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Structural origins of the promotional effects of the La or Si doping of alumina supported Ir catalysts in anaerobic
ammonium dinitramide decomposition were investigated. Our findings reveal that Ir/Al,O3 and Ir/La-Al,O3
favorably lower the onset temperature of the ADN decomposition reaction, whereas Si doping boosts the pressure
generation during the reaction. Formation of mostly metallic Ir nanoparticles for Ir/Al,O3 and Ir/La-Al;O3 en-
ables the lowering of the activation energy of the reaction. On the other hand, enhancement due to Si promotion
is associated to the generation of small oxidic Ir,*" clusters which are strongly interacting with the SiOx-AlOy

surface domains of the support material. Fundamental structure-functionality relationships unraveled in the
current work may allow design of novel catalytic systems for aerospace monopropellant propulsion systems with
higher performance by simultaneous exploitation of Ir active sites with different electronic properties.

1. Introduction

Monopropellants constitute a promising family of fuels consisting of
a single fuel formulation without a need for the use of a secondary
oxidant. Historically, hydrazine (NaH4) has been the most commonly
used monopropellant in aerospace applications for the trajectory control
of the satellites in the low earth orbit [1,2]. However, hydrazine pos-
sesses significant health risks due to its high toxicity and carcinogenic
nature [3]. In addition, storage, transport, refilling, and testing of hy-
drazine require not only complex but also costly processes and infra-
structure. Accordingly, European Union (EU) Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH) regulation
included hydrazine to the list of chemicals to be prohibited in the future
by the European Chemicals Agency (ECHA) [4]. Along these lines, both
National Aeronautics and Space Administration (NASA) and European

Space Agency (ESA) declared interest in safe, high-performance, long--
lasting, and environmentally friendly fuel alternatives called "Green
Propellants" that can replace hydrazine in the future [5].

Tonic liquids (ILs) are versatile materials that find use in a multitude
of technological applications [6] such as catalysis, separation technol-
ogies, sensors, solid state devices, and aerospace due to their unique
properties such as low vapor pressure, liquidity within a wide temper-
ature range, high thermal stability, ionic conductivity, fine-tunable
chemical structure, adjustable viscosity, density, and gas permeability
[6]. Energetic Ionic Liquids (EILs) typically have high nitrogen and
oxygen content, and beneficial chemical/physical properties rendering
them potentially useful in propulsion systems [7]. Furthermore, storage,
transport, and processing of EILs are much safer, economical, and easier
than hydrazine. Hence, aerospace fuel formulations used in the next
generation satellite propulsion systems are expected to exploit EILs such
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as ammonium dinitramide (ADN, [NH4"][N(NO2)21), hydrox-
ylammonium nitrate (HAN, [NHsOH'][NOs]) [8,9], hydrazinium
nitroformate (HNF, [HoNNH3"][C(NO)31) [10], or ammonium nitrate
(AN, [NH4T]1[NO3]) [11], where particularly, ADN attracts significant
attention in the recent years [12-15]. EILs can be decomposed either
non-catalytically at high temperatures or via heterogeneous catalysts in
a controlled and efficient manner at lower temperatures. The design and
development of highly active, thermally stable, and durable heteroge-
neous catalysts are challenging due to the large amount of heat gener-
ated during the exothermic ADN decomposition. Alumina is the most
commonly used catalyst support material for the catalytic hydrazine and
ADN decomposition. However, at elevated temperatures, conventional
alumina polymorphs sinter and lose their specific surface area (SSA)
which also result in the decrease in porosity and catalytic activity [16].
Conventional ADN and HAN decomposition catalysts are typically
comprised of platinum group metal (PGM) catalytic active sites (e.g., Ir,
Pt etc.) dispersed on alumina or hexaaluminates [8,9,12,17]. Among the
platinum group metals, iridium is widely used in high temperature ap-
plications due to its high melting point and high Tammann temperature
[18-23]. Thus, in order to boost the catalytic performance of Ir active
sites and enhance the thermal stability of the catalytic architecture,
alumina support materials can be promoted with various elements such
as La and Si [24-29]. It is well known that La promotion of alumina may
enhance the surface dispersion of PGM active sites via strong metal
support interaction (SMSI) and modify the electronic structure of the
PGM active sites [27,29], while Si promotion may increase the surface
acidity of the alumina support which may result in alteration of the PGM
electronic structure as well as the nature and strength of the interaction
between the reactants and intermediates with the support material [26,
28].

Along these lines, in the current work, we focus on the influence of
two different catalytic promoters (i.e., La or Si incorporated into the
alumina support material) on the catalytic performance of Ir active sites
in anaerobic ADN decomposition. Through detailed in-situ/ex-situ
spectroscopic, diffraction and microscopic investigations, we demon-
strate that La or Si incorporation into the alumina support material leads
to different types of catalytic performance enhancement of the Ir active
sites. While La promotion preserves the catalytic onset temperature of
Ir/Al;03, Si promotion results in a boost in the total pressure generation
upon ADN decomposition. Current results provide valuable scientific
insights regarding the molecular level origins of these different promo-
tional effects by shedding light on new catalytic structure-functionality
relationships.

2. Experimental section
2.1. Materials and synthesis

Catalysts used in the current work were in the form of 5Ir/Al,O3 and
5Ir/X-Al;03 with a nominal Ir content of 5 wt% (experimentally deter-
mined Ir contents are given in the forthcoming sections), where X cor-
responded to either La or Si. Accordingly, alumina and two different
types of doped alumina support materials (La-Al,O3 and Si-Al;03) were
utilized to synthesize the catalysts. These particular doping agents were
chosen not only to modify the electronic properties of the catalytically
active Ir sites but also to alter the surface chemistry of the support
material and strengthen its thermal stability. The latter argument was
also verified by the specific surface area (SSA) data of the doped alumina
support materials in their fresh forms (350 mz/g for Si-Al,03 and 140
m?/g for La-Al,0s3) as well as after 24 h thermal aging in air at 1200 °C
(80 mz/g for Si-Al;03 and 40 m?/ g for La-Al03). On the other hand, the
surface area of the bare alumina was 150 m2/g which decreased to 20
m?/g after thermal aging at 1200 °C (Fig. S1). It is clear that promotion
of alumina with La or Si is critical to preserve SSA values of the support
material and prevent thermal aging after high-temperature operation. In
the current work, we focus on the fresh catalysts and leave the behavior
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of the thermally aged catalysts to a forthcoming report.

5Ir/Al»03 and 5Ir/X-Al,03 catalysts were synthesized using incipient
to wetness impregnation method. Ir sites were incorporated on the
support materials in two successive impregnation cycles. In the typical
synthesis of a 1.050 g of catalyst sample, firstly 0.0407 g of IrCls pre-
cursor (IrClzexH>0, Sigma Aldrich, reagent grade) corresponding to 2.5
wt% Ir loading was dissolved in NH3(aq) (Sigma Aldrich, ACS reagent,
28.0-30.0% NHj basis) solution with a pH of 9.4 and impregnated onto
each of the support materials. The synthesized materials were dried at
60 °C in air for 8 h. After these initial impregnation and drying steps, two
different preparation protocols were carried out. In the first protocol: i)
catalysts were calcined in air at 400 °C for 3 h, ii) impregnated with a
second loading of 2.5 wt% Ir, dried at 60 °C in air for 8 h, and calcined in
air at 400 °C for 3 h, and iii) finally reduced at 500 °C for 2 h under 100
ml/min 5% Hy/Ar (Linde GmbH) flow. Catalysts synthesized using this
first protocol are designated in the text as “CCR” (e.g., 5Ir/La-Alx0O3
CCR). In the second protocol: i) impregnated catalysts were reduced at
500 °C for 2 h under 100 ml/min 5% Hy/Ar flow, ii) impregnated with a
second loading of 2.5 wt% Ir, dried at 60 °C in air for 8 h, and reduced at
500 °C for 2 h under 100 ml/min 5% Hy/Ar flow. Catalysts synthesized
using this second protocol are designated in the text as “RR” (e.g., 5Ir/Si-
Al;03 RR). ADN monopropellant fuel mixture contained 63.0 wt% ADN,
18.4 wt% methanol, 14.0 wt% water, 4.6 wt% ammonia. The oxygen
balance for the pure and the ADN solution were + 25.8% and — 17.8%,
respectively.

2.2. In-situ and ex-situ characterization experiments

X-ray diffraction (XRD) measurements were performed using a
Panalytical X’PertPro Multipurpose X-Ray Diffractometer with a CuKal
X-Ray source (40 kV, 45 mA, A = 1.5405 A). Williamson-Hall analysis
was carried out by using Rigaku Smartlab program.

SSA of the samples were measured via the five-point Brunauer-
Emmett-Teller (BET) method by low temperature isothermal adsorp-
tion/desorption of Na(g) (purity > 99.99%, Linde GmbH). Prior to BET
measurements, samples were degassed in vacuum at 300 °C for 2 h. BET
analyses were carried out using a Micromeritics ASAP 2000 gas sorption
and porosimetry system.

Bright field transmission electron microscopy (TEM) images were
acquired using a Hitachi HT7700 Transmission Electron Microscope
with an electron beam energy of 120 kV. Particle size calculations were
done from 100 particles with ImageJ software.

Energy dispersive X-ray (EDX) analyses were performed via a FEI-
Quanta 200 FEG ESEM with an electron energy of 20 keV.

Quantification of iridium loadings in the bulk of the catalysts were
carried out via a Bruker S2 PUMA Energy Dispersive X-ray Fluorescence
(EDXRF) spectrometer which was equipped with a silicon drift detector
and a silver X-ray source (maximum power, 50 kV). For the XRF anal-
ysis, samples were packed in a loose powder form and measurements
were performed under He atmosphere.

X-ray photoelectron spectroscopy (XPS) experiments were per-
formed with a SPECS PHOIBOS hemispheric energy analyzer. Mono-
chromatic Al-Ka X-ray source (14 kV, 400 W) was used during the XPS
data collection. Data analysis was performed using CasaXPS (v2.3.23rev
1.1G) software. Binding energy (B.E.) calibration was performed using
the C1s signal at 284.8 eV.

Pyridine adsorption experiments via in-situ Fourier transform
infrared (FTIR) spectroscopy were done by using a custom design in-situ
FTIR cell equipped with a pyridine vapor doser and a rotary vane pump
for evacuation. Samples were pressed on a tungsten grid and placed into
the in-situ FTIR cell. Before pyridine adsorption experiments, each
sample was annealed under vacuum at 500 °C for 5 min with a heating
ramp of 12 °C /min to activate the surfaces. 20 Torr pyridine vapor was
dosed over the samples for 30 min and the in-situ FTIR spectra were
recorded after evacuation of pyridine for 15 min.

Relative ADN adsorption/uptake amounts of the catalyst samples
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were determined in a semi-quantitative fashion using a Bruker Alpha-II
Platinum Attenuated Total Reflectance (ATR)-IR spectrometer. Prior to
these measurements, 3 mg of a catalyst sample was mounted on a
tungsten grid. Then, the samples were dipped into a saturated ADN-
water mixture (7 g ADN dissolved in 10 ml water) for 1 min. Next, the
catalyst sample was dried under air, followed by acquisition of the ATR-
IR spectra.

CO adsorption experiments via in-situ Fourier transform infrared
(FTIR) spectroscopy were executed in transmission mode in a custom-
design batch-type in-situ spectroscopic reactor coupled to a Bruker
Tensor 27 FTIR spectrometer equipped with a liquid nitrogen-cooled
mercury cadmium telluride (MCT) IR detector. The in-situ spectro-
scopic reactor was also connected to a quadruple mass spectrometer
(QMS, Stanford Research Systems, RGA 200) for temperature pro-
grammed desorption (TPD) measurements. Instrumental details of the
currently performed in-situ FTIR and TPD experiments can be found
elsewhere [30]. Before the CO adsorption experiments, each sample was
activated via an initial treatment including annealing at 500 °C for 10
min in 5 wt% Hy/Ar mixture (Linde GmbH) with a total pressure of 10
Torr. Then the sample was cooled to 50 °C and the reactor was evacu-
ated to 10" Torr. Next, catalyst sample was exposed to various pressures
(Pcocg) = 0.01, 0.04, 0.2, 0.9, 12.0, 36.5 Torr) of CO (g) (Linde GmbH,
purity > 99.99%) and kept at each pressure for 10 min at 50 °C. As the
last adsorption step, sample was exposed to 60 Torr CO for 30 min to
saturate the surface with CO. After each CO exposure, the spectroscopic
reactor was evacuated and in-situ FTIR spectra were recorded with a
frequency resolution of 1 cm™! and by averaging 128 scans per spectrum.
CO TPD experiments were performed with 5 Torr CO at 50 °C for 30 min
followed by evacuation of the reactor to 10 Torr. During the TPD runs,
catalyst samples were heated from 50 °C to 500 °C with a linear heating
rate of 12 °C /min™! in vacuum.

Surface dispersion of Ir and the total number of Ir actives sites on the
catalyst surfaces were determined via CO chemisorption method by
using a Hiden Analytical CATLAB mass spectroscopic instrument. Prior
to measurements, samples were reduced in-situ at 500 °C under 5% Hy/
He flow and then cooled to 35 °C. CO uptake measurements were per-
formed at 35 °C under 60 ml/min He flow and injection of 0.1 ml pulses
of 5% CO over the catalyst samples. In the dispersion calculations, a CO/
Ir stoichiometry of 1 was assumed [31,32].

In an attempt to elucidate the electronic structural changes occurring
on the Ir active sites during the CCR and RR catalyst preparation pro-
tocols, in-situ extended X-ray absorption fine structure (EXAFS) and in-
situ x-ray absorption near edge spectroscopy (XANES) experiments were
designed and carried out at the ROCK beamline of the Soleil Synchrotron
Facility (Saint-Aubin, France). EXAFS and XANES data were collected
for the Ir Ly edge of the synthesized catalysts. Quick EXAFS (QEXAFS)
monochromator was utilized to monitor the time-resolved changes in
the Ir Ly edge as a function of treatment conditions [33]. The Ir Ly edge
energy (11215 eV) was calibrated using a metallic Ir reference foil. Each
XANES/EXAFS spectrum for a given catalyst sample was acquired by
averaging 1200 scans. In the EXAFS analysis, the forward Fourier
transform range was determined to be within 3-17 A, where 1-3 A*
range was used as the fitting (backward Fourier transform) interval. Ir
was chosen as the main absorber in the fitting of the EXAFS data.
EXAFS/XANES data analysis were carried out by using the IFEFFIT tool
of the Demeter software package [34]. For the in-situ EXAFS/XANES
measurements, catalyst samples were mounted in a spectroscopic flow
reactor equipped with a custom-design capillary flow cell which was
heated via a gas blower heating system [35]. This setup allowed expo-
sure of the catalyst surfaces to reducing or oxidizing conditions with a
gas mixture of desired composition, flow rate and temperature during
the XANES/EXAFS measurements.

In-situ XANES/EXAFS experiments were carried out using two
different experimental procedures. The first procedure was designed to
mimic the synthesis protocol of the catalysts classified with the “CCR”
code. Here, the support materials were impregnated with 2.5 wt% Ir,
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dried in air at 60 °C for 8 h and calcined in air at 400 °C for 3 h. This is
followed by the second loading of 2.5 wt% Ir and drying in air at 60 °C
for 8 h. These samples were placed into the in-situ capillary XANES/
EXAFS flow cell. Next, the sample was exposed to 20% Oy/Ar gas
mixture with a flow rate of 30 ml/min and heated from RT to 400 °C
using a heating rate of 7 °C/min in this gas mixture. After waiting 10 min
at 400 °C, sample was cooled to RT and the gas mixture was switched to
5% Hy/Ar (flow rate = 30 ml/min) and the catalyst was heated to 500 °C
with a heating rate of 7 °C/min. Then the sample was cooled to RT in 5%
Ho/Ar after waiting 10 min at 500 °C, and in-situ XANES/EXAFS data
were collected for the CCR samples at RT. To imitate the “re-oxidation”
of the CCR samples under ambient conditions after the completion of the
catalyst synthesis protocol, gas composition was switched to 20% O,/Ar
(flow rate = 30 ml/min) at RT and a second set of in-situ XANES/EXAFS
data were collected at RT.

The second in-situ XANES/EXAFS experimental procedure was
designed to mimic the synthesis protocol of the catalysts denoted with
the “RR” code. In this procedure, the support materials were impreg-
nated with 2.5 wt% Ir, dried in air at 60 °C for 8 h and reduced under
100 ml/min 5% Hy/Ar flow at 500 °C for 2 h. This is followed by the
second loading of 2.5 wt% Ir and drying in air at 60 °C for 8 h. These
samples were placed into the in-situ capillary XANES/EXAFS flow cell.
Then, the catalysts were heated from RT to 500 °C with a heating rate of
7 °C/min in 5% Hy/Ar (flow rate = 30 ml/min). Then the catalysts were
kept at 500 °C for 10 min, followed by cooling to RT in this gas mixture,
where the in-situ XANES/EXAFS data for the RR catalysts were
collected. Re-oxidation of the RR samples were also investigated by
switching the gas composition to 20% Oz/Ar (flow rate = 30 ml/min) at
RT and subsequent in-situ XANES/EXAFS data acquisition at RT.

2.3. Catalytic performance tests

Performance of the synthesized catalysts in the anaerobic decom-
position of ADN were investigated using custom-design batch-type cat-
alytic reactors (Fig. la—c). Reactors were optimized to work within a
pressure range of 0.01-5.00 bar and a temperature range of RT-400 °C.
Three identical individually controlled reactors were built to enable
parallel operation. Two different K-type thermocouple (TC) temperature
sensors were positioned at different locations in each reactor (i.e., at the
catalyst bed and in the gas chamber). For pressure measurements, two
different types of pressure gauges were utilized. One of these gauges
(Keller, PAA-23SY) allowed high-speed (2 kHz) measurement of the
reactor pressure within 0.01-2.00 bar and the other one (Edwards,
APG100-XLC) enabled measurement of low pressures (10'4-1.00 mbar)
upon evacuation. An automated Kloehn syringe pump (V6 48K Syringe
Drive Pump) with 48,000 steps was used to inject the fuel into the re-
action compartment in each reactor with high accuracy and reproduc-
ibility. Temperature of the reaction compartment was regulated via PID
controllers. Temperature and pressure data collection was carried out
via a custom-design software which was capable of high-speed data
logging.

In a typical catalytic ADN decomposition test, a 100 mg catalyst
sample was placed in the reaction compartment of the batch reactor.
Then, the reactor was filled with Ar(g) (Pag = 1 bar) to obtain an
inert/anaerobic atmosphere and 130.00 + 0.02 pul of ADN was injected
onto the catalyst powder at RT. Next, computer-controlled temperature
ramp was initiated. Time-dependent pressure and temperature data
were recorded during the heating ramp. Fig. 2 shows typical tempera-
ture vs. time and pressure vs. time plots obtained from one of the batch
reactors during a catalytic ADN decomposition run. The onset temper-
ature (Topser), APmax, and APeq values were used to compare relative
performances of the catalysts in the catalytic anaerobic decomposition
of ADN. Topset value obtained from the temperature vs. time plot
(revealing the triggering of the ADN decomposition reaction). AP,y and
APq values acquired from the pressure vs. time plot show the generated
maximum pressure and the equilibrium pressure, respectively. A lower
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Pressure Gauge
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Fig. 1. (a and b) Overall view, and (c) the detailed interior design of the custom-made parallel batch reactors used in the catalytic anaerobic decomposition of ADN.
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Fig. 2. Typical temperature vs. time and pressure vs. time plots obtained
during a catalytic anaerobic ADN decomposition run.

Tonset Value signifies diminishing of the apparent activation energy of
the reaction and a greater AP values contributes to an enhanced thrust.
Moreover, the number of moles of gas (ngas) generated as a result of ADN
decomposition was also calculated from the perfect gas equation by
using the temperature of the gas phase, equilibrium pressure and the
volume of the reactor (175 ml). Note that in a typical experiment, the
injection of 130 pl of the fuel mixture (with a density of p = 1.24 g/ml at
298 K) contained 101.6 mg (or 0.82 mmol) of ADN.

Simultaneous Differential Scanning Calorimetry/Thermogravimetric
Analysis (DSC/TGA) experiments were performed by using a TA in-
struments SDT 650 device. During these measurements, 3 mg catalyst
was placed into the hermetic aluminum pan which can resist up to 3 bar
of internal pressure and 1 pl ADN-based fuel was introduced on to the
catalyst with a micropipette. Samples were analyzed from RT to 250 °C
with a heating rate of 4 °C/min in N3 flow (30 ml/min). Onset tem-
perature (Topset (°C)) and Energy (AH (J/g)) generated as a result of
ADN decomposition per mass of fuel mixture used were determined
from the DSC curve as shown in Fig. S2. Moreover, gas phase decom-
position products were investigated by connecting the heated DSC/TGA
exhaust gas line to an online Bruker FTIR spectrometer equipped with an
IR gas cell.
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3. Results and discussion
3.1. Catalytic anaerobic ADN decomposition tests

Fig. 3a—d show the Tonset, APmax, APeq, and ngys values obtained
during the anaerobic decomposition of ADN in the presence of the
synthesized catalysts as well as in the absence of a catalyst. In the
absence of a catalyst, thermal decomposition of ADN starts at 190 °C,
yielding a decomposition related pressure generation of 220 mbar.
Corresponding temperature vs. time and pressure vs. time plots for these
results are also presented in Figs. S3-S6 of the supporting information
(SI) section. As can be seen in Fig. 3a, synthesis protocol (CCR vs. RR)
has a relatively minor effect on Topset- Undoped and La promoted
alumina are more effective in decreasing the Tonset Values, whereas Si
promotion is more efficient in increasing APnax and APeq values as
shown in Fig. 3c and d, respectively. It is worth emphasizing that the
catalytic performance trends obtained in the batch reactor results are in
good agreement with the corresponding Tonset and AH trends obtained
via DSC measurements as shown in Fig. S7-S11. In addition, Table S1
compares the maximum decrease in the onset temperature of the ADN
decomposition in the presence of a catalyst as opposed to ADN decom-
position in the absence of a catalyst presented in the current work with
that of the former studies in the literature.

Gas phase FTIR spectra for the IR-active gases produced as a result of
the catalytic and non-catalytic decomposition of ADN-based propellant
at the corresponding Topset values given in Fig. S7a are shown in
Fig. S12. The detected gaseous species were N2O, NHs, CO,, CH30H,
H20, NO, NO; [36-38]. Complete decomposition reaction of ADN into
thermodynamic products is presented in Eq. (1);

NH4N(NO2)z(aq) — 2 Na(g) + 2 HoO(g) + Oa(g) (€8]

Hence, a complete decomposition of 0.82 mmol ADN is expected to
generate 4.1 mmol of gaseous products. In the current work, the largest
Ngys value of 1.99 mmol was obtained for the 5Ir/Si-Al;03 RR catalyst
(Fig. 3b) suggesting that complete decomposition of the ADN mixture
was not achieved.

These observations point out to a variety of factors which may be
associated with the origins of these dissimilar promotional behaviors
such as: i) variations in the crystallographic phases of alumina upon
doping with La or Si, ii) distribution and particle size of Ir active sites on
the support surfaces, iii) oxidation state of the Ir species, iv) interaction
strength between the Ir active sites and the support material, and v)
nature of the coordination of the Ir atoms. Thus, in an attempt to shed
light on these important structural and electronic factors which may be
associated with the observed catalytic promotional effects, we per-
formed detailed ex-situ and in-situ characterization experiments.
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3.2. Crystal structure via XRD

Variations in the crystallographic properties of the synthesized cat-
alysts as a function of promoter type and the synthesis protocol were
examined in XRD studies (Figs. 4a-b). XRD patterns of the support ma-
terials are also given in Fig. S13. As can be seen in Fig. 4a, CCR synthesis
protocol leads to sharp and strong metallic Ir diffraction signals for all
samples, suggesting the presence of relatively large Ir nanoparticles.
Unfortunately, due to the overlap between alumina and Ir diffraction
signals, reliable average Ir particle size determination via XRD data
analysis was not feasible. Also, note that no oxidic Ir species are visible
in the XRD data given in Fig. 4a. It is important to mention that
considering the large Ir loading of the synthesized catalyst samples,
presence of additional disordered metallic and/or oxidic Ir species with
smaller particle sizes which are not detectable via XRD cannot be ruled
out. This argument will be further verified via current TEM and in-situ
FTIR results presented in the forthcoming sections. Another important
aspect of Fig. 4a is the difference in the alumina support crystal structure
as a function of promoter type. It is apparent that while Si promotion
results in exclusively y-Al;O3 phase, bare and La promoted alumina yield
both 8-Al;03 and y-Al,O3 phases. This observation is consistent with the
aforementioned SSA values of the corresponding support materials. It is
known that alumina materials derived from boehmite precursor
consecutively acquires y —» 8 — 6 — « crystallographic phases with
increasing temperatures, where the corresponding SSA values mono-
tonically decrease during these successive polymorphic phase transi-
tions [39]. Thus, as will be discussed in the next section, observation of a
§-Al,03 phase for the 5Ir/Al;0O3 and 5Ir/La-Al;O3 catalysts is consistent
with the lower SSA value of this catalyst, as compared to that of the
higher surface area 5Ir/Si-Al,O3 catalyst, where no alumina phases
other than y-Al,O3 phase were detectable in the latter case.

XRD patterns of the RR catalysts depicted in Fig. 4b indicate a
striking difference in the crystallographic structure of the Ir species on
these catalysts as opposed to that of CCR catalysts given in Fig. 4a. It is
visible in Fig. 4b that RR synthesis protocol does not lead to noticeable
diffraction signals neither for metallic nor for oxidic Ir species. Lack of
metallic Ir species is also explicitly shown in the inset of Fig. 4b. These
observations imply that Ir species predominantly exist as rather small (<
1 nm) clusters and to a lesser extent medium size (2-5nm) nano-
particles on the RR catalysts.

3.3. Specific surface area

SSA measurement results for the synthesized catalyst samples are
presented in Fig. 5. It is clearly discernible that the Si promotion has a
stark influence on the SSA values while the La promotion does not affect
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Fig. 4. XRD data for the synthesized catalysts and the corresponding reference phases. (a) 5Ir/Al,O3 CCR, 5Ir/La-Al,03 CCR, and 5Ir/Si-Al;03 CCR, (b) 5Ir/Al;03
RR, 5Ir/La-Al,03 RR, and 5Ir/Si-Al,O3 RR. (ICDD for 1r% 00-006-0598, ICDD for y-Al,03: 00-046-1212, ICDD for §-Al,03. 00-056-1186, ICDD for IrO,: 00-

015-0870).
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Fig. 5. BET surface areas for the synthesized catalysts.

the surface area. Also, variations in the synthesis protocol have a
negligible effect. SSA values of the unpromoted 5Ir/Al,O3 CCR and RR
catalysts are 139 and 130 m?/g, respectively. For promoted samples,
5Ir/Si-Al;03 CCR and RR catalysts possess SSA values of 231 and
223 mz/g, whereas 5Ir/La-Al;03 CCR and RR catalysts have SSA values
of 140 and 136 m?/g, respectively.

3.4. Ir Particle size analysis via TEM

Typical particle sizes of Ir species and their distribution on the pro-
moted alumina support materials were investigated via TEM (Fig. 6a-f).
TEM images of the CCR catalysts (Fig. 6a—c) indicate the presence of
large Ir nanostructures having diameters ranging within 25-200 nm.
This observation is also in accordance with the XRD data given in Fig. 4a
revealing the presence of sharp and intense metallic Ir diffraction signals
for CCR catalysts. Existence of Ir in these nanostructures were also
verified by EDX and XRF measurements (Fig. 7 and Table S2). However,
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it should be emphasized that the number density of such large Ir
nanostructures on the CCR catalysts are rather low and additional Ir
nanostructures are also visible with much smaller particle sizes
(2-10 nm) indicating the existence of a multimodal distribution of Ir
particles on all CCR catalysts. Furthermore, considering the high loading
of Ir (5 wt% nominal and approximately 2.5 wt% experimental) in the
catalyst formulation as well as the overall low surface density of the
large Ir nanostructures in TEM, presence of small Ir clusters with particle
sizes less than 1 nm which cannot be resolved with the currently used
TEM should not be ruled out for the CCR catalysts.

Fig. 6d-f depict TEM images of RR catalysts. As expected from the
lack of any discernible Ir diffraction signals in the corresponding XRD
data of these catalysts (Fig. 4b), TEM images of the RR catalysts do not
reveal any large Ir nanoparticles but instead are comprised of finely
dispersed small (2-5 nm) Ir nanostructures. Again, possible existence of
even smaller (< 1 nm) Ir clusters cannot be precluded on the RR cata-
lysts due to the high Ir loading used in the catalyst synthesis and the
moderate spatial resolution of the currently used TEM.

For the RR samples, ImageJ software was used to calculate the
average Ir particle diameters from the TEM images (Fig. S14). The
average diameters of the Ir particles were found to be 2.3 nm, 1.5 nm,
and 1.6 nm for 5Ir/Al;03 RR, 5Ir/La-Al;O3 RR, and 5Ir/Si-Al,O3 RR
samples, respectively. On the other hand, because of the bimodal dis-
tribution of the Ir particles in CCR samples, we did not attempt to esti-
mate the average Ir particle diameters for these samples via from TEM,
rather, Williamson-Hall method was used to determine the average Ir
crystallite size by using the XRD data given in Fig. 4a. The mean Ir
crystallite diameters were estimated to be 50 nm, 18 nm, and 11 nm for
5Ir/Al,O3 CCR, 5Ir/La-Al,03 CCR, and for 5Ir/Si-Al;03 CCR samples,
respectively (Fig. S15).

3.5. In-situ characterization studies

3.5.1. In-situ FTIR CO adsorption experiments for the analysis of Ir
morphology and Ir oxidation state
In an attempt to investigate the detailed electronic structure of the Ir

Fig. 6. Bright field TEM images of (a) 5Ir/Al,03 CCR, (b) 5Ir/La-Al;03 CCR, (c) 5Ir/Si-Al,03 CCR, (d) 5Ir/Al;O3 RR, (e) 5Ir/La-Al,03 RR, and (f) 5Ir/Si-Al,O3 RR.
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Fig. 7. (a) Ir loadings (wt%) based on XRF, (b) Ir loadings (wt%) based on SEM/EDX, (c) EDX spectra of the investigated catalysts.

active sites and their surface morphology, CO (g) was used as a probe enabling detailed analysis of the electronic structure of the Ir active sites
molecule and in-situ FTIR spectroscopic measurements were carried out on the synthesized catalyst surfaces. Three different types of CO vibra-
upon CO adsorption on the synthesized catalysts. Results of these ex- tional features can be identified in Fig. 8a—d which are located at: i)
periments are shown in Fig. 8. Additional in-situ FTIR data corre- 2091-2082 cm'l, ii) 2062-2055 cm'l, and iii) 2079-2070 em’!
sponding to stepwise increasing CO pressure on each catalyst sample are +2010-2006 cm™ (Fig. 8e). The first of these vibrational features
also provided in Fig. S16. within 2091-2082 cm™ can be assigned to atop/ontop/linear adsorp-
In-situ FTIR spectra given in Fig. 8 reveal informative results tion of CO on small and highly dispersed oxidic iridium clusters (Ir,*")
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Fig. 8. In-situ FTIR spectra for the synthesized CCR and RR catalysts upon CO adsorption at (a and b) 0.01 Torr, (c and d) 60 Torr. (e) Schematic representation of CO
vibrational features observed for the CCR and RR catalysts.
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as well as atomically dispersed It [40-42]. Extremely small full width
at half maximum (FWHM) values (6-20 cm™) of this vibrational feature
strongly indicates the structural homogeneity of these Ir,*" sites which
is consistent with the small number of Ir atoms in these clusters due to
cluster diameters of less than 1 nm [43]. The second vibrational feature
observed within 2062-2055 em™ can be attributed to atop/ontop/linear
adsorption of CO on metallic Ir sites (Ir°) of relatively larger iridium
nanoparticles (NP) [40,44-48]. The last vibrational feature consists of a
pair of stretchings located within 2079-2070 cm™ (symmetric stretch, s)
and 2010-2006 cm! (antisymmetric stretch, as) which is associated to
gem carbonyls (Ir(CO)2) [41,48-51]. Furthermore, using the expression:
Ios/Is = tan? (6/2) [41], one can estimate the OC-Ir-CO bond angle (¢) in
these gem carbonyls to be < 40°.

Fig. 8a suggests that upon lower CO exposures (i.e., 0.01 Torr) on
5Ir/Al,03 CCR, 5Ir/La-Al,O3 CCR, and 5Ir/Si-Al,O3 CCR catalysts,
coordinatively unsaturated Ir,*" sites are predominantly populated with
carbonyls, where CO adsorption on Ir°(NP) sites occurs to a lesser extent.
Increasing the CO pressure to 60 Torr on these samples (Fig. 8c) indicate
saturation of the Ir,*" sites with carbonyls, whereas I (NP) sites
continue to adsorb CO species in both samples and the gem carbonyls
also become more visible for 5Ir/Al;03 and 5Ir/La-Al;03 CCR catalyst.
These observations are in particularly good agreement with the current
XRD data for the CCR catalysts revealing the presence of large metallic Ir
NP (Fig. 4a) and the interpretation of the current TEM data (Fig. 6a—c)
corresponding to a multimodal Ir surface distribution comprised of both
large (> 10 nm) and small (2-10 nm) Ir-NP, as well as even smaller Ir
clusters of < 1 nm.

Fig. 8b and d present the corresponding in-situ FTIR spectra for the
5Ir/Al;03 RR, 5Ir/La-Al;03 RR and 5Ir/Si-Al;03 RR catalysts. Interest-
ingly, low pressure CO adsorption on the 5Ir/Si-Al;O3 RR catalyst shows
an unusual behavior which is not observed in any of the other currently
investigated catalysts. It is apparent that 5Ir/Si-AloO3 RR catalyst re-
veals almost exclusively Ir,*' sites belonging to small Ir clusters.
Furthermore, overall FTIR signal intensities of the 5Ir/Si-Al,O3 RR
sample for high CO coverages (i.e., 60 Torr) is much smaller than all
other investigated samples. This is rather surprising since, 5Ir/Si-Al;03
RR sample has a higher SSA than 5Ir/Al;03 and 5Ir/La-Al,Og3 catalysts
(Fig. 5). This observation can be explained using the fact that Ir particles
may be covered with SiOx-AlOy domains via SMSI phenomena rendering
them less accessible for CO adsorption [42,52]. Likewise, small Ir,*"
clusters also presumably interact strongly with the SiOx-AlOy surface
and become less exposed to CO(g) due to the partial immersion/diffu-
sion of Ir sites into the SiOx-AlOx matrix. This argument will be further
verified with the current in-situ EXAFS measurements demonstrating a
greater extent of Ir-O coordination for the 5Ir/Si-Al,O3 RR sample. Upon
increasing the CO pressure to 60 Torr, 5Ir/Si-AloO3 RR catalyst mostly
reveals vibrational features due to Ir,*" sites and Ir(CO) (gem car-
bonyls), lacking any noticeable FTIR signals associated with Ir’ NPs.
Thus, the unusual AP values observed in the catalytic ADN decompo-
sition tests for the 5Ir/Si-Al,O3 RR catalyst can be linked to the unique
structural/electronic properties of the Ir/SiOx-AlOy interfacial chemistry
which is dominated by small Ir,*" clusters strongly interacting with the
SiOx-AlOy domains. Si-promotion of alumina may also have an influence
on the interaction between the ADN reactant fuel mixture and the
catalyst surface. It is known that SiOx promotion increases the surface
acidity of alumina [28]. The higher surface acidity of the Si promoted
samples are also verified with pyridine adsorption experiments shown in
Fig. S17. Stabilizers used in the ADN fuel mixture such as ammonia
result to a basic pH. Thus, increased surface acidity upon Si promotion
may lead to poisoning of the 5Ir/Si-Al;O3 RR catalyst surface with
strongly bound basic (ammonia/amine) groups as well as ADN species
which may lead to an increased Topgset (Fig. 3a). ADN adsorption ex-
periments shown in Fig. S18 also illustrate the greater amount of ADN
uptake by 5Ir/Si-Al;O3 catalysts. However, upon sufficient thermal
activation and liberation of catalytic active sites, basic ammonia/amine
groups may desorb from the 5Ir/Si-Al;03 RR catalyst surface and the
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remaining large amount of ADN strongly adsorbed on the small Ir,*"
clusters may lead to a high concentration of products resulting in a large
AP generation. The lack of such a AP boost in the case of 5Ir/Si-Al,03
CCR catalyst can be explained by simultaneous desorption of ADN and
basic species from the small and large metallic Ir NP (due to the pre-
sumably weaker adsorption of ADN on these latter Ir species) which are
the predominant Ir species on this catalyst.

In-situ FTIR data for the 5Ir/Al,O3 RR and 5Ir/La-Al,O3 RR samples
given in Fig. 8b and d indicate that on these catalysts, relative surface
concentration of Ir,*" sites are less than the remaining catalyst samples
where atop/linear/ontop CO adsorption on Ir® NP sites and Ir(CO); are
the most prominent species. Accordingly, lower Topset Values observed
for these catalysts can be attributed to the dominance of Ir® NP sites,
where ADN decomposition presumably occurs with a lower activation
energy. These in-situ FTIR results were typically consistent with the Ir
oxidation states obtained from the Ir4f XPS data given in Fig. S19.

3.5.2. Determination of the relative number of exposed surface Ir species via
CO chemisorption and CO-TPD experiments

In order to compare the relative number of Ir species on the syn-
thesized catalyst surfaces that are exposed/accessible to CO adsorption,
TPD experiments were executed for identical masses of catalysts (ca.
20 mg) and the results are presented in Fig. 9 and Fig. S20. Furthermore,
Ir surface dispersion percentages of the catalysts were determined from
the CO chemisorption experiments (Fig. 9 and Table S3). In accordance
with the in-situ FTIR data given in Fig. 8, despite the fact that Si-
promoted catalysts have significantly higher SSA (Fig. 5), they adsorb
significantly lower amounts of CO and the Ir dispersion is lower as
compared to that of 5Ir/Al;03 and 5Ir/La-Al,O3 samples. This can be
explained by the relatively higher surface acidity of the Si-promoted
alumina support material restricting CO uptake by the support, as well
as the SMSI phenomena rendering Ir sites less accessible to CO due to
blockage of Ir sites with SiOx-AlOx. The highest Ir dispersion and CO
uptake is observed for the 5Ir/La-Al;O3 RR sample which can be
attributed to i) a less acidic La-promoted alumina support material
enabling direct CO uptake by the support as well as spill-over of CO from
the La-promoted alumina support to Ir active sites, ii) predominantly
metallic Ir NP (Fig. 8d) facilitating CO adsorption.

3.5.3. In-situ XANES/EXAFS experiments for analyzing Ir nearest
neighbors and coordination

Initial XANES/EXAFS experiments were carried out on a metallic Ir
foil for energy calibration and optimization of the EXAFS fitting pa-
rameters (Fig. S21). Details of the EXAFS best fitting parameters for all
investigated catalysts also presented in Table S4 and the corresponding
XANES/EXAFS data are shown in Fig. 10a-l. Fig. 10a-d depict the
EXAFS data obtained after the final reduction step of the in-situ catalyst
synthesis protocol as described in the experimental section, while the
EXAFS results presented in Fig. 10e-h are associated with the consecu-
tive exposure of these samples to Oz flow at RT. Corresponding XANES
spectra for these EXAFS results are given in Fig. 10i-1.

Current EXAFS results (Table S4 and Fig. 10a) suggest that Ir/La-
Al»O3 RR catalyst is mostly comprised of metallic Ir species due to Ir-Ir
coordination. This is in particularly good agreement with the corre-
sponding in-situ FTIR data illustrated in Fig. 8b and d, revealing the lack
of alarge extent of Ir,*" species. It is seen that exposure of this catalyst to
O3 leads to the partial oxidation of the Ir species evident by both EXAFS
data (Table S4 and Fig. 10e) suggesting the generation of Ir-O coordi-
nation signals and the XANES data (Fig. 10i) indicating an increase in
the Ir Lyj;-edge white line intensity [53,54].

In stark contrast, 5Ir/Si-Al;03 RR catalyst (Table S4 and Fig. 10b)
possesses larger extent of Ir-O coordination which is in excellent
accordance with the presence of Ir,*" species suggested by the in-situ
FTIR data depicted in Fig. 8b and d. As this particular catalyst did not
undergo any calcination treatment, the oxide ions of the support mate-
rial are the only source for oxygen. This also indicates the presence of the
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strong interaction between Ir sites and the SiOx-AlOy support surface. species (Table S4 and Fig. 10d). These iridium species can be further
Oxidation of this sample in O, (Table S4 and Fig. 10f) also leads to the oxidized upon O, exposure (Fig. 10h and 1).
most oxidic Ir species among all other investigated catalysts, which is in

line with the presence of a large concentration of highly reactive Ir,*" 4. Conclusion

clusters on the 5Ir/Si-AlO3 RR catalyst that can readily undergo

oxidation (Fig. 10j). In this study, we focused on the structural origins of the catalytic
EXAFS data for 5Ir/La-AlpO3 CCR catalyst (Table S4 and Fig. 10c) promotional effects on the anaerobic decomposition of ADN on 5Ir/

reveals prominently metallic Ir species with Ir-Ir coordination and a Al0O3, 5Ir/La-Al2O3 and 5Ir/Si-AloO3 catalysts where La and Si were

limited extent of oxidic Ir species as expected from the current XRD chosen as two different types of promoters. We also investigated the

(Fig. 4a) and in-situ FTIR spectroscopy (Fig. 8a and c) data. Oxidation of influence of the variations in the catalyst preparation protocols (CCR vs.

this sample augments the extent of Ir-O coordination (Table S4 and RR) on the catalyst structure and catalytic performance parameters such

Fig. 10g) and increases the Ir oxidation state (Fig. 10k). as the onset temperature (Topset) and the pressure generation during the

Finally, 5Ir/Si-Al,03 CCR catalyst possesses the second most oxidic Ir reaction (APpyax and APeg). Our findings can be summarized as follows;.
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5Ir/Al,03 and 5Ir/La-Al;O3: i) lead to lower Topser but also smaller
APpax and APeq values where catalyst preparation protocols (CCR vs.
RR) had a less significant effect on Topget, ii) form §-Al;03 and y-Al;O3
phases with a relatively lower specific surface area (SSA), iii) result in
the formation of predominantly metallic Ir nanoparticles along with
oxidic Ir*" species as minority species and these metallic Ir species are
dispersed on these materials in a multimodal manner lowering the
activation energy (Ey) of the ADN decomposition reaction. Effect of La
promotion on Topget, APmax and APeq values is limited. On the other
hand, La promotion improves the structural stability of the alumina
support by assisting the preservation of the SSA of the support at high
temperatures.

5Ir/Si-AlyO3: i) yields higher Topset values, but (particularly RR
preparation protocol) leads to a significant boost in the APax and APeq
values, ii) results in the exclusive formation of y-Al,O3 phase with
extremely high SSA, iii) leads to the formation of oxidic Ir,*" clusters
which strongly interact with the SiO4-AlOy domains leading to partial
blocking/covering of the Ir sites with the SiOx-AlOx domains via strong
metal support interaction (SMSI).

Along these lines, it can be envisaged that next generation catalytic
architectures can be designed for ADN decomposition using the funda-
mental molecular level insight provided in the current study where
novel synthetic protocols can be developed to enable the preparation of
bi-functional Ir active sites, including metallic Ir NPs lowering the Topset
and E, as well as oxidic Ir clusters (Ir,*") capable of boosting AP to
generate enhanced thrust.
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