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Abstract

ZnO modified ZSM-5 and Y zeolites are synthesizgdplerforming atomic layer
deposition (ALD) of ZnO to HZSM-5 and HY using digtzinc and water as the
precursors. The surface area and pore volume of -BS&hd Y zeolites are
progressively reduced with the increasing numbetrdd ALD cycle. XRD and SEM
characterizations show that highly dispersed Zn€xigs are deposited on the internal
and external surfaces of both zeolites. The Zn@ispaleposited on ZSM-5 are in an
amorphous form while nano-crystallites of ZnO amespnt on Y zeolite after
performing =2 cycles of ZnO ALD. XPS and TPR characterizatioegeal that
isolated Zn(OH) species are predominantly formed on both zeobfésr the first
cycle of ZnO ALD and the ZnO clusters graduallywprtarger with the increasing
number of ALD cycle. The type and strength of agitds on the parent and the ALD
ZnO modified zeolites are studied by FTIR spectr amlsorbed pyridine.
Incorporation of ZnO to Y zeolite by ALD completedjiminates the Brgnsted acid
sites and increases the number of strong Lewisstgd. Similar effects are obtained
on ALD ZnO modified ZSM-5 except that the Brgnstatid sites are only partially
removed. Catalytic properties of the ALD ZnO moelifi zeolites are evaluated in
propane conversion. Introduction of ZnO specieasii@antly improves the activities
of both zeolites. Propylene is the major reactioodpct on ALD ZnO modified Y
zeolite while high selectivities to aromatics amhiaved on ALD ZnO modified
ZSM-5. These results suggest that ZnO species ynpreinote the dehydrogenation
reaction while the subsequent oligomerization amgdlization reactions require
Brognsted acid sites. For both zeolites the catdhjwicated by only 1 or 2 cycles of
ZnO ALD performs better than those fabricated bytiple cycles of ALD, indicating
that isolated Zn(OH) species are more effective for the conversion ropane to
propylene and aromatics.

Keywords
Atomic layer deposition (ALD); Zinc oxides (ZnO)SEA-5; Y zeolite; propane.

Nomenclature
AAO Anodic aluminum oxide
ALD Atomic layer deposition
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BAS Brgnsted acid sites

BE Binding energy

BET Brunauer-Emmett-Teller

BTX Benzene, Toluene, Xylene

CVvD Chemical vapor deposition

DEZ Diethyl Zinc

EDX Energy dispersive X-ray spectrtene
FID Flame ionized detector

GC Gas chromatography

ICP-AES Inductively coupled plasma atomrcission spectrometer
IE lon exchange

IWI Incipient wetness impregnation

LAS Lewis acid sites

ODH Oxidative dehydrogenation

Py-IR Pyridine adsorption Fourier-storm infrared spectroscopy
sccm standard cubic centimeter pewutei
SEM Scanning electron Microscopy

TCD Thermal conductivity detactor

TGA Thermogravimetric analysis

TPR Temperature-programmed reduction
usy Ultra stable Y (zeolite)

WHSV Weight hourly space velocity

XPS X-ray photoelectron spectroscopy
XRD X-ray Diffraction
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Zeolites supported highly dispersed ZnO fabricated by ALD are effective
catalysts for conversion of propane to propylene and aromatics.

Introduction

Zeolites are being extensively used as acid caglys petroleum refining and
petrochemical industri¢s? Due to their large surface area, excellent reigtand
stability, unique pore structure and shape selégtixeolites are employed in a wide
spectrum of reactions including cracking, dehydnag®n, isomerization,
oligomerization, and aromatizatidrModification of zeolites with metal cations is an
effective method of improving the catalytic perf@nce by means of adjusting the
acid properties and introducing different activeaps’ Particularly, zinc modified
zeolites are effective catalysts for dehydrogematand aromatization of light
alkanes™ Zn-containing zeolites are usually synthesizedtragitional techniques
such as ion exchange (IE) or incipient wetness égmpation (IWI). These wet
chemistry based techniques will lead to incorporatdf various Zn species to the
zeolite, inlcuding isolated Zfior Zn(OHY) cations localized at the exchange positions,
binuclear (Zn-O-Zrf" or multinuclear (Zn-(0O-Zm)** clusters, as well as bulk ZnO
resulting from over-exchangé$ In the IE process, the cation population that can
be introduced into the zeolite is usually limiteg the requirement of cation charge
balance. Higher metal loading capacity can be aeliewith the IWI method;
however, higher Zn loading by IWI will inevitablgdd to un-controlled aggregation
of ZnO and blocking of the zeolite pores. Besidessé aqueous solution based
methods, chemical vapor deposition (CVD) has aklenbemployed to introduce Zn
species into zeolites. Zhions have been incorporated into HZSM-5 by chehica
reaction between zinc vapor and Brgnsted acid $B&sS) of the zeolite at high
temperature¥*° Alternatively, CVD was carried out with dimethylnzi (DMZ) at
room temperature and proceeded stochiometricatly meispect to the number of BAS
on HZSM-5; the remaining methyl groups could be oeed by higher temperature
reduction with hydrogen or oxidation with oxygeradiing to Zf" ion or ZnOn"
clusters'® It was discovered that highly dispersed oxygenated complexes exhibit
higher activities towards propane activation thaoldted ZA" sites and more
agglomerated forms of ZnO. However, CVD is a ndAlémiiting process in which a
continuous precursor stream is perforri@herefore, the CVD method is lack of
precise control over the dispersion and form ovacipecies.

Originally based on CVD, in recent years atomielageposition (ALD) has emerged
as an effective technology to synthesize catalytiaterials at atomic scale
precision?*® In an ALD process, two gaseous precursors areeguldternatively
such that each reacts with the surface functioraifgs generated during the previous
pulse to produce a deposition cy@eThis unique deposition pattern effectively
avoids channel blocking in porous systems and essexcellent film uniformity on
almost any substraté3* A large number of high surface area materialsluifing
silica gel, zeolites, and various forms of carbomaterials, have been used as
substrates for ALD catalyst fabricatidf*® For example, Sree et al. fabricated ultra
stable Y (USY) zeolite with ALD AlOs, the modification led to enhanced acidity and
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catalytic activity of the USY zeolit&. Vuori et al. supported iridium on H-beta zeolite
by ALD, producing an active catalyst for ring opemiof decalir? In terms of alkane
conversion, Feng et al. deposited vanadium oxicés the internal walls of anodic
aluminum oxide (AAO) by ALD and turned this nanopas structure into a novel
catalytic system named the catalytic nandfitiror the oxidative dehydrogenation
(ODH) of cyclohexane, the nanolith catalytic systems superior to a conventional
powdered catalyst in terms of both efficiency amdaducing the over oxidation. By
varying the number of ALD cycle, the structures\@x sites could be precisely
tuned. In the ODH reaction, polyvanadate sites veti@vn to be more active than
monovanadate sites. However, numerical modelingefeaction pathways indicated
that the olefin formation rate was ~3 times fastermonomeric VOXx sites than on
polymeric VOx®®

Both DMZ and diethyl zinc (DEZ) have been used aprsors for ZnO ALD. The
latter reagent is more frequently used becausasiiein adequate vapor pressure and is
easier to handle and safer to use. The binaryiogaof ZnO ALD using DEZ and
water as the precursors is presented as below:

||I-OH + C,HsZnCoHs — ||-OZNGHs' + CoHg (1)
I-FOZNGHs + H,0 —||-0ZnOH + CHe (2)
In above equations the symbol “||-” represents dhbstrate and “*” denotes the

surface species involved in the ALD reaction. Tingt half reaction of ZnO ALD on
zeolites will proceeds in a similar manner as théDGvith DMZ. Instead of higher
temperature reduction or oxidation, water vapantioduced to convert surface ethyl
groups into hydroxyl groups during the second hediction of ZnO ALD, which also
generates reaction sites for the next cycle of siéipa. In principle, the ZnO cluster
size can be precisely tailored by adjusting the Imemof ALD cycle.

In this work we take the advantage of ALD to proelinighly dispersed ZnO species
on ZSM-5 and Y zeolites. The physical and chemisaiperties of ALD ZnO
modified zeolites are studied by techniques suchmass gain analysis, physical
adsorption, scanning electron microscopy (SEM),aX-diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), temperature progred reduction (TPR),
pyridine adsorption Fourier-transform infrared dpescopy (Py-IR) and
thermogravimetric analysis (TGA). Their catalytierfprmances are evaluated in
propane dehydrogenation/aromatization. The relaliggs between the structural and
chemical properties of the active phases and ttadytia performances are analyzed.
Results from this work will demonstrate the unideenefits of ALD for catalyst
preparation and improve understandings on alkaneversion processes over
Zn-modified zeolites.

Experimental

Catalyst Preparation by ALD

The HZSM-5 (SiQ/AI,O3 = 25) and HY (Si@AI,O3; = 5.3) zeolites were supplied by
the catalyst plant of Nankai University, China. Alt€actions were carried out with a
homemade system based on the design of Elam andj&Sédetailed descriptions
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on this ALD system were reported elsewh&r&. Prior to the ALD reaction, the
samples were kept in the ALD reactor at 200 andrort for 5 hours to remove the
adsorbed moisture. After drying, nearly 0.2g of shenple was weighed and held in a
shallow copper container covered by a piece ohless steel mesh. The container
was inserted to the middle of the reaction chamfiee. ALD reaction was carried out
at 120C and 1.0 Torr with ultra pure nigen (99.999%, Xi'an Weiguang Gas Co.,
China) continuously purged through the reactor #bw rate of 110sccm. ALD of
ZnO was performed by alternately dose DEZ (99%ijdbaCredit Electronic Gas Co.,
China) and deionized water to the zeolite sample Vapor pressures of DEZ and
water were controlled at ~0.1Torr by adjusting thgulating valve of each precursor
channel. The exposures of the two precursors vegrarated by Npurges. Each ALD
cycle includes four consecutive steps: DEZ expqshgepurge, HO exposure, and
N purge again. This sequence is named ALD pulseesmguand is usually expressed
as t-t>-ts-t4 where § (x=1, 2, 3, 4) represents the duration of eacp.siée pulse
sequences used for modifications of the HZSM-5 ldidzeolites were 60-60-60-60s
and 100-100-100-100s respectively. The number ob Alycle was varied (mostly
from 1 to 3) to regulate the loading and structofZnO supported on the zeolites.
After the ALD experiments the catalysts were rentb#®m the ALD reactor and
were kept in an exsiccator. The masses of the smnpére measured after they were
cooled down to the room temperature. The zeoligsidated by ZnO ALD were
denoted as x-c-ZnO-ZSM-5 or x-c-ZnO-Y, where x esents the number of ALD
cycle.

Char acterization

The surface areas and pore volumes of the catsdyaples were determined by N
physisorption technique using a Micromeritics AS2F10 instrument. The samples
were degassed at 260 ftbh prior to adsorption experiments. The accuratgent

of Zn in each zeolite sample was analyzed by aiRdtkmer 7000DV inductively
coupled plasma atomic emission spectrometer (ICBJAEXRD characterizations
were conducted on a Rigaku D/Max 2400 spectromesing Cu K. radiation.
Surface morphologies of the catalyst samples astdlalitions of the Zn element were
characterized by a FEI Quanta 600 FESEM equippédav energy dispersive X-ray
spectrometer (EDX). XPS spectra of the catalystpbasnwere taken with a Thermo
Scientific K-Alpha instrument using Al Kradiation source (1468.68 eV). The XPS
peaks were calibrated by the binding energy @ip€ak at 284.6 eV.

TPR measurements were carried out with a MicromsridutoChem 2950 HP
automated catalyst characterization system. Thelesmvere pretreated at 300in a
N, stream and then cooled down to'®G0OReduction was carried out in a flow of
Ho/Ar (10 vol%) from 50 to 80@ with a heating rate of 20 /minThe H
consumption was measured by the TCD.

Py-IR characterizations were performed with a VERTEV FTIR spectrometer. The
catalyst samples were pressed into self-supportiisfgs. The sample cell was
evacuated at 400 forl2 the background spectrum was measured aftegaimple
cell was cooled to room temperature. Pyridine vapas introduced into the sample
cell for 0.5hr at room temperature. FTIR spectraentaken after the sample cell was
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evacuated at elevated temperatures.

Thermogravimetric analyses (TGA) of the used catalyvere performed with a TA
TGA/DTA instrument. During the measurements thepterature was varied from 50
to 900C with a heating rate of I0/min under air flow.

Catalytic perfor mance evaluation

Catalysis tests were carried out in a 4 mm i.cedbbed micro-reactor made of quartz.
50-70mg of catalyst was used in each test. Thet@xaount of the catalyst charged to
the reactor was adjusted based on the ZnO loadingake sure a same amount of
zeolite (~45mg) was used. The reactant was 5 voidgs Ghixed with Ar and was
pushed through the reactor at a rate of 10sccih (&itWHSV of 400 H). The
reactions were carried out in the temperature ramg®0-600C at ambient pressure.
The reaction products were analyzed online by aileAg7820 GC equipped with a
TCD and an FID detector. A PLOT-ADy/KCI column (50mx0.53mmx15um) was
used to separate light organic products. Aromatdypcts were separated by an HP-5
column (30mx0.320mmx0.25um).

Results and Discussion

The parent HY and HZSM-5 zeolites have fairly lasgeface areas. The large surface
area and the sub-nanometer pore structure mayreequlong time for the ALD
reaction to complete. To explore the saturatiorddanms of ZnO ALD on the zeolites,
a series of experiments with pulse sequences of x x — x seconds were carried out,
in which x was varied from 5 to 100s. Figure lasprds the mass gains on the two
types of zeolites with different precursor dosinges after 1-cycle ZnO ALD. For
both zeolites the mass gain curves level off ajdgrecursor exposures, which is an
indication of the self-limiting surface reactionpigal for ALD processes. On
HZSM-5 saturation of the ALD surface reaction imaét achieved with a precursor
exposure of 30s; a longer precursor exposure ofiS@squired for saturated surface
reaction on HY. Based on these results, the pudseiesice used for fabrication of
ZSM-5 is 60-60-60-60s and a pulse sequence of D0O1D0-100s is applied for
fabrication of Y zeolite.

Figure 1b displays the sample mass gain data vetmishumber of ALD cycle
obtained on HZSM-5 and HY under saturated ALD reactonditions. The distinct
shapes of the mass gain curves probably reflediffexent pore structures of the two
types of zeolites. The 10-member-ring structureZ8&M-5 has a pore size of
0.53-0.56nm; while the average diameter of the &pifver-ring channel of Y zeolite
is 0.74nm> ** “ The linear DEZ molecule has a diameter of 0.53hince the
micropore size of HZSM-5 is slightly larger tharetdiameter of DEZ, the DEZ
molecules should be able to enter the microporesl£&M-5 and react with the
hydroxyl groups on the internal surface. Each Aldaation has a reactive sticking
coefficient, which refers to the ratio of the csilins that result in a surface reaction to
the total number of collisions between the preausod the substrate. The most
efficient ALD processes (such as the ALD reactioesg metal alkyls and water as
the precursors) have reactive sticking coefficiemtsthe order of 16-10° This
means the DEZ molecules diffused into the poresnduhe first ALD cycle should
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have plenty of chances to react with the hydroxglsated deeper inside the
microchannels rather than only react with the hygdrgroups near the pore openings.
After the first ALD cycle the pores on ZSM-5 may bexluced to a degree that it
becomes much harder for DEZ to penetrate. Therafasevery likely that on ZSM-5
the 2% and subsequent cycles of ALD reaction mostly oaruthe external surface.
From Figure 1b it can be noticed that ~9% of masseiase is obtained on HZSM-5
after the first cycle of ZnO ALD and the mass gaicreases to ~16% or ~22% as the
number of ALD cycle is further increased to 3 oiT8e smaller and smaller increase
in sample mass with the increasing number of ALRIeyis an indication of the
gradually reduced available surface for ALD.

Compared to HZSM-5 the sample mass gain due to ALBnO is much larger on
HY. The sample mass increases steeply for theJicsicles of ALD and a ~40% mass
gain is achieved with 3 cycles of ZnO ALD. Becatise micropore size of HY is
much larger than the diameter of DEZ, during tihet 8 cycles of ZnO ALD although
the pore size is gradually reduced after each ALEle; the remaining clearances are
sufficient for DEZ molecules to diffuse through tat the internal surfaces are still
available for the ALD reaction. This stage corresp® to the initial linear mass
increase on Y zeolite with the increasing numbeAbD cycle. After the %' ALD
cycle, the micropores on Y zeolite become seveanigked. DEZ molecules can no
longer enter the microchannels and the ALD reaat@m only occur on the external
surface. With the increasing number of ALD cycle thrther increase in sample mass
will become much slower, similar to the situatiam ALD ZnO modified ZSM-5. In
the mean time, with more than 3 cycles of ZnO Aldating the moisture absorption
ability of the Y zeolite is affected. The abatemehtmoisture absorption is more
serious with more cycles of ALD coating. This me#mst upon exposure to air the
ALD ZnO fabricated Y zeolite will absorb less moist compared to the parent
zeolite, which will lead to underestimated valuels sample mass gain. As a
consequence, the sample mass gain appears toosttipefY zeolite fabricated by
more than 3 cycles of ZnO ALD.
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Figure 1. Saturation curvesof ZnO ALD performed on HZSM-5 (open circles) and on HY
(solid circles) zeolites (a). Weight gain ver susthe number of ZnO ALD cycle obtained on
HZSM-5 (open squares) and on HY (solid sguares) zeolites (b).

Table 1 Elemental analysisand textural propertiesof ALD ZnO modified zeolites

Sample Zn content | Zn content SsET Shicro
(Wt%, ICP) | (Wt%, mass gain analysis) (m?g) (m?lg)
HZSM-5 -- -- 320 159
1c-Zn0O-ZSM-5 5.8 6.6 196 160
2¢-Zn0O-ZSM-5 6.9 9.2 200 153
3c-Zn0O-ZSM-5 9.0 11.1 73 56
HY -- -- 532 405
1c-ZnO-Y 11.9 11.6 369 269
2¢-ZnO-Y 20.1 19.0 307 228
3c-Zn0O-Y 28.4 24.5 195 136

The elemental analysis and textural properties bD AZnO modified zeolites are
summarized in Table 1. Comparing the wt% of Zn daled from the sample mass
gain data (assuming all forms of zinc oxides hawame chemical formula of ZnO)
with those measured by ICP, the contents of incated Zn species measured by
these two methods are generally consistémén with only one cycle of ALD, the
loading of Zn introduced by ALD is much higher thie loading that could possibly
be achieved by IEAfter the modifications by ALD of ZnO, the surfaaeeas of both
zeolites are significantly reduced. Apparently, teereased surface area is resulted
from filling of the pores by ZnO species. It is Womoting that the micropore area
accounts for over 3/4 of the total surface are&ldf which means that most of the
reaction sites are located at the internal surdi¢be Y zeolite. After 3 cycles of ZnO
ALD, nearly 80% of the loss surface area is micreparea, confirming that the ALD
reactions mainly occur in the internal channelgha Y zeolite. For HZSM-5 the
micropore area only accounts for less than 1/2heftotal surface area. Therefore a
fairly large fraction of ZnO should be depositedtba external surface. Besides, due
to the limited micropore size of ZSM-5, infiltratiainto the internal surface would
become more difficult with the increasing numberAafD cycle. After 3 cycles of
ZnO ALD, the total surface area of the modified Z5Ms reduced from 320 to
73nf/g while the micropore area decreases from 15%m¢/%. Only 42% of the lost
surface area is micropore area, indicating thatulstantial portion of ZnO is
deposited on the external surface when ZSM-5 isifieddby multiple cycles of
ALD.

X-ray diffraction measurements were carried oulé¢termine the phase compositions
of ALD ZnO modified zeolites. XRD patterns of tharpnt and the ALD ZnO
fabricated HZSM-5 and HY are shown in Figure 2a ahdGenerally the diffraction
patterns of the original and the modified zeolit@e quite similar. On both zeolites
the positions of the diffraction peaks correspogdin the MFI or FAU zeolitic
frameworks are almost identical before and afted ZLD, indicating that the ALD
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reaction does not change the crystal structurethefzeolites. On both zeolites the
intensities of the peaks at low diffraction ang{@8=5-15°) are reduced. It has been
demonstrated that the reduced peak intensity atiffvaction angles is attributed to
foreign species (in this case, ZnO) incorporatesidm the channels of the zeolites
rather than collapse of the zeolitic framew&tR® On all ALD ZnO modified ZSM-5
samples and 1c-ZnO-Y no diffraction peaks corredpanto crystalline ZnO can be
identified, implying that in these samples the d#eal ZnO is in an amorphous form
or big crystals of ZnO do not exist. However, or thcycle and 3-cycle ALD ZnO
modified Y zeolite, small peaks corresponding t61f[Lland [110] crystal planes of
ZnO can be observed &=286.2 and 56.5°. According to the scheme of the 2bO
reaction described in equations (1) and (2), isdlaZn(OH) species are produced
during the first cycle of ZnO ALD; with the incréaag number of ALD cycle the
oxide clusters will gradually grow larger howeveetZnO domain size should not
reach nanometer scale by performing only a fewasyof ALD. These ZnO crystals
are probably generated through dehydration betveegacent -ZnOH sites. Because
multiple —ZnOH sites must be involved in the forimoat of ZnO crystals, the
development of these ZnO nanocrystals requiregla density of —ZnOH sites. Since
the attachment of Zn species relies on the chemézadtion between DEZ and the
BAS, the density of —ZnOH species is determinedhgyconcentration of the BAS.
The concentration of the BAS on the HY zeolite fwét SiQ/Al,O; ratio of 5.3) is
much higher than that on the HZSM-5 zeolite (withSED,/Al,O; ratio of 25).
Therefore formation of ZnO crystals is much easeALD ZnO modified Y zeolite.
Based on the Debye-Scherrer equation, the averiage of the ZnO crystals are
estimated to be 7~10 nm. Due to the very limite sif the micropores, these ZnO
nanocrystals must be formed on the external surdfdbe Y zeolite. Since most of
the ZnO is believed to be deposited inside the eoltannels, these nanocrystals
should not represent majority of the ZnO specigmdited on the Y zeolite.
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Figure 2. XRD patternsof ALD ZnO modified ZSM-5and Y zeolites

Structures and morphologies of the ALD ZnO modifeelites are studied by SEM.
Figure 3 displays representative SEM images ofahe ZnO modified ZSM-5 and
Y zeolites. Generally, the shapes and morphologieshe ALD ZnO fabricated
zeolites are very similar to those of the parerdliies. Large aggregates of ZnO
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domians can not be observed, indicating uniforntridistion of ZnO species on the
supports. For 1 to 3 cycles of ZnO ALD modified Z&SVand 1-cycle ZnO ALD
modified Y zeolite, the surfaces of the zeolitestays are quite smooth (Figure 3a-d)
and no feature from the oxide films can be obseruddwever, tiny grains of
nanoparticles can be observed on the surface @o¥te fabricated by performing 2
or 3 cycles of ZnO ALD (Figure 3e, 3f). These Zn@naparticles are uniformly
distributed on the surfaces of zeolite crystals d&ir average size is around 10nm.
The size of ZnO nanocrystals found in the SEM insaggrees with the results
derived from XRD patterns using the Debye-Scheeggquation. EDX mapping
analyses were performed on selected catalyst samfe-ZnO-ZSM-5 and
3c-Zn0O-Y). The signal patterns of Si, O, and Zn rtam perfectly, confirming
complete and conformal coating of the zeolites bipAnO (data not shown).

mag O | det [mode| vac mode WD HY
100 000 x |ETD| SE |High vacuum|10.0 mm|20.00 kV
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mag O | det [mode| vac mode WD HV 1 um
100 000 x |[ETD| SE |High vacuum|10.2 mm|20.00 kV MCRI

Figure 3. SEM images of ALD ZnO modified ZSM-5and Y zeolites: (a) 1c-ZnO-ZSM-5, (b)
2¢-Zn0O-ZSM-5, (¢) 3¢c-ZnO-ZSM-5, (d) 1¢c-Zn0O-Y, (e) 2¢-Zn0-Y, (f) 3c-ZnO-Y.

XPS characterizations were carried out to givegimsi into the electronic states of the
Zn species deposited on the zeolifBlse XPS spectra of the Zn(Z8 region of a
pure ZnO reference sample and the ALD ZnO modii&M-5 and Y zeolites are
displayed in Figure 4. The Zhspecies in the ZnO nano powder has a binding gnerg
(BE) of 1020.77 eV. The BE of the Zn species inA® ZnO modified ZSM-5 and
Y zeolites are considerably higher than that of ghhee ZnO. The peak of Zn(2h
has the highest BE when the zeolite is fabricatgdohly 1 cycle of ZnO ALD
(1022.40 eV for 1c-ZnO-ZSM-5 and 1022.70 eV forZw-Y); and it gradually
shifts to lower BE with the increasing number of [Alcycle. In previous studies a
high BE peak at around 1023.0 eV was assigneddiatési Zn(OH)j due to the
stronger interaction between Zinc and protonic aies’ Moreover, Tamiyakul, et al.
confirmed that the Zn species localized at theooatixchanged sites has a high BE of
about 1023.2 eV because the lattice oxygen of thelite exhibited higher
electronegativity than the?ligand in bulk ZnO" Based on the scheme of the ALD
reaction, isolated Zn(OH)species are anchored to the support through ttieela
oxygen of the zeolite during the first cycle of ZWQD; in subsequent ALD cycles
Zn species are grafted through the hydroxyl grdopsed in the previous deposition
cycle. As a consequence highest positive shifth@fBE should be observed on the
zeolites fabricated by only 1 cycle of ZnO ALD. Withe increasing number of ALD
cycle, the average size of ZnO clusters progrelssgrews larger and their structures
gradually change towards that of bulk ZnO; accalyirthe BE of the Zn species
gradually approaches that of the pure ZnO refereaogle.
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Figure 4. XPS spectraof ALD ZnO modified ZSM-5and Y zeolites

TPR profiles of the ZnO nano powder reference sampld the ALD ZnO modified
ZSM-5 and Y zeolites are presented in Figure 5. Bets of reduction peaks can be
observed for the ZnO reference sample: a smaltiracof the sample is reduced
around 518 and majority of the sample is reduced at tempegatunigher than
700C . The reduction temperature of ZnO has been a topidistussion in the
literature. It seems that the size and structurérn@® domains have great impact on
the reduction temperature. Fu et al. found that \@nall ZnO particles can be
reduced at a relatively low temperature (886 whereas large particles are reduced at
a higher temperature (675.'* Biscardi and Popov et al. discovered that bulk ZnO
shows a broad reduction band above ‘600*' Liao et al. observed two reduction
peaks (600 and 730) on plate-shaped ZnO, while only one reductionkpeas
obtained on long rod-shaped nanoZnO at‘6d8 Based on these findings, it is
proposed that poorly crystallized ZnO can be redwatdower temperatures and large
crystals of ZnO suppress their reducibifity*® From the TPR profile shown in figure
5, it can be inferred that both forms of ZnO coseii the nanoZnO reference sample.
The 1c-ZnO-ZSM-5 shows only one reduction featurg2&C, which is close to the
low-temperature reduction peak of nanoZnO. Becasséated Zn(OH) is the
predominant form of ZnO on 1c-ZnO-ZSM-5, this loawtperature reduction peak
should correspond to reduction of the isolated Zi)Gspecies. With the increasing
number of ALD cycle, the portion of ZnO that is vedd at the higher temperature
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range (780-80TC )gradually increases. These high temperature batdailds
represent reduction of larger 4D, clusters whose structures are close to bulk ZhO. |
is worth noting that for all ALD ZnO modified ZSM-8amples the positions and
intensities of the low-temperature reduction peaks comparable, implying that
isolated Zn(OH) species always exists despite the increment imtimeber of ALD
cycle. As mentioned earlier, the pore size of HZS\4-very close to the diameter of
DEZ. Consequently the precursor molecules couldtreie the micropores almost
only during the first cycle of ALD fabrication. Dng subsequent ALD cycles most of
the isolated Zn(OH)species distributed in the internal cavities ofVES probably
remains unchanged while bulky 4D, clusters are gradually formed on the external
surface.

The TPR profiles of ALD ZnO modified Y zeolites seaome common features with
those of ALD ZnO modified ZSM-5. The low-temperauand high-temperature
reduction peaks observed on these samples dententteaexistence of the isolated
(amorphous) Zn(OH) and more crystallized Z®, clusters/particles respectively.
Compared to ALD ZnO modified ZSM-5, the lower temgiare reduction peak shifts
from 520-540C to 560-570C. Besides, both the low-tempeature and
high-temperature reduction peaks can be observedeo¥ zeolite fabricated by only
1 cycle of ZnO ALD. These evidences suggest thatatrerage size of ZnO domains
is larger on ALD ZnO modified Y zeolites. As dissed before, growth of the ZnO
domain is probably resulted from dehydration betwadjacent —ZnOH species and
this behavior is closely related to the densitgufface -ZnOH sites or the loading of
ZnO. With the increasing number of ALD cycle, tiensity of the low-temperature
reduction peak decreases and that of the high-temye peak increases, indicating
that isolated or amorphous Zn(OHgpecies are gradually transformed into more
bulky Zn,O, clusters. For 3c-ZnO-Y, the peak at the lower terafure almost
diminishes and a large reduction peak is observed&2C , indicating that nearly all
isolated Zn(OH) species have transformed into . clusters or particles. The
micropore size of Y zeolite is much larger than themeter of DEZ so that the
precursor molecules could easily enter the micrepaturing the first three cycles of
ZnO ALD. Consequently on both internal and extersatfaces of Y zeolite the
isolated Zn(OH) species produced in the first ALD cycle could mwerted to
ZnmO, clusters or particles in the following ALD cycles.
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Figure5. TPR profilesof ALD ZnO modified zeolites and the nanoZnO refer ence sample

The acid properties of the ALD ZnO modified zeok@mples were characterized by
FTIR spectroscopy of adsorbed pyridine. The FTIBcsa of pyridine adsorbed on
the ALD ZnO modified zeolite samples are shown iguFe 6. The IR band at
1540~1550cn corresponds to pyridine adsorbed omrited acid sites (BAS) and
the band at 1450~1455€rrpresents pyridine adsorbed on Lewis acid sitesS)LA
Acid sites that adsorb pyridine molecules at'T50 e camsidered total acid sites and
strong acid sites can retain pyridine at tempeestas high as 330

On 1c-ZnO-Y the adsorption band at ~1540crnompletely disappears after
evacuation at 150 , indicating that the BAS are detapy eliminated byALD of
ZnO. This result is consistent with the scheme WOZALD reaction in which DEZ
molecules are anchored to the zeolite through hstmicetric reaction with the acidic
surface protons (BAS). At the same time, the adiorband at ~1450cthincreases
dramatically, indicating a significant enhancementhe number of LAS, which is
apparently due to the Lewis acidity of incorporairtD. After desorption at 350
nearly 90% of the adsorbed pyridine is retainedicivisuggests that the acidity of
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these LAS is quite strong. As the number of ZnO Ady@le is increased from 1 to 3,
no much change to the IR spectra can be obsenredband at ~1450 chbecomes
broader and the peak area becomes slightly smatiptying a reduced number of
LAS accessible to pyridine molecules which is plipaesulted from aggregation of
ZnO domains or blocking of the micropores. Afteaewation at 350 , the peak area
almost remains constant, indicating that the stracidity of these LAS. In summary,
fabrication of HY by ZnO ALD eliminates the BAS asgnificantly enhances the
number and strength of LAS.

On 1c-ZnO-ZSM-5 the pyridine adsorption band at5an* is reduced by ~80%
compared to the parent HZSM-5 zeolite. This mehasdn ZSM-5 the BAS are only
partially removed after the modification by ZnO ALDhe reason for the incomplete
reaction between DEZ and the BAS probably liehxangmaller size of the micropores
of ZSM-5 that impedes the accessibility of DEZ ncolles to all reactive sites. After
the ALD fabrication the peak at ~1455¢rhecomes much more noticeable, which is
an indication of the greatly increased number oSLifom the deposited ZnO. After
desorption at 350 the pyridine adsorption peak at ~1455tmemains almost
unchanged while the band at ~1545cia reduced by ~45%. These results suggest
that the acidity of the LAS from the incorporatet@is fairly strong while part of the
remaining BAS on ZSM-5 have weak to medium aciditgcording to these Py-IR
spectra, varying the number of ALD cycle does renise too much change to acid
properties of the ALD ZnO modified ZSM-5.

a 130k b 30-2n0-zsM-5 __120C
3¢-Zn0-Y 1¢-Zn0-ZSM-5
1c-Zn0-Y —_
—_ 3
3 s
8 ®
g g
g 2 3eznozsms . 390C
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Figure 6. IR spectra of pyridine adsorbed on the parent HZSM-5 and on ALD ZnO modified
ZSM-5 catalysts (a); and on HY and ALD ZnO modified Y zeolite (b). The upper panels
represent the spectrataken after evacuation at 150°C and the lower panelsdisplay the
spectrataken after evacuation at 350°C.

Figure 7 presents the catalytic performances oftdrent and ALD ZnO modified Y
zeolite in propane conversion measured at a reattioe of 30min. The activity of
the unmodified HY sample is quite low: less than @fpropane is reacted at 560

The product distribution is 30-40% propylene and-76@o cracking products
including methane, ethane, and ethylene. No aresiatiere detected from the
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reaction products. Incorporation of ZnO considerghlomotes the activity of the Y
zeolite. The conversion at 580 rises to 11-16% on the zeolite fabricated by 1-3
cycles of ZnO ALD. Dehydrogenation becomes the magaction path on these ALD
ZnO modified Y zeolites. The selectivity to propyeis over 85% at temperatures
500C. Nearly 10% of the reacted propane is convertettaoking products and less
than 5% is converted to aromatics. The catalytaperties of HY are primarily from
the BAS. It has been proved that all BAS are regdaloy ZnO species in the ALD
reactions; therefore the catalytic performancesAbD ZnO modified Y zeolites
should be similar to those of ZnO. Since ZnO isative dehydrogenation catalyst, it
is reasonable to expect propylene to be the dorimaction product on ALD ZnO
modified Y zeolite.

The conversion of propane on the Y zeolite modifigdiifferent cycles of ZnO ALD
increases in sequence: 1c-ZnO-Y < 3c¢c-ZnO-Y < 2c-Ah@ecause the catalytic
activity of ALD ZnO modified Y zeolite mostly comdsom the incorporated ZnO,
the enhanced conversion with the increased numbexLD® cycle is probably a
reflection of the increased number of active sidsch is obviously related to the
higher loading of ZnO. As the number of ALD cycle further increased to 3,
aggregation of ZnO domains and blocking of the opores become more severe,
which could lead to a reduced number of availabteva sites. It is worth mentioning
that although the 2c-ZnO-Y sample exhibits a higiv@pane conversion, its catalytic
activity on the basis of per zinc atom is even lowan that of 1c-ZnO-Y. This
suggests that the dehydrogenation activity of teol&Zn(OH) species may be better
than small clusters of ZnO.
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Figure 7. Conversion of propane (a) and selectivity to propylene (b) over the parent HY and
ALD ZnO modified Y zeolites: (m) HY, (o) 1c-ZnO-Y, (A) 2¢-Zn0O-Y, (V) 3¢-ZnO-Y (T=
450-550°C, WHSV= 400 h™)

Figure 8 displays the conversion and selectivityhef parent and ALD ZnO modified
ZSM-5 zeolite in propane dehydrogenation/aromadtipameasured at a reaction time
of 30min. On un-modified HZSM-5 ~3% conversion abpane can be achieved at
500C and the conversion increases to ~16% at'G5@t all tested temperatures
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cracking is the dominant reaction path in that o88% of the reacted propane is
converted to €and G molecules (methane, ethane, and ethylene). Tleetadty to
propylene is 10-20% and the selectivity to aronsatis below 5%. After the
modification by ALD of ZnO the catalytic activityf @SM-5 is greatly enhanced. The
propane conversion at 500 is over 50% and it reaches ~90% at %50
Dehydrogenation and aromatization become primaagtien paths. The combined
selectivity to propylene and BTX is 50-60%. Neatl§%6 BTX yield can be achieved
at 550C .Apparently the promoted dehydrogenation activitjraen the incorporated
ZnO species. As evidenced by Py-IR measurements;, tife ALD fabrication all
BAS on the Y zeolite are eliminated while some BA® the ZSM-5 survived.
Normally BAS are believed to be responsible forvasting olefins to aromatics
through reaction paths such as oligomerization ramgtclosure'® °* > Furthermore,
Stepanov et al has proposed a synergetic effeth©@fand BAS on the aromatization
activity of Zn-loaded zeolite¥->* Therefore the remaining BAS on the ALD ZnO
modified ZSM-5 are crucial for further convertingbpylene to BTX.

The catalytic performances of ZSM-5 modified byfeliént cycles of ZnO ALD are
generally comparable. As has been discussed fdipteulimes, since the pore size of
ZSM-5 is very close to the diameter of DEZ, thecpreor molecules could only
infiltrate the micropores during the first cycle AELD; in the following ALD cycles
the most active isolated Zn(OH)species and the BAS located inside the
microchannels probably remain almost unchanged. mibee bulky ZRO, clusters
formed on the external surface may have very légiera contribution to the catalytic
activity, especially to the production of BTX besauhe BAS located at the external
surface should have been neutralized. Based oresfudts of catalysis experiments, a
most effective propane dehydrogenation/ aromatinatiatalyst should be produced
by performing only one cycle of ZnO ALD to ZSM-5atite.
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Figure 8. Conversion of propane (a) and selectivity to propylene (b) and BTX (c) over the
parent HZSM-5 and ALD ZnO modified ZSM-5 zeolites: (o) HZSM-5, (o) 1¢-ZnO-ZSM -5,
(A) 2¢-Zn0-ZSM-5, (V) 3¢-ZnO-ZSM-5 (T= 450-550°C, WHSV=400 h™)

The long-term stabilities of these ALD ZnO modifieeolites are inspected at 560
Figure 9 and figure 10 respectively show the cétalgerformances of ALD ZnO
modified Y and ZSM-5 zeolites in the stability 'est/nfortunately, although the ALD
ZnO modified zeolites exhibit fairly high initialctivities, their activities decrease
rapidly with further extended time on stream. Aft€r hrs of continuous running, the
propane conversion on ALD ZnO modified Y zeolitogs to 4-6%; and only ~3%
conversion is left on ALD ZnO modified ZSM-5. Cokamation is most likely the
main reason for deactivation of these catalystgerAhe stability tests the color of the
catalyst samples changes from white to black. TG@asurements reveal that
carbon-like deposits account for 13.0 wt% of thedusc-ZnO-Y and 6.6 wt% of the
used 1c-ZnO-ZSM-5. Coking has been the primaryareésr catalyst deactivation in
non-oxidative dehydrogenation reactions. The cokecies formed during the
reaction may gradually cover the active sites dadkithe micropores, and eventually
lead to malfunctioning of the catalyst. During #tability test the product distribution
almost stays constant for ALD ZnO modified Y zemlihowever for ALD ZnO
modified ZSM-5 the major reaction product graduatiifanges from BTX to
propylene along with the deactivation of the catalyince the BAS are responsible
for converting olefins to aromatics, gradual cogeraf the BAS by coke species
during deactivation of ALD ZnO modified ZSM-5 magad to the loss of its
aromatization activity.
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Figure 9. Conversion of propane (a) and selectivity to methane + ethylene (b), propylene (c),
and BTX (d) over the parent HY and ALD ZnO modified Y zeolite: (m) HY, (e) 1c-ZnO-Y,
(A) 2¢-ZnO-Y, (¥) 3c-ZnO-Y (T=550'C, WHSV=400 h™?
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Figure 10. Conversion of propane (a) and selectivity to methane + ethylene (b), propylene (c),
and BTX (d) over the parent HZSM-5 and ALD ZnO modified ZSM-5: (o) HZSM-5, (o)
1c-Zn0-ZSM-5, (A) 2¢-Zn0O-ZSM-5, (V) 3¢c-ZnO-ZSM-5 (T=550°C, WHSV= 400 h™)

Besides coke formation, other factors such as ramgteof the catalytic phase and
evaporation of ZnO species may also contributeht deactivation of ALD ZnO
modified zeolites. In order to investigate thesedes, after the stability tests the used
catalysts were calcined in air at 56Cfor 4hrs to remove the coke species deposited
on the catalysts. After the coke removal treatmendsactivity of 1c-ZnO-ZSM-5
could be completely recovered. Therefore coke ftionais indeed the primary
reason for the deactivation of ZSM-5 supported AEBO catalyst. However, for
1c-ZnO-Y only ~70% of the original activity coule etained after the coke removal.
By comparing the XRD patterns of 1c-ZnO-Y beforel after the stability test and
the catalyst regeneration, a sharp peak correspgridi the [101] crystal plane of
ZnO can be observed at-36.4 on the regenerated catalyst (Figure S1), implying
that highly dispersed ZnO species crystallize dyrihe catalysis test. The used
catalyst was also inspected by SEM and small dgysfaznO can be observed on the
surface of the zeolite (Figure S2). ICP measuresgnlicated that the content of Zn
in 1c-ZnO-Y decreased from 11.9% to 11.1% after tadalyst regeneration.
Therefore the loss of Zn species due to evaporatiafnO during the reaction may
also contribute to the reduced activity of the regated catalyst. Based on these
findings we conclude that the deactivation of Ylzesupported ALD ZnO catalyst is
due to the combined effects of coke formation, esing or crystallization of the
catalytic phase, and evaporation of ZnO. Compareddme other metal oxide
catalysts supported on zeolites for propane coiorerthe deactivations of ALD ZnO
catalysts are fastet’ *®This is probably related to the high loading ofZas a result
of the saturated ALD surface reaction. The ALD s produces high-density ZnO
sites on the support; this brings about excelleatalgtic activity but may also
facilitate generation of coke species and cryzeilon of catalytic phases, which will
lead to accelerated deactivation of the cataly$te Tuture work will focus on
improving the stabilities of these ALD ZnO modifiedolites.

Conclusions

Highly dispersed ZnO species modified ZSM-5 and eblites are prepared by
performing atomic layer deposition of ZnO to HZSMxd HY using diethylzinc and
water as the precursors. Substantial amounts of @rObe introduced to the zeolites
by carrying out ALD under saturated reaction cdndg. As revealed by multiple
characterization techniques such as weight gairysiea N, physisorption, XRD,
SEM, XPS, TPR and TGA, isolated Zn(OHjpecies are predominantly formed on
both zeolites after the first cycle of ZnO ALD. Bese the pore size of HZSM-5 is
very close to the diameter of DEZ, the precursofecues could only enter the
micropores during the first ALD cycle; during sugsent ALD cycles the isolated
Zn(OH)" species formed in the internal cavities of ZSMk&@st remain unchanged
while bulky Zn,O, clusters are gradually formed on the external aserf The
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micropore size of Y zeolite is much larger than themeter of DEZ so that the
precursor molecules could infultrate the micropodesing the first three cycles of
ZnO ALD. Consequently on both internal and extersatfaces of Y zeolite the
isolated Zn(OH) species could be converted ton clusters. Results from Py-IR
characterization suggest that the ALD fabricatiorYtzeolite completely eliminates
the Brgnsted acid sites and greatly increases uh#er of strong Lewis acid sites.
Similar effects are obtained on ALD ZnO modifiedMS except that the Brgnsted
acid sites on ZSM-5 are only partially removed.tihe propane dehydrogenation
/aromatization reaction the ALD ZnO modified zemditexhibit greatly enhanced
catalytic activities. Propylene is the major reactproduct on ALD ZnO modified Y
zeolite and high selectivities to aromatics ardeaadd on ALD ZnO modified ZSM-5.
These results suggest that ZnO species merely peotihhe dehydrogenation reaction
while the subsequent oligomerization and cyclizatieactions require Brgnsted acid
sites. For both zeolites the catalyst modified loyyal or 2 cycles of ZnO ALD
performs better than those modified by multiple legcof ALD, indicating that
isolated Zn(OH) species are more effective for the conversion afpane to
propylene and aromatics. Despite their impressiviéal catalytic performances,
deactivations are rather fast for these ALD ZnO ffied zeolites. Coke formation is
the primary reason for the deactivation of ZSM-pmarted ALD ZnO catalyst. The
deactivation of Y zeolite supported ALD ZnO is doethe combined effects of coke
formation, sintering or crystallization of the dgta phase, and evaporation of ZnO.
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