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Abstract: Heterostructures made from semiconducting metal oxides (SMOX) are fundamental for the
development of high-performance gas sensors. Yet, despite the recognition of their importance in real
applications, the understanding of the transduction mechanism either related to the heterojunction, or
simply to the core and shell materials is still lacking. A better understanding of the sensing response of
heterostructured nanomaterials requires the engineering of heterojunctions with well-defined core and
shell layers. Here, we introduce a series of prototypes ,SMOX-CNT, ,SMOX-CNT, and ,SMOX-
nSMOX-CNT and ,SMOX-,SMOX-CNT hierarchical core-shell heterostructures (CSHS) permitting us
to directly relate the sensing response to the SMOX shell, or to the p-n heterojunction. The carbon
nanotubes are here used as highly conductive substrates permitting to operate the devices at relatively
low temperature and are not involved in the sensing response. NiO and SnO, are selected as
representative p- and n-type SMOX, respectively, and the response of a set of samples is studied
toward hydrogen considered as model analyte. The ,,SMOX-CNT CSHS exhibit response related to
the ,,SMOX-shell layer. On the other hand, the ,SMOX-,SMOX-CNT and ,SMOX-,SMOX-CNT CSHS
show sensing responses, which in certain cases are governed by the heterojunctions between ,SMOX
and ,SMOX and strongly depends on the thickness of the SMOX layers. Due to the fundamental nature
of this study, these findings are important for the development of next generation gas sensing devices.

1D, 2D, and 3D semiconducting metal oxides (SMOX)-based hetero-nano-structures are presently
highly studied in resistive sensing applications.”) A plethora of SMOX hetero-nano-structures has
been reported and in many cases the sensing response has been attributed to the heterojunction.®?
Although many studies identify chemo-resistive heterostructures as having enhanced sensing
properties, a comprehensive mechanistic understanding of these materials is still lacking."*™"* The
improvement of the gas-sensing properties of these heterostructures has been referred to various
factors comprising electronic, chemical and geometrical effects.’*9%341 Among the electronic effects,
enhanced gas sensing properties have been also assigned to the semiconductor heterojunctions at n-n,
p-p, or p-n interfaces.®?3 This is due to the difference in the Fermi energies (Ef) of the two
semiconducting materials in contact, where the electrons at the higher energy level flow across the
interface to unoccupied lower-energy states.™** This is related to the electron-hole recombination at a
p-n junction and is referred as "Fermi level-mediated charge transfer".'93*% As a result, the energy
bands bend at the interface and an electron depletion layer is formed. In this context, although
semiconductor heterostructures exhibit peculiar gas sensing properties the understanding of the
transduction across these interfaces as well as the simulated response is still missing."%**%! One of the
main reasons is due to the fact that in gas sensing the semiconductor heterostructures employed are
often ill-defined,*"/3 for example when both materials expose their surface to the analytes, e.g. when
the core is not completely covered by a uniform and conformal shell layer.” Furthermore, the
analytes may react with one of the two materials preferentially and the by-products with the
other.493243 Therefore, in order to properly understand the reactivity of the sensor materials and the
whole transduction mechanism, the design of well-defined and well-controlled heterostructured
materials at the nanoscale is required. 93445l

Indeed, the sensing responses of heterostructured materials discussed in the literature are very
disparate and not always related to the p-n semiconductor heterojunction,**™** put could be limited
to the core or the shell material.*® For example, it was demonstrated that even by depositing a second
material conformally onto already contacted (core-core junctions) 1D SnO, nanowires (SnO,-core) or
carbon nanotubes (CNTs-core) modifies both the width and the thickness of the depletion region at the
interface, but the sensing responses were exclusively attributed to the core materials.™**™ In that case,
the shell-layers modified the surface of the already fabricated devices without dramatically modifying
the underlying transduction mechanism.'%3*4  Ajternatively, a change in the order of
device/geometry and materials fabrication (e.g., by adding shell-shell junctions to the core-shell
heterojunction, and omitting the direct core-core junction), could result in a response related to (i) the
shell-layer, (ii) the core-axis, or (iii) the p-n interface.*****® A study on NiO-CNT core-shell
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heterostructures (CSHS) demonstrated that the response was strongly related to the NiO-shell.
Indeed, when an insulating alumina buffer layers was introduced between the NiO-shell and the CNT-
core substrate, the transduction mechanism and the response were not affected, but only the baseline
resistance of the device increased. These findings demonstrate that the NiO-CNT CSHS respond to
different gases primarily through the shell-layer and the interface between the two materials does not
play a determinant role.[®

The present study is designed such as to elucidate the role of p-n heterojunctions in the sensing
properties of SMOX-SMOX CSHS. A series of well-defined hierarchical CSHS composed of ,SMOX-
CNT, ,SMOX-CNT, and ,SMOX-,SMOX-CNT and ,SMOX-,SMOX-CNT prototypes (i.e., SnO,-
CNT, NiO-CNT, NiO-SnO,-CNT and SnO,-NiO-CNT) are synthesized and their gas sensing
properties are studied towards hydrogen chosen as model analyte. SnO, and NiO are chosen as
representative and among the most employed n- and p-type SMOX, and CNTs as model 1D
conductive substrate (core).'*¥ Different thicknesses of the npOMOX thin films are deposited using
atomic layer deposition (ALD), the most suitable technique to deposit SMOX films with an Angstrom-
level thickness control onto high-aspect-ratio substrates such as CNTs.'” Conformal and
homogeneous thin films of SnO, and NiO with controlled thicknesses are deposited in an alternate
fashion to clearly assign the type of sensing response to the p-NiO or n-SnO, allowing us to elucidate
the sensing mechanism and the role of the heterojunction. A comprehensive of the synthesis process
can be found in the experimental section in the supporting information (SI). Briefly, CNTs were
functionalized following a procedure described in our previous reports.™ The functionalized CNTs
were coated with conformal and homogeneous films of tin oxide and nickel oxide via ALD. NiO ALD
was performed at 200 °C using bis(cyclopentadienyl)nickel(IT) and ozone as Ni-precursor and oxygen
source, respectively. SnO, ALD was performed at 190 °C using tetrakis(dimethylamino)tin(IV) and
ozone as Sn-precursor and oxygen source, respectively. The ALD conditions and parameters were
optimized to ensure a conformal and homogeneous deposition (experimental-section in the Sl).
Scheme 1 represents the synthesis route for a series of different CSHS and fabrication of the sensing
device. Table S1 displays the detail of all of the samples, and estimated thicknesses of NiO and SnO,
films with varying number of ALD cycles.
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Scheme 1. A Presentation of the synthesis process of a series of NiO and SnO,-based core-shell
heterostructures and the sensing device fabrication, where the numbers I-VIII correspond to the
sample number in Table S1. The samples are specified by mentioning the number of ALD cycles as
subscripted prefix with the sample name.

Powder X-ray diffraction (pXRD) patterns confirmed the deposition of cassiterite (tetragonal) and
rock-salt cubic phases of crystalline SnO, and NiO, respectively (Figure S1 and the respective
discussions in the SI, powder X-ray diffraction-section). The selected area electron diffraction (SAED)
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patterns further confirmed the presence of distinctive crystalline phases of cassiterite (tetragonal) and
rock-salt cubic SnO, and NiO, respectively (Figure lalll-fl1l). The corresponding concentric rings in
the SAED patterns recorded for the samples in the same panels-row confirm the polycrystalline
character of all of the respective coatings of SnO, and NiO. The main Debye-Scherrer rings for NiO
samples (panels 111 in Figure 1a, ¢—f) correspond to the (111), (200) and (220) planes of the cubic
(rock-salt) structure of NiO (ICDD: 00-073-1523). The main Debye-Scherrer rings for SnO, samples
(panels 111 in Figure 1b—f) correspond to the (110), (101), (211) and (310) planes of the cassiterite
structure of SnO, (ICDD: 00-003-0439). The SAED patterns for vSnO,-xNiO-CNT and xNiO-ySnO,-
CNT (x and y being the number of ALD cycles of the NiO and SnO, process, respectively) correspond
to both of the cubic and cassiterite phases of NiO and SnO,. This shows that both of the NiO and SnO,
are deposited in their respective crystalline structures onto the CNT, NiO-CNT, and SnO,-CNT
substrates, while preserving the substrate structure (cf. Figure S1, pXRD).®” In addition, all of the
SAED patterns show the reflections correspond to the (002) hexagonal plane for the graphitized
carbon in the CNTs. Figure S2 shows the bright-field transmission electron microscopy (BF-TEM)
micrographs of as-synthesized ,,0NiO-CNT, 2Sn0,-CNT, 55SN0,-CNT, 100SN0,-CNT, ,00Ni0-5,Sn0O,-
CNT and 350NiO-5Sn0,-CNT CSHS. The inner and outer walls of the CNTs are conformally and
uniformly coated with NiO, SnO,, and NiO-SnO, thin films (Figure S2). A particulate film can be
seen clearly in the case of ,oNIO-CNT sample (Figure S2a). The power spectrum of the region
encircled in the high-resolution transmission electron microscopy (HRTEM) image is typical of NiO
(rock-salt, cubic) in [101] zone axis (Figure S2a-11). Figure S2b—d represent HRTEM images for the
509N0,-CNT, 100SN0,-CNT and »,Sn0O,-CNT, respectively. The power spectra of the encircled regions
shown in the HRTEM images of 5,SnO,-CNT (Figure S2b-11) and 145SnO,-CNT (Figure S2c-11) are
typical of SnO, (cassiterite) in [100] and [111] zone axis, respectively. Figure S2e and f represent
HRTEM micrographs for the ,0NiO-5SN0,-CNT and 350NiO-5Sn0,-CNT heterostructures,
respectively, where the films composed of NiO and SnO, can be identified as marked accordingly. The
HRTEM and high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) micrographs show a conformal and well-calibrated deposition of NiO, SnO, and NiO-SnO,
and SnO,-NiO thin films onto the CNT substrate (Figure 1 and S2). The average thickness was
estimated to ca. 6.3 and 9.5 nm for 200 and 350 NiO-ALD cycles, respectively. The average thickness
was estimated to ca. 2.9, 85 and 17 nm for 20, 50 and 100 SnO,-ALD cycles, respectively
(Figure S2). Therefore, the thickness of both of the SnO, and NiO films are well-controlled and
increased linearly with increasing the number of ALD cycles, as expected for an ALD process. The
energy-dispersive X-ray spectroscopy (EDX) elemental maps corresponding to the HAADF-STEM
micrographs (,00NiO-CNT, 5,SN0O,-CNT, 200NiO-5SN0,-CNT, 350NiO-50SN0,-CNT, 250NiO-255n0,-
CNT and 5,Sn0,-,00NiO-CNT samples) further depict a homogeneous spatial distribution of all the
respective elements in the metal oxides-shell and substrate, i.e. Ni, Sn, O and C, in an orderly fashion
confirming a well-defined core-shell hierarchical heterostructure (Figure 1a— f). The average
thicknesses of the different coatings estimated from the EDX maps/BF-TEM images (marked as an
example accordingly in Figure 1 and S2) and spectroscopic ellipsometry (SE) are presented in Table
S1. X-ray photoelectron spectroscopy (XPS) core level spectra along with Auger spectra confirm the
presence of hydroxylated surface region of NiO, i.e. Ni(OH),, in both of the NiO-terminated ,,,NiO-
CNT and 50NiO-5Sn0,-CNT CSHS (Figure S4—8).[“] After a mild sputtering, the presence of NiO is
further confirmed (XPS core level and Auger spectra, Figure S5a,b and Figure S6a,b, Figure S7b,c,
and Auger parameters analysis, Wagner plot, Figure S8a). It is demonstrated that the surface of the
ALD-NIO is hydroxylated, while the bulk remains NiO (for a comprehensive discussion, please see
the Sl and our earlier reports).®****4 XPS core level spectra along with Auger electron spectra
confirm the presence of SnO, in all of the 5,SN0,-CNT, 5,SN02-200NiO-CNT and ,0oNiO-5SN0,-CNT
CSHS (XPS core level and Auger spectra, Figure S5¢,d and Figure S7a,d,f, and Auger parameters
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analysis, Wagner plot, Figure S8b). The valence band spectra and the energy band diagrams are
shown in Figure S9 and S10, respectively.
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Figure 1. HAADF-STEM (1), corresponding EDX elemental maps (I1) and SAED patterns (l11) for (a)
gooNiO'CNT, (b) 508nOZ'CNT, (C) 200Ni0‘508n02'CNT, (d) 350Ni0‘508n02'CNT, (e) 200NiO'25sn02'
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CNT and (f) 50Sn02-200NiO-CNT samples. The EDX spectra corresponding to the EDX maps are
shown in Figure S3.

Figure 2a shows the electrical resistance of all of the sensors measured in the temperature range 50—
200 °C. The resistance of all of the ,,SMOX-CNT and ,,SMOX-,,SMOX-CNT sensors decreased
with increasing the temperature, proving their semiconducting behaviour (Figure 2a). In addition, the
baseline resistance (R,) strongly depends on the sample (Figure 2b and Figure S11). Pristine-CNTs
show the lowest resistance (ca. 82 Q at 200 °C in dry air), the SnO, and NiO coated CNT samples
(npSMOX-CNT) show a higher baseline resistance confirming: i) the SMOX conformal and
homogeneous coating, and ii) the formation of electrical contacts between the ,,SMOX-shell and the
CNT-core.!*53! Moreover, the NiO-SnO,-CNT and SnO,-NiO-CNT sensors show a higher baseline-
resistance as compared to NiO-CNT and SnO,-CNT CSHS, respectively. This further confirms the
formation of a p-n heterojunction between the n-core and the p-shell, or vice versa (Figure 2b, and
baseline resistance in nitrogen Figure S11).9%453] The electrical resistance for all of the CSHS
sensors was also recorded in nitrogen (Figure S11). The change in resistance in nitrogen is attributed
to the electronic coupling between SMOX-SMOX.!™ The resistances of the NiO-SnO,-CNT and
SnO,-NiO-CNT CSHS increase significantly as compared to the NiO-CNT or SnO,-CNT CSHS
(Figure S11). This is attributed to an additional component of the resistance at the NiO-SnO, or SnO,-
NiO interface (p-n junction) due to the space charge region.!**!

In the ,,SMOX-CNT system, because of the high conductivity of CNTs, it is expected that the
electrical current will flow through the junction between the CNT-core and the ,,SMOX-shell (SnO,
or NiO) (cf. Figure 3a,c). Because the electrons are forced to cross the ,,SMOX-shell while traversing
from one , ,SMOX-CNT element to the other, the electron conduction can be interpreted by a series of
resistance elements, i.e. the SMOX (Rsmox), the junction between the SMOX and the CNT (Rsmox-
cnt), the carbon nanotubes (Rent), and the SMOX(shell)-SMOX(shell) homojunction (Rsmox-smox),
Figure 3a,c. Therefore, the resistance of ,,SMOX-CNT sensors is dominated by the most resistive
SMOX shells and/or the heterojunction formed between SMOX-shells and the CNTSs. Indeed the
largest resistances should dominate in a system of resistive elements in series, as also confirmed by the
increase of the resistance with increasing the thickness of the SMOX-shell in these ,,SMOX-CNT
systems. [

For ,,SMOX-,,.SMOX-CNT heterostructures (i.e. xNiO-ySnO,-CNT and ySnO,-xNiO-CNT), there are
additional resistance elements, related to the interface between the two p and n SMOX films, to be
considered. First of all, the additional resistance elements would cause an increase in the overall
resistance of the system Figure 3b,d. Similar to the ,,SMOX-CNT systems discussed above, the
electrical current will have to pass through the junction between the CNT-core and the , ,SMOX-shell
(SnO, or NiO) due to the high conductivity of the CNTSs, Figure 3b,d. Additionally, because the
electron need to cross the outer SMOX-shell and the interfacial SMOX-layer, the electron conduction
can be modelled by a series of resistive elements, i.e. the , ,SMOX (Rswox), the junction between the
nSMOX-,.SMOX (Rsmox-smox), the 1,SMOX (Rsmox), the junction between the interfacial ,,SMOX
and the CNT (Rcnt-smox), the ,p,SMOX-,,SMOX homojunction (Rswox-smox), and the carbon
nanotubes (Rent) (cf. Figure 3b,d). Thus, the resistance of the SMOX-SMOX-CNT sensors is
dominated by the resistive SMOX-shell, homojunction between SMOX-shells (shell-shell), interfacial-
SMOX, the junction between SMOX-shell and interfacial-SMOX (p-n interface). This implies that the
overall dominating resistance may be provided by the two SMOXs and their interfaces. For example,
the resistance of the , ,SMOX-, ,SMOX-CNT sensors increases with increasing the thickness of any of
the components, as a matter of fact 350NiO-5,SnO,-CNT show a higher baseline resistance compared to
the 200NiO-5Sn0,-CNT, and ,00NiO-5,SN0,-CNT CSHS show a higher baseline resistance compared
t0 200NiO-25Sn0,-CNT CSHS (cf. Figure 2b and Figure S11).



The dynamic electrical response of all of the sensors was measured toward hydrogen in the
temperature range 100—200 °C (Figure S11). The isothermal response transients and the response of
all the sensors at 200 °C (the optimal working temperature) is shown in Figure 2c,d. ,oNiO-CNT and
50SN0,-CNT CSHS show typical p- and n-type sensing responses related to their intrinsic cations and
anions deficiencies, respectively.®7% The thickness of the NiO-shell was fixed to 5.5-6.5 nm
(200 ALD cycles) since it has been already optimized in our previous study.’® Noticeably, at this
thickness which is similar to the Debye length, Ap, the whole layer participates in the resistance
modulation and the sensing-response is maximized.[®¥ The thickness of the SnO, layer was fixed to
7.5-8.5nm (50 ALD cycles) due to the optimized sensing response among the other tested sample
(data not shown, cf. also below).

The NiO-CNT sensor shows a typical p-type response (3.2) toward 5000 ppm hydrogen. With the
addition of 8.5nm SnO, interfacial layer (sample ,,0NiO-5Sn0O,-CNT) the response decreases
dramatically (1.1) and the response is reversed (Figure 2d). This change of response from p- to n-type
confirms that the overall response is not restricted to the NiO-shell, but is related to the p-n
heterojunction formed between ;NiO and ,SnO,. Contrary to the NiO-CNT or SnO,-CNT systems, due
to the similar band gap of NiO (3.6-4.2 V)" and SnO, (3.6 eV)!**! and similar resistance (cf.
Figure 2b) both of the SMOX layers in 5oNiO-5Sn0O,-CNT participate in the sensing response, i.e. to
resistance modulation. In order to verify the role of the heterojunction in the sensing response in yNiO-
vSNO,-CNT CSHS, two additional core-shell heterostructures are designed: ,00NiO-,5Sn0,-CNT and
350Ni0-5SN0,-CNT CSHS. In the first case (,00NiO-5SN0,-CNT) the thickness of the interfacial SnO,
layer is decreased to 3.5 nm (25 ALD cycles); in the second case (350NiO-50Sn0,-CNT), the thickness
of the top NiO-shell increased to 9.5nm (350 ALD cycles) while keeping the interfacial SnO,
thickness the same as for the reference sample (,00NiO-5SNO,-CNT sensor). Noticeably, the ,oNiO-
29N0,-CNT sensor shows a p-type response (1.1) (Figure 2d). Indeed, due to the very thin SnO, film,
fewer charge carriers are present and the layer is fully depleted.[ea] The 350NiO-5,Sn0,-CNT sensor also
show a p-type response (2.2) in contrast to the ,NiO-5SN0,-CNT (Figure 2d). For a NiO-shell
thickness larger than few times the Ao, because the NiO film does not participate fully in the
modulation in resistance, the NiO-shell (Ryio-nio) dominates the sensing-response and the effect of the
heterojunction becomes negligible (Figure 2b—d). On the other hand, for a NiO-shell thickness similar
to the Ap, the response can be attributed to the heterojunction. The low sensing response is due to the
fact that changes in surface resistance (R,) compensate for changes in the heterojunction resistance
(Rny), cf. discussion of the Figure 5 below.

The 5,SnO,-CNT sensor shows a typical n-type sensing-response (1.7) towards 5000 ppm of hydrogen.
With the addition of an interfacial NiO layer (s50SnO,-,00NiO-CNT) the response towards hydrogen
increases (5.3), Figure 2d. The increase in response of 5,Sn0,-,00NiO-CNT sensor can be attributed to
the formation of the p-n heterojunction. It is likely that the NiO-core is completely in the space-
charge-region due to the heterojunction. Indeed, in the presence of a reducing gas, SnO, accepts
electrons and accordingly the surface resistance (R.s) decreases. The effect of the modification in the
surface resistance is extended to the heterojunction due to the fact that the thickness of SnO,, is
comparable to the Ap. Therefore, changes in the surface resistance (R,) can be compensated by
changes in the heterojunction resistance (Ry;). However, an increase in sensing response for 5,SnO,-
200NiO-CNT sensor (as compared to the 5SnO,-CNT sensor) is not yet fully understood. Most
probably, due to the thin NiO-core, there are not enough charge carriers and the heterojunction is in a
non-equilibrium state. The effect of the thickness of the NiO core needs to be analyzed further in a
systematic way in order to gain a deeper insight. The preservation of the n-type response is probably
due to the dominant response of n-type SMOX over p-type SMOX.B**" This is confirmed by the
observation that the sensing-response changed to p-type with the addition of a comparatively thick
NiO-shell on top of the 5,SNO,-CNT (35NiO-5,Sn0,-CNT, Figure 2d), in this case the contribution of
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the NiO-shell becomes dominant due to the presence of a considerable bulk-like region in between the
surface and heterojunction (Figure 2d).

Our results show that despite the electronic couplings and p-n heterojunctions in all of the ;SMOX-
nSMOX-CNT (xNiO-ySnO,-CNT) and ,SMOX-,SMOX-CNT (ySnO,-xNiO-CNT) CSHS, the sensing
response is not always governed by the semiconductor heterojunction. Indeed, one needs to keep in
mind that the largest resistance element, when resistances are placed in series, plays the most
important role in the effective conduction pathway and the overall resistance modulation (i.e., in the
sensing response). Therefore, the transduction in these core-shell heterostructures can be described as
follows:

. Due to the conformal SMOX coatings the current is forced to pass through the
heterojunction and all the resistance elements are arranged in series as depicted in
Figure 3. When a higher resistance element than the Rg,o,-nio OF Rnio-sno, (i-€. the
ones related to the n-p or p-n heterojunction) is present in the system, the response may
not be due to the heterojunction, but to the dominant resistance such as a more resistive
shell layer (cf. the case of z50NiO-5Sn0O, in which the NiO shell exhibits a larger
resistance).

. When the two SMOX have a comparable resistance and band gaps, the response can be
governed by the p-n heterojunction due to the significant contribution of the
heterojunction resistance and its modulation by the reaction of the analyte with the shell
material (cf. the case of 5,SN0,-200NiO and oNiO-50SNO,-CNT).
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Figure 2. (a) The electrical resistance of NiO- and SnO,-coated CNT CSHS in dry air at temperatures
ranges 50—200 °C. (b) The baseline resistance of the ,,SMOX-CNT, ,,SMOX-, ,SMOX-CNT CSHS
at 200 °C. Isothermal transient response curves of all of the fabricated sensors (,,SMOX-CNT,
pnOMOX-, ,SMOX-CNT CSHS) at 200 °C toward H, (5000 ppm) in dry air. (d) Gas sensing response
of 200NIO-CNT, 200NiO-25SN0,-CNT, 200NiO-5SN0,-CNT, 350NiO-5,SN0,-CNT, 5Sn0O,-CNT, and
50SN02-200NiO-CNT CSHS sensors towards H, (5000 ppm) at 200 °C. The data presented in panels’ b
and d is the average of the duplicate measurements, where the error bars present the standard error.
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Figure 3. The schematic representation of the cross-section view and the corresponding equivalent
circuits modelled for the sensors composed of: (a) NiO-CNT, (b) NiO-SnO,-CNT, (c) SnO,-CNT and
(d) SnO,-NiO-CNT CSHS. The charge transfer is presented by a series of the two electrode contacts
(glossy-grey), which are determined by the difference in the work function of the two materials, and
two parallel resistors. The corresponding proposed equivalent circuits are presented by a series of bulk
and interface resistances, where the interface resistance is composed of a parallel connection of the
corresponding resistance (R) and capacitance at the interface (C). The interface resistance of the
electrode-semiconductor can be ignored as compared to the resistance elements within the
heterostructures, e,g., the p-n interface, the resistance of the shell, resistance of shell-shell
homojunction. The cited references are recommended for a further detail.***"

In light of the above results involving core-shell heterostructures, here we present a general overview
about the change in work functions and serial resistances, and their ultimate impacts on the gas
sensing properties. Figure 4a,b shows the qualitative energy band diagrams for p-n and n-p
heterojunction, where the thicknesses of both of the ,SMOX and ,SMOX are greater than their
respective Debye lengths (Ap). The following main resistive elements are arranged in series: (i)
resistance of the depletion region at the surface, Ry or Ry, i.e., hole-accumulation layer (HAL) or
electron-depletion layer (EDL) in case of p- and n-SMOX at the top faces the atmosphere,
respectively, (ii) the resistance of the space charge region at the p-n or n-p heterojunctions (Ry;), and
(iif) in between the Ry; and Ry or Ry, @ resistive element consisting of the bulk of the respective SMOX
(i.e., resistance of the bulk of the n- (Ry,) or p-SMOX (R;) as shown in Figure 4a,b. The difference
of the concentrations of charges on both sides decide how extended is the heterojunction, i.e., the
width of the space-charge-region. For example, more charge carriers on n-side are likely to promote
the transfer of more electrons to the p-type side of the heterojunction, and the space-charge-region will
be extended more into the p-type SMOX. Importantly, R,s and R, are the resistances that can be
directly influenced due to the surface interaction with the analytes, whereas the change in Ry, depends
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upon the bulk element, more precisely, the thickness of the coating. It is likely that the changes going
on at the surface will be minimally impacted if there is a substantial distance between the
heterojunction and the surface-charge-region. Overall, in these resistances in series, the resistance
element(s) with a relatively larger modulation dominates in the overall sensing-response, and that
should be the resistance at the surface, e.g, the case of 35,NiO-5,SN0O,-CNT sensor.

") NiO-SnO,-CNT, with a thickness of NiO, SN0, > A,
Before and after junction in vacuum/nitrogen Before and after junction in air

R S o S E_ R, o EF

)

E \ Ec air-surface
e[ E:
E E

pr RHJ er Rps pr RHJ
. NiO Sno, NiO SnQ, NiO NiO
7 (b) Sn0,-NiO-CNT, with a thickness of Sn0,,NiO > A,
Before and after junction in vacuum/nitrogen Before and after junction in air

ry

Rnb ‘RHJ’ pr R"f- Rnb RH.I RDb
Sno, NiO SnO,  NiO Sno, SnO,  NiO

— -

N, y

Figure 4. Energy bands representation of (a) NiO-SnO,-CNT and (b) SnO,-NiO-CNT CSHS, where
the thickness of both of the NiO and SnO, are greater than the respective Debye lengths (i.e., thickness
> Ap). The Figures showing different contributions to the work function before heterojunction and
after heterojunction in vacuum/nitrogen, and in air. Band gaps for both of the SnO, and NiO is
considered similar as reported in the literature, i.e., NiO (3.6 eV)®* and SnO, (3.6 eV).!® The
symbols used for the different parameters are: Ev, vacuum level; Ec, conduction band; E,, valence
band; Er, Fermi level; Ry, resistance of ,SMOX (bulk); Ry, resistance of ,SMOX (bulk); Ry,
resistance at p-n heterojunction; Ry, resistance of ,SMOX (surface); R, resistance of ,SMOX
(surface); @;, work function in vacuum/nitrogen; ®,;, work function in air; ®y;, work function at p-n
hEterOjunCtion- (8.): (Di-vacuum/nitrogen (NIO) < q)i-air (NIO), (Di-vacuum/nitrogen (NIO) > (DHJ-vacuum/nitrogem (Dair-surface
(NIO) > d)HJ-air - q)i-vacuum/nitrogen-bulk (NIO), Rps-air (NIO) < RHJ- (b) d)i-vau:uum/nitrogen (Snoz) < (Di-air (Snoz),
q)i-vacuum/nitrogen (Snoz) < (DHJ-vacuum/nitrogen (Snoz), (Di-air (Snoz) - (DHJ-air - q)i-vacuum/nitrogen-bulk (Snoz), Rns-air
(SnO,) < Ry
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On the other hand, Figure 5a,b shows the energy band diagram for the p-n type heterojunction (e.g.,
NiO-SnO,-CNT) with a thickness ,SMOX < Ap and ,SMOX > Ap, and an n-p type heterojunction (e.g.,
Sn0O,-NiO-CNT) with a thickness ,SMOX < A, and ,SMOX > Ap, respectively. As the materials faces
the atmosphere, i.e. the top-most layer is thin enough to be comparable to the Debye length of the
materials, whether it is \SMOX (SnO,) or ;SMOX (NiO); the whole material would be in the space
charge region. There would be the arrangement of resistive elements without a considerable bulk
contribution of the topmost layer, such as Ry or Ry are directly linked to the Ry;. In this case, any
change in the resistance of the surface region would most likely be extended directly into the
heterojunction, and the heterojunction would play an important role in influencing the sensor response
by either decreasing or increasing it. In the case of the ,NiO-5SnO,-CNT sensor, the response
toward H, decreases because the change in the surface resistance (R,s) compensates for the change in
the resistance at the heterojunction (Ry;). On the other hand, the 5,SnO,-,00NiO-CNT sensor exhibits a
higher response.

| (@) SnO,-NiO-CNT, with a thickness of NiO < A, andSn0, > A,

Before and after junction in vacuum/nitrogen Before and after junction in air
T Edfs
@af D, cuice !
dy E.N :
|
|
I
|
+ EF - :
] E |
v\ i
|
eSe—> i
RDG RH.I Rn:> I
I
L NiO Sno, NiO  SnO, NiO NiO  SnO, )
/(b) SnO,-NiO-CNT, with a thickness of Sn0, <A, and NiO > A, \I
Before and after junction in vacuum/nitrogen Before and after junction in air |
|

r e

4

Rh RH.I RDb
\_ SnO, NiO SnO, NiO SnoO, SnoO, NiO

Figure 5. Energy bands representation of (a) NiO-SnO,-CNT and (b) SnO,-NiO-CNT CSHS, in the
case where the NiO and SnO, shell layers are of similar thickness to their Debye lengths (i.e.,
thickness < Ap), and the thickness of the cores of NiO and SnO, are greater than the Ap. The Figures
showing different contributions to the work function and resistances before heterojunction and after
heterojunction in vacuum/nitrogen and in air. (a): ®@j.vacuum (NiO) < Di4ir (NiO), Dgrface-vacuumnitrogen (N1O)
> q)HJ-vacuum/nitrogen (NIO), d)surface-air (NIO) > q)HJ-air (NIO) > (Di-air (Nlo)a F\)ps-air < RHJ- (b) q)i-vacuum (Snoz) <

12



(Di—air (Snoz), q)surface—vacuum/nitrogen (Snoz) < (DHJ—vacuum/nitrogen (Snoz), (Dsurface—air (Snoz) < (DHJ—air < (Di—air
(SnOZ)’ Rps-air ~ Rhy.

In summary, in the case of a shell layer thicker than the Debye length, the heterojunction parameters
are not modified. Therefore, the response of the sensor will be solely governed by the resistance
change at the surface of the material facing the atmosphere. Only in the case in which the changes at
the surface are extended into the whole heterostructure (i.e. shell thickness < Ap), the heterojunction
can play an important role on the sensor response, both in terms of a decrease or an increase of the
response. Despite the fact that the response in this case is related to the heterojunction, it does not
always lead to an increase of the sensing response. Indeed, the role of heterojunction is extremely
sensitive to the thickness of both the shell and the core material.

In our study a comprehensive understanding of the role of semiconductor heterojunctions and of the
sensing response of core-shell heterostructures is achieved by synthesizing a series of logically
designed, well-defined, and well-controlled heterostructures with different thicknesses of the core and
shell layers. Prototypes ,SMOX-CNT, ;SMOX-CNT, ,SMOX-,SMOX-CNT, and ,SMOX-,SMOX-
CNT hierarchical coaxial core-shell heterostructures are therefore been proposed to achieve this
objective. The sensing-response was found to be restricted to the SMOX-shell layer in the ,,SMOX-
CNT core-shell heterostructures. On the other hand, ;,SMOX-,,SMOX-CNT core-shell
heterostructures with thickness of the SMOX-shell and the interfacial-SMOX in a well-defined range
showed for the first time a response that can be directly and unambiguously related to the p-n
heterojunction. In this case, the changes at the surface extend into the heterojunction. All in all, we can
anticipate that the elucidation of the role of p-n heterojunctions in semiconducting metal oxides-based
gas sensors will permit to develop a novel generation of devices in which the heterojunction will play
a primordial role.
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S1. Experimental Section
S1.1. Chemicals and Reagents

Carbon nanotubes, CNTs (PR24-PS, pyrograf Il1), and nitric acid (67%) were provided by Applied
Science, Inc., and VWR chemicals, respectively. Bis(cyclopentadienyl)nickel (Nickelocene, Ni(Cp),,
99%) was purchased from Strem Chemicals, Inc. Tetrakis(dimethylamido)tin(IV) (TDMASH,
[(CH5),N]4Sn, 99.9%) was purchased from Merck KGaA. Ozone was used as produced using pure
oxygen (99.99%) at 0.5bar in a BMT803N ozone generator. Argon, nitrogen and oxygen were
supplied by Air Liquide (99.99% purity). Other tests gases used in the gas-sensing tests such as H,
were supplied from certified bottles purchased from SOL Group, Italy. All other chemicals and
reagents were of analytical grades and used without further purification unless otherwise stated.

S1.2. Synthesis of NiO-CNT, SnO,-CNT, NiO-SnO,-CNT and SnO,-NiO-CNT Heterostructures
S1.2.1. Functionalization of Carbon Nanotubes

First of all, as-purchased carbon nanotubes were treated with nitric acid (HNOs, 67%) at 105 °C under
reflux for 6 h.! After that, the mixture was washed and filtered multiple times using deionized water
until the pH=7. The oxidized CNTs were collected and dried in oven at 80 °C for overnight. This type
of treatment of CNTs with nitric acid allows the generation of oxygenated functional groups that later
act as nucleation sites for the chemisorption of the metal precursors enabling the growth of conformal
and homogeneous film by ALD. In fact, the initiation of film growth onto the CNTSs requires the
presence of functional surface groups or defect sites that act as anchoring and nucleation sites.!?"

S1.2.2. Atomic Layer Deposition (ALD)

The semiconducting metal oxides (SMOX) films, i.e. NiO and SnO,, were deposited onto the oxidized
CNTs by ALD using a commercial thermal ALD system by ARRADIANCE, Inc. (GEMSTAR-6).
The ALD system was evacuated and the temperature of the chamber and manifolds was stabilized
before proceeding to ALD process. The baseline pressure was maintained at approx. 8.5-1072 mbar
with a 10 sccm of argon mass flow. Si-wafers (Siegert wafer B014002, Single side polished) were
cleaned in Piranha solution, ethanol, isopropanol, and deionized water followed with nitrogen blow
drying. These Si-wafers with a natural SiO, layer (ca. 1.2—1.8 nm) were also put into the ALD
chamber along with the CNTs samples to calibrate the SnO, and NiO thicknesses by spectroscopic
ellipsometry (SE). All of the samples were in-situ cleaned using ozone (total exposure time as 200 s)
before starting ALD process.

S1.2.2.1. Atomic Layer Deposition of SnO,

Atomic layer deposition of SnO, was performed using Tetrakis(dimethylamido)tin(1V), TDMASN, and
ozone as metal precursor and a source of oxygen, respectively. TDMASNH was maintained in a stainless
steel container at 50 °C, while ozone (approx. 70-90 g/Nm?®) was introduced as generated at RT. The
TDMASN and ozone were supplied using two separate manifolds which were maintained at 120 and
100 °C, respectively. The temperature of the reaction chamber was maintained at 190 °C. Argon was
used as carrier and purging gas to carry the precursors into the reaction chamber and to remove any of
the excess reagents and reaction by-products, respectively. Both of the precursors were introduced in a
sequential manner of pulse/exposure/purge, whereas one ALD cycles was adjusted as 0.5 s/30 s/20 s
and 0.2 s/20s/30 s for TDMASN and ozone, respectively. After the SnO, ALD process, all of the
samples were in-situ annealed at 300 °C for 5 hours using oxygen pulses (0.2s pulse/300s
exposure/60 s argon purge).
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S1.2.2.2. Atomic Layer Deposition of NiO

Atomic layer deposition of NiO was performed using Bis(cyclopentadienyl)nickel, nickelocene and
ozone as metal precursor and oxygen source, respectively. The temperature of the Ni(Cp), container
and the reaction chamber was maintained at 90 and 200 °C, respectively. Keeping in view the low
vapour pressure of nickelocene, an additional argon booster was applied as pulsed-vapor-push
technique (PVP™) to boost the nickelocene vapors into the reaction chamber. The
pulsing/exposure/purge time for nickelocene and ozone was adjusted to 1.2s/30s/30s and
0.2s/30s/30°s, respectively. All of the rest parameters and ALD conditions were kept same as
described above for the SnO, ALD.

The thicknesses of the NiO and SnO, deposited layers were controlled by varying the number of ALD
cycles as 200-350 and 20—-100 ALD, respectively. A series of samples was synthesized composed of
any of the NiO (,SMOX) or SnO, (,SMOX), i.e., xNiO-CNT and ySnO,-CNT, and two types of
npOMOX-shells (xNiO-ySnO,-CNT and ySnO,-xNiO-CNT), where the prefix X and Y represent the
number of NiO and SnO, ALD cycles, respectively. Generally, any of the (,SMOX) SnO, and
(,SMOX) NiO are represented as SMOX or , ,SMOX, where the discussion meant to be same for both
types of metal oxides; in the other case, a prefix p or n is added as subscript to specify the n-type
SMOX (Sn0O,) or p-type SMOX (NiO), respectively. Scheme 1 and Table S1 represents the synthesis
route of different core-shell heterostructures (CSHS) and the corresponding estimated thicknesses of
the shell-layers, respectively.

S1.3. Characterizations

A spectroscopic ellipsometer from Sentech (SENpro) was used for estimating the NiO and SnO, film
thicknesses on the silicon-wafers. Powder X-ray diffraction (pXRD) patterns were obtained on a
STOE STADI MP diffractometer equipped with a Dectris Mythen 1K linear silicon strip detector and
Ge(111) double-crystal monochromator with Mo Ko, radiation (A = 0.7093 A) source at 40 kV (U)
and 40 mA (I) in transmission configuration. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), High-resolution transmission electron microscopy (HRTEM)
and selected area electron diffraction (SAED) were performed using a FEI Talos F200S
scanning/transmission electron microscope (S/TEM) operated at 200 kV. Energy dispersive X-ray
(EDX) spectra and elemental mappings were recorded using the build in SuperX EDS detector. The
analysis of the TEM data was performed using Velox™ software. X-ray photoelectron spectroscopy
(XPS) measurements were performed using an EA 125 hemispherical analyser (Omicron) in an ultra-
high vacuum (UHV) setup (base pressure 2.10™ mbar) and the Mg Ka radiation produced from a dual
anode X-ray source (DAR 400). Ar* sputtering and ultraviolet photoelectron spectroscopy (UPS)
measurements were performed in another UHV setup (base pressure 1.10™° mbar in the analysis
chamber and 1.10° mbar in the preparation chamber) using a Phoibos 100 and a monochromatized
HIS 13 helium lamp.

S1.4. Device Fabrication and Sensing Measurements

Transducer devices were consist of an alumina substrate containing interdigited platinum electrodes on
top (area, ca. 6 x 3mm? and a Pt heater printed on back-side of the substrate. A film of watery
dispersed samples (any of the yNiO-CNT, ySnO,-CNT, xNiO-ySnO,-CNT and ySnO,-xNiO-CNT)
slurry was applied onto the platinum interdigited area of the device. After that, sensors were dried and
introduced in a stainless steel chamber for the gas-sensing measurements in controlled environments.
Gases supplied from certified bottles were diluted in air at required concentrations using the mass flow
controllers (MFC). The dc-resistance measurements were carried out under a dry air total stream of
100 sccm at temperature ranges 50—200 °C. A multimeter data acquisition unit (Agilent 34970A) was
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used, while a dual channel power supplier instrument Agilent E3632A was employed to bias the built
in heater of the sensor to perform measurements at super-ambient temperature. The sensor response is
defined as response (R) = Ry/R. and R, /Ry for p-type and n-type of response, respectively. Where Ry
and R, represent the electrical resistance of the sensor in presence and absence of target analytes,
respectively. The comprehensive of the sensor fabrication and gas sensing measurements can be found
in our earlier reports.?!

S2. Results and Discussions

The as-synthesized xNiO-CNT, ySnO,-CNT, yNiO-ySnO,-CNT and ySnO,-xNiO-CNT CSHS samples
were thoroughly characterized for their structures, microstructures and morphologies, and chemical
states using powder X-ray diffraction (pXRD), transmission electron microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS).

S2.1. Powder X-ray Diffraction

The structure and phase composition of the as-synthesized samples were analysed by powder X-ray
diffraction (pXRD). Figure S1 shows pXRD patterns for pristine-CNTs and NiO and SnO,-coated
CNTs samples, namely ,00NiO-CNT, 50SN0,-CNT, 500NiO-5Sn0,-CNT and 5,Sn0,-,00NiO-CNT core-
shell heterostructures (CSHS). The diffractions centred at 11.9° (26) can be attributed to the (002)
plane for the hexagonal graphitic carbon structure (space group: P63mc (186), ICDD: 00-073-1523)
from CNTSs substrate. The diffractions located at 16.9°, 19.54°, and 27.8° correspond to (111), (200),

and (220) planes of the rock salt phase of NiO, respectively (space group: Fm3m (225), ICDD: 00-
073-1523). The broad diffraction peaks show the nanocrystalline nature of the NiO deposited film."
This is in-line to our already reported results for the ALD-NiO on different substrates. As expected for
this very thin film of NiO with 200 ALD cycles (ca. 5.7—6.5 nm), the diffractions intensity is quite
low. However, our earlier studies with higher ALD cycles, i.e. with further increasing the thickness of
the NiO film, showed that these reflection related to the rock-salt NiO phase became more
pronounced.® The samples coated with SnO, only, or NiO and SnO, in any sequence (i.e., xNiO-
vSNO,-CNT and vSnO,-xNiO-CNT), show distinctive diffractions related to the cassiterite phase of
SnO,. The diffractions peaks located at (26) 15.56°, 17.36°, 17.89°, 19.35°, 23.38° and 27.54°
correspond to (101), (200), (111), (210), (211) and (310) planes of the tetragonal phase of SnO,,
respectively (space group: P42/mnm (136), ICDD: 00-003-0439). The diffraction at 12.26°
corresponds to (110) plane of SnO, (cassiterite phase) is overlapped with the (002) diffraction from the
back ground of the CNT substrate. There is no diffraction which can be seen for the any other phase
confirming the purity of the cassiterite SnO, and cubic NiO phases in the respective samples.

S5



SN0, NIO-CNT

0oNiO-;,SnO,-CNT

3
© ooN0,-CNT
S~
.
= 3
@ .J\ oNIO-CNT
‘GEJ . -
= CNTs
=] © =) e ~
— o o~ — o~
:‘,I o e QI I&'.
{NiO) ICDD: 00-073-1523
S| S|z SlocagoAg & SoNT
~— o (= I ] —SiN O M -0 (=] ~NoO N m
2| Z|@ftzZ gdoddm 8 oFaon
— — T T T T T T

10 15 20 25 30 35
20—angle{(Mo—Ka,) / degree

Figure S1. pXRD patterns of ,00NiIO-CNT, 50SN0,-CNT, 200NiO-5SNO,-CNT and 5,Sn0,-,0oNiO-CNT
CSHS samples. The pXRD pattern recorded for pristine CNTSs is shown (black) as a reference of the
substrate background.

S2.2. Transmission Electron Microscopy

Table S1. Detail of the , ,SMOX-CNT and ,,SMOX-, ,SMOX-CNT core-shell heterostructures along
with the average shell thicknesses calculated from TEM micrographs and spectroscopic ellipsometry.

Sample Samples Transmission electron microscopy Spectroscopic ellipsometry
number (TEM) (SE)
Thickness Thickness SnO, Thickness Thickness SnO,
NiO (nm) (nm) NiO (nm) (nm)
| 209N0,-CNT --- 2.9 - 3.3
I 509N0,-CNT - 8.5 - 9.3
11 1009N0,-CNT --- 17 --- 18.1
v 200NIO-CNT 6.3 6.7
V; 200Ni0‘258n02‘ 55 35 6.4 3.7
CNT
Vi 200Ni0-508n02- 5.7 8.4 6.5 9.0
CNT
VI 350Nio-5osn02- 95 1.7 9.8 8.8
CNT
VI 5osn02-200NiO- 5.9 7.3 8.5 8.8
CNT
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Figure S2. BF-TEM and HRTEM micrographs, and the corresponding power-spectrum for (a) oNiO-
CNT, (b) 50Sn0,-CNT and (c) 100SNO,-CNT CSHS. BF-TEM micrographs for (d) ,SnO,-CNT, (e)
200N10-50SN0,-CNT and (f) 350NiO-5Sn0,-CNT CSHS. x and y are the number of ALD cycles of the
NiO and SnO, process, respectively. The power spectra shown correspond to the encircled region in
the same panel-row.
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Figure S3. EDX Spectl’a for zooNiO‘CNT, 5osnOQ'CNT, 200NiO'25SﬂOz'CNT, 200Ni0‘508n02‘CNT,
350Ni0-25SN0,-CNT and 5,Sn0,-200NiO-CNT CSHS analyzed on a copper TEM-grid.

S2.3. X-ray and ultraviolet photoelectron spectroscopy

Figure S4 shows the XPS survey spectra of all of the bare-CNTS, ,00NiO-CNT, 5,Sn0,-CNT, ,00NiO-
50SN0,-CNT and 5Sn0,-,00NiO-CNT CSHS samples. All of the NiO-terminated heterostructures show
Ni-signals marked as Ni 2p and Ni LMM. Similarly, all of the SnO,-terminated heterostructures show
typical Sn 4d, Sn 3d and Sn MNN signals marked accordingly (Figure S4). The intensity of the Sn
signals became lower in ,0oNiO-5Sn0,-CNT as compared to the 55SNO,-CNT and 5Sn0,-,00NiO-CNT
CSHS, confirming a comformal and homogeneous coverage of the top surface with NiO film
(thickness approx. 5.8-6.3 nm, cf. HRTEM) in these heterostructures. On the other hand, NiO-related
signals cannot be detected in 5,SN0,-,0NiIO-CNT sample, confirming a homogeneous coverage of the
top surface with a SnO, film (thickness approx. 8-9 nm, cf. HRTEM).
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Figure S4. XPS survey spectra of bare-CNTS, 0NiO-CNT, 5,Sn0,-CNT, 50NiO-5Sn0,-CNT and
505N0,-,00NiO —CNT CSHS.

The chemical states of the SnO, and NiO films deposited onto the CNTs were analysed by looking at
X-ray-induced core level and Auger electrons spectroscopy, Figure S5—8. Figure S5a shows the Sn
3ds;, X-ray photoelectron spectrum of SnO,-coated CNTSs (5,SnO,-CNT). The Sn 3ds,, peak maximum
is found at 486.95 eV binding energy (BE). However, it is notoriously difficult to rely only on the Sn
3d core levels BE to derive the oxidation state of Sn.[*! Therefore, we additionally examined the
corresponding X-ray induced Sn MNN Auger spectra with the MsN4sN4s peak is located at 431.9 eV
Kinetic energy (KE), Figure S5b. A close inspection of the Sn MNN spectrum reveals strong
similarity to that of SnO, in terms of line-shape and energy position, and substantial differences as
compared to those of Sn0."*? Therefore, we infer that the ALD growth results in the formation of
SnO,, which is further substantiated below by looking at the Auger parameter and the related Wagner
plot (Figure S8b).

Figure S5c¢,d shows the X-ray induced Ni 2p core level and Ni LMM Auger spectra of NiO-coated
CNTSs (200NiO-CNT). For the Ni 2psp,, the broad feature centred at 861.2 eV is mainly due to the
complex multiplet splitting and to the number of possible final states due to the strong overlap of the
Ni and O orbitals.”! Most relevant is the peak at 856.5 eV BE, which is due to the formation of
hydroxide-terminated NiO, Ni(OH),, in the surface region.'*® We also remark that no characteristic
peak of NiO, usually found around 854 (+ 0.5) eV BE, can be observed. This suggests that
hydroxylation of the surface occurs rapidly, at least within the time frame of sample transfer from the
ALD chamber to the photoemission setup.**#"!

To confirm the formation of NiO in the bulk, we additionally proceeded with mild Ar-ion sputtering
(500 eV; At =60 s; sample current Iy = 1 nA) of the sample. Importantly, the results of the sputtered
sample, which are shown in Figure S6, reveal the emergence of a low energy component at 853.5 eV
BE in the Ni 2ps;, spectrum (Figure S6a), which can readily be attributed to the presence NiO.B*®
Further confirmation of the surface and bulk nickel oxide compounds (as already confirmed also by
XRD, SAED, cf. Figure 1 and S1,2) is provided by looking at the Auger LMM spectra displayed in
Figure S6b, which shows an energy shift of 1.3 eV of the LsMs;Mys peak to higher KE after
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sputtering, in very good agreement with existing reports of the Auger spectra of Ni(OH), and NiO
(Figure S8a).[™
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Figure S6. (a) Ni 2p3/2 and (b) Ni LMM spectra of as-grown (red) and mildly Ar-ion sputtered
(black) 200NiO-CNT CSHS revealing the presence of NiO after sputtering.

Figure S7 shows the Sn 3ds,, Ni 2p, Sn MNN spectra of the ,NiO-5,SNO,-CNT (a, b, c)
heterostructure and the Sn 3ds,, Ni 2p, Ni LMM spectra of the 5SnO,-0NiO -CNT (d, e, f)
heterostructure. In the case of ,uNiO-5SN0O,-CNT, the Sn 3d intensity is strongly reduced as
compared to that of SnO,-terminated heterostructures (see survey XPS in Figure S4) but the peak
shape and energy remains virtually identical to those of uncovered SnO,, which demonstrates that NiO
effectively covers the SnO, film. In addition, the Ni 2p and LMM spectra are also virtually identical to
those measured when NiO is grown directly on CNTs, which suggests that the substrate does not
strongly influence the formation of the NiO film away from the interface. For 5,SnO,-,00NiO-CNT, we
observe no more XPS signal from NiO, unambiguously demonstrating the homogenous coverage of
the NiO film below SnO,. There as well, the Sn 3d and MNN spectra are virtually identical both in
terms of lineshape and peak position to those of SnO, grown directly onto the CNTSs.
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Figure S7. (a) Sn 3d, (b) Ni 2p and (c) Ni LMM spectra of 5oNiO-5,SnO,-CNT heterostructures. (d)
Sn 3d (e) Ni 2p and (f) Sn MNN spectra of 55Sn0,-,00NiO -CNT heterostructures.

In order to ascertain the oxidation state of the metal in the as-grown metal oxides, we determined the
modified Auger parameter o, with a” = E, (2psn) + Ex(LsMysMys) for Ni and o = Ep (3dsp) +
Ex(M4Ny4sNys) for Sn. E, represents the binding energy of the photoelectrons emitted from the Ni 2ps,
or Sn 3ds, core levels and E(LsMy4sMys) and Ey(LsMisMys) is the Kinetic energy of the corresponding
Ni and Sn Auger electrons, respectively.’”) As compared to simply relying at the binding energy of a
core level, the modified Auger parameter is a quantity that has the advantage of being independent of
an absolute energy reference and has developed as an established method for determining the
oxidation state of a given element.® To do so, the Auger electron E, of the element under
investigation is plotted against the core level E, in a so-called Wagner plot, in which a” and the overall
(Eg,Ex) position in the Wagner plot is representative of the formed compound and the related oxidation
state of the element being investigated.®*? The obtained Wagner plots representative of the grown
nickel and tin oxides in this work are plotted in Figure S8a,b together with those already published for
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other plausible Ni and Sn oxide compounds.®®'¥ From this, it appears clearly that the surface of the
as-grown and sputtered nickel oxide compounds consists of hydroxylated-NiO, Ni(OH),, and NiO,
respectively, while the ALD of tin oxide results in the formation of SnO..

?As-érov\in Nf

Modified Auger parameter / e

Kinetic Energy (LM, M,,) / eV
Modified Auger p
Kinetic Energy (M,N,.N,.) / eV

858 856 854 852 490 488 486 484

Ni 2p,,, Binding Energy / eV Sn 3d,,, Binding Energy / eV
Figure S8. (a) Ni 2ps>—Ni LzsMysMys, and (b) Sn 3ds,—Sn MyN4sN4s Wagner (chemical state) plots
including a comparison of the present data and literature (black symbols) adapted from the cited

references.’®'” Constant Auger parameter lines are also plotted together with their corresponding o’
values on the right side of the graph (grey-lines).

Having assessed that the formation of SnO, and hydroxide-terminated NiO films as a result of the
ALD process, we now look at the XPS valence band features in. For SnO, grown on CNTs and NiO,
we find that the valence band spectra present similar line-shape with the valence band onset at 2.45 eV
+ 0.15 eV BE in good agreement with earlier studies.®®"! In addition, we may observe an additional
density of states peaking at ca. 2.15 eV BE and extending up to 1.55 eV BE, which could be attributed
to surface states due to missing O atoms, Figure S9a. For hydroxylated NiO film grown on
509N0,/CNTs and CNTs, we again find very comparable spectra, also in good agreement with
Ni(OH),/NiO spectra in the literature.” The valence band onsets of NiO are determined at 1.2 eV BE
and 1.0 eV BE on 5,SnO,/CNTs and on CNTSs, respectively, which is in the expected energy range for
NiO, Figure S9a.B%12 |n addition, one notices a tail of states extended almost up to close the Fermi
level (Eg), which might be due to the presence of NiO underneath the hydroxylated layer.? More
surface sensitive ultraviolet photoelectron spectroscopy (UPS) measurements were then performed on
as-grown and mildly sputtered ,,0NiO-CNTSs. The results presented in Figure S9b on semi-log scale
confirm that the valence band onsets are located at ca 1.1 eV BE and ca 0.2 eV BE for the as-grown
and mildly sputtered ,oNiO/CNTS, respectively.
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Figure S9. (a) XPS valence band spectra of ,oNiO-CNT, 5,0NiO-5Sn0,-CNT, 5Sn0O,-CNT, and
509N02-200NiO -CNT. (b) UPS valence band spectra of ,0NiO-CNT before and after mild sputtering.

From these results, we found that the ALD growth sequence did not markedly impact the energy levels
of the materials ‘surface so that both sequence of deposition can be summarized in one diagram.
Assuming bandgaps of 3.6 eV for SnO,™ and 3.6-4.2 eV for NiO,™! we can draw in Figure S10 the
energy level diagram of the SnO,/NiO and NiO/SnO, heterojunctions, which corresponds to that of a
p—n junction in which SnO, and NiO are the n- and p-type semiconductors, respectively.

E (eV)
2.5-3.1
1.15
B T

-1.5
1.1

-2.45
Sno, NiO

Fig. S10. Energy level diagram of the SnO,/NiO (or NiO/SnO,) core-shell heterostructures including
the experimentally determined valence energy levels of NiO (-0.2 eV), hydroxylated-NiO (-1.1 eV),
SnO, (-2.45 eV) and SnOx-related surface states (-1.5 eV) and conduction energy level from
literature. 4!

S2.4. Gas Sensing Mechanism

The isothermal dynamic responses of all of the sensors fabricated with ,00NiO-CNT, 5,SnO,-CNT,
200N10-50SN0,-CNT, 50Sn05-500NiO-CNT, 350Ni0-5,SN0,-CNT and ,50NiO-,5SnO,-CNT CSHS were
measured toward hydrogen (prototype of reducing gas) at a temperature range 50—200 °C (Figure
S11,12). The ,NiO-CNT and 5,SnO,-CNT sensors showed a typical p- (an increased in resistance
induced by a reducing gas) and n-type (a decrease in resistance induced by a reducing gas) sensing
response, respectively.*!
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The generally accepted gas sensing mechanism for SMOX-based gas sensors is correlated with a
change of electrical resistance/conductance of the system as a result of oxygen-mediated (chemisorbed
oxygen species: O, O, and Q") interaction of gaseous analytes to the surface of the sensing
films.**%] |n the case of n-type SMOX, the oxygen species absorbed onto the surface (by capturing
electrons from the conduction band of n-type SMOX) lead to the formation of an electron-depletion-
layer (EDL) which induces an upward band bending and an increase in the electrical resistance of the
system.'>**®17 |n the presence of a reducing gas such as hydrogen, the chemisorbed oxygen ions
react with hydrogen species donating electrons back to the conduction band of n-type SMOX
(Sn0O,).™ This decreases the width of EDL and accordingly decreases the resistance of the
System'[lsc,lﬁb,m]

In the case of a p-type SMOX such as NiO, oxygen species withdraw electrons from the valence band
of NiO, creating a hole-accumulation-layer (HAL), leading to a decrease of the resistance of the
system.*®] In the presence of a reducing gas, such as hydrogen, reacts with chemisorbed oxygen
ions, donating electrons back to the p-type SMOX narrowing the HAL and thus increases the
resistance of the system, 4415419

In both of the NiO-CNT and SnO,-CNT CSHS in the current study, there is no direct contact between
the CNTs-cores. i.e. CNT-CNT homojunction do not exist due to the confomal coatings achieved by
ALD. Each SMOX-CNT element is connected with another SMOX-CNT element (cf. gas-sensing
device fabrication and measurements section, above) by SMOX shell-shell homojunctions
(Figure 3).B1™]

It is well known that composite materials, consisting of different metal oxides show different electrical
properties and sensing behavior from their any of the single components. In the case of NiO-SnO,-
CNT or SnO,-NiO-CNT heterostructures, the interaction with the analytes occurs at the surface
(whether NiO-terminated or SnO,-terminated), i.e. the receptor function. On the other hand, the charge
transport is affected (i.e. the transduction mechanism) due to the change of the contacts and
accordingly the serial resistances. As a result, the deposition of NiO onto SnO, or vice versa, leads to
the recombination of opposite charges at the p-n interface and thus an additional charge transport
barriers is created, i.e. a Schottky barrier across the n(core)—p(shell) or p(shell)-n(core) interface. The
formation of a p-n heterojunction is traduced by the addition of a resistance element to the system,
thus, it is expected that the resistance of the whole system increases.>**“'® Even though, in all
SMOX-CNT or SMOX-SMOX-CNT systems, the electrons flow through the CNT conductive core,
the sensing-response is governed by the modulation of resistances of both SMOX and of the one at the
SMOX-SMOX interface (cf. Figure 3).9?! Due to the low resistance of the CNTSs, the modulation of
their resistance if any will not be significant and therefore would not affect the sensing-response.”
The width of the depletion region (L) can be expressed as equation (1).

L =X KT (1)

where Ap is the Debye length of the material, eV, is the surface potential, and kT is the thermal
energy."®*?! |t demonstrates that L depends on the absorbed oxygen species and the electron density
in the conduction band. Because the length of the depletion region is related directly to the Ap, it
demonstrates that the film will be fully depleted at a thickness comparable to the Ap of the
material. 2“1 Therefore, a film with a thickness comparable to the A, shows a pronounced
modulation of the electrical conductance/resistance of the system and the surface depletion
contribution becomes dominant. On the other hand, at higher shell thicknesses, the depletion of charge
carriers is limited to the surface of the material and the contribution from the bulk of the material
becomes important. Thus, it is well accepted that the sensing response can be optimized by optimizing
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the thickness (comparable to the Debye length of the material) of the films, where the film (shell-
layer) fully participates in resistance/conductance modulation. The Debye length can be represented as
equation (2).1?

kTe
qa*nc

Ap = (2)

Where k is the Boltzmann constant, € is a dielectric constant, T is the absolute temperature, n. is the
carrier concentration and g is the electric charge ?®. Since Ap depends also on the working
temperature and on the concentration of charge carriers, the reported Ap values for NiO and SnO; lay
in a considerably large-range of 2-13%%%] and 4—43 nm, 82224 respectively.
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Figure S11. Transient response curves of all of the sensors fabricated at temperature ranges 100—
200 °C toward H, (5000 ppm) in dry air, (a) 20NiO-CNT, (b) 50SN0,-CNT, (C) 200NiO-5Sn0,-CNT,
(d) 508n02-200NiO'CNT, (e) 350NiO-508n02-CNT and (f) 200Ni0-25sn02-CNT core-shell
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heterostructures. (g) Transients for 350NiO-5,Sn0,-CNT sensor repeated at 200 °C, showing a good
repeatability of the signals. (h) The baseline resistance of the sensors in nitrogen at 200 °C.
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Figure S12. (a) Isothermal transient response curves for ,oNiO-CNT CSHS sensor at 200 °C toward
different concentrations of H, (2000—40000 ppm) in dry air. (b) Responses as a function of hydrogen
concentrations for ,ooNiO-CNT sensor at 200 °C.
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