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Reversible changes in the electronic structure of car-
bon nanotube-hybrids upon NO, exposure at ambient
conditions’

Filippo Fedi,” Oleg Domanov,” Hidetsugu Shiozawa,*® Kazuhiro Yanagi,® Paolo
Lacovig,? Silvano Lizzit,Y Andrea Goldoni,” Thomas Pichler,” and Paola Ayala**

The properties of single-walled carbon nanotubes provide them with enormous potential
as gas sensors but true effectiveness can really be expected if their interaction with
the sensing targets can be controlled and their recovery is granted. It is shown here
how metallicity-sorted tubes filled with nickel(ll) acetylacetonate in molecular form, and
also subsequently transformed into metal clusters encapsulated in the hollow core, are
able to unfold two major challenges: tuning the gas-tube interaction and achieving the
desorption of NO, at ambient temperature. Aiming at the control of the sensitivity of the
nanotubes to NO, at room temperature, making use of time resolved photoemission we
observed that in semiconducting nanotubes the chemical potential is pinned inside their
energy gap shifted to the onset of the conduction band when filled with nanoclusters.
This shows that cluster filling is a key to high sensitivity, opening the possibility for a very

high desorption at ambient temperature.

1 Introduction

The research area of sensing with carbon nanotubes is one
of the most active, inspired by their structural and phys-
ical properties’™®. A large surface area to volume ratio
and non-isolating behavior make of single-walled carbon
nanotubes (SWCNTs) perfect materials for a next genera-
tion of gas sensors®™?. Also high sensitivity, high selectiv-
ity, low cost, fast response and fast and optimal recovery
are among the requirements of a good sensor>1Y, Several
types of experiments have been reported with SWCNTSs uti-
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lizing a variety of possible sensing mechanisms“°711' and
one of these is the analysis of the changes in the electric
response of bundles or isolated SWCNTs when they are ex-
posed to gas molecules®. This is intuitively a natural sens-
ing pathway'%. However, the working volumes can make
an important difference in the capability to access the phys-
ical phenomena occurring with the tubes while exposure is
done. Therefore it is necessary to understand the underly-
ing physical mechanisms that produce changes and implic-
itly a response in a nanotube-based sensor while function-
ing. In terms of the analytes studied with carbon nanotube
sensors, special focus has been given in the available litera-
ture to nitrogen dioxide NO,, which is a well-known highly
toxic air pollutant1?. Further studies have focused on other
gases like NH31314 organic vapors!®, C0O,2 CO% and
0,1¢ among others. For sensors made with nanotubes,
some problems such as accuracy and durable performance
remain unsolved. One reason of the instability is related
to the use of nanotubes that do not meet the required pu-
rity and where defects play an important role as extremely
reactive sites1/:!8, These are responsible for the chemisorp-
tion of oxidizing gases and irreversibility of adsorption (i.e.
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Fig. 1 Molecular models of the types of materials used in the
sensing experiments as listed in Table[T] Metallic single wall car-
bon nanotubes filled with nickel(ll) acetylacetonate, metallic sin-
gle wall carbon nanotubes filled with Ni nanoclusters, semicon-
ducting single wall carbon nanotubes filled with nickel(ll) acety-
lacetonate, semiconducting single wall carbon nanotubes filled
with Ni nanoclusters.

limited desorption®72%). With this in mind, in our previ-
ous work we studied the effect of NO, on ultrapure and
metallicity sorted SWCNTs2%, When exposed to NO,, the
tubes showed an adsorption reaction with a charge trans-
fer mediated by physisorption at very low temperature, but
once heated to ambient temperature, no adsorbed gases
were detectable2>2%, This shed light on the need to tailor
the gas-tube interaction from a strong chemisorption to a
weak physisorption to achieve a material which is able to
recover to its initial conditions.

In this study we present a feasible pathway to tailor the
interaction between the nanotube and the sensing-target
via filling, achieving gas desorption at ambient tempera-
ture. We have tailored the reaction pathway of NO, as test
gas in presence of metallicity-sorted SWCNTs filled with
nickel(IT) acetylacetonate molecules and Ni clusters. The
types of materials are sketched in Fig. [1] and the experi-
ments summarized in Table 1} High resolution photoemis-
sion spectroscopy, and in particular the valence band pho-
toemission, have been crucial to understand the energy gap
changes in direct relationship with the sensing and recov-
ery capabilities. We show that the Ni chemical state and
its bonding environment when encapsulated inside SWC-
NTs play a major role in the tube’s sensing capability. This
study has allowed us exploring the selectivity, sensitivity,
tunability and recovery at unprecedented level.

2 Materials and Methods

SWCNTs synthesized by the arc-discharge method, purified
and separated into metallic and semiconducting tubes
were prepared as films. Subsequently the tubes were filled
with nickel(Il) acetylacetonate (Sigma Aldrich), which
was purified via sublimation. The molecules were placed
together with the SWCNT-films in a glass ampoule and
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Table 1 Representative stages summarizing the experimental
pathway. Each sample was exposed to NO, (the dose is given in
L). The nitrogen to carbon ratio from XPS and the temperatures
at which the measurements were executed are included.

NO,dose N/C (at.%) T[K] Stage
Ni-acc@SC 0 0 100 1

80 4.2 100 11

0 0.46 298  Partial Recovery
Ni-nc@SC 0 0 100 I

80 1.43 100 IV

0.019 298 V (Recovery)

Ni-acc@M 0 0 100 I

80 5.3 100 1I

0 0.56 298  Partial Recovery
Ni-nc@M 0 0 100 I

80 1.02 100 IV

0 0.14 298 V (Recovery)

then sealed in vacuum. This system was kept for three days
at 140°C to expose the SWCNTs to the molecule vapor. The
SWCNT-films were then transferred to sapphire substrates
for the spectroscopy measurements. X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoemission spec-
troscopy (UPS) measurements were conducted at the
SuperESCA beamline at the Elettra synchrotron, where the
emitted photoelectrons are collected by a 150 mm hemi-
spherical analyzer with a time-delay detector mounted at
70° with respect to the incident beam. The samples were
placed on a Ta holder, mounted on a manipulator that
allows cooling down to about 100 K and annealing up to
1800 K. The experimental chamber had a base pressure of
2.5x10~'% mbar. In order to remove any adsorbed oxygen
and other impurities, the samples were outgassed in-situ
by a combined resistive and electron-beam heating system
up to 420 K for 24 hours. The purity of the samples was
confirmed by wide range high resolution photoemission
spectroscopy survey scans. The different nanotube samples
were exposed to pure NO, gas, which was inserted through
a needle valve. During the experiments the temperature of
the samples was kept constant, and the gas pressure below
1078 mbar. Gas doses below the saturation range were
used. Core level spectra were recorded using different
photon energies with overall energy resolutions from 100
to 200 meV. Measurements on Ta 4f and Ta 4ds,» were
used for calibration.

3 Results and discussion

The experiments were done in different steps using in
summary four types of materials (as listed in Table [I):
Metallic single wall carbon nanotubes filled with nickel(II)
acetylacetonate (Ni-acc@M-SWCNTs), and filled with Ni
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nanoclusters (Ni-nc@M-SWCNTs), as well as the corre-
sponding with semiconducting tubes with molecular fill-
ing (Ni-acc@SC-SWCNTs) and cluster filling (Ni-nc@SC-
SWCNTs).

Ni2p, ,INi(OH),]

Normalized Intensity

870 860 850

Binding Energy (eV)

890 880
Fig. 2 XPS core level spectrum for the Niy, region recorded
for Ni-acc@SC-SWCNTs (top) and the spectrum (bottom) corre-

sponding to Ni-nc@SC-SWCNTs from the material after trans-
formation through annealing treatment.

The first step was to understand the elemental compo-
sition and the atomic environments of the fillings to tai-
lor the tubes’ properties as sensing materials“”. For these
purposes we made use of XPS4%2% and determined first
the Ni/C filling ratio, which was found to be 1.5% for the
Ni-acc@SC-SWCNTs and 0.4% for the Ni-acc@M-SWCNTSs.
Fig. [2] shows the Ni,p signal recorded for the semiconduct-
ing samples filled with molecular Ni-acc (top) and after
heating treatment (bottom). The top spectrum shows two
peaks located at 854.29 eV and 871.99 eV, correspond-
ing respectively to the Nij, n and Nipp, P levels, which are
related to the six ligands in octahedral geometry associ-
ated to the Ni-acc encapsulated molecules®%3L, The bot-
tom spectrum of Fig. |2 shows the characteristic lineshape
of Ni metal, which confirms that the molecules resulted
into clusters encapsulated inside the tubes. After trans-
formation to nanoclusters, the Ni to C ratio for the hy-
brid structures is reduced to 1/3 and 1/4 for the semicon-
ducting and metallic hosts correspondingly. This is con-
sistent with previous work that shows the transformation
of Ni-acc molecules to metallic clusters inside SWCNTs is
completed after annealing at 500°C. It was observed that
above that temperature the number of nickel atoms is re-
duced3%55, Looking at the bottom spectrum (Fig. [2), the
slight shift to lower binding energies compared to Ni metal
can be attributed to charge transfer between the clusters
and the tubes=%8, The same procedure was followed with
the samples that had a metallic nanotube host to confirm
the encapsulation of molecules and clusters correspond-
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ingly.

Further, selectivity and sensitivity were inspected expos-
ing the four types of materials to NO, at different temper-
atures. The samples were exposed to NO, and the influ-
ence of the gas dosing level, the filler states and temper-
ature effects were tested in-situ. To probe the relative in-
teractions between SWCNTs and NO, we carried out ex-
periments in different representative stages for both metal-
lic and semiconducting species as listed in Table [1| Stage
I refers to the Ni-acc filled SWCNTs cooled at 100K. This
cooling allows for better resolution during the photoemis-
sion measurements. In stage II those samples were exposed
to 80L of NO, (1L ~ 1.33-10 ®mbar-s). The samples
where then heated progressively to remove any remain-
ing adsorbed species up to 500 °, when the transformation
to nanoclusters occurs in-situ. Stage III then corresponds
to the nanotubes filled with Ni clusters, which were first
measured without exposure to NO,. On the stage IV they
were exposed to 80L of NO,. Finally, the cluster filled tubes
were observed until they reached room temperature with-
out heating the sample in order to test the recovery effi-
ciency under this condition (stage V). An approximation
to the binding energy values of the Cy, core level has pre-
viously been reported for similarly filled nanotubes but in
lab-based experiments2?°43940 However, resolving these
values at higher resolution can help unraveling the type
of adsorption mechanism occurring®*4!, The C,, starting
signals for metallic SWCNTs are slightly downshifted com-
pared to the line of the semiconducting counterparts, and
this can be associated to two effects: the possibility of dif-
ferent core hole screening in metallicity selected SWCNTs
and to different chemical potentials in bulk SWCNTs. How-
ever, the presence of the filler opens a new scenario. Core
hole effects are not visibly affected by metallicity, therefore
the different core level binding energy here is mainly re-
lated to the chemical potentials. In Fig.|3a we can see how
the C;; binding energy shifts in the five mentioned stages.
The values seen for molecule-filled semiconducting SWC-
NTs (~284.77 €V) and the metallic SWCNTs (~284.79 eV)
are in very good agreement regarding their relative posi-
tions in comparison to those reported for clean metallicity
sorted tubes also measured at low temperatures<82240, [n
stage II, exposing the materials to NO, produces for both
—metallic and semiconducting tubes— a downshift of 230
and 260 meV on the Cj, position respectively. This can
be attributed to charge transfer induced by the adsorption
of NO, acting as acceptor molecules®*3. Here, the sam-
ples were left to recover without inducing changes exter-
nally. The desorption of the NO, molecules and the recov-
ery of the system can eventually bring the Cy; to recover the
original position. We continued however with our experi-
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Fig. 3 (a) Shift of the main peak of the Cy; core level signal in XPS of the semiconducting (blue) vs metallic (red) hosts with different
fillings at the stages listed in Table (b) C, shift resulting from a time resolved experiment exposing the Ni-nc@SC-SWCNTSs to NO,.

ments with an intermediate high temperature heating step
at 400°C to accelerate the desorption procedure (which
is otherwise very slow for the experimental facilities) and
made sure the remaining NO; molecules were removed be-
cause we needed an adsorbant-free material for the subse-
quent transformation, which was done in-situ®?. Subse-
quently, as explained before, a 500°C heat treatment was
applied to transform the Ni-acc molecules into nanoclus-
ters2, This temperature range was maintained in order
to keep he highest possible filling ratio®%. Following the
previous scheme, the nanocluster filled tubes were cooled
at 100K. The corresponding measurements are pictured as
starting point as stage I1II in the lower panel of Fig.[3p. Note
that there is a slight difference between the position of the
Cy; corresponding to the materials with metallic and semi-
conducting hosts, which hints a mildly different reactivity.
However, when they are exposed to 80L of NO, in stage
IV, the core level signal for both is very close. This does
not mean they go through the same reaction pathway but
they have a similar reactivity ratio when exposed to this
type of gas. Taking into account I and III as initial stages,
after NO, exposure, in stages II and IV, in the case of the
semiconducting hosts (blue lines), the differences in the
binding energy of the Cy; line in the top panel compared to
the bottom panel in Fig. |3p hint that nanotubes filled with
Ni-acc are more reactive compared to systems filled with
Ni-nc or that a physisorption process must be occurring. In
such case the shift is attributed to charge transfer between
the tubes and the filler. On the other hand, when observing
the recovery of the system while reaching ambient temper-
ature on stage V in relation to III, the position of the Cj;
line for the Ni-nc@SC-SWCNT recovers almost completely
compared to the counterpart with the metallic host tube.

4| Journal Name, [year], [vol.],1

Although both of these systems are able to reach a better
recovery than the molecule—filled tubes, a preliminary con-
clusion would be that the first one (Ni-nc@M-SWCNT) is
more prone to chemisorption during exposure, while NO,
is mainly physisorbed to the Ni-nc@SC-SWCNT. The pic-
ture is still incomplete and other parameters have to be
taken into consideration. Previous studies on pristine SWC-
NTs have suggested the chemisorption of molecular species
as induced reactions (including the oxidation of the tubes
by the NO, molecules), are in turn assisted by the presence
of reactive defects184Y, But one of the complex problems
to solve for sensors is how to reach full recovery at room
temperature. For this, time resolved experiments on the
Ni-nc@SC-SWCNTs were done with particular attention to
the C; and the valence band during the exposure to NO,
at room temperature. This differs from the stages II and IV,
which were done at 100K. The experiments were done in-
creasing dose of NO, over 50 minutes. As seen in Fig. [3p,
the Cj; spectra corresponding to Ni-nc@SC-SWCNT have
a constant binding energy shift with increasing exposure
to NO,. This is consistent with the shifts throughout the
previously discussed stages but it is now necessary to un-
derstand the shape of the spectra. Further, Fig. 4] shows
the deconvolution of the high resolution of the Ci, sig-
nals recorded on the semiconducting (left) and metallic
(right) hosting species with a 525 €V excitation energy. The
main sharp component around 284.5eV in all spectra cor-
responds to the main carbon peak 424442, Additionally, a
smaller component at slightly higher energy values (gray
shaded area) is seen in Fig. —d. This arises from the C
atoms associated to the Ni-acc molecules. Note that this
component has lower binding energy for the semiconduct-
ing and the metallic hosts filled with nanoclusters. Also
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Fig. 4 Cy; core level spectra from Ni-acc@SC-SWCNTs (a) and Ni-acac@M-SWCNTs (b). The spectra correspondingly below (c and
d) were recorded after exposure to 80L of NO,. The bottom spectra correspond to Ni-nc@SC-SWCNTs (e) and Ni-nc@M-SWCNTs
(f) exposed to 80L of NO,. Molecular models are shown as inset of each plot.

in the bottom spectra (Fig. [4e and with much lower
intensity, where this can be associated to the Ni bonded
to C, which significantly decreases in the two cases where
metallic clusters are formed=?. Furthermore, two types of
carbon-oxygen bonds can be identified. The first one is at-
tributed to atomic oxygen extracting a carbon atom and
creating a defect in the lattice, leading to the formation of
a ketene group, which applies to the hybrids before expo-
sure to the NO, 244l The signal at 288.5 €V corresponds
to the carboxylate group (O-C=0), which can be directly
attributed to the Ni acetyl acetonate filling. Upon conver-
sion of the molecules into nanoclusters of Ni for both semi-
conducting and metallic hosts (Fig. [4e and [4f), the car-
boxylate group is not observable anymore2#4L, We can see
here additionally, that the ketene and carboxylate signals
are more pronounced for semiconducting hosts during the
mid-range molecular exposure. This suggests that the pres-
ence of the molecules of Ni-acc inside the tubes allow for a
higher interaction with the external surrounding gas. Note
that the intensity variations and shift are more pronounced
in the semiconducting hosts, indicating higher sensitivity.
To gain further insight, the valence band photoemission
(VB-PES) response was recorded in UPS to obtain the in-
tegrated density of states as a function of the NO, dosing
concentration. VB-PES has previously been used on metal-

licity mixed SWNTs as a function of measurement cycles at
increasing flashing temperatures’®. In contrast, we have
done measurements at ambient temperatures pursuing the
recovery of the systems under such condition to corrob-
orate the results so far discussed. Fig. |5p and [5p show
the valence band recorded at the three decisive stages,
namely: the cluster filled tubes without gas exposure, the
spectra recorded at the maximum dosage and the recov-
ery. Fig.|5c and [5d summarize the time resolved measure-
ments at ambient temperature on the cluster filled tubes
in two parts: during increasing exposure to NO, and dur-
ing recovery, both at room temperature. The plotted dots
represent to the variation of the total area of the valence
band vs the elapsed time of exposure and recovery (from
Fig.[5h and[5p). Each dot corresponds to one measurement
of the area of the valence band and it is calculated from:
(As —Ao)/As - 100 where As is the area of the valence band
during a single sweep and Ao is the area of the initial sweep
before dosing up to 300L of NO, over a total time of ~80
min. The line shading on Fig. [5c indicates the period of
acquisition of the time resolved C;; measurements.

The VB-PES response in the Ni nanocluster filled SWCNT
hybrids close to the Fermi level is governed by a superposi-
tion of the response of the SWCNT and the Nig, band. On
the other hand, we have seen far that exposing these hy-
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta02749a

Open Access Article. Published on 15 April 2020. Downloaded on 4/21/2020 9:54:47 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D0OTA02749A

— 5

A "Ny I ) e)
Z,"ﬁ" \/\ S 0 . S2 S2*
B ‘ Fe] 1= . AE
§ | < = NO, dosing 8 F .
c g B e — e S1 S1
2 o 51 =v—— —="
N 29 N
E|——300L g0 ==—
o i N
> Recovery ‘]‘ g =

o 1 [ — )

Ni-nc@SC-SWCNTs | < g Recovery

12 10 8 6 4 2 0 "0 20 40 60 80 100 120 4o B 10
Binding energy (eV) Time (Min) °
_. 40

b) 2 d) f)

. < 304 NO, dosing
*

@ < M1 A M1
c T F
g % 204 19}
£ Qo o
9 8 10 a
N oL g {#& eo. Sble |l 1Y b
< |— © AE
£ |—300L - b
Z Recovery g

Ni-nc@M-SWCNTs <™ Recovery SRR S S S

2 10 8 6 4 2 0 0 20 40 60 80 100 120 -1.0 ER 10
Binding energy (eV) Time (Min) Energy (eV)

Fig. 5 Valence band photoemission spectra of the Ni-nc@SC-SWCNTs (a) and Ni-nc@M-SWCNT (b) showing the measurements
before exposure to NO,, the spectrum at a maximum dosing of 300 L (black curves) and measurements after recovery (after final
desorption of NO,). Integrated area of the valence band response close to the Fermi level (0-1 eV) as function of the dosing and
recovery time for the Ni-nc@SC-SWCNTs (c) and Ni-nc@M-SWCNT (d). The gray shaded area corresponds to 80 min of continuous
exposure to NO, up to 300L. This is followed by a 30 min recovery. The light green area indicates that most of the recovery already
happens in the first 3 min. For the Ni-nc@SC-SWCNTs the overlapping shaded dosing area shows the time used to monitor the Cy;
core level shift depicted in Fig. [3p. The right panels show sketches of the shifts in the VB in the density of states for both Ni-nc@SC-

SWCNT (e) and Ni-nc@M-SWCNT(f).

brid materials to NO; yields a p-type doping of the SWCNT
which is reflected in a downshift of the Cls binding en-
ergy. This hints that the chemical potential in the new
hybrids is shifted towards the conduction band of the pris-
tine and sorted SWCNTSs. In the case of Ni-nc@SC-SWCNTs
the chemical potential is pinned inside their energy gap 29
meV shifted to the onset of the conduction band at the S1*
first van Hove singularity (vHs) as sketched in Fig. [Be. For
the Ni-nc@M-SWCNTs tubes, a shift of 19 meV indicates
that the Fermi level remains still below the first vHs in the
conduction band (M1*) and the constant density of states
is filled during the gas exposure (Fig.[5f). In other words,
the valence band response is related to a shift of the chem-
ical potential into in the S1* in Ni-nc@SC-SWCNTs, which
yields a lower DOS and a corresponding smaller signal in
the VB-PES response and it is also direct and linear with the
NO; dosage. In the case of Ni-nc@M-SWCNTs the chem-
ical potential shifts towards M1* and here the dosage in-
fluence is more complex as there is a constant DOS at the
Fermi level between the M1 and M1* vHs to be depleted

6| Journal Name, [year], [vol.],1

upon NO, exposure before the first M1* vHS is reached.
This means there is a strong time delay showing no effect
with weakly chemisorbed NO; beside a relative Fermi level
shift in the first dosing steps. Only after the time dependent
chemical reaction yielding NO, decomposition products af-
ter 80 L dosage, an increase in the DOS is observed. Af-
ter saturation dosage in both systems a fast recovery is ob-
served within 3 minutes but the stronger chemisorption in
the Ni-nc@M-SWCNTs does not allow a full recovery. This
points out, that for sensing purposes the Ni-nc@S-SWCNTs
are the better choice as they allow a fast recovery and de-
tection which is linear in the response to NO, dosage. Be-
sides, they have a fast and even complete recovery at room
temperature.

4 Conclusions

This work represents an important step towards under-
standing the ability of SWCNTs to behave as highly gas
sensitive objects capable of recovering at ambient tempera-
ture. Metallicity sorted SWCNT filled with metal nanoclus-
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ters have allowed us defining a pathway to achieve a re-
versible room temperature sensor for NO,. We find that the
electronic structure in the vicinity of the Fermi level, which
is in turn strongly related to the electron transport proper-
ties, is reversibly influenced by the NO, adsorption mech-
anism. In other words, the changes in the Fermi level are
directly related to the changes in the electronic properties
while sensing. In situ PES experiments have revealed a re-
markable result of sensitivity and recovery at ambient tem-
perature. Regarding the selectivity criterion, the materials
used in our experiments are and example of how to tailor
specifically the selectivity towards NO, in a reusable sen-
sor. Inspired in this work, other reactive and poisonous gas
species can be monitored by sensing targets with controlled
and increased sensitivity and selectivity at room tempera-
ture.
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