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How the Catalyst was Discovered

In an effort to develop inexpensive non-noble metal catalysts, we have focused upon under-

standing the surface and catalytic chemistry of non-noble transition metal (TM) IMCs and

ceramics as a function of constituent element, bulk stoichiometry, and surface composition.

Through in-depth, systematic computational surface science studies, experimental synthesis
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development, and catalyst performance tests, a suite of IMC and TM ceramic materials with

special low surface reactivity towards C=C bonds and unique reactivity towards hydrogen

have been isolated as promising catalytic materials for the catalytic production of aromatics

and olefins.1–4 These studies have lead us to the discovery of the Ni+Ga catalyst presented

herein.

Experimental Methods

Synthesis Method

All Al2O3 supported Ni+Ga catalysts (10 wt%) were synthesized by a hydroxide deposition

method using Ni(NO3)2*6H2O (Sigma Aldrich) and Ga(NO3)3*xH2O (Sigma Aldrich) as

metal precursors and alumina (Alfa Aesar) as support material. During the synthesis process,

Ga(NO3)3*xH2O was first dissolved into 150 ml D.I. water at 70◦C. Diluted NaOH solution

was used to transform the Ga precursor into a hydroxide-nitrate at the pH of 3.9. Al2O3 was

then input into the solution and aged for 0.5 hour. Next, specific amount of Ni(NO3)2*6H2O

(based on Ni:Ga actual loading) was introduced and transformed into the hydroxide-nitrate

form at the pH of 7.0. The solution was then aged for another 0.5 hour. The sample was

washed, filtered, and then dried under air at 100◦C for 3 hours. The dried powder was

reduced at 500◦C by 2% H2/Ar for 1 hour and annealed at 700◦C under Ar for 12 hours.

Our synthesis investigations suggested that the bulk stoichiometry of Ni+Ga catalysts

synthesized by hydroxide method can be controlled by reduction temperature. Figure S3

showed two materials synthesized via the hydroxide method described above with a actual

loading of 1:1 Ni:Ga for both. The one with the reduction temperature at 500◦C displayed

a Ni3Ga bulk crystal structure whereas the other one that underwent a reduction at 700◦C

with pure H2 showed a NiGa bulk crystal structure.

SiO2 supported Ni+Ga (10 wt%) and oxide supported Ga catalysts were prepared using

incipient wetness impregnation method. For oxide supported Ga materials, 5.4 wt% Ga was
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loaded on Al2O3 support to mimic the amount of Ga in Ga-rich Ni3Ga/Al2O3 catalyst and

2.8 wt% of Ga was loaded on SiO2 support to mimic the amount of Ga bulk-like Ni3Ga/SiO2

catalyst. Ni3Ga/SiO2 with small particle size was produced after a reduction by pure H2 at

700◦C for 2 hours. Large particles of Ni3Ga/SiO2 were obtained via an annealing treatment

for 12 hours under Ar after reduction. All samples were pretreated in-situ in the reactor

and used directly to avoid contacting with air. Before any characterization, passivation was

performed under 1% O2/Ar at room temperature for 1hr to protect the sample from further

oxidation by air and the sample reduced in situ in the characterization apparatus. This was

not possible for the TEM studies.

Incipient wetness impregnation method was utilized to synthesize Al2O3 supported Pt-Sn

(mimic Oleflex from UOP) and CrOx (mimic Catofin process from CB&I Lummus) catalysts

to compare our Ni+Ga IMC catalyst to the commercialized catalysts. For Pt-Sn catalyst,

1.5 wt% Pt, 1.2 wt% Sn, and 0.8 wt% K were utilized. For CrOx, 20 wt% and 1.2 wt%

K were applied. The specifically compositions chosen for Pt-Sn and CrOx catalysts were

closed to those utilized in industry.5–7 The Pt-Sn and CrOx catalysts were then dried under

air overnight at 100◦C. Pt-Sn was then followed a calcination pretreatment at 560◦C for 3

hours and an in-situ reduction process for 1 hour at 590◦C before propane dehydrogenation

reaction. For CrOx catalyst, it was calcined for 6 hours at 600◦C before the reaction.

Catalytic Activity Test

Catalytic activity tests were performed at a total flow rate of 20 sccm (10% propane balanced

with Ar) in a quartz tube reactor (0.5 in diameter). About 100 mg catalyst was diluted with

1000 mg 100-mesh SiC to ensure a uniform bed and minimal pressure drop. Quartz wool

plugs top and bottom of the catalyst bed were used to fix the bed in the tube. Reactions

were performed at ambient pressure. Flow rates of propane (research grade, Airgas), and

argon (UHP, Airgas) were controlled using two mass flow controllers (MKS). The outlet

stream was analyzed every half hour using an on-line gas chromatograph (SRI) equipped
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with a HayeSep-D column and a flame ionization detector (FID) and a thermal conductivity

detector (TCD). A thermocouple was introduced directly above the catalyst bed inside the

quartz tube for temperature control.

Control Reactions

Tests of an empty reactor, reactor with Al2O3 or Al2O3 and SiC show little to no conversion

and a selectivity of ∼50% towards propylene. Tests of Ga/Al2O3 without Ni added showed

very low levels of conversion, high initial selectivity, and moderate deactivation over time

suggesting that Ni was required to enhance conversion and present new surface chemistry

that sustains high selectivity. Tests were also performed over SiO2 and Ga/SiO2. Pure SiO2

showed no reaction. Ga/SiO2, interestingly, showed moderately high selectivity after a short

induction time yet quite low conversion. Ga/SiO2 also started to deactivate rapidly after

∼11 hours under reaction conditions (Figure S18).

Comparison with Industrial Catalysts

Comparing our results to common commercial catalyst formulations prepared and tested in

our lab, the (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst exhibited either similar or superior activity

and selectivity. Performance comparison of the catalysts Pt+Sn/Al2O3 and CrOx/Al2O3 cat-

alysts are presented in Figure S9 and S10. Both the industrial catalyst compositions showed

similarly high selectivity towards propylene production at the beginning of the run, yet the

CrOx/Al2O3 catalyst suffered from more significant deactivation within 10 hours likely due

to surface oxygen loss, coking, and sintering.6,8–10 The Pt+Sn catalyst was more stable, but

deactivated marginally more quickly than the (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst. Sintering

has been proposed as the source of the observed deactivation of the Pt+Sn catalyst.5–7 With

respect to regeneration, the CrOx/Al2O3 catalyst is commonly run only for a short time

and regenerated by simple reoxidation.6 However, the Pt+Sn catalyst requires aggressive

oxidation with molecular Cl2 to redistribute the Pt and Sn across the oxide surface.6,11 The
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regeneration of the (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst is practically similar to that of CrOx

with an added reduction step after initial oxidation. This regeneration is more advantageous

than that used for Pt+Sn catalyst due to the use of Cl2.6,7

Investigation on Induction Time as a Function of Surface Ni: Ga

Compositions

Induction time and the accompanying unselective conversion of propane tracked inversely as

a function of the Ga concentration suggesting that Ni-rich regions of the catalyst were blocked

either by Ga or by carbon through coke formation (Figure 3a). This trend was reminiscent

of those encountered in approaches aimed at improving selectivity where inert atoms are

added to catalysts or surfaces to block overly reactive sites, e.g., Au or Bi.12,13 Trends in

propane conversion also tracked inversely with the Ga loading. High and mostly unselective

conversion occurred at the Ni:Ga 3:1 actual loading and decreased systematically until the

limit of Ni:Ga of 1:2 where activity towards propane activation was significantly diminished.

At the actual loading of Ni:Ga 1:2, similar conversion and activity to the Ga/Al2O3 catalyst

was observed. Albeit, less deactivation occurred in comparison to the Ga-only catalyst

showing the presence of Ni was crucial.

Characterization

TEM and EDS

The characterization of Ni3Ga/Al2O3 and SiO2 supported Ni+Ga IMC compounds with and

without annealing treatment was performed using a variety of techniques. TEM, STEM

HAADF, and HR-EDS measurements have been performed on Talos FEI F200X operating

at 200 KV at Oak Ridge National Lab (ORNL). TEM and STEM HAADF measurements on

annealed Ni3Ga/SiO2 were performed on ZEISS LIBRA 120 operating at 120 KV at ORNL.
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Holey carbon TEM grids were used. Catalysts were dispersed in methanol and sonicated

before being deposited on the TEM grids.

pXRD and HR-pXRD

XRD patterns were measured on a PANalytical X’Pert Pro system using Cu Ka radiation

(ORNL) for a minimum of three hours per sample. High resolution synchrotron powder

diffraction (HR-XRD) data were collected using the mail-in service at the beamline 11-BM

at the Advanced Photon Source (APS), Argonne National Laboratory using an average

wavelength of 0.41 . The scan of HR-XRD covered the 2θ range 0.5-50 degree with a step

size of 0.001 degree and scan speed of 0.01 degree/s.

High Sensitivity Low Energy Ion Scattering

The High Sensitivity-Low Energy Ion Scattering (HS-LEIS) spectroscopy was utilized to

characterize the surface composition of (1:1 Ni:Ga)@Ni3Ga/Al2O3 before and after reaction

and Ni3Ga/SiO2 with and without annealing treatment. LEIS spectra were collected utilizing

an IONTOF Qtac100 spectrometer (Lehigh University). Briefly, the samples were prepared

for analysis by compressing powder into LEIS sample holders with filter paper over the

powder to prevent contamination from the press. Each sample was then exposed to room

temperature H atoms generated from a plasma source for 30 min. Ne+ ions with the energy

of 5 keV were utilized to probe the Ni and Ga elements. An ion dose of 5 x 1014 cm−2

was first used over a wider energy range to provide better signal-to-noise ratio and seek

potential contamination from heavier atoms. After that, 1 x 1014 cm−2 was performed to

collect data with less concomitant surface damage during the analysis. In LEIS experiments,

the signal in an individual LEIS spectrum, particularly using a Ne+ probe, is almost entirely

due to the top exposed atomic layer of the material. The theory is that if a Ne+ probe ion

were to penetrate beyond the immediate surface of the sample, it would take an electron

from the surrounding material and become neutral. If that projectile subsequently scatters
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from a buried atom and reemerges from the sample surface as a neutral Ne, it would not

be detectable by the spectrometer.14,15 If it were to be re-ionized upon leaving the sample,

which is unlikely for Ne but more common when using a He+ probe, it would emerge at a

kinetic energy lower than that corresponding to an atom at the surface of the target element.

For the quantification of surface elemental composition, calibration is needed by measuring

either the pure metal or metal oxide,15–21 or performing depth profiling and utilize the bulk

composition as the reference.22–27 The annealed Ni3Ga/SiO2 catalyst was utilized as a well-

defined standard since it exhibits pure phase Ni3Ga bulk crystal structure, relatively uniform

particle size (∼6.8 nm), and not suffer from Ga sticking on the surface. Therefore, the ratios

of the integrated scattering intensity of Ni to Ga at the end of depth profiles (in the range

of ∼2-3 nm) were normalized to the bulk stoichiometry and utilized as reference value to

estimate the elemental composition at other layers.

In the current work, the theoretical estimation of surface atomic density of Ni3Ga is on

the order of 1015 atoms/cm2, which coincides with the general assumption of surface atomic

density over a wide range of materials in published work.16,17,26–32 A dose of ion fluence of

1x1015 ions cm−2 with a sputter beam of 0.5 keV Ar+ was then estimated to remove∼1 atomic

layer (∼0.3 nm).17,18,22–27,29,30,33–35 It is also noted that an accurate sputtering rate is difficult

to determine since it is affected by many factors such as atomic weight, elemental sputtering

yield, material density, actual elemental composition, and crystallographic structure in the

outermost surface region. Therefore, we still utilized the estimation that a dose of ion

fluence of 1x1015 ions cm−2 corresponds for a removal of one atomic layer based on literature

suggestion.17,18,22–27,29,30,33–35

The depth profiling study in this work was performed utilizing a sputter beam of 0.5 keV

Ar+ with a total ion fluence of about 4 x 1014 ions cm−2 per cycle. Therefore, approximate

0.1 nm atomic layer was removed per cycle. The depth profiling study on the annealed

Ni3Ga/SiO2 catalyst showed that the surface elemental composition is similar to bulk. The

depth profiling study was also performed over (1:1 Ni:Ga)@Ni3Ga/Al2O3 before and after
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reaction.

ICP-OES

The elemental analysis was performed using Agilent Technologies 5110 ICP-OES over all

supported Ni+Ga catalysts (see Table S1) at the University of Tennessee, Knoxville. The

commercial ICP standards of Ni and Ga (100 g/L in 5% nitric acid aqueous solution, Sigma

Aldrich) were utilized for calibrations. The synthesized Ni+Ga catalysts were autoclaved at

100◦C overnight in the mixture of diluted HF and HNO3 acids to ensure they were completely

dissolved before ICP measurements.

Chemisorption

The amount of active metal sites for the calculation of TOF was determined via chemisorp-

tion of H2 and CO by using Autosorb-iQ/MP-XR. About 0.2 g sample was applied in the

chemisorption measurements. The sample was first outgassed at room temperature, heated

up to 400◦C under a flow of H2 (80 sccm), and then kept at this temperature for 2 hours.

After this treatment, the sample was outgassed under vacuum (10−4 Torr) for 2 hours. Then

the sample was cooled down to 40◦C. After the pretreatment, the chemisorption of H2 or

CO were performed at 40◦C. The isotherms were lineal in the range of used pressures (0-640

torr). The amount of chemisorbed H2/CO was calculated by extrapolation of the isotherm

to pressure zero.
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Figure S1: EDX-mapping on (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst showing that a portion of
Ga atoms interact strongly with the Al2O3 support.

Figure S2: XRD over Al2O3 supported Ni+Ga compounds (with actual loading of 3:1,
1:1, and 1:2) showing they all present Ni3Ga phase in bulk crystal structure regardless of the
actual loading change. No unidentified reflections were encountered in the analysis suggesting
phase-pure IMC particles.
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Figure S3: Regular XRD measurements over Al2O3 supported Ni+Ga IMCs (with actual
loading of 1:1) produced by different pretreatment conditions.

Figure S4: Regular XRD measurements over NiGa/SiO2 with different H2 concentrations
(blue: 10% and red: 100%) in the reduction pretreatment. The results showed that the lower
H2 concentration is sufficient to promote NiGa IMC formation due to the reduced interature
between Ga atoms and SiO2.
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Figure S5 Bright-field and dark-field TEM images and EDX-mapping on fresh Ni3Ga/SiO2

catalyst showing that negligible amount of Ga atoms presented on SiO2 surface.
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Figure S6 XRD for SiO2 supported NiGa with (regular XRD) and without annealing pre-
treatment (HR-XRD) showing phase-pure NiGa IMC material.

Figure S7: Selectivity towards methane over (1:1 Ni:Ga)@Ni3Ga/Al2O3 in catalytic stabil-
ity test (Figure 1a) showing a drastic reduction of methane selectivity at the beginning of
reaction. This indicated that the overall surface reactivity towards carbon was decreased by
the rapid poisoning of highly reactive surface sites at the beginning of the reaction.
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Figure S8: Selectivity towards ethane over (1:1 Ni:Ga)@Ni3Ga/Al2O3 in catalytic stability
test (Figure 1a) showing that it is a minor by-product when the catalyst reaches steady
state.
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Figure S9: Catalytic performance test of propane dehydrogenation over industrial cata-
lysts (Pt-Sn/Al2O3 and CrOx/Al2O3) showing that (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst is
similar or surpasses the current industrial propane dehydrogenation catalysts in selectivity
and activity. The reaction conditions were set as a total flow rate of 20 sccm (10% propane
balanced with Ar) at 600◦C and under atmospheric pressure.
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Figure S10: Yield of propylene over (3:1 Ni:Ga)@Ni3Ga/Al2O3, (1:1 Ni:Ga)@Ni3Ga/Al2O3,
(1:2 Ni:Ga)@Ni3Ga/Al2O3, and two common industrial catalysts CrOx/Al2O3 and
Pt+Sn/Al2O3 suggesting an improved catalytic performance over Ni+Ga IMCs.
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Figure S11: The isotherm plots for H2/CO chemisorptions utilized to estimate the amount
of reaction sites on the surfaces of Al2O3 supported Ni+Ga IMC catalysts and the in-
house synthesized commercial catalysts, Al2O3 supported CrOx and Pt-Sn. The amount
of chemisorbed H2/CO was calculated by extrapolation of the isotherm to pressure zero.
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Figure S12: Dark-field and bright-field TEM studies on use (1:1 Ni:Ga)@Ni3Ga/Al2O3

showing that coke formation occurred selectively at small and potentially Ni-rich particles
and was of nanotube type. No overlayers of coke on IMC particles were encountered.
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Figure S13: XRD for SiO2 supported Ni3Ga (3:1 Ni:Ga actual loading) with (regular XRD,
blue) and without annealing pretreatment (HR-XRD, red) showing that the bulk crystal
structure of Ni3Ga is not affected by annealing treatment.
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Figure S14: Cartoon for describing the location of Ni and Ga detected by HS-LEIS. The
information about the surface composition of Ni3Ga particle on Al2O3 support was convo-
luted by the Ga atoms that stuck on Al2O3 whereas the surface composition can be analyzed
more exactly over SiO2 supported Ni+Ga IMCs.
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Figure S15: a) Product distributions and propane conversion of propane dehydrogenation
reaction over annealed Ni3Ga/SiO2 (12 hrs annealing at 700◦C under Ar after reduction);
b) TEM images showed an average particle size of 6-7 nm indicating only slight particle
growth after annealing pretreatment. Results demonstrated that the surface reactivity of
Ni3Ga/SiO2 after annealing was still too aggressive towards C–C/C=C activation in com-
parison to (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst.

Figure S16: Catalytic performance over well-defined annealed SiO2 supported NiGa and
Ni3Ga as well as Al2O3 supported NiGa catalysts to partially understand the surface com-
position of (1:1 Ni:Ga)@Ni3Ga/Al2O3 that corresponds for its high performance.
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Figure S17: HS-LEIS depth profiling analysis over (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst after
reaction. It showed an increase of surface Ni composition for the catalyst after reaction. The
true surface composition analysis was convoluted by the Ga atoms trapped by oxide support.

Figure S18: Performance test of propane dehydrogenation over SiO2 supported Ga showing
low conversion of propane and less stability towards propylene selectivity.
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Figure S19: Selectivity towards methane in propane dehydrogenation reaction over Al2O3

supported Ni+Ga catalysts with different loadings. The results showed a systematic decrease
in surface reactivity towards C–C/C=C bond as more Ga atoms was introduced.

Figure S20: Selectivity towards ethane in propane dehydrogenation reaction over Al2O3

supported Ni+Ga catalysts with different loadings. Results indicated that Ni+Ga IMCs with
the actual loadings of 3:1 and 1:1 have highly reactive surface sites that drive C-C/C=C bond
cleavage and their contribution diminished likely due to site-specific poisoning.
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Figure S21: Selectivity towards ethylene in propane dehydrogenation reaction over Al2O3

supported Ni+Ga catalysts with different loadings. The results showed a decrease in ethy-
lene selectivity as more Ga atoms were introduced. This aspect indicated a systematic
manipulation on surface carbon affinity as a function of Ga composition on surface of Ni3Ga
nanoparticle.

Table S1: ICP-OES quantification of the composition of the supported Ni+Ga catalysts.
The number in the parenthesis is the actual loading.

Catalyst Ni content, mol% Ga content, mol%
Ni3Ga/Al2O3 (3:1) 75.5 (75) 24.5 (25)
Ni3Ga/Al2O3 (1:1) 49.2 (50) 50.8 (50)
Ni3Ga/Al2O3 (1:2) 33.7 (33.3) 66.3 (66.7)
Ni3Ga/SiO2 (3:1) 75.3 (75) 24.7 (25)
NiGa/SiO2 (1:1) 50.9 (50) 40.1 (50)
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Table S2: Catalytic production rate and TOF of propylene. The production rate and TOF
were reported at the beginning of the steady state over Ni3Ga/Al2O3 (3:1) and Ni3Ga/Al2O3

(1:1), Pt+Sn/Al2O3, and CrOx/Al2O3. For Ni3Ga/Al2O3 (1:2) that was not able to reach
their steady state, the production rate and TOF of propylene at the beginning and the end
(parenthesis) of reaction were reported. The amount of metal reaction sites were determined
by H2 chemisorption for Ni+Ga catalysts and by CO chemisorption for Pt-Sn and CrOx

catalysts. A summary of published supported Pt+Sn and CrOx was selected from a review6

and re-tabulated for comparison.

Catalyst Reaction Temp. (◦C) WHSV (h−1) Feed Composition TOF (s−1) Ref.
Ni3Ga/Al2O3 (3:1) 600 2.4 C3H8 = 10, Ar = 90 4.3 x 10−2 –
Ni3Ga/Al2O3 (1:1) 600 2.4 C3H8 = 10, Ar = 90 4.7 x 10−2 –
Ni3Ga/Al2O3 (1:2) 600 2.4 C3H8 = 10, Ar = 90 1.1 x 10−1 (2.8 x 10−2) –
Pt+Sn/Al2O3 600 2.4 C3H8 = 10, Ar = 90 4.5 x 10−2 –
CrOx/Al2O3 600 2.4 C3H8 = 10, Ar = 90 1.3 x 10−3 –
Pt+Sn-Na/Al-
SBA15

590 3.0 C3H8 = 75, H2 = 25 1.4 x 10−1 36

Pt+Sn/Al2O3 519 3.5 C3H8 = 30, N2 = 70 1.8 x 10−1 37

Pt+Sn/MgAl2O3 550 36.6 C3H8 = 50, H2 = 50 5.0 x 10−1 38

CrOx-Na/Al2O3 550 0.1 C3H8 = 10, N2 = 90 7.4 x 10−6 39

CrOx/ZrO2 550 0.3 C3H8 = 2.5, N2 = 97.5 2.9 x 10−5 40

CrOx/Al2O3 580 N/A C3H8 = 10, N2 = 90 4.7x10−3 10
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