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The properties of single-walled carbon nanotubes provide themwith enormous potential as gas sensors but

true effectiveness can really be expected if their interaction with sensing targets can be controlled and their

recovery is granted. It is shown here howmetallicity-sorted tubes filled with nickel(II) acetylacetonate in the

molecular form, and also subsequently transformed intometal clusters encapsulated in the hollow core, are

able to unfold two major challenges: tuning the gas–tube interaction and achieving the desorption of NO2

at ambient temperature. Aiming at the control of the sensitivity of the nanotubes to NO2 at room

temperature, by 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 ones, inspired by their structural and physical
properties.1–3 The large surface area to volume ratio and non-
isolating behavior make single-walled carbon nanotubes
(SWCNTs) perfect materials for the next generation of gas
sensors.4–9 Also a high sensitivity, high selectivity, low cost, fast
response and fast and optimal recovery are among the
requirements for a good sensor.5,10 Several types of experiments
have been reported with SWCNTs utilizing a variety of possible
sensing mechanisms4,6,7,11 and one of them is the analysis of the
changes in the electric response of bundles or isolated SWCNTs
when they are exposed to gas molecules.5 This is intuitively
a natural sensing pathway.12 However, the working volumes can
make an important difference in the capability to access the
physical phenomena occurring with the tubes when exposure is
carried out. Therefore it is necessary to understand the under-
lying physical mechanisms that produce changes and implicitly
a response in a nanotube-based sensor while functioning. In
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terms of the analytes studied with carbon nanotube sensors,
special focus has been given in the available literature to
nitrogen dioxide NO2, which is a well-known highly toxic air
pollutant.10 Further studies have focused on other gases like
NH3,13,14 organic vapors,15 CO2,9 CO10 and O2,16 among others.
For sensors made with nanotubes, some problems such as
accuracy and durable performance remain unsolved. One
reason for the instability is related to the use of nanotubes that
do not meet the required purity and where defects play an
important role as extremely reactive sites.17,18 This is respon-
sible for the chemisorption of oxidizing gases and irreversibility
of adsorption (i.e. limited desorption19–23). With this in mind, in
our previous work we studied the effect of NO2 on ultrapure and
metallicity sorted SWCNTs.24 When exposed to NO2, the tubes
showed an adsorption reaction with a charge transfer mediated
by physisorption at very low temperature, but once heated to
ambient temperature, no adsorbed gases were detectable.25,26

This shed light on the need to tailor the gas–tube interaction
from strong chemisorption to 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 nanotubes and the sensing-target via
llings, achieving gas desorption at ambient temperature. We
have tailored the reaction pathway of NO2 as a test gas in the
presence of metallicity-sorted SWCNTs lled with nickel(II)
acetylacetonate molecules and Ni clusters. The types of mate-
rials are sketched in Fig. 1 and the experiments are summarized
in Table 1. High resolution photoemission spectroscopy, and in
particular valence band photoemission, have been crucial in
J. Mater. Chem. A, 2020, 8, 9753–9759 | 9753
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Fig. 1 Molecular models of the types of materials used in the sensing
experiments as listed in Table 1. Metallic single wall carbon nanotubes
filled with nickel(II) acetylacetonate, metallic single wall carbon
nanotubes filled with Ni nanoclusters, semiconducting single wall
carbon nanotubes filled with nickel(II) acetylacetonate, semi-
conducting single wall carbon nanotubes filled with Ni nanoclusters.

Table 1 Representative stages summarizing the experimental
pathway. Each sample was exposed to NO2 (the dose is given in L). The
nitrogen to carbon ratio from XPS and the temperatures at which the
measurements were executed are included

NO2 dose N/C (at%) T [K] Stage

Ni-acc@SC 0 0 100 I
80 4.2 100 II
0 0.46 298 Partial recovery

Ni-nc@SC 0 0 100 III
80 1.43 100 IV
0 0.019 298 V (recovery)

Ni-acc@M 0 0 100 I
80 5.3 100 II
0 0.56 298 Partial recovery

Ni-nc@M 0 0 100 III
80 1.02 100 IV
0 0.14 298 V (recovery)
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understanding the energy gap changes in direct relationship
with the sensing and recovery capabilities. We show that the Ni
chemical state and its bonding environment when encapsu-
lated inside SWCNTs play a major role in the tube's sensing
capability. This study has allowed us to explore their selectivity,
sensitivity, tunability and recovery at an unprecedented level.
Fig. 2 XPS core level spectrum of the Ni 2p region recorded for Ni-
acc@SC-SWCNTs (top) and the spectrum (bottom) corresponding to
Ni-nc@SC-SWCNTs from the material after transformation through
annealing treatment.
2 Materials and methods

SWCNTs synthesized by the arc-discharge method, puried and
separated into metallic and semiconducting tubes were
prepared as lms. Subsequently the tubes were lled with
nickel(II) acetylacetonate (Sigma Aldrich), which was puried via
sublimation. The molecules were placed together with the
SWCNT-lms in a glass ampoule and then sealed in a vacuum.
This system was kept for three days at 140 �C to expose the
SWCNTs to the molecule vapor. The SWCNT-lms were then
transferred to sapphire substrates for spectroscopy measure-
ments. X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoemission spectroscopy (UPS) measurements were con-
ducted at the SuperESCA beamline at the Elettra synchrotron,
where the emitted photoelectrons are collected by using
9754 | J. Mater. Chem. A, 2020, 8, 9753–9759
a 150 mm hemispherical 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 2.5 � 10�10

mbar. In order to remove any adsorbed oxygen and other
impurities, the samples were outgassed in situ by using
a combined resistive and electron-beam heating system up to
420 K for 24 hours. The purity of the samples was conrmed by
wide range high resolution photoemission spectroscopy survey
scans. The different nanotube samples were exposed to pure
NO2 gas, which was injected through a needle valve. During the
experiments the temperature of the samples was kept constant,
and the gas pressure was below 10�8 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 4d5/2 were
used for calibration.

3 Results and discussion

In summary, the experiments were carried out in different steps
using four types of materials (as listed in Table 1): metallic
single wall carbon nanotubes lled with nickel(II) acetylaceto-
nate (Ni-acc@M-SWCNTs), and lled with Ni nanoclusters (Ni-
nc@M-SWCNTs), and the corresponding semiconducting
tubes with a molecular lling (Ni-acc@SC-SWCNTs) and
a cluster lling (Ni-nc@SC-SWCNTs).

The rst step was to understand the elemental composition
and the atomic environments of the llings to tailor the tubes'
properties as sensing materials.27 For these purposes we made
use of XPS28,29 and determined rst the Ni/C lling ratio, which
was found to be 1.5% for the Ni-acc@SC-SWCNTs and 0.4% for
the Ni-acc@M-SWCNTs. Fig. 2 shows the Ni 2p signal recorded
for the semiconducting samples lled with molecular Ni-acc
(top) and aer heat treatment (bottom). The top spectrum
shows two peaks located at 854.29 eV and 871.99 eV, corre-
sponding respectively to the Ni 2p3/2 and Ni 2p1/2 levels, which
This journal is © The Royal Society of Chemistry 2020
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are related to the six ligands in the octahedral geometry asso-
ciated with the Ni-acc encapsulated molecules.30,31 The bottom
spectrum of Fig. 2 shows the characteristic lineshape of the Ni
metal, which conrms that the molecules transformed into
clusters encapsulated inside the tubes. Aer transformation to
nanoclusters, the Ni to C ratio for the hybrid structures was
reduced to 1/3 and 1/4 for the semiconducting and metallic
hosts correspondingly. This is consistent with previous work
that shows that the transformation of Ni-acc molecules to
metallic clusters inside SWCNTs is completed aer annealing at
500 �C. It was observed that above this temperature the number
of nickel atoms is reduced.32–35 Looking at the bottom spectrum
(Fig. 2), the slight shi to lower binding energies compared to
Ni metal can be attributed to charge transfer between the
clusters and the tubes.36–38 The same procedure was followed
with the samples that had metallic nanotube hosts to conrm
the encapsulation of molecules and clusters correspondingly.

Further, selectivity and sensitivity were inspected by
exposing the four types of materials to NO2 at different
temperatures. The samples were exposed to NO2 and the
inuence of the gas dosage level, the ller states and tempera-
ture effects were tested in situ. To probe the relative interactions
between SWCNTs and NO2 we carried out experiments in
different representative stages for both metallic and semi-
conducting species as listed in Table 1. Stage I refers to the Ni-
acc lled SWCNTs cooled to 100 K. This cooling allows for better
resolution during the photoemission measurements. In stage II
those samples were exposed to 80 L of NO2 (1 L z 1.33 � 10�6

mbar s). The samples where then heated progressively to
remove any remaining adsorbed species up to 500 �C, when the
transformation to nanoclusters occurs in situ. Stage III then
corresponds to the nanotubes lled with Ni clusters, which were
rst measured without exposure to NO2. In stage IV they were
exposed to 80 L of NO2. Finally, the cluster lled tubes were
observed until they reached room temperature without heating
the sample in order to test the recovery efficiency under this
condition (stage V). An approximation to the binding energy
Fig. 3 (a) Shift of themain peak of the C 1s core level signal in XPS of the s
stages listed in Table 1. (b) C 1s shift resulting from a time resolved expe

This journal is © The Royal Society of Chemistry 2020
values of the C 1s core level has previously been reported for
similarly lled nanotubes but in lab-based experiments.29,34,39,40

However, resolving these values at higher resolution can help in
unraveling the type of adsorption mechanism occurring.24,41

The C 1s starting signals for metallic SWCNTs are slightly
downshied compared to the line of their semiconducting
counterparts, and this can be associated with two effects: the
possibility of different core hole screening in metallicity
selected SWCNTs and different chemical potentials in bulk
SWCNTs. However, the presence of the ller opens up a new
scenario. Core hole effects are not visibly affected by metallicity;
therefore the different core level binding energies here are
mainly related to the chemical potentials. In Fig. 3a we can see
how the C 1s binding energy shis in the ve mentioned stages.
The values seen for molecule-lled semiconducting SWCNTs
(�284.77 eV) and the metallic SWCNTs (�284.79 eV) are in very
good agreement regarding their relative positions in compar-
ison to those reported for clean metallicity sorted tubes also
measured at low temperatures.28,29,40 In stage II, exposing the
materials to NO2 produces for both – metallic and semi-
conducting tubes – a downshi of 230 and 260 meV in the C 1s
position respectively. This can be attributed to charge transfer
induced by the adsorption of NO2 acting as acceptor mole-
cules.42,43 Here, the samples were le to recover without
inducing changes externally. The desorption of the NO2 mole-
cules and the recovery of the system can eventually bring C 1s to
the original position. We continued however with our experi-
ments with an intermediate high temperature heating step at
400 �C to accelerate the desorption procedure (which is other-
wise very slow for the experimental facilities) and made sure
that the remaining NO2 molecules were removed because we
needed an adsorbent-free material for the subsequent trans-
formation, which was performed in situ.39 Subsequently, as
explained before, a 500 �C heat treatment was applied to
transform the Ni-acc molecules into nanoclusters.33 This
temperature range was maintained in order to obtain the
highest possible lling ratio.34 Following the previous scheme,
emiconducting (blue) vs.metallic (red) hosts with different fillings at the
riment by exposing the Ni-nc@SC-SWCNTs to NO2.

J. Mater. Chem. A, 2020, 8, 9753–9759 | 9755
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the nanocluster lled tubes were cooled to 100 K. The corre-
sponding measurements are pictured with stage III as the
starting point in the lower panel of Fig. 3a. Note that there is
a slight difference between the position of C 1s corresponding
to the materials with metallic and semiconducting hosts, which
hints at a mildly different reactivity. However, when they are
exposed to 80 L of NO2 in stage IV, the core level signal for both
is very close. This does not mean that they go through the same
reaction pathway but that they have a similar reactivity ratio
when exposed to this type of gas. Taking into account I and III as
initial stages, aer NO2 exposure, in stages II and IV, in the case
of the semiconducting hosts (blue lines), the differences in the
binding energy of the C 1s line in the top panel compared to the
bottom panel in Fig. 3a hint that the nanotubes lled with Ni-
acc are more reactive compared to the systems lled with Ni-
nc or that a physisorption process must be occurring. In such
a case the shi is attributed to charge transfer between the
tubes and the ller. On the other hand, when observing the
recovery of the system while reaching ambient temperature in
stage V in relation to III, the position of the C 1s line for the Ni-
nc@SC-SWCNTs recovers almost completely compared to that
for their counterparts, the metallic host tubes. Although both of
these systems are able to reach a better recovery than the
molecule-lled tubes, a preliminary conclusion would be that
the rst one (Ni-nc@M-SWCNTs) is more prone to chemisorp-
tion during exposure, while NO2 is mainly physisorbed to the
Ni-nc@SC-SWCNTs. The picture is still incomplete and other
parameters have to be taken into consideration. Previous
studies on pristine SWCNTs have suggested the chemisorption
Fig. 4 C 1s core level spectra of Ni-acc@SC-SWCNTs (a) and Ni-acac
recorded after exposure to 80 L of NO2. The bottom spectra correspond t
NO2. Molecular models are shown as the inset of each plot.

9756 | J. Mater. Chem. A, 2020, 8, 9753–9759
of molecular species as induced reactions (including oxidation
of the tubes by the NO2 molecules), are in turn assisted by the
presence of reactive defects.18,41 But one of the complex prob-
lems 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 carried out with particular attention to
the C 1s line and the valence band during the exposure to NO2 at
room temperature. This differs from stages II and IV, which
were carried out at 100 K. The experiments were performed with
an increasing dose of NO2 over 50 minutes. As seen in Fig. 3b,
the C 1s spectra corresponding to Ni-nc@SC-SWCNTs have
a constant binding energy shi with increasing exposure to
NO2. This is consistent with the shis throughout the previ-
ously discussed stages but it is now necessary to understand the
shape of the spectra. Further, Fig. 4 shows the deconvolution of
the high resolution C 1s signals recorded for the semi-
conducting (le) and metallic (right) host species with a 525 eV
excitation energy. The main sharp component around 284.5 eV
in all the spectra corresponds to the main carbon peak.29,44,45

Additionally, a smaller component at slightly higher energy
values (gray shaded area) is seen in Fig. 4a–d. This arises from
the C atoms associated with the Ni-acc molecules. Note that this
component has lower binding energy for the semiconducting
and the metallic hosts lled with nanoclusters. It is also present
in the bottom spectra (Fig. 4e and f) with much lower intensity,
where it can be associated with Ni bonded to C, which in turn
signicantly decreases in the two cases where metallic clusters
are formed.39 Furthermore, two types of carbon–oxygen bonds
can be identied. The rst one is attributed to atomic oxygen
@M-SWCNTs (b). The spectra correspondingly below (c and d) were
o Ni-nc@SC-SWCNTs (e) and Ni-nc@M-SWCNTs (f) exposed to 80 L of

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta02749a


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
24

/2
02

5 
3:

43
:3

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
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 exposure to the NO2.24,41 The signal at 288.5 eV
corresponds to the carboxylate group (O–C]O), which can be
directly attributed to the Ni acetylacetonate lling. Upon
conversion of the molecules into nanoclusters of Ni for both
semiconducting and metallic hosts (Fig. 4e and f), the carbox-
ylate group is not observable anymore.24,41 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 presence of the
molecules of Ni-acc inside the tubes allows for a higher inter-
action with the external surrounding gas. Note that the intensity
variations and shi are more pronounced in the semi-
conducting hosts, indicating higher sensitivity.

To gain further insight, the valence band photoemission (VB-
PES) response was recorded in UPS to obtain the integrated
density of states as a function of the NO2 dosage concentration.
VB-PES has previously been used on metallicity mixed SWNTs
as a function of measurement cycles at increasing ashing
temperatures.19 In contrast, we have performed measurements
at ambient temperature pursuing the recovery of the systems
under such conditions to corroborate the results discussed so
far. Fig. 5a and b show the valence band recorded at three
decisive stages, namely the cluster lled tubes without gas
Fig. 5 Valence band photoemission spectra of the Ni-nc@SC-SWCNT
exposure to NO2, the spectrum at a maximum dosage of 300 L (black cu
Integrated area of the valence band response close to the Fermi level (0–
SWCNTs (c) and Ni-nc@M-SWCNTs (d). The gray shaded area corresp
followed by a 30 min recovery. The light green area indicates that most o
SWCNTs the overlapping shaded dosing area shows the time used to mo
sketches of the shifts in the VB in the density of states for both Ni-nc@S

This journal is © The Royal Society of Chemistry 2020
exposure, the spectra recorded at the maximum dosage and the
recovery. Fig. 5c and d summarize the time resolved measure-
ments at ambient temperature on the cluster lled tubes in two
parts: during increasing exposure to NO2 and during recovery,
both at room temperature. The plotted dots represent the
variation of the total area of the valence band vs. the elapsed
time of exposure and recovery (from Fig. 5a and b). 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 300 L of NO2 over a total
time of �80 min. The line shading in Fig. 5c indicates the
period of acquisition of the time resolved C 1s measurements.

The VB-PES response in the Ni nanocluster lled SWCNT
hybrids close to the Fermi level is governed by a superposition
of the response of the SWCNTs and the Ni 4s band. On the other
hand, we have seen so far that exposing these hybrid materials
to NO2 yields a p-type doping of the SWCNTs which is reected
in a downshi of the C 1s binding energy. This hints that the
chemical potential in the new hybrids is shied towards the
conduction band of the pristine and sorted SWCNTs. In the case
of Ni-nc@SC-SWCNTs the chemical potential is pinned inside
their energy gap 29 meV shied to the onset of the conduction
band at the S1* rst van Hove singularity (vHs) as sketched in
Fig. 5e. For the Ni-nc@M-SWCNTs, a shi of 19 meV indicates
s (a) and Ni-nc@M-SWCNTs (b) showing the measurements before
rves) and measurements after recovery (after final desorption of NO2).
1 eV) as a function of the dosing and recovery time for the Ni-nc@SC-
onds to 80 min of continuous exposure to NO2 up to 300 L. This is
f the recovery already happened in the first 3 min. For the Ni-nc@SC-
nitor the C 1s core level shift depicted in Fig. 3b. The right panels show
C-SWCNTs (e) and Ni-nc@M-SWCNTs (f).

J. Mater. Chem. A, 2020, 8, 9753–9759 | 9757
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that the Fermi level remains still below the rst vHs in the
conduction band (M1*) and the constant density of states is
lled during the gas exposure (Fig. 5f). In other words, the
valence band response is related to a shi of the chemical
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 NO2 dosage. In
the case of Ni-nc@M-SWCNTs the chemical potential shis
towards M1* and here the dosage inuence is more complex as
there is a constant DOS at the Fermi level between the M1 and
M1* vHs to be depleted upon NO2 exposure before the rst M1*
vHs is reached. This means there is a strong time delay showing
no effect with weakly chemisorbed NO2 beside a relative Fermi
level shi in the rst dosing steps. Only aer the time depen-
dent chemical reaction yielding NO2 decomposition products
aer 80 L dosage, an increase in the DOS is observed. Aer
saturation dosage in both systems a fast recovery is observed
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 detection which
shows a linear response to NO2 dosage. Besides, they have a fast
and even complete recovery at room temperature.
4 Conclusions

This work represents an important step towards understanding
the ability of SWCNTs to behave as highly gas sensitive objects
capable of recovering at ambient temperature. Metallicity sor-
ted SWCNTs lled with metal nanoclusters have allowed us to
dene a pathway to achieve a reversible room temperature
sensor for NO2. We nd that the electronic structure in the
vicinity of the Fermi level, which is in turn strongly related to
the electron transport properties, is reversibly inuenced by the
NO2 adsorption mechanism. 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 remarkable result of sensitivity and recovery at ambient
temperature. Regarding the selectivity criterion, the materials
used in our experiments are an example of how to specically
tailor the selectivity towards NO2 in a reusable sensor. Inspired
by this work, other reactive and poisonous gas species can be
monitored by sensing targets with controlled and increased
sensitivity and selectivity at room temperature.
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L. Niinistö, Appl. Surf. Sci., 2000, 157, 151–158.

32 O. Domanov, E. Weschke, T. Saito, H. Peterlik, T. Pichler,
M. Eisterer and H. Shiozawa, Nanoscale, 2019, 11, 10615–
10621.

33 H. Shiozawa, A. Briones-Leon, O. Domanov, G. Zechner,
Y. Sato, K. Suenaga, T. Saito, M. Eisterer, E. Weschke,
W. Lang, H. Peterlik and T. Pichler, Sci. Rep., 2015, 5, 15033.

34 M. Sauer, A. Briones-Leon, T. Saito, K. Yanagi, K. Schulte,
T. Pichler and H. Shiozawa, Phys. Status Solidi B, 2015, 252,
2546–2550.
This journal is © The Royal Society of Chemistry 2020
35 G. Nemeth, D. Datz, A. Pekker, T. Saito, O. Domanov,
H. Shiozawa, S. Lenk, B. Pecz, P. Koppa and K. Kamaras,
RSC Adv., 2019, 9, 34120–34124.

36 K. Kim and N. Winograd, Surf. Sci., 1974, 43, 625–643.
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