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vity towards hydrogen by a TiN
interlayer in Pd-decorated SnO2 nanowires†

Clémence Badie, ‡a Jae-Hyoung Lee, ‡b Ali Mirzaei,c Hyoun Woo Kim,*d

Syreina Sayegh, e Mikhael Bechelany, *ef Lionel Santinacci *a

and Sang Sub Kim *g

In this study, we designed a new structure based on Pd-decorated TiN-coated SnO2 nanowires (NWs) for

the selective detection of H2 gas. Initially, SnO2 NWs were prepared by a simple vapor–liquid–solid growth

method. Then, atomic layer deposition (ALD) was used to grow a continuous TiN layer and, subsequently,

Pd nanoparticles on the NW networks. The TiN thickness was precisely set to 0.5, 1, 2, and 5 nm, while the

Pd loading was adjusted by varying the number of ALD cycles (25 to 200 cycles). Various characterization

techniques revealed the amorphous nature of TiN, a homogeneous dispersion of Pd NPs and the uniform

morphology and single crystallinity of the SnO2 NWs. H2 gas sensing studies revealed that the sensor with

a TiN thickness of 1 nm exhibited the highest response. Pd decoration further improved the response to H2

gas. Hence, the Pd-decorated gas sensor with a 1 nm–thick TiN layer showed the highest H2 sensing

performance at 250 °C among all gas sensors. Due to the unique chemical reaction between Pd and

hydrogen, the fabricated sensor shows excellent performance in detecting hydrogen gas. The underlying

sensing mechanism is discussed in detail. The optimized sensor has a sensitivity of 8.18 for hydrogen

gas, which is four times higher than that of other gas species, showing that it is suitable for detecting

hydrogen gas. We believe that this new design is a highly valuable gas sensor for the real application of

H2 monitoring with high selectivity.
1 Introduction

Nowadays, due to high pollution and harms caused by the use
of fossil resources, the development of sustainable and green
energy is the general trend.1 Hydrogen (H2) is the most abun-
dant element in the universe,2 and its consumption does not
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generate toxic emissions.3 It is, indeed, regarded as the most
promising new fuel for vehicles.4 Currently, it has many appli-
cations in different elds, such as biorening, pharmaceuticals,
metallurgy,5 aerospace,6 and automobile industry.7

However, its small kinetic diameter (0.289 nm) and high
diffusion coefficient (0.61 cm2 s−1) cause leakage from gas
processing equipment.8 Due to its ammable nature with a low
explosive limit of 4.0 vol%, high heat of combustion, high ame
propagation velocity, and low ignition energy, its leakage can
lead to catastrophic accidents. In addition, its colorless and
odorless nature makes it impossible to be perceived by human
kinds,9 and thus, it is important to develop highly efficient H2

gas sensors capable of detecting very low concentrations to
avoid dangerous accidents.8,10,11 Furthermore, H2 gas is
a biomarker, and therefore, its presence in exhaled breath can
be used for diagnosing some diseases,12 such as small intestinal
bacterial overgrowth, digestive disorders of dietary sugars
(sucrose, fructose, lactose, and sorbitol), and normal food
transport in the small intestine. Hence, the development of
highly sensitive and selective H2 gas sensors is important13 not
only from a safety point of view, but also from a medical
standpoint.

There are many different types of gas sensors, such as work
function,12 electrochemical,13 optical,14 surface acoustic wave,15

gasochromic,16 colorimetric,17 and electrical resistivity.18 Among
This journal is © The Royal Society of Chemistry 2023
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them, resistivity-based gas sensors are highly appreciated for
gas sensing owing to their high response, high stability, fast
dynamics, and low price.19–21 In this type of gas sensors, the
variations in resistance in the presence of the target gas is the
basis of detection.22 Many semiconducting metal oxides have
been used for gas detection. Among them, SnO2 is the most
widely used for this purpose23,24 because it exhibits many
advantageous features for sensing applications, such as the
high mobility of charge carriers, high stability, abundance and
low price.25–27 However, like other materials, such as ZnO and
WO3, SnO2 gas sensors have no good selectivity especially in
pristine form. Furthermore, they oen need high operating
temperatures to activate the sensor and to increase the number
of charge carriers in the conduction band, which might be
a drawback for some (not all) applications.

Since 1-dimension and morphology affect the sensing
properties, SnO2 nanostructures (e.g. wires, rods, belts, needles,
whiskers, and sheets) have thus been implemented to improve
the gas sensing properties such as, high surface area, fast
response/recovery times and low power consumption.28 In
addition, for selectivity enhancement of SnO2-based H2 sensor
devices, further strategies such as electron beam29 or ion-beam
irradiations,30 heterojunction formation,31 and noble metal
functionalization32,33 have been proposed so far.

Noble metals such as Pd, Pt, and Au have very high catalytic
activities and they can reduce the gas adsorption energy and,
hence, enhance the response and selectivity toward a specic
gas at a lower sensing temperature. Furthermore, when the
Fermi levels of noble metals are lower than the sensing layer,
the energy bands of the sensing layer are bent at the interfaces,
and the Schottky barriers will be formed due to the electron ow
from the semiconductor to the noble metal. Changes in the
height of the Schottky barrier in a H2 atmosphere can signi-
cantly modify the resistance of the gas sensor, leading to the
generation of an enhanced sensing signal.34 Among different
noble metals, Pd is particularly appropriated for H2 detection.35

Pd can easily dissociate adsorbed H2 gas, converting it into
atomic H, and then lead to a spillover effect, in which atomic
species can be moved to the neighboring metal oxides and react
with already adsorbed oxygen species. Furthermore, H atoms
can diffuse into interstitial sites in the Pd lattice and convert it
into PdHx, exhibiting a higher resistance relative to metallic Pd.
In addition, nanoparticles are more appropriate than contin-
uous lms due to the larger surface area developed. These
effects can positively contribute to enhance H2 selective
sensing.36 Finally, as mentioned by Yamazoe et al.37 in contact
with air, an electron depletion layer (EDL) is formed on the
surface of sensing layers, due to partial oxidation of Pd into
PdO. However, the EDL disappears when PdO is reduced into Pd
in reducing atmospheres such as H2 gas atmosphere. Accord-
ingly, many researchers have used Pd for H2 sensing
enhancement.38,39

The combination of catalytic particles such as Pd or Pt with
SnO2 therefore appears to be one of the most efficient strategies.
However, it has been shown that the catalytic activity of metallic
particles can further be enhanced depending on the nature of
the support. This improvement is known for a long time on
This journal is © The Royal Society of Chemistry 2023
oxidized supports for various processes.40,41 For instance, oxides
are still investigated as possible carbon support replacement in
electrocatalysis (e.g. nanostructured TiO2

42 or SnO2 inter-
layer43), and a thin porous Al2O3 layer grown by molecular layer
deposition (MLD) on SnO2 nanowires (NWs) has been used as
an efficient humidity sensor.44 However, nitrides are now scru-
tinized with a strong interest. Recently, it has been shown that
a BN interlayer enhances the sensing properties of supported Pd
nanoparticles (NPs).45 Transition metal nitrides have also been
shown as possible replacement catalysts to Pt.46 Among nitrides,
TiN is very interesting since it is oen used in microelectronics
as a conductive layer47–49 due to its stability at high temperatures
and good ohmic contact (metal-like conductivity). It also
prevents corrosion with good wear resistance.50 Finally, TiN has
been reported to be an efficient support for Pt minimization or
replacement in the eld of electrocatalysis51 or photocatalysis.52

Research on H2 separation devices currently in progress in our
groups reveals that TiN layer blocks the H2 molecules while
atomic H generated by Pd particles deposited on the TiN can
cross it. Previous works have shown the sensing potential of
SnO2 nanowires (NWs).44,53,54 Thus, the combination of a TiN
thin layer as an interlayer between SnO2 NWs and Pd NPs can be
an efficient and novel strategy to enhance the overall H2 gas
sensing performance.

The target sensing system requires a compact and uniform
TiN thin lm as an interlayer to protect pristine SnO2 under-
neath, allowing H atoms to diffuse through it. In addition,
catalytic Pd NPs should be monodispersed on the overall 3D-
SnO2 NW network. Nomaterial accumulation or damage should
occur during both TiN and Pd NP coatings to ensure that the
high surface area of the SnO2 NW network is maintained.
Atomic layer deposition (ALD) is the method of choice to ach-
ieve such objectives while physical or chemical vapor deposition
techniques exhibit coverage limitations.55–58 Several examples
cited above have already shown the interest of this deposition
technique for such purpose (see, e.g. ref. 58 for review).

Initially, TiN lms were mainly deposited using TiCl4 asso-
ciated with NH3.59 However, TiCl4 requires high process
temperatures and its by-products are corrosive. Then, organo-
metallic precursors such as amides have become mostly used.
Among them, tetrakis(dimethylamino)titanium (TDMAT)60,61 is
now predominant. TiN lms exhibiting low carbon contami-
nation, low roughness and low resistivity have already been
conformally deposited using TDMAT and NH3 onto different
structured substrates such as nanoporous alumina and mac-
roporous silicon.62,63

The ALD of Pd has been successfully performed on various
substrates such as Ni, BN, and TiO2.42,43,64,65 Compared to TiN
deposition, where both precursors, TDMAT and NH3, are
involved in the growth of the lm, the Pd process deals with the
reduction to metallic Pd and the elimination of the ligands of
the Pd precursor by the co-reactant. In this case, aer each cycle,
metallic Pd atoms are deposited onto the substrate, forming
nuclei. Then, in the following cycle, the deposition is more
promoted to grow on the nuclei than on the substrate. This
explains why metal particles, usually monocrystalline, are ach-
ieved instead of a compact lm in the case of metals such as Pd,
J. Mater. Chem. A, 2023, 11, 12202–12213 | 12203
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Pt or Ru, as reported by Mackus et al.66 and Ru by Federov et al.67

In this work, Pd clusters are deposited by a direct ALD process,
which uses palladium hexauoroacetylacetone (Pd(hfac)2) and
formaldehyde, as previously described.68–71

According to the above-mentioned motivations, we report,
for the rst time, the fabrication process of a H2 sensor device
that involves coating SnO2 NWs with a continuous ultra-thin
TiN layer that is subsequently decorated with Pd NPs. SnO2

NWs were synthesized by a simple vapor–liquid–solid (VLS)
growth method. Both TiN and Pd depositions were performed
by ALD with the possibility of exact control over the synthesis
parameters. The gas sensing performance of bare SnO2 NW,
TiN/SnO2 NW, Pd/SnO2 NW and Pd/TiN/SnO2 NW sensors was
deeply studied. The results are discussed and they revealed that
Pd/TiN/SnO2 NW gas sensors have enhanced H2 gas sensing
performance in terms of sensitivity and selectivity in compar-
ison with other H2 gas sensors.

2 Experimental
2.1 Growth of SnO2 NWs

SnO2 NWs were fabricated by a VLS growth method. First, tri-
layered Ti (50 nm), Pt (200 nm), and Au (5 nm) electrodes
were fabricated in an interdigitated pattern by sputtering these
metals onto an oxidized Si substrate (SiO2 grown on Si). Then,
the VLS method was used to grow networked SnO2 NWs.
Substrates with interdigitated electrodes were placed in a quartz
tube furnace loaded with an Al2O3 crucible containing
a metallic Sn powder (Aldrich, 99.9%). The furnace was heated
to 950 °C for 1 h under the ow of Ar and O2 gases simulta-
neously at rates of 300 and 10 sccm, respectively. Under these
conditions, networked SnO2 NWs grew selectively on the
substrate. Fig. S1a† schematically illustrates the SnO2 NW
growth method.

2.2 ALD of TiN lms

TiN deposition was performed on both SnO2 NWs and HF (5%)
cleaned Si(100) wafer pieces to monitor the thickness. TiN lms
were grown by thermal ALD in a shower-head geometry reactor
Fiji 200 (Veeco/Cambridge Nanotech) according to the previous
studies.62,63 TDMAT (99.99%, Strem Chemicals) and NH3

($99.999%, from Linde Electronics) were used as the Ti
precursor and N-source, respectively, and Ar ($99.999%, from
Linde Electronics) served as the vector gas. TDMAT was main-
tained at 70 °C and the chamber temperature was xed at TTiN=

200 °C. ALD sequences consist of pulsing, exposure and long
purging successively TDMAT and NH3 for dened durations
(0.2 : 3 : 15 : 6 : 3 : 20 s). The thickness of the lms (tTiN) was
adjusted by varying the number of ALD cycles (NTiN) according
to the growth per cycle of 1.1 Å/cycle (the surface reactions are
schematically described in Fig. S2†).

2.3 ALD of Pd particles

Palladium NPs were deposited onto a SnO2–TiN sensor in
a home-built ALD reactor;41,59,72 the deposition was performed at
220 °C using Pd(hfac)2 (95% from Strem chemicals) heated at
12204 | J. Mater. Chem. A, 2023, 11, 12202–12213
70 °C and formalin (37% formaldehyde in water with 10–15% of
methanol from Sigma-Aldrich) as the precursor and co-reactant,
respectively. One cycle of ALD consisted of 5 s Pd pulse, 15 s
exposure and 10 s Ar purge followed by 1 s pulse of CH2O, 15 s
exposure and 60 s Ar purge. A total of NPd from 25 to 200 cycles
was repeated to vary the desired Pd NP amount (the deposition
mechanism is summarized in Fig. S3†).

2.4 Characterization methods

The TiN thickness was measured by in situ spectroscopic
ellipsometry using a M2000V (J. A. Woollam Inc). Scanning and
transmission electron microscopies (SEM and TEM) using
a JSM 7900F (JEOL Ltd) and a JEM 2010 (JEOL Ltd), respectively,
were performed to investigate the morphology of TiN lms as
well as the Pd NPs grown successively on SnO2 NWs. Selected
area electron diffraction (SAED) was performed in the TEM to
locally study the crystal structure. The chemical composition
was determined by energy-dispersive spectroscopy (EDS) using
a Quantax FlatQuad (Bruker) and by X-ray photoelectron spec-
troscopy (XPS) using a Kratos Axis Ultra spectroscope (Kratos
Analytical, UK) equipped with a monochromatic Al Ka source
(1486.6 eV). The binding energy (BE) was corrected using the C
1s peak at 284.8 eV as an internal standard.

2.5 Sensor device fabrication

First, a Ti/Au bilayer electrode was deposited onto an alumina
substrate. Then a paste was prepared by mixing the sensing
powders with a-terpineol (20 mL) and then screen-printed on the
sensor substrate (Fig. S1b†); subsequently, it was dried at 60 °C
for 8 h.

2.6 Sensing measurements

The fabricated gas sensors were exposed to different gases at
different temperatures using a specically home-made
designed sensing system (Fig. S1c†). The concentration of the
target gas was precisely controlled by adjusting the mixing ratio
between the target gas and dry air using accurate mass ow
controllers (total ow rate = 500 sccm). During the sensing
measurement process, the change in the resistance of the
sensor in air (Ra) and in the presence of target gas (Rg) was
continuously measured and recorded using a computer. The
response was dened as R = Ra/Rg. The response and recovery
times were dened as the time to reach 90% of the nal resis-
tance aer exposure to the target gas and the time to recover
90% of the initial resistance of the sensor aer removing the
target gas, respectively. Details of gas sensing measurements
can be found in.73,74

3 Results and discussions
3.1 Morphological and chemical studies

3.1.1. General morphology of the sensing layer on the
sensing device. Fig. 1a presents an overall view of a typical
sensing device, where the sensing layer is deposited on inter-
digitated electrodes. Fig. 1b shows the general morphology of
the sensing layer (SnO2 NWs) on the sensor and Fig. 1c is a high-
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 SEM images of the bare sensor: (a) general view, and (b) and (c) SnO2 NWs on the sensor substrate at two different magnifications.
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resolution SEM image that reveals the expected morphology of
the SnO2 NW network. The synthesized SnO2 NWs have
a diameter ranging from 50 to 300 nm (mean diameter:
∼80 nm) with a length in the order of ∼5 mm. Accordingly, the
aspect ratio of the SnO2 NWs was calculated to be about 60.

3.1.2. Morphological and structural studies of TiN. Fig. 2a
shows the typical TEM image of SnO2 NWs covered by a 10 nm–

thick TiN layer aer NTiN = 100 cycles. The coating is compact
and the thickness (tTiN = 11 ± 1 nm) is constant on the whole
NW. This demonstrates that the ALD process leads to uniform
and conformal TiN deposition over a high aspect ratio (∼60) of
SnO2 NWs. This is further conrmed by the high magnication
observation shown in Fig. 2b. TiN indeed exhibits neither
porosity nor columnar morphology and the SnO2/TiN interface
is sharp (i.e. while the (101) crystalline planes are visible in
SnO2, TiN looks mainly amorphous). This is expected from
a previous work.62 It is conrmed by the SAED pattern (inset in
Fig. 2a) where only diffraction spots ascribed to single-
crystalline SnO2 are visible (according to PDF #00-41-1445). No
additional spot or ring related to TiN was observed. Note that
the observations on the 1 nm–thick TiN lm did not lead to
useable pictures because the layer was not easily distinguish-
able in the TEM. The interface with crystalline SnO2 NWs
underneath was not clear.

3.1.3. Morphology and size studies of Pd NPs. The depo-
sition of Pd NPs on TiN-covered SnO2 NWs was observed by
TEM. Fig. 2c shows the general view of a NW, and the high
magnication image of the tip aerNPd= 100 cycles is shown in
Fig. 2d. An uniform covering nature of the surface is observed.
This is in agreement with Pd deposition performed earlier on
BN.65 The higher magnication image reveals the amorphous
TiN thin layer at the NW tip (Fig. 2d). While it is known from the
literature42,43,65 that Pd particles are crystalline on various
substrates (oxide or nitride), neither SAED nor XRD could
This journal is © The Royal Society of Chemistry 2023
properly demonstrate the crystallinity of the present Pd NPs.
The moiré fringes observed on high-resolution TEM images
(arrows on Fig. 2e) conrm, however, their crystallinity. Such
fringes reect, indeed, the superposition of two crystalline
structures exhibiting different lattice parameters and a rotation,
here, SnO2 and Pd.75 Fig. 2f shows the size distribution of Pd
NPs, demonstrating that most of the NPs have a size of 6–7 nm.

3.1.4. Chemical state study of Pd/TiN/SnO2 NWs. The
surface composition of SnO2 NWs covered by TiN and Pd has
been investigated by XPS. In order to probe the full system,
a sample exhibiting a thin TiN layer (tTiN = 1 nm) has been
selected. The analysis conrms the presence of all the elements
constituting the device (Sn, Ti, Pd, O, and N) as well as the usual
C 1s peak (see Fig. S4† for survey spectrum). Fig. 3 shows the
main peaks of each element. The analysis of the Sn 3d area
(Fig. 3a) indicates a predominant contribution attributed to the
Sn–O bond in the SnO2matrix at BE= 487.1 eV (Sn 3d5/2) and BE
= 495.7 eV (Sn 3d3/2) with a spin–orbit-splitting (SOS) of 8.5 eV.
A minor contribution is also measured at BE = 485 eV (Sn 3d5/2)
and BE = 493.6 eV (Sn 3d3/2). It is ascribed to unconverted
metallic tin (Sn0).76 Ti 2p and N 1s peaks present very low
intensities, which hinder precise ttings (Fig. 3b and e). These
weak signals can be explained by the small relative sensitivity
factors of these elements and the thinness of the lm. The
presence of Ti is also conrmed by energy-dispersive spectros-
copy (EDS) analysis carried out during the SEM observations
(Fig. S4†). Ti 2p peaks are relatively broad and positively shied
(Ti 2p3/2 is centered around 459 eV) but the expected SOS of
5.8 eV remains (Fig. 3b). According to earlier studies,62,63 several
contributions such as a nitride, oxynitride and oxide can be
detected on the Ti 2p area, when TiN lms are grown by this
ALD process. Oxide and oxynitride contributions were ascribed
to the oxidation of the top surface of the layer. Since the lm is
ultrathin, the top surface contributions, i.e. oxynitride and
J. Mater. Chem. A, 2023, 11, 12202–12213 | 12205
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Fig. 2 (a) TEM image of a single SnO2 NW after TiN deposition (inset shows the corresponding SAED image). (b) High-magnification TEM image
of the SnO2/TiN interface. TEM images of a single SnO2 NW after TiN and Pd depositions: (c) general view of a SnO2 NW and (d) focus on the tip of
the SnO2 NW. (e) High-resolution image of Pd NPs. (f) Size distribution histogram of the Pd NPs.
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oxide, become predominant with regard to the bulk. Those Ti
2p3/2 components are usually expected at high energies (456.7
and 458.5 eV, respectively), while TiN is referenced at 455.3 eV.77

The position of Ti 2p3/2 at BE = 459 eV could therefore question
the presence of TiN. It is, though, supported by the detection of
the broad N 1s peak near 400.2 eV (Fig. 3e). Again, the peak is
positively shied with regard to the expected N–Ti BE of 397 eV
in TiN.77 Since the signal-to-noise ratio is low, it is difficult to
rigorously decompose the N 1s peak. It is possible to propose
two components: one corresponding to N–Ti at low BE and
another, at higher BE, ascribed to N–O. Those contributions
should account for TiN and TiOxNy, respectively. The oxygen
spectrum (Fig. 3d) exhibits a main peak at a lower energy (BE =

530.4 eV) corresponding to oxygen bonded to the metal, most
likely ascribed to O–Sn in SnO2 even if a tiny part should also be
attributed to O–Ti related to the above-mentioned TiN oxida-
tion. A shoulder centered at BE = 532.9 eV is attributed to
oxygen bonded with carbon contaminations. The O–N compo-
nent should appear around 531.4 eV 77 but tTiN is too thin to
produce a signicant signal. Pd 3d3/2 and 3d5/2 peaks located at
BE = 341.0 and 335.5 eV, respectively (Fig. 3c), are sharp and
show no shoulder. The doublet exhibits a SOS of 5.5 eV near the
expected value of 5.25 eV. This demonstrates that Pd0 NPs are
12206 | J. Mater. Chem. A, 2023, 11, 12202–12213
deposited onto a thin composite lm composed of TiN/TiOxNy/
TiO2. Finally, Fig. 3f shows the reference C 1s peak. As
mentioned in the experimental section, C–C at BE = 284.8 eV is
used as reference to calibrate all the spectra. A second contri-
bution at a higher energy (BE = 286.6 eV) corresponds to the
supercial contamination layer.

3.2 Electrical and gas sensing studies

Fig. S5† presents the I–V characteristics of Pd/TiN/SnO2 NW gas
sensors with different thicknesses of TiN layers (0.5, 1, 2, and
5 nm). In general, all gas sensors showed the Schottky contact
between the sensing layer and electrodes. TiN tends to show an
ohmic junction due to its unique conductivity, but in this study,
it appears to be a Schottky junction due to the presence of SnO2

and Pd.
In the rst step and to nd the optimal working temperature

of gas sensors, we exposed the Pd/TiN (1 nm)/SnO2 NW gas
sensor to 1, 5 and 10 ppm H2 gas at various temperatures, as
shown in Fig. 4a. All gas sensors showed a n-type gas response
originating from the n-type nature of SnO2, where the resistance
decreased in the presence of H2 gas. The resistance is also
modied depending on the working temperature from 150 to
350 °C. To have a better insight, the gas response was plotted
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 XPS analysis of the SnO2 NWs after successive ALD of TiN and Pd: (a) Sn 3d, (b) Ti 2p, (c) Pd 3d, (d) O 1s, (e) N 1s, and (f) C 1s peaks.
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against the sensing temperature in Fig. 4b. It depicts the vari-
ations in the initial resistance of the gas sensor versus temper-
ature where, as it was expected, the resistance decreased upon
increasing the sensing temperature, reecting the semi-
conducting nature of the sensing material. The sensor shows
a bell-shaped behavior, where the response is low at tempera-
tures <250 °C until showing amaximum at 250 °C and decreases
again with further heating. Chemisorption occurs when bonds
form between the adsorbate and the sensing layer by trans-
ferring electrons similar to the case of oxygen adsorption on the
surface of gas sensors in which amonolayer of oxygen ions form
Fig. 4 (a) Dynamic resistance curves of the Pd/TiN (1 nm)/SnO2 NW ga
responding response as well as initial resistance versus operating tempe

This journal is © The Royal Society of Chemistry 2023
on sensor surface.78 At low operating temperatures, and due to
the unavailability of electrons in the conduction band, phys-
isorption is dominant and no signicant electron transfer
occurs between adsorbed oxygen species and sensing layer.
However, at higher temperatures, more electrons jump to the
conduction band of sensing materials, and hence, there are
more available electrons to be abstracted by oxygen species.
Therefore, at higher temperatures, it is expected that more
chemisorbed oxygen species react with H2 gas molecules and
a higher response is expected. However, at very high tempera-
tures, the desorption rate of both oxygen and target gas
s sensor to 1, 5 and 10 ppm H2 gas at different temperatures. (b) Cor-
rature.
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molecules is higher than the adsorption rate, leading to
a further decrease in the gas response.79 To assess the activation
energy of oxygen chemisorption on the surface of materials,
analysis of the kinetics of interaction between oxygen and the
material is required. Hence the study of such mechanisms is
really complex and should take into consideration several
parameters which are beyond the scope of this work.80,81

Moreover, sensors with different tTiN (Pd/TiN (0.5, 2, 5 nm)/SnO2

NWs) were studied to nd their optimal sensing temperature.
Transient resistance curves and response/initial resistance
versus temperature for Pd/TiN (0.5 nm)/SnO2 NWs (Fig. S6a and
b†), Pd/TiN (2 nm)/SnO2 NWs (Fig. S6c and d†), and Pd/TiN (5
nm)/SnO2 NWs (Fig. S6e and f†) were obtained. The optimized
sensing temperatures were 200, 250 and 300 °C for the sensor
with 0.5, 2 and 5 nm–thick TiN layers, respectively. The
response of these gas sensors at their optimal working
temperatures was lower than that of the Pd/TiN (1 nm)/SnO2 gas
sensor at its optimal sensing temperature (250 °C). Therefore,
other sensing studies were performed at 250 °C.

In the next step, TiN/SnO2 NW gas sensors with 1, 2 and 5 nm
TiN thicknesses were exposed to 1, 5 and 10 ppm of H2 gas at
250 °C. Fig. 5a shows the dynamic resistance curves and Fig. 5b
the corresponding response versus tTiN. For all tested concen-
trations, the response of the sensor with a 1 nm–thick TiN layer
is higher than that of other gas sensors, demonstrating, there-
fore, that it is the optimal thickness. Variations in the initial
Fig. 5 (a) Dynamic resistance curves of TiN (1, 2, and 5 nm)/SnO2 NW
response and initial resistance versus thickness of the TiN layer. (c) Dyna
sensor to 1, 5 and 10 ppm H2 gas at 250 °C. (d) Corresponding response

12208 | J. Mater. Chem. A, 2023, 11, 12202–12213
sensor resistance are depicted. Sensor with the thickest TiN
layer showed the highest initial resistance. TiN is known as
a conductive material, but in this study, resistance tends to
increase with the increase in thickness. This seems to be due to
the inuence of very small amounts of TiO2 and TiOxNy shown
in the XPS data of Fig. 3. The above-mentioned experiments
were repeated for Pd/TiN (0.5, 1, 2, and 5 nm)/SnO2 NW gas
sensors, and the results are presented in Fig. 5c and d. The
sensor with a TiN layer with a thickness of 1 nm showed the
highest response to H2 gas for all concentrations.

To study the effect of Pd NPs, the H2 gas sensing tests were
performed by controlling the number of deposition cycles from
25 to 200 to make Pd (25, 50, 100, and 200 cycles)/TiN (1 nm)/
SnO2 NW gas sensors. Fig. S7a† gives the dynamic resistance
curves of different gas sensors with various Pd NP cycles. Based
on Fig. S7b,† since the response of the sensor with 100 cycles of
Pd was higher than the response of other gas sensors, remain-
ing tests were performed using the sensor with 100 cycles of Pd
deposition.

We also tested the responses of pristine SnO2 NWs and Pd/
SnO2 NWs to 1–10 ppm of H2 gas at 250 °C, as shown in Fig. S8a
and b,† respectively. To better understand the performance of
different gas sensors, their response to 1, 5 and 10 ppmH2 gas is
summarized in Fig. S9.† Based on these data, the (100 cycles)Pd/
TiN (1 nm)/SnO2 NW gas sensor showed the optimal gas sensing
results in this study.
gas sensors to 1, 5 and 10 ppm H2 gas at 250 °C. (b) Corresponding
mic resistance curves of Pd/TiN (0.5, 1, 2, and 5 nm)/Pd/SnO2 NW gas
and initial resistance versus thickness of the TiN layer.

This journal is © The Royal Society of Chemistry 2023
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Since selectivity is of importance for practical applications,
we also measured transient resistance curves of optimal gas
sensors by exposing it to 1, 5 and 10 ppm of various gases (H2,
CO, C6H6, C7H8 and NH3) as shown in Fig. 6a. The corre-
sponding responses to different gases are plotted in Fig. 6b.
Obviously, the response to H2 gas is higher than that for other
gases, reecting the high H2-sensing selectivity of the optimized
gas sensor. Moreover, Fig. S10† shows the response and
recovery times of Pd/TiN (1 nm)/SnO2 NW gas sensors to 10 ppm
of various gases. Both response and recovery times were shorter
than other tested gases, conrming that the as-fabricated gas
sensor could detect H2 gas molecules faster than other gases.

Fig. S11a† offers the dynamic resistance curves of Pd/TiN
(1 nm)/SnO2 NW gas sensors to 10 ppm H2 gas in the pres-
ence of different relative humidity (RH) levels (from 20 to 60%),
and corresponding response versus RH (%) are presented in
Fig. S11b.† Increasing RH from 20 to 60%, the response of the
gas sensor decreased from 6.63 to 4.56. When water vapor is
present in the environment, water molecules adsorb onto the
surface of the sensing layer and occupy some adsorption sites.
Hence, the number of available sites for incoming H2 gas
molecules decreases. Therefore, reduced amounts of H2 gas can
be adsorbed onto the surface, resulting in a lower response in
the presence of humidity. Fig. S12a† shows the dynamic resis-
tance curves of Pd/TiN (1 nm)/SnO2 NW gas sensors to 10 ppm
H2 gas aer two years, and Fig. S12b† shows the corresponding
response versus the cycle number. Moreover, for comparison,
the response of the fresh gas sensor is shown. The fresh sensor
shows a response of 8.18 to 10 ppm H2 gas, and aer two years,
the response during different cycles was varied between 7 and
8.66, reecting the good stability of the optimized gas sensor
even aer two years.

To explore the experimental detection limit, the optimal gas
sensor was exposed to various H2 concentrations (0.1–50 ppm),
and the corresponding results are shown in Fig. S13a and b.† As
presented in results, the fabricated gas sensor detects very low
concentrations of hydrogen gas. Therefore, the present sensor
successfully detected the very low concentrations of H2 gas.
Fig. 6 (a) Dynamic resistance curves of Pd/TiN (1 nm)/SnO2 NW gas sens
concentrations 1, 5, and 10 ppm in the mixture with air at 250 °C. (b) Co

This journal is © The Royal Society of Chemistry 2023
Then, the detected concentrations of H2 gas are much lower
than the explosive limit of H2 gas. Hence, the present optimal
gas sensor can reliably detect very low concentrations of H2

leakages in real applications and prevent the explosions caused
by H2 leakage as the explosion limit of H2 gas is 4%.

The response of the Pd/TiN (1 nm)/SnO2 NW sensor is
compared with those reported in the literature, as summarized
in Table 1. In a comparative view, it can be deduced that the gas
sensor fabricated in this study exhibited the excellent hydrogen
detection properties, in terms of operating temperature as well
as response. In particular based on the sensitivity factor which
is dened as “response/concentration”, the present sensor
shows much enhanced performance relative to other gas
sensors listed in Table 1.
3.3 Gas sensing mechanism

Fig. 7a illustrates the various sensing materials, namely, SnO2

NWs, TiN/SnO2 NWs and Pd/TiN/SnO2 NWs grown on the
interdigitated pattern, and herein, we will discuss the sensing
mechanisms of different sensing materials. Initially, in air,
oxygen molecules adsorb onto the surface of the sensing layer,
taking electrons due to their high electron affinity. The relevant
reactions can be shown as follows:22

O2(g) / O2(ads) (1)

O2(ads) + e− / O−
2 (ads) (2)

O−
2 (ads) + e− / 2O− (3)

O− + e− / O2− (4)

It should be noted that each oxygen ionic species is stable in
the temperature range. For example, at high temperatures
(>300 °C), O2− species are dominant.88 Therefore, in this study,
dominant species are O− ions because the working temperature
is set to 250 °C.
ors to various concentrations of H2, CO, benzene, toluene, and NH3 in
rresponding response to different gases.
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Table 1 Hydrogen sensing performance of the Pd/TiN (1 nm)/SnO2 NW gas sensor reported in this study compared with those reported in the
literature

Sensor Conc. (ppm) Temp. (°C) Response
Sensitivity
factor Ref.

Pd/TiN (1 nm)/SnO2 NWs 10 250 8.18a 0.818 This study
SnO2 NWs 10 250 2.72a 0.272 82
Pd-SnO2 NWs 10 400 ∼2.5a 0.250 83
SnO2 thin lm sensitized withmicrosized
Pd islands

100 300 ∼2a 0.020 81

2D SnO2 disks 100 350 ∼6.5a 0.065 84
Pd/SnS2/SnO2 500 300 ∼7.5a 0.015 8
SnO2-Cr2O3 400 250 ∼30%b 0.075 85
SnO2 NSs 50 300 3.2a 0.064 86
Pd doped rGO/ZnO–SnO2 100 300 ∼4.5a 0.045 87

a Ra/Rg.
b DR/R0 × 100%.

Fig. 7 Schematic images of (a) as-grown SnO2 NWs, TiN/SnO2 NWs
and Pd/TiN/SnO2 NWs, (b) role of TiN interlayer with different thick-
nesses, (c) electrical sensitization and (d) chemical sensitization of Pd
NPs.
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As a result, the so-called EDL will be formed on the SnO2 NW
surface, limiting the conductivity to inner parts on the SnO2

NW, named conduction channels in the following. In air, the
12210 | J. Mater. Chem. A, 2023, 11, 12202–12213
diameter of the conduction channels is smaller than when the
sensor is in a pure N2 gas atmosphere, where there is no
adsorbed oxygen. By subsequent exposure to H2 gas, the
following reaction can take place:89

H2 + O− / H2O + e− (5)

According to the above-mentioned reaction, electrons are
released upon reaction between H2 and adsorbed oxygen
species. This leads to narrowing the EDL and increasing the
diameter of the conduction channel inside of SnO2 NWs. This
ultimately leads to a decrease in the resistance, as observed in
dynamic resistance curves. Furthermore, due to the networked
nature of SnO2 NWs, many contact areas and potential barriers
can be created at SnO2–SnO2 homojunctions in air. Upon
exposure to H2 gas, the height of the potential barrier decreases,
and a remarkable modulation in the resistance of the sensor
occurs.90

Fig. S14† depicts the band diagram of Pd/TiN/SnO2 upon
intimate contact. The work function of SnO2 (4.55 eV)91 is lower
than that of Pd (5.6 eV) and TiN (4.65 eV).92 Thus, electrons ow
from SnO2 to Pd and TiN, creating a Schottky junction with
a potential barrier to electron ow in air. As a result, the elec-
tron depletion layer will appear inside SnO2 in interfaces
between SnO2/Pd and SnO2/TiN. Upon exposure to H2 gas, the
height of the formed junctions decreases, leading to the nar-
rowing of electron depletion layers inside SnO2, and eventually
decreases the sensor resistance.

Furthermore, since some parts of the TiN lm are exposed to
air in TiN-coated and Pd-NPs-TiN-coated SnO2 NW sensors,
these areas will also be depleted from electrons by adsorbed
oxygen ions. Accordingly, in a H2 gas atmosphere and by
releasing back of electrons, more modulation of the resistance
is expected. It was found that the sensor with a TiN layer
thickness of 1 nm showed the highest response to H2 gas.
Indeed, we should consider two factors that contribute to the
sensing signal. The rst one is the thickness of the TiN layer and
the second one is the total thickness of the SnO2 + TiN layer. For
the sensor with the thinnest layer of TiN (0.5 nm), even though
This journal is © The Royal Society of Chemistry 2023
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the whole TiN layer may be depleted from electrons in air
(Fig. 7b), that thickness is much smaller than the overall SnO2 +
TiN thickness and upon exposure to H2 gas, the resistance
modulation is not signicant and the response value is lower
than that of the sensor with a thicker TiN layer. Moreover, for
the sensors with a TiN layer thicker than 1 nm, the overall
thickness of TiN is not depleted from the electrons and upon
exposure to H2 gas, no signicant modulation of resistance
occurs again. However, for the sensor with a TiN layer of 1 nm, it
seems that not only the whole thickness of TiN become depleted
from electrons, but also the ratio of TiN thickness to overall
SnO2 + TiN thickness is noticeable. Hence, upon exposure to H2

gas, a large modulation of the electrical resistance occurs,
resulting in a higher response for the sensor with a TiN layer of
1 nm.

Pd decoration led to a higher response of H2 gas sensors. As
shown in TEM images (Fig. 2), Pd NPs are dispersed on the
surface of SnO2 NWs. Hence, the gas response signicantly
increases by the catalytic activity of Pd on H2. In the H2 gas
ambient, Pd facilitates the dissociation of molecular H2 into H
atoms (Fig. 7c), which migrate to the TiN surface by the so-
called spillover mechanism. H atoms then react with the
adsorbed oxygen ions on the TiN surface and the electrons are
returned back to SnO2. The relevant reactions are as follows:93

H2 / H + H (6)

H / H+ + e− (7)

2HþðadsÞ
���!O2�ðadsÞ

H2 (8)

The above-mentioned reactions lead to a signicant decrease
in resistance, yielding to a high response. The modulation of
the resistance in the TiN/Pd heterojunction also contributes to
the evolution in the sensing activity of the gas sensor. Due to the
work function difference of materials as mentioned above, the
electron-depletion regions are generated in TiN, and a subse-
quent exposure to H2 gas, will result in a greater resistance
modulation (Fig. 7d). Moreover, the H2 gas can be directly dis-
solved in octahedral sites of Pd, changing its metallic state (Pd0)
into a hybrid form (PdHx), which ultimately will affect the
overall resistance of the gas sensor. The formation of PdHx was
conrmed in a recent study by our group using XPS studies.94

In addition to the promising catalytic role of Pd towards H2

gas, the selectivity of the optimized H2 gas sensor can be related
to the small kinetic diameter of the H2 gas molecule (2.89 Å),
relative to C6H6 (5.85 Å), CO and C7H8 (5.8 Å) molecules.
Accordingly, H2 gas molecules can more easily penetrate the
SnO2 NW gas sensor structure, resulting in a higher gas
response.94

4 Conclusions

In brief, we introduced a novel gas sensor based on Pd-
decorated TiN-coated SnO2 NWs. TiN with thicknesses of 0.5,
1, 2 and 5 nm was deposited over a SnO2 NW network, followed
by Pd decoration with different amounts depending on the
This journal is © The Royal Society of Chemistry 2023
number of cycles applied (from 25 to 200 cycles). ALD was used
to conformally deposit TiN and uniformly distribute Pd NPs.
Based on the characterization results, amorphous TiN lms
were conformally coating the SnO2 NWs, as well as the crystal-
line Pd NPs were homogeneously dispersed over TiN. H2 gas
sensing results indicated that the sensor with 100 cycles-Pd
decoration and a 1 nm–thick TiN layer had the highest
response to H2 gas. Enhanced gas response and high H2 sensing
selectivity were related to different causes: the catalytic effect of
Pd towards H2 gas, small kinetic diameter of H2 gas, high
surface area of SnO2 NWs, formation of SnO2/TiN hetero-
junctions as well as Pd/TiN heterojunctions. Successful results
obtained in this study can be extended to other similar systems
to improve the overall gas sensing performance.
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R. Adelung, Sens. Actuators, B, 2018, 254, 1259–1270.
12212 | J. Mater. Chem. A, 2023, 11, 12202–12213
39 M. Weber, J. H. Kim, J. H. Lee, J. Y. Kim, I. Iatsunskyi, E. Coy,
M. Drobek, A. Julbe, M. Bechelany and S. S. Kim, ACS Appl.
Mater. Interfaces, 2018, 10, 34765–34773.

40 C. T. Campbell, Surf. Sci. Rep., 1997, 27, 1–111.
41 S. J. Tauster, S. C. Fung and R. L. Garten, J. Am. Chem. Soc.,

2002, 100, 170–175.
42 L. Assaud, N. Brazeau, M. K. S. Barr, M. Hanbücken, S. Ntais,

E. A. Baranova and L. Santinacci, ACS Appl. Mater. Interfaces,
2015, 7, 24533–24542.

43 M. K. S. Barr, L. Assaud, N. Brazeau, M. Hanbücken, S. Ntais,
L. Santinacci and E. A. Baranova, J. Phys. Chem. C, 2017, 121,
17727–17736.

44 S. Sayegh, J.-H. Lee, D.-H. Yang, M. Weber, I. Iatsunskyi,
E. Coy, A. Razzouk, S. S. Kim and M. Bechelany, Sens.
Actuators, B, 2021, 344, 130302.

45 M. Weber, J. Y. Kim, J. H. Lee, J. H. Kim, I. Iatsunskyi, E. Coy,
P. Miele, M. Bechelany and S. S. Kim, J. Mater. Chem. A, 2019,
7, 8107–8116.

46 X. Xiao, H. Wang, W. Bao, P. Urbankowski, L. Yang, Y. Yang,
K. Maleski, L. Cui, S. J. L. Billinge, G. Wang and Y. Gogotsi,
Adv. Mater., 2019, 31, e1902393.

47 H. C. M. Knoops, L. Baggetto, E. Langereis, M. C. M. van de
Sanden, J. H. Klootwijk, F. Roozeboom, R. A. H. Niessen,
P. H. L. Notten and W. M. M. Kessels, J. Electrochem. Soc.,
2008, 155, G287–G294.

48 M.-D. Cheng, T. Luoh, C.-T. Su, T.-H. Yang, K.-C. Chen and
C.-Y. Lu, Thin Solid Films, 2010, 518, 2285–2289.

49 A. Shearrow, G. Koolstra, S. J. Whiteley, N. Earnest,
P. S. Barry, F. J. Heremans, D. D. Awschalom, E. Shirokoff
and D. I. Schuster, Appl. Phys. Lett., 2018, 113, 212601.

50 J.-Z. Kong, P. Xu, Y.-Q. Cao, A.-D. Li, Q.-Z. Wang and F. Zhou,
Surf. Coat. Technol., 2020, 381, 125108.

51 Z. Pan, Y. Xiao, Z. Fu, G. Zhan, S. Wu, C. Xiao, G. Hu and
Z. Wei, J. Mater. Chem. A, 2014, 2, 13966–13975.

52 S. Liu, W. Qi, S. Adimi, H. Guo, B. Weng, J. P. Atteld and
M. Yang, ACS Appl. Mater. Interfaces, 2021, 13, 7238–7247.

53 A. Kolmakov, D. O. Klenov, Y. Lilach, S. Stemmer and
M. Moskovits, Nano Lett., 2005, 5, 667–673.

54 X. Wang, N. Aroonyadet, Y. Zhang, M. Mecklenburg, X. Fang,
H. Chen, E. Goo and C. Zhou, Nano Lett., 2014, 14, 3014–
3022.
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