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Experimental details

Catalyst synthesis.

Chemicals used are cobalt nitrate (II) hexahydrate, 99% pure (ACROS Organics), nickel nitrate
(I) hexahydrate, 99% pure (ACROS Organics), magnesium nitrate hexahydrate, 99% pure
(ACROS Organics), strontium nitrate anhydrous, 99.97% pure (Alfa Aesar), cerium nitrate (I1I)
hexahydrate (>99%), potassium nitrate (Alfa Aesar), potassium hydroxide (KOH) pellets (Alfa
Aesar). Catalysts were synthesized by using co-precipitation methods. KOH was used as the
precipitating agent, and its concentration (1M, 2M, 3M, 4M, and 5M) has been optimized to
increase nucleation and reduce the crystallite size. Typically, metal nitrates of Mg, Sr, Ce were
taken in a molar ratio of 2:1:1 and mixed in 125 ml water for the optimal catalyst. Meanwhile,
cobalt and nickel salts were taken in a molar ratio of 2:1 in the same volume of water with a total
metal loading of 60 wt.% of total metals in the solution. A separate solution of concentrated KOH
(4.0 M for K-Promoted catalyst) was prepared. The metal nitrate solution was added to the KOH
solution dropwise while stirring vigorously. After complete mixing, the stirring was stopped, and
the solution was aged for 22 hours at room temperature. After 22 h, the precipitate was separated
by centrifugation and washed with water four times, followed by drying at 60 °C for 12 h. After
drying, the residue was collected and ground in mortar and pestle before thermal treatment. The
powder sample containing mixed hydroxides and oxides was then thermally reduced under 10%
H, balanced by Ar at 600 °C for one hour at a ramping rate of 2 °C min!. Initially, mixed oxides
of Co, Ni, Mg, Ce, and Sr were produced. During the holding temperature at 600 °C, Co and Ni
species were completely reduced, forming CoNi alloys, while Mg, Ce, and Sr remained as a mixed
oxide. The resulting catalyst was denoted as the K- CoNijjoy-MgO-CeO,-SrO.

Catalyst performance evaluation

The prescreening of all the catalysts was done in a fixed bed reactor of 4 mm ID and 6 mm OD
with a bed length of 1.0 cm, including quartz wool. The quartz wool was used to prevent the
flushing out of the catalyst powders during testing, as shown in Figure S10. Ar was used as a
sweep gas during the thermal activation at 600 °C for one hour. The feed gas was changed to
99.9999% pure NHj at the target temperature. An acid trap was used at the outlet to collect the
unconverted NH3. The mass flow controller was used at the inlet to control the inlet gas flow rate,
while a calibrated mass flow meter was used at the outlet to measure nitrogen and hydrogen flow

rates. The H, and N, ratio were confirmed using a gas chromatograph (GC, Agilent). A blank test
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was conducted to indicate that the conversion of NHj is less than 1% at 575 °C. The stability of
the optimized catalyst was tested in an industrial membrane reactor shown in Figure S15. The
variation in activity with pressure was also monitored in the fixed bed reactor and the membrane

reactor.

100 mg catalyst was loaded into the reactor for finding the GHSV in mL g ! h'l. 300 mg
catalyst was loaded in the reactor for each test to cover 0.5 cm of the bed. Gas hour space velocity
was calculated as the ratio of the volume of feed gas in mL/h and the volume of the bed (mL),
GHSYV =h-!. The catalyst was plugged using quartz wool to prevent displacement and loss of
catalyst bed. The feed gas flow rate was varied between 10 to 120 sccm to monitor activity at
different space velocities. An acid trap was used at the outlet to collect the unconverted NHs. The
mass flow controller was used at the inlet to control the inlet gas flow rate, while a calibrated mass
flow meter was used at the outlet to measure the flow rates of N, and H,. The H, and N ratio was
confirmed using a GC. The NH; conversions (Xyn3), H, production rates, and TOF were calculated

(Eqgs. 1-3).

XNH3 = (Fgas outlet ~ Fgas inlet)/ Fgas inlet X 100% (Eq 1)

Where Fas outtet and Fgys intee represent molar flow rate of inlet and outlet gas, respectively.

H, production rate = ((3/2) X Fgas inlet X
. (Eq. 2)
Xnn3)/Catalyst loading

TOF = H, production rate (mmol gcni! min

Eq. 3
N/Active site density (Fa-3)

Active site density was determined by the CO pulse chemisorption.

Catalyst Characterization

The X-ray diffraction (XRD) patterns of the samples were recorded on the Rigaku Ultima IV
diffractometer with Cu Ka X-rays operating at 200 mA and 40 kV, using Cu Ka as the radiation
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source (A =0.15418 nm). A Thermo-Fisher Talos F200X transmission electron microscope with a
Super-X energy disperse spectroscopy (EDS) system was used for electron microscopy studies.
Powder samples were deposited on a standard microscope glass slide. In-situ X-ray photoelectron
spectroscopy (XPS) was conducted using a Kratos AXIS Ultra DLD XPS system equipped with a
hemispherical energy analyzer and a monochromatic Al Ka source operated at 15 keV and 150 W;
the pass energy was fixed at 40 eV for the high-resolution scans. The curve fitting procedure was
carried out using the XPS Peak 41 software. The peak approximation was carried out by a
combination of Gaussian - Lorentzian functions, with subtraction of Shirley-type background. The
in-situ treatment of the catalyst at various temperatures and atmospheres was performed in a
reaction cell (Model: ES-009R01) directly attached to the XPS chamber, which allows the sample
to be treated at gas flow conditions. The samples were transferred inside the reaction cell and back
to the analysis chamber without exposure to the atmosphere. Before analysis, the samples were
placed in a vacuum at 80 °C overnight to remove the adsorbed substances. The specific surface
area (Sgpr) measurements were carried out using N, adsorption/desorption at 77 K on a
Micromeritics TriStar Il instrument. Samples were degassed at 130 °C for five hours under vacuum
before nitrogen physisorption measurements. The Sgrr was determined from the linear part of the

BET curve.

H, temperature-programmed reduction (H,-TPR) and CO pulse chemisorption experiments
were conducted on a Micromeritic AutoChem II 2920 instrument with a thermal conductivity
detector (TCD). About 50 mg of each sample was used in all those tests. For the H,-TPR test, the
catalysts were first pre-treated under 20% O,/Ar (Air gas) at 400 °C for one hour. Then, the
catalysts were cooled down to ambient temperature and purged with Ar (ultra-high purity, Air gas)
for 30 min to remove gas-phase O, and 50 sccm (cm®/min, STP) of 10% Hy/Ar (Air gas) was
introduced to the reactor. After the TCD signal stabilized, the catalyst was heated up to 800 °C (10
°C /min) under 10% H,/Ar. The mobility and redox properties of catalyst samples were evaluated
via H,-TPR measurement using H, as a reductant. TCD recorded the H, consumption profiles as
a function of temperature. The same reduction pre-treatment (10% H,/Ar, 600 °C, 60 min) was
applied for the CO pulse chemisorption. After completing the pre-treatment step, the catalysts were
purged with 100% He (Praxair) for another 30 min at 600 °C following by cooling down to 35 °C
before the CO pulse chemisorption experiments. A series of 10% CO/He (Air-gas) pulses were

injected in the reactor until the catalyst surface was saturated by CO. A stoichiometry ratio of
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chemisorbed CO to surface-active metal atom = 1:1 was applied to calculate the number of active
sites. The TOF of NH; on the catalysts can be calculated from the amount of converted NHj

molecules per exposed surface, calculated from CO pulse chemisorption.!]

CO, temperature-programmed desorption (CO,-TPD) was performed in a custom-build
micro-reactor system, as reported previously.[**] A mass spectrometer (Pfeiffer Omnistar GSD
320) is connected to the outlet of the reactor as a detector. 50 mg of catalyst was loaded in a U-
shape reactor (I.D. = 8 mm). The catalyst was first pre-treated with 10% H,/Ar at 600 °C for one
hour, then purged with pure Ar for 30 min to remove H,. The catalyst was then cooled down to
room temperature and exposed to 80% CO,/Ar for one h. The catalyst surface was saturated with
CO,, following by purging with Ar for another 30 min to remove gas-phase CO,. Finally, the
catalyst was heated up to 800 °C (10 °C/min). A mass spectrometer recorded the CO, (m/z = 44)
desorption profiles. Quantities desorbed at a specific temperature give information about the

number, strength, and heterogeneity of adsorption sites.

NH; TPD experiments: 300 mg of catalyst was used for the NH; temperature-programmed
decomposition experiments. The catalysts were pre-treated with 10% H,/Ar at 600 °C for one hour,
then cooled down to 200 °C under the same feed gas. The catalyst was then purged with pure Ar
for 30 min to remove H, from the catalyst surface and cooled down to 100 °C before 100 sccm
10% NH;/Ar was introduced to the reactor. The gas concentrations were stabilized, followed by
the heating up of the catalyst to 575 °C (2.5 °C/min). The temperature was kept at 575 °C for 30
min, followed by cooling down to 100 °C (2.5 °C/min). Gas concentrations including NH; (m/z =
17), N, (m/z = 28), H, (m/z = 2), and Ar (m/z = 40) were detected by mass spectrometer. The

experiments were conducted under 1.0 atm.
Computational details

DFT calculations were performed using the Vienna ab initio simulation package (VASP) to
investigate the synergy between Co and Ni as well as between the metals and supporting oxides in
the catalysts, [ %1 The Perdew—Burke—Ernzerhof (PBE) functionall’! and the Projector Augmented
Wave (PAW)[®! potentials were used with a plane wave basis set of 450 eV cut-off energy. The
Brillion zone was sampled with a (3 x 3 x 1) k-point grid for the metal surfaces modeled using a

4-layer slab and a p(3 x 3) surface cell (Figure S27). The effect of support was modeled using a
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ledge of CeO, on a 4-layer Co,Ni slab of (3 X 3\5) and sampled with a (3 x 2 x 1) k-point grid
(Figure S28). A vacuum gap of 15 A was added to minimize interaction between the periodic
images along the direction perpendicular to the surface. Geometry optimizations were performed
using the Quasi-Newton algorithm!®! with a convergence criterion of 10-* eV. The atoms in the top
two layers of the slab, and those of CeO, in the case of the supported system, were allowed to relax
while the atoms in the bottom two layers were fixed in the corresponding bulk positions. Transition
states were determined using a combination of the Quasi-Newton algorithm!®! and the dimer
method!['%] and were confirmed by frequency analysis. Similar setup and parameters have been
used in our previous studies, including ammonia synthesis and decomposition. The adsorption

energy was calculated as:

Eads = Eudsorbate/slab _Eadsorbate _Eslab

E vasorvatessiabs Eadsorbares a0d Egp are the total energies of the species adsorbed on the slab, the
isolated adsorbate, and the clean slab, respectively. The relaxed fcc bulk structures of pure Ni and
Co and alloys with Co:Ni ratios of 2:1 and 1:2 was used to construct the corresponding slab for
ammonia adsorption and dissociation. Binding energies of NH, on different surface sites,
elementary dissociation steps of the adsorbed NH, species, and H, and N, formation have been
calculated. Our results for ammonia and intermediate adsorption on Co (111) and Ni (111) agree
with the previous report,l!'!! confirming that the models and parameters used in the present study

are adequate.
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Additional figures and tables

Figure S1. TEM images of the K-CoNi,jioy-MgO-CeO,-SrO catalyst at different magnifications.
(a) scale bar 50 nm, (b) scale bar 20 nm, and (c) scale bar 5 nm.

Figure S2. HAADF-STEM images of K-CoNi,jioy-MgO-CeO,-SrO at different magnifications.
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Figure S3. (a) Low magnificationTEM, HAADF-STEM and elemental mapping of K-CoNi,jjoy-
MgO-CeO,-SrO along with elemental mapping.

A small content of K exists in the atomic form in heterostructure ADR catalysts. The K acts as an
electron-donating element on the surface of the catalyst which can affect the electronic properties
of the supported metals and boosts the activity of ADR catalysts. The HAADF-STEM mapping of
K-CoNiyji0y-MgO-CeO,-SrO catalyst at scale bars 100nm (Figure S3) and (FigureS4) 10 nm
clearly showed the uniform dispersion of K in the catalyst.

Figure S4. HAADF-STEM images and EDS elemental maps of the K-CoNi,jioy-MgO-CeO,-SrO
catalyst. Scale bar 10 nm and corresponding elemental mapping.
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Figure S5. (a) XRD patterns of the CoNi-MgO, CoNi-MgO-Ce0O,, CoNi-MgO-CeO,-SrO
catalysts, and (b) XRD patterns of the CoNi-CeO,, CoNi-MgO-CeO,, CoNi-MgO-CeO,-SrO

catalysts.

For all studied samples, no prominent peaks are related to SrO, indicating that the Sr ions are
effectively incorporated into the MgO and CeQO, lattices to form mixed oxide. Besides, no peaks
associated with K or K,O were detected in XRD patterns which support the atomic dispersion of
K in catalysts. A slight shift was observed for MgO (200) and (220) in the mixed oxide supported
CoNi catalysts (e.g., MgO-CeO, and MgO-CeO,-SrO), compared to individual MgO (Figure
S5a). Also, a similar observation was for the CeO, (220) in the MgO-CeO,-SrO supported CoNi
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catalyst (Figures SSb and Séa), which is likely due to the slight doping of Mg or/and Sr into CeO,
which supports the mixed oxide support structure.

Tables S1 and S2 summarized surface areas, pore size distribution, pore-volume, active site
density (determined by using CO uptake), CoNi crystalline size, and the corresponding NHj
conversion for all studied catalysts. Crystallite sizes were calculated for the CoNi alloy using the
Scherrer equation from XRD patterns based on (111), (200), and (220) planes at 44.32°, 51.62°,
and 76.16°, respectively. CoNi alloy crystallites (~11 nm) were found smaller than individual Co
or Ni (~14 nm) ones (Table S1). For the optimal K-promoted support, the smallest crystallite size
of CoNi alloy was found to be the least (8.74 nm) (Table S2), generating increased active sites
and promoting the ammonia decomposition activity.l'?-14] Notably, the K-promoted catalyst has a
relatively low active site density (based on CO pulse chemisorption) but presents the highest
catalytic activity. Generally, adding K plays two essential roles in promoting NH3 decomposition.
As evidenced by XRD patterns, the first role is to improve metal particle dispersion by reducing
CoNi alloy crystallite sizes. The reduced sizes can create significantly increased interfaces of CoNi

alloy particles and oxides in the catalysts.
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Figure S6. XRD patterns of the CoNi(2:1)-MgO-CeO,-SrO, K-CoNi(2:1)-MgO-CeO,-SrO and
Cs-CoNi(2:1)-MgO-Ce0,-SrO catalysts,
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Figure S7. XRD patterns of K-CoNi alloy catalysts supported on ternary mixed oxides with
various Mg: Sr: Ce ratios. In particular, Sr(OH), was observed for the catalyst with high Sr content
(Mg: Sr: Ce =2:4:1) (Figures S7 and S8c¢). In contrast, for the optimal Mg: Sr: Ce ratio (i.e., 2:1:1)

S12



T T T — T T T T —
(a) T ] (b) b * CeO,
= ~—
8 ok CoNi-Ce0,
CoNi ,,,-MgO =8 =
I ONI 56-MQ | - g é
=3 =
| g g 8 e 7
_ 8 1 s 2 * 8
i 558 2 & 23 =
s 2 z o =
o ﬂ o %R ] 8
1 1 1 1 1 1 1 1 1 1 1 1 1
20 30 40 50 60 70 80 20 30 40 50 60 70 80
2theta (degree) 2 theta (degree)
T T T T T T T T T T T T T T T
(c) (d) * MgO - (JCPDS file no 45-946)
= [# CeO0, - JCPDS file no 54-0394) CoNly,,,-MgO-Ce0,
[=] - = .
o 3
s r ° 1
S ~ =l =
_ =) i - 8 S S ]
= a9 T ¥ = . 8
3 = r = 2 g s ]
= 8 8 28 8
CoNiy,,-SrO 38
60 70 80

20 30 40

50 60 70 80

2theta (degree)

10

40 50
2theta (degree)

Figure S8. XRD patterns for (a) the CoNi,jioy-MgO, (b) the CoNiyey-CeO,, () the CoNijjiey-StO,
and (d) the CoNiyjiy-MgO-CeO; catalysts.

S13



(a)

<200

) o

—_
(]
P’
=
<
=

)
=
s
2
7y

3
0 g

[ —o— Cn-Mgx.‘u1-)‘(731,)‘,),(')2,,rs

3

[ —e—Ni-Mg,8r,Ce; 0,4
—a— CoNi(1:2)-Mg Sr, Ce O, 5

| —o— CoNi(2:1)-Mg,Sr. Ce, 0, ;

—o— K-CoNi(2:1)-Mg,r,Ce,, O, 5

=
=Y
=]

0.010 -

. F |
H

(=]
=3
[¥]
T
e
.

5]
=]

o
2
S
&

Increrrental Pore Ve, o
g e b
=]
2
.
|
1 ]
|
1
.
3
P
L

Incremental Pore Vol.(cm

i

5 ]
’ AN
1

Quantity Adsorbed(cm? g

80 ~m—
- ———
"-—-‘-L.--\. 0.00 - ol B
0.000 | gy : | —a— Co-MgO-CeO,-SrO
40 11— K-CoNi(2:1)-Mg0-Ce0 510
. . . .
D : T I w0 1m0 200 280 300 0 50 100 150 200 250 300
0 Lt W UL Pore Width (nm) Pore Width (nm)
P S S T
0.0 01 02 03 04 05 0.6 07 0.8 0.9 1.0 15
(d) Pressure (P/Py) 0.03 (f)ﬂ’\ ’
0.03 e)ﬁ ";L 1
% e . 0 ]
Ny < 002t g W F'
E] g :
::l’u,nz t ] 3 =l \
S k ] = LY am
é 2 0.01 ‘* .5 0.5 = b
ton R | x
T oo | 2 - o,
] _'-" g J l-_ —=— Ni-Mg0-CeO,-Sr0 g e T
E W 3 ool J et amm e B g 00F = i
4 ey . . . . . 2 —=— CoNi(2:1)-MgO-CeO,-Sr0
0.00 —aNiCo(2:1)-MgO-Ce0rS10 ¢ 50 100 150 200 250 300 350 - e

o 50 100 150 200 250 Pore Width (aum)

Pore width (nm)
Pore Width (nm)

g
e
=
5
T
.

2
2
.

Incremental Pore Vc;l.(cm3 ‘l)
=
=
S
T

—s— Cs-CoNi(2:1)-Mg0O-Ce0,-Sr0
s L s . .
50 100 150 200 250
Pore Width (nm)

=

Figure S9. (a) N, adsorption/desorption isotherm curves, and (b-g) Pore size distribution for the
catalysts.

S14



(N, &H,)

Mass Flow Meter
Temperature Controlled Furnace

Catalyst Bed Quartz Wool

— i

"
=

—J?‘

Mass Flow
Controller

Unconverted o
NH; trap Moisture trap ""
000 f

€000

g

Intenstty (uV)
g
@
) @
2 A
e
=
-

Time (min)

99.99% NH,
Sweep gas (Ar)

Figure S10. A schematic of micro-reactor set up for testing catalysts, including the moisture trap
to prevent corrosion from strong acid fumes.

S15



K-CoNigjloy-Mg0-CeO,-Sr0O (0.3g)

(a)

100

ANARY LUIVLADIVIL | 1Y)
&
(=]
T

.)‘ :

=]
@

425 °C
450°C
475 °C
500 °C
525 °C

O A )

o &
-
-
-

Catalsyt Bed Volume =0.25 cm® |

&

100

o«
<

NH, conversion (%)
& &
S S

b
<

3500 7000 10500 14000 17500 21000 24500
GHSV (h™)

(b)

100
80
60

40

NH; conversion (%)

20

K-CoNigloy-MgO-Ce0,-5r0{0.3g)

¢ - "] & & @ 4
o . N ° ;
° . 3 °
. ]
[~ 9
o L]
@ 425°C L
® 450°C °
@ 475°C i
@ 500°C
@ 525°C °
o ° o
' A ' A L L
10000 20000 30000 40000 50000 60000

d WHSV (mL g ;"0
K-CoNigjloy-MgO-Ce0,-5r0(0.3g) K-CoNiyj1y-Mg0-Ce0,-5r0 (0.1g loading)
' ' - ' 100 g %% *x
&% : > > ; & - - - @ X Yy
° - o & & A
® o - ° > 801 m * . AL
w 12 # N A
o R . = E 60 - [ ) ® .
4 @ S0°C
@ 425°C L = : ;?c ..
® 450°C ° 1 2401 A s0c " fa,
@ 475°C 1% v s0C
@ 500°C E
@ 525°C @ 201
@ 550 % e 7 3
seatibo . Catalsyt Bed Volume =0.125 cm
X \ , , 0 T v T
0 5000 10000 15000 20000 0 20000 40000 60000
GHSV ()

WHSV (mL g_ 'h™)
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Figure S17. Comparisons of (a) NH; decomposition efficiencies and (b) H, production rates of
CoNiyey catalysts supported on different supports.
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Figure S18. (a) Stability test of the K-CoNi,j0y-MgO-CeO,-SrO catalyst in a fixed bed reactor at
500 °C for 100 h. (b) Stability test at 400 °C with a conversion efficiency close to 50%, showing
good stability. The activity is slightly enhanced after switching to 500 °C for 40 hours and then
back to 400 °C. (c) XRD patterns of the catalyst before and after the stability test.
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Figure S19. A schematic of a prototype membrane reactor setup for testing catalyst stability.
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CeO,
0.319nm

MsgO
SeE.259nm

Mixed structure

Figure S20. (a) HRTEM of and HAADF-STEM mapping of K-CoNiy,,-MgO-CeO,-SrO
catalyst after 600h Stability test at 500 °C with pure NH; over K-CoNiy,,-MgO-CeO,-SrO with
a GHSV of mL h'! g.,! at 1.5 bar.

The mixed oxide support is surrounded by CoNi alloy (0.215nm)and presented defined interlayer
spacing of MgO (0.259nm), Ce02(0.319nm,) and SrO(0.351nm). The live Fast Fourier
Transform (FFT). The mixed oxide support is surrounded by CoNi alloy (0.215nm) and presented
defined interlayer spacing of MgO (0.259nm), Ce02(0.319nm,) and SrO(0.351nm), edges of the
few CoNiyey particles exhibited amorphous structure (Figure S20 b-g). The live Fast Fourier
Transform (FFT) also exhibited the disorder’s bright spots to show the multimetal interface
(Figure S20g). The HAADF-STEM elemental mapping also presented the uniform distribution
of multielement nanoparticles (Figure S20h). Based on this evidence, we believed that the mixed
oxide surrounding the CoNi alloy nanoparticles can act as spacers to prevent them from sintering
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Figure S21. Effect of operating pressures on the catalytic activity at 500 °C in fixed bed reactor
for the K-CoNigyoy-MgO-CeO;, CoNiyey-MgO-CeO,-SrO; and K-CoNigjey-MgO-CeO,-SrO
catalysts.
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Figure S23. Stability test of the K-CoNi,jioy-MgO-CeO,-SrO catalyst in a prototype membrane
reactor at 500 °C and 5.0 bar at GHSV of 10,000 h!.
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Figure S24. Conventional ex-situ XPS analysis for the best performing K-CoNi,jiq,-MgO-CeO,-
SrO catalyst. (a) Co 2p, (b) Ni 2p, (c) Mg 2p, (d) Ce 3d, and (e) Sr 3d.
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Figure S25. A comparison of in-situ XPS analysis of Co 2p when reduced in pure H, at
temperatures from 100 to 600 °C.
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Figure S27. A comparison of in-situ XPS analysis of Mg Is when reduced in pure H, at
temperatures from 100 to 600 °C.
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Figure S28. A comparison of in-situ XPS analysis of Sr 3d when reduced in pure H, at
temperatures from 100 to 600 °C. The in-situ high-temperature The XPS spectra after exposing
the catalyst to temperatures between 100 and 600 °C in pure H,, The deconvoluted XPS 3d orbital
level into two orbitals of Sr3ds;, and Sr 3d3,; at binding energies of 132.2 and 135.1 eV respectively
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3ds)) is greater than 1.79eV(Sr metallic), confirming the oxidation state of Sr.
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Figure S29. Adsorption sites and calculated adsorption energy of NHy on Co and Ni. The results
are compared with results reported in ref.[®]
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Figure S30 Top view of unit cells of (A) Co,Ni (111) surface and (B) CoNi, (111). Blue and dark
cyan balls represent Co and Ni, respectively. The atoms in the top layer are represented with larger
balls, while the atoms in the two bottom layers are represented by lines. (C) CeO, supported on
the Co,Ni (111) surface. Blue, dark cyan, red, and yellow balls represent Co, Ni, O, and Ce. The
atoms in the top layer are represented with balls, while the atoms in the sublayer are represented
by lines and the bulk atoms by crosses.
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Figure S31. Top view of the surface unit cells of the metals. Also shown are the Badger charge
values of the surface metal atoms.
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Figure S32. The energy profiles of NHj dissociation and N, formation on Co (dotted green line),
Co;Ni (red line), CoNi;, (black line), Ni (dotted blue line), and CeO,/Co,Ni (purple line) surfaces.
Values for NHj dissociation on pure Co and Ni were obtained from reference 8.

Table S1. A summary of CoNi alloy crystallite size with varying ratios of the moles of individual

elements in the support precursor.

Mg:Sr:Ce CoNi phase 2theta Crystallite size (nm)

Ratio (degree)

2:1:1 111 44.42 8.74
2:1:2 111 44 .42 14.29
2:1:4 111 44.42 15.69
2:2:1 111 44.42 10.24
2:4:1 111 44.42 13.69
4:1:1 111 44 .42 15.62
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Table S2. Comparisons of surface area, pore-volume, CO pulse chemisorption results, and CO,-
TPD peak areas for the Co, Ni, CoNi(1:2), CoNi(2:1), K-CoNi(2:1), and Cs-CoNi(2:1) based
catalysts supported by the ternary mixed oxide support.

NH;
BET CO  |Active Metal] CO, [conversion
Pore uptake TPD o
surface volume P Crystallite Kk at 450 °C
Samples area (m2 ¢ (umol/g)® Sive pea
) 8 (cm3gh) H & arca |(GHSV =
(nm)P (a.u) 10,000
hl)
Co-MgO-CeO,-SrO 18.6 0.132 25.1 13.7 0.033 54.6
Ni-MgO-Ce0,-St0 8.7 0.111 22.1 14.0 0016 | 31.0
CoNi(1:2)-MgO-
Ce0,-SrO 26.1 0.164 33.2 14.2 0.024 58.9
CoNi(2:1)-MgO-
Ce0,-SrO 34.1 0.505 109.8 11.5 0.037 83.3
K-CoNi(2:1)-MgO-
Ce0,-StO 30.2 0.264 64.8 8.74 0.061 91.6
Cs-CoNi(2:1)-MgO-
Ce0,-StO 252 0.157 88.1 11.7 0.057 88.1

2 CO uptake was calculated from the CO pulse chemisorption at 35 °C

b Calculated from XRD using Scherrer equation

Table S3. A summary of Ru-based catalyst for hydrogen generation from NHj3 cracking.
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H,

Active | o prof;tcet“’n GHSV/WHSV
Metal Promoter mmol mLe. 1 Bl Refs.
Zear”! min’! Boat
Ru
44 | BaNH) o 81 60,000 it
wt.% 2 (400°C)
MgO- .
K- 8.26 This
. CeO,- o 18,000
CoNi 310 (450 °C) Work
Ru
3.0 La-ZrO, ( 4%'3(:) 30,000 [16]
wt.%
MgO- .
K- 3348 This
. CeO,- o 30,000
CoNi 3O (500 °C) Work
Ru
MgO 36.6
3.5 o 36,000 (17]
Wwi.% DP (500 °C)
MgO- 35.36 :
K- o This
CoNi CeO,- (525 °C) 32,000 Work
SrO
Nano
Ru
) 22.9
SiO 30,000 (18]
39 > | (450°C)
wt.%
MgO- .
K- 26.6 This
. CeO,- o 30,000
CoNi 30 (475 °C) Work
Ru
K/CMK- 24.2
[19]
5.0 3 (550 °C) 30,000
wt.%
MgO- 47.51 :
K- o This
CoNi CSerOOZ- (500 °C) 48,000 Work
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[ KziOy | 257 o
KRu | SO ey | 150.000
MgO- .
K- 57.72 This
CoNi Cg%' (500 °C) [ s

Notes: H, production rates here are calculated based on total weight of catalyst. If calculated

based on catalyst volume, our Ru-free catalyst would outperform other Ru catalysts.

Table S4. A summary of non-precious monometallic catalyst for NH; cracking.

Active Support GHSV Ref
Metal Promoter '
NiMoN Al O3 ~10 3600 h! (21]
- 1y
Co§£$o45 - <5905 | 6000 MLAT g >500 °C [22]
Mg mixed
Co oxide <30 % 6000 h! 80% at 550 °C (23]
Al,Ce,La
Co ﬁgg- 30 % 6000 h! 90% at 550 °C (24]
203
Ni MgAl 20 % 6000 h'! >600 °C (23]
CuZn AlLO; 62 % 6000 h'! >600 °C [26]
CoNi
a-Al,O; 15 % 6000 h'! >600 °C (271
. 90 % 15000 mL h! g, ! 500 °C 28]
Ni CaNH 55% | 15000 mL h! go! 475°C
0 -1
| MgO- 97.75 % 3600 h This Work
K-CoNi Ce0,-SrO 87.50 % 6000 h-! 99% at 475 °C
. MgO- 0 -1 0 :
K-CoNi CeO-SrO 48 % 24,000 h 99% at 500 °C | This work
-
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CoNi Ce%%“”Y 50% 6000 mL h-! gl | 99% at 600 °C )
0102
. MgO- 0 g -l 0 i
K-CoNi CeO.-SrO 89.5 % 6000 mL h! g, 99% at 475 °C This work
.
. MgO- 64% R 93%at 475 °C .
K-CoNi Ce0,-SrO 18000 mL h! g 99 99% at 500 °C This work

Table S5. Comparison of the ammonia cracking performance in different membrane reactors (with
the specific range of operation parameters).

Performance Parameters NH;
conver H,
Membrane | gejeciivic | POMEANCe | qpoy | Toc),and | sion, | recovery | Refs.
mol/m?.s.P ’ %
y Hy/N, a (ml/g.h) P(bar) o, ’
MFT zeolite 11 0.55x107 | 1200 | 450°C,7.0bar | 946 | 775
membrane
CMS 75 3.5x107 5,000 450°C, 7.0bar 98.9 93.7 [30]
Pd/Ag on
ceramic >10,000 12x107 5,000 450°C, 7.0bar 99.1 90.6
substrate
6.2 um Pd/Ag
membrane on 84
Cs modified infinity 6.46x107 | 3,000* 450°C, 5.0bar 95 (31]
Ru/YSZ
substrate
Composite This
zeolite >120 0.5x1077 33,000 500°C, 5.0bar >99 87.5
work
membrane

* GHSV — NHj; feed flowrate divided by the volume of the YSZ supported Ru catalyst.
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Table S6. Comparison of the ammonia cracking performance in a fixed bed (with the specific
range of operation parameters)

Parameters Refs.
Catalysts NH; conversion
WHS\lfl)(mL/ & T(°C) /P(bar)
3% Ru/l % Y/ 12 450 °C,
] 1,200 92.8 [30)
70 K/ALO; 7.0 bar
0.41 wt% Ru/ 450 °C,
3,000* 50 [31]
YSZ catalyst 5.0 bar
450 °C,
Ru/Al, O3 2,400 98.2 [32]
5.0 bar
450°C q
CoNi-oxides 10,000 ’ 97.7 Th‘f(
1.5 bar RCh

* GHSV — NHj; feed flow rate divided by the volume of the YSZ supported Ru catalyst
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Table S7. Comparisons of surface area, pore-volume, and CO,-TPD peak area of CoNiyey On

different supports.

co . . Co,

CoNiyey on different | BET surface | uptake Cr);sitztlhte NH; :g(l)l Zérswn TPD
support area (m?g') | (umol/g) (nm) 10.000 h-! peak

2 ’ area

MgO 12.04 32.8 20.25 41.0 0.015

CeO2 10.43 78.1 16.65 72.5 0.010

SrO 19.25- 1.4 13.72 63.9 0.006
MgO-CeO, 15.37 52.5 12.27 77.7 0.027
MgO-CeO,-SrO 34.14 109.2 11.65 83.3 0.037
K-MgO-CeO,-SrO 30.16 64.8 8.74 96.7 0.051

2 CO uptake was calculated from the CO pulse chemisorption at 35 °C.
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Table S8. Apparent activation energies and turnover frequencies at 450, 475, 500 °C of the
CoNiyey catalysts supported on different supports.

Apparent
CoNiyjoy on different | activation TOF (s) TOF (s) TOF (s)
support energy 450 °C 475 °C 500 °C
(kJ mol ")
MgO 84.0 3.73 6.91 8.15
CeO, 89.5 1.85 3.42 4.38
SrO 113.4 1.18 2.87 391
MgO-CeO, 52.3 3.18 5.31 6.65
MgO-CeO,-SrO 63.8 4.90 5.72 8.47
K-MgO-CeO,-SrO 56.8 6.78 7.94 11.14

Table S9. Structural parameters of adsorbed NH, and H species on pure Co, Ni, CoNi alloys and
CeO; supported on the Co,Ni alloy surface where dy.y is the bond distance between the metal
surface and N, dn.y is the bond distance between the N and H, h is the height of the adsorbate
above the surface plane, and ZHNH is the bond angle between the two N-H bonds.

Co (111) Co,Ni CoNi, Ni (111) gf;;‘f
d vn (A) 2.10 2.08 2.09 2.02 2.09
NH dnu (A) 1.02 1.02 1.02 1.02 1.02
3 h (A) 2.10 2.08 2.09 2.02 2.09
2HNH (°) 108.60 108.70 108.60 108.90 108.90
d con Q) 1.98 1.96 1.95 - 1.93
d nin (A) - - 1.94 1.93 2.01
NH, d nn (A) 1.02 1.02 1.02 1.02 1.02
h (A) 1.53 1.51 1.50 1.48 1.53
2HNH (°) 106.79 107.60 107.60 107.90 108.20
d con Q) 1.86 1.85 1.83 - 1.83
d nin Q) - 1.86 1.85 1.83 1.91
NH
dnn Q) 1.03 1.02 1.02 1.02 1.02
h (A) 1.11 1.31 1.33 1.08 1.23
d con (A) 1.76 1.74 1.72 - 1.73
N d nin ) - 1.79 1.78 1.76 1.84
h (A) 0.93 1.22 1.21 0.98 1.04
d con (A) 1.75 1.75 1.76 - -
H d nin (A) - 1.70 1.70 1.70 1.73
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Table S10. Activation barrier (£,) and reaction energy (E;) of the elementary steps of ammonia
decomposition and N, formation energy on the (111) surface of Co, Co,Ni, CoNi,, Ni, and CeO,/
Co,NiineV.

CO* COzNi CONiz Ni* CCOz/ COzNi
Er 0.05 -0.05 0.04 0.13 0.07
NH;*— NH,"+ H*
Ea 1.18 1.14 1.16 1.30 1.41
Er -0.34 -0.33 -0.12 -0.26 -0.10
NH,*— NH* + H*
Ea 0.67 0.37 0.81 0.74 0.44
. . .. | Er 0.17 0.28 0.33 0.37 0.28
NH* > N*+H
Ea 1.22 1.23 1.30 1.41 1.31
Er |0.64 (0.62* 0.61 0.19 0.01 (0.49* 0.22
2 N* — N, (gas) ( ) ( )
Ea [1.87(1.86%)| 1.52 1.62 1.73 (1.86™) 0.82

*Values from reference 8
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