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ABSTRACT: Zn-based Al,Os-suported materials have been proposed as inexpensive and environmentally friendly catalysts for the
direct dehydrogenation of propane (PDH), however, our understanding of these catalysts’ structure and deactivation routes is still
limited. Here, we correlate the catalytic activity for PDH of a series of Zn-based Al,O; catalysts with their structure and structural
evolution. To this end, three model catalysts are investigated. (i) ZnO/Al,Os prepared by atomic layer deposition (ALD) of ZnO onto
v-Al,O3 followed by calcination at 700 °C, which yields a core-shell spinel zinc aluminate/y-Al,O3 structure. (ii) Zinc aluminate
spinel nanoparticles (ZnxAlyO4 NPs) prepared via a hydrothermal method. (iii) A reference core-shell ZnO/SiO; catalyst prepared by
ALD of ZnO on SiO,. The catalysts are characterized in detail by synchrotron X-ray powder diffraction (XRD), Zn K-edge X-ray
absorption spectroscopy (XAS), and ?’Al solid state nuclear magnetic resonance (ssNMR). These experiments allowed us to identify
tetrahedral Zn sites in close proximity to Al sites of a zinc aluminate spinel phase (Zn—O-Alwvn linkages) as notably more active
and selective in PDH relative to the supported ZnO wurtzite phase (Zn—0O- Znyy linkages) in ZnO/SiO,. The best performing catalyst,
50Zn0/Al,0; gives 77% selectivity to propene (gaseous products based) at 9 mmol CsHg gear ! h™! space time yield (STY) after 3 min
of reaction at 600 °C. On the other hand, the core-shell ZnO/Al,O; catalyst shows an irreversible loss of activity over repeated PDH
and air-regeneration cycles, explained by Zn depletion on the surface due to its diffusion into subsurface layers or the bulk. Zn,AlyO4
NPs gave a comparable initial selectivity and catalytic activity as 50ZnO/Al,Os. With time on stream, Zn,Al,O4 NPs deactivate due
to the formation of coke at the catalyst surface, yet the extend of coke deposition is lower than for the ZnO/Al,O; catalysts, and the

activity of Zn,Aly04 NPs can be regenerated almost fully using calcination in air.

1. INTRODUCTION

Propene is a key commaodity for the production of a wide variety
of chemicals such as polypropylene, propene oxide, acryloni-
trile, cumene or acrylic acid.* Currently, the supply of propene
from traditional routes such as fluid catalytic cracking (FCC)
and steam cracking of naphtha? is reducing due to the replace-
ment of naphtha by ethane in crackers (owing to the availability
of inexpensive shale gas).® The main industrial on-purpose tech-
nologies for the dehydrogenation of propane to propene (PDH)
are the Catofin™ and the Oleflex™ processes that rely on Cr-
and Pt-based catalysts, respectively.* 2 However, due to the high
price and low availability of platinum and the toxicity of CrV' 3
the development of alternative, low cost and environmentally
benign catalysts is of great importance.®

Metal oxide catalysts, including gallium, cobalt, aluminum and
zinc oxide-based catalysts, are currently researched actively for
the selective dehydrogenation of propane to propene.? "** The
metal sites on the surface of these oxides can exhibit different
coordination environments and undergo changes in the oxida-
tion state during the PDH reaction, which affect their catalytic
performance. This has driven considerable research efforts to
understand the active sites at the atomic level.* %7 Catalysts

with active Zn sites (primarily, dispersed Zn?* cations or com-
plex oxides containing Zn?*, for instance spinel-type oxides or
zeolites) are promising candidates considering the low cost and
generally low toxicity of Zn.* 18 Bulk ZnO is considered almost
inactive in PDH.* The low activity of ZnO is worsened by the
instability of bulk ZnO in reducing conditions at high tempera-
tures (>550 °C), i.e., ZnO can reduce to metallic Zn (melting
point of Zn is 420 °C) and/or form volatile Zn species.** 1°
However, it has been reported that the most active and selective
Zn-based alkane dehydrogenation catalysts contain dispersed
Zn?* cations stabilized on a support.® % #1920 Several studies
suggest that the nature of the support determines the local struc-
ture and coordination geometry of the Zn sites and therefore in-
fluences the catalyst’s performance.® 2 That being said, the
atomic scale structure of the most active sites in Zn-containing
catalysts remains under intensive investigation. For example,
isolated Zn?* cations with tetrahedral coordination have been
proposed as active sites for alkane dehydrogenation in Zn-con-
taining zeolites.?® 22 2 In addition, it has been suggested that the
proximity of Zn?* and AI** sites plays an important role, as basic
Al-bound oxygen is essential for the heterolytic cleavage of the
C—H bond, according to theoretical calculations.” *® The active
sites in alumina supported zinc-based catalysts, prepared by
wetness impregnation (WI) or chemical vapor deposition



(CVD), were assessed by temperature programmed reduction
(TPR) and diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFT) with probe molecules (CO, H,) and Zn?* sites
bonded to alumina were reported to be the active sites with
much higher reducibility compared to supported ZnO nanopar-
ticles.® Moreover, single site Zn?* on silica support'* % and
more recently, tricoordinated isolated Zn?* sites anchored on
(doped) ZrO, were also reported to be highly active in PDH. 2°
While such dispersed Zn?* sites are highly active, they can be
reduced during the PDH leading to catalyst deactivation with
time on stream (TOS). Other deactivation routes of Zn?* sites
include coke deposition, ZnO formation or Zn difussion,® 8
whereby in particular the latter process deserves further detailed
structural studies.

In this work, we aim at: i) describing the nature of Zn sites in
ZnO layers supported on y-Al,O; (denoted 10, 30, and
50Zn0/Al,0;) obtained by atomic layer deposition, ii) under-
standing the interplay between the coordination of Zn and Al
sites, their local structure, and the catalytic activity in PDH, and
iii) determining deactivation routes. We address these scientific
questions by evaluating in detail the atomic scale structure and
catalytic performance for ZnO/Al,O3 and ZnO/SiO, model cat-
alysts prepared via ALD of ZnO on y-Al,O3 or SiOy, respec-
tively, followed by a heat treatment at 700°C. Further, we syn-
thesize Zn,AlyO4 nanoparticles (NPs, ca. 4 nm average crystal-
lite size) using a hydrothermal approach. We investigate the
structure of these catalysts via synchrotron X-ray powder dif-
fraction (XRD), X-ray absorption spectroscopy (XAS) at the Zn
K-edge, 2’Al solid-state nuclear magnetic resonance (sSNMR),
and transmission electron microscopy (STEM). Our findings
show that upon thermal treatment, ALD-deposited ZnO reacts
with y-Al,Os, yielding tetrahedral Zn?* in a zinc aluminate
phase shell that covers the y-Al,O3 core. The Zny—O-Alivw
linkages present in ZnO/Al,O3 outperform poorly active Zny-
O-Znyy linkages found in ZnO/SiO; in terms of PDH catalytic
activity and selectivity. However, ALD-derived, core-shell
ZnO/Al,0O; catalysts deactivate significantly with TOS and over
repeated air regeneration cycles. We explain this deactivation
by the diffusion of Zn from the surface layers into the inner lay-
ers of alumina, leading to an irreversible loss of activity. The
initial space-time yield (STY, per gram of catalyst) of Zn,Al,O,
NPs was similar to that of ZnO/Al,Os; both materials contain
Znp-O-Alw sites. ZnkAlyO4 NPs deactivate under TOS to a
lower extent than ZnO/Al,O; and deactivation is mainly due to
coke formation. In contrast to ZnO/Al,Os, the catalytic activity
of Zn,Al,O4 NPs can be regenerated largely (more than 90%)
under airflow at 650 °C.

2. EXPERIMENTAL SECTION
2.1.Materials

v-Al,03 (>99.9%, Alfa Aesar, Sger = 100 m2g), SiO, ( Aerosil
300, > 99.8%, Evonik, Sger = 300 = 30 m? g 1), electronic grade
diethyl zinc (DEZ, ALD precursor, Pegasus Chemicals),
Zn(NO3)2-6H,0 (98%, Acros Organics), AlCI;-6H,O (>99%,
Acros Organics), citric acid (>99.8%, Acros Organics) polyeth-
ylene glycol (PEG 6000, Sigma-Aldrich), AI(NO3)s-9H,0
(>95%, Acros Organics), aqueous ammonia (Fisher Scientific,
35 vol.%), acrylamide (>99%, Acros Organics), N,N’-meth-
ylenebisacrylamide (=99%, Sigma-Aldrich), D-(+)-glucose
(extra pure, SLR, Fisher Scientific), and SiC (Alfa Aesar, 46
grit particles) were purchased from the respective commercial
suppliers and used without further purification.

2.2.Synthesis
2.2.1. ALD-deposited ZnO/Al;03 and ZnO/SiO;

SiO; and y-Al,O3 supports were mixed with water to form ho-
mogenous slurries that were dried at 120 °C overnight. The re-
sulting chunks of SiO; and y-Al,Os were crushed and sieved to
obtain a 150-300 um size fraction that was used subsequently
for the ALD synthesis. Deposition of ZnO on SiO; or y-Al,0;
was carried out in a commercial ALD system (Picosun R-200)
integrated in a N, glovebox and equipped with a POCA system,
which is a reaction chamber setup used for powder coating. The
powder holder with a pore size of 40 — 100 um was filled with
approximately 100 mg of support (y-Al.O3 or SiO,). For the
deposition of ZnO, diethyl zinc (DEZ) and DI water were uti-
lized. High-purity N, was used as both carrier and purge gas.
The pulse and purge times were 0.1 s, 15, 0.1 s and 15 s for,
subsequently, DEZ, N, H,O and N, using three pulses for both
DEZ and H,O for a total of 10-50 cycles. The deposition tem-
perature was 150 °C. Under these conditions, STEM analysis of
ZnO coated NPs revealed a deposition rate of ca. 0.17 nm of
ZnO per one ALD cycle. The as deposited materials were cal-
cined at 700 °C (4 °C min™) for 4 h in a muffle furnace under
static air. The zinc content in the calcined materials was deter-
mined using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) experiments and is presented in Table 1.

Table 1. BET surface area (SA) and Zn loadings of ALD-
synthesized materials.

Entry Support ALD  SA(m? Zn(wt.  Material
cycles g% %)"

1 v-Al203 10 101 12 10Zn0O/Al03

2 v-AlzOs 30 89 2.4 30ZnO/Al20s

3 v-AlzO0s 50 93 3.3 50Zn0O/Al20s

4 SiO2 10 274 2.2 10Zn0/SiO2

5 SiO2 30 239 1.7 30Zn0/SiO2

*

according to ICP-AES results
2.2.2. Zinc aluminate nanoparticles (NPs)

Zn,Al, O, nanoparticles (ZnxAl,04-NPs) were synthesized us-
ing a reported hydrothermal method.?* For Zng 1sAl»5s04 (Zn/Al
ratio according to ICP), polyethylene glycol (PEG,7.848 g,
1.31 mmol) was dissolved in DI water (100 ml) followed by the
addition of Zn(NOs),-6H,O (3.245g, 10.91 mmol) and
AI(NO3)3-9H,0 (8.184 g, 21.82 mmol). The reaction mixture
was stirred to obtain a clear solution. The molar ratio of all cat-
ions to PEG was kept constant at 25. Then, the pH was adjusted
to 10.5 by the dropwise addition of an aqueous ammonia solu-
tion (35 vol. %) under continuous stirring. When the pH=10.5
was achieved, ammonia addition was stopped and the resulting
solution was stirred for additional two hours. The slurry ob-
tained was transferred to a polytetrafluoroethylene (PTFE)-
lined stainless steel autoclave and aged under static air at
110 °C for three days. After cooling down to ambient condi-
tions, the precipitate was recovered by centrifugation, washed
with DI water (3 x 300 ml) and calcined at 700 °C (4 °C min?)
for 4 h under static air in a muffle furnace. A similar approach
was used to synthesize zinc aluminate NPs with varying Zn/Al
molar ratios (see Table 2 for the ICP-AES results). A crystalline
reference zinc aluminate spinel (denoted bulk-ZnAl,O4) was
synthesized for the sake of comparison to aid the XAS and
NMR analyses (see supporting information for synthesis details
and XRD characterization).



Table 2. Zn loadings and Zn/Al ratios in Zn,Al,0, materials
synthesized via a hydrothermal method. BET surface area of
ZnAlyO4 materials is ca. 205 m? g%, independent of the com-
position.

Entry  Material Zn (Wt.%)"  Zn/Al ratio”
1 Zno.osAl26304  2.80 0.02
2 ZnoasAl2s604  7.04 0.06
3 Zno.42Al2.3904  17.60 0.18

*according to ICP-AES
2.3.Characterization

For laboratory based X-ray powder diffraction (XRD), a PAN-
alytical Empyrean diffractometer equipped with Bragg—Bren-
tano HD incident beam optics and an X'Celerator Scientific ul-
tra-fast line detector was used. K, radiation of a Cu anode at
45 kV and 40 mA was used to perform scans in the 26 range of
5-100° with a step size of 0.017° and acquisition time of 0.65 s
per step.

Synchrotron XRD and X-ray absorption spectroscopy (XAS)
were carried out at Swiss Norwegian Beam Line (SNBL,
BM31) of the European Synchrotron Radiation Facility
(ESRF), Grenoble, France. A Si (111) double crystal was used
as a monochromator and the data were collected in transmission
mode with a step size of 0.5 eV and 140 ms acquisition time
within the 9.45-10.2 keV range. A DEXELA detector was used
to collect the XRD data having a Si (111) channel-cut mono-
chromator set at a wavelength () of 0.493 A5 Synchrotron
XRD data were collected in 1 mm quartz capillaries.

In situ combined XRD-XAS studies were carried out in a quartz
capillary cell (0.1 mm wall thickness outer diameter of
1.5 mm). The specimen were placed between two plugs of
quartz wool in a quartz capillary that was heated by an air
blower, reaching up to 750 °C (at the specimen). Prior to the
measurements, the blower temperature was calibrated using an
empty capillary and a thermocouple placed in the middle of the
blower under a constant flow of N,. A schematic of the beam-
line setup has been described elsewhere.? 27

ZTAl magic angle spinning nuclear magnetic resonance (MAS
NMR) was acquired using an Avance Il HD NMR spectrome-
ter (Bruker) working at the Larmor frequency of 400 MHz for
the *H nucleus. A 3.2 mm double resonance probe was tuned to
104.26 MHz for the 2’Al nuclei using spinning rates between
15-18 kHz. Materials were packed into 3.2 mm zirconia rotors
in air and were spun using N as bearing, drive, and VT flows.
The 13C signal of adamantane was used as an external secondary
reference to calibrate the ppm scale of the spectra.

Scanning transmission electron microscopy and energy disper-
sive X-ray mapping (STEM-EDX) were acquired using a FEI
Talos F200X. The operation voltage of the instrument was set
to 200 kV in scanning electron microscopic (STEM) mode.

Thermogravimetric analysis (TGA) was performed in a Mettler
Toledo TGA/DSC3+ instrument. The specimen was loaded into
a 70 pl platinum crucible and heated to 1000 °C under synthetic
air (30 ml min™') using a 10 °C min™! ramp rate and kept at this
temperature for 10 min.

Brunauer-Emmett-Teller (BET)® surface areas and Barrett-
Joyner-Halenda (BJH)? pore size distributions were calculated
using N physisorption data acquired on a NOVA 4000e
(Quantachrome) instrument at —196 °C. Prior to the measure-
ment, materials were outgassed at 300 °C under vacuum for 3 h.

A Thermo Fisher DXR2 Raman spectroscope equipped with a
455 nm laser reaching up to 6 mW laser power was used to col-
lect Raman spectra. A full range grating with a resolution of
1200 linesmm™ was used to collect the spectra within
100-3600 cm*. Each Raman spectrum reported here is an aver-
age of ten different points on the specimen to ensure homoge-
neity and reproducibility.

2.4.Catalytic tests

Prepared catalysts (100 mg, sieved fraction of 150-300 um)
were mixed with 200 mg of SiC and placed between two plugs
of quartz wool on a quartz frit in a 10 mm internal diameter
(12.5 outer diameter) quartz reactor. The catalytic reactivity
was measured using 10 mol% CsHg in N2 in a commercial Mi-
croreactivity-Efficient catalyst test setup (PID Eng&Tech). The
off-gas was analyzed by a gas chromatograph (GC, Global An-
alyzer Solutions) equipped with two thermal conductivity de-
tectors (TCD) and one flame ionization detector (FID). The cat-
alysts were heated to 600°C (10°C min?) under N
(21 ml min™), then the feed gas was introduced and GC data
was collected every three minutes. Catalyst regeneration was
performed after ca. 90 min of the PDH reaction by flowing syn-
thetic air (21 ml min™') for 20 min at 650 °C, followed by a
10 min purge with N, (21 ml min™) while cooling down.

Propane conversion (X), the selectivity to gas phase products
(S) and space-time yield were calculated according to the fol-
lowing equations.

.. nAFA
Selectivity (Sy)=——22
electivity (Su) Sf,

. 2 F
Conversion (X)=
C3HS in

FC3H8 out (I’Ill hl) X yC3H6
24450 (ml mmol ') x catalyst weight (g)

where Fiand Fa are the flow of carbon product i and A out of
the reactor in ml h™'. n; and na are the number of carbons in
molecular formula of product i and product A. Fcangin and Feans
outare the propane inlet and outlet flows, respectively and F is
the total flow in ml h™'. Other parameters used are the molar
volume of a gas at room temperature and atmospheric pressure
(24450 ml mmol ™) and ycsne is the mole fraction of propene in
the products. The specific activity is defined in the ESI file.

3. RESULTS AND DISCUSSIONS
3.1. Catalysts’ structure

Aiming at establishing a structure-performance relationship for
zinc based, alumina-supported PDH catalysts, we set about to
identify the role of the alumina support in defining the structure
of Zn sites. To this end, we prepared three types of model cata-
lysts: i) ZnO coated on y-Al,O5; nanoparticles via ALD, using
10, 30, or 50 ALD cycles (denoted as 10ZnO/Al;Os,
30Zn0/Al,03, and 50Zn0O/Al,03, respectively); ii) ZnO coated
onto SiO, nanoparticles via ALD (10ZnO/SiO, and
30Zn0/Si0y); iii) ZnAlyO4 nanoparticles (NPs) obtained via a
hydrothermal method, with varying molar ratios of Zn:Al. The
prepared materials were calcined at 700 °C under static air for
4h. The Zn content of each material determined by ICP, and the
BET surface areas (SA) are given in Tables 1 and 2. To charac-
terize the average and local structure of the materials, we have
applied synchrotron based XRD, Zn K-edge XAS as well as
STEM EDX and ?’Al magic angle spinning (MAS) NMR.

Space time yield=
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Figure 1. (a) XRD (2=0.493 A) and (b) STEM-EDX mapping and a line scan (the arrows indicate the EDX line scan direction) of
50Zn0/Al203 and Zno.1sAl25604 NPs. Reference bulk-ZnAl204 XRD data and simulated XRD patterns according to ICSD database (collec-
tion code: 26849) are plotted to aid phase identification. (c) Representation of structures of calcined ZnxAlyOs NPs (top) and ZnO/Al.03
(bottom) PDH catalysts. Oxygen, aluminum, and zinc atoms are represented in red, blue and grey, respectively.

3.1.1. Average structure and morphology

ALD deposition of ZnO on y-Al,0; using DEZ and steam
pulses at 150 °C results in the formation of a wurtzite ZnO shell
on top of a y-Al,O3 core (Figures S1). After calcination at
700 °C, synchrotron XRD analysis reveals the formation of a
ZnAl,04 spinel phase in ZnO/Al,0; materials (Figure 1a), i.e.,
ZnO reacts with the y-Al,O3 support forming a spinel ZnAl,O4
phase, likely via ZnO diffusion through y-Al,03.3° ZnAl,O,
has a spinel type structure with Zn?* and AI** in tetrahedral and
octahedral sites, respectively. The structure of y-Al,Os is highly
debated and it has been described as a defective spinel with AI®*
in tetrahedral and octahedral sites, yet other non-spinel models
have also been proposed.3! Albeit certain apparent resemblance
between y-Al,0; and ZnAl,O, structures exists, the diffraction
patterns of each phase can be distinguished well by their peak
positions and relative intensity as shown in Figure 1a.%2 For in-
stance, the 440 diffraction peak of ZnAl,O, is observed at lower
20 angles (19.86°) with respect to the same reflection of y-Al,O3
(20.39°), due to the difference in the cell parameters (7.911 and
8.086 A, for ZnAl,O, and y-Al,0s, respectively).** 3* The XRD
patterns of ZnO/Al,O; materials contain discernable reflections
of y-Al,03 and ZnAl,O,. The higher intensities of the 220 and
311 reflections (as compared to y-Al,O3) further indicate the
formation of a ZnAl,O4 phase. The relative content of ZnAl,O4
phase increases with number of ALD cycles as follows from the
increasing intensity of the 440 peak of ZnAl,O;, relative to the
intensity of the 440 peak of y-Al,Os (indexed for convenience
according to the space group Fd3m3! in Figure S1). We also no-
tice a subtle peak shift (of ca. —0.03°) of the y-Al;O3 peak,
which can be due to the diffusion of Zn into the y-Al>O3 core.

STEM-EDX and line mapping of the ZnO/Al,O3 materials (Fig-
ures 1b and S2) show the distribution of Zn and Al in and on
the agglomerated nanoparticles. The images reveal a Zn-rich
shell around an Al-rich core (see the line map in Figure 2b).

Complemented with XRD results, this suggests a microstruc-
ture in which a ZnAl,O, shell covers the y-Al,O; core (i.e., a
ZnAl,04/Al;O3 core-shell type structure shown schematically
in Figure 1c).

Unlike core-shell ZnO/Al,Os materials, Zn,Al,O1 NPs exhibit a
single-phase nanocrystalline spinel type structure. By increas-
ing the Zn/Al ratio (Figure 1a and Table 2), the 400 diffraction
peak shifts toward lower 26 angles, indicating an increase in the
cell parameter that was determined (using full profile analysis)
as 7943(2), 7981(2) and 8064(1) A for ZNo,06Al2,6304,
Zno.15Al2.5604, and Zno 42Al2.3904 NPs, respectively (Figure S3).
STEM-EDX mapping reveals a homogeneous distribution of
Zn and Al (Figure 1b and Figure S4) within the Zn,Al,04 NPs,
in contrast to the core-shell type structure of ZnO/Al,0; mate-
rials. Thus, the combined information of XRD and EDX anal-
yses show that the Zn,Al,O, NP materials can be described as
homogeneous Zn,AlyO4 solid solutions.

Turning to the ZnO/SiO, materials, the XRD patterns show dif-
fraction peaks due to crystalline wurtzite ZnO (P63mc space
group, Figure S5). Similar to ZnO/Al,0; materials, a core-shell
structure can be seen also for the ALD-made ZnO/SiO; accord-
ing to the STEM-EDX mapping results (Figure S6).

3.1.2. Local structure of Zn and Al sites

To determine coordination of Al in our materials, we use >’Al
MAS NMR.* Al sites that are tetra-, penta- and hexacoordi-
nated with O (Alw, Aly and Alv) give rise to distinct NMR
peaks with maxima at ca. 65, 28, and 7 ppm, respectively,
whereas the up-field tailing of peaks is due to the distribution
of quadrupolar couplings typical for disordered structures (Fig-
ure 2a).%% %" Note that the 2?Al NMR spectrum of the reference
bulk-ZnAl,O, features a peak at ca. 10 ppm due to the Aly, sites
and no other notable downfield peak (Figure 2a), i.e. no Al
sites are present. Despite ongoing debate on y-Al,Oj structure,*



it contains, by experimental and computational studies, Aly, and
Alyy sites, the former represents ca. 70 + 2 % of all Al sites.®
We observe peaks owing to Al and Aly, sites in y-Al,Os at ca.
64 and 8 ppm, respectively, with no discernable contribution
from Aly sites; the Aln/ Alvsvi peak ratio is ca. 0.285 (Figure
S7). Al NMR spectra of ZnO/Al,O; materials also contain
peaks due to Al and Aly, sites but with relative intensities that
are different from y-Al,O3 (Figure 2a). With an increasing num-
ber of ALD cycles, the intensity of the Al,v peak at ca. 64 ppm
decreases, in line with the substitution of Aly sites by Znyy sites
in the spinel lattice, forming ZnAl,O,. This is reflected in a
change in the Al / Aliv+vi peak area ratio that decreases from
0.283 t0 0.280 and to 0.275 in 10, 30, and 50Zn0O/Al,O3, respec-
tively (Figure S7). If we assume that all zinc only occupies Al
sites and Al takes both Al and Aly, sites in y-Al,Os, the ex-
pected values for the Al / Alwv+vi peak ratio are 0.278, 0.271,
and 0.265 for 10, 30, and 50Zn0O/Al, O3, respectively. The slight
discrepancy between the experimentally and theoretically-de-
termined ratios might be explained by the error arising from the
NMR peak fitting (Figure S7).

For ZnxAly,O4 NPs, we also observed two peaks due to Al,v and
Aly, sites. The intensity of the 2’ Al NMR peak due to Al sites
(ca. 64 ppm) decreases with increasing Zn/Al ratio (Figure 2a).
The ratio Al / Aliv+v Was determined to decrease with increas-
ing Zn content, as 0.32, 0.27, and 0.17 for ZngosAl26304,
Zno.15Al2.5604, and Zno 42Al2.3904 NPs, respectively (Figure S8).

The local structure of the Zn sites was investigated using Zn K-
edge XANES and EXAFS analyses. The Zn K-edge XANES
spectra of the ZnO/Al,O3; materials are shown in Figure 2b. Five
distinct features centered at ca. 9665, 9670, 9674, 9681, and
9688 eV, labeled as A-E, can be distinguished (Figure 2b).

These features agree well with the XANES spectrum of the ref-
erence bulk-ZnAl,O, (see also Figure S9), whereas the refer-
ence wurtzite ZnO exhibits a broad XANES feature centered at
9670 eV (Figure 2b, inset). While zinc is in a tetrahedral coor-
dination in both wurtzite ZnO and spinel bulk-ZnAl,O., the
clear differences in the corresponding XANES features evi-
dence the different local environments of zinc in these two
structures (spinel aluminate and wurtzite, inset in Figure 2b).*

The Fourier transformed (FT) EXAFS data of ZnO/Al,0; ma-
terials show a first coordination shell that is attributed to Zn—0,
and a second coordination shell which contains Zn—Al/Zn—Zn
sub-shells (Figure 2c). Note that the amplitude of the second
peak decreases with the number of ZnO ALD cycles, being in
all cases lower than that in the bulk-ZnAl,O.. A quantitative
description of the local environment is obtained by EXAFS fit-
tings (Table S1). The fittings show a Zn—O coordination sphere
at ca. 1.95 A, with a coordination number (CN) that is similar
(within standard deviation of the method) and close to 4 (3.5-
3.9) in the three ZnO/Al,O3; materials. The second coordination
sphere consists mainly of Zn-Al and Zn-Zn shells at distances
of ca. 3.38-3.37 A. By increasing the number of ALD cycles
from 10 to 30 and 50, the CN for the Zn-Zn sphere increases
from 3(1) to 4(1) while the CN for Zn-Al decreases signifi-
cantly, i.e. from 7(2) to 5(1) and further to 4(1) (Table S1). A
plausible explanation for this observed increase in CN as Zn
content decreases, notably in 10ZnO/Al,QOs, is that a larger por-
tion of Zn atoms is found in the bulk or subsurface layers in
10Zn0O/Al,O; relative to 30 and 50Zn0O/Al,O; due to a deeper
diffusion of Zn (Zn atoms at the surface are less coordinated
than in the bulk).
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Figure 2. (a) ’Al MAS NMR; (b) Zn K-edge XANES; (c) EXAFS of calcined (700°C) ZnO/Al203 and ZnxAlyOs NPs. Inset in (b) shows
the XANES patterns of the two references bulk-ZnAl204 and wurtzite ZnO. All measurement are conducted under atmospheric conditions.
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The thermally driven phase transformation in 50ZnO/Al.O3
during calcination was followed by an in situ XRD-XAS exper-
iment (50-750 °C, in air-flow, Figure $10).2% 4 Initially, the
XANES spectrum of the as prepared 50ZnO/Al,O3 showed dis-
tinct features due to ZnO (feature B at 9670 eV), in line with
XRD data. Upon heating, the intensity of feature B decreases
continuously while features A and C grow, indicating the grad-
ual formation of ZnAl,O, (Figure S10). Linear combination fit-
ting analysis shows that the transformation begins at 400 °C and
proceeds continuously with time and temperature (Figure S10).
However, in the in situ cell we did not observe the full conver-
sion of ZnO into ZnAl,O4 within the temperature range and time
duration studied, very likely due to differences in the heat trans-
fer between the laboratory furnace and the in situ cell in combi-
nation with a limited calcination time. In situ XRD data shows
the appearance of Bragg peaks due to ZnAl,O,for T > 700 °C,
which grow in intensity while the magnitude of the ZnO peaks
decreases, in line with XANES analysis. Overall, the combined
in situ XRD-XAS experiments confirm the transformation of
the ZnO shell (on y-Al;O3) into a ZnAl,O4 shell (on a y-Al,03
core).

The XANES spectra of Zn,AlyO4 NPs show similar features as
the reference bulk-ZnAl,O,, with the A and C features in the
XANES spectra of Zn,Al,0, NPs increase with a decreasing
Zn/Al ratio (Figure 2b), possibly due to subtle difference in the
local environment of Zn (i.e., richer in Al as with decreasing the
Zn/Al ratio). The FT-EXAFS data are shown in Figure 2c and
the fitting results are presented in Table S1. The Zn—0, Zn-Al,
and Zn—Zn spheres are located at ca. 1.95, 3.34, and 3.52 A,
respectively (i.e. similar distances as the ones observed for the
Zn0/Al,03 materials). The CN for Zn—0O is largely unaffected
by changes in the ratio Zn:Al in the Zn,Al,O4 NPs and vary in
the range 3.5-3.9, consistent with Zn occupying Zn,y sites inde-
pendent of the Zn/Al ratio (Table S1). Only a slight variation
in the CN number for the second coordination sphere was ob-
served with varying Zn content. The CNs for Zn—Al are be-
tween 5(1) and 6(1), whereas the CN for Zn—Zn increases from
2(1) to 3(1) and remains constant at 3(1) for ZngoesAl26304,
Zno_15A|2_5604, and Zn0_42A|2_3904 NPs, reSpeCtiVGly.

The XANES spectrum of 30ZnO/SiO; is very similar to that of
the reference wurtzite ZnO, with Zn sites in Tq coordination
(Figure S5), in line with XRD data. Furthermore, the presence
of the second coordination shell (Zn—Zn) in the EXAFS data of
30Zn0O/SiO; (Figure Sb) is consistent with the formation of a
supported ZnO phase (Figure S5). The intensity of the first co-
ordination shell (Zn—0) in 30Zn0O/SiO; is similar to that of the
ZnO reference (Figure S5).

3.2. PDH catalytic performance
3.2.1. Initial catalytic activity

All catalysts as well as the bare supports were tested for PDH
in a plug-flow reactor at 600 °C using 10 mol.% CsHs in N»
(WHSV =22.7 g CsHg gea ! h™!). Figure 3a plots the initial ac-
tivities expressed as space time yields (STY, mmol CsHs gear™
h™1) and product selectivities for the studied materials (see also
Table S2 detail catalytic results showing product distribution in
molar fraction). While CsHe is the main product of the PDH re-
action, CoHs, CH4 and C;H,4 were also observed as byproducts.*
The highest initial STY and selectivity were observed for
50Zn0/Al;03 and Zno.15Al25604-NPs (Figure 3a).

30Zn0/SiO, showed a poor catalytic activity (4.4 mmol CsHg
gear ' h7!) and a low C3He selectivity (58%), i.e., values that are
comparable to those of the bare SiO, support (Figures 3 and
S11). These results are in line with previous studies showing
that wurtzite ZnO containing Zny-O-Znyy linkages exhibits a
poor activity for PDH.? 42

The activity and selectivity of the ZnO/Al.O; catalysts in-
creased with increasing Zn content, i.e., with increasing content
of the ZnAl,O, phase (Figure 3a and Figure S12). The initial
STY and propene selectivity decreased as follows: 50ZnOAl,0;
> 30Zn0O/Al;05; > 10ZnO/Al,O3 (entries 1-3, Table 3). These
results show that the spinel ZnAl,O, phase formed on top of a
v-Al,Oj3 core, as revealed by XRD and XAS analysis, catalyzes
the PDH reaction. Spinel ZnAl,O4 contains Znyy-O-Alviny link-
ages, which are presumably the active sites for PDH reaction in
zinc aluminate catalysts. Thus, a dissolution of poorly active
ZnO0 into y-Al,0; forms ZnAl,O, with tetrahedral Zn?* sites in
close proximity to Al sites, leading to an increased activity and
selectivity in PDH relative to the 30Zn0O/SiO, reference.

Table 3. Catalytic data for the studied materials with TOS indicated in the subscript.

Entry Catalyst Xamin®  ScaHssmin®  STYamin®  Specific ac- ScaHesomn®  STYoomin®  ScaHe-270 STY 270 minf
(%) (%) tivitys mind (%) min * (%)

1 10ZnO/Al203 5.0 59 41 0.6 59 41 59 4.1

2 30ZnO/AI0s 9.6 68 5.9 52 60 4.4 60 4.4

3 50Zn0O/AI0s  17.2 7 9.0 9.8 61 4.3 60 4.2

4 ZnoosAl26304 9.5 68 4.3 2.8 65 4.2 65 -

5 ZnoisAl2s604  16.7 75 8.0 3.7 66 5.3 65 5.2

6 Zno.s2Al23504 184 65 7.1 15 62 5.0 62 -

7 30Zn0/SiO2 55 59 4.4 0.3 59 4.4 - -

a X stands for CsHs conversion
b Scars Stands for propene selectivity among gaseous products
¢in units mmol CsHg geat ' h™!

4in units mol CsHs (mol Zn h)~'. Specific activity is after the subtraction of the uncatalyzed background reaction. See the ESI file.

€ Continuous without regeneration
fContinuous with two regeneration cycles every 90 min



The specific activity, defined as mol CsHs (mol Zn h)™ (see
supporting information for details), calculated based on the
ICP-determined amount of zinc, also shows an increasing spe-
cific activity rate with an increasing number of ALD cycles:
50Zn0O/Al,03 > 30Zn0O/Al,O3 > 10Zn0O/Al,O3 (entries 1-3 Ta-
ble 3). The low specific activity of 10ZnO/Al,O; can be ex-
plained by the deeper diffusion of Zn into the inner layers of
alumina, as suggested by EXAFS analysis, which decreases the
density of active surface sites for the PDH reaction.
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Figure 3. (a) Initial space-time yields of the studied materials. (b)

Propene selectivity and STY data during 270 min TOS including

two regeneration cycles after 90 min for selected catalysts. A total

flow of 21 ml min™!, 10 mol.% C3Hs in N2, at 600 °C and synthetic

air at 650 °C was used for reaction and regeneration, respectively.

In the case of Zn,Al,0.-NPs, the highest space-time yield and
propene selectivity were observed for Zng 15Al,5604-NPs (Table
3 entry 4 and Figure S13), while all of the three studied NP
compositions showed higher selectivities and activities than
30Zn0O/SiO; and the bare supports. Zng.42Al23004-NPs show a
higher conversion when compared to Zng 15Al25604-NPs, yet the
latter was more selective towards propene (Figure S13). Thus,
zinc aluminate solid solutions containing Zny-O-Alviiy sites
are catalytically active for PDH, while Zng1sAl,5604 (among
the materials tested in this work) contains an optimal ratio of
Zny, Al and Aly; sites. In addition, the lower specific activity
(mol CsHg (molz, h)™, Figure S14) of Zng15Al,5604-NPs (solid
solution) relative to 50Zn0O/Al,O; (core-shell microstructure) is
explained by a higher density of Zn,y-O-Alvinv linkages on the
surface of 50ZnO/Al,O:s.

3.2.2. Catalytic performance with TOS

Next, we compare the catalytic performance during TOS for the
materials that showed the highest initial activity, i.e.,
50Zn0/Al,03 and Zno15Al25604 NPs (Figure 3b). A regenera-
tion step (20 min under a flow of synthetic air at 650 °C fol-
lowed by 10 min of purging with N2) was introduced after
90 min of the PDH reaction. In the first PDH cycle, both
Zno.15Al25604-NPs and 50ZnO/Al,O; deactivate with TOS. No-
tably, the deactivation rate (defined as deactivation rate = 1 —
STY at 90 min/STY at 3 min x 100)8 of the Zng15Al25604 NPs
is lower than that of ALD 50Zn0O/Al,0s, determined as 34 and
52 %, respectively (Table S3 and Figure 3b). In ZnO/SiO,, no
changes were observed by TOS with respect to its catalytic ac-
tivity that was similar to that of bare SiO..

Each regeneration cycle restores largely the initial STY of
Zno.15Al2.5604 NPs, (92% and 90% in the 2™ and 3" cycles, re-
spectively). In contrast, for 50ZnO/Al,O; a decrease in the ini-
tial catalytic activity after each regeneration cycle was observed
(65% and 57% of the initial catalytic activity in the 2™ and 3
cycles, respectively, Figure 3b and S12); leading to an almost
complete deactivation of the catalyst in the 3rd cycle. Thus, the
limited regenerability of 50ZnO/Al,O3 by air indicates that coke
formation is not the only mechanism responsible for the deacti-
vation of the 50Zn0O/Al,0; catalyst with TOS.

3.3.Deactivation routes

The nature of the coke deposited on the used catalysts was char-
acterized by TGA and Raman spectroscopy. Used catalysts
were treated under air (30 ml min™') between room temperature
and up to 1000 °C in a TGA while the weight loss was recorded
(Figure S15 and Table S3). More than 96% of the weight loss
due to carbon combustion takes place before 650 °C. The
amount of the coke formed (after the first cycle of reaction) on
the Zng.1sAl25604 NPs was higher than that on 50Zn0O/Al,0; ac-
cording to TGA data, the respective weight losses were 5.1% vs
1.9% while amount of the coke formed per surface area of the
catalyst were similar and equal to 0.25 and 0.20 mg m2, respec-
tively (Figure S16, Table S3). Thus, the amount of coke formed
does not correlate with the observed deactivation rates.> ! Ra-
man spectra of the spent catalysts after the 1%t and 3" cycle (Fig-
ure S17-S18 and Table S3) show two distinct Raman bands at
ca. 1341 and 1600 cm™!, assigned to the D and G bands of car-
bon;*® the lower intensity peaks at higher wavenumbers (ca.
2920 and 3200 cm™') might be due to the D bands of graphite.**
“ The ratio between intensities of the D and G bands (lo/Ig) can
be used to estimate the degree of crystallinity of the carbon de-
posited, as the D band arises from disordered carbon (e.g. amor-
phous carbon) while the G band is due to the stretching mode
of the sp? bonds in ordered graphite.*®-*® After the first PDH re-
action cycle (TOS = 90 min) the Ip/l¢ ratio of the Zng1sAl25604
NPs was higher compared to 50ZnO/Al,0Os, i.e., 1.6 vs 0.9, re-
spectively indicative of the formation of a more amorphous car-
bon on the Zng 15Al25604 NPs. A similar trend was observed af-
ter 270 min of PDH reaction (3 cycle), the Io/lg ratio was 2.8
vs 2.1 for ZnoisAl25604 NPs and 50ZnO/Al,Os, respectively
(Figure S17-S18 and Table S3).

Since the 50Zn0O/Al,0; catalyst could not be fully regenerated
via air treatment, a second (irreversible) deactivation mecha-
nism is at play. We considered three hypotheses: i) reduction
and/or ii) volatilization of Zn?* sites and iii) diffusion of the zinc
sites to the inner layers of the alumina support. All mechanisms
can decrease the amount of available active Zn sites for the
PDH reaction and result in deactivation (it is worth mentioning
that the observed activity and selectivity is a combination of
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non-selective thermal cracking and selective PDH, therefore,
any blocking of active PDH sites will decrease both activity and
selectivity). To assess the validity of the first hypothesis, we
probed changes in the oxidation state of Zn in 50ZnO/Al,O;
during PDH using in situ XAS (Figure S19). Interestingly, no
appreciable changes in the XANES spectra during the PDH re-
action were observed (constant edge jump). This result rules out
the reduction of zinc as a deactivation mechanism in this cata-
lyst. For the second hypothesis, ICP-AES results of the used
catalysts do not show a significant change in the zinc content of
the samples before and after PDH reaction (270 min TOS in-
cluding two regeneration cycles every 90 min, Table S4), thus
ruling out the volatilization as a deactivation mechanism.

(a) (b)

—— 50Zn0/AI,0, —— 50Zn0/AL

—o—Fit

—o—Fit

[(R)| /AT
[2(R) 1 A

2 1

Figure 4. EXAFS-FT and fittings for 50ZnO/Al203 (a) before and
(b) after the PDH reaction with the respective wavelet analysis pre-
sented in panels (c) and (d) and schematic representation of () the
surface and (f) the diffusion of Zn sites. The used catalyst denoted
by subscript (rxn) has been studied after 270 min TOS (600 °C,
10 mol.% CsHs in N2) including two regeneration cycles (21
ml min~! air at 650 °C) after 90 minutes of TOS. All data are col-
lected under ambient conditions. Oxygen, aluminum, and zinc at-
oms are represented in red, blue, and grey, respectively.

Next, to probe possible structural transformation during PDH
we analyzed the XRD patterns and XAS spectra (ex situ) of
50Zn0/Al,O3 before and after 3 PDH reaction-regeneration cy-
cles (50Zn0O/Al;O3(xn). XRD and XANES data showed subtle
changes (in Figure S20 a small shift in peaks position can be
observed in the XRD data) while a more noticeable change was
detected in the EXAFS data of 50ZnO/Al;05(x, as compared
with 50Zn0O/Al,0s, suggesting a change in the local environ-
ment of Zn upon reaction-regeneration cycles. Figure 4 shows
the Fourier transform (FT) and wavelet transform (WT) of the
EXAFS function of 50ZnO/Al,O; and 50ZnO/Al,O5(xn). WT
analysis of the EXAFS data can resolve contributions of differ-
ent backscattering atoms that are at similar distances to the scat-
tering atom.*> 4 There is a clear increase in the peak intensity
of the second coordination shell in 50ZnO/Al;O3¢xn that is at-
tributed to Zn—Al (the amplitude of the second coordination

sphere in the FT of 50Zn0O/Al;O3xn) becomes similar to that of
poorly active 10ZnO/Al,Os, Figure S21). The fitting of the
EXAFS shows an increase in the coordination number (CN) of
Zn-Al after reaction (from 4(1) to 6(1), Table S1) while the Zn—
Zn coordination number remains almost constant, i.e. it
changed from 2.1 to 2.3 (Table S1). As the atoms at the surface
of the nanoparticles are less coordinated than in the bulk, such
a decrease in the CN could be linked to the diffusion of zinc
from the surface to the inner layers of y-Al,O3 (schematic in
Figure 4e-f), leading to a surface that is depleting in Zn, thus
reducing the number of available active sites for the PDH reac-
tion. The fact that changes in the XRD are less detectable, indi-
cates that the restructuring involves Zn surface atoms diffusing
to the subsurface of the particles rather than a bulk transfor-
mation. In contrast, we did not observe a notable change in the
EXAFS data of Zno1sAl25604 before and after the reaction (Fig-
ure S22), likely because Zn in this catalyst is distributed homo-
geneously across the bulk (and the surface) of nanoparticles al-
ready in the calcined sate, as shown by STEM-EDX.

4. CONCLUSIONS

Model catalysts were synthesized using ALD deposition of
ZnO on y-Al;O3 and Aerosil silica to investigate the active
phase and deactivation pathways of Zn/Al,Os-based PDH cata-
lysts. Calcination of ZnO/Al,O3; forms ZnAl,O4 layers on the y-
Al,O; support, leading to a core-shell structure. While
30Zn0O/SiO, was inactive, the higher (still moderate) catalytic
activity and selectivity observed for 50ZnO/Al,O3 can be at-
tributed to the presence of a spinel ZnAl,O4 phase. Nanoparti-
cles of zinc aluminate (solid solutions) display similar initial
catalytic activities (8 mmol CsHg geat ' h™!) to that of ALD-made
ZnO/Al,03 materials (9 mmol C3He gear ' h™!). Our results show
that zinc aluminate spinel, usually considered as an unreactive
neutral support, contains Zny-O-Alviny linkages that enable the
dehydrogenation of propane (demonstrated at 600 °C). How-
ever, we have also identified deactivation routes of the
ZnO/Al;05 system. We propose, based on a combination of
spectroscopic techniques, that besides coke formation, the dif-
fusion of surface zinc into the inner layers of the alumina is an
additional deactivation route for ZnO/Al,O; catalysts during the
PDH reaction. However, the deactivation mechanism of Zn dif-
fusion is less probable in homogeneous solid solution catalyst.
This study shows how a combination of characterization tech-
niques that assess the average and local structure can provide
detailed information on the processes that occur at the atomic
level during catalysts activation (calcination) and deactivation.
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Supporting Information

Materials synthesis and basic characterization

Bulk-ZnAl204 was synthesized according to a literature method that is reproduced below for convenience.! Zn(NO3)2:6H20
(1.488 g, 5 mmol) and AICI3-6H20 (2.414 g, 10 mmol) were dissolved in deionized (DI) water to obtain a solution with a total
cation concentration of 15 mmol L%, Citric acid (4.728 g, 24.6 mmol) was added to the transparent solution as a chelating
agent, followed by dissolution of 20 g (111 mmol) of glucose. Subsequently acrylamide (9.596 g, 78.7 mmol) and N, N’-meth-
ylene-bisacrylamide (1.919 g, 12.5 mmol) monomers were added to the solution. The temperature of the solution was increased
to 90 °C under continuous stirring in an oil bath and kept for 24 h to form a transparent gel. The gel was dried for 24 h and
calcined at 1200 °C (4 °C min™) for 4 h under static air.

For the synthesis of ZnxAlyO4 nanoparticles with varying Zn/Al ratios, the following respective amounts were used: 8.76 g
(2.5 mmol) and 7.114 g (1.2 mmol) PEG, 1.813 g (6.1 mmol) and 4.409 g (14.8 mmol) Zn(NO3)2-6H20, 11.432 g (30.5 mmol)
and 5.559 g (14.8 mmol) Al(NOs)3-9Hz0, respectively (see the main text Table 2, the determined Zn/Al ratios by ICP). Bulk
ZnAl204 was synthesized using a gel-combustion technique and AIClz-6H20 and Zn(NOs)2:6H20 as precursors. Calcination was
performed at 1200 °C for 4 h in a muffle furnace under static air using a 4 °C min~* temperature ramp rate to ensure high
crystallinity. For the TEM-EDX mapping of ALD 30ZnO/SiO2, spherical silica (299%, Glantreo, 35 m? g™!) was used instead of
Aerosil 300 following the exact procedure reported in the main text. Catalytic tests of the ZnxAlyO4 NPs were done in similar
setup as for ZnO/Al203 using a Clarus-580 PerkinElmer gas chromatograph equipped with a methanizer. All carbon based
products were separated by a HP Plot Q Restek column and analysed by a flame ionization detector (FID). Hz, N2, and Oz were
separated by a ShinCarbon ST 80/100 Restek column and analysed by a thermal conductivity detector (TCD). Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) were performed in Mikroanalytisches Labor Pascher, Remagen,
Germany.

Equations

As thermal cracking also contributes to the observed conversions at 600 °C,? background thermal cracking was subtracted from
the observed conversions to calculate the specific activity (mmol CzHs mol Zn™* h™1), similar to what is reported elsewhere.?

F (Ml h") ( Yoae-BKG Yoae )*Zn Mw (g mol )
24450 (ml mol'1) x catalyst weight (g) xZn weight fraction

Specific activity =

where F is the total flow in ml h™1; 24450 is the molar volume of a gas at room temperature and atmospheric pressure; ycats is
the mole fraction of CsHe in the products when the catalyst is present; BKG ycsns (Background ycsws) is the mole fraction of CsHs
in the products without catalyst, i.e., when the reactor was loaded only with SiC.

In situ XAS-XRD under PDH conditions

In situ XAS and XRD measurements were performed at the Swiss-Norwegian beamlines (SNBL, BM31) at the European Syn-
chrotron Radiation Facility (ESRF), Grenoble, France. The material was placed between two quartz wool plugs in a quartz
capillary reactor cell (1.5 mm outer diameter, 0.1 mm wall thickness) that was glued to the stainless steel reactor and tested for
leaks before the measurements. The middle of the quartz capillary was adjusted in the middle of the blower and fixed during all
experiments. The temperature of the reaction zone was calibrated using a K type thermocouple placed in the middle of the
quartz capillary under 10 mL min~ of N2 ; the gas flow rates were controlled using Bronkhorst mass flow controllers (MFC).
Schematics of the experimental setup and the methodology used are given elsewhere.* The minimum temperature was always
50 °C and a temperature ramp rate of 10 °C min~! was used. For the in situ calcination of as deposited 50Zn0O/Al>Os3, the
temperature was increased from 50 °C to 650 °C and every 100 °C XAS and XRD spectra were recorded, then the temperature
was further increased to 700, 750, and 790 °C and further XRD and XAS data were recorded. For the in situ propane dehydro-
genation reaction, the specimen was heated (10 °C min~?) up to 600 °C under He (10 mL min~?) and after the temperature was
stabilized the gas flow was switched to 10 mol.% CsHs in He (10 mL min~t). After one reaction cycle (ca. 90 min) one regener-
ation cycle (ca. 20 min) was performed at 650 °C using 20 mol.% O: in He that was followed by another reaction cycle (ca.
90 min) at 600 °C. During the reaction XAS-XRD data were being recorded every ca. 8 minutes. After the second cycle of PDH,
the catalyst was cooled down under He (10 mL min~?) and the data was recorded at 50 °C.

EXAFS analysis

Extended X-ray absorption fine structure (EXAFS) data were treated and analysed using the Demeter program package.® The
theoretical model used for the EXAFS fitting was generated from the ZnAl204 spinel structure. Fittings were performed in R-
space using R ranges between 1.3 - 3.4 A and k= 3-12 A~! (k3-weight). The amplitude reduction factor, S¢=0.8 was determined
from a bulk ZnAl204 material measured at the same conditions. Debye Waller-factors o2 were first refined and then fixed to the
best values for all the studied materials in order to avoid high correlation between ¢? and coordination numbers (CN). Coordi-
nation numbers, interatomic distances and energy shift were variables during the fitting.
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Figure S5. (a) XRD of as synthesized and calcined 50ZnO/Al2Os; (b) 440 XRD (A=0.493 A) peaks of y-Al203 and ZnAl204 in
calcined ALD ZnO/Al203 materials.

The ratio of the 440 peak of ZnAl204 to that of y-Al203 lznaizo4) : lazos) was 0.30, 0.34, and 0.40 for 10Zn0O/Al203, 30ZnO/Al203,
and 50Zn0O/Al20s, respectively.
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Figure S6. TEM-EDX and line mapping of calcined 10ZnO/Al2O3 and 30ZnO/Al20s.

Both materials were handled in air.
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Figure S8. TEM-EDX and line mapping of as synthesized Zno.1sAl2.5604 NPs handled in air.

14



(a) XRD (b) XANES

M 30ZnO

n

> | w

(gﬂ

- 3

2 1o e}
Normalized absorption / a.u
\K

)

[e] o

Zn0
i | | . [ [, 1 g . . .
8 12 16 20 9660 9680 9700 9720
28/° Energy / eV
(c) EXAFS (d) Raman
30Zn0O /\J
ALD 30Zn0O/SiO,
o 3
% <~
= >
= <+ ©
< 12n0 A B ALD 1ZnO/SiO,
c gl 8 8
Q N o : =9
S N ZnO }(?,\IJ % o/ \ 700
- . . : . , ; T :
0 1 2 3 4 5 6 500 1000 1500
R/A Raman shift / cm™’

Figure S9. (a) XRD (A=0.493 A); (b) XANES; (c) EXAFS; (d) Raman spectroscopy of ALD ZnO/SiO-.

All measurement were performed in air.

Figure S10. TEM EDX mapping of 50Zn0/SiO2.

Spherical silica was used instead of Aerosil 300.
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The peaks were fitted using asymmetric Lognormal functions. The peaks were fitted in a way that gives the best estimation of
the areas and do not carry a physical meaning.
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Figure S12. Peak fitting of 2’Al MAS NMR spectra of ZnxAlyO4 NPs to calculate the peak ratios.

The peaks were fitted using asymmetric Lognormal functions. The peaks were fitted in a way that gives the best estimation of
the areas and do not carry a physical meaning.
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Figure S14 In situ (@) XRD (A=0.493 A); (b) XANES and (c) linear combination fitting (LCF) analysis of the XANES data, during
heating in 20% O:2 in He of 50Zn0O/Al203 from room temperature up to 790 °C.

Legends show the temperature at which the measurement was performed.
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Figure S15. CsHs selectivity of the bare supports and SiC in PDH.

100 mg of Al-O3 or SiO2 mixed with 200 mg of SiC as well as 200 mg bare SiC were tested under a total flow of 21 ml min™* of
10% CsHs balanced in N2 at 600 °C.
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Figure S16. Cyclic catalytic activity of ALD 30ZnO/Al203 and 10ZnO/AlO:s.
Materials were tested under a total flow of 21 ml min~* of 10% CsHs balanced in N2 at 600 °C, regeneration was carried out

under synthetic air at 650 °C for 20 min. Catalysts were purged for 10 min using 21 ml min* pure N2 after each regeneration
cycle.
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Figure S17. Catalytic performance of ZnxAlyO4 NPs with time on stream (TOS).

Materials were tested under a total flow of 21 ml min~ of 10% CsHs balanced in N2 at 600 °C.
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Figure S18. Initial specific activity (mol CsHs (molzn h)™1) of the studied materials under PDH conditions.
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Figure S19. TPO experiment in a TGA using reacted catalysts (3 cycles).

Materials were tested under a total flow of 21 ml min~', 10 mol.% CzHs in N2, at 600 °C for three 90 min cycles followed by two
30 min regeneration cycles in between using synthetic air at 650 °C. Temperature programmed oxidation (TPO) was carried
out, on the reacted catalysts after the 3™ reaction cycle, using 30 ml min™ synthetic air and a 10 °C min~! temperature ramp
rate up to 1000 °C. See Table S2 for the quantitative results.
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Figure S20. TPO experiments in a TGA using reacted catalysts (1 cycle).

The amount of the coke per unit surface area of the catalyst was calculated as 0.2 and 0.25 mg m=2 for 50ZnO/Al-Oz and
Zno.15Al25604, respectively (Table S2). Materials were reacted under a total flow of 21 ml min™', 10 mol.% CzHs in N2, at 600 °C
for one 90 min cycle. Temperature programmed oxidation (TPO) was carried out using the reacted catalysts after the first
reaction cycle, using 30 ml min™ synthetic air and a 10 °C min~! temperature ramp rate up to 1000 °C.
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Figure S21. Raman spectra of ALD 50Zn0O/Al2Os after the first cycle of PDH (90 min).

rxn indicates the catalyst after 90 min TOS (600 °C, 10 mol.% CsHs in N2). In/lc equals to 0.91 and 1.59 for ALD 50Zn0O/Al203
and Zno.15Al2 5604 NPs, respectively (Table S2). The peaks were fitted using Gaussian and Lognormal functions.
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Figure S22. Raman spectra of reacted ALD ZnO/Al203 and Zno.15Al2.5604 NPs after 3 cycles of PDH reaction (270 min).

rxn indicates the catalyst after 270 min TOS (600 °C, 10 mol.% CsHs in N2) including two regeneration cycles (21 ml min™" air
at 650 °C for 20 min). Each cycle lasted 90 minutes of TOS. Io/lc equals to 0.95, 1.42, and 2.06 for ALD 10, 30, and
50Zn0O/Al20s, respectively, and it equalled to 2.79 for Zno.1sAl25604 NPs (Table S2). The peaks were fitted using Gaussian and

Lognormal functions.
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Figure S23. In situ XANES spectra of 50ZnO/Al203 during PDH reaction: 600 °C, 10 mol.% CsHs in He.

Legends show the TOS at which the measurement was performed.
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Figure S24. (a) XRD (A=0.493 A); (b) XANES; (c) EXAFS of 50ZnO/Al-03 before and after the catalytic reaction (collected ex

situ).

A total flow of 21 ml min~! of 10% CsHg balanced in N2 was used. The used catalyst denoted by subscript (rxn) has been studied
after 270 min TOS (600 °C, 10 mol.% CsHs in N2) including two regeneration cycles (21 ml min~" air at 650 °C) after 90 minutes

of TOS.
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Figure S25. EXAFS-FT of 50ZnO/Al.03 before and after 3 cycles of PDH reaction.

(rxn) indicates the catalyst after 270 min TOS (600 °C, 10 mol.% CsHs in N2) including two regeneration cycles (21 ml min™
air at 650 °C for 20 min) after every 90 minutes of TOS.
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Figure S26. EXAFS-FT of Zno.1sAl2.5604 NPs before and after 3 cycles of PDH reaction

23



rxn indicates the catalyst after 270 min TOS (600 °C, 10 mol.% CsHsg in N2) including two regeneration cycles (21 ml min~" air
at 650 °C for 20 min) after every 90 minutes of TOS.
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Figure S27. Raman spectra of ALD 30ZnO/SiO2 before and after the catalytic reaction. Material was reacted in a total flow of
21 ml min~" of 10 mol.% C3zHs in N2 at 600 °C for three 90 min cycles followed by two 30 min regeneration cycles in between

using synthetic air at 650 °C.
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Figure S28. 27Al MAS NMR of ALD 30 and 50ZnO/Al2Os before and after the catalytic reaction. Sidebands are marked by

asterisks. 15 kHz spinning rate was used. rxn indicates the catalyst after 270 min TOS (600 °C, 10 mol.% CsHs in N2); includ-
ing two regeneration cycles every 90 minutes TOS (21 ml min~" air flow at 650 °C).
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Table S4. Structural parameters determined from EXAFS fitting of the Zn K-edge EXAFS data for ALD ZnO/Al20:s.

Material Scattering CN o2 R/A Eo R factor
Path
Zn-01 3.6(4) 0.003* 1.96(1)
Zn-Al 7(2) 0.004* 3.36(1)
10ZnO/AI,03 5(1) 0.019
Zn-02 T** 0.004* 4.0*
Zn-zn 3(2) 0.004* 3.54(2)
Zn-01 3.7(4) 0.003* 1.95(2)
Zn-Al 5(1) 0.004* 3.35(1)
30ZnO/AI,0s 4(1) 0.012
Zn-02 5¥* 0.004* 4.0*
Zn-zn 3(2) 0.004* 3.53(2)
Zn-01 3.9(4) 0.003* 1.95(2)
Zn-Al 42) 0.004* 3.34(1)
50ZnO/Al20s 3(1) 0.009
Zn-02 4xx 0.004* 4.0*
Zn-zn 42) 0.004* 3.53(2)
Zn-01 4.0(4) 0.003* 0.003*
Zn-Al 6(1) 0.004* 0.004*
SOZnO/AIZO3(rxn) 3(1) 0.014
Zn-02 6** 0.004* 0.004*
Zn-Zn 4(1) 0.004* 0.004*
Zn-01 3.6(3) 0.003* 1.96(2)
Zn-Al 5(1) 0.004* 3.35(1)
Zno.06Al2.6304 3(1) 0.024
Zn-02 S5** 0.004* 4.0*
Zn-Zn 2(1) 0.004* 3.52(2)
Zn-01 4.0(4) 0.003* 1.94(2)
Zn-Al 6(1) 0.004* 3.33(2)
Zno.15Al2.5604 3(1) 0.016
Zn-02 6** 0.004* 4.0*
Zn-Zn 3(1) 0.004* 3.53(2)
Zn-01 3.5(5) 0.003* 1.95(2)
Zn-Al 5(1) 0.004* 3.33(2)
Zn0.42Al2.3904 3(1) 0.015
Zn-02 S5¥* 0.004* 4.0*
Zn-zn 3(1) 0.004% 3.52(2)
Zn-01 3.8(5) 0.003* 1.95(2)
Zn-Al 6(1) 0.004* 3.33(2)
Zn0.15Al2.5604(rxn) 3(2) 0.014
Zn-02 6** 0.004* 4.0*
Zn-zn 3(1) 0.004% 3.52(2)
Zn-0 4+ 0.003(1) 1.95(2)
ZnAl,O4-bulk Zn-Al 12 0.003(1) 3.38(1) 6(1) 0.016
Zn-02 4 0.004(1) 4.0%
Zn-zn 4+ 0.004(1) 3.55(2)

*Fixed to the crystallographic values during the fitting.
**restrained CN zn.02=CNzn-al

The values in the parenthesis are standard deviations obtained during fitting. Subscript rxn indicates the materials after 270 min TOS (600 °C, 10 mol.% C3Hs in
N2); including two regeneration (21 ml min™* air at 650 °C) cycles every 90 minutes TOS.
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Table S2. Detailed catalytic results.

: STYcs (mmol STYco- (mmol CoHg +
Catalyst Time X (%) yc3H5/Zy yCZHG/Zy yc2H4/Zy yCH4/Zy C3H§B<(;at_l h_l) Cszi (CH4 gcat2‘1 6h—l)

3 5.0 0.42 0.01 0.28 0.29 4.07 5.61
6 4.6 0.42 0.01 0.28 0.29 4.12 5.80
9 5.1 0.41 0.01 0.28 0.30 4.06 5.87
12 5.3 0.41 0.01 0.28 0.30 4.10 5.82
15 5.3 0.42 0.01 0.28 0.29 4.09 5.74
18 5.5 0.42 0.01 0.28 0.29 4.06 5.69
21 5.6 0.42 0.01 0.28 0.29 4.05 5.63
24 5.7 0.42 0.01 0.28 0.29 4.04 5.60
27 5.8 0.42 0.01 0.28 0.29 4.05 5.61
30 5.7 0.42 0.01 0.28 0.29 4.06 5.60
33 5.7 0.42 0.01 0.28 0.29 4.05 5.59
36 5.9 0.42 0.01 0.28 0.29 4.04 5.60
39 6.1 0.42 0.01 0.28 0.29 4.07 5.60
- 42 6.0 0.42 0.01 0.28 0.29 4.05 5.58
% 45 6.2 0.42 0.01 0.28 0.29 4.04 5.57
% 48 6.3 0.42 0.01 0.28 0.29 4.05 5.61
= 51 6.3 0.42 0.01 0.28 0.29 4.07 5.61
54 6.3 0.42 0.01 0.28 0.29 4.08 5.61
57 6.3 0.42 0.01 0.28 0.29 4.04 5.57
60 6.1 0.42 0.01 0.28 0.29 4.02 551
63 6.4 0.42 0.01 0.28 0.29 4.01 5.52
66 6.3 0.42 0.01 0.28 0.29 4.03 5.54
69 6.3 0.42 0.01 0.28 0.29 4.01 5.54
72 6.2 0.42 0.01 0.28 0.29 4.03 5.54
75 6.6 0.42 0.01 0.28 0.29 4.02 5.52
78 6.4 0.42 0.01 0.28 0.29 4.03 5.52
81 6.4 0.42 0.01 0.28 0.29 4.03 5.54
84 6.4 0.42 0.01 0.28 0.29 4.02 5.54
87 6.4 0.42 0.01 0.28 0.29 4.03 5.52

90 6.1 0.42 0.01 0.28 0.29 4.06 5.54




Continued Table S2. Detailed catalytic results

STYc3 (mmol STYco- (mmol CoHg +

Catalyst Time X (%) yche/Zy yche,/Zy yc2H4/Zy yCH4/Zy CsHe gcat_l h_l) CoHa + CHa gcat‘l h_l)

3 11.4 0.49 0.01 0.24 0.27 5.28 5.46
6 9.6 0.51 0.01 0.23 0.26 5.93 5.74
9 9.1 0.50 0.01 0.23 0.26 591 5.81
6 9.6 0.49 0.01 0.24 0.26 5.93 5.74
12 8.8 0.48 0.01 0.25 0.27 5.58 5.78
15 8.4 0.47 0.01 0.25 0.27 5.31 5.75
18 8.3 0.46 0.01 0.26 0.28 5.02 5.68
21 8.1 0.45 0.01 0.26 0.28 4.83 571
24 7.9 0.44 0.01 0.27 0.28 4.66 5.69
27 7.7 0.44 0.01 0.27 0.29 4.54 5.67
30 7.7 0.43 0.01 0.27 0.29 4.44 5.68
33 7.6 0.43 0.01 0.27 0.29 4.36 571
36 7.7 0.43 0.01 0.27 0.29 4.36 5.74
39 7.7 0.43 0.01 0.27 0.29 4.28 5.72
9: 42 7.5 0.43 0.01 0.28 0.29 4.25 5.69
é 45 7.7 0.43 0.01 0.28 0.29 4.26 5.74
§ 48 7.6 0.42 0.01 0.28 0.29 4.24 571
51 7.7 0.43 0.01 0.28 0.29 4.23 5.73
54 7.6 0.43 0.01 0.28 0.29 4.23 571
57 7.5 0.42 0.01 0.28 0.29 4.19 5.64
60 7.6 0.43 0.01 0.28 0.29 4.19 5.67
63 7.6 0.42 0.01 0.28 0.29 4.20 5.68
66 7.6 0.43 0.01 0.28 0.29 4.21 571
69 7.5 0.43 0.01 0.28 0.29 4.20 5.68
72 7.7 0.43 0.01 0.28 0.29 4.22 5.70
75 7.6 0.42 0.01 0.28 0.29 4.21 5.70
78 7.6 0.43 0.01 0.28 0.29 4.24 5.77
81 7.5 0.43 0.01 0.28 0.29 4.24 5.73
84 7.4 0.42 0.01 0.28 0.29 4.21 5.69
87 7.6 0.43 0.01 0.28 0.29 4.20 5.73

90 7.6 0.49 0.01 0.24 0.27 4.21 5.67




Continued Table S2. Detailed catalytic results.

STYc3 (mmol STYco- (mmol CoHg +

Catalyst Time X (%) ychG/Zy yche,/Zy yc2H4/Zy yCH4/Zy CsHe gcat_l h_l) C,Hg4 + CH, gcat‘l h_l)

3 17.2 0.62 0.01 0.17 0.20 9.01 5.50
6 14.4 0.61 0.01 0.18 0.21 8.75 5.65
9 12.7 0.59 0.01 0.19 0.22 8.04 5.59
12 11.9 0.57 0.01 0.20 0.22 7.41 5.55
15 11.2 0.56 0.01 0.21 0.23 6.93 5.53
18 10.5 0.54 0.01 0.21 0.24 6.38 5.46
21 9.9 0.52 0.01 0.22 0.25 6.02 5.46
24 9.5 0.51 0.01 0.23 0.25 5.71 5.45
27 9.1 0.50 0.01 0.24 0.26 5.43 5.43
30 8.9 0.49 0.01 0.24 0.26 5.24 5.50
33 8.6 0.48 0.01 0.24 0.27 5.13 5.51
36 8.5 0.48 0.01 0.25 0.27 4.96 5.48
39 8.2 0.47 0.01 0.25 0.27 4.82 5.44
o 42 8.1 0.46 0.01 0.25 0.27 4.72 5.45
% 45 7.9 0.46 0.01 0.26 0.27 4.64 5.40
% 48 7.8 0.46 0.01 0.26 0.28 4.58 541
B 51 7.8 0.45 0.01 0.26 0.28 4.53 5.44
54 7.8 0.45 0.01 0.26 0.28 4.50 5.44
57 7.6 0.45 0.01 0.26 0.28 4.47 5.41
60 7.6 0.45 0.01 0.26 0.28 4.41 5.39
63 7.5 0.45 0.01 0.26 0.28 4.41 5.42
66 7.4 0.45 0.01 0.26 0.28 4.38 541
69 7.6 0.45 0.01 0.26 0.28 4.38 5.43
72 7.5 0.44 0.01 0.27 0.28 4.36 5.44
75 7.4 0.44 0.01 0.27 0.28 4.34 5.45
78 7.4 0.44 0.01 0.27 0.28 4.31 5.42
81 7.5 0.44 0.01 0.27 0.28 4.29 5.41
84 7.4 0.44 0.01 0.27 0.28 4.28 5.37
87 7.3 0.44 0.01 0.27 0.28 4.30 5.43

90 7.5 0.44 0.01 0.27 0.28 4.28 5.43




Continued Table S2. Detailed catalytic results.

STYc3 (mmol STYco- (mmol CoHg +

Catalyst Time X (%) yche/Zy yche,/Zy yc2H4/Zy yCH4/Zy CsHe gcat_l h_l) CoHa + CHa gcat‘l h_l)

3 16.7 0.59 0.01 0.17 0.23 8.00 5.59
6 13.6 0.57 0.01 0.18 0.23 7.68 5.72
9 12.6 0.56 0.01 0.19 0.23 7.41 571
12 12.4 0.56 0.01 0.20 0.24 7.07 5.67
15 12.4 0.55 0.01 0.20 0.24 6.83 5.59
18 12.4 0.54 0.01 0.20 0.24 6.67 5.59
21 12.4 0.54 0.01 0.21 0.25 6.44 5.53
24 12.0 0.53 0.01 0.21 0.25 6.35 5.55
27 11.9 0.53 0.01 0.21 0.25 6.22 5.54
30 11.8 0.52 0.01 0.22 0.25 6.09 5.54
33 11.6 0.52 0.01 0.22 0.25 6.05 5.55
36 11.4 0.52 0.01 0.22 0.25 5.95 5.53
39 11.4 0.52 0.01 0.22 0.25 591 5.55
< 42 11.3 0.51 0.01 0.22 0.26 5.86 5.59
% 45 11.3 0.51 0.01 0.22 0.26 5.80 5.55
E 48 11.2 0.51 0.01 0.22 0.26 5.74 5.56
N 51 11.3 0.51 0.01 0.23 0.26 5.72 5.59
54 10.9 0.50 0.01 0.23 0.26 5.64 5.54
57 111 0.50 0.01 0.23 0.26 5.56 5.53
60 111 0.50 0.01 0.23 0.26 5.56 5.54
63 11.0 0.50 0.01 0.23 0.26 5.53 5.56
66 10.9 0.50 0.01 0.23 0.26 5.48 5.54
69 111 0.50 0.01 0.23 0.26 5.48 5.59
72 11.0 0.49 0.01 0.23 0.27 5.46 5.60
75 10.8 0.49 0.01 0.23 0.27 5.42 5.56
78 10.8 0.49 0.01 0.23 0.27 5.38 5.55
81 10.8 0.49 0.01 0.23 0.27 5.35 5.56
84 10.8 0.49 0.01 0.23 0.27 5.33 5.54
87 10.7 0.49 0.01 0.23 0.27 5.30 5.53
90 105 0.49 0.01 0.23 0.27 5.28 5.53

Table S3. Carbon deposition assessed by Raman spectroscopy and TGA data

Material In/lG (Raman) Coke Wt.% (rea) Coke per SA” (Mgcarbon M) (rea)
10ZnO/Al203 3rd cycle) 0.95 - -
30ZnO/Al203 @3rd cycle) 1.42 - -
50Zn0O/Al203 @rd cycle) 2.06 4.86 0.52
Zn0.15Al2.5604 (3rd cycle) 2.79 14.95 0.73
50ZnO/Al20s (15t cycie) 0.91 1.85 0.2

Zn0.15Al2.5604 (15t cycle) 1.59 5.12 0.25




SA stands for surface area of the catalyst

Table S4. ICP-OES results before and after the catalytic reaction for ZnO/Al20z and ZnO/SiO2

ALD Material Zn (wt. %) Zn (wt. %)xn)

10ZnO/Al203 1.2 1.2

30ZnO/Al203 2.4 2.2

50Zn0O/Al>03 3.3 3.1

10Zn0OJ/SiO2 2.2 2.2

30Zn0O/SiO2 7.7 7.4
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