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Abstract: Up to now, a great number of catalysts have been reported that are active in the oxidation of
volatile organic compounds (VOCs). However, supported noble-metal catalysts (especially Pt-based
catalysts) are still the most excellent ones for this reaction. In this study, Pt species supported on
γ-Al2O3 and ranging from single-atom sites to clusters (less than 1 nm) and 1–2 nm nanoparticles
were prepared and investigated for oxidizing C2H4. The Pt-loaded γ-Al2O3 nanoflakes (PtAl-NF) and
Pt-loaded γ-Al2O3 nanowires (PtAl-NW) were successfully prepared. The samples were characterized
using XRD, TEM, XPS, HAADF-STEM, and in situ DRIFTS. Based on in situ DRIFTS, a simple surface
reaction mechanism was developed. The stable intermediates CO on single-atom Pt, subnanometer
Pt particles, and fully exposed Pt clusters could be explained by the strong binding of CO molecule
poisoning Pt sites. Moreover, the oxidation of C2H4 was best achieved by Pt particles that were
1–2 nm in size and the catalytic activity of PtAl-NF was better when it had less Pt. Lastly, the most
exposed (110) facets of γ-Al2O3 nanoflakes were more resistant to water than the majorly exposed
(100) facets of γ-Al2O3 nanowires.

Keywords: in situ DRIFTS; supported Pt catalysts; size effects; C2H4 oxidation; surface reaction
mechanism

1. Introduction

Volatile organic compounds (VOCs) are a major cause of air pollution because more
and more factories and cities have created many places where VOCs can be released [1,2].
For example, petroleum refining [3], the pharmaceutical industry [4], the production of
organic chemical materials [5], spraying, and printing [6] would all make alkanes, alkenes,
alkynes, aromatics, halocarbons, and compounds with oxygen, sulfur, and nitrogen. Since
a stricter clean air policy has been put into place recently, there has been a lot of focus
on reducing VOCs [7]. Catalytic decomposition of VOCs is a good way to reduce air
pollution that is also affordable [8,9]. Most of the time, noble metal catalysts on supports
and transition metal oxides were used to get rid of VOCs [10–14]. Because they work
better as catalysts, supported noble metal catalysts have been used a lot to get rid of
VOC streams [15–17]. For example, Pt-based catalysts are very good at getting rid of
lower hydrocarbons like C2H4, which could lead to full oxidation at temperatures below
200 ◦C [13].

Noble metals are expensive in trade markets and have a very limited available quantity,
which thereby limits their use [18]. As active phases with a higher number of exposed noble
metal atoms frequently exhibit a higher activity [19,20], noble metal particle sizes typically
determine the ratio of the number of exposed noble metal atoms to the overall number. A
lot of focus has been placed recently on single-atom catalysts (SACs) and fully exposed
clusters (FECs), in which all of the noble metal atoms are exposed on the support surface.
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The isolated noble metal structure of SACs catalysts, such as Pt1/Al2O3 [21], Pt1/FeOx [22],
Pt1/CeO2 [23], and Pt1/TiO2 [24], show high activity for CO oxidation. It should be kept
in mind that ensembled noble metal sites with complete dispersion allow for a higher
activity than SACs since isolated noble metal atoms without ensemble sites are unable to
perform essential surface reactions that demand metal proximity [25]. This indicates that
not all catalytic reactions can be efficiently catalyzed by a noble metal atom that has been
dispersed 100% on support. On the one hand, the sensitivity of the reaction’s molecular
structure to single atoms, clusters, and particles would vary [25,26]. Contrarily, chemical
valence would be controlled by size (single-atom and cluster states display cationic states,
and particles generally show metallic states), which are necessary for dissociation and/or
creation of target chemical bonds [27].

In this study, the valence states and structural sensitivity of supported Pt species—
from single-atom sites to clusters (sub 1 nm) and 1–2 nm nanoparticles—were examined
for the C2H4 oxidation. First, nanowire γ-alumina (γ-Al2O3) and nanoflake γ-alumina
(γ-Al2O3) were fabricated; the respective exposed surfaces of these two types of alumina
were primarily (100) and (110) facets. Second, various Pt species were seen when the
same Pt loading (1 weight %) was applied to nanowire and nanoflake γ-Al2O3. The
catalytic activity of single-atom, cluster, and nanoparticle Pt was confirmed by combining
electron microscopy, in-situ DRIFTS, and X-ray photoelectron spectroscopy. The lower
CO desorption and catalyst inactivation rates of single-atom Pt or Pt clusters revealed
them ineffective for C2H4 oxidation. Instead, the 1–2 nm nanoparticles reflected the lower
binding energy of Pt, permitting easy CO desorption, and were the most active Pt species
for C2H4 oxidation.

2. Material and Methods
2.1. Materials

All chemical reagents were used as received without purification. Pt(NO3)2 solution
(15 wt.% Pt) was supplied by (Shanghai Jiuling Chemical Co., Ltd., Shanghai, China)
Al(NO3)3·9H2O (Chemically Pure), NaOH (Chemically Pure), NaAlO2 (Chemically Pure),
and AlCl3·6H2O (Analytical Reagent) were purchased from (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China).

2.2. γ-Al2O3 Nanoflake (Al-NF) Preparation [28]

Dropwise additions of 1 M NaOH solution were added to the agitated 0.25 M Al(NO3)3
solution until the pH of the mixture reached 10. Al(OH)3 gel was produced after 1 h of
room temperature ageing. Then, a 200 mL Teflon container with the mixture (160 mL)
inside was sealed within a steel vessel. The container was heated on a Muffle furnace for
48 h at 200 ◦C. The solid white result underwent four cycles of centrifugation and deionized
water washing. For 12 h, the solid sample was dried at 120 ◦C. The final products are
ground to a particle size of less than 100 µm and then calcined in air for five hours at 550 ◦C
with a 5 ◦C per minute heating ramp. The sample was named Al-NF.

2.3. γ-Al2O3 Nanowire (Al-NW) Preparation [29]

The stirred 0.25 M Al(NO3)3 solution received 0.4 M NaAlO2 solution (72 mL). Al(OH)3
gel was produced after 1 h of room temperature ageing. Then, the mixture was poured into
a 200 mL Teflon container and placed within a steel vessel before being sealed. The container
was heated on a Muffle furnace for 24 h at 150 ◦C. The solid white result underwent four
cycles of centrifugation and deionized water washing. For 12 h, the solid sample was dried
at 120 ◦C. The final products are ground to a particle size of less than 100 µm and then
calcined in air for five hours at 550 ◦C with a 5 ◦C per minute heating ramp. The sample
was named Al-NW.
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2.4. 1 wt.% Pt/Al2O3 Preparation

In 5 mL of distilled water, 200 mg of Pt(NO3)2 solution (15 wt.% as Pt) was added
(solution A). 2.97 g of support (Al-NF and Al-NW) from Solution A were combined to
make a viscous slurry, which was then evaporated on a hot plate to almost dryness (while
stirring continually) and dried for 12 h at 120 ◦C. The finished products were ground to a
particle size of less than 100 µm and calcined in air for five hours at 550 ◦C with a 5 ◦C per
minute heating ramp. All Pt-loaded samples were named PtAl-NF and PtAl-NW.

2.5. Characterization Techniques

JEM-ARM200F (JEOL, Tokyo, Japan) operated at a 200 kV accelerating voltage to pro-
duce the images for transmission electron microscopy (TEM, Tokyo, Japan) and high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM, Tokyo,
Japan). A tiny sample was equally disseminated in ethanol, put on a Cu grid covered with
carbon, and dried for characterization. X-ray photoelectron spectroscopy (XPS) was used
to investigate the electrical characteristics of Pt (Al K-alpha, Thermo Scientific, ESCALAB
250Xi, Waltham, MA, USA). The reference point for estimating the binding energies of the
Pt element was the maximal strength of the beneficial C 1s signal at 284.8 eV. Powder X-ray
diffraction (PXRD, Bruker D8 ADVANCE, Billerica, MA, USA) with monochromatic CuKa
radiation (λCuKa = 1.54056 Å) was used to reveal structural analyses. The gas absorption
technique Brunauer-Emmett-Teller (BET, Micromeritics®, Norcross, GA, USA) was em-
ployed for the determination of the surface area of samples. Surface area measurements
were performed using N2 gas at a temperature of 77 K. To remove physisorbed species
from the surface, samples were degassed at 150 ◦C under a vacuum for 24 h. Pore size
distribution and pore volume were determined by BJH analysis.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments
were performed on a BRUKER VERTEX 70 FTIR spectrometer equipped with a liquid-
nitrogen cooled mercury-cadmium-telluride (MCT) detector. Samples (17 mg) were put
into the reaction chamber. The loaded samples were then warmed for 30 min at 400 ◦C
with pure Ar (50 mL min−1). Catalyst background spectra were obtained using Fourier
transform infrared spectroscopy (FTIR) when the chamber was cooled to 180 ◦C, 160 ◦C,
140 ◦C, and 120 ◦C. The chamber was first brought to 120 ◦C, then allowed to cool to
ambient temperature. 50 mL min−1 of mixed gas (10 mL min−1 O2, 35 mL min−1 N2, and
5 mL min−1 0.7% C2H4/N2) was added to the system to replace the pure Ar. At a resolution
of 4 cm−1, an average of 128 scans were used to gather all the spectra. The chamber was
heated to 140 ◦C in the Ar environment after 10 min. Following a 30-min Ar purge, the
chamber was filled with the mixed gas, and spectra were once more obtained. The same
method was used to obtain data at 160 ◦C and 180 ◦C.

Then, in a PIKE® infrared cell provided with a regulated environment and temperature,
in situ DRIFTS was carried out on PtAl-NF and PtAl-NW to examine the evolution of
surface species on catalysts under C2H4 oxidation conditions (Figure 1). The less specular
and more diffuse the reflection component is, the smaller the sample particle is, and the
more sensitive the measurement is. Particle sizes in the diffuse reflection sample ranged
from 2 to 5 µm. As shown in Figure 1, after inserting the sample into the crucible, gently
flatten the powder with a metal rod to increase the compact sample’s specular reflection
component. The sample was also placed in an in-situ cell that has been warmed to 400 ◦C.
After cooling to a specific temperature, the sample was purged with argon gas for one hour,
and the background spectrum was measured.
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Figure 1. The testing system of in situ diffuse reflectance FT−IR spectroscopy.

2.6. Catalytic Activity Tests

All the tests were conducted at 0.1 atm. C2H4 oxidation experiments were carried out
in a tube micro-reactor with an internal diameter of 13 mm. The catalyst (100 mg Catalyst +
400 mg quartz sand) was sieved between 40–60 grain size mesh and shifted into the reactor
with a bed volume of around 0.5 mL, between two layers of quartz wool, which functions
to avoid catalyst powder displacement while also pre-heating the reagents. The reactor was
heated using the oven, and the temperature of the catalyst was monitored using a K-type
thermocouple put within the reactor, close to the catalytic bed.

The composition of the reactant mixture was adjusted by adjusting the flow rates of
C2H4, O2, and N2, meanwhile keeping the overall flow rate constant at 1000 mLmin−1. The
conditions were consistent with a gas hourly space velocity (GHSV) of 600,000 mL gcat.

−1 h−1.
The composition of the effluent gases was monitored online using a Fourier-transform
infrared (FT-IR) gas analyzer (MKS, MultiGasTM analyzer, model 6030) equipped with a
liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector. The cut-off wavelength
for the detector was 16 µm, the window type was ZnSe, the detector size was 0.25 mm, and
the path length was 5.11 m.

3. Results and Discussion
3.1. Characterizations of Pt/Al2O3 Catalysts
3.1.1. Characterizations of Al2O3 Supports

XRD characterizations were carried out for analysis of the crystalline structures of
Al2O3 obtained following the calcination of boehmite (Figure 2). It is evident from the XRD
profiles that crystallized γ-Al2O3 was successfully prepared and the obtained data matches
well with the JCPDS powder diffraction pattern 10-0425. The diffraction peaks appeared
at 2θ = 19.5◦, 37.6◦, 39.5◦, 45.9◦, 60.8◦, and 67.1◦ indexed to (111), (220), (311), (222), (400),
(511), and (440), which indicated that there were no diffraction peaks attributed to Al(OH)3
or γ-AlOOH phases [30,31]. The crystal size of γ-Al2O3 samples can be determined by
Scherrer’s equation from the XRD (440) peaks (Equation (1)).

D = kλ57.3/[LFWHMcosθ] (1)

where D is crystal size in the direction perpendicular to the lattice planes, k is a constant
with a value of 0.9, λ refers to the wavelength of the X-rays, LFWHM is the width at half the
maximum of peaks, and θ stands for the Bragg angle. The crystalline sizes were calculated
using equation 1, and the crystal size of Al-NF and Al-NW were respectively determined
as 10.8 nm and 8.4 nm. The thickness of Al-NF was about 30–50 nm (Figure S1), which was
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not consistent with the crystal size derived from XRD (440) peak. The differences may be
attributed to the existence of nanoflakes in sample Al-NF as aggregated crystalline grains
with sizes of around 10 nm, which fused to form nanoflakes. Furthermore, Figure S2 clearly
showed that the uneven zigzag edges of nanoflakes were comprised of small and uniform
grains (10 nm). As shown in Figure S3, the diameter of Al-NW was almost identical to the
crystal size deduced from XRD (440) peaks, which suggested an uninterrupted growth of
the crystal size in the (110) direction.
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Figure 2. XRD patterns of synthesized nanoflake (Al-NF) and nanowire (Al-NW) γ-Al2O3.

HRTEM observations were subsequently carried out to confirm the microstructural
characteristics of the γ-Al2O3 samples which were earlier inferred from the XRD patterns.
The sample prepared in part 2.2 using Al3+/AlO2- exhibited highly distributed γ-AlOOH-
based nanoflakes. After calcination at 550 ◦C, γ-AlOOH transformed into γ-Al2O3 [32–34],
and the TEM image of γ-Al2O3 nanoflake (Al-NF) has been depicted in Figure 3a. The
lengths and thickness of the as-prepared Al-NF were about 200 nm and 40 nm, respec-
tively. Besides, the developed nanoflakes manifested straight edges with angles measuring
76◦ and 104◦, which corresponded to the angle between the (101) and (−101) faces of
γ-AlOOH [28,29,35], indicating γ-AlOOH nanoflakes grew with basal planes and lateral
faces of (010) and (101). The Al-NF therefore directly inherited the morphology of γ-AlOOH
nanoflakes and the exposed γ-AlOOH faces (010) and (101) were converted to basal planes
and lateral faces of (110) and (111) of γ-Al2O3 by topological rules [36,37]. The highly
magnified TEM image of the γ-Al2O3 nanoflake has been shown in Figure 3c. The lat-
tice fringes of Al-NF with a d-spacing of 0.225 nm, corresponding to the (110) plane of
γ-Al2O3, can be observed clearly [38]. The protocol described in part 2.3 produced γ-Al2O3
nanowires (Al-NW) as shown in Figure 3b. The lengths and diameters of the as-prepared
Al-NW were observed to be 100 nm and 10 nm, respectively. Figure 3d is a representation
of HRTEM images where lattice fringes attributed to (100) planes of the γ-Al2O3 phase, can
be observed.
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3.1.2. Characterizations of Pt Supported on γ-Al2O3

Pt-loaded γ-Al2O3 samples were synthesized with different γ-Al2O3 supports (PtAl-
NF and PtAl-NW) as shown in Table 1. The final concentration of Pt on the support was
1 wt.% for all syntheses. Elemental analysis was carried out to investigate the Pt content.
A similar specific surface area, as shown in Table 1, was standard for indifferent effects
on Pt dispersion. Moreover, the similar pore volume and average pore size eliminated
the variation of mass transfer rate. Thus, the difference between PtAl-NF and PtAl-NW
exposed the crystal planes, thus leading to different Pt structures and dispersions.

Table 1. The concentration of Pt Present on γ-Al2O3 and BET Surface Area.

Catalyst Surface
Area/m2·g−1

Pore
Volume/mL·g−1

Average Pore
Diameter/nm

Pt
Loading/wt.%

PtAl-NF 66.7 0.27 15.8 0.98
PtAl-NW 76.4 0.32 16.3 0.97

3.2. Catalytic Activity of PtAl-NF and PtAl-NW

Catalytic conversion of C2H4 using PtAl-NF was accomplished at around 240 ◦C, using
a gas stream containing 0.07% C2H4 and 10% O2 in N2 at a space of 600,000 mL gcat.

−1 h−1

(Figure 4). By comparison, the reference sample (PtAl-NW) achieved 80% C2H4 conversion,
which was 20% lower than the PtAl-NF catalyst at 240 ◦C. Pt has been accepted as the active
phase in this reaction, in which γ-Al2O3 only served as a carrier and had no involvement
in catalysis [13]. In the range of reaction temperature, C2H4 oxidation and O2 activation
on different Pt sites at Pt/Al2O3 interface occur through a redox or Mars-Van Krevelen
(MvK) mechanism where the lattice O was consumed during the catalyst reduction step
accompanied by the oxidation of the reactant, and this was followed by the catalyst re-
oxidation step by its reaction with molecular O2 [13]. On the one hand, the C2H4 molecule
was absorbed on two adjacent Pt sites and formed a di-σ configuration (C2H4(2S)) [13,44].
Pt, on the other hand, activated O2 to form reactive O species (Pt-O*) [39]. The formation of
C2H4(2S) and Pt-O* resulted in effective C2H4 oxidation reaction pathways. It is noteworthy
that when compared with PtAl-NF, PtAl-NW having a higher Pt dispersion demonstrated
a lower catalytic activity (Figure 4), thereby indicating that Pt atom aggregation on the
Pt/γ-Al2O3 catalysts was certainly responsible for the increased reactivity of PtAl-NF.
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−1 h−1.

3.3. Development of Surface Reaction Model

Figure 5 depicts the experimental results of surface species measurement obtained
by in situ DRIFTS, displaying the adsorption intensities of each surface species over the
1200–4000 cm−1 range. Broad IR bands in the 3390–3670 cm−1 range represent the ad-
sorption due to the H2O molecule [40,41], with the peak at 3700 cm−1 corresponding to
Pt-OH species which showed a higher wavenumber than Al-OH. When the sample was
switched from PtAl-NW to PtAl-NF, the IR bands of adsorbed H2O began to decline under
the same reaction conditions, whereas the Pt-OH peak vanished completely. This sug-
gested that the γ-Al2O3 nanowires were more hydrophilic inducing the formation of Pt-OH
species. As shown in Table 2, the R10 (H2O(S)↔ H2O + Pt(S)) suggested that adsorption
water on the support surface would decrease Pt active sites. The =C-H, -CH3, and -CH2
species were represented by the weak IR bands at 3130 cm−1, 2950 cm−1, and 2910 cm−1

respectively [13,42]. The dehydrogenation of C2H4 (2S) by the surface oxygen adsorbed
during the reaction (Pt-O) is thought to be the origin of the creation of the -CH3 and -CH2
species. However, the =C-H species were not seen on the surface of PtAl-NF, indicating
that the PtAl-NF catalyst might change =C-H species too quickly for them to be practically
observable. The bands about 2350 cm−1 are most likely caused by CO2 [13]. The detected
peaks at around 2040 cm−1 and 2110 cm−1 were caused by CO species adsorbed linearly
on the Pt [43–46]. While the peak at 2110 cm−1 indicated linearly adsorbed CO on small
Pt particles or single-atom Pt, the peak at 2040 cm−1 indicated the existence of linearly
adsorbed CO on Pt particles [44]. The PtAl-NW catalyst’s CO absorption peak intensity was
much higher than that of the PtAl-NF catalyst’s, demonstrating the PtAl-superior NW’s CO
adsorption capability. Additionally, a bigger Pt dispersion in PtAl-NW was indicated by
the peak’s higher intensity at 2110 cm−1, which is consistent with TEM data. The oxidation
of the CHX species generated during the reaction may result in the formation of -COOH or
-COO− (1600–1700 cm−1) [47].
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Figure 5. In situ DRIFT spectra over Pt/γ−Al2O3 at 180 ◦C. Reaction conditions: 700 ppm C2H4,
10% O2, N2 balance, 17 mg catalyst, and 50 mL min−1 flow rate.

Table 2. Proposed surface reaction steps of C2H4 for Pt/γ-Al2O3.

Reaction

R1 O2 + 2Pt(S)↔ 2O(S) Reversible
R2 C2H4 + 2Pt(S)↔ C2H4(2S) Reversible
R3 C2H4(2S) + O(S)→ CH3CHO(2S) + Pt(S)
R4 CH3CHO(2S) + O(S)→ CH3COOH(2S) + Pt(S)
R5 CH3COOH(2S) + O(S)→ CH3(S) + OH(S)+ CO2(S)
R6 CH3(S) + O(S)→ CH2(S) + OH(S)
R7 CH2(S) + O(S)→ CH(S) + OH(S)
R8 CH(S) + O(S) + OH(S)→ CO(S) + Pt(S)+ H2O(S)
R9 CO(S) + O(S)→ CO2(S) + Pt(S)

R10 H2O(S)↔ H2O + Pt(S) Reversible
R11 CO2(S)↔ CO2 + Pt(S) Reversible
R12 CO(S)↔ CO + Pt(S) Reversible

Note: “(S)” stands for exposed Pt active sites, and X(S) means that the “X” molecule was adsorbed on Pt
active sites.

γ-Al2O3 was inert and not reducible. It was not anticipated that the reaction, which
only affected Pt, would take place at the surface of such support surfaces. The C2H4 oxida-
tion process (Table 2) had been suggested for these Pt/γ-Al2O3 catalysts’ non-reducible
support. The MvK-type reaction on supported-Pt catalysts was demonstrated by FT-IR
observations, which showed the synthesis of intermediates after supported-Pt was exposed
to C2H4 gas at 180 ◦C (Figure 5). This observation validated the reaction mechanism. An
indication that C2H4 and O2 were adsorbed on Pt and underwent the redox reaction, for
instance, was the existence of Pt-OH, =C-H, -CH3, and -CH2 species (Figure 5).

3.4. Identification of Active Sites by In-Situ DRIFTS

Supported noble metal-based catalysts, primarily Pt, have undergone substantial
research for the reactions in recent years due to their remarkable activity and stability
at low reaction temperatures. On the other side, there was an ongoing dispute on the
reaction mechanisms, especially regarding active site constructions (single atoms versus
small Pt nanoparticles). Understanding the C2H4 oxidation mechanism would advance
significantly with direct observation of the catalytic performance of certain sites that offered
statistically sufficient information on on-site identification and quantification, as well as
activity evaluation. Using infrared (IR) technology, single-atom Pt and Pt nanoparticles
could be distinguished and quantified quickly and easily. The use of IR spectra of CO
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on supported noble metal catalysts is particularly common because of its sensitivity to
the atomic and electronic structural architectures of the binding sites [43,44]. The IR
peaks in the polycarbonyl region could be attributed to CO molecules that have Pt atoms
adsorbed on single atom and nanoparticle surfaces (>2100 cm−1) and surfaces (<2100 cm−1),
respectively [43].

Figures 6 and 7 showed the in situ DRIFTS spectra of C2H4 oxidation on PtAl-NF
and PtAl-NW and the corresponding IR intensities of CO as a function of the temperature,
respectively. It was found that the PtAl-NF remained almost unchanged when the tem-
perature was raised from 120 ◦C to 180 ◦C, indicating that the single-atom Pt (2102 cm−1)
indeed lacked catalytic activity for the CO intermediates (Figure 6). Moreover, there were
no characteristic peaks (<2100 cm−1) that originated from CO molecules adsorbed on Pt
nanoparticles, thereby implying that Pt nanoparticles (~1 nm) could oxide CO and then
desorb as CO2 at a reaction temperature above 120 ◦C. However, as C2H4 was oxidized
with PtAl-NW catalyst at elevated temperature (Figure 7), the peaks corresponding to Pt
nanoparticles (2040 cm−1) appeared but were reduced in intensity. The appearance of the
peak could be ascribed to a higher proportion of <1 nm Pt nanoparticles on PtAl-NW as
shown in Figure 8c. Because the smaller Pt particles (<1 nm) indicated lower coordination
of Pt and led to stronger interactions between Pt and CO [46]. The PtAl-NW showed a
redshift of around 10 cm−1 in the region >2100 cm−1, indicating that the CO molecule was
adsorbed on Pt species other than a single atom [43]. Compared with 180 ◦C (Figure 7), the
IR peak was red shifted from 2103 cm−1 to 2110 cm−1 at 120 ◦C because of dipole-dipole
coupling between CO molecules. Single-atom Pt and full exposed Pt clusters had similar
CO adsorption properties to single-atom Pt because of the similar low coordination [48].
Based on the IR (Figure 7) and HAADF-STEM (Figure 8c) results of PtAl-NW, the IR peaks
at 2103 cm−1 to 2110 cm−1 were assigned to CO molecules adsorbed on full exposed
Pt clusters.
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Figure 8. HAADF-STEM images of (a) PtAl-NF and (c) PtAl-NW; Pt particle size distribution of
(b) PtAl-NF and (d) PtAl-NW. The count number of Pt particles on each sample was 100.

The IR spectra were collected in a reaction mixture of 0.07 vol. % C2H4 and 20 vol. %
O2 from 120 ◦C to 180 ◦C on PtAl-NF and PtAl-NW catalysts. The Pt surface could only
exist in two stable states: CO-covered (inactive) or O-covered (active), hence the limiting
step mostly prevented the C2H4 oxidation (reaction R9 in Table 2). Pt agglomerates with
various structural variations, including single-atom Pt, full-exposure Pt clusters, and Pt
nanoparticles, displayed varying CO oxidation activities, as shown in Figure 7. According
to the Bronsted-Evans-Polanyi relations, Pt nanoparticles (<1 nm), single-atom Pt, and fully
exposed Pt had larger CO oxidation barriers, raising the ignition temperature (Figure 4)
and lowering CO tolerance (Figure 7). Pt nanoparticles (~1 nm) supplied Pt sites that were
simple to set up in a Pt-O active state, allowing CO to be swiftly converted into CO2.
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3.5. Structures of Pt Supported on γ-Al2O3

By using high-angle annular dark-field scanning transmission electron microscopy,
the morphology and Pt particle size distribution of the samples (PtAl-NF and PtAl-NW)
were observed and have been shown in Figure 8. White ellipses show that Pt nanoparticles
were evenly dispersed on the alumina surface of PtAl-NF, with an average particle size
distribution of about 1.2 nm (Figures 8a and 3b). There were hardly any clusters of single
Pt atoms (individual Pt atoms in the agglomerates). On PtAl-NW, however, single-atom
Pt, Pt clusters, and Pt nanoparticles were seen in the 0–2 nm range, as shown in Figure 8c.
Figure 8d showed that PtAl-NW had a narrower Pt particle size distribution in comparison
to PtAl-NW, indicating an improved Pt dispersion and excellent atomic utilization. It may
be emphasized that the Pt clusters and single atoms showed virtually perfectly dispersion
of Pt atoms across the Al-NW surface. Additionally, the yellow bins in Figure 8d represent
the 39% count of single-atom Pt and Pt clusters. As previously explained [49], Pt was
evenly dispersed across the surface of the alumina (100 facets). Pt preferred to be anchored
on the (100) facets of the γ-Al2O3 surface at the coordinatively unsaturated Al3+ sites,
where the formation of full exposed Pt clusters furnished the energetically most stable
overlayer structure.

3.6. Electronic Properties of Pt/γ-Al2O3

To investigate the existing valence states of Pt element on Pt/γ-Al2O3 and determine
their relationship with their catalytic characteristics, XPS examinations of the catalysts were
carried out (Figure 9). Pt 4d experiments were carried out, and the deconvoluted spectra of
Pt 4d were obtained. After Gaussian (80%)-Lorentzian (20%) fitting, Pt 4d spectra for both
samples were found to comprise two primary doublets reflecting two distinct Pt states. The
distinctive peaks of Pt0 were assigned to the binding energy of Pt 4d5/2 at 315.8 eV, whereas
the signal at the higher range of 317.8 eV–318.9 eV belonged to Ptδ+ [45]. Furthermore,
when the agglomerates decreased, the binding energy of Pt 4d increased, which was in good
agreement with the results of HAADF-STEM characterization. The CO band in IR spectra
ascribed to Ptδ+-CO with higher binding energy (PtAl-NW), was redshifted compared to
the absorption band from lower binding energy Ptδ+ (PtAl-NF), presumably because of the
Pt d-electron back-donation to the CO π* anti-bonding orbital [44]. The PtAl-NW catalyst
clearly included 46.3% Ptδ+ (318.9 eV) and 53.7% Pt0 (315.8 eV), whereas the PtAl-NF
catalyst had 38.1% Ptδ+ (317.8 eV) and 61.9% Pt0 (315.8 eV). It was found that the Pt states
of the PtAl-NF catalyst were more electron-rich than those of the PtAl-NW catalyst and
maintained the metallic Pt0 state, resulting in a smaller abundance of CO-covered Pt sites
(inactive) and a higher abundance of O-covered Pt sites (active) on the surface.
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4. Conclusions

In this study, subnanometer and nanometer scale Pt nanoparticles, single-atom Pt, and
full exposed Pt clusters supported on γ-Al2O3 were investigated as the active Pt sites for
C2H4 oxidation. Pt-γ-Al2O3 interaction was morphology-dependent, and different states
of Pt species could be furnished in this manner. A simple surface reaction mechanism was
proposed based on surface species measurements. The 1 nm Pt nanoparticles on γ-Al2O3
exhibited a much higher activity than subnanometer particles and full exposed Pt clusters.
The XPS results clearly showed that Pt supported on PtAl-NF had a higher ratio (61.9%) of
Pt0 and a lower binding energy Ptδ+ (317.8 eV) than PtAl-NW, which indicated that CO
(intermediates) adsorbed on Pt sites had a lower oxidation barrier and are conveniently
converted to easily desorbed CO2 (R9). There are, thus, few CO-poisoned Pt sites and high
reaction rates. Furthermore, γ-Al2O3 with (110) and (100) basal planes resulted in various
Pt morphology and dispersion, and (100) facets preferred to adsorb H2O molecules leading
to the occupation of Pt active sites by H2O. Our results demonstrate that Pt with more
dispersion (subnanometer particles, fully exposed Pt clusters, and single-atom Pt) has a
higher material use efficiency, although there is still room to improve activity per Pt atom.
According to the findings, increased atom utilization does not necessarily lead to an ideal
catalytic performance when the noble metal loading is constant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr10091773/s1, Figure S1. TEM images of synthesized γ-Al2O3
(Al−NF); Figure S2. HRTEM images of synthesized γ-Al2O3 (Al-NF). The nanoflakes in sample
Al-NF were composed of aggregated crystalline grains with sizes of around 10 nm, which fused
to form nanoflakes; Figure S3. TEM images of synthesized γ-Al2O3 (Al-NW); Figure S4. In situ
DRIFTS spectra over PtAl-NW at temperatures from 120 to 180 ◦C. Reaction conditions: 700 ppm
C2H4, 10% O2, N2 balance, 17 mg catalyst, 50 mL min−1 flow rate; Figure S5. In situ DRIFTS spectra
over PtAl-NF at temperatures from 120 to 180 ◦C. Reaction conditions: 700 ppm C2H4, 10% O2, N2
balance, 17 mg catalyst, 50 mL min−1 flow rate; Figure S6. In situ DRIFTS spectra over Pt/γ-Al2O3 at
temperatures from 120 to 180 ◦C. Reaction conditions: 700 ppm C2H4, 10% O2, N2 balance, 17 mg
catalyst, 50 mL min−1 flow rate.
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