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Abstract: ZnO nanostructures were synthesized by a combination of non-aqueous and aqueous sol-
gel techniques to obtain morphologically different ZnO nanostructures, nanorods, and nanopyramids,
featuring oxygen vacancies-rich exposed lattice faces and exhibiting different catalytic properties and
activity. In particular, ZnO nanorods with high surface area (36 m2/g) were obtained through a rapid,
scalable, and convenient procedure. The materials were tested for complete methane oxidation as
an important benchmark reaction that is sensitive to surface area and to the availability of oxygen
vacancies. Simple ZnO nanorods derived from nanosized quantum dots showed the best catalytic
performance that compared well to that of several literature-reported perovskites, mixed metal oxides,
and single-metal oxides in terms of T50 (576 ◦C) and T90 (659 ◦C) temperatures. Such a result was
attributed to their high surface-to-volume ratio enhancing the availability of catalytically active
sites such as oxygen vacancies whose abundance further increased following catalytic application
at high temperatures. The latter effect allowed us to maintain a nearly stable catalytic performance
with over 90% conversion for 12 h at 700 ◦C despite sintering. This research shows that ZnO-based
nanomaterials with a high surface area are viable alternatives to oxides of commonly applied (but of
potentially limited availability) transition metals (La, Mn, Co, Ni) for the complete combustion of
methane when working at moderate temperatures (600–700 ◦C).

Keywords: ZnO; nanorods; nanopyramids; clean methane combustion

1. Introduction

ZnO nanomaterials, in particular 1D structures, are extensively investigated for ap-
plications such as catalysis, and, in particular, photocatalysis [1–4], piezoelectric [5], an-
timicrobial [6], gas sensing [7], and optoelectronic applications such as LEDs [8], solar
cells [9,10], and photodetectors [11]. In catalysis, ZnO-based materials were employed in
systems used to promote the conversion of CO2 to methanol [12], methanol steam reform-
ing [13], biofuels synthesis [14], and, mainly, as photocatalysts for the photodegradation
of organic dyes and pollutants [15,16], water splitting for hydrogen production [17], and
other photo-promoted organic reactions [18]. The growing interest in ZnO-based materi-
als is clearly due to the fact that zinc is a bio-compatible ubiquitous [19], abundant, and
inexpensive metal that can be shaped in multiform morphologies [20,21]. Indeed, ZnO
can be crystallized at the micro- and nanoscopic levels in a large variety of micro- and
nanostructures that can be categorized as one-(1D), two-(2D), and three-dimensional (3D)
materials. Given its wurtzite hexagonal structure, ZnO crystal tends to grow along the
c-crystallographic axis giving rise to quasi-one-dimensional structures which are, by far,
the most common and include nanorods [22,23], nanoneedles [24], nanowires [25], nan-
otubes [26], nanoribbons [27], nanocombs [28], and other structures [29]. Among such
structures, nanometric ZnO nanorods (ZnO-NRs) can be obtained by convenient seeded-
growth strategies [15,22]. They possess high electron transportability [30], high sensitivity
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for sensing applications, [31] and higher thermal stability than ZnO nanoparticles [32]. It
is, therefore, of high interest to expand the portfolio of applications of ZnO-NRs while
improving their physico-chemical properties.

While many factors influence the catalytic activity of the active sites in ZnO materials
such as the type of exposed crystallographic face [33,34] and the abundance of surface
defects [35], it is obvious that the number of active sites is primarily strongly linked to the
surface area of the material [36,37]. Therefore, it is fundamental to develop convenient and
scalable methods to achieve ZnO-NRs with a satisfactory surface area. Lamentably, the
surface area of free-standing ZnO-NRs prepared for various applications is generally very
low and, very often, it does not exceed 10 m2/g or it is close to such a value [38–40]. Cases
where the surface area of ZnO-NRs approaches or slightly exceeds 20 m2/g are relatively
rare [41,42]. In a recent example, Chu, Cao et al. reported the synthesis of ZnO-NRs from
zinc acetate with a very high surface area (55 m2·g−1); however, the synthetic procedure
was quite lengthy (72 h) [43]. In the case of large-scale application of ZnO-NRs for catalytic
applications, it would be convenient to develop an expedient and rapid synthesis of
ZnO-NRs with a satisfactorily high surface area. In this work, we show that this can be
achieved by suitable hydrothermal growth methods involving the use of pre-synthesized
seeds that determine the final size of the nanorods.

As a test reaction for such ZnO-NRs, among a large variety of reactions catalyzed by
metal oxides, we studied the selective catalytic combustion of methane as a process sensi-
tive to the surface area [44–47] and other crucial surface features such as surface defects and
oxygen vacancies [48,49]. In particular, such a process is highly attractive from the environ-
mental standpoint as its implementation in place of the high-temperature flame-combustion
of methane, which is pivotal in energy generation and hydrocarbons flaring, would avoid
the formation of noxious gases such as CO and NOx [50,51]. It would selectively lead to the
formation of CO2, which has a lower greenhouse gas potential than methane [52] and can
be directly captured [53] and/or directly converted to chemicals [54–56] via increasingly
efficient technologies.

In the last decades, several inorganic compounds have been reported for the catalytic
combustion of methane. These include supported noble metals, perovskites, mixed metal
oxides, metal oxides, and hexaaluminates [51,57–59]. The noble metal-based catalysts (e.g.,
containing palladium [60,61], palladium-gold [62,63], platinum [64], and rhodium [65]) are
known for their low light-off temperatures and high catalytic activity for methane combus-
tion and are suitable for operation at low temperature (350–500 ◦C). Despite this advantage,
noble metals are rare, expensive, and prone to deactivation at high operating tempera-
tures. Indeed, some operations involving methane combustion, such as combustion in gas
turbines [57], are generally carried out at temperatures higher than 500 ◦C. Perovskites,
mixed metal oxides, and some metal oxides are noble-metal-free compounds able to cat-
alyze methane combustion at low to moderate temperatures [59]. Such systems include
LaMnO3 [66], La0.9Sr0.1MnO3 [67], LaCoO3 [44], La3Mn2O7 [68], tridimensional macro-
porous La0.6Sr0.4MnO3 [69], spinel-type oxides NiCo2O4 [48] and Ni0.5Co2.5O4 [70], and
mixed metal oxides such as Ce0.5Ni0.5O2 [71], manganese-cobalt oxides [72], Ce/Co3O4 [73],
and MnOx(0.13)–NiO [74]. Among single-metal oxides, manganese oxide has shown high
activity at low to moderate reaction temperatures [75,76]. Nevertheless, it should be taken
into account that metals such as nickel and cobalt are much more expensive than zinc
with a price per metric ton that is, respectively, seven and twenty times higher than zinc.
Additionally, cobalt is a critically endangered metal in terms of future supply [77]. At
the same time, reserves of high-quality manganese ores are extremely geographically re-
stricted [77,78], and, whereas the current price of manganese is just slightly higher than
zinc, its demand is expected to increase enormously for use in batteries [79,80]. Therefore, it
is worth investigating zinc as a ubiquitously available “workhorse” metal for applications
on a large scale such as methane combustion in gas turbines or industrial flaring.

Interestingly, there has been scarce attention towards ZnO application in methane
combustion although previous theoretical work has shown that methane can be activated on
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ZnO and react with dioxygen on such surfaces [81]. ZnO-NRs on monolith substrate have
been used as support for La0.8Sr0.2CoO3 in the thermocatalytic and solar-drive oxidation of
methane; however, to the best of our knowledge, the performance of the unfunctionalized
ZnO-NRs was not reported [82]. Interestingly, ZnO-NRs arrays were reported to be inactive
in propane combustion up to a temperature of 600 ◦C [83].

In this work, we investigated the catalytic activity towards the selective combustion
of methane of three nanostructured ZnO-based catalysts: ZnO-(Q)NRs (i.e., ZnO nanorods
grown by hydrothermal synthesis from ZnO quantum dot seeds (ZnO-QDs)), ZnO-(Py)NRs
(i.e., ZnO nanorods grown by hydrothermal synthesis from ZnO nanopyramids (ZnO-NPys))
and ZnO-NPys synthesized by non-hydrolytic sol-gel. Additionally, commercial ZnO was
studied as reference material. While ZnO-(Py)NRs and ZnO-NPys presented a higher
density of surface-active sites than ZnO-(Q)NRs, we show here that ZnO-(Q)NRs with
a high surface area could be obtained via a facile and rapid approach leading to a more
efficient material for the selective oxidation of methane than the other ZnO-nanomaterials.
For ZnO-(Q)NRs, the T50 and T90 temperatures (temperature required for the conversion
of 50% and 90% of methane in the feed, respectively) compared well to those of various
perovskite materials, and the catalytic performance did not change significantly after 12 h
time-on-stream (TOS).

2. Results

ZnO-NRs can be synthesized with precise control over the size (diameter) using
pre-synthesized nanoparticles to seed and direct the growth of the nanorods [22,84]. In
recent examples, we synthesized ZnO-NRs in 12 h using different amounts of zinc oxide
nanopyramid and nanoparticle seeds providing nanorods with different average lengths
(~1000 and ~200 nm, respectively) [15,22]. However, the effect of the precursor used
and of the synthetic parameters on the surface area of ZnO-NRs were not investigated.
In this work, given the importance of optimizing the latter parameter in heterogeneous
catalysis, two size tiers of ZnO-NRs were prepared using two different kinds of seeds (ZnO
quantum dots (QD) and nanopyramids (NPy)) by varying the growth time. According
to such an approach, we obtained ZnO-(Q)NRs with smaller diameter and length than
ZnO-(Py)NRs obtained from ZnO-NPys seeds. In particular ZnO-(Q)NRs synthesized
within just 1 h showed the smallest size and the highest surface area and pore volume.
The characterization of the synthesized materials was carried out by SEM for statistical
analysis of the images, XRD for morphological analysis, BET analysis for the determination
of the surface area, and H2 temperature programmed reduction (H2-TPR), O2 temperature
programmed desorption (O2-TPD), photoluminescence (PL), and X-Ray photoelectron
spectroscopy (XPS) for defects and vacancies characterization.

2.1. SEM Characterization

The SEM images of ZnO-NPys seeds are shown in Figure S1a. These seeds are
represented by nano-sized pyramids with hexagonal bases with an average base size of
about 100 nm and a height of about 70 nm. The TEM image of the ZnO-QDs is provided in
Figure S2a; the average size distribution of the QD was centered at 4.7 nm (Figure S2b). The
images in Figure 1 and the results in Table 1 show that a preparation time of 1 h led to the
formation of tiny ZnO-(Q)NRs with a length of 230 nm and a diameter of about 25 nm. For
the ZnO-(Q)NRs samples, the time of synthesis had a significant effect on size. An increase
in the preparation time over 1 h led to a significant increase in size (length and diameter)
in all cases (Table 1). Statistical distributions of the dimensions are illustrated in Figure
S3. Indeed, ZnO-(Q)NRs that were prepared with a time longer than 1 h had an average
length of at least 500–700 nm with bimodal (2 h) or even trimodal (12 h) distributions and
average diameters above 50 nm. Given the absence of residual ZnO-QD seeds even after
just 1 h in the ZnO-(Q)NRs sample (Figure 1a), the formation of larger ZnO-NRs under
longer preparation times could be attributed to the occurrence of Ostwald ripening leading
to larger nanostructures by consumption of smaller ZnO-NRs.
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Figure 1. SEM images of ZnO-(Q)NRs synthesized for (a) 1, (b) 2, (c) 6, and (d) 12 h.

Table 1. Dimensions of the ZnO-(Q)NRs in Figure 1 and ZnO-(Py)NRs in Figure 2.

Material Synthesis Time (h) Length (nm) Diameter (nm)

ZnO-(Q)NRs

1 230 ± 69 25 ± 1
2 574 ± 17, (825 ± 5) 65 ± 1
6 679 ± 33 58 ± 2

12 559 ± 3, (920 ± 6) a, (1192 ± 7) a 52 ± 2, (76 ± 1) a

ZnO-(Py)NRs 1 885 ± 11 98 ± 4
12 1106 ± 25 94 ± 3

a The values in brackets refer to minor components within multimodal distributions.

Figure 2. SEM images of ZnO-(Py)NRs synthesized for (a) 1 and (b) 12 h.

From Table 1, the ZnO-(Py)NRs (See SEM images in Figure 2) displayed similar sizes
in terms of length and diameter after growth for 1 h and 12 h. Size distributions are shown
in Figure S4. The SEM images in Figure 2 show that the NPy precursors were consumed
within the first hour of the synthesis. Therefore, also in this case, the small difference in size,
mainly in length, between the ZnO-(Py)NRs prepared in 1 h and in 12 h can be explained
in terms of ripening, which led to the higher energy surface such as

{
1010

}
to redissolve

in favor of a lower energy surface such as
{

0001
}

[85,86], resulting in the growth of the
crystal along the c-axis rather than in other crystallographic directions.

2.2. BET Characterization

The BET surface area values measured for the ZnO-(Q)NRs and ZnO-(Py)NRs samples
along with ZnO-NPys and commercial ZnO (ZnO-C), as reference materials, are shown in
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Table 2. As expected, the largest surface area was obtained for the sample with the smaller
size, i.e., the ZnO-(Q)NRs prepared in 1 h (36 m2/g). The surface area for the ZnO-(Q)NRs
prepared with longer times was always in the 15–17 m2/g range due to the presence of a
main length distribution around 560–700 nm and similar diameter (50–65 nm, Table 1), in
all cases. The ZnO-(Py)NRs had a smaller surface area, of just 6 m2/g, than all ZnO-(Q)NRs
due to the consistently larger average size (close to 1 µm in length and 100 nm in diameter,
Table 1) than all ZnO-(Q)NRs. This surface area was just slightly higher than for ZnO-C
without a well-defined morphology (5 m2/g). The ZnO-NPys displayed a surface area
of 14 m2/g. All materials displayed N2 sorption isotherms of type II (Figures S5 and S6)
relative to nonporous materials indicating that the low observed porosity was exclusively
due to the voids between the particles. Based on the higher surface area value, for the
remainder of this work we will focus on ZnO-(Q)NRs prepared in 1 h. For comparison,
ZnO-(Py)NRs prepared in 1 h will be considered. Finally, ZnO-NPys and ZnO-C will be
studied as reference materials.

Table 2. Effect of synthesis time on BET surface area.

Material Synthesis Time (h) BET Surface Area (m2/g) Pore Volume (cm3/g)

ZnO-(Q)NRs

1 36 0.47
2 15 0.089
6 17 0.12

12 17 0.14

ZnO-(Py)NRs 1 6 0.033
12 6 0.033

ZnO-NPys - 14 0.21

ZnO-C - 5 0.025

2.3. X-ray Diffraction Characterization

The powder XRD patterns of pristine ZnO-(Q)NRs, ZnO-(Py)NRs, ZnO-NPys, and the
commercial ZnO (ZnO-C) used as a reference are shown in Figure 3. Based on the powder
XRD patterns, all nanostructures possess well-defined wurtzite crystalline structures with
the three intense main peaks related to the (100), (002), and (101) reflections in evidence.
The sole difference observable among the four samples is the intensity ratio between
the quoted peaks which is due to the dimensionality and the preferential orientation of
the nanostructures. In particular, for ZnO-(Q)NRs and ZnO-(Py)NRs, one observes a
higher relative intensity of the (002) peak in comparison with (100) and (101) due to the
morphology of the nanorod developing along the c-axis, i.e., by the {0001} planes family.
This is particularly evident for the ZnO-(Q)NRs, whereas ZnO-(Py)NRs feature also an
intense (101) peak relative to lateral planes of the rod given their larger diameter. It is
also interesting to observe that, in the ZnO-(Q)NRs XRD pattern, the peaks of the (100)
and (101) reflections are wider than the (002) peak, which is not affected by the reduced
dimensionality, as expected, according to the Debye–Scherrer relation.

2.4. H2-TPR Characterization

The total combustion of methane generally follows a Mars–van Krevelen mecha-
nism [57,82] with the transfer of active oxygen species from the surface of the catalyst
to the substrate. The surface oxygen species are subsequently restored by the oxygen
molecules present in the feed. At lower temperatures, such active surface oxygen species
are represented by relatively weakly chemisorbed species adsorbed at the oxygen vacancies
of the metal oxide, while, at higher temperatures, the surface and bulk lattice oxygen may
also be involved in the process [87,88]. It is, therefore, attractive to investigate the H2-TPR
(TPR: temperature programmed reduction) of the materials applied in this study as a way
to estimate oxygen mobility [47].



Catalysts 2022, 12, 1533 6 of 28

Figure 3. XRD patterns of pristine ZnO-(Q)NRs, ZnO-(Py)NRs, ZnO-NPys, and ZnO-C.

While it should be noted that ZnO is generally a non-reducible oxide [89], as confirmed
by H2-TPR studies of several ZnO materials [90,91], reduction peaks in the 400–550 ◦C
temperature range were observed in some studies of ZnO and attributed to the release
of surface oxygen atoms, likely chemisorbed species, leading to the formation of oxygen
vacancies on the oxide surface [92,93]. The H2-TPR profiles in Figure 4 show, indeed,
the presence of weak reduction signals in the 450–600 ◦C range. The position of such
signals slightly changed from case to case as different morphologies present different
surface oxygen atoms on the lattice planes exposed. ZnO-NPys showed a higher volume of
hydrogen consumed, and the reduction signal was shifted at slightly lower temperatures
(450 ◦C) compared to the other materials in Figure 4. Such behavior could be attributed to
the higher surface energy of the lattice planes exposed

{
0001

}
(base) and

{
1011

}
(pyramid

faces) [94]. Therefore, ZnO-NPys showed a higher tendency to generate active oxygen
species under reductive conditions followed by ZnO-C but with a reduction signal shifted at
a much higher temperature (~600 ◦C) as observed elsewhere [95]. Both ZnO-NRs materials
showed a much lower reduction signal at 500 ◦C when compared to ZnO-NPys, showing a
lower propensity to generate oxygen vacancies under reductive conditions than the latter
material. Importantly, these data should be complemented by a study on the ability of the
ZnO-nanomaterials to interact with oxygen through preexisting vacancies, as discussed
below, by O2-TPD and XPS investigations. Finally, both kinds of ZnO-NRs, as well as
ZnO-NPys, showed a larger and broader reduction peak at high temperatures starting from
about 600 ◦C for the ZnO-NRs and 700 ◦C for ZnO-NPys, which may indicate the reduction
of zinc ions from the lattice of the materials [96]. Such signals are not observed for ZnO-C
in line with its reported non-reducibility. To note, such reduction peaks appear at higher
temperatures than observed for the inception of the methane combustion curves (vide infra),
indicating that such lattice oxygen is not, at least initially, involved in the oxidation process.

2.5. O2-TPD Characterization

The O2-temperature programmed desorption (O2-TPD) is a crucial way to investigate
the oxygen mobility of an oxide material and its ability to provide oxygen atoms for the
oxidation of methane. Additionally, it provides information on which kind of oxygen
atoms are involved in the oxidation process [88]. The O2-TPD profiles of the investigated
ZnO materials are provided in Figure 5a in the 100–600 ◦C range. To avoid the inter-
ference of the surface dihydroxylation typically occurring for metal oxides at elevated
temperatures [97], all materials were pretreated up to 550 ◦C under an inert atmosphere.
However, this treatment led to the decomposition of the ZnO-NPys that were, therefore,
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not included in this study. All materials in Figure 5a showed an O2 desorption signal
in the 300–500 ◦C range, albeit differing in intensity from case to case. For ZnO-(Q)NRs
and ZnO-(Py)NRs, the O2-TPD peak was clearly the result of the overlap of at least two
components; the first, occurring at 350–400 ◦C, is attributed to the desorption of weakly co-
ordinated superficial oxygen adsorbed on oxygen vacancies (Oads) [98]; the second (mostly
occurring in the 400–500 ◦C range) is attributed to mobile low-coordination superficial
lattice oxygen [99]. However, the O2-TPD signal of ZnO-C consists exclusively of surface
lattice species (400–450 ◦C range), likely indicating a less defective material. In general,
in catalytic studies on methane combustions, the oxygen desorbed below 500–600 ◦C, de-
pending on the kind of material, is indicated as α-O2, which is made of the contribution of
adsorbed oxygen on oxygen vacancies and mobile surface lattice. Such oxygen species are
responsible for methane conversion at low to moderate temperatures [49,88,100]. Indeed,
the onset of the methane light-curves in this study (vide infra) is found at 400 ◦C, which
is in line with the participation of the α-O2 species observed in Figure 5 in the reaction.
At temperatures above 600 ◦C, the bulk oxygen atoms of the materials lattice (Olatt) are
assumed to take part in the combustion process [101].

Figure 4. H2 Temperature-programmed reduction curves of pristine (a) ZnO-(Q)NRs, (b) ZnO-(Py)NRs,
(c) ZnO-NPys, and (d) ZnO-C.

Importantly, according to the O2-TPD profiles shown in Figure 5a, ZnO-(Q)NRs
carried the largest amount of α-O2, which is in line with its higher surface area compared
to the other materials. Nevertheless, the surface area-normalized volume of desorbed O2
(Figure 5b) shows that there is a higher density of active sites for oxygen desorption on
ZnO-(Py)NRs when compared to ZnO-(Q)NRs while ZnO-C showed the lowest density
of such catalytically relevant sites. These aspects are complemented by the PL and XPS
studies shown below.
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Figure 5. (a) O2-TPD profiles for as-synthesized ZnO-(Q)NRs, ZnO-(Py)NRs, and ZnO-C. (b) Surface
area-normalized volume of desorbed O2.

2.6. Photoluminescence Spectroscopy Characterization

Photoluminescence spectroscopy (PL) of semiconductor nanostructures is a widely used
technique to probe the amount and the kind of defects present in the materials [15,102,103].
As recommended by Brik et al. in a recent editorial, the deconvolution of the spectral
components has been carried out in the energy domain [104]. Besides a sharp emission
band at 3.2–3.3 eV relative to the direct band gap transition (near band edge UV emission),
the PL spectra of ZnO nanomaterials are characterized by a more complex emission in the
1.5–2.8 eV nm region relative to the amount and type of defects present in the nanostruc-
ture [105,106]. In general, a green emission is attributed to single-charged oxygen vacancies,
a yellow emission to double-charged oxygen vacancies, and an orange-red emission to
excess oxygen on the surface defects (Oads) and/or zinc vacancies [15,102,105,106]. All
these defects can be conductive to enhancing the catalytic performance of the metal oxides
in methane oxidation: single- and double-charged vacancies can bind oxygen in the form of
superoxide [107,108], which is an active species in methane oxidation [88], while the Oads
component represents a variety of oxygen species already adsorbed on oxygen vacancies,
including the superoxide [109,110], that play a crucial role in methane oxidation [74,111].

The PL spectra of the as-synthesized catalytic materials and ZnO-C are shown in
Figure 6a–d. The PL spectra of the ZnO-NRs materials (ZnO-(Q)NRs and ZnO-(Py)NRs)
are dominated by the defects-related emission bands that are constituted by the three
components described above (Figure 6a,b). It is necessary to stress that the accuracy
of the deconvolution at high wavelengths is partially affected by the detector cutoff at
1.5 eV; however, it can still usefully serve in the qualitative analysis of defects in ZnO
nanostructures. For ZnO-(Q)NRs, the main component of the defects-related emission was
represented by a peak at 1.74 eV (712 nm) relative to Oads, indicating the availability of
abundant surface species for methane oxidation. For ZnO-(Py)NRs, presenting the most
intense defect-related emission of all samples, the main component in the defect-related
emission was represented by the band at 2.02 eV (614 nm) relative to double-charged
oxygen vacancies while the component relative to Oads was lower in intensity. When
compared to the ZnO-NRs materials, the PL spectra of ZnO-NPys and ZnO-C showed a
much lower intensity of the defect-related emission relative to near-band edge transition at
3.2–3.3 eV. For ZnO-NPys, the main component relative to Oads centered at 1.82 eV (683 nm)
was blue-shifted compared to the previously described ZnO-NRs materials (Figure 6c).
The PL spectrum of ZnO-C was very different from the other materials since it was mainly
centered in the green region of single-charged oxygen vacancies at 2.41 eV (514 nm) and
also featured other weaker components (Figure 6d). Apart from the obvious structural
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differences, the PL spectra show that the ZnO-NRs-based materials (ZnO-(Q)NRs and
ZnO-(Py)NRs) displayed a much more defective structure than ZnO-NPys and ZnO-C with
abundant Oads and double-charged oxygen vacancies that can enhance methane oxidation
as previously discussed.

Figure 6. Photoluminescence spectra of pristine (a) ZnO-(Q)NRs, (b) ZnO-(Py)NRs, (c) ZnO-NPys,
and (d) ZnO-C. Excitation wavelength: 300 nm.

2.7. XPS Investigation

XPS spectroscopy was used to investigate the surface features of ZnO-(Q)NRs, ZnO-
(Py)NRs, ZnO-NPys, and ZnO-C. The XPS spectra of pristine ZnO-(Q)NRs, ZnO-(Py)NRs,
ZnO-NPys, and ZnO-C samples are shown in Figure 7 for the multicomponent O 1s peak
and the Zn 2p peaks, with the latter split by the spin–orbit interaction into 2p3/2 and 2p1/2
signals. The chemical shifts of each O1s and Zn 2p synthetic component are reported in
Table S1. For Zn 2p, the Zn 2p3/2 and Zn 2p1/2 peaks were detected for all samples at
about 1021.6–1022.0 eV and at about 1044.7–1045.1 eV, respectively, with a typical sepa-
ration of 23.1 eV attributed to Zn2+ ions [15]. For O 1s, three spectral components are
identified and denoted as OI, OII, and OIII. The OI component (generally observed at
530.0–530.5 eV) is attributed to bulk lattice oxygen atoms. The OII component (generally
observed at 531.5–531.9 eV) is attributed to oxygen atoms in an oxygen-vacant environment
while OIII (generally observed at 532.5–533.4 eV) is attributed to surface –OH groups and
adsorbed oxygen species [15,112]. In several studies on total methane combustion, the ratio
between Oads, as identified by XPS, and OI (O 1s component relative to lattice oxygen)
has been used as a proxy for catalytic activity as this parameter provides information on
the availability of adsorbed oxygen species, such as superoxide, which serve in methane
activation [45,113,114]. For those studies, however, no O 1s component relative to oxy-
gen vacancies, which generally is an important component of O 1s in metal oxides [37],
was deconvoluted.

In our case, it is worth considering both components OII and OIII as the former refers
to oxygen vacancies that are available, during reaction, for the formation of superoxide
from molecular oxygen [48], while the latter provides an estimation of the amount of
Oads on the catalyst surface. Therefore, the weights of the OI, OII, and OIII components
relative to total oxygen (Otot = ΣON, N = I–III) are displayed in Table 3. It is possible to
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observe that nearly all samples (ZnO-(Q)NRs, ZnO-NPys, and ZnO-C) presented very
similar proportions of each component as indicated by the nearly identical O 1s spectra in
Figure 7. As a consequence, such materials also presented similar combined abundances of
(OII + OIII) species as a fraction of the total. However, for ZnO-(Py)NRs, a higher proportion
of oxygen vacancies was identified compared to the other samples (Table 3) due to the
intense OII component in Figure 7c. This result is in agreement with the PL spectra in
Figure 6 showing a very strong component relative to (double-charged) oxygen vacancies
for ZnO-(Py)NRs (Figure 6b). On the other hand, differently from what was observed from
PL (Figure 6a), ZnO-(Q)NRs showed a ratio of vacancies to total oxygen similar to that of
ZnO-C and ZnO-NPys. However, the two different techniques (PL and XPS) may not be
directly comparable as they differ in the degree of penetration in the sample.

Figure 7. High-resolution XPS spectra of pristine (a,b) ZnO-(Q)NRs, (c,d) ZnO-(Py)NRs, (e,f) ZnO-
NPys and (g,h) ZnO-C samples in the O 1s and background-subtracted Zn 2p spectral regions.

2.8. Morphological Characterization of Spent Catalysts

A series of post-reaction investigations were carried out for the spent catalysts in order
to study the effect of the reaction temperature on morphology. For the sake of providing
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a concise overview, only the images for the catalyst with the lowest T50 and T90 values,
ZnO-(Q)NRs (vide infra for catalytic results), are given in this section, whereas the images
relative to the other materials are given in the Supporting Information.

Table 3. Intensity ratios of normalized O 1s components relative to the total oxygen area (Otot).

Catalyst OIII/Otot OII/Otot OI/Otot (OIII+OII)/Otot

ZnO-(Q)NRs 0.10 0.33 0.57 0.43
ZnO-(Py)NRs 0.15 0.45 0.40 0.60

ZnO-NPys 0.08 0.34 0.58 0.42
ZnO-C 0.10 0.33 0.57 0.43

SEM images of the ZnO-(Q)NRs sample retrieved after the prolonged exposure (12 h)
to the reaction conditions in time-on-stream (TOS) experiments are given in Figure 8.
The sample used at 500 ◦C showed an alteration of the morphology of the surface of the
nanorods, appearing as a smoothing of the edges of the hexagonal pencil-like shape of the
pristine particles (Figure 8b). This effect increased by increasing the temperature leading to
partially sintered NRs at 600 ◦C (Figure 8c). A massive melting was observed at 700 ◦C,
with the formation of larger structures from the initial NRs (Figure 8d). Sintering could
also be observed for ZnO-NPys (Figure S1) and for ZnO-C (Figure S7, sample retrieved
after light-off investigation in the 400–700 ◦C range). In the case of ZnO-NPys, the melting
and sintering were apparent already at 500 ◦C, and there was no strong difference between
the samples retrieved after TOS reaction at 500 or 700 ◦C. This strong thermal degradation
took place because of the quasi-0D morphology of ZnO-NPys that favors the sintering
of the nanostructures. The occurrence of sintering was less evident for ZnO-(Py)NRs
(Figure S8), and the high temperatures did not cause any strong change in the ZnO-(Py)NRs
morphology. In this case, the large size and the possibility to arrange in entangled networks
made the ZnO-(Py)NRs much more resistant to high temperatures than the other materials.

Figure 8. SEM images of ZnO-(Q)NRs (a) pristine and after use in time on stream (TOS) reactions at
(b) 500 ◦C, (c) 600 ◦C, and (d) 700 ◦C.

The thermal treatment did not lead to large changes in the XRD patterns for ZnO-(Q)NRs
except for the presence of traces of SiO2, which was used as a diluent in the reactor
and could not be removed completely by sieving (Figure 9). Additionally, for the other
ZnO nanostructures, the bulk structure, which gives the largest contribution to the XRD
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diffraction, remained basically unchanged after the thermal exposure (Figures S9–S11).
Nevertheless, for ZnO-(Q)NRs, an evident change in the relative intensities of the (100),
(002) and (101) diffraction peaks can be noted with the intensity of the (002) diffraction
peak decreasing relatively to the (100) and (101) peaks after use. This is due to a shortening
of the NRs after their use due to sintering as observed by SEM. The same effect was not
observed for ZnO-(Py)NRs due to limited sintering.

Figure 9. XRD patterns of ZnO-(Q)NRs (a) pristine and after use from 400 ◦C to 700 ◦C temperature
range (TP), (b) pristine and after use at 500 ◦C, 600 ◦C, and 700 ◦C in time on stream (TOS) reactions.
The diffraction signal of the traces of quartz silica used as a dilutant is labeled with (*).

The variation of surface area of the ZnO-(Q)NRs after use in the 400–700 ◦C tempera-
ture range for the light-off curve by temperature program (TP) and the TOS reactions at
various temperatures is reported in Figure 10 along with the variation of the surface area of
the other ZnO-nanomaterials after temperature program investigation. It is evident that
treatment at high temperatures led to a progressive sintering of the nanostructures used
in this work, which is observed for all materials as confirmed by the SEM investigation.
While for ZnO-(Q)NRs, the reduction of surface area after use in the light-off study is
proportionally larger than for other materials such as ZnO-(Py)NRs and ZnO-C, it still
retained a surface area similar to that of pristine ZnO-NPys. The sample retrieved after
TOS reaction for 12 h at 500 ◦C showed a surface area of about 12 m2·g−1, similar to that
observed after the light-off investigation. Increasing the temperature of the TOS reaction
led to a further reduction of surface area after 12 h, which was just about 5 m2·g−1 after
12 h at 700 ◦C. At such temperatures, extending the treatment to 48 h resulted in only a
small further reduction of surface area to about 5 m2·g−1 (Exact values for all samples are
detailed in Table S2).

2.9. Catalytic Methane Combustion

All ZnO catalysts (ZnO-(Q)NRs, ZnO-(Py)NRs, ZnO-NPys, and ZnO-C) were tested
for the combustion reaction of methane utilizing a gas mixture comprising 1% CH4 and
99% synthetic air with a total flow rate of 100 mL/min and gas hourly space velocity
(GHSV) of 30,000 mL·gcat

−1·h−1. All reactions generally afforded CO2 selectively, and
CO was observed only in trace amounts. An initial investigation of catalytic activity was
carried out in the 400 ◦C to 700 ◦C temperature range with an increment of 50 ◦C (See
light-off curves in Figure S12). The contribution to the methane conversion by the solid
dilutant SiO2 was excluded by running a blank reaction by filling the reactor only with
SiO2, virtually resulting in insignificant conversion, as shown in Figure S13. As expected on
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the basis of the higher surface area, the most active catalyst was found to be ZnO-(Q)NRs,
featuring the highest conversion at 650 ◦C and the lowest T50 (576 ◦C ) and T90 (659 ◦C)
temperature values (Table 4). Additionally, ZnO-(Q)NRs led to the virtually complete
combustion of methane at 700 ◦C with about 97 % conversion. Commercially available
zinc oxide (ZnO-C) did not reach full methane conversion below 700 ◦C. Considering the
methane conversion at 650 ◦C as a parameter, the activity of the catalysts decreased in the
order ZnO-(Q)NRs > ZnO-(Py)NRs ~ ZnO-NPys >> ZnO-C.

Figure 10. Variation of the surface area of ZnO catalysts at pristine, after temperature program (TP)
from 400 ◦C to 700 ◦C, and after time on stream (TOS) reactions at 500 ◦C, 600 ◦C, and 700 ◦C.

Table 4. T50, T90 temperature values and conversion at 650 ◦C for the ZnO-based nanomaterials.

Catalyst T50
(◦C)

T90
(◦C)

Conv. (%)
(at 650 ◦C)

Surface Area
(m2·g−1)

ZnO-(Q)NRs 576 659 88 36
ZnO-(Py)NRs 609 689 74 6

ZnO-NPys 615 696 71 14
ZnO-C 665 - 41 5

Given the tendency of the ZnO-nanomaterials to sinter as discussed above, the sta-
bility of the catalytic performance at high temperatures was studied by carrying out time
on-stream reactions (TOS) at 500 ◦C, 600 ◦C, and 700 ◦C for 12 h using the three most
active catalysts, ZnO-(Q)NRs, ZnO-(Py)NRs, and ZnO-NPys (See plots in Figure 11 for
ZnO-(Q)NRs and Figures S14 and S15 for ZnO-(Py)NRs and ZnO-NPys, respectively). To
note, such kind of investigation is relatively seldom carried out for methane combustion
catalysts [115,116].

At 500 ◦C (Figure 11a), the conversion of methane of ZnO-(Q)NRs remained basically
stable at 12 % over a period of 12 h. At 600 ◦C (Figure 11b), there was a slight decline of
conversion from 63 % to 54 % over six hours followed by a less evident linear decline to
51% at the twelfth hour. The highest conversion of 99% was afforded at 700 ◦C (Figure 11c),
which only marginally decreased to 92 % after 12 h on stream, showing a relatively high
stability of the catalytic performance (Figure 11d).

The TOS reactions over ZnO-(Py)NRs and ZnO-NPys showed a similar trend of
methane conversion compared to ZnO-(Q)NRs, albeit with lower catalytic activity. The
results are presented in Figures S14 and S15, respectively. ZnO-(Py)NRs afforded a high
initial methane conversion of 97% at 700 ◦C, while at the same temperature, ZnO-NPys
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afforded 87 % conversion. Over 12 h, the conversion of methane declined to 78 % for both
catalysts. Overall, among the three catalysts, ZnO-(Py)NRs showed the most significant
decrease in conversion after 12 h TOS reaction at 700 ◦C (20%) followed by ZnO-NPys
(10%) and finally ZnO-(Q)NRs (7.6%).

Figure 11. Time-on-stream (TOS) methane conversion (black) and CO and CO2 selectivity (red) of
methane combustion reactions catalyzed by ZnO-(Q)NRs at (a) 500 ◦C, (b) 600 ◦C, (c) 700 ◦C, and (d) a
comparison of methane conversion at the three temperatures with the conversion values observed
after 12 h shown as labels.

Based on the observed catalytic performances, the intrinsic activity and apparent
activation energies (Ea) of the main ZnO-based catalysts were determined. Given the
significantly different surface areas of the ZnO-nanomaterials in this study, the apparent
reaction rates of methane combustion were normalized by the surface area to obtain surface-
normalized reaction rates (rapp) in order to evaluate the intrinsic catalytic activity of the
materials [88]. The rapp versus reaction temperature plot (Figure 12a) shows that the
intrinsic catalytic activity followed the order ZnO-(Py)NRs > ZnO-NPys > ZnO-(Q)NRs,
indicating that, despite a lower surface area, the first two materials displayed a higher
density of active sites (oxygen vacancies or reducible oxygen species) than ZnO-(Q)NRs.
Indeed, for ZnO-(Py)NRs, the higher intrinsic activity than ZnO-(Q)NRs and ZnO-NPys
is justified by the higher abundance of oxygen vacancies based on O2-TPD, PL, and XPS
investigation (Figures 5–7). For ZnO-NPys, while displaying an identical proportion
of oxygen vacancies to ZnO-(Q)NRs (Table 3), the H2-TPR study in Figure 4 shows the
presence of a larger amount of active oxygen species and a higher lattice oxygen mobility
compared to ZnO-(Q)NRs based on the significantly higher hydrogen consumption and
the lower reduction temperature. While both factors (reducibility and number of oxygen
vacancies) are crucial for enhancing the catalytic performance in methane combustion [49],
the larger amount of oxygen vacancies in ZnO-(Py)NRs seems to have a stronger effect than
the higher reducibility of ZnO-NPys, resulting in a higher intrinsic activity for the former.
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Figure 12. (a) Surface area-normalized apparent reaction rates (rapp) for ZnO-nanomaterials deter-
mined at various temperatures and (b) Arrhenius plot based on rapp values showing the calculated
activation energies (Ea) of ZnO-based catalysts.

The apparent activation energy (Ea, Figure 12b) was evaluated by plotting ln(rapp)
versus the reciprocal temperature 1000/T (K−1) and by calculating the angular coefficient,
Ea. Among the three catalysts, ZnO-(Q)NRs featured the lowest Ea value (79 kJ/mol)
followed by ZnO-NPys (Ea = 83 kJ/mol) and ZnO-(Py)NRs (Ea = 91 kJ/mol). Nevertheless,
the differences between the different materials were small, and all Ea values were found
within the 85 ± 6 kJ/mol range. This observation indicates that all catalysts promoted the
combustion of methane by a similar mechanism (i.e., by formation of active oxygen species
at oxygen vacancies) and the main difference between the catalysts was likely to be found
in the number of active sites due to the different surface area available for reaction. Such
an effect was earlier observed also by Pecchi et al. in the LaFeO3-catalyzed combustion of
methane [117].

A comparative overview of the catalytic performance of ZnO-(Q)NRs with a selection
of literature-reported catalysts such as perovskites, mixed metal oxides, and single-metal
oxides is given in Table 5. Because variations of space velocity lead to significant changes
in methane conversions [115], generally, only catalysts applied under similar conditions
to ZnO-(Q)NRs (GHSV: 25,000–40,000) are considered. Comparison of the T50 and T90
temperatures for ZnO-(Q)NRs and perovskite-based catalysts (Table 5, entries 1–7) shows
that the zinc-based system is a competitive alternative to the use of perovskites based on
metals such as lanthanum, cobalt, and manganese.

Table 5. Comparison of catalytic performances between ZnO-(Q)NRs and literature-reported catalysts.

Entry Catalyst [CH4]
(vol%)

GHSV
(mL·gcat

–1·h–1)
T50
(◦C)

T90
(◦C) Ref.

1 La0.7Sr0.3FeO3 4.35 26,700 580 - [87]
2 La0.6Sr0.4MnO3 2 30,000 566 661 [118]
3 ZnO/La0.8Sr0.2CoO3 1 40,000 568 ~650 [82]
4 3DOM a La0.6Sr0.4MnO3 2 30,000 566 661 [119]
5 La0.7Ce0.3CoO3 2 30,000 564 662 [45]
6 CaMn0.6Ti0.4O3 3 30,000 585 - [120]
7 ZnO-(Q)NRs 1 30,000 576 659 This work
8 CeO2

b 1 30,000 632 - [121]
9 α-Fe2O3 nanotubes 2 25,500 610 750 [122]
10 ZrO2 nanobelts 2 25,000 650 700 [123]
11 3D-hm La0.6Sr0.4MnO3

c 5 51,360 360 438 [69]
12 Co0.95Zr0.05Cr2O4 0.2 36,000 376 448 [124]
13 Co/Mn oxide (5:1) d 1 36,000 293 324 [72]

a 3DOM: three-dimensionally ordered macroporous structure. b Sample with 15.7 m2·g−1. c Disassembled
mesostructured La0.6Sr0.4MnO3 perovskite. d Mixed cobalt-manganese oxide prepared by coprecipitation.
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Moreover, ZnO-(Q)NRs compare very well to other single-metal oxides of ceria, iron,
and zirconia (Table 5, entries 7–10). Finally, the catalytic performance of ZnO-(Q)NRs and
all catalysts in entries 1–10 in general is significantly lower than that reported for highly
active materials such as 3D-hm La0.6Sr0.4MnO3 (Table 5, entry 11) and cobalt-based mixed-
metal oxides (Table 5, entries 12–13). Nevertheless, it is worth noting that the preparation of
3D-hm La0.6Sr0.4MnO3 requires templating by large amounts of poly(methyl methacrylate),
which might not be feasible on a large scale while the much higher cost of cobalt compared
to zinc should also be taken into account. Additionally, according to a survey of catalytic
performances in methane combustions [58], ZnO-(Q)NRs compare well to hexaaluminate
catalysts, for which T90 values well above 700 ◦C are often encountered.

3. PL and XPS Investigation of Spent ZnO-(Q)NRs

To gain a deeper understanding of the good stability of the catalytic performance of
ZnO-(Q)NRs in the TOS experiment despite aggregation, the PL spectrum of ZnO-(Q)NRs,
retrieved after the TOS reaction at 700 ◦C, was investigated to explore potential modifica-
tions in the number and type of defect sites. Comparison of the PL spectra in Figure 13a
(as-synthesized ZnO-(Q)NRs) and Figure 13b (ZnO-(Q)NRs after TOS reaction at 700 ◦C)
shows an increase in intensity of the peak at 2.02 eV relative to double-charged oxygen
vacancies compared to that attributed to Oads centered at 1.71 eV for used ZnO-(Q)NRs and
at 1.74 eV for pristine ZnO-(Q)NRs. Despite a strong decrease in surface area compared
to the fresh catalyst, the increase in the relative amount of oxygen vacancies in the used
ZnO-(Q)NRs may be beneficial to catalytic activity by offering more active sides for the acti-
vation of oxygen. Further investigation of this aspect was carried out by XPS spectroscopy
(See below).

XPS spectroscopy (Figure 14) was employed to investigate changes in the O 1s compo-
nents of the spent ZnO-(Q)NRs catalysts (after light-off investigation and after TOS reaction
in the 500–700 ◦C temperature range) compared to the pristine materials (Figure 7a). In all
cases, the O 1s region could be deconvoluted using the same three components OI-OIII as
the pristine material but with an observed increase in the OII and OIII peaks intensities to
the detriment of OI, indicating an increased number of defects in the lattice and of adsorbed
oxygen species. No significant binding energy change was observed for these components
(Table S1) or for the position of the Zn 2p peaks of all materials shown in Figure 14. The
variation of the relative intensities of the O 1s components after use of the ZnO-(Q)NRs
under different conditions and temperatures is graphically shown in Figure 15. In all cases,
under reaction conditions, the relative intensity of the OI component decreased strongly
along with a remarkable increase in the OII and/or OIII components relative to oxygen
vacancies and Oads, respectively. Focusing on the TOS reaction at 700 ◦C, by extending
the reaction time from 12 h to 48 h (See Figure S16a,b for the XPS spectrum of the sample
retrieved after 48 h), a further slight decrease in the OI component with an increase in OII
was observed, indicating the progressive formation of oxygen vacancies under reaction
conditions. Importantly, the formation of additional vacancies was not observed by simple
calcination of ZnO-(Q)NRs in air under the same conditions as the TOS reaction (700 ◦C for
12 h, See Figure S16c,d for the XPS spectrum of calcined ZnO-(Q)NRs) indicating that the
reaction with methane was responsible for the consumption of lattice oxygen and the in-
creased formation of vacancies. Such vacancies, were, in turn, able to activate more oxygen
from the feed, leading to an increase in Oads. It is possible that the increased formation of
oxygen vacancies and Oads played a role in balancing the strong decrease in the surface
area observed for ZnO-(Q)NRs at 700 ◦C, thus justifying the only slight drop of catalytic
performance observed in Figure 11c after 12 h TOS.

Finally, it should be noted that investigation by Raman spectroscopy (Figure S17) of
the as-prepared ZnO-(Q)NRs and those recovered after TOS reactions at 600 and 700 ◦C
did not reveal the presence of the typical graphitic carbon-related D and G bands in the
1200–1800 cm-1 region, which are expected to form in the case of methane decomposition
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and coking of the catalyst surface [125,126], thus excluding the occurrence of the latter
reaction pathway.

Figure 13. Photoluminescence spectra of as-synthesized ZnO-(Q)NRs (a) and after time on stream
reaction at 700 ◦C (b). Excitation wavelength: 300 nm.

Figure 14. High-resolution XPS spectra of ZnO-(Q)NRs in the O 1s and background-subtracted Zn 2p
spectral regions for pristine ZnO-(Q)NRs (a,b) temperature program (TP, light-off reaction) (c,d) and
time-on-stream (TOS) reactions at (e,f) 500 ◦C, (g,h) 600 ◦C, and (i,j) 700 ◦C.



Catalysts 2022, 12, 1533 18 of 28

Figure 15. Relative intensities and binding energy values of XPS O 1s components of ZnO-(Q)NRs
as-synthesized, after light-off curve investigation with temperature program (TP), after TOS reactions
(500–700 ◦C, 12 h), and after TOS reaction at 700 ◦C, for 48 h and after calcination at 700 ◦C (12 h)
in air.

4. Materials and Methods
4.1. Materials

Commercial zinc oxide was purchased from Daejung (ZnO-C). Anhydrous zinc acetate
(Zn(CH3COO)2), zinc nitrate hexahydrate (98%) (Zn(NO3)2·6H2O), aluminum nitrate
nonahydrate (98%) (Al(NO3)3·6H2O) was obtained from Alfa Aesar, Lancashire, UK. Benzyl
amine (For synthesis) was purchased from Merck, dibenzyl ether (99%) was purchased
from Acros Organics, Geel, Belgium, and hexamethylenetetramine (>99%) (HMTA) was
obtained from Tokyo Chemical Industry (TCI), Tokyo, Japan. Diethyl ether (HPLC grade)
was purchased from RCI Labscan Limited, Bangkok, Thailand. Absolute ethanol (99%) was
obtained from Honeywell, Charlotte, NC, USA. Silicon dioxide (purum, >95%) (SiO2) and
lithium hydroxide (≥98%) (LiOH) were purchased from Sigma Aldrich, St. Louis, MO, USA.

4.2. Catalysts Preparation
4.2.1. Synthesis of ZnO Quantum Dots (ZnO-QDs)

The preparation of ZnO-QDs was based on the procedure developed by
Daumann et al. [127], yet upscaled by four times. Briefly, LiOH·H2O (16 mmol) was
dissolved in 160 mL of absolute ethanol in a 250 mL 2-neck Schlenk flask under ultrasonica-
tion for 1 h. Following complete dissolution of LiOH·H2O, the solution was stirred and
refluxed at 80 ◦C for 30 min under a nitrogen atmosphere. Anhydrous Zn(CH3COO)2 (16
mmol) was rapidly added to the solution. The mixture was further held at 80 ◦C for 5
min under continuous stirring and subsequently quenched in an ice bath. The mixture
of dispersed ZnO nanoparticles was precipitated with hexane and centrifuged to obtain
the ZnO-QDs. The ZnO-QDs were redispersed in ethanol and reprecipitated with hexane
repeating the procedure two times. Finally, the ZnO-QDs were dried under a vacuum.

4.2.2. Synthesis of ZnO Nanopyramids (ZnO-NPys)

ZnO-NPy seeds were synthesized by the non-hydrolytic sol-gel method derived
from Ahmad et al. [128] and readapted by Del Gobbo et al. [15,22]. Briefly, anhydrous
Zn(CH3COO)2 (10 mmol, 1.8348 g) was loaded into a glass pressure vessel along with
benzyl amine (10 mmol, 11 mL) and 30 mL of dibenzyl ether dried over molecular sieves.
The mixture was then heated at 120 ◦C for 1 h to fully dissolve Zn(CH3COO)2. After
dissolution, the temperature was increased up to 190 ◦C and kept constant for 24 h. All
the steps were carried out under a nitrogen atmosphere. The synthesized ZnO-NPy seeds
were then vacuum filtered using a PVDF membrane filter (0.22 µm pore size). The sample
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was washed with absolute ethanol three times and a final time with diethyl ether. Finally,
the obtained ZnO-NPys were dried under a vacuum overnight.

4.2.3. Synthesis of ZnO Nanorods
Synthesis of ZnO Nanorods from ZnO-QDs (ZnO-(Q)NRs)

The synthesis of ZnO-(Q)NRs was carried out as in previous reports [15,22], although
slightly modified. A total of 200 mg of ZnO-QDs seeds were added to 500 mL of 50 mM
Zn(NO3)2·6H2O aqueous solution in 1 L Erlenmeyer flask. The mixture was sonicated for
1 h to completely disperse the ZnO-QDs. After that, 500 mL of 50 mM HMTA aqueous
solution was added to the mixture. The mixture was heated up to 90 ◦C and kept at this
temperature for x h (x = 1, 2, 6, 12). The formation of ZnO-(Q)NRs could be observed by the
progressively increasing cloudiness of the mixture. The mixture was then cooled down in
an ice bath. The white precipitates were obtained by vacuum filtration with a nitrocellulose
membrane filter (0.45 µm pore size) and washed with large quantities of DI water. Finally,
the ZnO-(Q)NRs were dried at 80 ◦C for 6 h.

Synthesis of ZnO Nanorods from ZnO-NPys (ZnO-(Py)NRs)

The synthesis of ZnO-(Py)NRs was carried out as in previous reports [15,22]. Briefly,
the as-synthesized ZnO-NPy seeds (200 mg) were first added to a Zn(NO3)2·6H2O (500 mL,
50 mM) solution. The mixture was then ultrasonicated for 1 h to well disperse the seeds.
An HMTA (500 mL, 50 mM) solution was later added to the dispersed zinc mix, resulting in
a Zn(NO3)2·6H2O and HTMA 25 mM solution. The combined solution was then heated at
90 ◦C for x h (x = 1, 12). Afterward, the mixture was quenched in an ice bath, then vacuum
filtered with a nitrocellulose membrane (0.45 µm pore size). The sample was abundantly
washed with deionized water before freeze-drying overnight to obtain ZnO-(Py)NRs.

4.3. Catalyst Characterizations
4.3.1. Scanning Electron Microscopy (SEM)

Morphological images of ZnO-based catalysts were acquired by a JEOL JSM-7610F
field emission scanning electron microscope, Peabody, MA, USA, equipped with an Oxford
Instruments X-Max150 EDS, Oxfordshire, UK. Samples were prepared by lightly tapping
carbon adhesive tape attached to a sample stub onto paper smeared with ZnO powder. All
samples were metalized with Pd before the measurements.

4.3.2. Powder X-ray Diffraction (PXRD)

PXRD patterns were acquired on annealed ZnO-NRs powder by using a Bruker
Discovery D8 diffractometer, Billerica, MA, USA, in powder configuration using the rotating
sample with anti-air scatter options without an entrance slit. The interplanar distance
(d) was calculated by using Bragg’s equation for the determination: nλ = 2d sin θ, where θ

is the angle between normal to diffracting plane and incident X-ray, λ is the wavelength of
X-rays, (λCu Kα = 1.5405 Å). The a and c lattice constants were calculated using the following
expression for hexagonal lattice where h, k, and l are the Miller indexes (Equation (1)).

1
d2 =

4
3

(
h2 + hk + l2

a2

)
+

l2

c2 (1)

The main peaks’ 2θ values were obtained by fitting the diffraction peaks by a pseudo-
Voigt line shape.

4.3.3. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed on a JEOL JPS-9010MC spec-
trometer, Peabody, MA, USA, utilizing a Mg Kα source (1253.6 eV) working at 12 kV and
25 mA. All XPS spectra were acquired under high vacuum (10−8 Pa) at room temperature.
A dried carbon tape support was coated with the ZnO samples. The survey scans were
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acquired with a pass energy of 50 eV, a binding energy range of 0–1100 eV, and steps of
1 eV. Deconvolution of the high-resolution spectra was carried out using CasaXPS software,
Teignmouth, UK, applying Shirley-type background along with symmetric and asymmet-
ric convoluted Gaussian-Lorentzian line shapes (LA and LF). All spectral energies were
referenced to the adventitious carbon peak C 1s B.E. = 284.80 eV.

4.3.4. Photoluminescence Measurements (PL)

Steady-state photoluminescence measurements were carried out on an Edinburgh
Instruments FLS 980 spectrometer, Livingston, UK, equipped with a monochromatized Xe
lamp as the excitation light source and photomultiplier near UV-visible range detector. The
samples were loaded in powder form in a quartz solid cuvette oriented at 45◦ to minimize
the 0◦ reflected exciting radiation entering the detector. The excitation wavelength used
was 300 nm.

4.3.5. BET Surface Area Determination

The Brunauer–Emmett–Teller (BET) surface areas were determined by the nitrogen
adsorption-desorption measurements obtained at liquid N2 temperature (−196 ◦C) using
the BELSORP-miniII, Osaka, Japan. Prior to the measurements, each sample (50–70 mg)
was pretreated at 300 ◦C for 12 h under a vacuum. The specific surface areas were calculated
using BELMaster software, Osaka, Japan.

4.3.6. H2-Temperature Programmed Reduction (H2-TPR)

H2-TPR of different catalysts were attained on a BELCATII catalyst analyzer with a
thermal conductivity detector (TCD) from MicrotracBEL Corp, Osaka, Japan. The sample
was pretreated in flowing argon (50 sccm) at 300 ◦C for 120 min with a heating rate of
10 ◦C/min and later cooled down to 40 ◦C. Next, flowing Ar was switched to 2% H2/Ar for
60 min to ensure detector stability. TPR measurements under 2% H2/Ar (50 sccm) started
at 40 ◦C to 800 ◦C with a heating rate of 10 ◦C/min and maintained at 800 ◦C for 60 min.

4.3.7. O2-Temperature Programmed Desorption (O2-TPD)

O2-TPD of different catalysts were attained on a BELCATII catalyst analyzer with a
thermal conductivity detector (TCD) from MicrotracBEL Corp., Osaka, Japan. The samples
were pretreated in flowing helium (50 sccm) at 550 ◦C for 30 min and at 500 ◦C for 60 min
with a heating rate of 10 ◦C/min and later cooled down to 50 ◦C. Next, flowing He
was switched to 5% O2/He and maintained for 120 min to allow adsorption between
O2 molecules and the surface of the samples. The gas was then switched back to He for
another 60 min to remove any loosely adsorbed O2 molecules and ensure detector stability.
TPD measurements under He (30 sccm) started at 50 ◦C to 700 ◦C with a heating rate of
10 ◦C/min and maintained at 700 ◦C for 60 min.

4.4. Catalytic Activity Tests
4.4.1. Catalytic Activity Test Setup

The catalytic activity measurements were performed in an assembled system consti-
tuted by a computer-controlled three mass-flow controllers Bronkhorst EL-FLOW Select,
Ruurlo, The Netherlands, calibrated for CH4, N2, and air zero connected to the reactor
through a manifold (Scheme 1). The U-shaped tube quartz reactor (ID 7 mm) was placed
in a temperature-programmed vertical tubular Carbolite Gero furnace, Derbyshire, UK,
capable of a maximum operating temperature of 1200 ◦C. The outlet of the reactor was
connected to a gas chromatography system (Perkin Elmer Clarus® 580 GC system, Waltham,
MA, USA) mounting a total of four packed columns for gas separation i.e., 7′ HayeSep N
1/8′′ Sf, 9′ Molecular Sieve 13X 1/8′′ Sf, 9′ Molecular Sieve 5A, 1/8′′ Sf, and 4′ HayeSep
T, 1/8′′ Sf, coupled with TCD detectors, which were used to analyze the gaseous reaction
products qualitatively and quantitatively.
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Scheme 1. Custom-assembled catalytic test setup.

4.4.2. Light-Off Curve Determination with Temperature Program

For every catalytic test, the ZnO-based catalyst (200 mg) was diluted with quartz silica,
homogenized by soft mixing in a mortar and loaded in the quartz tube, filling the bottom
end of the U-shaped quartz reactor section. The powder was blocked at the extremities with
quartz wool to prevent the flush of the silica/catalyst mixture. Prior to the catalysis test, the
catalysts were exposed to N2 (20 mL/min) at room temperature for 2 h, and subsequently
during heat ramping to 400 ◦C to remove possible impurities, in particular, moisture. The
catalytic test was carried out by continuously flowing the reactant gases, comprised of
1% CH4 and 99% Air zero (20.79% O2, 78.21% N2) through the catalyst bed at a total flow
rate of 100 mL/min. To stabilize the gas flow, the reactant gases were passed through the
system at 400 ◦C for one hour prior to the actual test. The tests were performed from 400 ◦C
to 700 ◦C with 50 ◦C increment intervals and with a heating rate of 5 ◦C/min. For each
temperature, two 12 min GC acquisitions were carried out and the quantification results
were averaged.

4.4.3. Time on Stream Test (TOS)

The catalyst was loaded in the reactor as described above. Before each test, the catalysts
were exposed to N2 (20 mL/min) at room temperature for 2 h, and subsequently during the
heating process up to the set point temperature (i.e., 500, 600, and 700 ◦C) with a heating
rate of 5 ◦C/min to remove moisture. A mixture of 1% CH4 and 99% Air zero reactant
gases were led continuously over the catalyst bed at a total flow rate of 100 mL/min.
For flow stabilization, the reactant gases were flowed through the system at the set point
temperature for one hour prior to the test. The measurement was monitored every hour by
GC-TCD for a total of 12 h.

The CH4 conversion and CO and CO2 selectivity was determined by the quantity of
carbon-based products relative to the initial carbon-based content (Equations (2)–(4)). [CO],
[CO2], and [CH4] are the concentrations of outlet gases obtained by integrating the peaks
of the chromatogram [129,130].

CH4 converison (%) =
[CO] + [CO2]

[CO] + [CO2]+[CH4]
× 100 (2)

CO selectivity (%) =
CO

(CO + CO2)
× 100 (3)

CO2 selectivity (%) =
CO2

(CO + CO2)
× 100 (4)

5. Conclusions

The combustion of methane is a crucially important process in the field of energy
generation and oil extraction, but it leads to the emissions of noxious gases The catalytic
combustion of methane can alleviate the environmental issues related to the combustion
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of methane in flame, and its widespread implementation is likely to require inexpensive
and highly available metal oxides. Catalysts able to operate in the 600–800 ◦C temperature
range can lead to a significant drop in toxic emissions. Compared to increasingly expensive
metals such as cobalt and nickel and to increasingly exploited metals such as lanthanum
and manganese, whose availability is geographically restricted, zinc is abundant, inexpen-
sive, and ubiquitously available. Therefore, in this work, quasi-1D ZnO-nanostructures
were successfully used for the catalytic selective combustion of methane. Among such
nanomaterials, ZnO-(Q)NRs, prepared in just one hour from ZnO quantum dots, showed a
relatively high surface area and provided the most efficient methane combustion in terms
of T50 (576 ◦C) and T90 (659 ◦C) values. Importantly such temperature values compared
well with those reported for numerous perovskite-based catalysts, hexaaluminates, and
other single-metal oxides. Spectroscopic investigation of the ZnO-nanomaterials used
in this work showed the presence of abundant oxygen vacancies and defect sites when
compared to commercial zinc oxide (ZnO-C). Whereas materials such as ZnO-(Py)NRs
and ZnO-NPys showed a higher density of active sites than ZnO-(Q)NRs, and therefore
a higher intrinsic catalytic activity, the larger surface area of the latter ensured a better
catalytic performance. These results suggest that the future design of ZnO-nanomaterials
combining high surface area and abundant vacant sites will be crucial to obtain even more
efficient catalytic performances. Time-on-stream investigation using ZnO-(Q)NRs showed
that complete conversion of methane could be obtained at 700 ◦C and that the methane
conversion remained over 90% after 12 h despite the strong sintering of nanorods. Through
a systematic post-reaction characterization, the latter result was attributed to the formation
of abundant oxygen vacancies on the surface of ZnO-(Q)NRs by treatment at 700 ◦C, likely
enhancing its catalytic performance and compensating the loss of surface area.

Overall, the results in this paper show that ZnO-nanomaterials with high surface areas
have the potential to serve as readily available catalysts for the combustion of methane
in the 600–700 ◦C temperature range and are therefore suitable inexpensive materials for
some important applications such as combustion of residual methane from gas turbines.
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perature program (TP) from 400 ◦C to 700 ◦C, Figure S14. Time-on-stream (TOS) methane conversion
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