253 cm ™1, respectively, (see the SI Tables S10-512),
due to the induction of defects by noble gas ions hitting the MWCNTS. A frequency shift is
observed up to 1357 cm ™! for the D band and decrease down to 1565 cm ™! for the G band,
probably associated to strain induced by defects introduced after bombardment. In the
mid-range between these two peaks, there is a broad band at 1460 cm ! related to increase
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in amorphous carbon [45]. Looking at the ion mass dependence of the produced lattice
damage, it is evident that the lighter mass ions cause more diffused lattice damage than
the heavier ones, as observable through the relative increasing broadening (values in the
SI, Tables S10-S12) upon going from Ar™, to Ne™ eventually to He™ ions. The results of
Raman study correlate well with the SEM data.
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Figure 5. (a) Experimental data for Raman spectra (focused on the sample top) of Pristine and bom-
barded CNTs, (b) Fitted Raman spectra of pristine CNTs and Raman fitting components are reported
with brown curves superimposed over the experimental data and (c) Fitted Raman spectra of the CNTs
after ion bombardment with Ar™, Ne™ and He™ (spectra stacked from top to bottom, respectively).

The Raman and SEM results suggest the following picture of produced damage: the
energy loss of ions to CNT atomic electrons at velocity less than 0.01 ¢ (where c is the speed
of light in vacuum) can be described by Lindhard’s model [46,47]. This model predicts
an energy loss increasing with the ion velocity, as the data of CNT damage suggest: in
fact, He ions are the fastest (~3.8x10° m/s), they easily reach a noticeable depth and
consequently produce a more diffuse damage of the CNT lattice, while the Ar ions produce
more localized defects in the lattice.

4. Conclusions

The effects of different masses of noble gas in ion irradiation on the chemical state,
lattice morphology and local structure of MWCNTs were studied via XPS, Raman and SEM.
It has been established that bombardment with ions on different geometries (TOP and
LAT) of MWCNTs leads to defects and distortions in the MWCNT's structure. In particular,
bundles and clustering of CNTs are clearly visible in the SEM images, where smaller voids
on the top are produced by lighter ions. Raman analysis confirms the SEM results, showing
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lattice damage in the CNTs, as observed by broadening of Raman bands accompanied by
partial amorphization.

The Raman spectroscopy data show more diffused lattice defects by bombarding with
lighter ions (He™) than heavier ones (Ar™). The interaction of the heavier ions with the C
lattice produces more localized defects; as a consequence, the damage depth reached by Ar
is smaller than for He, the latter producing diffuse lattice defects.

The analysis of the C 1s core level spectra has shown an increase in the fraction of
C atoms with sp® hybridized bonds from 19 4+ 5% up to 48 4 5%, and a reduction of the
rt-plasmon of delocalized electrons on the surface of MWCNTs. Furthermore, not any
anisotropic effect is observed in the XPS study (TOP or LAT bombardment), due to very
local, atomic and surface sensitive characteristics of XPS.

These ion-bombarded MWCNTs, where we demonstrated how to increase available
sp® bonds thanks to clean and controlled UHYV in situ ion bombardment, can constitute
excellent scaffolds for further functionalization. For example, sp® bonds may strongly
favor the uploading of hydrogen, offering highly useful and potential applications in new
solid-state materials for energy storage.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano14010077/s1, Figure S1: Exemplary SEM images of MWCNTs from (a) (LAT) view
and (b) (TOP) view, used for size estimation by the Gwyddion program.; Figure S2: mean hole
size at the top of the MWCNT after ion bombardment; Figure S3: analysis of the SEM images to
determine the mean hole size; Figure S4: survey XPS spectrum at pristine MWCNTs; Figure S5:
MWCNTs mounted from TOP and LAT sides on same sample holder; Figure S6: FWHM evolution of
Raman bands (D, G and D’) for Pristine and Bombarded MWCNTs (Ar", Net and He™) after fitting
analysis.; Table S1: Cls fitting parameters from the Cls core level of the pristine MWCNT sample;
Tables 52-5S4: Cls fitting parameters from the Cls core levels of the Ar-, Ne-, and He-bombarded
MWCNT samples; Tables S5 and S6: Cls fitting parameters from the Cls core levels of the TOP and
LAT pristine sample; Tables S7 and S8: Cls fitting parameters from the Cls core levels of the TOP
and LAT Ar-bombarded sample; Table S9: Raman band fitting parameters for pristine MWCNT;
Tables S10-S12: Raman band fitting parameters for Ar, Ne, He bombareded MWCNT. Reference [48]
is cited in the Supplementary Materials.
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Abbreviations

The following abbreviations are used in this manuscript:

CNT Carbon nanotube

MWCNT Multi Wall Carbon nanotube

VA-MWCNT  Vertically Aligned Multi Wall Carbon nanotube
XPS X ray Photoelectron Spectroscopy

UHV Ultra High Vacuum

SEM Scanning Electron microscopy

3D Three Dimensional

2D Two Dimensional

1D One Dimensional
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