
1 
 

 

Characterization of Nanocrystalline-Nanoporous Nickel Oxide 

Thin Films Prepared by Reactive Advanced Gas Deposition 

 

U. Cindemir, Z. Topalian, C. G. Granqvist, L. Österlund and G. A. Niklasson* 

Department of Engineering Sciences, The Ångström Laboratory, Uppsala University, 

P.O. Box 534, SE-751 21 Uppsala, Sweden  

 

Abstract 

Nanocrystalline-nanoporous Ni oxide is of much interest for gas sensors and other 

applications. Reactive advanced gas deposition (AGD) stands out as a particularly promising 

technique for making thin films of this material owing to the technique’s separation between 

the growth of individual nanoparticles and their subsequent deposition to create a 

consolidated material on a substrate. Here we report on the characterization of Ni oxide films, 

made by reactive AGD, by several methods. X-ray diffractometry showed that the films had a 

face centered cubic NiO structure, and scanning electron microscopy indicated a 

nanoparticulate composition. X-ray photoelectron spectroscopy showed the presence of Ni3+ 

and demonstrated that these states became less prominent upon heat treatment in air. 

Extended x-ray absorption fine structure analysis elucidated the local atomic structure; in 

particular, data on interatomic distances and effects of annealing on local disorder showed 

that the Ni oxide nanoparticles crystallize upon annealing while maintaining their nanoparticle 

morphology, which is a crucial feature for reproducible fabrication of Ni oxide thin films for 

gas sensors. Importantly, several techniques demonstrated that grain growth remained modest 

for annealing temperatures as high as 400 ºC for 1700-nm-thick films. The present article is a 

sequel to an earlier one [U. Cindemir et al., Sensors and Actuators B 242 (2017) 132–139] in 

which we reported on fluctuation-enhanced and conductometric gas sensing with Ni oxide 

films prepared by AGD.  
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1. Introduction  

       Materials combining nanocrystallinity and nanoporosity can exhibit interesting physical 

and chemical properties as a result of their large surface-to-volume ratios and the possible 

existence of regions with high surface energies and of phase compositions different from 

those in the bulk. Among these nanomaterials, thin films based on nickel oxide (NiO) have 

gained much attention for applications in gas sensors [1–29] as well as in other areas such as 

electrochromic devices [30–36] and catalysts of various types [37,38]. The sensed gases 

include acetone [5], ammonia [15,16,20], ethanol [5,7–9,26,27], formaldehyde 

[2,4,12,13,17,23,28], hydrogen [11,18,19], hydrogen sulfide [3,6,14,21,25], methanol [5], 

nitrogen dioxide [1,3,6,10,22,29], toluene [5], trimethylamine [5], and xylene [24]. 

       Conductometric gas sensors change their electrical properties upon exposure to gases that 

induce surface-chemical reactions with ensuing electron transfer at the interfaces between 

neighboring particulates in the sensor material [39–43], and it is obvious that the technique for 

making this material of is of central importance for its performance. Concerning NiO-based 

gas sensors, materials fabrication techniques have included physical deposition using 

sputtering [1,2,4,15,25] and reactive gas deposition [3,12,13], chemical preparation using 

various solution-based techniques [5,6,8,9,14,16,19–23,27–29], combustion-based methods 

[17], electrospinning [24], nanotemplating [26], spray coating [7], and sol–gel technology 

[10,11,18,23].   

       Most methods for making nanocrystalline-nanoporous materials for gas sensors and other 

applications yield films whose structures are inextricably dependent on the deposition 

process, as has been investigated in detail especially for physical vapor deposition [44–47]. 

An exception, however, is gas deposition [48–51] which is noteworthy for its separation 

between the fabrication of individual nanoparticles and their subsequent deposition to create a 

consolidated material on a substrate and thus allows control of inter-particle contacts and 

thereby of the performance of a conductometric sensor. Gas deposition can be applied to 

make well-controlled nanomaterials and is industrially viable [52,53]; the technique is then 

usually referred to as advanced gas deposition (AGD) and is discussed in some detail below. 

AGD has been used to make gas sensors based on nanoparticles of WO3 [54–60], Au-

activated WO3 [61], Pd-activated WO3 [62], organically surface-functionalized Au [63,64] 

and, as already noted, NiO [3,12,13]. AGD-prepared NiO samples yielded the first high-

sensitivity detection of hydrogen sulfide and the first proof that such sensing can be 
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accomplished at room temperature [3], which clearly attests to advantages of the sample 

preparation technique used in the present work.  

       Clearly NiO—which is a p-type semiconducting material with a face-centered cubic 

structure and a band gap of 3.6–4.0 eV [65]—has interesting properties for conductometric 

and noise-based gas sensing and other applications since the majority charge carriers (holes) 

do not interact with oxygen in air as in the case of n-type semiconductors, notably SnO2-based 

sensors. Details of the nanostructure–property relationship for NiO have remained poorly 

understood and, for example, as-deposited Ni oxide films prepared by AGD have yielded 

higher conductometric sensitivity upon ethanol exposure for an intermediate film thickness of 

500 nm than when the thickness was 200 or 1700 nm [13]. The present paper reports results 

from a comprehensive analysis of the nano-features of AGD-produced NiO by use of several 

analytic techniques. The samples were subjected to annealing post-treatment in order to 

mimic typical fabrication processes for gas sensors. Our data are of interest for the 

development of NiO-based devices such as gas sensors, electrochromic devices, and catalysts. 

Results for gas sensing of formaldehyde, ethanol and methane gases by AGD-NiO films were 

presented in a recent paper of ours [13]. 

 

2. Experimental techniques and procedures 

2.1 Sample preparation 

       Fig. 1 is a schematic presentation of the AGD setup, which comprises two stainless steel 

chambers connected by pipes. The lower (evaporation) chamber, where nanoparticles are 

produced, contains a gas whereas the upper (deposition) chamber, where a particulate film is 

formed on a substrate, is evacuated via a powerful vacuum pump. The pressure difference 

between the two chambers forces nanoparticles to flow via a transfer pipe from the 

evaporation chamber into the deposition chamber, and a nozzle at the upper part of the 

transfer pipe determines the pressure gradient between the two chambers.  
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Figure 1. Schematic drawing of the advanced gas deposition system, illustrating its most essential 
components. 
 
 

       Nanocrystalline-nanoporous NiO thin-film samples were prepared by heating Ni pellets 

(purity 99.95%), placed in a carbon crucible, via an RF coil. The evaporated species were 

oxidized in a laminar gas flow comprising 0.1 l/min of oxygen (purity 99.998%) and 20 l/min 

of helium (purity 99.997%). The oxidized Ni nanoparticles thus formed were transported 

through the transfer pipe into the deposition chamber, where NiO deposits where formed on 

substrates attached to a programmable X–Y-moving platform. Helium was chosen as carrier 

gas since it is known to yield especially small particles [50]. The samples to be discussed 

below were prepared with an evaporation pressure of 50–100 mbar, a deposition pressure of 

0.3–0.6 mbar, a heating power of 3 kW, and a nozzle diameter of 1 mm. Samples designated 

1, 2 and 3 had thicknesses equal to 1700, 600 and 300 nm, respectively, and were deposited 

onto glass plates. The as-prepared NiO samples were subsequently annealed for 12 h at 300, 

400 and 500 °C in ambient air. The temperature was ramped up/down at 2.3/0.38, 3.1/0.52 

and 4.0/0.66 °C/min for heat treatment at 300, 400 and 500 °C, respectively. 

 

2.2 Materials characterization techniques  

       Film thickness measurements were performed by use of a Veeco Dektak 150 surface 

profilometer. Grazing incidence x-ray diffractometry (XRD) was carried out with a Siemens 

D5000 instrument using Cu Kα radiation (λ = 1.5418 Å); the incident beam angle was 1°, and 
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diffraction angles 2θ were in the 20–90° range. Scanning electron microscopy (SEM) images 

were recorded using a Zeiss LEO 1550 FEG instrument with in-lens detector. Particle size 

histograms were obtained through image analysis on SEM micrographs using ImageJ [66]. 

The gray scales in the image files were taken as bases, and cropped images—ideally 

displaying nothing but particles—were obtained through band-pass filtering to increase 

sharpness and contrast. 

       X-ray photoelectron spectroscopy (XPS) data were recorded with a PHI Quantum 2000 

Scanning ESCA Microprobe using Al Kα1 radiation and a beam diameter of 200 µm at the 

sample. Survey scans were taken in the 0–1100-eV range employing a pass energy of 29.35 

eV and energy resolution of 0.5 eV, whereas high-resolution scans were measured with a pass 

energy of 23.50 eV and energy resolution of 0.025 eV. All spectra were analyzed with 

Multipak and CasaXPS software [67]. A neutralizer filament was employed in order to 

compensate for sample charging. The C 1s peak at 248.8 eV, due to adventitious carbon, was 

used to calibrate the spectra. 

       Extended x-ray absorption fine structure (EXAFS) measurements were performed in 

fluorescence mode on beamline I811 at MAXLab in Lund, Sweden [68,69]. The beamline 

produces photons with energies of 2.4–21 keV, corresponding to a wavelength interval of 

0.06–0.5 nm. Si(111) and Si(311) changeable double-crystal mirrors were used as 

monochromators in order to remove high harmonics. The spot size of the beam on the sample 

was 0.5 × 0.5 mm2. Energy calibration was carried out using the Ni K edge at 8333 eV (on a 

Ni metal foil). To eliminate problems related to energy shifts, the x-ray absorption spectrum 

of the Ni metal was recorded for every measurement with NiO thin-film samples. 

       EXAFS data analyses were performed with standard methods [70] as follows: After 

energy calibration, the recorded absorption spectrum below the pre-edge region was fitted to a 

straight line, and the background contribution above the post-edge region, µ0(E), was fitted to 

a fourth-order polynomial. The fitted polynomials were extrapolated through the full energy 

region, subtracted from the total absorption spectra, and normalized to obtain the EXAFS 

function χ(E) according to 

χ(𝐸𝐸) = µ(𝐸𝐸)−µ0(𝐸𝐸)
µ0(𝐸𝐸)

 .                                                      (1) 

Normalized spectra were converted to k-space by  

𝑘𝑘 = [8π
2𝑚𝑚(𝐸𝐸−𝐸𝐸0)
ℎ2

]1/2 ,   (2) 
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where m is electron mass and h is Planck’s constant. The EXAFS function was multiplied 

with k3 in order to amplify the signal at large k values, since EXAFS oscillations decrease for 

increasing energy beyond the edge. Fourier transforms of the k3-weighted spectra, denoted 

χ(R), were subsequently calculated to obtain distances R between a central Ni atom and its 

neighboring atoms.  

       The EXAFS data were analyzed in order to determine parameters in the EXAFS equation 

expressed as  

𝜒𝜒𝑖𝑖(𝑘𝑘) = ∑ 𝑁𝑁𝑗𝑗𝑆𝑆02(𝑘𝑘)
𝑘𝑘𝑅𝑅𝑗𝑗

2𝑗𝑗 |𝑓𝑓eff(𝑘𝑘)|𝑗𝑗 exp�−2𝑘𝑘2𝜎𝜎𝑗𝑗2� exp �− 2𝑅𝑅𝑗𝑗
Λ(𝑘𝑘)� sin�2𝑘𝑘𝑅𝑅𝑗𝑗 + 𝜙𝜙𝑖𝑖𝑖𝑖(𝑘𝑘)�  ,    (3) 

where Nj is the number of backscattering atoms in the jth coordination shell, Rj is the distance 

between a central atom and the backscatterers in the jth shell for single scattering, S0
2(k) is an 

amplitude reduction factor, feff(k) is an effective amplitude function for each scattering path, 

and exp(–2k2σj
2), with σj

2 being the mean square displacement of an atom, is the Debye-

Waller factor (DWF) in the harmonic approximation, which can be used to assess 

configurational and thermal disorder. Furthermore, Λ(k) is the photoelectron mean free path, 

and 2kRj + ϕij(k) represents the total phase. All calculations were performed with the 

ATHENA software within the Demeter software package [71], which uses the ATOMS and 

FEFF6 programs to perform interatomic bond calculations [72].  

 

3. Results and discussion  

       Data were recorded for samples with three values of the film thickness, specifically 1700 

nm (Sample 1), 600 nm (Sample 2), and 300 nm (Sample 3). In order to have a consistent 

presentation, we report results for Sample 1 below, whereas results for Samples 2 and 3 are 

given in Supporting Material. 

 

3.1 Crystal structure by XRD 

       Fig. 2 shows x-ray diffractograms for Sample 1 in as-deposited state and after annealing 

at 400 and 500 °C. The data display peaks that could be indexed according to the International 

Centre for Diffraction Data (ICCD 04-001-9373) and signaled a face centered cubic NiO 

structure with a lattice parameter of 0.417 nm. The sharpness of the diffraction features 

increased upon annealing, and an application of Scherrer’s equation [73] to the distinct <200> 
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peak yielded that the mean crystallite size increased from 3.7 to 11.4 nm upon annealing. 

Similar data for Samples 2 and 3 are reported in Supporting Information (Fig. S1), and 

extracted crystallite sizes are summarized in Table 1. Clearly crystallite growth was not 

strongly dependent on film thickness. 
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Figure 2. X-ray diffraction data for a 1700-nm-thick NiO film (Sample 1) in as-deposited state and 
after annealing at the shown temperatures. The peaks are assigned to fcc NiO with the stated Miller 
indices.  
 

 

Table 1. Sample data, showing film thickness, annealing temperature, and mean crystallite size from 
x-ray diffraction. 

Sample  
number 

Film thickness 
(nm) 

Annealing temperature 
(°C) 

Mean crystallite size 
(nm) 

1 1700 As-deposited 
400 
500 

3.7 
5.9 
11.4 

2 600 As-deposited 
400 
500 

3.3 
6.2 
9.4 

3 300 As-deposited 
500 

3.1 
8.6 

 

 

3.2 Surface features by SEM 

       Fig. 3 reports a SEM image of the surface of the 1700-nm-thick NiO film (Sample 1) 

annealed at 400 °C. Tiny structural features are apparent, whose sizes can be reconciled with 
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those of the mean crystallites inferred from XRD. Fig S2 reports complementary data for 

Sample 1 in as-deposited state and after annealing at 500 °C, and Figs. S3 and S4 give 

analogous information for Samples 2 and 3, respectively. 

 

 

Figure 3. Scanning electron micrograph of the surface a 1700-nm-thick NiO film (Sample 1) annealed 
at 400 °C.  

 

       “Particle” size distributions were derived as outlined above in an attempt to quantify the 

information in the micrographs, and these distributions were compared with log-normal 

distributions [74]. Such comparisons are justified since prior analyses on AGD-prepared 

powder-like deposits demonstrated that log-normality can ensue from processes involving 

coagulation [50] as well as particles moving by drift and diffusion through a finite growth 

region [75,76]. However, while log-normal particle distributions were demonstrated in some 

cases, the data (not shown) was in general ambiguous and did not clearly support log-

normality, and it therefore remains unclear whether our simplistic approach to SEM image-

analysis was able to provide accurate information about particle distributions. 

 

3.3 Electronic structure by XPS 

       XPS spectra for the NiO thin-film samples were recorded within the spectral regions 

pertinent to C 1s, O 1s and Ni 2p. Data for C 1s were used solely for energy calibration. 

Spectra in the range of Ni 2p3/2, shown in Fig. 4 for the 1700-nm-thick NiO film (Sample 1), 

were dominated by two overlapping peaks centered at 854.6 and 856.1 eV, which are due to a 
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combination of complex intra-atomic multiplet contributions of Ni2+ and Ni3+ ions [77]. A 

shake-up satellite is apparent with an energy separation of ~6 eV. The intensity ratio between 

the low-energy and high-energy peaks is smaller for the as-deposited sample than after its 

annealing at 500 ºC, which is consistent with an increase of crystallinity since the spectrum 

for the annealed sample is more similar to NiO [77]. Analogous data for Samples 2 and 3 are 

given in Fig. S5. 
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Figure 4. XPS spectra due to Ni 2p3/2 for a 1700-nm-thick NiO film (Sample 1) in as-deposited state 
and after annealing at the shown temperature. Intensity (arbitrary units) is shown on the ordinate axis. 

 

       XPS spectra for O 1s exhibited two major peaks at 529.7 and 531.4 eV, as shown in Fig. 

5 for the same sample as in Fig. 4. The results agree with literature data [78,79]. The peak at 

529.7 eV is due to O in NiO [79], whereas the peak at 531.4 eV can be attributed to O 

coordinated to Ni3+ and is associated with either a Ni2O3-type structure or with defects in NiO 

[80]. A minor contribution centered at ~533 eV can be related to O in water. Annealing 

increased the intensity of the peak at 529.7 eV and significantly decreased the intensity of the 

peak at 531.4 eV, which indicates a diminishing number of defects and/or oxidation of Ni2O3-

type structures, as expected for crystallite growth. Furthermore, the peak assigned to water 

shrank upon heat treatment. Sample 2 showed similar results as apparent from Fig. S6. 

       Electrical resistance data for our NiO films were reported in a previous article of ours 

[13] and show a significant increase with annealing temperature. The increase of resistance 

was in all cases less than a decade, which is in line with the moderate degree of crystalline 

growth found by XRD and XPS, as reported above. 
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Figure 5. XPS spectra due to O 1s for a 1700-nm-thick NiO film (Sample 1) in as-deposited state and 
after annealing at the shown temperature. Symbols indicate experimental data, which were fitted to 
Gauss–Lorentzian curves (colored) assigned to the stated species. Intensity (arbitrary units) is shown 
on the ordinate axis. 

 

3.4 Interatomic distances and Debye-Waller factors by EXAFS 

       EXAFS data were recorded for NiO thin-film samples annealed at 300, 400 and 500 ºC, 

and corresponding spectra of k3χ(k) were extracted for the Ni K edge at 8333 eV, as described 

above. Fig. 6 reports such results together with the absolute value of their Fourier transforms, 

|χ(R)|, and demonstrates that calculated results, based on Eq. 3, could be reconciled with the 

measurements; the data were taken on the 1700-nm-thick NiO film (Sample 1), and analogous 

results for 600-nm-thick and 300-nm-thick samples are reported in Figs. S7 and S8, 

respectively.  
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Figure 6. (a) Experimental (black) and simulated (red) data on k3χ(k) and (b) corresponding Fourier 
transforms of k3χ(k) for a 1700-nm-thick NiO film (Sample 1) in as-deposited state and after annealing 
to the stated temperatures. The peaks for the smallest distances in panel (b), denoted A and B, ensue 
from the shown nearest-neighbors to core Ni atoms, whereas the peaks for the larger distances, 
denoted C–E, are strongly influenced by multiple scattering. Note that the phase component in the 
EXAFS equation shifts the peaks from the actual interatomic distances.  

 

       Specific parameters for fitting the EXAFS spectra are given in Table 2, which lists values 

of Nj, Rj and σj
2 as well as energy displacements ΔE relative to the threshold absorption edge 

energy obtained from the k-shift in the fitted data. Data on Nj were taken to be the same as in 

NiO crystals. The shortest interatomic distances, corresponding to single scattering for Ni–O 

and Ni–Ni, lie at 2.010 ± 0.003 and 2.970 ± 0.004 Å, respectively, and are slightly larger than 

2.085 and 2.949 Å pertaining to cubic NiO crystals [81]. The features at larger values of Rj in 

Fig. 6(b) were influenced by multiple scattering [81]. Specifically, the C and D peaks are 

associated with single scattering from Ni–Ni(2) for the second coordination shell with Rj = 

4.171 Å in the crystalline structure as well with multiple scattering from Ni–O(1)–Ni(2) and 

Ni–O(1)–Ni(2)–O(1), which is augmented by a focusing effect for collinear atoms [82]. 

Similarly, the E peak in Fig. 6(b) is associated with single scattering from Ni–Ni(4) in the 

fourth coordination shell with Rj = 5.899 Å for NiO crystals as well as with multiple 

scattering from Ni–Ni(1)–Ni(4) and Ni–Ni(1)–Ni(4)–Ni(1) [81]. Analogous sets of parameter 

values for Samples 2 and 3 in as-deposited state and after annealing at 400 and 500 °C are 

given in Tables S1 and S2, respectively. 
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Table 2. Curve fitting parameters for Fourier-filtered k3χ(k) Ni K-edge EXAFS data on a 1700-nm-
thick NiO film (Sample 1) in as-deposited state and after annealing at the indicated temperatures. Each 
atom has been numbered consecutively with regard to its distance from the core Ni atom. Nj is the 
number of atoms assigned to the jth coordination shell, Rj is the atomic distance from the core Ni atom, 
σj

2 represents the mean square displacement of an atom, and ΔE is the energy shift relative to the 
threshold absorption edge energy connected with the k-shift in the fitted data.  
 
 
Annealing temperature 
 

 
Atom 

 
Nj 

 
Rj [Å] 

 
σj

2 [×10–3] ∆E [eV] 

As-deposited O(1) 6 2.09916 5.60 1.369 

 
Ni(1) 12 2.96862 6.45 –1.822 

 
O(2) 8 3.63586 7.88 6.095 

 
Ni(2) 6 4.19832 4.81 –5.246 

 
O(3) 24 4.69384 17.44 2.033 

 
Ni(3) 24 5.14186 8.54 –1.047 

 
Ni(4) 12 5.93733 4.59 –8.156 

 
 

 
  

 
300 °C O(1) 6 2.09723 5.94 1.439 

 
Ni(1) 12 2.96588 6.01 –1.183 

 
O(2) 8 3.63251 7.35 6.162 

 
Ni(2) 6 4.19445 4.15 –5.192 

 
O(3) 24 4.68952 15.60 2.263 

 
Ni(3) 24 5.13712 8.15 –0.767 

 
Ni(4) 12 5.93186 4.28 –7.593 

 
 

 
  

 
400 °C O(1) 6 2.10248 5.85 –0.215 

 
Ni(1) 12 2.97331 6.26 –1.452 

 
O(2) 8 3.6416 6.80 5.814 

 
Ni(2) 6 4.20495 4.28 –4.592 

 
O(3) 24 4.70126 13.18 4.116 

 
Ni(3) 24 5.14998 8.06 –1.383 

 
Ni(4) 12 5.94671 4.19 –8.154 

 
 

 
  

 
500 °C O(1) 6 2.09774 4.88 –0.747 

 
Ni(1) 12 2.96661 5.81 –1.772 

 
O(2) 8 3.6334 6.46 5.355 

 
Ni(2) 6 4.19549 3.89 –4.793 

 
O(3) 24 4.69067 10.13 3.486 

 
Ni(3) 24 5.13839 7.51 –1.837 

 
Ni(4) 12 5.93333 3.18 –8.677 

 

       Table 2 demonstrates that annealing, in most cases, lowered the values of σj
2.  It is clearly 

seen that the effect of the heat treatment was much larger for the Debye–Waller factors than 

for the interatomic separations. Fig. 7 reports quantitative data for the 1700-nm-thick NiO 
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film (Sample 1) and shows that the DWFs are approximately the same for annealing at low 

annealing temperatures, whereas this parameter is markedly diminished after annealing at 500 

ºC. A lowering of the DWF has been associated with increased crystallinity in earlier work 

[81]. The near constancy of the Rjs indicates that the nano-features prevail after the annealing 

steps and that the structural data do not approach those pertinent to bulk-like cubic NiO. 

Analogous data for Samples 2 and 3 are given in Fig. S9 and show, in general, that the DWFs 

decrease upon annealing. However, the data are not as clear-cut as for Sample 1. 
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Figure 7. Debye-Waller factors for major coordination shells vs. annealing temperature for a 1700-
nm-thick NiO film (Sample 1) in as-deposited state and after annealing at the stated temperatures. 
Data points were connected by straight lines for clarity.  

 

3.5 Discussion 

It is very difficult to compare gas sensor data from the scientific literature due to the multitude 

of materials, deposition methods, gas concentrations and presentations of performance data 

that have been used. Below we give some comments restricted to gas sensors employing NiO, 

in relation to the present work. Specific gas sensor data for NiO films produced by AGD were 

given in our previous papers [3,12,13], and we have also discussed the underlying 

mechanisms for gas sensing [13]. These mechanisms are related to adsorption and desorption 

of gaseous species on the nickel oxide surfaces with ensuing electron transfer reactions 

changing the charge carrier concentration in NiO, thereby affecting the measured electrical 
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properties [13]. Hence it is commonly believed that a porous material with large surface area 

will be advantageous for gas sensing and the AGD technique is a versatile method to produce 

such a nanostructure. 

       AGD-NiO has been proved to be sensitive for detection of formaldehyde down to 

concentrations of 0.5 ppm at a sensor temperature of 200 oC [13] and detection of H2S and 

NO2 were measured down to 5 ppm at room temperature [3]. The sensitivity to formaldehyde 

seems to be comparable to the one for nanostructures obtained by chemical synthesis [23] and 

significantly exceeds the sensitivity of sputter deposited NiO films [4]. Detection of H2S has 

been accomplished at lower concentrations, in the ppb-range, by chemically synthesized 

nanowalls at a sensor temperature of 92 oC [21]. However, sensitivities at this temperature 

seem to be comparable to those of AGD-NiO at a concentration of 5 ppm. 

       To sum up, nanostructures with high surface area are suitable for gas sensing, and they 

can be produced by either AGD or by chemical techniques. Our general reasons for choosing 

AGD are: firstly, AGD is industrially viable and proven, although data based on samples 

prepared by AGD are not common in the scientific literature and, secondly, AGD has a 

principal advantage in that it separates between nanoparticle production and the making of a 

consolidated material so that inter-particle contacts can be fine-tuned and optimized, at least 

in principle.   

 

4. Conclusions 

       Thin films of NiO were prepared by reactive advanced gas deposition. This technique is 

of particular interest for conductometric gas sensors since it separates the fabrication of 

individual nanoparticles from the deposition of a consolidated material, and earlier work has 

demonstrated intriguing gas sensing properties for several gaseous species including 

formaldehyde [12,13], which is an important pollutant of indoor air [83,84].  

       The present investigation reported on the characterization of NiO thin-film samples by 

several techniques. X-ray diffractometry indicated a face centered cubic NiO structure with a 

lattice parameter of 0.417 nm, and scanning electron microscopy provided evidence for a 

particulate nanostructure. X-ray photoelectron spectroscopy showed the presence of Ni3+ 

states, which became less prominent after heat treatment. Extended x-ray absorption fine 

structure analysis elucidated interatomic distances and the influence of annealing on local 

disorder. Structural stability upon annealing is very important for conductometric gas sensors, 
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and our data indicated modest grain growth for a 1700-nm-thick film at annealing 

temperatures up to 400 ºC whereas more substantial structural changes occurred at 500 ºC. 

These results are in general agreement with those for electrical resistance, as reported in our 

earlier paper of ours, which specifically described gas sensor performance [13].  
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Figure S1. X-ray diffraction data for 600-nm-thick (Sample 2, upper panel) and 300-nm-thick 
(Sample 3, lower panel) NiO films in as-deposited state and after annealing at the shown temperatures. 
The peaks are assigned to fcc NiO with the stated Miller indices.  
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Figure S2. Scanning electron micrographs of the surface a 1700-nm-thick NiO film (Sample 1) in as-
deposited state (upper panel) and after annealing at 500 °C (lower panel).     
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Figure S3. Scanning electron micrographs of the surface a 600-nm-thick NiO film (Sample 2) in as-
deposited state (upper panel) and after annealing at 400 °C (middle panel) and 500 °C (lower panel).    
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Figure S4. Scanning electron micrograph of the surface a 300-nm-thick NiO film (Sample 3) in as-
deposited state (upper panel) and after annealing at 400 °C (middle panel) and 500 °C (lower panel).    
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Figure S5. XPS spectra due to Ni 2p3/2 for 600-nm-thick (Sample 2, upper panel) and 300-nm-thick 
NiO films (Sample 3, lower panel) in as-deposited state and after annealing at the shown temperature. 
Intensity (arbitrary units) is shown on the ordinate axis. 
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Figure S6. XPS spectra due to O 1s for a 600-nm-thick NiO film (Sample 2) in as-deposited state and 
after annealing at the shown temperature. Symbols indicate experimental data, which were fitted to 
Gauss–Lorentzian curves (colored). Intensity (arbitrary units) is shown on the ordinate axis. 
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Figure S7. (a) Experimental (black) and simulated (red) data on k3χ(k) and (b) corresponding Fourier 
transforms of k3χ(k) for a 600-nm-thick NiO film (Sample 2) in as-deposited state and after annealing 
to the stated temperatures. The peaks for the smallest distances in panel (b), denoted A and B, ensue 
from the shown nearest-neighbors to core Ni atoms, whereas the peaks for the larger distances, 
denoted C–E, are strongly influenced by multiple scattering. Note that the phase component in the 
EXAFS equation shifts the peaks from the actual interatomic distances.  
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Figure S8. (a) Experimental (black) and simulated (red) data on k3χ(k) and (b) corresponding Fourier 
transforms of k3χ(k) for a 300-nm-thick NiO film (Sample 3) in as-deposited state and after annealing 
to the stated temperatures. The peaks for the smallest distances in panel (b), denoted A and B, ensue 
from the shown nearest-neighbors to core Ni atoms, whereas the peaks for the larger distances, 
denoted C–E, are strongly influenced by multiple scattering. Note that the phase component in the 
EXAFS equation shifts the peaks from the actual interatomic distances.  
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Figure S9. Debye-Waller factors for major coordination shells vs. annealing temperature for 600-nm-
thick (Sample 2, upper panel) and 300-nm-thick (lower panel, Sample 3) NiO films in as-deposited 
state and after annealing at the stated temperatures. Data points were connected by straight lines for 
clarity.  
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Table S1. Curve fitting parameters for Fourier-filtered k3χ(k) Ni K-edge EXAFS data on a 600-nm-
thick NiO film (Sample 2) in as-deposited state and after annealing at the indicated temperatures. Each 
atom has been numbered consecutively with regard to its distance from the core Ni atom. Nj is the 
number of atoms assigned to the jth coordination shell, Rj is the atomic distance from the core Ni atom, 
σj

2 represents the mean square displacement of an atom, and ΔE is the energy shift relative to the 
threshold absorption edge energy connected with the k-shift in the fitted data.  

 
Annealing temperature 
 

 
Atom 

 
Nj Rj [Å] σj

2 [×10–3] ΔE [eV] 

As-deposited O(1) 6 2.10479 7.74 0.284 
 Ni(1) 12 2.97659 7.98 –2.35 
 O(2) 8 3.64562 8.21 5.989 
 Ni(2) 6 4.20959 7.74 0.284 
 O(3) 24 4.70644 17.36 4.053 
 Ni(3) 24 5.15566 10.21 –1.686 
 Ni(4) 12 5.95327 1.81 –4.686 
      
400 °C O(1) 6 2.10345 5.99 –0.371 
 Ni(1) 12 2.97468 6.06 –1.097 
 O(2) 8 3.64329 5.88 6.08 
 Ni(2) 6 4.2069 3.94 –4.108 
 O(3) 24 4.70343 8.69 4.907 
 Ni(3) 24 5.15236 7.34 –1.194 
 Ni(4) 12 5.94946 3.67 –7.234 
 

     
500 °C O(1) 6 2.09702 4.73 –0.785 
 Ni(1) 12 2.9656 5.62 –1.853 
 O(2) 8 3.63216 6.19 6.177 
 Ni(2) 6 4.19404 3.81 –4.065 
 O(3) 24 4.68906 8.95 4.338 
 Ni(3) 24 5.13662 6.96 –2.038 
 Ni(4) 12 5.93129 0.47 –5.364 
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Table S2. Curve fitting parameters for Fourier-filtered k3χ(k) Ni K-edge EXAFS data on a 300-nm-
thick NiO film (Sample 3) in as-deposited state and after annealing at the indicated temperatures. Each 
atom has been numbered consecutively with regard to its distance from the core Ni atom. Nj is the 
number of atoms assigned to the jth coordination shell, Rj is the atomic distance from the core Ni atom, 
σj

2 represents the mean square displacement of an atom, and ΔE is the energy shift relative to the 
threshold absorption edge energy connected with the k-shift in the fitted data.  

 
Annealing temperature 
 

 
Atom 

 
Nj Rj [Å] σj

2 [×10–3] ΔE [eV] 

As-deposited O(1) 6 2.10746 6.27 1.430 
 Ni(1) 12 2.98035 8.09 –2.148 
 O(2) 8 3.65023 10.46 4.543 
 Ni(2) 6 4.21491 7.1 –4.175 
 O(3) 24 4.71239 8.43 5.395 
 Ni(3) 24 5.16218 9.53 –1.243 
 Ni(4) 12 5.9608 7.02 –7.108 
      
400 °C O(1) 6 2.11062 8.74 –0.957 
 Ni(1) 12 2.98483 6.84 0.452 
 O(2) 8 3.65572 4.85 4.918 
 Ni(2) 6 4.22125 4.21 –3.09 
 O(3) 24 4.71948 5.38 5.604 
 Ni(3) 24 5.16994 7.27 0.165 
 Ni(4) 12 5.96976 3.29 –5.256 
 

     
500 °C O(1) 6 2.09815 3.85 –1.517 
 Ni(1) 12 2.96719 4.96 –0.731 
 O(2) 8 3.63412 11.16 4.204 
 Ni(2) 6 4.19631 3.04 –2.553 
 O(3) 24 4.69159 2.01 4.652 
 Ni(3) 24 5.13939 5.62 –1.848 
 Ni(4) 12 5.93449 3.35 –5.946 
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