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ABSTRACT: Nickel has been considered a promising nonprecious
metal for propane dehydrogenation (PDH) because of its appealing
ability to activate alkane molecules; however, synthesis of selective and
stable Ni sites remains a challenge. Herein, we describe an alumina-
supported isolated Ni(II) site by settling Ni2+ cations into Al3+ vacancy
on γ-Al2O3 as a selective and stable Ni-based catalyst for PDH. Based on
the results from combined characterizations, including in situ X-ray
adsorption spectroscopy (XAS), scanning transmission electron
microscopy (STEM), and in situ diffuse reflectance infrared Fourier-
transform spectroscopy (DRIFTS), atomically dispersed Ni(II) sites
with bonding to oxygen ions from the alumina support are
demonstrated. PDH catalyst tests shows that the Ni(II) single-site
catalyst delivers superior performance compared to a supported metallic
Ni NP catalyst, possessing >93% propylene selectivity at considerable
propane conversions (15−45%), which surpasses Ni nanoparticle (NP) catalysts. The correlation of selectivity to propylene on
different Ni structures with the structural characterizations suggest that the coordinatively unsaturated tetrahedral Ni(II) sites
facilitate the desorption of propylene, which inhibits the side reactions for coking. Moreover, the atomically dispersed Ni(II) sites
remain in its local structure in the reaction-regeneration cycles, as evidenced by in situ XAS. This study on alumina-supported nickel
catalysts affords insights into the nature of selective and stable nickel sites involved in the PDH reaction.
KEYWORDS: propane dehydrogenation, Ni/Al2O3 catalysts, Al3+ vacancy, Ni(II) single site, coke deposition

1. INTRODUCTION
Propylene is an essential platform chemical for the production
of polypropylene and other important industrial chemicals and
is mainly produced as a byproduct from steam or thermal
cracking of naphtha.1−3 With the increasing production of
propane from shale gas, the process of direct dehydrogenation
of propane into propylene has attracted attention as a
promising route for on-purpose production of propylene.
The reaction of PDH (C3H8 ⇌ C3H6 + H2) is highly
endothermic and thermodynamically limited, so high temper-
atures are typically required (>550 °C).4,5 However, at these
high reaction temperatures, cracking of C−C bonds, or
hydrogenolysis, lowers the propylene selectivity and produces
coke.6 Therefore, practical PDH catalysts must be selective at
considerable propane conversions, structurally stable under
operation, and recoverable during regeneration cycles.
Alumina-supported Pt−Sn and CrOx catalysts have been
used in commercial PDH processes because of their high
selectivity of C−H vs C−C bond activation and long
performance life.7−9 However, the high cost of noble Pt and
the environmental toxicity of Cr6+ species have driven the
development of alternative catalysts for PDH.

Generally, the reaction of PDH is thought to be a structure-
insensitive reaction which requires only one active atom to
catalyze, while deeper dehydrogenation and C−C cleavage
involve pathways on the multiatom metallic ensemble sites.10

Theoretical calculations and experimental tests have demon-
strated that decreasing the Pt particle size to atomically
dispersed atoms can significantly improve the turnover
frequency of alkane dehydrogenation reactions while main-
taining superior propylene selectivity and catalytic stabil-
ity.11−15 Thus, synthesis of isolated metal sites through alloy
formation has emerged as a practical strategy to inhibit
undesired side reactions and enhance dehydrogenation
performance of catalysts. For instance, promoter addition,
such as Sn, Zn, Ce, Ga, Cu, and so forth, leads to higher olefin
selectivity and lower coke formation by isolation of Pt atoms in
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ordered bimetallic alloy structures and adjusting the energy of
the Pt valence orbitals.16−25 Another approach is the
development of supported single-site catalysts, including
Co2+, Zn2+, Sn2+, and Ga3+.26−32 Such metal-O-support sites
provide an appropriate barrier for C−H activation and
facilitate propylene desorption to inhibit the formation of
coke, showing potential for next-generation PDH catalysts.
Alternatively, Ni-based catalysts have garnered interest

because of its appealing ability to activate alkane molecules.
Nevertheless, supported metallic Ni NP catalysts exhibit a high
intrinsic activity toward C−C breaking, leading to the
formation of methane, hydrogen, and coke.33,34 Previous
strategies for minimizing the C−C cleavage, such as adding P
and S promoters to dilute the large nickel ensembles have been
shown to work but suffer from the loss of promoters at high
temperatures during the regeneration process.35−38 By means
of anchoring Ni precursors on defect-containing supports, such
as heteroatom-doped sp2 carbon materials, metal organic
frameworks (MOFs), and two-dimensional layered MoS2,
supported nickel single-site catalysts for electro-catalysis and
other reactions under mild conditions have been re-
ported.39−41 To date, it remains a challenge to prepare
supported nickel catalysts in an exclusively single-site
configuration and prevent the reduction of Ni(II) and
formation of Ni NPs under the rigorous reaction and
regeneration conditions of PDH.
The γ-Al2O3 structure is generally considered as a defective

spinel structure, where the Mg2+ atoms have been removed
from the MgAl2O4 structure, leading to the formation of cation
vacancies.42 Simulation studies of γ-Al2O3 have shown that
structural models with nonspinel site occupancy are energeti-
cally more favorable, suggesting that Al3+ vacancy-defects can
serve as the anchoring sites for metal atoms.43−46 For example,
the group of Datye reported that the γ-Al2O3 supported
atomically dispersed Pd2+ can be prepared by settling Pd ions
into the fourfold hollow of a Al3+ vacancy and is stabilized
through bonding to surface oxygen atoms on γ-Al2O3, even
after calcination at 700 °C.47 Hence, we propose that the
strong bonding of nickel to oxygen atoms on the crystalline
structure of γ-Al2O3 might prevent the reduction and sintering
of isolated nickel cations.
Herein, we report that a sintering-resistant Ni(II) single-site

catalyst with commercial γ-Al2O3 as the support can be
achieved via a simple and scalable impregnation method.
Atomically dispersed nickel ions, which are stabilized by
bonding to oxygen atoms of the Al3+ vacancy, are identified by
combined characterizations, including X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), scanning trans-
mission electron microscopy (STEM), and in situ X-ray
absorption spectroscopy (XAS). We then compare the catalytic
performance of the Ni(II) single sites and aggregated metallic
Ni toward propane dehydrogenation, revealing that isolated
Ni(II) sites are selective and stable for C−H activation, while
C−C cleavage involved side reactions are favored on the
ensemble of Ni atoms. In situ diffuse reflective infrared
Fourier-transform spectroscopy (DRIFTS) of CO adsorption
is performed to correlate propylene selectivity with different Ni
sites.

2. EXPERIMENTAL METHODS
2.1. Catalyst Preparation. Nickel nitrate hexahydrate

(≥99.5%), sodium hydroxide (≥98%), and ammonium
hydroxide (25 wt % NH3) were purchased from Shanghai

Aladdin Biochemical Technology Co., Ltd. Boehmite was
purchased from Qingdao Haiyang Chemical Co., Ltd. and
calcined at 650 °C for 4 h to make Al2O3 support. The Al2O3
supported Ni NPs catalyst (1 wt %), denoted as Nin/Al2O3,
was prepared using the deposition precipitation method (DP)
with NaOH as the precipitator. Typically, 10 g of alumina
powder was added to 100 mL of aqueous solution of nickel
nitrate (0.51 g) and kept at 60 °C in an oil bath under vigorous
stirring. Then, the pH of the mixture was adjusted to 10 by
adding the NaOH solution (2 M). After 5 h, the resulting
slurry was washed, filtered, and dried at 110 °C overnight,
calcined at 600 °C for 4 h, and reduced at 600 °C under 10%
H2/Ar flow for 3 h. To prepare alumina-supported Ni(II)
single-site catalyst (Ni1/Al2O3), 0.51 g of nickel nitrate was
dissolved in 2.0 mL of deionized water. Then, the pH value of
solution was adjusted to 11 by adding ammonium hydroxide,
and the volume of impregnated solution was adjusted to 6.5
mL by adding deionized water. The impregnated solution was
added dropwise to 10 g of the alumina powder. The resulting
sample was dried overnight at 80 °C and then treated at 600
°C under 10% H2/Ar flow for 3 h. It was noted that the color
of the fresh Nin/Al2O3 and Ni1/Al2O3 catalysts were black and
white, respectively, as shown in Figure S1. A NiAl2O4 phase, as
a reference for characterization and reaction evaluation, was
prepared by following the procedures reported in our previous
work, and TEM characterization of as-prepared NiAl2O4 NPs
is displayed in Figure S2.48

2.2. Characterization. The nickel loading of alumina-
supported nickel catalysts prepared using different methods
was determined by a PerkinElmer ICP 2100. The Brunauer−
Emmett−Teller (BET) surface area of samples were measured
by N2 adsorption−desorption experiments performed on
Micromeritics ASAP2020 at 77 K. 27Al NMR spectrum of
alumina was recorded on a Bruker 400 M spectrometer using a
4-mm MAS BB/1H probe, operating at 104.3 MHz. XRD
spectra of samples were obtained using Bruker D8 instrument
using Cu Kα as a radiation source by applying a scanning rate
of 2°/min in the range of 10−80°. Temperature programmed
hydrogen reduction (H2-TPR) profiles of the Ni-based catalyst
precursors were carried out on a AutoChemII 2920 (Micro-
metrics) using a thermal conductivity detector. About 100 mg
of the calcined samples were loaded in a U-shaped quartz
reactor and pretreated in N2 flow at 300 °C for 1 h. The
reduction procedure was carried out under 30 mL 10% H2/Ar
flow with a heating rate of 10 °C/min to 1100 °C. The XPS
experiment was conducted on a K-Alpha spectrometer
(Thermo Scientific) equipped with Al Kα anode. The binding
energy of the elements was calibrated by setting the C 1s peak
to a binding energy (B.E.) of 284.6 eV. The size of nickel
particles and elemental distribution of Ni were analyzed using
JEOL-2100F TEM at an acceleration voltage of 200 keV. The
high-angle angular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of Ni atoms were
obtained using Titan Cubed Themis G2300. Thermogravi-
metric characterization of spent catalysts was carried out on a
Bruker TG-DSC instrument under 10% O2 (50 mL/min) flow,
and the temperature ramp rate was 10 °C/min.
The X-ray absorption spectroscopy (XAS) experiments of

alumina-supported nickel samples were carried out at the 10-
BM-B beamline at the Advanced Photo Source (APS) at
Argonne National Laboratory. The Ni K-edge XAS spectra
were collected in transmission mode using three ion chambers
which allowed simultaneous measurement of the samples and a
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Ni foil reference. Each sample was ground into powder and
pressed into a self-supporting wafer inside of a stainless-steel
sample holder, which was loaded into a quartz tube reactor.
The reactor was heated at 600 °C in 3% H2/Ar flow for 1 h.
Then, the reactor was purged with He flow, and the scans were
collected at room temperature. Scans were also collected for
the Ni1/Al2O3 catalyst after treatments in 3% C3H8/He at 580
°C for 1 h and 20% O2/He at 600 °C for 1 h. XAS data were
processed with Demeter package and WinXAS software.49

Simulated phase and amplitude functions for Ni−O, Ni−Al,
and Ni−Ni scattering were extracted using FEFF. The
extracted chi was k2-weighted and Fourier-transformed over a
k range of 2.5−10.0 Å−1 for oxides. The S02 term was
determined by fitting the spectrum of experimental NiO
reference compound, and the value was fixed for all samples.
Fitting was performed in q space to determine the Debye−
Waller factor σ2, and then performed in R space (allowing the
coordination number, bond distance, and E0 correction to
vary) to determine the coordination number and bond
distance.
In situ diffuse reflectance infrared Fourier-transform spectra

(In situ DRIFTS) were collected on a Tensor II (Bruker)

spectrometer equipped with an MCT detector. A ZnSe
window sealed diffuse reflectance chamber was taken to treat
sample in controlled atmospheres and temperatures, which was
connected to a vacuum system to control pressure. Prior to
CO adsorption, pressed disks of fresh catalysts were pretreated
at 600 °C for 1 h under 30 mL/min H2/Ar flow (10%) and
cooled to a low temperature (∼125 K) under a dynamic
vacuum (10−5 mbar). IR spectra of background and CO
adsorption were acquired in the 800−3200 cm−1 range by
collecting 128 scans at a resolution of 4 cm−1. Commercial
software (Bruker OPUS 8.5) was used to analyze data, and the
spectra were converted to Kubelka−Munk spectra after
baseline and offset corrections.

2.3. Catalytic Evaluation. Propane dehydrogenation was
performed in a fixed-bed quartz micro-reactor (6 mm inner
diameter) with 0.5 g of sample (40−60 mesh) loaded. The
catalysts were pretreated in diluted hydrogen gas flow at 600
°C for 1 h and then cooled to test temperature under N2 flow.
The input gas contains 20% propane, balanced with nitrogen.
The gas flow rate was 20 mL/min, controlled using a mass
flowmeter (Bruker), to give a weight hourly space velocity of
propane (WHSV) of 0.3 h−1. The composition of outgas was

Figure 1. (A) XRD patterns of the (a) Al2O3, (b) Nin/Al2O3 catalyst, (c) Ni1/Al2O3 catalyst, and (d) NiAl2O4 NPs. (B) H2-TPR profiles of (a)
Nin/Al2O3, (b) Ni1/Al2O3, and NiAl2O4 NPs precursors after calcination in air. (C) TEM images of Nin/Al2O3 (C1−C3) and Ni1/Al2O3 catalyst
(C4−C6).
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determined by online gas chromatography (Agilent 8890)
equipped with an FID detector. The conversion of propane
and selectivity of propylene were determined by the equations
below. As a comparison, the thermodynamic equilibrium of
propane conversion at each temperature was calculated by the
commercial software Aspen Plus. Based on the mass balance
between carbons in the introduced and the produced
hydrocarbons, the carbon balance of alumina-supported nickel
catalysts during dehydrogenation was calculated, as shown in
Figure S3. The amount of coke deposition on spent catalysts
was determined by thermogravimetric characterization. The
regeneration of spent catalysts was repeated twice. Dried air
was switched into the reactor after each PDH run. Herein, the
turnover frequency (TOF) of catalysts is defined as the moles
of converted propane per mole of active atoms per second,
assuming that Ni dispersion of Ni1/Al2O3 is 100%. The metal
dispersion (D) of Nin/Al2O3 is determined basing on the
average size (d) of Ni NPs, using the formula described in the
previous work, and gives a 24.9% Ni dispersion over the Nin/
Al2O3 catalyst.50 The apparent activation energy (Ea) was
determined by Arrhenius plots under low propane conversions
(4−10%) by adjusting the test temperature.

A first-order model was used to calculate the deactivation
rate (kd) within 12 h reaction, as shown in the following
equation, Conv0 and Convt are the initial and final conversions,
respectively.51

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of Alumina-

Supported Ni(II) Single-Site Catalyst. Alumina, a widely

used material for industrial catalysts, which is functional,
thermostable, and environmentally friendly, is also the
preferred choice for PDH commercial catalysts. In this work,
γ-Al2O3 supported nickel catalysts, Nin/Al2O3 and Ni1/Al2O3,
were prepared using DP and incipient wetness impregnation
(IWI) methods, respectively. During impregnation, the pH of
Ni-containing impregnation solution was adjusted to 11 by
NH4OH, which leads to the deprotonation of the surface of γ-
Al2O3, allowing the Ni(NH3)62+ species to be electrostatically
adsorbed on the On− sites located at the Al3+ vacancies. The
similar loadings (∼1 wt %) for both samples are determined by
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES). The XRD patterns of the alumina support and
alumina-supported nickel catalysts prepared from different
methods are illustrated in Figure 1A. The typical diffraction
peaks at 2θ = 19.6°, 31.9°, 37.6°, 39.5°, 45.8°, 60.5°, and 66.8°
of the alumina support can be assigned to the crystal phase of
γ-Al2O3 (PDF#074-2206).52 The size of alumina particles is
calculated to be 13.4 nm using the Scherrer equation, which
matches the statistical size measured from TEM images, as
shown in Figure S4. Comparing the spectrum of alumina
support with those of Ni-based catalysts, we can find that the
loading of nickel does not change the overall structure of the
alumina. It should be noted that a slight shift to a lower angle
of diffraction peaks on Ni1/Al2O3 is observed. Specifically,
Figure S5 shows the magnified XRD pattern of three samples
in the 41−50° region and the change of the lattice parameters
of alumina as a function of Ni addition. For the Ni1/Al2O3
sample, the shift of the <400> reflection of alumina to a lower
2θ value corresponds to the increase in the lattice parameter
(a) from 7.87 to 7.90 Å, suggesting the successful
incorporation of Ni in the γ-Al2O3 structure, while the Nin/
Al2O3 sample shows no change in the corresponding peak
position. The absence of diffraction signals of Ni species on
both catalysts suggests high dispersion of nickel on the γ-Al2O3
support. As a reference, NiAl2O4 (PDF#010-0339) is the only
detected phase matching the diffraction peaks of NiAl2O4 NPs,
as displayed in Figure 1A(f).53 More physicochemical
properties of alumina and Ni-based catalysts, including BET
and 27Al NMR analysis are described in Figure S6 and Table
S1.
The H2-TPR characterization is carried out to study the

reducibility of Ni species on alumina-supported nickel samples,
and the results are displayed in Figure 1B. In terms of the Nin/
Al2O3 precursor, a broad overlapped H2-consumption peak can
be assigned to the reduction of NiO to metal Ni. According to
the previous studies on alumina-supported nickel catalysts, it

Figure 2. Ni K-edge (A) XANES spectra, including inset for zoomed-in pre-edge feature, and (B) FT magnitude of the k2-weighted EXAFS in R
space for Nin/Al2O3 and Ni1/Al2O3 catalysts, with comparison to a Ni foil and a NiO reference.
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can be roughly defined that the two reduction peaks (551 and
700 °C) refer to the nickel oxide with medium and strong
interaction to alumina, respectively.54,55 In addition, metallic
Ni species are detected by XPS characterization on the fresh
Nin/Al2O3 catalyst, as shown in Figure S7. The alumina-
supported Ni sample prepared from the IWI method exhibits
only one reduction peak at 810 °C, which is close to the
reduction of cationic nickel from the NiAl2O4 crystal phase
(851 °C). Moreover, the reduction peak area of oxidation
nickel species on Ni1/Al2O3 precursor is much smaller than
that of Nin/Al2O3, suggesting that the nickel bonding to
oxygen atoms maintains its structure even after reduction at
1100 °C. Consistently, the XPS spectrum of the Ni1/Al2O3
catalyst (Figure S7) only shows a single Ni 2p3/2 peak locating
at 856.1 eV, which is attributed to the Ni2+ species.56

The atomic-scale structure of the Ni species was further
characterized by STEM analysis (Figure 1C). For the Nin/
Al2O3 catalyst, the formation of Ni NPs with a clear crystalline
structure is observed, and the average size of the Ni NPs is 4.5
nm (Figure 1C1−C3). On the contrary, no obvious Ni
aggregation on the Ni1/Al2O3 catalyst was detected in both the
STEM image and the corresponding energy-dispersive X-ray
spectroscopy (EDX) maps (C4 and C5). By increasing the
magnification, exclusively isolated Ni atoms uniformly
dispersed on the alumina surface as bright dots are observed
in HAADF-STEM image, as shown in Figure 1C6.
XAS characterization was employed to reveal the chemical

environment of different nickel species. Figure 2 shows the X-
ray absorption near edge structure (XANES) and the X-ray
absorption fine structure (EXAFS) spectra for the two
alumina-supported nickel catalysts as well as Ni foil (Ni0)
and NiO (Ni2+) references. The model fits for all of the
samples and references are displayed in Figure S8. The XANES
spectrum of Nin/Al2O3 shows a similar edge energy (8332.6
eV) to a Ni foil (Table 1), but the white line intensity is higher
due to a small proportion of the Ni remaining oxidized. The
EXAFS of Nin/Al2O3 displays one main peak at the same bond
distance as Ni−Ni in the Ni foil, but with a smaller FT
magnitude due to lower coordination, as well as a smaller
shoulder at lower R (Figure 2B). Upon fitting, Ni−Ni
coordination is found to be 8.3, and Ni−O coordination is

found to be 1.3 at the Ni−O single site bond distance of 2.01
Å, suggesting the presence of a small proportion of Ni2+ that
does not reduce after treatment at 600 °C in H2. The XANES
of the Ni1/Al2O3 sample is similar to that of the NiO (Ni2+)
reference, including the pre-edge feature near 8333 eV, as
highlighted in the inset of Figure 2A. The pre-edge peak is
assigned to the dipole-forbidden but quadrupole-allowed
transition (1s → 3d).57 The pre-edge feature has been
previously reported to shift to lower energy going from
octahedral to tetrahedral Ni, owing to the fact that the half-
filled orbitals in an octahedral geometry have a higher energy
than the half-filled t2 orbitals in a tetrahedral geometry.58 It can
be seen from Figure 2A and Table 1 that the edge energy of
Ni1/Al2O3 is centered at a higher energy than that of NiO
reference, suggesting that the energy required for an electron
transition from 1s to 4p is higher for Ni species supported on γ-
Al2O3.

59 This may be due to the strong interaction between
the support and Ni species. The EXAFS for NiO exhibits
prominent peaks at around 2 and 3 Å, which correspond with
first-shell Ni−O coordination and second shell Ni−Ni
coordination (Figure 2B). EXAFS fitting for NiO, as shown
in Table 1, yields a first-shell Ni−O coordination of 6.0 at a
bond distance of 2.09 Å and a second shell Ni−O−Ni
coordination of 12. Also, as shown in Figure 2B, the EXAFS for
Ni1/Al2O3 appears to have a smaller FT magnitude (lower
coordination) at a shorter bond distance compared to the NiO
reference. This is confirmed by the first-shell fitting results,
which assert a Ni−O coordination of 4.3 at a bond distance of
2.01 Å (Table 1). For the second shell EXAFS, it can be
difficult to discern the difference between Ni−O−Ni and Ni−
O−Al scattering based on the real portion of the FT
magnitude EXAFS spectrum because of the small magnitude
of the peak. Nevertheless, the imaginary portion of the FT
magnitude EXAFS is qualitatively different between the Ni1/
Al2O3 sample and the NiO reference (Figure S9), suggesting
the presence of a different scattering path. The second shell
fitting results in Figure S9 and Table S2 illustrate that the
second shell scattering can be attributed to Ni−O−Al
scattering as opposed to Ni−O−Ni scattering. Holding the
first-shell fitting parameters constant, the second shell
parameters of coordination number, bond distance, and ΔEo
were allowed to vary. The fit using Ni−O−Al and the fit using
Ni−O−Ni both have a low least squares error for the second
shell, but the Ni−O−Ni fit results in an unrealistic ΔEo value
of −15.7 eV compared to the Ni−O−Al fit that yields a more
realistic ΔEo value of 3.6 eV. All other things being equal, the
second shell scattering can be assigned to Ni−O−Al scattering
with a coordination of 4.0 at a bond distance of 2.88 Å. Based
on the collective evidence, the Ni in Ni1/Al2O3 is present as
isolated Ni(II) single sites, which are anchored on the surface
of γ-Al2O3 through bonding to oxygen atoms, while the Ni
atoms in Nin/Al2O3 are mostly incorporated into metallic Ni
NPs.
The surface properties of γ-Al2O3 are strongly influenced by

its bulk structure and surface hydroxyl groups. Thus, IR
spectroscopic experiments of CO adsorption were performed
to study the interaction between γ-Al2O3 and nickel species,
and hence the resulting active centers. The samples were
pretreated at 600 °C in hydrogen flow to activate the samples,
and the IR spectra of CO adsorption at low temperature under
increasing pressure on γ-Al2O3 and supported nickel catalysts
are compared in Figure 3. The vibrational features of adsorbed-
CO at 2157 cm−1 with a shoulder at 2135 cm−1 over γ-Al2O3

Table 1. Ni K-Edge XAS Fitting Parameters for Alumina-
Supported Nickel Catalysts

sample
edge energy
(eV) scatter CN R (Å)

ΔE0
(eV) σ2

Ni foil 8333.0 Ni−Ni 12.0 2.48 5.1 0.005
NiO ref. 8340.6 Ni−O 6.0 2.09 2.4 0.005

Ni−O−
Ni

12.0 2.94 −3.0 0.005

Nin/Al2O3 8332.6 Ni−O 1.3 2.01 6.6 0.005
Ni−Ni 8.3 2.47 4.3 0.007

Ni1/Al2O3 8342.0 Ni−O 4.3 2.02 1.0 0.005
Ni−O−
Al

4.1 2.88 3.6 0.007

2.5%-Ni1/
Al2O3

8342.1 Ni−O 4.3 2.02 1.4 0.005

Ni−O−
Al

4.0 2.88 3.9 0.007

Ni1/Al2O3
(C3H8)

8342.1 Ni−O 4.4 2.00 −3.7 0.005

Ni1/Al2O3
(O2)

8342.1 Ni−O 4.4 2.01 −3.3 0.005
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are observed, attributing to CO interaction with OH groups
and weak physisorption at low temperature, respectively, and
the intensity of both peaks increases with increasing CO
pressure.60 Introduction of low pressure CO (40 Pa) to the
Nin/Al2O3 catalyst results in the appearance of two new intense
bands at 2095 and 2056 cm−1, which are attributed to the
terminally bonded CO on low-coordinated and saturation-
coordinated Ni0 atoms, respectively.61−63 As the CO pressure
increased, the intensity of the peak at 2056 cm−1 gradually
increased, while the intensity of the peak at 2095 cm−1 remains
largely unchanged. The change of peak intensity with CO
pressure implies that CO preferentially adsorbs to low-
coordinated Ni0 atoms because of the higher adsorption
enthalpy, including atoms located at corners, edges, and
terraces on Ni NPs, which may possess higher activity for the
activation of propane molecules.64 In the case of the Ni1/Al2O3
catalyst, no relative features of metallic Ni bonded CO are
detected, and an intense peak emerges at 2175 cm−1. The vCO
is expected to shift to a higher wavenumber with increasing
polarizing power of the cation, so the adsorbed-CO at 2175
cm−1 belongs to the stretching vibration of CO on Ni2+ sites.65

In addition, the disappearance of physisorbed CO and the
decrease of hydroxyl groups interacting with CO are notable
for the Ni1/Al2O3 catalyst, suggesting a change in the surface
properties of γ-Al2O3. Likely, impregnation of the deproto-
nated γ-Al2O3 with Ni(NH3)62+ affects the hydroxyl groups,
functioning as surface germination sites during the impregna-
tion step. The following thermal and reduction treatments do
not restore the initial hydroxyl groups on the support, and this
effect serves as evidence of a significant nickel−alumina
interaction.66,67

In summary, all characterizations discussed above demon-
strate that the atomically dispersed Ni2+ cations are successfully
incorporated into the crystalline structure of γ-Al2O3 using a
facile impregnation method. In addition, a higher nickel
loading of the Ni1/Al2O3 can be achieved while maintaining a
Ni(II) single site structure. A supported Ni(II) single-site
catalyst containing 2.5% nickel was prepared using the same
procedures, and the sample is denoted as 2.5%-Ni1/Al2O3. The
EXAFS of the 2.5%-Ni1/Al2O3 is identical with Ni1/Al2O3
(Figures 4, S13 and Table 1). The EXAFS fitting for the 2.5%-
Ni1/Al2O3 sample, after treatment in 3% H2 at 600 °C, fits well
using Ni−O and Ni−O−Al scattering paths, resulting in a Ni−
O coordination number of 4.3 at a bond distance of 2.02 Å,
indicating fully isolated Ni2+ cations at the higher weight
loading. Given the generality of alumina-supported nickel
catalysts for heterogenous catalysis, this facile and scalable

method to obtain atomically dispersed Ni species offers
opportunities to enhance the catalytic performance of other
reactions.

3.2. Catalytic Performance of Propane Dehydrogen-
ation. We then evaluate the direct dehydrogenation of
propane for Ni1/Al2O3, Nin/Al2O3, and NiAl2O4 NPs to
compare the catalytic properties of different nickel species. The
catalytic activity of blank alumina is also tested in the range of
550−600 °C, as shown in Figure S10, where the initial
conversions of propane are below 3% and the selectivity to
propylene decreases with increasing temperature from 550 to
600 °C (61 to 48%). In Figure S11, the Nin/Al2O3 catalyst
shows a high initial propane conversion (89%), giving a TOF
of 0.076 s−1 at 580 °C. In terms of the product distribution,
methane is the main product at the beginning of the test and
only 4.8% selectivity toward propylene is detected. The
primary product rapidly shifts toward propylene as the reaction
proceeds, and 65% selectivity to propylene at 5.9% propane
conversion is obtained after 12 h. The activity of the Nin/Al2O3
catalyst, however, sharply decreases to nearly 0.01 s−1 after 0.5
h reaction and then slowly decreases with increasing time on
stream. The dehydrogenation results for the Ni1/Al2O3 sample
exhibits entirely different catalyst performance. Figure 5 shows
the propane conversion and selectivity to propylene as a
function of time on stream at varied reaction temperatures.
The propane conversion significantly increases with increasing
the reaction temperature from 550 to 600 °C, from 17 to 43%,
without an obvious decline of conversion within 3 h.
Simultaneously, the Ni1/Al2O3 shows a resilient high
propylene selectivity during each test (>93%) at an appreciable

Figure 3. Infrared spectra of CO adsorbed at low temperature (125 K) on γ-Al2O3 and Ni-based catalysts. Before CO adsorption, all samples were
outgassed to below 10 Pa under high vacuum, then the spectra of CO adsorption were recorded under increasing pressure from 30 to 300 Pa.

Figure 4. Ni K-edge k2-weighted magnitude of the EXAFS in R space
for Ni1/Al2O3 catalysts with 2.5 wt % Ni loading.
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propane conversion (>17%). Less than 5% methane was
obtained at the highest temperature and conversion (600 °C,
43%). Catalytic dehydrogenation of the Ni1/Al2O3 catalyst
under the rigorous conditions of pure propane as well as pure
propane co-fed with hydrogen in a 2:1 ratio at 580 °C was also
performed, as shown in Figure S12. More importantly, the
Ni1/Al2O3 catalyst exhibits good catalytic stability over the
course of three reaction-regeneration cycles. As shown in
Figure 5B, a high selectivity to propylene (∼93%) is obtained
across all reaction runs. In the first run, the propane conversion
decreased from 29.4 to 24.5% during 12 h, and the
deactivation rate (kd) is calculated to be 0.021 h−1. It is
worth mentioning that the rate of propane conversion decline
decreases after each regeneration, and the deactivation rates of
0.017 and 0.012 h−1 are obtained during second and third runs,
respectively. In contrast, Nin/Al2O3 deactivates quickly, giving
a high kd value of 0.427 h−1. These results indicate that the
catalytic performance of the Ni1/Al2O3 catalyst can be
completely recovered after the regeneration of the catalyst,
and this remarkable stability of the Ni1/Al2O3 catalyst for
propane dehydrogenation is comparable to the reported Pt-
based alloy catalysts.11,17,21,23

We then compare apparent activation energies of Ni1/Al2O3
and Nin/Al2O3 catalysts by plotting ln(TOF) versus 1/T, as
shown in Figure 5C. The Ea value for PDH over the Ni NPs
catalyst is 71.2 kJ/mol, which is lower than those of the
reported Pt and Pt-based alloy catalysts.11,16,68 A higher Ea

value for Ni1/Al2O3 catalyst is observed (143.8 kJ/mol), which
is comparable to reported metal oxide PDH catalysts (130−
180 kJ/mol).26,59,69 The significant increase of Ea for the single
site catalyst, compared to the Ni NPs catalyst, explains the
initial PDH performance for these two catalysts.
The ability to resist reduction and aggregation is quite

important for structural stability of the Ni(II) single-site
catalyst. In situ XAS experiments of the Ni1/Al2O3 catalyst
during the reaction-regeneration process were conducted to
reveal the specific changes of the Ni1/Al2O3 catalyst. The Ni1/
Al2O3 catalyst after 1 h treatment in 3% H2 at 600 °C, 1 h
treatment in 3% C3H8 at 580 °C, and 1 h treatment in 20% O2
at 600 °C is qualitatively identical irrespective of gas treatment
as illustrated by the R space and k-space EXAFS spectra
(Figures 6A and S14). The first-shell EXAFS fitting results are
given in Table 1, showing a Ni−O coordination number of
either 4.3 or 4.4 at a bond distance of 2.00 or 2.01 Å for all of
the treatments. Regardless of gas treatment, the nature of the
Ni sites remains constant for the Ni1/Al2O3 sample. This
suggests that the atomically dispersed Ni2+ sites retain their
local structure and no reduction or aggregation occurs over
reaction-regeneration cycles, explaining the high stability of the
Ni1/Al2O3 catalyst for PDH. While coordinatively unsaturated
(tetrahedral) and isolated Ni(II) site exhibits high performance
for PDH, octahedral and isolated Ni2+ in unreduced NiAl2O4
NPs was also tested for PDH (Figure S15) and resulted in a
poor PDH activity and propylene selectivity. This suggests that

Figure 5. (A) Propane conversion and propylene selectivity over the Ni1/Al2O3 catalyst at different evaluated temperatures, with equilibrium
propane conversions marked as the green dotted line. Test conditions: atmospheric pressure, 20 mL/min diluted propane (C3H8:N2 = 1:4) to give
a 0.3 h−1 WHSV of propane. (B) Ni1/Al2O3 catalyst in the PDH at 580 °C. After each PDH run, the catalyst was regenerated by oxidative
treatment using dried air (40 mL/min) for 1 h at 600 °C, and then purged by pure nitrogen gas cooled to 580 °C. (C) Arrhenius plots for propane
conversion over alumina-supported nickel catalysts, 4−10% propane conversions were recorded by adjusting the test temperature and sample
loadings in the reactor.

Figure 6. (A) k2-weighted magnitude of the EXAFS in R space for Ni1/Al2O3 catalysts: (a) treated in diluted hydrogen at 600 °C for 1 h, (b)
reaction in diluted propane at 580 °C for 1 h, and (c) regeneration in air at 600 °C for 1 h. (B) TG and DSC (inserted) curves of alumina-
supported nickel catalysts after 12 h reaction.
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the unsaturation of Ni(II) single site is critical for PDH
performance.
In addition to the structural stability, the Ni(II) sites exhibit

a surprising ability to resist coke deposition. The amount of
coke deposited on both alumina-supported Ni catalysts after
PDH run within 12 h was measured using thermogravimetric
analysis, and the TG-DSC results are presented in Figure 6B.
The amount of coke on the Ni1/Al2O3 and Nin/Al2O3 catalysts
is 2.9% and 22.5% w/w, respectively, corresponding to the
mass loss in the temperature range of 300−700 °C.
Significantly more coke is produced on metallic Ni NPs
because of higher C−C bond breaking rates. As a result, C2
and C1 fragments, along with strongly adsorbed propylene,
lead to the formation of aliphatics or graphite compounds in
the coke through polymerization reactions.70,71 Meanwhile, the
severe aggregation of Ni NPs also contributes to the rapid
deactivation of the Nin/Al2O3 catalyst. TEM characterization
of the spent Nin/Al2O3 catalyst was performed to study the
change of Ni dispersion, and the average diameter of Ni NPs is
8.7 nm (Figure S16), which is almost twice that of the fresh
catalyst.
The product distribution analyses suggest that both metallic

and oxidized nickel species catalyze the activation of propane
molecules, but through different reaction pathways. On
supported Ni NPs catalyst, propane molecules adsorb prior
to low-coordinated Ni atoms because of the higher enthalpy of
adsorption, as illustrated by IR results. However, the strong
adsorption of generated propylene and other deeply dehydro-
genated species on such sites results in coke deposition, which
in turn deactivates the Nin/Al2O3 catalyst quickly. Thus, the
activation of propane mainly occurs on saturated Ni atoms
with lower catalytic activity, but weakened desorption of
propylene leads to higher propylene selectivity and catalyst
stability. The higher propylene selectivity of the Ni1/Al2O3
catalyst is ascribed to the facile desorption of propylene on
Ni(II) single sites, which prevents the further conversion of
propylene into propylidyne. According to the recent
experimental results and DFT calculations, the propylidyne
species is a likely intermediate for further decomposition of
propylene, which requires a threefold Ni−Ni−Ni site.33 The
active sites identified from CO-IR analysis reasonably explains
the evolution of PDH performance on Ni(II) single sites and
Ni−Ni ensemble sites.

4. CONCLUSIONS
In summary, we report that atomically dispersed Ni(II) with
varied nickel loadings can be prepared by anchoring Ni atoms
into Al3+ vacancies on γ-Al2O3, which serves as a selective and
stable catalyst for propane dehydrogenation. Structural
elucidation of Ni sites on alumina, by in situ XAS, HAADF-
STEM, and CO-IR analysis indicates that the tetrahedral
Ni(II) single sites account for the significantly higher
propylene selectivity and catalytic stability compared to a Ni
NPs catalyst. The Ni(II) single-site catalyst exhibits >93%
propylene selectivity with a 0.012 h−1 deactivation rate in PDH
reaction at 580 °C. More importantly, its structural stability
and significantly reduced coking rate ensure the complete
recovery of catalytic performance after regeneration of the
spent catalyst. This study on Ni-based catalysts provides
insights into the nature of robust Ni sites for propane
dehydrogenation and demonstrates that unsaturated Ni(II)
single site catalysts can serve as a promising substitute of noble
Pt catalysts for PDH.
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