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A chemical procedure for modification of double walled carbon nanotubes (DWCNTs) to enhance their response to humidity was developed. The DWCNTs walls were etched by hot concentrated sulfuric acid, after what the edge carbon sites were saturated by chlorine via reaction with CCl 4 vapor. This treatment increases the dispersibility of DWCNTs in solvents, removes oxygen groups, and produces chlorine decorated holes in the outer walls. Networks of chlorinated holey DWCNTs showed a high repeatable response to humid environment and a good reversible behavior after the sensor purging by dry air. The density functional theory calculations predict enhanced polarization of the DWCNTs when they contain chlorine decorated holes in the outer walls and physisorption of H 2 O molecules near chlorine atoms. These two effects are the cause of an intense low noise signal to gaseous H 2 O and easy sensor recovery.

Introduction

In the family of carbon nanotubes (CNTs), double walled CNTs (DWCNTs) occupy a place between single walled CNTs (SWCNTs) and multi walled CNTs (MWCNTs) [START_REF] Kim | Double-walled carbon nanotubes: synthesis, structural characterization, and application[END_REF]. DWCNTs are composed of two coaxial cylindrical walls, and the inter wall interactions have an impact on their electronic structure and properties, like in MWCNTs [START_REF] Moore | Double-walled carbon nanotube processing[END_REF]. At the same time, the outer walls of DWCNTs have diameters close to SWCNTs and hence possess similar chemical reactivity. During a chemical reaction, the outer walls of DWCNTs protects the inner ones so functionalized DWCNTs maintain most of their electrical conductivity [START_REF] Piao | Optical and electrical properties of inner tubes in outer wallselectivity functionalized double-wall carbon nanotubes[END_REF][START_REF] Brozena | Outer wall selectively oxidized, water-soluble double-walled carbon nanotubes[END_REF] and mechanical resistance [START_REF] Kawasaki | Structural properties of pristine and fluorinated Fig. 6. Optimized position of H 2 O molecule at the hole in the (9,9) CNT, decorated by a) hydrogen (white balls) and b) two ketone groups, c) two hydroxyl groups, d) carboxyl group, e) hydroxyl and carboxyl groups, and f) two chlorine atoms (violet balls). The calculated values of the adsorption energy of H 2 O and the NBO charge of H 2 O. The dot lines show the shortest distances between H 2 O and functional groups. (A colour version of this figure can be viewed online.) double-walled carbon nanotubes under high pressure[END_REF]. This gives advantages for the use of DWCNTs in composites [START_REF] Jung | Robust, conducting and transparent polymer composites using surface-modified and individualized double-walled carbon nanotube[END_REF][START_REF] Leon | Spectroscopic study of double-walled carbon nanotube functionalization for preparation of carbon/epoxy composites[END_REF], electrochemical cells [START_REF] Jang | Capacitance response of double-walled carbon nanotubes depending on surface modification[END_REF][START_REF] Pumera | Electrochemical properties of double wall carbon nanotube electrodes[END_REF], biosensors [START_REF] Anik | Double-walled carbon nanotube based carbon paste electrode as xanthine biosensor[END_REF] and gas sensors [START_REF] Rumiche | Development of a fast-response/highsensitivity double wall carbon nanotube nanostructured hydrogen sensor[END_REF].

Humidity sensors are important in industry, medicine, research, and many everyday life applications. Theoretical calculations pre dict a weak interaction of water molecules with a perfect CNT surface [START_REF] Al-Hamdani | How strongly do hydrogen and water molecules stick to carbon nanomaterials?[END_REF]. The adsorbed H 2 O molecule polarizes a SWCNT without any noticeable transfer of electron density between the components [START_REF] Bell | Does water dope carbon nanotubes?[END_REF]. However, changes in the electrical conductivity of CNTs depending on environmental humidity were detected experimentally [START_REF] Lekawa-Raus | Influence of atmospheric water vapour on electrical performance of carbon nanotube fibres[END_REF]. The reason for this is mainly the functionali zation of the CNTs during purification procedures, and the adsorption of water between junctions in the networks of CNTs. Purification of CNTs using mineral acids produces oxygen containing groups, which interact with water via the hydrogen bonds [START_REF] Watts | The importance of oxygen-containing defects on carbon nanotubes for the detection of polar and non-polar vapours through hydrogen bond formation[END_REF]. This may significantly influence the electrical response of CNTs in case they contain a low amount of defects. Actually, the characterization of a network of purified arc produced SWCNTs revealed a crossover from decreasing to increasing conductance versus H 2 O concentration in the surrounding atmosphere [START_REF] Zahab | Water-vapor effect on the electrical conductivity of a single-walled carbon nanotube mat[END_REF]. Interestingly, the DWCNTs did not exhibit such a behavior [START_REF] Tang | Effect of H 2 O adsorption on the electrical transport properties of double-walled carbon nanotubes[END_REF]. A large electrical hysteresis measured for a single DWCNT in wet and dry air was assigned to the inter wall interactions. These in teractions cause p doping of the outer nanotube, thus increasing its ability to adsorb H 2 O molecules.

Functionalization of the CNTs surface is a way to tailor the sensitivity and selectivity of CNT based sensors to specific analytes [START_REF] Cont Es-De Jesús | Latest advances in modified/functionalized carbon nanotube-based gas sensors[END_REF]. A standard procedure to increase the interaction between a CNT and gaseous H 2 O molecules is the grafting of oxygen containing groups to the outer wall. Humidity sensors based on oxygen functionalized CNTs have a fast response followed by a long recovery (usually between 1 and 2 min) [START_REF] Arunachalam | Suspended carbon nanotubes for humidity sensing[END_REF][START_REF] Cao | Humidity sensor based on multi-walled carbon nanotube thin films[END_REF], unfortunately. This can be due in particular to a strong interaction of H 2 O with car boxylic groups [START_REF] Watts | The importance of oxygen-containing defects on carbon nanotubes for the detection of polar and non-polar vapours through hydrogen bond formation[END_REF]. Adsorption sites for weaker H 2 O bonding are defects in the CNT walls. Theoretical calculations have shown that the Stone Wales defect is attractive for H 2 O molecule [START_REF] Ellison | Interaction of water with single-walled carbon nanotubes: reaction and adsorption[END_REF]. Exper iments with SWCNTs treated by Ar plasma have evidenced a strong positive effect for sensing of ethanol gas [START_REF] Anoshkin | Single-walled carbon nanotube networks for ethanol vapor sensing applications[END_REF], which has a weak electron donation ability similar to water. The plasma treatment produces defects [START_REF] Yuv | A comparative study of argon ion irradiated pristine and fluorinated singlewall carbon nanotubes[END_REF] that enhance the sensitivity of the sensor as compared to the non treated sample.

In this paper, we propose a chemical procedure for covalent functionalization of DWCNTs by chlorine and demonstrate the prospect of the material as relative humidity (RH) sensor. Theory predicts a weak interaction of chlorine with large diameter CNTs [START_REF] Erbahar | Chlorination of carbon nanotubes[END_REF]. Experiments have shown in particular that the treatment of DWCNTs in a Cl 2 /O 2 atmosphere at 1000 C causes no chlorine attachment, but removes metal and disordered carbon contami nations [START_REF] Desforges | Dramatic enhancement of double-walled carbon nanotube quality through a one-pot tunable purification method[END_REF]. Covalent CeCl bonds are formed by using chlorine containing molecules, which can generate chlorine atoms under thermal [START_REF] Barkauskas | A novel purification method of carbon nanotubes by high-temperature treatment with tetrachloromethane[END_REF], plasma [START_REF] Abdelkader | Carbon tetrachloride cold plasma for extensive chlorination of carbon nanotubes[END_REF], or ultra violet photolysis [START_REF] Oliveira | UV photochlorination and bromination of single-walled carbon nanotubes[END_REF] activation. The carbon sites reacting with chlorine are defects in CNT walls or CNT edges [START_REF] Abdelkader | Carbon tetrachloride cold plasma for extensive chlorination of carbon nanotubes[END_REF]. Chlorination enhances overlapping of SWCNTs in an entangled network [START_REF] Dettlaff-Weglikowska | Effect of SOCl 2 treatment on electrical and mechanical properties of single-walled carbon nanotube networks[END_REF] and polarizes the CNT surface [START_REF] Kaur | Conjugation of chlorinated carbon nanotubes with quantum dots for electronic applications[END_REF]. As far as we know, the gas sensing properties of chlorinated CNTs and graphitic materials have not been investigated earlier.

Our strategy consists in the creation of holes in the DWCNTs walls by chemical etching and removal the contaminants from the DWCNTs surface by replacement of oxygen containing groups at the holes boundaries by chlorine atoms using a high temperature treatment by CCl 4 vapor. The first step reduces the contribution of the junction resistance between the DWCNTs in the network. As a result, the sensors response increases, and drift becomes negli gible. The second step further contributes to the relative response enhancement and significant decrease in the signal/noise ratio. Calculations performed by density functional theory (DFT) show that the interaction of H 2 O molecule with the surface of chlorinated holey SWCNT has a physisorption character. However, the binding energy substantially increases in case of the DWCNTs due to the inter wall interactions.

Experimental

Synthesis

DWCNTs were produced by a catalytic chemical vapor deposi tion (CCVD) method using a Mg 1-x Co x O solid solution with addition of Mo oxide and a CH 4 eH 2 mixture at 1000 C. The synthesis details are described elsewhere [START_REF] Flahaut | Gram-scale CCVD synthesis of double-walled carbon nanotubes[END_REF]. Accessible catalyst and MgO support were dissolved using a concentrated aqueous HCl solution.

The obtained product is a mixture of disordered carbon (initially deposited on the MgO surface free of the catalyst [START_REF] Lobiak | One-step chemical vapor deposition synthesis and supercapacitor performance of nitrogen-doped porous carbon-carbon nanotube hybrids[END_REF]) and CNTs with a number of walls ranging from one to three and a large predominance of DWCNTs (ca. 80%). Disordered carbon was removed using two procedures. The first one was a heating in air at 550 C for 30 min. In situ Raman spectroscopy study of the oxida tion process has evidenced a very low I D /I G ratio at this temperature [START_REF] Osswald | Elimination of D-band in Raman spectra of double-wall carbon nanotubes by oxidation[END_REF]. Following the air oxidation, the sample was cleaned with HCl in order to dissolve Co residues. Hereinafter, the obtained sample is denoted air DWCNTs. The second procedure was etching of the disordered carbon by concentrated mineral acids. The sample was refluxed at 130 C in 3 M HNO 3 for 24 h followed by a treatment at 70 C in 1:3 vol. solution of 15 M HNO 3 and 18 M H 2 SO 4 for 5 h. It has been shown that this procedure allows removal of disordered carbon and additionally functionalizes the DWCNTs walls by oxygen containing groups [START_REF] Bortolamiol | Double-walled carbon nanotubes: quantitative purification assessment, balance between purification and degradation and solution filling as an evidence of opening[END_REF].

Holes in the DWCNTs walls were created by boiling the oxidized DWCNTs in concentrated H 2 SO 4 for 1 h. When we used this pro cedure for graphite oxide treatment, the formation of numerous holes with an average size of ~2 nm was observed [START_REF] Yudanov | Layered compounds based on perforated graphene[END_REF]. At high temperature the acid interacts with oxygen containing groups resulting in the defunctionalization of the basal plane and the development of holes with boundaries saturated by hydrogen and oxygen [START_REF] Stolyarova | Effect of the graphite oxide composition on the structure of products obtained by sulfuric acid treatment at elevated temperatures[END_REF]. The DWCNTs sample after this treatment is denoted h DWCNTs.

Chlorination of air DWCNTs and h DWCNTs was carried out by CCl 4 vapor at 650 C for 15 min. The details of the synthesis are presented elsewhere [START_REF] Bulusheva | Fabrication of free-standing aligned multiwalled carbon nanotube array for Li-ion batteries[END_REF]. The obtained samples are denoted Cl air DWCNTs and Cl h DWCNTs.

Characterization methods

Transmission electron microscopy (TEM) characterization of the samples was performed on a JEOL JEM ARM200F microscope equipped with a Cs aberration corrector. An acceleration voltage of 200 kV was used for recording TEM and high angle annular dark field (HAADF) scanning TEM (STEM) images.

X ray photoelectron spectra (XPS) were recorded using mono chromatic radiation of 830 eV at the Russian German beamline of the Berliner Elektronenspeicherring für Synchrotronstrahlung (BESSY II), Helmholtz Zentrum Berlin. The content of elements was evaluated from the ratio of the area under the corresponding core level peaks taking into consideration the photoionization cross sections at the given photon energy and transmission function of the analyzer. The energy scale was calibrated to the Au 4f 7/2 peak at 84 eV. The background signal was subtracted by Shirley's method.

Electron paramagnetic resonance (EPR) spectra were recorded using a X Band Bruker EMX spectrometer equipped with a standard variable temperature accessory and operating at 9.653 GHz. Diphenylpicrylhydrazyl (DPPH) (g 2.0036 ± 0.0002) was used to calibrate the resonance frequency. In order to avoid distortion of the spectrum, the modulation amplitude of the static field was maintained at less than or equal to one third of the smallest peak to peak linewidth (DHpp) each time. Non saturated microwave power levels were used when determining the g values and DHpp.

Data processing was performed using Brüker WIN EPR and Sim Fonia software, respectively.

Sensor preparation and testing

Pulsed ultrasound with a power of 100 W was used to disperse DWCNTs in an aqueous solution of sodium dodecyl sulphate (SDS, 1 wt %). A tip with a diameter of 5 mm has operated with amplitude 30% for 30 min in order to achieve splitting of bundles and to prevent further functionalization of the DWCNTs. The concentra tion of DWCNTs powder in the solvent was 0.02 mg mL À1 . The suspensions were vacuum filtered through cellulose nitrate (CN) membranes with a pore size of 0.45 mm. A rectangular piece of the CN membrane was then placed on a glass substrate (sample in contact with the glass) and pressed at 90 C for 30 min. This ensures good adhesion of the DWCNT film to the substrate. The CN membrane was dissolved using acetone, then the supported DWCNT film was washed with acetone and dried under ambient conditions. Finally, the samples were cut into 3 Â 5 mm sized pieces and glued with 1 mm thick contact pads using RS (UK) silver conducting paste.

The sensors tests were performed at room temperature using a flow chamber described in detail elsewhere [START_REF] Katkov | A backside fluorine-functionalized graphene layer for ammonia detection[END_REF]. Dry argon or dry air (C H2O < 300 ppm) passed through a flask with deionized water to produce a wet gas flow. Dry gas and wet gas were mixed at different ratios using mass flow controllers. The total gas flow rate in all experiments was 150 mL min À1 . The sensor's resistance was determined by means of a Keithley 6750 picoammeter at a constant voltage of 25 mV. A conventional test consisted of exposure to a dry gas flow in order to determine a baseline resistance, exposure to a wet flow (up to RH 100%), and finally regeneration of the sensor using a dry gas flow. The sensor's response was defined as:

Response R g R 0 R 0 ( 1 
)
where R 0 is the starting resistance, R g is the resistance measured under gas/humidity atmosphere.

DFT calculations

The calculations were made using the gradient corrected func tional of PerdeweBurkeeErnzerhof (PBE) with local and nonlocal exchange and correlation [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] as implemented in the program package Jaguar (Jaguar, version 7.9, Schrodinger, LLC, New York, NY, 2012). Atomic orbitals were presented by the 6 31G basis set.

We took a fragment of armchair [START_REF] Pumera | Electrochemical properties of double wall carbon nanotube electrodes[END_REF][START_REF] Pumera | Electrochemical properties of double wall carbon nanotube electrodes[END_REF] CNT to model an outer wall of a DWCNT. This nanotube has a diameter of ca. 12.3 Å, which is the minimum value established from the TEM study of the DWCNTs [START_REF] Flahaut | Gram-scale CCVD synthesis of double-walled carbon nanotubes[END_REF]. The [START_REF] Pumera | Electrochemical properties of double wall carbon nanotube electrodes[END_REF][START_REF] Pumera | Electrochemical properties of double wall carbon nanotube electrodes[END_REF] nanotube is able to nest the (4,4) carbon nanotube [START_REF] Zόlyomi | Intershell interaction in double walled carbon nanotubes: charge transfer and orbital mixing[END_REF]. The CNT models had a length of ca. 22.2 Å and hydrogen atoms saturated the dangling carbon bonds at the edges. Geometry optimizations were performed with default convergence criteria. The absence of imaginary frequencies indicated that the obtained structures correspond to the local minima on potential energy surfaces. At first, we have fully optimized the (4,4) nanotube fragment. Then, the obtained nanotube has been placed into the center of the (9,9) nanotube fragment and the latter nanotube was optimized at frozen inner nanotube. The relaxed structure was used to create holey CNT models. For these models (without and with adsorbed H 2 O), positions of the atoms located at a distance of more than 6 Å from the hole boundary were not optimized. The models based on (4,4)@(9,9) DWCNT were constructed by combining the optimized components.

The adsorption energy of a H 2 O molecule on ideal or holey CNT fragments was calculated as

E ad E tot (CNT) þ E tot (H 2 O) E tot (model), where E tot (CNT), E tot (H 2 O
) and E tot (model) are the total energy of the isolated CNT fragment, the isolated H 2 O molecule, and the model with adsorbed H 2 O, respectively. Atomic charges were calculated by the Natural Bond Orbital (NBO) analysis.

Results and discussion

Materials structure and composition

We have compared three materials: (1) air DWCNTs, obtained by the heat treatment of raw, as synthesized sample in air, (2) h DWCNTs with oxygen decorated holes in the walls, and (3) Cl h DWCNTs produced by the high temperature CCl 4 treatment of h DWCNTs.

XPS analysis showed that the conventional purification pro cedure of a DWCNT sample by heating in air results in attachment of ca. 5 at. % of oxygen (Fig. S1 in Supporting Information). Analysis of the C 1s and O 1s spectra (Fig. 1) shows that most of the oxygen is in the form of carboxyl groups [START_REF] Resenthal | Combined XPS and TPD study of oxygen-functionalized carbon nanofibers grown on sintered metal fibers[END_REF]. The component in the C 1s spectrum located around 285.3 eV corresponds to defects and CeH bonds [START_REF] Estrade-Szwarckopf | XPS photoemission in carbonaceous materials: a "defect" peak beside the graphitic asymmetric peak[END_REF]. The content of oxygen increases to ca. 12 at. % in the h DWCNTs (Fig. S1) and this oxygen forms different functional groups (Fig. 1), particularly, hydroxyls and carboxyls [START_REF] Fedorovskaya | Effect of oxidative treatment on the electrochemical properties of aligned multi-walled carbon nanotubes[END_REF]. The C 1s spec trum of this sample has an enhanced intensity of the component at ~285.3 eV, which could confirm the creation of defects (holes) in the DWCNTs walls as result of the boiling in concentrated H 2 SO 4 .

The treatment of the h DWCNTs by CCl 4 vapor removed almost all the oxygen and attached ca. 4 at. % of chlorine (Fig. S1). More over, EPR data showed a significant decrease in the content of re sidual metal after such treatment (Fig. S2). Because of a linewidth of about 1100 G and a g factor of 2.1, the EPR signal is assigned to residual metallic catalysts (Co) rather than carbon dangling bonds or conduction electrons. For those latter cases, narrow line, i.e. several Gauss, with g of 2.003 is expected. EPR has been often used to highlight the efficiency of catalyst removal [START_REF] Zaka | Electron paramagnetic resonance investigation of purified catalyst-free single-walled carbon nanotubes[END_REF][START_REF] Jang | Differences in the catalyst removal from single-and double-walled carbon nanotubes[END_REF]. Spectra recorded in air and under vacuum being similar, no interaction with paramagnetic O 2 occurs that must result in changes on linewidth and intensity.

The component related to defects in the C 1s spectrum of the Cl h DWCNTs has a very similar intensity compared to the starting h DWCNT sample (Fig. 1). Occurrence of the holes in the DWCNT walls can explain the large amount of chlorine in this sample. XPS Cl 2p spectrum consists of a single doublet, where the position of 2p 3/2 spin orbit component at 200.6 eV (Fig. 2(a)) corresponds to the bonding of chlorine with edge carbon atoms at a graphene frag ment [START_REF] Tan | Atomically precise edge chlorination of nanographenes and its application in graphene nanoribbons[END_REF][START_REF] Tur | Chlorination of perforated graphite via interaction with thionylchloride[END_REF]. The holes can serve as channels for the penetration of chlorine inside the DWCNT. Actually, the HAADF/STEM image of a Cl h DWCNT exhibits bright spots inside the nanotube (Fig. 2(b)), which are likely to be encapsulated chlorine species.

A control experiment with CCl 4 treatment of air DWCNTs resulted in the attachment of ca. 1 at.% of chlorine only (Fig. S1) and the Cl 2p spectrum found that only 60% of this chlorine was involved in covalent CeCl bonds (Fig. 2(a)). These bonds can develop at the ends of DWCNTs, which have been open during the heating in air. The importance of edged carbon atoms for chlori nation of DWCNT sample is demonstrated by the data showing no chlorine in the as produced DWCNT based sample treated by Cl 2 flow at temperatures of 900e1110 C [START_REF] Desforges | Dramatic enhancement of double-walled carbon nanotube quality through a one-pot tunable purification method[END_REF].

TEM images of the investigated samples show a splitting of the DWCNTs bundles resulting from the acidic treatment (Fig. 3). The size of the bundles decreases from 10 to 20 nm in air DWCNTs (Fig. 3(a)) to 3e10 nm in Cl h DWCNTs (Fig. 3(b)). This is impor tant for the nanotube network resistance, as we will discuss later.

Sensors study

Before the sensor's tests, we have measured the resistance of the DWCNT based networks. To remove the residual solvent, each sample was dried at 100 C for 30 min and then flushed with dry argon for an hour. The obtained resistance value was ~1 kU for air DWCNTs, ~0.06 kU for h DWCNTs, and ~0.4 kU for Cl h DWCNTs. Conducting channels in the networks are formed via connections of neighboring nanotubes [START_REF] Tang | Carbon nanotube-based chemiresistive sensors[END_REF]. The resistance of an entangled CNT network is determined by the electronic properties of individual CNTs and the resistance at CNT junctions. The latter contribution prevails when the CNTs have a low defect density, such as our air purified DWCNTs. The treatment by acids used in the preparation of h DWCNTs and Cl h DWCNTs creates defects in the walls of the DWCNTs. Since the Raman spectra reveals a similar density of de fects in h DWCNTs and Cl h DWCNTs (Fig. S3), the higher resis tance of the latter network is attributed to better splitting of bundles as observed from TEM images (Fig. 3). In fact, previous experiments have shown that CNT network conductivity decreases with the mean bundle diameter [START_REF] Lyons | The relationship between network morphology and conductivity in nanotube films[END_REF].

We first tested the sensors in wet argon in order to study the H 2 O sensing mechanism of DWCNT based networks in the absence of other active air molecules. The dynamic tests at a constant RH (100%) followed by exposure to Ar flow is presented in Fig. 4. All sensors have a good stability starting from the third cycle. The air DWCNTs showed the smallest relative response of about 4%, characteristic of the oxidized CNTs [START_REF] Watts | The importance of oxygen-containing defects on carbon nanotubes for the detection of polar and non-polar vapours through hydrogen bond formation[END_REF]. The response substantially increased for the h DWCNTs. This is because the resistance of this network is determined by the changes in the resistance of the defective nanotubes, while the contribution from the inter tube junctions is small [START_REF] Salehi-Khojin | On the sensing mechanism in carbon nanotube chemiresistors[END_REF]. However, the signal was very noisy. The reason could be a poor contact between surfaces of highly oxidized nano tubes. The air DWCNT and h DWCNT sensors exhibited a small drift due to trapping of H2O molecules between the nano tubes [START_REF] Zhang | Roles of inter-SWCNT junctions in resistive humidity response[END_REF]. A step like shape of the signals recorded for these sensors could reveal the existence of two kinds of adsorption sites, namely, the surface oxygen groups and the inter tube junctions. The latter kind of adsorption sites gives a significantly smaller contribution to the performance of the Cl h DWCNT sensor as follows from the rapid saturation of the signal and the absence of the drift starting from the second target exposure. The high temperature treatment used for the preparation of a h DWCNTs removes almost all oxygen from the nanotube surface and the cleaned defective nanotubes contact strongly, that hinders penetration of H 2 O molecules be tween them.

The characteristics of the sensors averaged over four cycles following the first adsorption/desorption are collected in Table 1. All sensors were characterized by the same recovery time, which is T.lble 1 dose to those observed for oxidized MWCNTs [START_REF] Jung | Humidity-sensing characteristics of multi-walled carbon nanotube sheet[END_REF] and graphene materials [START_REF] Bi | Ultrahigh humidity sensitivity of graphene oxide[END_REF]. Among the studied samples, the Cl h DWCNTs have the highest relative response and the lowest response time toward H2O vapor. Moreover, this sensor showed a repeatable stable response in air saturated with water vapor (Fig. S4). The sensor responds much faster to humid air than to wet argon, while the sensor's reco very time is almost independent of the environment (Table 1 ). This result indicates that Cl h DWCNTs have a prospect for monitoring of relative humidity.

Operation capabilities of the Cl h DWCNT sensor in practical conditions were further identified from measurements at various RH levels. The conductivity of the sensor drops gradually with an increa se in the air humidity (Fig. 5(a)). Since the initial Cl h DWCNTs are p doped, such a behavior indicates that the H2O molecules act as an electron donor for the Cl h DWCNTs. The subsequent decrease in humidity does not lead to the restoration of the initial state of the sensor. Such a behavior corresponds to the joint presence of low energy or reversible and high energy or irreversible sites for H 2 O adsorption. The high energy sites are likely pores always present in a CNT network. To extract H 2 O molecules from them, the sensor should be heated in dry argon flow at a temperature of"" 11 5 °C (Fig. S5 ). Note, that this temper ature is much lower than the value of 165 °C for MWCNT based sensor [START_REF] Cantalini | Sensitivity to NO 2 and cross-sensitivity analysis to NH 3 , ethanol, and humidity of carbon nanotubes thin films prepared by PECVD[END_REF] and 220 °C for SWCNTs [START_REF] Zahab | Water-vapor effect on the electrical conductivity of a single-walled carbon nanotube mat[END_REF]. It has been shown, that chlorinated SWCNTs are stable under oxidative atmosphere up to 1000 °C due to a protective effect from chlorine [START_REF] Desforges | Improvement of carbon nanotube stability by high temperature oxygen/ chlorine gas treatment[END_REF]. Therefore, a heating in dry air can be used to restore the Cl h DWCNT sensor. Alternatively, the practical application of the sensor can start after the filling of high energy sites by air molecules. We believe that tightly bound molecules should not interfere with further work of the sensor. Actually, the hysteresis decreases at the second expo sure of the sensor to humid air (Fig. 5(a)).

A dependence of the sensor response versus RH was determined from the measurements carried out at the same time (120 s) of exposure to air (Fig. 5(b)). The dependence has a monotonic char acter and is perfectly fitted by a straight line in log log scale (insert in Fig. 5 of charge transfer at high humidity levels [START_REF] Varghese | Gas sensing characteristics of multi-walled carbon nanotubes[END_REF][START_REF] Huang | Carboxylation malti-walled carbon nanotubes modified with LiClO4 for water vapour detection[END_REF]. Zhang and co authors have explained this difficulty by an in creased separation of crosslinking CNTs [START_REF] Zhang | Roles of inter-SWCNT junctions in resistive humidity response[END_REF], suppressing the mobility of the carriers via the networks [START_REF] Ling | Investigation of the humidity-dependent conductance of single-walled carbon nanotube networks[END_REF].

H 2 O adsorption on holey CNTs

To reveal the effect of the holes in the CNT walls on the adsorption of a H 2 O molecule, we have invoked the OFT calculations of different models. First, we checked the validity of the PBE/6 31 G approach on an example of the non modified (9,9) CNT fragment. The molecule is oriented by hydrogen atom to the nanotube surface (Fig. S6), giving an adsorption energy of 0.087 eV. This energy perfectly matches with the values of 0.080 ± 0.019 eV for a zig2ag (10,0) carbon tube and of 0.070±0.010eV for graphene, which have been obtained using diffusion Monte Carlo method [START_REF] Al-Hamdani | How strongly do hydrogen and water molecules stick to carbon nanomaterials?[END_REF]. This method is able to capture weak in teractions due to inclusion of electron correlation and exact exchange. The use of dispersion corrections and Van der Waals inclusive functionals overestimates the adsorption energy for H 2 O by about 30-40% [START_REF] Al-Hamdani | How strongly do hydrogen and water molecules stick to carbon nanomaterials?[END_REF]. The NBO analysis gives the charge of 0.0014e on the adsorbed H 2O, which agrees well with other calculations, predicting a very week in ter action between a CNT and water [START_REF] Bell | Does water dope carbon nanotubes?[END_REF][START_REF] Zhao | Gas molecule adsorption in carbon nanotubes and nanotube bundles[END_REF].

A hole in the (9,9) CNT wall was obtained by removal of a central hexagon. When a H 2 O molecule approaches close to the hole (Fig. S7(a)), it spontaneously dissociates with the formation of C 0 and C-H bonds (Fig. S7(b)). This process continues until all dangling bonds at the hole's boundary become saturated (Fig. S7(c,d)). Thus, an exposure of holey CNTs to water vapor should result in the decoration of the holes by hydrogen and oxygen containing functional groups. This is supported by EPR, which has obseived no dangling carbon bonds in the studied materials.

In the next step, we have investigated an interaction of a H2O molecule with hydrogenated, oxygenated, and chlorinated holes. The resulting configurations, obtained after the optimi2ation of the geometry of the models, are shown in Fig. 6. The H 2 O molecule is oriented in such a way as to form the largest number of contacts with hydrogen and oxygen containing functionalities. Thus, it stabilizes in the center of the fully hydrogenated hole (Fig. 6 small negative charge q ( 0.008e) on the chlorine atoms, which causes the orientation of the adsorbed molecule by a hydrogen atom to a chlorine one. The distance between the atoms is ca.

2.74A

Our calculations predict that the H 2 O molecule, when adsorbed on a holey CNT, should have a positive charge. Therefore, it donates an electron density to the nanotube. The determined NBO charge, however, is small and varies from +0.008e to +0.067e, depending on the functionalities at the hole boundaries (Fig. 6). For the chlo rinated holey CNT, the transferred charge of 0.015e is a reasonably large considering the small adsorption energy of the H 2O molecule.

The inner nanotubes may influence the interaction of H2O molecules with the DWCNTs. The walls of a DWCNT are polarized due to redistribution of charge density [START_REF] Abdali | A band structure study on inter-wall conductance of double-walled carbon nanotubes[END_REF]. Depending on the chirality of the constituting nano tubes, the charge transfer from the outer wall to the inner one ranges from 0.005 to 0.035 e A-1 [START_REF] Zόlyomi | Intershell interaction in double walled carbon nanotubes: charge transfer and orbital mixing[END_REF].

To evaluate the effect of the holes in the outer walls on the reactivity ofDWCNTs, we calculated the energies of H 2 O adsorption on the fragments of ideal (4,4)@(9,9) nanotube and that containing a functionalized hole. The inner (4,4) nanotube slightly affects the adsorption energy for the ideal DWCNTand the DWCNTs where the hole boundary is decorated by hydrogen and chlorine atoms (Table S1 ). However, for the oxygen containing DWCNTs the adsorption energy grows by 15-30% as compared to the SWCNT analogs. This can explain the observation of a higher sensitivity of the DWCNTs to H2O molecules as compared to SWCNTs [START_REF] Tang | Effect of H 2 O adsorption on the electrical transport properties of double-walled carbon nanotubes[END_REF]. Preparations of sensor elements usually include the steps of CNT purification and dispersion, which may introduce in the nanotube walls defects and oxygen groups active to H 2 O molecules.

Our calculations confirm negative charging of the inner nano tube in the ( 4,4 )@(9,9) DWCNT (Table S1 ). The value of the charge transfer of 0.014 e A-1 well agrees with the literature data (40].

Creation of a hole in the outer nanotube decreases polari2ation of the DWCNTs, especially for the oxygenated holes. The decoration of the hole's boundary with chlorine atoms has a little effect on the interaction of outer and inner nano tubes. The charge transfer in this DWCNT is 0.012 e Å À1 . Based on the calculation results, we specu late that the Cl h DWCNTs have the conductivity close to that for perfect DWCNTs, but unlike these nanotubes possess a higher reactivity to H 2 O molecules. This is the cause of an intense low noise signal to gaseous H 2 O. The oxygenation of the holes in the h DWCNTs reduces the nanotubes polarization, which likely leads to a small change in sensor conductivity upon the H 2 O adsorption/ desorption.

Conclusions

We have developed an effective humidity sensor using chemi cally treated DWCNTs. An oxidation of the DWCNTs by mineral acids splits the bundles that allows forming networks with many more contacts between the nanotubes. Thin films consisting of uniformly distributed DWCNTs possess a low electrical resistance. Boiling the oxidized DWCNTs in concentrated sulfuric acid creates holes in the walls, which serve as adsorption sites for H 2 O mole cules. Moreover, the contribution of the junctions between adja cent defective nanotubes has a little effect on the total resistance of the network. This considerably increases the response of the DWCNTs sensor. However, the nanotubes functionalized with oxygen containing groups should strongly interact with H 2 O mol ecules, as predicted by DFT calculations. Trapping of the molecules in the oxidized holey DWCNT network results in the drift and the noise of the sensor's signal. The high temperature treatment of these nanotubes by CCl 4 removes oxygen and decorates the holes' boundaries by chlorine. This last treatment significantly improves the relative response of the DWCNTs to H 2 O molecules and makes the sensor signal stable and reproducible after the heating at a relatively low temperature. Based on the calculations, we relate such behavior with a low adsorption energy of H 2 O at the chlori nated holes, which, however, is accompanied by a charging of the DWCNTs.

Fig. 1 .Fig. 3 .Fig. 4 .

 134 Fig. 1. XPS C 1s and O 1s spectra of air-purified DWCNTs (air-DWCNTs), holey DWCNTs (h-DWCNTs), and chlorinated holey DWCNTs (Cl-h-DWCNTs). (A colour version of this figure can be viewed online.)

Fig. 5 .

 5 Fig. 5. Tests of the 0-h-OWCITT sensor in air: (a) variation in electrical current at different relative humidity levels and (b) relative re sponse to target exposure (120 s). The inset shows dependence of sensor relative response on the relative humidity in lo�rithmic scale. (A colour version of this figure can be vie=d ontine.)

  (a)) at a distance of 2.43-2.63 A from the hydrogen atoms. The molecule forms two hydrogen bonds with the ketone groups (Fig. 6(b )), with the contacts HOH• • • 0 C of 1.95 A, and with the hydroxyl groups (Fig. 6(c)) via a hydrogen atom (HOH -• -O-H, 1.89A) and oxygen (H 2O• ••H-O, 1.60A). For the model with a carboxylic group, only one contact close to the hydrogen bond is found. It is formed by interaction via O QOH) species with a hydrogen atom of H 2 O. The stronger interaction between the H 2 O molecule and the hole is found in the case when hydroxyl and carboxyl groups are simul taneously present at the hole's boundary (Fig. 6( c)). This is due to the realization of very short contacts H 2 O-• • H-O, 1.46 A and HOH•• -0 C(OH), 1.64 A The adsorption energy of H2O at the chlorinated hole is substantially lower (Fig. 6(f)) than the values characteristics of the hydro gen bonds. The NBO analysis detects a
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