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The as-synthesized CNT-NiO(x), CNT-SnO2(y), CNT-NiO(x)-SnO2(y) and CNT-SnO2(y)-
NiO(x) 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). The authors 
recommend the cited references for further details on any of the procedures.1-6

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 
SnO2-coated CNTs samples, namely CNT-NiO(200), CNT-SnO2(50), CNT-SnO2(50)-
NiO(200) and CNT-NiO(200)-SnO2(50) core-shell heterostructures (CSHS). The diffractions 
centred at 11.9° (2θ) can be attributed to the (002) plane for the hexagonal graphitic carbon 
structure (space group: P63mc (186), ICDD: 00-073-1523) from CNTs 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: Fm m (225), ICDD: 00-073-1523). 3
The broad diffraction peaks show the nanocrystalline nature of the NiO deposited film.7 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.8 The samples coated with SnO2 only, or NiO and SnO2 in any 
sequence (i.e., CNT-NiO(x)-SnO2(y) and CNT-SnO2(y)-NiO(x)), show distinctive diffractions 
related to the cassiterite phase of SnO2. The diffractions peaks located at (2θ) 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 SnO2, respectively (space group: P42/mnm (136), ICDD: 00-
003-0439). The diffraction at 12.26° corresponds to (110) plane of SnO2 (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 
SnO2 and cubic NiO phases in the respective samples.
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Figure S1. pXRD patterns of CNT-NiO(200), CNT-SnO2(50), CNT-SnO2(50)-NiO(200) and 

CNT-NiO(200)-SnO2(50) CSHS samples. The pXRD pattern recorded for pristine CNTs is 
shown (black) as a reference of the substrate background.
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Transmission Electron Microscopy

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

Transmission electron microscop
y (TEM)

Spectroscopic ellipsometry       
(SE)

Sample 
number

Samples

Thickness 
NiO (nm)

Thickness SnO2 
(nm)

Thickness 
NiO (nm)

Thickness 
SnO2 (nm)

I CNT-SnO2(20) --- 2.9 --- 3.3

II CNT-SnO2(50) --- 8.5 --- 9.3

III CNT-SnO2(100) --- 17 --- 18.1

IV CNT-NiO(200) 6.3 --- 6.7 ---

V CNT-SnO2(25)-
NiO(200)

5.5 3.5 6.4 3.7

VI CNT-SnO2(50)-
NiO(200)

5.7 8.4 6.5 9.0

VII CNT-SnO2(50)-
NiO(350)

9.5 7.7 9.8 8.8

VIII CNT- NiO(200)-
SnO2(50) 

5.9 7.3 8.5 8.8
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Figure S2. BF-TEM and HRTEM micrographs, and the corresponding power-spectrum for 
(a) CNT-NiO(200), (b) CNT-SnO2(50) and (c) CNT-SnO2(100) CSHS. BF-TEM micrographs 
for (d) CNT-SnO2(20), (e) CNT-SnO2(50)-NiO(200) and (f) CNT-SnO2(50)-NiO(350) CSHS. 
The power spectra shown correspond to the encircled region in the same panel-row.
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Figure S3. EDX spectra for CNT-NiO(200), CNT-SnO2(50), CNT-SnO2(25)-NiO(200), 
CNT-SnO2(50)-NiO(200), CNT-SnO2(50)-NiO(350) and CNT-NiO(200)-SnO2(50) CSHS 
analyzed on a copper TEM-grid.

X-ray and Ultraviolet Photoelectron Spectroscopy

Figure S4 shows the XPS survey spectra of all of the bare-CNTs, CNT-NiO(200), CNT-
SnO2(50), CNT-SnO2(50)-NiO(200) and CNT-NiO(200)-SnO2(50) CSHS samples. All of the 
NiO-terminated heterostructures show Ni-signals marked as Ni 2p and Ni LMM. Similarly, 
all of the SnO2-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 CNT-
SnO2(50)-NiO(200) as compared to the CNT-SnO2(50) and CNT-NiO(200)-SnO2(50) 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 and CNT-NiO(200)-SnO2(50) sample, confirming a 
homogeneous coverage of the top surface with a SnO2 film (thickness approx. 8-9 nm, cf. 
HRTEM).
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Figure S4. XPS survey spectra of bare-CNTs, CNT-NiO(200), CNT-SnO2(50), CNT-
SnO2(50)-NiO(200) and CNT-NiO(200)-SnO2(50) CSHS.

The chemical states of the SnO2 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 3d5/2 X-ray photoelectron spectrum of SnO2-coated CNTs (CNT-SnO2(50)). 
The Sn 3d5/2 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.9-11 Therefore, we additionally examined the corresponding X-ray induced Sn MNN Auger 
spectra with the M5N45N45 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 SnO2 in terms of 
line-shape and energy position, and substantial differences as compared to those of SnO.9,11 
Therefore, we infer that the ALD growth results in the formation of SnO2, 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 CNTs (CNT-NiO(200)). For the Ni 2p3/2, 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.12 Most relevant is the peak at 856.5 eV BE, which 
is due to the formation of hydroxide-terminated NiO, Ni(OH)2, in the surface region.2,6,13-14 
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.2,14 
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To confirm the formation of NiO in the bulk, we additionally proceeded with mild Ar-ion 
sputtering (500 eV; Δt = 60 s;  sample current Is = 1 μA) 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 2p3/2 spectrum (Figure S6a), which can readily 
be attributed to the presence NiO.6,8,13-14 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 L3M45M45 peak to higher KE after sputtering, in very good 
agreement with existing reports of the Auger spectra of Ni(OH)2 and NiO (Figure S8a).13

Figure S5. (a) Sn 3d photoelectron spectrum and (b) Sn MNN Auger spectrum of SnO2-
coated CNTs (CNT-SnO2(50) CSHS). (c) Ni 2p2/3 photoelectron spectrum and (d) Ni LMM 
Auger spectrum of NiO-coated CNTs (CNT-NiO(200) CSHS).
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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) CNT-NiO(200) CSHS revealing the presence of NiO after sputtering.

Figure S7 shows the Sn 3d5/2, Ni 2p, Sn MNN spectra of the CNT-SnO2(50)-NiO(200) (a, b, 
c) heterostructures and the Sn 3d5/2, Ni 2p, Ni LMM spectra of the CNT-NiO(200)-SnO2(50) 
(d, e, f) heterostructures. In the case of CNT-SnO2(50)-NiO(200), the Sn 3d intensity is 
strongly reduced as compared to that of SnO2-terminated heterostructures (see survey XPS in 
Figure S4) but the peak shape and energy remains virtually identical to those of uncovered 
SnO2, which demonstrates that NiO effectively covers the SnO2 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 CNT-NiO(200)-SnO2(50), we observe no more XPS 
signal from NiO, unambiguously demonstrating the homogenous coverage of the NiO film 
below SnO2. There as well, the Sn 3d and MNN spectra are virtually identical both in terms of 
lineshape and peak position to those of SnO2 grown directly onto the CNTs.
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Figure S7. (a) Sn 3d, (b) Ni 2p and (c) Ni LMM spectra of CNT-SnO2(50)-NiO(200) 
heterostructures. (d) Sn 3d (e) Ni 2p and (f) Sn MNN spectra of CNT-NiO(200)-SnO2(50) 
heterostructures.

In order to ascertain the oxidation state of the metal in the as-grown metal oxides, we 
determined the modified Auger parameter α´, with α´ = Eb (2p3/2) + Ek(L3M45M45) for Ni and 
α´ = Eb (3d5/2) + Ek(M4N45N45) for Sn. Eb represents the binding energy of the photoelectrons 
emitted from the Ni 2p3/2 or Sn 3d5/2 core levels and Ek(L3M45M45) and Ek(L4M45M45) is the 
kinetic energy of the corresponding Ni and Sn Auger electrons, respectively.15-17 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.16-

17 To do so, the Auger electron Ek of the element under investigation is plotted against the 
core level Eb in a so-called Wagner plot, in which α´ and the overall (EB,Ek) position in the 
Wagner plot is representative of the formed compound and the related oxidation state of the 
element being investigated.15,17 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 other plausible Ni and Sn oxide compounds.13,18 From this, it appears clearly that the 
surface of the as-grown and sputtered nickel oxide compounds consists of hydroxylated-NiO, 
Ni(OH)2, and NiO, respectively, while the ALD of tin oxide results in the formation of SnO2.
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Figure S8. (a) Ni 2p3/2–Ni L3M45M45, and (b) Sn 3d5/2–Sn M4N45N45 Wagner (chemical state) 
plots including a comparison of the present data and literature (black symbols) adapted from 
the cited references.13,18 Constant Auger parameter lines are also plotted together with their 
corresponding α´ values on the right side of the graph (grey-lines).

Having assessed that the formation of SnO2 and hydroxide-terminated NiO films as a result of 
the ALD process, we now look at the XPS valence band features in. For SnO2 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.10,19-20 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 50SnO2/CNTs and CNTs, we again 
find very comparable spectra, also in good agreement with Ni(OH)2/NiO spectra in the 
literature.14 The valence band onsets of NiO are determined at 1.2 eV BE and 1.0 eV BE on 
CNT-SnO2(50) and on CNTs, respectively, which is in the expected energy range for NiO, 
Figure S9a.14,21 In addition, one notices a tail of states extended almost up to close the Fermi 
level (EF), which might be due to the presence of NiO underneath the hydroxylated layer.21 
More surface sensitive ultraviolet photoelectron spectroscopy (UPS) measurements were then 
performed on as-grown and mildly sputtered CNT-NiO(200) . 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 CNT-NiO(200), respectively.
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Figure S9. (a) XPS valence band spectra of CNT-NiO(200), CNT-SnO2(50)-NiO(200), CNT-
SnO2(50) and CNT-NiO(200)-SnO2(50). (b) UPS valence band spectra of CNT-NiO(200) 
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 SnO2

22 and 3.6-4.2 eV for NiO,23-25 we can 
draw in Figure S10 the energy level diagram of the SnO2/NiO and NiO/SnO2 heterojunctions, 
which corresponds to that of a p  n junction in which SnO2 and NiO are the n- and p-type 
semiconductors, respectively.

Figure S10. Energy level diagram of the SnO2/NiO (or NiO/SnO2) core-shell heterostructures 
including the experimentally determined valence energy levels of NiO (-0.2 eV), 
hydroxylated-NiO (-1.1 eV), SnO2 (-2.45 eV) and SnOx-related surface states (-1.5 eV) and 
conduction energy level from literature.22-25

Gas Sensing Mechanism

The isothermal dynamic responses of all of the sensors fabricated with CNT-NiO(200), CNT-
SnO2(50), CNT-SnO2(25)-NiO(200), CNT-SnO2(50)-NiO(200), CNT-SnO2(50)-NiO(350) 
and CNT-NiO(200)-SnO2(50) were measured toward hydrogen (prototype of reducing gas) at 
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a temperature range 50  200 °C (Figure S11,12). The CNT-NiO(200) and CNT-SnO2(50) 
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.6,26-29

The generally accepted gas sensing mechanism for MOS-based gas sensors is correlated with 
a change of electrical resistance/conductance of the system as a result of oxygen-mediated 
(chemisorbed oxygen species: O2−, O2

− and O−) interaction of gaseous analytes to the surface 
of the sensing films.27,30-31 In the case of n-type MOS, the oxygen species absorbed onto the 
surface (by capturing electrons from the conduction band of n-type MOS) 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.28,31-33 In 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 MOS (SnO2).25 This decreases the width of 
EDL and accordingly decreases the resistance of the system.28,31,34

In the case of a p-type MOS 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.6,31 In the presence of a reducing gas, such as hydrogen, reacts with 
chemisorbed oxygen ions, donating electrons back to the p-type MOS narrowing the HAL and 
thus increases the resistance of the system.6,25,29,35 

In both of the CNT-NiO and CNT-SnO2 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 CNT-MOS element is connected with another CNT-MOS 
element (cf. gas-sensing device fabrication and measurements section in the manuscript) by 
MOS shell-shell homojunctions (Figure 3).6,33

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 CNT-SnO2-NiO or CNT-NiO-SnO2 heterostructures, the interaction with the analytes 
occurs at the surface (whether NiO-terminated or SnO2-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 SnO2 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.6,25,35 Even though, in all CNT-
MOS or CNT-MOS-MOS systems, the electrons flow through the CNT conductive core, the 
sensing-response is governed by the modulation of resistances of both MOS and of the one at 
the MOS-MOS interface (cf. Figure 3).35-37 Due to the low resistance of the CNTs, the 
modulation of their resistance if any will not be significant and therefore would not affect the 
sensing-response.6 The width of the depletion region (L) can be expressed as equation (1).

(1)𝐿 = λD
2𝑒𝑉𝑐

𝑘𝑇
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where  is the Debye length of the material,  is the surface potential, and  is the λD 𝑒𝑉𝑐 𝑘𝑇
thermal energy.31,38 It 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 λD, it demonstrates that the film will be fully depleted at a thickness 
comparable to the λD of the material.6,25,35 Therefore, a film with a thickness comparable to the 
λD 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 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).39-40

 (2)λD =
𝑘𝑇ε

𝑞2𝑛𝑐

Where  is the Boltzmann constant,  is a dielectric constant,  is the absolute temperature,  𝑘 ε 𝑇 𝑛𝑐

is the carrier concentration and  is the electric charge 39. Since λD depends also on the 𝑞
working temperature and on the concentration of charge carriers, the reported λD values for 
NiO and SnO2 lay in a considerably large-range of 2  136,25,41-42 and 4  43 nm,31,34,40,43 
respectively.  
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Figure S11. Transient response curves of all of the sensors fabricated at temperature ranges 
100  200 °C toward H2 (5000 ppm) in dry air, (a) CNT-NiO(200), (b) CNT-SnO2(50), (c) 
CNT-SnO2(50)-NiO(200), (d) CNT-NiO(200)-SnO2(50), (e) CNT-SnO2(50)-NiO(350) and (f) 
CNT-SnO2(25)-NiO(200) core-shell heterostructures. (g) Transients for CNT-SnO2(50)-
NiO(350) 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 CNT-NiO(200) CSHS sensor at 
200 °C toward different concentrations of H2 (2000  40000 ppm) in dry air. (b) Responses as a 
function of hydrogen concentrations for CNT-NiO(200) sensor at 200 °C.
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