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Though p-type NiO possesses excellent catalytic oxidation property toward volatile organic compounds (VOCs),
intrinsic low sensitivity of NiO (arising from the hole accumulation layer configuration in ambient air atmo-
sphere sensor) restricts its promising applications in VOCs detection. In this study, Sc and Li were proposed to
modulate the (surface) properties of NiO nanosheet-flowers based sensors. At the optimal 2 at.% Sc and 5 at.% Li
doping ratio (Nip.93S¢o.02Li0.050), the sensitivity to 100 ppm ethanol is 118.4 (105 times higher than that of pure
NiO), which is comparable to or even higher than most of reported NiO based sensors. Moreover,
Ni.93S¢0.02Li0.050 sensor exhibits a low detection limit of 10 ppb, excellent repeatability and long-term stability
(~30 % decline of response after 7 months). Apart from regulating the carrier concentration, defect character-
izations indicate a noticeable increase of stabilized surface oxygen vacancy (Oy) defects and Ni®* cations by Sc3*
and Li" co-doping, which greatly facilitate the adsorption of VOCs molecule (revealed by density functional
theory calculation) as well as the subsequent VOCs/NiO interfacial charge interaction, thus contribute to the
superior sensing performances. This work demonstrates that co-doping offers an effective avenue for boosting the
performances of (p-type) oxide sensors.

1. Introduction

Metal oxide semiconductor (MOS) based gas sensors have attracted
great attention in the detection of volatile organic compounds (VOCs)
emitted from either environment or human body, due to their small size,
simple structure, all-solid state, low cost, low power consumption and
easy integration [1-3]. Though p-type MOSs possess excellent catalytic
oxidization properties toward VOCs molecules at moderate tempera-
tures [4], potentially acting as excellent sensing channels with high
surface reactivity, hole accumulation layer (HAL) configuration in air
atmosphere suppresses their electrical responses [5]. Michael et al.

* Corresponding authors.

reported that the gas response of p-type MOS sensors is equal to the
square root of that of n-type counterparts with identical morphologies
[6].

In order to address the bottleneck issue of low-response, several
conceptual approaches have been proposed to trigger the surface reac-
tivity (by introducing either intrinsic or extrinsic defects) of p-type
MOSs [5]. Taking p-type binary NiO as an example, Wang et al. have
reported nanostructural NiO with special morphologies, such as hollow
flower-shaped microspheres, nanoscale rod-shaped flower spheres and
hollow tubular structures, exhibited improved gas-sensitive properties
[7-9]. Besides morphology control, catalyst loading, constructing
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heterostructure and aliovalent cation doping have been widely applied.
For example, Yu et al. [10] have synthesized Au@NiO core-shell nano-
particles, which show excellent ethanol sensing responses. Appropriate
heterostructures, such as NiO-InyO3 and NiO-SnOs, could also improve
the (ethanol) response [11,12]. In addition, aliovalent metal cations are
often introduced to the MOS lattice to form substitutional or interstitial
doping, which inevitably alter the lattice parameters, carrier concen-
tration (base resistance), surface unsaturated oxygen vacancy (Oy,
widely regarded as reactive oxygen species) and other kinds of defect
concentrations, providing an opportunity to activate the surface reac-
tivity of MOS sensors [13-18]. Diverse donor dopants (Al, Fe, Sn, W, In
or Ce) with higher valance sates have been proven to promote the gas
response of NiO sensors [8,13,19-22]. Particularly, Fe-doped NiO hol-
low sphere based sensor shows the highest (100 ppm ethanol) response
enhancement (31.4 times) in comparison with pure NiO hollow sphere
[19]. Increase of base resistance by compensating hole carriers [16,21,
23] and introduction of more surface reactive Oy defects [8,13,22,24] as
a consequence of aliovalent doping have been regarded as the main
reason for response enhancement. Nevertheless, surface Oy active sites
sometimes are prone to be refilled by surrounding oxygen [25], espe-
cially when the sensor is operated at elevated temperatures, resulting in
loss of response enhancement [26,27].

Stabilizing the surface Oy active sites has recently attracted signifi-
cant attention in heterogeneous MOS catalysis [28]. Previous theoretic
and experiment works indicate that lower valence state dopant, such as
alkali Li, K ions, could stabilize the metastable Oy active sites in MOS
[16]. In addition, Wang et al. [29] reported that Li* doping could induce
more Ni®* defects, another kind of active sites, which could greatly
promote the catalytic oxidation properties of NiO. These works suggest
alkali Li ion may be an appropriate dopant to further boosting the per-
formance of high valence state ion doped NiO, with good long-term
stability.

In this work, Sc®* and Li* ions with different valence states were co-
doped into the lattice of NiO. Gas sensing experiments indicate that Sc
and Li co-dopant can substantially enhance the sensing performance of
NiO sensor. At the optimal Li* ratio of 5 % and Sc* ratio of 2 %, 2 order
(105 times) sensitivity enhancement (probed by 100 ppm ethanol) in
comparison with pure NiO has been achieved. The Sc and Li co-doped
NiO sensor also possesses low ethanol detection limit of ~ 10 ppb and
excellent reproducibility. Apart from well-known base resistance (car-
rier) modulation, and introduction of surface Oy, addition of Li" dopant
in Sc doped NiO can not only induce more Ni>* cations and surface Oy
defects (by weakening the binding strength of surface oxygen) [29], but
also greatly facilitate the adsorption of VOCs molecule (evidenced by
density functional theory calculation), thereby contribute to the supe-
rior sensing performance with excellent long-term stability (7 months
decay 30 %). This work highlights that co-doping offers an effective
avenue in boosting the performance of (p-type) MOS sensors.

2. Experimental section
2.1. Materials

All chemicals employed in this work were obtained commercially
without any purification and all the solutions were conducted with
deionized water. Nickel oxide hydrate (Ni(CH3COO)exH20, Alfa
Aesar), scandium nitrate hydrate (Sc(NO3)3eH20) and lithium acetate
hydrate (Li(CH3COO)202H50) were provided by Aladdin, sodium hy-
droxide (NaOH) and ethylenediamine (H,NCH;CH,NH;) were obtained
from Sinopharm Chemical Reagent Co. Ltd. All the chemical reagents
were of analytical grade.

2.2. Synthesis of Nij.x.,ScxLi,O nanosheet-flowers

The Nij.,.,SceLiyO nanosheet-lowers were synthesized via a wet
chemical method [30]. Firstly, 1.5mL of 0.5M Ni(CH3COO)3exH50,
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Table 1

The detailed element ratio and sample nomenclature of Nij_,.,Sc,Li,O.
Nominal doping ratio Real doping ratio Named as
0 % 0 at% NiO
6% Sc 1.63 at% Sc Ni.085C0.020
6% Li 5.58 at% Li Nig.94Li0.060

6% Sc+3% Li
6% Sc+6% Li
6% Sc+9% Li

1.62 at% Sc+4.58 at% Li
1.75 at% Sc+5.25 at% Li
1.79 at% Sc+6.24 at% Li

Nig.945¢0.02Li0.040
Nig.935¢0.02Li0.0s0
Nig.925€0.02Li0.060

different amounts of Sc(NOs3)3;eH,O or Li(CH3COO),e2H50
([Scl/([Sc]+[Ni]) =0 %, 1 %, 3 %, 6 %, 9 % and 12 %, respectively),
0.3 mL ethylenediamine and 9 mL. NaOH aqueous solution were dis-
solved into 20 mL of deionized water under vigorous stirring to form a
homogeneous blue solution. Ten minutes later, the mixed precursor was
heated in an oil bath (100 °C) for 30 min with strong magnetic agitation
to form a light green precipitate, then washed several times with
deionized water and absolute alcohol, and dried in oven at 70 °C for
24 h. Finally, the sample was annealed in a quartz crucible at 500 °C and
maintained for 2h (the heating rate is 1°C/min), thereby Sc-doped
samples with different ratios were obtained. After determining the
optimal Sc doping ratio by gas sensing test, different proportions of Li
([Lil/([Li]+[Sc]+[Ni]) = 3%, 6%, 9%, respectively) were doped ac-
cording to the same steps above, and finally the powders of Sc-Li
co-doped NiO were obtained. The element atomic ratios (at%) of
as-synthesized samples were examined by X-ray photoelectron spec-
troscopy (XPS). The detailed element ratio parameters and sample
nomenclature are listed in Table 1.

2.3. Characterization

A field-emission scanning electron microscope (FESEM, ZEISS
SUPRA 55VP) and a transmission electron microscope and high-
resolution transmission electron microscopy (TEM and HRTEM,
TECNAIG2-F30S-Twin) equipped with energy dispersive spectrometer
(EDS) were used to observe the morphology of powders. The crystalline
characteristics of samples were collected from the X-ray powder
diffraction (XRD, Rigaku Smartlab), XRD Rietveld refinements were
executed by FULLPROF software. The vibrational properties of powders
were analyzed by laser Raman (HORIBA) spectrometer. Brunauer-
Emmett-Teller (BET) nitrogen adsorption-desorption isotherms were
measured by an ASAP2460 (Micromeritics, American). X-ray photo-
electron spectroscopy (XPS) measurements were carried out in an
Escalab-250Xi X-ray photoelectron spectrometer microprobe with Al Ko
source (150 W). Synchrotron-based X-ray absorption near edge structure
(XANES) of Ni was collected in transmission mode at the SUT-
NANOTEC-SLRI XAS beamline BL5.2, SLRI, Thailand. The electron
paramagnetic resonance (EPR) spectroscopy at room temperature was
taken by A300—10/12 (Bruker, Germany). All the calculations are
performed within density functional theory as implemented in the
Vienna Ab Initio Simulation Package (VASP) [31]. The projector
augmented wave (PAW) method [32] was used to describe the inter-
action between electrons and cores, and the generalized gradient
approximation functional of Perdew, Burke and Ernzerhof [33] was used
to treat the exchange-correlation energy.

2.4. Fabrication and measurement of gas sensors

The ceramic substrates (1.5 x 1.5 x 0.25 mm?) with two heating
electrodes on the back and test electrodes on the front were used
(Fig. 1a, b). NiO based slurries (mixing powders with ethanol) were
coated on the ceramic substrate through a drop coating to form a sensing
layer (Fig. 1b). Typical thickness of the Nij_x.,Sc,LiyO printing layer is
about 9 pm (Fig. 1c). All the sensors were aged at 220 °C (4.5 V) for one
week before using. The gas sensor property tests were conducted in a
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Fig. 1. NiO based sensor. (a) Schematic image. (b) SEM top view. (c) SEM cross-sectional view of the sensing layer.

four-channel gas sensor measuring system (SD101, Huachuang Ruike
technology Wuhan Co. Ltd.). The working temperature was controlled
by adjusting voltage bias (Fig. S1). The gas responses (S = Rg/Rq; Ry,
resistance in gas; R,, resistance in air) to 100 ppm ethanol, acetone,
formaldehyde and H,S were measured at 50-300 °C. With the assistance
of the mass flow controller, the concentration of the target gas was
adjusted by diluting the standard gas with dry air, where the total flow
rate of the analytical gas and dry air was fixed at 1000 sccm.

3. Results and discussion
3.1. Characterization of sensing materials

As a starting structural basis for a variety of other nanostructures and
nanocomposites prepared in this work, self-assembled nanosheet-
flowers of p-Ni(OH); were synthesized. Conversion from (-Ni(OH), to
NiO could be simply realized by sintering at 500 °C, accompanied with a
slight size shrinking (Fig. S2). Morphological evolution of pure NiO and
Sc, Li and Sc, Li co-doped NiO samples prepared under the same con-
ditions was examined by SEM (Fig. 2a-d), a number of unique hierar-
chical flower-shape architectures with uniform size and good dispersity
can be observed. Such architectures consist of many well-arranged two-
dimensional thin nanosheets, and the nanosheets of nanoflowers are
pretty thin and smooth, which facilitate analyte adsorption and diffu-
sion. The averaged diameter of nano flowers decreases with Sc, Li ions
doping even sharing the similar morphologies, especially for Sc and Li
co-doped NiO (Fig. S3a-d). TEM (Fig. 2e) and HRTEM (Fig. 2f) were used
to further analyze the structural features of Nig 93Scq.02Lig.050
nanosheet-flower samples. The HRTEM image exhibits clear lattice
stripes with spacing of 0.239 nm, which corresponds to the (111) lattice
planes of NiO. The SAED pattern reveals that Sc and Li co-doped NiO
(inset of Fig. 2f) flowers adopt polycrystalline structure. The EDS anal-
ysis of Sc and Li co-doped NiO (Fig. S3e) confirms the presence of Ni, Sc
and O in the samples, while Li element is tough to be detected by EDS
due to quite low emitted X-ray energy (~ 55 eV). XPS (Fig. 2g-i) analysis
was performed to determine the compositions of Li, Sc and co-doped
NiO nanosheet-flowers, which are listed in Table 1. Fig. 2g shows the
high resolution scanning of Ni 2p3,, of pure, Sc, Li and Sc, Li co-doped
NiO nanosheet-flowers, respectively. It is found that the binding

energies of Ni 2p for these three doped NiO are higher than those of the
pure NiO. It is considered that there is an orbital or electronic interaction
between the extrinsic dopant and NiO matrix, because the electroneg-
ativity of Ni (y=1.91) is higher than that of Sc (y=1.36) and Li
(x = 0.98), which eventually increases the Fermi level of NiO [34,35]. In
addition, the estimated Ni’t/Ni?* ratios of the NiO, Nig9sSco 020,
Ni0.94Li0.060, Nio‘ggsCQozLio.()sO specimens are 1.0, 1.4, 1.1, and 1.8,
respectively. Li doping noticeably increases Ni®" cations, consisting
with previous report [29].

Crystal structure of pure, Sc, Li and Sc, Li co-doped NiO was exam-
ined by XRD (Fig. 3). All the diffraction peaks of all the samples can be
well indexed to the face-centered cubic NiO phase (JCPDS No. 78-0423),
excluding the possibility of any detectable secondary phases relevant to
either Sc or Li. As both Sc®* (74.5 pm) and Li* (76 pm) possess a larger
ionic radius than Ni%* (69 pm) at the same coordination number of 6, the
(substitutional) incorporation of Sc, Li causes the distortion (as well as
local deformation and strain [36]) of NiO lattice, which can be
confirmed by low angle shift of (220) peak (right side of Fig. 3) for Sc, Li
and co-doped NiO in comparison with pure NiO. The lattice parameters
of the emblematic samples were reckon from XRD and summarized in
Table 2. XRD results and XRD Rietveld refinement (Fig. S4) indicate that
the incorporation of Sc and Li into NiO nanosheet-flowers expands the
lattice constants, which suggests a dominant substitutional doping and
agrees well with the earlier reports [28,37]. The estimated average
crystallite size (Table 2) of NiO, Nig9gScp.020, Nig.g4Lip.06O and
Nig.93S¢.02Li0.050 calculated using the Scherrer formula from XRD data
is 14.8, 12.2, 17.5 and 10.3nm, respectively. Nigg4Lip0cO and
Nig.93Sco.02Li.050 exhibit a slightly increase of lattice parameters
compared to pure NiO, Meanwhile, we constructed slab model of
Nig.93S¢.02Lig.050 with 7 atomic layers as shown in Fig. S5. The intro-
duction of doping atoms distorted the NiO lattice. Li doping extents the
grain size due to longer Li-O bond length and Sc doping shrinks the grain
size (in Table S1), which consists with the experimental results. The
increase of the above values can be attributed to the increase of local
lattice strain caused by the increase of cation doping, thus extending the
lattice, which is in line with Raman spectroscopy (Fig. S6).
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Fig. 2. SEM images of (a) NiO, (b) Nig 9gSc.020, (¢) Nig.94Lig 060 and (d) Nig.93S¢o.02Li0.0sO nanosheet-flowers. (e) TEM image and (f) HRTEM image (the inset is

SAED data) of Nig 93S¢o.02Li0.050. XPS patterns of (g) Ni 2p, (h) Sc 2p and (i) Li 1s.

3.2. Gas-sensing characteristics

Fig. 4 presents the sensing characteristics of four kinds of sensors
(NiO, Nig.985¢0.020, Nig.94Li0.060 and Nig 93Sco.02Lio.0s0) probed by
ethanol molecules. Additional response curves of NiO doped with
different ratios of Sc and Li are shown in Fig. S7. Since electrical
response to VOCs arises from the charge interaction between surface
reactive oxygen (ROS) and adsorbed VOCs molecules taking place at the
surface active sites of the sensing material [38], appropriate thermal
energy is typically required to activate these reactions. Tiny responses to
100 ppm ethanol are observed at the low operating temperature
(Fig. 4a). The responses of all sensors increase rapidly with the increase
of operation temperature, and decrease slightly after reaching the
optimal operation temperature, exhibiting a volcanic correlation. This
should be ascribed to the equilibrium between the rate of chemical re-
action and the desorption of the gas [15]. The optimal operation

temperature of pure NiO, Nig9gSco 020 and Nigg4Lig 06O is around
150°C, while the optimal temperature of Nig 93Sco.02Lio.050 shifts to
around 200 °C. The responses of NiO, Nig 9gScg 020, Nig.94Lig 060 and
Nig.93S¢.02Lig.050 to 100 ppm ethanol at 200 °C are 1.1, 6.8, 1.1 and
118.4, respectively. Nig.93Sco.02Lip.0sO sensor displays the highest
response to 100 ppm ethanol and the value is about 105 times higher
than that of pure NiO, which can be clearly seen from the dynamic
sensing characteristics of four sensors to 10-500 ppm ethanol at the
optimal working temperature of 200°C (Fig. 4b). Nig.93Sco.02Lig.050
sensor possesses a high response of 8.71 for 1 ppm ethanol and low
detection limit of 10 ppb at 200 °C (Fig. 4c). The dynamic responses of
four sensors versus ethanol concentrations (Fig. 4d) can be well fitted by
the modified power law: y =1 + a x, where y is sensor response, X is
target gas concentration, a is proportional constant and b is an exponent
[39]. The proportional constant is related to gas sensitivity, while the
index is related to the type of pre-adsorbed ROS responsible for the
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Fig. 3. XRD patterns of the pure, Li, Sc and co-doped NiO nanosheet-flowers.
Table 2

Structural  parameters of NiO, NipggSco.020, Nig.o4Lin0sO and
Nig.935¢0.02Li0.050, and responses to 100 ppm ethanol at 200 °C.

Samples Lattice Averaged grain SeET Sensitivity (Rg
constant (A) size (nm) (m?%/g) / Ry)

NiO 4.1781 14.8 30.3 1.1

Nig.085€0.020 4.1780 12.2 56.5 6.8

Nig.04Lig.060 4.1787 17.5 43.5 11

Nig.935¢0.02Li0.0s0  4.1822 10.3 61.4 118.4

observed gas sensing behavior. Nig 93Scg.02Li0.050 sensor has the highest
proportional constant of 3.02, which is 173.4, 494.6 and 101.6 times
higher than those of pure NiO (0.02), Sc doped NiO (0.01) and Li-doped
NiO (0.03) ones, respectively, suggesting a higher surface reactivity.
Meanwhile, the response increases linearly with concentration, sug-
gesting that the active sites on the surface of Nigg3Sco p2Lig 050
nanosheet-flowers are not completely occupied, even when the con-
centration of ethanol is as high as 500 ppm [40].

Besides ethanol, acetone, formaldehyde and H,S vapors have also
been tested (Fig. 5). Despite slight variation of optimal operation tem-
perature, Nig.93Sco.02Lig 050 sensor shows a drastic response enhance-
ment for all tested vapors compared to the pure NiO. For instance, the
maximal response of Nig 93Scg g2Lig.0sO toward 100 ppm acetone at the
optimal operation temperature of 220 °C (Fig. 5a-c) is 41.6, which is 41
times higher than that of pure NiO. Fig. 5d-f indicate that
Nig.93Scp.02Lip.0s0 sensor exhibits superior formaldehyde response
characteristics at 220 °C. In addition, 51 times response enhancement to
HjS can be readily accomplished by Nig 93Sc g2Lig.050 sensor at 230 °C
(Fig. 5g-1). Sc and Li co-doping not only significantly improve the sensor
response, but also markedly improve the selectivity of ethanol at the
optimal operating temperature of 200 °C (Fig. 6a). Principal component
analysis (PCA) (Fig. 6b) indicates that four kind of tested molecules
could be well separated in the three-dimensional (3D) feature space.
Additional temperature dependent response data can be found in
Fig. S8.

Reproducibility and (long-term) stability are critical for practical
application of MOS sensors. We have monitored both short-term
reproducibility (Fig. 7a-b) and long-term stability (Fig. 7c) of four de-
vices. All sensors including Nig 93Sco.02Lip 050 sensor exhibit a good
sensing reproducibility (Fig. 7a-b). Nig 93Sco.02Lio.0sO sensor shows
negligible decrease of response within two months, and decreases from
110 to 81 after ~ 7 months, indicating relatively good long-term
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stability. Degradation of response may be due to the gradual recon-
struction of surface active sites on Nig 93Scg.g2Lio.050 surface, activated
by high temperature operation. Despite of that, the response of 81 is still
much higher than that of undoped NiO sensor. Additional response data
(Fig. S9) and relative humidity (RH) dependent ethanol responses
(Fig. S10) are shown in supplementary data. Responses of NiO and
Nig.93S¢.02Lig.050 sensor either decrease (at lower operation tempera-
ture, i.e. 200 °C) or increase (at higher operation temperature of 350 °C)
with the increase of RH. Increased occupation of surface active sites by
water molecules at high RH, suppressing the adsorption of ethanol
molecules [41,42], results in a decrease of response at low temperature.
At higher operation temperature, desorption of pre-adsorbed water
molecules is noticeably speeded up. Moreover, the remaining adsorbed
water molecules could react with surface O*  at higher temperature,
which will elevate the base resistance of NiO sensor via injecting elec-
trons to the conduction band of NiO [43,44] and contribute to the
enhancement of response. Maintaining high response in the ambient RH
environment at the optimal low operation temperature is another
interesting work beyond the scope of present work.

Table 3 summarizes critical parameters of NiO based sensors in the
literatures and present work. Present Sc-Li co-doped NiO sensor exhibits
a much higher response than most of (single cation) doped NiO based
sensors, and a comparable response to Fe doped NiO sensor synergisti-
cally tailored by both (Fe) doping. and (hollow sphere) morphology
control. And compared with other NiO series sensors, Sc-Li co-doped
NiO sensor has a lower detection limit (~ 10 ppb) for ethanol.

3.3. Enhancement mechanism

Clarifying the underlying response enhancement mechanism is crit-
ical for the rational design of novel ultra-sensitive p-type MOS sensors
with good long-term stability in future. Though we observe a decrease of
averaged flower size (from 4.2 pm to 2.1 pm, Fig. S3a and Fig. S3d),
grain size (from 14.8 nm to 10.3 nm, Table 2) and increase of BET sur-
face (from 30.3m?%/g to 61.4 m?/g, Table 2 and Fig. S 11) by Sc and Li
co-doping, slight variation of these factors may be hard to drastically
improve (2 orders) sensing performance of NiO sensor. Concerning the
raise of base resistance (R,) by Sc3* doping, previously regarded as the
main reason for response enhancement of Fe, W and Sn doped NiO
sensors [19,21,23], we could observe significant R, increase for
Nio_ggSCo_on and Nio.ggsCO_ozLi0_05O sensor (Fig. 513). As Li typically
acts as shallow acceptor for p-type NiO [55,56], increase of Li dopant in
2 at.% Sc doped NiO from 4 at.% to 6 at.% leads to a decrease of R,
(Fig. 8). Even Nig 94S¢ o2Lio.040 sensor exhibits the highest base resis-
tance, its response is less than that of Nigg3Scg g2Lig 05O counterpart.
Therefore, present response enhancement can not be simply attributed
to the resistance modulation.

It is well-known that VOCs response of the MOS sensor is mainly
dependent on the redox reaction of (adsorbed) reducing VOCs molecules
by surface ROS (i.e. O3 and O ™), which are prone to be formed at surface
unsaturated Vo defect sites, and could be activated by appropriate
heating process, based on the reaction Eqs. 1-4:

0,(gas)— 0, (ads) )
0,(ads) + e~ —0; (ads) @)
0; (ads) + e~ —20" (ads) 3
C,HsOH (ads) + 60" (ads)—2C0,(g) + 3H,0(g) + 6¢ 4

Surface Vg defects play a vital role for sensing and catalyst of MOS.
XPS analysis had been performed to analyze the chemical compositions
of oxygen, including lattice oxygen (O, at 529.5 4+ 0.5 eV), oxygen va-
cancy (Oy at 531.2+0.6eV), and chemisorbed oxygen (O¢ at
532.1 + 0.3 eV) [26] of all sensors (Fig. 9a). The ratios of Oy, Oy and O¢
for NiO, NiO'QSSCQ.QZO, Ni0.94Li0,060 and Nio_ggSCo_ozLio,osO are 5923328,
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Fig. 4. (a) Responses of all sensors to 100 ppm ethanol versus the operation temperature. (b) Successive response curves of all sensors to 10-500 ppm ethanol at
200°C. (c) Sub-ppm response and recovery curves to ethanol at 200 °C of NiO and Nig 93Sco.02Lio.0sO sensor. (d) Concentration dependent sensitivity curves of

all sensors.

55:36:9, 57:35:8 and 47:43:10, respectively. Obviously, Sc and Li
co-doping increases the Oy component. In line with XPS analysis, EPR
data (Fig. 9b) indicate that Sc and Li co-doped NiO sample shows the
strongest (symmetric) EPR paramagnetic center signal at g=2.003,
which can be assigned to singly ionized or trapped unpaired electrons in
Vo (Vo) [57]. Besides the sharp Vp signal, a much boarder resonance
signal with a high g value of ~ 5.8 is observed in doped NiO samples
(Fig. 9¢). Appearance of high g value resonance signal is regarded to
relate with interaction between magnetic polaron and surface V defects
[58]. High (boarder EPR signal) intensity of Sc and Li co-doped NiO
infers the high surface Vg defects.

Substitutional Sc®* (ionic radius of 0.745 A) and Li* (ionic radius of
0.76 A) co-dopant may lead to large amount of NiO lattice distortion
(ionic radius of Ni** 0.69 [o\), inferred by Raman (Fig. S6), Rietveld
refined XRD (Fig. S4) and X-ray absorption (XANES) and extended X-ray
absorption fine structures (EXAFS) spectra (Fig. S12). The release of
lattice distortion energy strengthened the generation of Vg, which can
be expressed as formula reaction Eq. 6:

1 0 .

502(8) +2Ni0 2o, / 0, +2Ni3, +20} (5)
X (1] —_ 1

0=V +2¢" +-0, (6)

2

In comparison with single cation doping [30], the addition of Li
cation can efficiently promote the performance of Sc doped NiO sensor
via multiple ways: i) The incorporation of Li" introduces excess holes
(Fig. S13). For the charge balance, these holes can be neutralized by the
neighboring Ni2+, resulting in an increase of Ni®* cations [29] (as
revealed by XPS fitting of Ni in Fig. 2). Ni®" cations possess good cata-
lytic oxidization properties [29] and thus contribute to the electrical
response. ii) It has been reported that Li dopant can weaken the binding
strength of surface oxygen [59], thus noticeably promotes the surface
redox reaction (4). i) Zhan et al. has reported that the alkali metal ions
can stabilize the metastable active sites [16], that is why the Sc and Li
co-doped NiO sensor exhibits excellent long-term stability (Fig. 7). iv)
Theoretic calculations of ethanol adsorption configuration on Sc and Li
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Fig. 6. (a) Response characteristics of all sensors to diverse vapors at fixed operation temperature of 200 °C. (b) PCA analysis of 4 kinds of vapors (colored online).

co-doped NiO surface (Fig. 10) indicate a preferential adsorption of
ethanol molecule on Li-O bond (2.164 A), other than Ni-O bond
(2.189A) in Fig. 10b. More negative adsorption energy on Li sites
(-1.044 eV) than Ni sites (-0.217 eV) suggests alkali Li dopants effi-
ciently promote the adsorption of analyte molecules. On the basis of the
aforementioned analysis, the introduction of Li and Sc dopant can offer
abundant (stabilized) reactive sites and trigger the surface reactivity of

NiO, and thus drastically improves the gas sensing performance of NiO
sensor.

Fig. 11 depicts the ethanol response mechanism for NiO nanosheet-
flowers based sensors. Upon exposure to air, oxygen ionosorption
(capturing free electrons from the valence band of NiO), results in a low
R, (HAL) and generation of ROS O*", O™ species for oxidizing adsorbed
ethanol molecules via reaction (4). The generated electrons were



J. Chang et al. Sensors and Actuators: B. Chemical 326 (2021) 128834

(a) (b)
—~120 TR 'y —~120
® ©
9:-.m‘IOO- f * 1 W r f %’100
X 8ol X g0
2 60 g 60
O J
% 40 8_ 40
® 20- \ 8 20
X o r 4 : :

0 2000 4000 6000 8000 0 2000 4000 4\ 6000
(c) Time (s) Time (s)
5:3100_0 @ 92 9 9 9 @ 9 0 @9 o 9 - = o' =
gcj Nig 9aSCp 0oL ig 050
D Al Nij 66SCq 0,0
2 0% o 2% %2490 45 %2 0 00 20 o _0'98 _0'02 o o @
8. Nig g4Lig 06O
w 8

NiO

DG:JO‘JSQ 98 3283 3 9 8 o090 38 8 ~ e o o

0 100 20 30 40 86 e 70 " 190 200 210

Time (day)
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Table 3

Sensing performance of various NiO-based sensors to VOCs between the current work and previously reported results.
Materials Target gas Temp. (°C) Conc. (ppm) Sr Tres/Trec () Stability (day) / decay (%) LOD (ppb) Ref.
Al-doped NiO nanorod-flowers ethanol 200 100 12.0 - - - [8]
Fe-doped NiO NWs ethanol 320 100 14.3 25/11 210/5.7 - [19]
In-doped NiO NFs methanol 300 200 10.9 273/ 26 30/ 20.2 - [22]
Sn-doped NiO NWs ethanol 340 100 15.6 19/ 24 210/5.1 - [23]
Au@NiO core-shell NPs ethanol 200 100 2.54 250 / 420 - 2000 [27]
B- and N-codoped graphene NiO NDs H,S 150 100 82 29/78 21/19 24 [28]
Fe-doped NiO microspheres triethylamine 160 10 12.8 83/73 - - [45]
W-doped NiO NTs xylene 375 200 8.7 178 /152 30/ ~2.7 - [21]
Sn-doped NiO NPs xylene 225 100 20.2 298 / 223 20/6.3 300 [20]
Ce-doped NiO NPs NO, 150 40 29.2 62 /595 - - [13]
Zn-doped NiO formaldehyde 200 1.4 ~150 540 /780 - 74 [24]
Cr-doped NiO xylene 325 50 88 144 / 50 30/1.0 5000 [46]
Sc-doped NiO acetone 245 100 109.4 62 /41 50/ 20 10 [30]
Pt/NiO thin film NHj3 300 1000 127.8 15/76 - 10 [47]

. glycol 110 100 10.35 15 /45 60 /6.3 78 -
CuO-NiO p-p NTs ethanol 110 100 2.42 21/38 - - (2]
NiO/SnO p-n heterojunctions ethanol 300 100 27.5 29/47 56 /1.1 50 [12]
NiO-Iny03 p-n NFs ethanol 300 100 78 86/ - 14 /- - [39]
NiO-RuO, NPs ethanol 350 2000 35.9 35/124 - ~5000 [48]
NiO/SnO, microcubes formaldehyde 240 100 27 5/15 - 130 [11]
NiO-TiO; NRs acetone 400 200 9.33 8 /480 - - [49]
NiO-WO3 NFs acetone 375 100 22.5 6/11 20/ ~0.2 - [50]
NiO-ZnO flower-like acetone 300 200 38.8 3/41 18 /- - [51]
NiO-Fe,03 NPs HaS 300 200 26.55 10 /20 - - [52]

. ethanol 400 50 6.7 60
NiO-ZnO NWs acetone 400 100 10 - - 80 (531
NiO-SnO, MFs formaldehyde 100 100 39.2 28 /115 30/ ~25 1000 [54]
Nig.935¢0.02Li0.0s0 ethanol 200 100 118.4 86 /31 213/ 30 10 This work
rejected into NiO, resulting in a decrease in the thickness of HAL, 4. Conclusion
thereby increase the sensor resistance. Sc and Li co-dopant introduces a
large number surface active sites (Oy defects and Ni+ cations), which In summary, we have demonstrated that Sc and Li co-dopant can
noticeably promote the adsorption and the subsequent redox reaction profoundly boost the performance of NiO sensor, including 2 orders
taking place at NiO surface. increase of response, a low detection limit of 10 ppb and 7 months
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Fig. 10. Adsorption state of ethanol molecule on Nig93Sco 02Lig 05O (100)
surface. (a) O atom of ethanol is attached to a Ni atom; (b) O atom of ethanol is
attached to a Li atom. The gray, red, green, purple, brown, and pink balls
represent Ni, O, Sc, Li, C, and H atoms, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

In air

Hole-accumulation layer

Sensors and Actuators: B. Chemical 326 (2021) 128834

stability (probed by ethanol molecules). Defect characterizations indi-
cate that the incorporation of aliovalent Sc®* and Li* cations with large
ionic radius, results in the deformation of NiO lattice and an increase of
surface active sites (unsaturated Vo defects and Ni3t cations). In
particularly, Li cations play an important role on generation of Ni**
cations, stabilize Vo defect and facilitate ethanol adsorption. This work
highlights the importance of co-doping on triggering surface reactivity
of MOS and offers valuable guidance for developing novel high-
performance (p-type) MOS type VOCs sensors.
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