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Metal oxides derived from metal-organic framework (MOF) have attracted considerable attention due to
its excellent performance and unique structure. Doping is considered as an effective method to improve
gas-sensing performance. However, nonmetal doped metal oxides derived from MOF as gas-sensing ma-
terials have not been reported. Within this work, N atoms were successfully doped into the lattice of
ZnO nanoparticles using ZIF-8 as a self-sacrificial template through a thermal treatment process with the

Keywords: assistant of urea. The obtained N-ZnO exhibited competitive ethanol-sensing performance, in which the
ZIF-8 response value of N-ZnO-5 to 100 ppm ethanol reached 115 at 190°C with a satisfactory selectivity. It
N-doped ZnO was found that the N-doping in ZnO facilitated the formation of oxygen vacancy that promoted the gen-
Gas sensor

eration of adsorbed oxygen species to achieve the enhanced gas-sensing performance. Besides, the larger

Oxygen vacancy specific surface area resulting from the size reduction during the urea-assisted pyrolysis process can also

Urea-assisted pyrolysis

be responsible for the improving of the ethanol-sensing performance.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The resistance-type gas sensor is considered to be an effec-
tive, portable and low-cost tool to realize the real-time detection
of toxic or dangerous gas. ZnO as a n-type semiconductor is one
of the most studied gas-sensing material due to its low-cost, non-
toxic, good response, easy regulatability of structure, etc. [1]. It
is reported that many strategies like morphology regulating, dop-
ing, noble metal modification, constructing heterojunctions and so
forth can be used to regulate the structure of ZnO to improve its
gas-sensing performance [2,3]. Among the modification strategies,
doping is considered as an effective method to optimize the elec-
tron structure of ZnO [4]. Nonmetal-doping has more obvious ad-
vantages like low-cost and environmentally friendly with respect
to metal-doping [5]. The introduction of nonmetal into ZnO caused
the lattice distortion, leading to the generation of more defects
and enhanced gas-sensing performance [5]. It was reported that
N-doping might reduce the band gap of ZnO [6], in which the elec-
tron can be more easily captured by molecular O, to form superfi-
cial reactive oxygen species for boosted gas-sensing activity. How-
ever, the effect of N-doping on the gas-sensing performance was
rarely reported [7].
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Metal-organic frameworks (MOFs), constructed from metal and
organic ligand, have received extensive attention in many fields
like catalysis, adsorption, sensing, due to their diverse frame-
works, abundant pore channels, tunable functional group and so
on [8]. The weak conductivity limits the application of MOF in
the resistance-type gas sensor. Adopting MOF as a self-sacrifice
template to construct porous gas sensor has become a hotspot
due to its unique structure [9]. ZIF-8, a typical zeolitic imidazolate
framework, is one of the most reported Zn-based MOF because of
its simple preparation method and unique structure. Ruan’s group
[10] prepared hollow ZnO nanocubes by annealing ZIF-8 at high
temperature, and the obtained ZnO exhibited a high response, fast
response and recovery rate, good selectivity and low detection
limit toward formaldehyde. Zhang et al. [11] reported that Ag mod-
ified ZnO derived from ZIF-8 showed enhanced ethanol sensing
properties. Li's group [12] synthesized indium doped ZnO porous
hollow cages by an encapsulation-calcination strategy using ZIF-8
as a template, which presented remarkably enhanced NO, sensing
performance due to its specific structure. Although a lot of ZnO-
based gas sensors derived from ZIF-8 have been fabricated, the N-
doped ZnO for gas-sensing has not been reported up to now.

Urea and melamine were always used to prepare N-doped
metal oxide. Our group [13] found that N can be introduced
into the TiO, lattice to form N-TiO, by annealing the mixture of
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Fig. 1. Schematic illustration of the experimental procedure.

melamine and MIL-125, a classical Ti-based MOF. However, this
strategy was always applied in photocatalysis, and not found to be
reported in the field of gas sensor. Inspired by our previous work
of N-TiO,, we are trying to prepare N-ZnO by annealing ZIF-8 with
the assistant of urea that provide N source, and to explore the ef-
fect of the N doping on the gas-sensing performance of ZnO.

N-ZnO was prepared by high-temperature pyrolysis using ZIF-8
as self-sacrificial template with the assistant of urea, as shown in
Fig. 1. Firstly, 0.3 g ZIF-8 and a certain amount of urea were well-
mixed in an agate mortar, then transferred into a porcelain boat
with a cover and put in a muffle furnace. After calcination at 550 °C
for 2h, N-ZnO-1 and N-ZnO-5 (‘1’ and ‘5’ represent the mass ratio
of urea to ZIF-8) were obtained. For comparison, N-ZnO-0 was pre-
pared by direct annealing ZIF-8 without addition of urea.

It can be observed from Fig. S1a (Supporting information) that
the XRD pattern of the as-prepared ZIF-8 matched well with the
simulated one, proving the successful preparation of ZIF-8. The
SEM and TEM observation showed that the obtained ZIF-8 exhib-
ited irregular particle with the size of 100-400 nm (Figs. S1b and ¢
in Supporting information). Fig. 2 presented that the N-ZnO-0, N-
Zn0-1 and N-ZnO-5 had similar XRD patterns, all diffraction peaks
can be well-indexed to ZnO, and no diffraction peak of any impu-
rity was observed. These results revealed that ZIF-8 was thoroughly
transformed into ZnO with high purity via pyrolysis, and no other
impurities were formed, which was similar to the reported liter-
atures [14,15]. The diffraction peaks of the N-ZnO-0 were sharp
and strong, while the peaks of the N-ZnO-1 and N-ZnO-5 were
widened with weaker intensities. It could be attributed to that
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Fig. 2. XRD patterns of the N-Zn0O-0, N-ZnO-1 and N-ZnO-5.

larger amount of N atoms were doped into the lattice of ZnO with
the assistant of urea, decreasing its degree of crystallinity [16].

Because the atomic radius of the N atom is larger than that of
the O atom, N-doping could induce the changes of the lattice pa-
rameters of the ZnO. Eq. 1 was employed to calculate the lattice
parameters (a-c) of the N-ZnO-0, N-ZnO-1 and N-ZnO-5, in which
d is the lattice spacing while h, k and [ are the Miller indices of the
diffraction plane. Besides, crystallite size (D) can be determined by
Debye-Scherrer Eq. 2, and the lattice strain (¢) that represents the
degree of the lattice distortion can be calculated by Eq. 3, in which
the ks, A, B and 6 were the Scherrer constant, X-ray wavelength,
full width at half maximum and diffraction angle, respectively. It is
observed from Table 1 that the lattice parameters and lattice strain
increased while crystallite size decreased with increasing the mass
ratio of urea to ZIF-8, which could be related to the increased N-
doping amount.

1 4 h?>+hk+k? 12

=3 e ta ()
D = ksA/Bcosd (2)
&g =f/4tan6 (3)

As shown in Fig. S1 and Fig. 3, the morphology and size of N-
Zn0-0 did not change obviously compared to the precursor ZIF-8,
while the N-ZnO-1 and N-ZnO-5 exhibited uniform spherical par-
ticles with a smaller size of 40 nm. When the mixture of ZIF-8 and
urea were heated, urea would be firstly decomposed to produce
large amounts of NH; and CO, gas, and subsequently the ZIF-8
was disintegrated into small N-ZnO nanoparticles under the ac-
tion of NH3 and air. Compared with N-ZnO-0, the smaller sizes of
N-ZnO-1 and N-ZnO-5 may be caused from the impact force by
the produced gas like CO, and NHj3 via urea pyrolysis at high tem-
perature. It is generally considered that the smaller particles favor
the increase of the specific surface area, exposing more active sites

Table 1
Structural parameters of the samples.
Samples Lattice parameter Lattice strain D (nm)
& (%)
a=b c
N-ZnO-0 3.2487 5.2068 0.160 0.74
N-ZnO-1 3.2488 5.2098 0.283 0.41
N-ZnO-5 3.2545 5.2098 0.325 0.36
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Fig. 3. (a-c) SEM and (d-f) TEM images of the (a, d) N-Zn0O-0, (b, e) N-ZnO-1 and
(c, f) N-ZnO-5.

which are significant to the improving of gas-sensing performance.
Therefore, it can be expected that the N-ZnO-1 and N-ZnO-5 would
possess better gas response than the N-ZnO-0.

N, adsorption-desorption isotherms and pore size distributions
were conducted to determine the texture of the N-ZnO, as shown
in Fig. S2 (Supporting information). The hysteresis loops in the N,
adsorption-desorption isotherms suggested the presence of meso-
pores [17,18], which facilitated the diffusion and adsorption of tar-
get gas as well as the improving of the gas-sensing performance.
The specific surface areas (S;) of the N-ZnO-0, N-ZnO-1 and N-
Zn0-5 were 16.3, 26.1 and 33.2 m?/g, respectively, implying that
the S, increased with the increasing of the ratio of urea to ZIF-8.

Doping could change the electronic characteristic of ZnO and
optimize the physical and chemical properties, further improving
its gas-sensing performance [19-21]. It was reported that N doping
led to the extended light absorption and reduced band gap [22-
24). To verify the successful doping of N into ZnO, UV-vis diffuse
reflectance spectra (UV-Vis DRS) were recorded. The band gap (Eg)
of the pure ZnO is reported as 3.37 eV, while the band gaps of the
N-ZnO-0, N-ZnO-1 and N-ZnO-5 were calculated as 3.17, 3.04 and
2.99eV (Figs. 4a and b), respectively. The narrowed band gap could
be ascribed to the N-doping because the introducing of N atoms
into ZnO would generate a new electron state located between the
valance band and conduction band. From the discussion above, it
can be reasonably speculated that the N-ZnO-5 had the largest N-
doping content, followed by the N-ZnO-1 and N-ZnO-0, revealing
that the N-doping amount increased with increasing the mass ratio
of the urea to ZIF-8.

To further determine whether N atoms were doped into the lat-
tice of ZnO and replace the lattice oxygen to form N-ZnO band,
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XPS spectra were performed. The extremely similar C 1s XPS spec-
tra (Fig. S3 in Supporting information) of the N-ZnO-0, N-ZnO-1
and N-ZnO-5 indicated that C3N4 could not be formed, which was
also affirmed by the XRD, TEM and SEM results. It can be observed
from Fig. 4c that the Zn 2p XPS spectra exhibited a typical bimodal
due to the contribution of the Zn 2py;; and Zn 2p;p,. The stan-
dard Zn 2p,j, XPS peak was centered at 1044.8 eV. In our case, the
Zn 2pq; XPS peak was located at 1044.7, 1044.5 and 1044.5eV for
N-Zn0-0, N-ZnO-1 and N-ZnO-5, respectively, revealing that the N
atoms could be introduced into the ZnO lattice. Considered that
the electronegativity of N atom is smaller than the O atom, the
replacement of lattice oxygen by N atoms resulted in the partial
electron transition from N to Zn, leading to the increased electron
density around Zn. Similar phenomenon was reported in other lit-
eratures. For example, Zhang’s group [25] prepared N-doped ZnO
by annealing ZIF-8, and found that the Zn 2p XPS peak shifted to
a lower binding energy compared to the commercial ZnO. In addi-
tion, Yu reported that a shift to a lower binding energy of Co 2p
XPS peak occurred in the N-doped Co30,4 compared to the pristine
Co304 [26]. In addition, the peaks of Zn 2p for the N-ZnO-1 and N-
Zn0-5 shifted slightly toward the lower binding energy compared
to the N-ZnO-0, indicating that more N atoms were doped into the
lattice of ZnO with the assistant of urea. N 1s XPS spectra (Fig. 4d)
showed that the N-ZnO-0 had limited N content as the peak can
not be obviously observed. There are obvious N 1s XPS peaks for
the N-ZnO-1 and N-ZnO-5, indicating that the N atoms can be eas-
ily doped into ZnO with the assistant of urea.

Reactive oxygen species on the surface of ZnO is deemed to
be crucial for the gas-sensing process. As shown in Fig. 4e, the
0 1s XPS can be fitted into two peaks, and the peak located at
530.4eV can be assigned to the lattice oxygen (OI) while the peak
at 531.6eV can be ascribed to the adsorbed oxygen (OII) [27,28].
N-ZnO-5 has the largest OIl amount, followed by the N-ZnO-1 and
N-ZnO-0 (Table S1 in Supporting information), which suggests that
the N-ZnO-5 would have the best gas-sensing performance. Oxy-
gen vacancy as an electron donor favors the generation of reactive
oxygen species [29,30], in which O, molecules in air would capture
the electron on the oxygen vacancy to form the adsorbed oxygen
species like 0,~, 02~ and O~. Therefore, EPR was performed to de-
termine the existence of oxygen vacancies in the N-ZnO. As shown
in Fig. 4f, the EPR signal at g-factor value of 2.003 can be assigned
to oxygen vacancy [31]. The amount of the oxygen vacancy in-
creased as increasing the mass ratio of urea to ZIF-8. These results
discussed above suggested that a large amount of oxygen vacancy
was generated originated from the N-doping, which was beneficial
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to the generation of reactive oxygen species for the enhanced gas-
sensing performance.

Ethanol was selected as the target gas to evaluate the gas-
sensing performance of the N-ZnO-0, N-ZnO-1 and N-ZnO-5. The
responses of the three samples toward 100 ppm ethanol at differ-
ent operating temperature were measured and the results were ex-
hibited in Fig. 5a. It can be observed that the responses for the
three samples firstly increased and then decreased with increasing
the operating temperature, and the optimal operating temperature
was 210°C for the N-ZnO-0 while 190°C for the N-ZnO-1 and N-
Zn0-5, revealing that the N-doping reduced the operating temper-
ature. When the operating temperature was low, ethanol cannot be
activated enough to react with reactive oxygen species, while the
target gas was difficult to be adsorbed on the surface of the N-
ZnO at high operating temperature, thus bringing about the lower
response in either situation [32]. The responses of the N-ZnO-0,
N-ZnO-1 and N-ZnO-5 were 60, 95 and 115, respectively, indicat-
ing that the gas-sensing performance was improved with increas-
ing the N-doping content. Larger amount of N-doping would in-
duce more oxygen vacancy and reactive oxygen species, resulting
in the improved gas response. Additionally, the larger S; as a re-
sult of the smaller particle size would also be responsible for the
better gas-sensing performance of the N-ZnO-1 and N-ZnO-5. The
as-prepared ZnO exhibited superior ethanol-sensing performance
compared to other reported ethanol-sensing materials (Table S2 in
Supporting inforamtion) [11,33-37].

Response and recovery time are important indicators to eval-
uate the gas-sensing materials. The response-recovery curves for
the N-ZnO-0, N-ZnO-1 and N-ZnO-5 toward 100 ppm ethanol were
measured, and the results were shown in Fig. S4 (Supporting in-
formation). It can be seen that the response time was about 10,
6 and 4s for the N-ZnO-0, N-ZnO-1 and N-ZnO-5, respectively. It
is a pity that the resistance cannot reach the original value even
after 20 min, which could be attributed to the strong affinity be-
tween the N-ZnO and the ethanol molecules. It was reported that
increasing the working temperature favors the desorption of the
target gas molecules from the surface of the gas-sensing materials
[38]. As shown in Fig. S4, the resistance increased gradually and
reached a constant value when the working temperature increased
to 260°C. Then, the resistance decreased to the original value once
the working temperature decreased to 190°C (optimal operation
temperature), indicating that the adsorbed ethanol molecules on
the surface of N-ZnO were completely desorbed at 260 °C.

Dynamic response curves (Fig. 5b) showed that the responses
for these three samples increased with increasing the ethanol con-
centration, and all the three samples exhibited outstanding re-
peatability toward various ethanol concentrations. It can be also
clearly seen from Fig. 5c that the response depended on the
ethanol concentrations, and the similar response toward 200 ppm
ethanol for the three cycles proved the good stability and repeata-
bility. There was a significant positive correlation between the re-
sponse and ethanol concentration (Fig. 5d) for all the N-ZnO. The
responses increased rapidly when the ethanol concentration was
lower than 25 ppm, then increased slowly when further raised the
ethanol concentration. The ethanol molecules were firstly adsorbed
on the surface of the N-ZnO, and subsequently reacted with the
superficial oxygen species. Ethanol with low concentration can be
easily adsorbed onto the surface of the N-ZnO until reached the
adsorption saturation. When the concentration further increased,
the ethanol molecules can not be completely adsorbed, leading to
the slower growth of the response [39].

It is reported that the relationship between the response and
gas concentration followed the empirical equation [40], as ex-
pressed by Eq. 4, in which the A is the prefactor, Cg is the con-
centration of target gas and B is the exponent on Cg. The value of
B determines the type of reactive oxygen species, and it is reported
that the B value of 0.5 represents that the superficial oxygen specie
is 02—, while 1 represents O~ [41]. The Eq. 4 can be rewritten as
Eq. 5. As shown in Fig. 5e, the log(Response — 1) was liner with the
logCg, and the slope B was 0.49, 0.60 and 0.53 for the N-ZnO-0, N-
Zn0-1 and N-ZnO-5, respectively, indicating that the reactive oxy-
gen specie for the three samples was 0%~. Selectivity of the sensing
material is an important factor especially in the actual application.
Fig. 5f showed that the selectivity of the N-ZnO was satisfied.

Response = 1 + AC," (4)

(5)

Oxygen molecules capture electrons from the conduction band
to form the electron depletion layer near the surface of the N-ZnO
(Fig. 6), meanwhile superficial reactive oxygen species like 0,7,
0~ and 0% were generated, resulting in the increase of the re-
sistance. In our case, 0%~ is the dominated reactive oxygen specie
at the optimal operating temperature, as demonstrated by the cal-
culated value of the slope B in Eq. 5. When ethanol was injected
in, the ethanol molecules were firstly adsorbed on the surface of

log(Response — 1)= logA + logC;
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Fig. 6. Schematic diagram of ethanol sensing process for the gas sensor based on
N-ZnO.

the N-ZnO, then reacted with the 02~ and released free electrons,
resulting in the decrease of the resistance. More N atoms doped
into ZnO induced larger lattice distort and more oxygen vacancy
that favors the adsorption, dissociation, ionization of the oxygen
molecules to produce more reactive oxygen species, boosting the
gas-sensing performance. N-ZnO-1 and N-ZnO-5 possessed a larger
amount of oxygen vacancy compared to the N-ZnO-0, as demon-
strated by EPR analysis, which provided more active sites for the
adsorption of oxygen molecules to form more chemisorbed oxy-
gen species, leading to the improved gas-sensing performance. Be-
sides, the larger S, originated from the smaller sizes of the N-ZnO-
1 and N-ZnO-5 can also be responsible for the improving of the
gas-sensing performance.

In conclusion, the N-doping amount was limited for the N-ZnO-
0 obtained by direct annealing ZIF-8 alone, while the urea-assisted
pyrolysis led to more N-doping for the N-ZnO-1 and N-ZnO-5. The
introduction of more N atoms into ZnO gave rise to the larger lat-
tice distortion and more oxygen vacancy, providing more active
sites for the generation of chemisorbed oxygen species, resulting in
the enhanced gas-sensing performance. We believe that the urea-
assisted MOF pyrolysis is an effective method to realize the de-
sign and construction of high-performance gas sensor based on N-
doped metal oxides.
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