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Provided herein are screening methods to select catalysts
having a desired set of target properties from a reference
catalyst, and catalysts so obtained, as well as related cata-
lysts material, composition, methods and systems.

1601
0 0 /
Fe Q
{1-x0) x0 1602
1 1
Fe Q /
{1-x1) x1 1603
2 2 /
Fe Q
(1-x2) X2 1604
Base Layer /
(optional)
/ 1605
Solid Support




Patent Application Publication = May 28, 2020 Sheet 1 of 18 US 2020/0168300 A1

N Candidate catalyst;

100

!

Determine rate -
limiting steps
101

!

Rank the rate limiting

steps
102

|

Define criteria
103

Candidate 1 CanM l MN— Candidate N

Rate-selected
Active catalysts

Evaluate each Evaluate each Evaluate each Evaluate each Evaluate each
criterion criterion criterion criterion criterion
104 104 104 104 104

Obtain a Obtaina Obtaina
reaction rate reaction rate reaction rate
105 105 105
Select active
catalyst
106 FIG. 1




Patent Application Publication = May 28, 2020 Sheet 2 of 18 US 2020/0168300 A1

Rate selected active
catalysts of a first target
reaction

!

Obtain a reaction rate for a
second reaction
201

}

Calculate a ratio between

the 1% target reaction rate
and the 2™ reaction rate
202

J

Select selective catalysts
203

!

Rate-selected active
catalyst selective for the
first target reaction

FIG. 2



Patent Application Publication = May 28, 2020 Sheet 3 of 18 US 2020/0168300 A1

310
308 MEMORY
[ ot~ 315
OPERATING
PROCESSOR SYSTEM (OS)
e~ 320
EXECUTABLE
PROGRAM
{“ 325 ,
LOCAL INTERFACE ‘\
P
\1 L
{* 330
INPUT/OUTPUT

(1/0)

FIG. 3



Patent Application Publication = May 28, 2020 Sheet 4 of 18 US 2020/0168300 A1

0 0
Fe (1-x0) Q x0

1 1
Fe {1-x1) Q x1

/
_

> - / 1603
/
_

Fe {1-x2) Q X2

Base Layer
(optional)

Solid Support




US 2020/0168300 A1

May 28, 2020 Sheet 5 of 18

Patent Application Publication

] K |
PNPOIdTHN
FHN/ B/ 1Y
. Nauﬁwnwm T4/ H
A paphAroy

{1} st 1shjeIED)
J01IBSY

anInog °N

N
r {041

.

£EOLY

»

a%inog ‘Y

N

1047



Patent Application Publication

?}. -.-:‘r'
[
{ b
: 4
P
H b

; s

| 1 ,‘"”ﬂ y
ANNH,2H I P

6 (NH,
3NN,
0.00

INNHH
0.29

1.0t f
ey Uy P i

i
Lo
b
AN
0.0%

b R 2
INNH 064
0.56 "z i
MNH,2H
007 ¢
INNH; H(3)
005

FIG. 6

{INNHqH

May 28, 2020 Sheet 6 of 18

US 2020/0168300 A1

.02}



Patent Application Publication = May 28, 2020 Sheet 7 of 18 US 2020/0168300 A1

N,ads-dis-1

N, ads-dis-11

' :hydrogenation

NH, desorption {8 stability

FIG. 7



Patent Application Publication = May 28, 2020 Sheet 8 of 18 US 2020/0168300 A1

2N _diagonal 2N NH.c H IN NH I H

-202.60 -223.62 -223.76

4:\7}01} 4N sub 2N _Hc 2N¢ H
~221.36 -2241.82 -206.61 -206.52

2N 7 2 2N N, ff IN N,f
-219.99 -219.85 -219.86

FIG. 8



Patent Application Publication = May 28, 2020 Sheet 9 of 18 US 2020/0168300 A1

141

j:? 1;;3 !‘
T Tt oy

! ; : i : T '
SNTEL RS | 9 IR A
pes w1 b sy N A P
IS T B e e 0 |
Ha N Lo ast N ]

046 | . i

‘ l;; SNNILH
. Low T 008
0.09 0.14 .‘ Y =..

SNNH, INH
0.00

INNH,.280
0.00

IN.2H I %
0.18 . _

hEg)

3N

-8
FI1G. 9

R,
4

g



Patent Application Publication = May 28, 2020 Sheet 10 of 18  US 2020/0168300 A1

I Co, Ni, Cu, Znn kY i
- N RuRbPdApCd | ;

¥ \, 7
S0, T4, Y, Cr, Mn, Co, Ni, Cu, 2107 b@,’b . I, Au 7

/ o — §
&R

b
v

; Y, Zr. Nb, Mo, Te, Ru, Rh, P&, Ag, Cd > & 8
| aF §
: { M

LT $

L La, 1 T, W, Re, Os, I, B, Au, Yg

. Ce, Bu, Br, Tm, Ly A Co, Ni, Cu
™, A ‘ £ Co.Ni, Cu
S IO 2, P4 h
et \ " / hydrogenation i BRPd

\\\\\

Fi1G. 10



Patent Application Publication = May 28, 2020 Sheet 11 of 18  US 2020/0168300 A1

a 2Nz1g~zag b 2N1inear
H

¢ 2N_2H_lnear d 2N _2H linear2

FIG. 11



Patent Application Publication = May 28, 2020 Sheet 12 of 18  US 2020/0168300 A1

a 4N b 2N ¢ 2N 2H

FIG. 12



Patent Application Publication = May 28, 2020 Sheet 13 of 18  US 2020/0168300 A1

AN,

OANKH, I

ALMHIH

NN, 2H 1 INNHLH

F1G. 13



Patent Application Publication = May 28, 2020 Sheet 14 of 18  US 2020/0168300 A1

2ZN-N, (1) TS (y->8) AN-N, (5 TS (8->0)
0.74 1.22 0.92 1.23\‘

TS {a@’->f}
1.43 0.9

FIG. 14



Patent Application Publication

! L14
P | Hy Y
IN.NH2H
] INNHI

.69

0.84
Hy/

o 3NN,
AN 004
0.00

May 28, 2020 Sheet 15 of 18

INNH, 28

.33/
NN, 41
,,,,,, (3,23,

FIG. 15

US 2020/0168300 A1

! aNaNeR
| L oas

\

INNH,
002



Patent Application Publication

A Table 1 - extract

May 28, 2020 Sheet 16 of 18

US 2020/0168300 A1

Element {barrier-1 |barrier-2 | barrier-3  |barrier-4  {barrier-3 {Rate (87,
673 K)

Rh 1.51 1.60 1.31 1.44 1.60 14.61
Pt 1.55 1.59 1.36 1.60 1.60 14.61
Pd 1.51 1.63 1.42 1.51 1.63 8.71
Cu 1.64 1.61 1.56 1.52 1.64 7.33
Ni 1.60 1.39 1.48 1.53 1.68 3.68
Fe 1.68 1.57 1.53 1.43 1.68 3.68

B Table 2 — Table 1 as modified by including semi-empirical corrections
Element {barrier-1 |{barrier-2 |barrier-3 {barrier-4 |{barriers5 |Rate (S,

673 K)

Rh 1.76 1.60 1.48 1.44 1,76 0.93
Pt 1.34 1.59 1.07 1.02 1.59 17.36
Pd 1.44 1.63 1.27 1.23 1.63 8.71
Cu 1.51 1.61 1,36 1.31 1.61 12.30
Ni 1.55 1.39 1.35 1.31 1.63 8.71
Cd i.14 1.84 1.14 1.09 1.84 0.23
Ag 1.31 1.81 1.21 1.16 1.81 0.39
n 1.36 1.79 1.23 1.19 1.79 .55
Au 1.00 1.82 0.78 0.77 1.82 0.33
Ir 1.75 1.88 1.32 1.27 1.88 0.12
Co 1.75 1.51 .51 1.47 1.92 (.06
Fe 1.98 1.57 1.75 1.71 1.98 0.02

FIG. 16
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T=673, pHo=15, pNo=5, | T=673, pHx=15, pNo=5, T=673, pHz=06.5, pNo=5,
pNH;=1 - pure Fe(111) | pNH;=1 — Rh-Fe(111) pNHz=1 - Rh-Fe(111)
configuration | 4 (%) | -I{PiPe) | AG | (%) | -In(PyPy) | AG 4 (%) | -In(PyPy) | AG
3N NH» 14.8 0.00 0.00 43 0.00 0.60 31.0 0.00 0.00
3N H 3.14 0.09 0.08 0.6 0.11 0.09 24 0.15 0.14
2N_NH: H 62.1 -0.08 -0.05 | 06 0.11 0.12 1.1 0.20 0.22
2N 2E-5 0.78 0.80 | 4E-5 0.67 0.67 6E-5 0.76 0.77
4N 0.44 0.20 -0.42 | 4E-2 0.27 -0.36 0.7 0.22 -0.26
2N 2H 2.65 0.10 0.12 2.3 0.04 0.04 1.6 0.17 0.18
2N 2H lin 8.5 0.03 0.06 | 90.2 -0.18 -0.18 60.6 -0.04 ~0.03
2N NH2 2H | 8.2 0.03 0.07 1.2 0.07 0.09 1.3 0.18 0.21
NH;
4.6 9.7 153

mol/s/(2x2)
total time (s) 530 3702 3342
total

, 2441 35980 50996
NH3mol
3N NHz; H <

A 5

©3N H 1231 18000 25508
2N NHz H -
oIN H 1210 17980 25488
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SCREENING METHODS AND RELATED
CATALYSTS, MATERIALS, COMPOSITIONS,
METHODS AND SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S.
Provisional Application No. 62/771,988, entitled “First-
Principles Hierarchical High-Throughput-Screening (FP-
HHTS) Invention For In Silico Design Of Novel High
Performance Multicomponent Catalysts And Reactive Sys-
tems” filed on Nov. 27, 2018 with docket number CIT_
8142-P, the content of which is incorporated herein by
reference in its entirety.

STATEMENT OF GOVERNMENT GRANT

[0002] This invention was made with government support
under Grant No. DE-AC07-05ID14517 awarded by the
Department of Energy. The government has certain rights in
the invention.

FIELD

[0003] The present disclosure relates to a screening
method that can be used to design and/or select component
catalysts with a desired performance and catalysts obtained
thereby. In particular, the present disclosure relates to
screening methods and in particular, computer-based screen-
ing methods, related catalysts, materials, compositions,
methods and systems

BACKGROUND

[0004] Catalysts’ properties and their optimization have
been at the center of various efforts to improve catalytic
systems and related methods and composition. In particular,
a common procedure is based on adding alloying elements
into a given catalyst therefore achieving multi-component
systems to optimize its performance.

[0005] Despite progresses made in the recent years, how-
ever, achieving catalyst with desired properties is still chal-
lenging in particular with reference wet bench and in silico
methods which require time and resources to identity fea-
tures of the desired catalyst which can make the related
development impracticable if not impossible.

SUMMARY

[0006] Provided herein are a screening method and related
catalysts, materials, compositions methods and systems,
which are based on hierarchical screening of the activity of
candidate catalysts for a target chemical reaction to select
active catalyst with desired target properties for the target
reaction, in a significantly reduced amount of time with
respect to existing approaches.

[0007] In particular, a screening method according to the
present disclosure is a computer based method of screening
for activity alone or in combination with stability and/or
selectivity for a target chemical reaction under a target
condition, in which a plurality of candidate catalysts having
structural and/or compositional difference with respect to a
reference catalyst of the target chemical reaction are hier-
archically screened with respect to a rate-limiting step of the
target chemical reaction under the target reaction condition.

May 28, 2020

[0008] Accordingly, according to a first aspect a computer
based method is described of screening for activity alone or
in combination with stability and/or selectivity for a target
chemical reaction under a target condition, a plurality of
candidate catalysts having structural and/or compositional
difference with respect to a reference catalyst of the target
chemical reaction The method comprises

[0009] hierarchically screening the plurality of candi-
date catalysts for activity alone or in combination with
stability and/or selectivity for a target chemical reaction
under a target condition,

[0010] the hierarchically screening performed with
respect to a rate-limiting step of the target chemical
reaction under the target reaction condition,

to provide a selected active catalyst optionally stable and/or
selective for the target chemical reaction, the selected active
catalyst having a reaction rate under the target reaction
conditions higher than the reaction rate of the reference
catalyst.

[0011] According to a second aspect, a computer-based
method is described of hierarchically screening for activity
for a target chemical reaction under a target condition, of a
plurality of candidate catalysts having structural and/or
compositional difference with respect to a reference catalyst
of the target chemical reaction. The method comprises

[0012] determining rate-limiting steps of the chemical
reaction under the target reaction condition, by analyz-
ing a free-energy diagram of the reference catalyst;

[0013] ranking said rate-limiting steps according to
their energy barrier values in a descending order to
provide ranked rate-limiting steps;

[0014] defining a plurality of criteria according to the
ranked rate-limiting steps to estimate a change on an
energy barrier value of each rate-limiting step caused
by the structural and/or compositional difference of
each candidate catalyst with respect to the reference
catalyst;

[0015] for each candidate catalyst, evaluating, on a
computer, each criterion of the plurality of criteria
sequentially in the descending order to provide rate_
selected candidate catalysts, wherein candidate cata-
lysts having a negative change on the energy barrier
value of a rate-limiting step in a criterion are evaluated
in a next criterion;

[0016] constructing, on a computer, a free-energy dia-
gram for each rate selected_candidate catalyst and
performing a time evolution simulation method, on a
computer, for each candidate catalyst to obtain a reac-
tion rate of each selected candidate catalyst; and

[0017] further selecting the rate selected_candidate
catalysts having a reaction rate for the target chemical
reaction higher than the reaction rate of the reference
catalysts under the target reaction condition to provide
a rate selected active catalyst for the chemical reaction
under the target condition.

[0018] According to a third aspect, a computer-based
method is described of hierarchically screening activity, and
stability in a target chemical reaction under a target reaction
condition of a plurality of candidate catalysts having struc-
tural and/or compositional difference with respect to a
reference catalyst of the target chemical reaction. The
method comprises:

[0019] hierarchically screening the plurality of candi-
date catalysts for activity for the target chemical reac-
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tion under the target condition, by performing a com-

puter-based method according to the second aspect of

the present disclosure, further comprising

[0020] testing on a computer, stability of the candi-
date catalysts, to select candidate catalysts having a
stable configuration before the evaluating;

[0021] testing on a computer, stability of the rate
selected candidate catalysts, to select rate selected
candidate catalysts having a stable configuration
before the constructing and/or the selecting; and/or

[0022] testing on a computer, stability of the rate-
selected active catalyst, to further select rate selected
active catalyst having a stable configuration,

to provide rate-selected active catalyst stable for the chemi-
cal reaction under the target condition.

[0023] According to a fourth aspect, a computer-based
method is described for hierarchically screening activity and
selectivity for a target chemical reaction under a target
reaction condition of a plurality of active catalysts having
structural and/or compositional difference with respect to a
reference catalyst of the target chemical reaction. The
method comprises

[0024] providing a plurality of rate-selected active cata-
lysts for the chemical reaction under the target condi-
tion by hierarchically screening a plurality of candidate
catalysts with a computer-based method according to
the second aspect of the present disclosure, each rate-
selected active catalyst having a target reaction rate;

[0025] for each rate-selected active catalyst, construct-
ing, on a computer, a free-energy diagram of a second
chemical reaction different from the target chemical
reaction and performing a time evolution simulation
method on a computer to obtain a second reaction rate
of each rate-selected active catalyst;

[0026] obtaining a selectivity ratio between the target
reaction rate and the second reaction rate of each
rate-selected active catalyst; and

[0027] selecting the rate-selected active catalyst having
a selectivity ratio greater than 1 to provide a rate-
selected active catalyst selective for the chemical reac-
tion under the reaction condition.

[0028] According to a fifth aspect, a computer-based
method is described for hierarchically screening activity,
stability and selectivity for a target chemical reaction under
a target reaction condition of a plurality of active catalysts
having structural and/or compositional difference with
respect to a reference catalyst of the target chemical reac-
tion. The method comprises

[0029] providing a rate-selected active catalyst selective
for the target chemical reaction under the target con-
dition by hierarchically screening activity and selectiv-
ity of a plurality of active catalysts with a method
according to the fourth aspect of the present disclosure
[0030] testing, on a computer, stability of the candi-

date catalysts, to select candidate catalysts having a
stable configuration before the evaluating,

[0031] testing on a computer, stability of the rate
selected candidate catalysts, to select rate selected
candidate catalysts having a stable configuration
before the constructing and/or the selecting;

[0032] testing on a computer, stability of the rate
selected catalyst before or after selecting the rate-
selected active catalyst having a selectivity ratio

May 28, 2020

greater than 1, to further select rate selected catalyst

having a stable configuration,
to provide stable rate-selected active catalyst selective for
the chemical reaction under the target condition
[0033] According to a sixth aspect, a multicomponent iron
catalyst for synthesis of ammonia from N, and H, is
described. The multicomponent iron catalyst for synthesis of
ammonia from N, and H, comprise a three layers structure
having a Formula (I)

[Feo(l—XO)QOXO] [Fel(l—xl)lel]a[Fez(l—)Q)Qz)Q]b 0]

in which

[0034] Fe°, Fe', and Fe” represent an iron atom on an
outmost first layer, an iron atom on a second layer, and
an iron atom on third layer of an iron crystal or iron
film, respectively;

[0035] Q° Q, and Q7 represent at least one dopant on
the outmost first layer, at least one dopant on the second
layer, and at least one dopant on the third layer of the
iron crystal, respectively;

[0036] xO0, x1, and X2 represent an atom percentage
concentration of the at least one dopant on top layer, an
atom percentage concentration of the at least one
dopant on second lay, and an atom percentage concen-
tration of the at least one dopant on third layer of an
iron crystal, respectively;

[0037] (1-x0), (1-x1), and (1-x2) represent an atom
percentage of the iron atom in the outmost first layer, an
atom percentage of the iron atom on second layer, and
an atom percentage of the iron atom on third layer of an
iron crystal, respectively; and

[0038] a, and b respectively represent a number of total
atoms on second layer, and a number of total atoms on
third layer relative to a number of total atoms top layer,

[0039] wherein x0, x1, and x2 each range independently
from 0 to 0.4 with the proviso that at least one of xO0,
x1 and x2 ranges from 0.2 to 0.4, and

wherein a and b independently range from 0.5 to 2.

[0040] According to a seventh aspect, a multicomponent
iron catalyst material is described. The multicomponent iron
catalyst material comprises a multicomponent iron catalyst
for synthesis of ammonia from N, and H, comprising a
multicomponent iron catalyst having a Formula (I) herein
described wherein the outmost first layer of the iron crystal
or iron film is presented on a surface of the multicomponent
iron catalyst material, wherein the third layer of the iron
crystal or iron film is deposited on a substrate comprising a
base layer comprising or consisting of at least three layers of
iron atoms, wherein the substrate is anchored on a suitable
solid support for a catalysis process.

[0041] The screening methods and related catalysts, mate-
rials, compositions methods and systems herein described
allow in several embodiments, to perform hierarchical high-
throughput screening that simplifies the analysis of the
overall catalytic process by singling out the rate-determining
mechanistic steps on which effort should be concentrated to
achieve acceleration.

[0042] In particular, the screening methods and related
catalysts, materials, compositions methods and systems
herein described allow, in several embodiments, to perform
optimizing and testing of candidate catalysts with only 1%
of the computational effort required for a quantum mechan-
ics based calculation (including QM based reactive force
field) of the full mechanism for each dopant
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[0043] The screening methods and related catalysts, mate-
rials, compositions methods and systems herein described
allow in several embodiments, to perform optimizing and
testing of candidate catalysts with computational costs at
least one order of magnitude lower than would be required
to calculate the full mechanism for each dopant.

[0044] The screening methods and related catalysts, mate-
rials, compositions methods and systems herein described
allow, in several embodiments, to identify catalysts with
reaction rates 3-50 times increased compared to a reference
catalyst with retained or improved stability and improved
stability.

[0045] The screening methods and related catalysts, mate-
rials, compositions methods and systems herein described
allow in several embodiments, to optimize catalysts that can
drastically reduce the extreme conditions of industrial
ammonia synthesis (HB) process, typically held at 773-823
K and total pressure of 150-250 atm, by reducing tempera-
ture by 100-150 K and pressures by a factor of 10 or more.
[0046] The screening methods and related catalysts, mate-
rials, compositions methods and systems herein described
allow in several embodiments, to obtain catalysts that can
have significantly increased turnover frequency or selectiv-
ity by a factor of at least 1.5 and in some cases by a factor
of 50 or more.

[0047] The screening methods and related catalysts, mate-
rials, compositions methods and systems herein described
allow in several embodiments, to design active stable and
selective multilayer catalysts comprising dopants with a
predicted predominant location of the dopants in the outer
layers of the catalyst. Accordingly screening methods of the
disclosure enable selection of dopants to enhance activity
and/or selectivity of a reference multicomponent catalyst
which is not achievable with existing methods.

[0048] The screening methods and related catalysts, mate-
rials, compositions methods and systems herein described
can be used in connection with applications wherein
improved and in particular optimization of the activity,
selectivity and/or stability of existing active catalysts are
desired. Exemplary applications comprise industrial cataly-
sis applications, in particular when directed to synthesize a
product such as feedstock chemicals (e.g. maleic anhydride
or acrylonitrile), non-fossil fuels applications such as pro-
duction of formaldehyde, ethanol, acrylonitrile which are
valuable industrial products in the field of polymer, phar-
maceutical applications, in particular when directed to the
functionalization of molecules to synthesize potential drug
candidates, agricultural chemistry applications, in particular
when directed to synthesize pesticides and herbicides as well
as fertilizers, petrochemical application in particular when
directed to synthesize and functionalize hydrocarbon-based
fuels, and other applications that will be apparent to the
skilled person upon a reading of the present disclosure.
[0049] The details of one or more embodiments of the
disclosure are set forth in the accompanying drawings and
the description below. Other features and objects will be
apparent from the description and drawings, and from the
claims.

BRIEF DESCRIPTION OF DRAWINGS

[0050] The accompanying drawings, which are incorpo-
rated into and constitute a part of this specification, illustrate
one or more embodiments of the present disclosure and,

May 28, 2020

together with the description of example embodiments,
serve to explain the principles and implementations of the
disclosure.

[0051] FIG. 1 provides a control-flow diagram that repre-
sents one implementation of the first-principles hierarchical
high-throughput screening method herein described for
active catalysts and its application for optimizing a reference
catalyst for a higher reaction rate.

[0052] FIG. 2 provides a control-flow diagram that repre-
sents one implementation of the first-principles hierarchical
high-throughput screening method herein described for
selective catalysts and its application for optimizing a ref-
erence catalyst for a higher selectivity for a given chemical
reaction.

[0053] FIG. 3 illustrates an embodiment of hardware
implementation for the screening methods herein described.

[0054] FIG. 4 illustrates an embodiment of the three layers
iron catalyst on a substrate herein described.

[0055] FIG. 5 illustrates an embodiment of hardware
implementation for the method for synthesis of ammonia
herein described.

[0056] FIG. 6 illustrates a plot showing in one embodi-
ment the standard state free energy diagram at the density
functional theory (DFT) with Perdew-Burke-Ernzerhof
(PBE) and dispersion (D3) level for ammonia synthesis over
a (2x2) unit cell of the Fe(111) surface, evaluated at 673 K,
P(H,)=15 atm, P(N,)=5 atm, P(NH;)=1 atm [1] [2]. The
barriers selected for high-throughput screening are repre-
sented by various vertical lines. Black is the linear pathway
for the optimum reaction barriers. The notations for the
adsorbed species represent the key configurations (FIG. 8)
along the reaction path. Free energies in eV.

[0057] FIG. 7 illustrates schematic depictions of the (2x2)
unit cell of Fe(111) both pure (panel A) and with one
substitutional dopant (panel B) [1]. The top, 2"¢ and 3¢
layers are marked with 1, 2, and 3, respectively. In (B) one
dopant atom (dark large ball) replaces one topmost Fe atom.
(C) Portion of the periodic table selected for catalyst screen-
ing (34 elements). In the top row the screening criteria are
indicated in colors and textures, and the elements are also
highlighted using the color and texture of the criterion which
has sifted them out.

[0058] FIG. 8 illustrates in an exemplary embodiment
schematic depictions of the configurations used for reaction
energies (the numbers are electronic energies (eV) from
DFT simulations) for estimating barriers (energies for Rh-
doping case) [1]. The Rh, N and H atoms are represented by
large, medium, and small balls, respectively. To represent
the complexity of various doping sites, symbols are used
here for adsorbed species different from FIGS. 6 and 9. The
symbol (1) represents the linear 2N_2H][linear2] structure
while the symbol ¢ (or f) represents a doping element put
close to (or far from) the N, H, NH, and NH; species.

[0059] FIG. 9 illustrates a plot showing the standard state
energy landscape for NH; synthesis reactions on Rh-doped
Fe(111) surface under 673 K and 20 atm conditions [1]. The
lowest energy state 3N_NH, is taken as reference, with a
free energy of zero. Black is the linear pathway from the
optimum reaction barriers. The notations for the adsorbed
species represent the key configurations (FIG. 12) along the
reaction path. To be consistent with FIG. 6, the same
symbols are used for adsorbed species.
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[0060] FIG. 10 shows an alternative illustration of the
screening protocol as applied to ammonia synthesis over a
singly, surface-substitutionally doped Fe(11) surface [1].
[0061] FIG. 11 shows a schematic illustration of: (a)
“linear” and (b) “zig-zag” configurations for the 2N system;
and (c) linear and (d) linear2 configurations for the 2N_2H
system [1]. The 2N_2H[linear]| structure is higher in elec-
tronic energy by 0.12 eV than 2N_2H[linear2]. However, the
free energy of 2N_2H]linear] is 0.02 eV lower than that of
2N_2H[linear2] at 673 K.

[0062] FIG. 12 illustrates the analysis of atomic charges
and spins for selected configurations [1]. On top of surface
atoms, the above number (bold face) and the bottom number
(italics) are the charge and magnetic moment (in uB),
respectively. The atom of Fe layer is the same as FIG. 8.
[0063] FIG. 13 illustrates in one embodiment the surface
structure for reaction steps in FIG. 9 [1]. Every intermediate
and transition state (TS) structure is geometrically optimized
(or constrained optimized for TS with the results summa-
rized to illustrate the adsorption sites for various species, and
interaction between these adsorbed species. Only 4 TS
structures with the highest free energy barriers are shown.
The Rh, N and H atoms are represented by large, medium,
and small balls, respectively. The atom of Fe layer is the
same as shown in FIG. 8.

[0064] FIG. 14 illustrates in one embodiment the N,
dissociation steps on Rh-doped Fe(111) surface [1]. The free
energy (in eV) are listed below the status, and evaluated at
673 K, P(H,)=15 atm, P(N,)=5 atm, P(NH;)=1.0 atm. The
Rh and N are represented by large and medium balls,
respectively. The atom of Fe layer is the same as FIG. 8.
[0065] FIG. 15 illustrates in one embodiment the DFT/
PBE-D3 free energy diagram for ammonia synthesis over a
(2x2) unit cell of the Fe(111) surface, modified by including
semi-empirical corrections as described in the detailed
description, and evaluated at 673 K, P(H,)=15 atm, P(N,)=5
atm, P(NH;)=1.0 atm [1]. As in FIG. 6, the barriers selected
for high-throughput screening are represented by various
vertical lines. Free energies in eV.

[0066] FIG. 16 shows in one embodiment a pictorial
illustration of (panel A) Table 1 is an extract of Table 5 of
the exemplary section, and (panel B) Table 2 corresponding
to Table 1 modified by including the empirical corrections
discussed in the detailed description [1]. Barriers of rate-
determining steps in ammonia synthesis over pure and
doped Fe(111) surface are estimated via the Brensted-
Evans-Polanyi (BEP) principle. Barrier-5 corresponds to the
maximum of barrier(1-4) plus the stability penalty term.
Rightmost column is the expected NH; production rate per
(2x2) unit cell per second.

[0067] FIG. 17 shows a table listing on the top rows—
Percent of populations (i.e., residence times)=t,(%), appar-
ent free energy differences [evaluated as minus the logarithm
of ratio of populations=P,/P,, where P,=P3 5 nz-], and ther-
modynamic free energy differences (AG) for selected con-
figurations in a pure or Rh-doped Fe(111)-(2x2) unit cell
under steady-state of ammonia synthesis as predicted by
kinetic Monte Carlo kMC simulations at 673 K and different
H,, N,, NH; pressures using data from DFT/PBE-D3 [1]. All
configurations are assumed in the zigzag arrangement,
except for “2N_2H_lin” which is linear. Temperature in
Kelvin, pressure in atmospheres, free energy differences in
eV. Bottom rows—NH; molecules produced per second per
(2x2) unit cell under the given conditions [NH; mol/s/(2x
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2)], total simulation time, total number of NH; molecules
produced in the kMC runs (total NH; mol), further parti-
tioned into the 2 main steps involving NH; adsorption/
desorption: 3N_NH,;_H->3N_H; 2N_NH,; H->2N_H.
[0068] FIG. 18 illustrates in an exemplary reaction mecha-
nism for forming ethylene and ethanol from CO reduction
on Cu(100) surface described in [3].

DETAILED DESCRIPTION

[0069] Provided herein are a screening methods and
related catalysts, materials, compositions methods and sys-
tems based which in several embodiments can be used to
provide a catalyst for a target chemical reaction with desired
target properties and enhanced activity with respect a ref-
erence catalyst under target reaction conditions.

[0070] The term “catalyst” in the sense of the disclosure
refers to any substance that increases the rate of a chemical
reaction without itself undergoing any permanent chemical
change. In particular, a catalyst in the sense of the disclosure
indicates a substance that provides a reaction pathway with
a lower activation energy than a non-catalyzed reaction
pathway thus resulting in a chemical reaction having a faster
reaction rate with respect to the non-catalyzed reaction.
Catalysts typically comprise an active site which indicates
an ensemble of atoms of the catalyst that is directly involved
in catalyzing a chemical reaction as will be understood by a
skilled person. Catalysts’ active site comprise selected group
of atoms within the catalyst, such as a planar exposed metal
surface, a crystal edge with imperfect metal valence or a
combination of the two in a heterogeneous catalyst where
most of the volume, and/or the surface of the heterogeneous
catalyst may be catalytically inactive, as will be understood
by a skilled person.

[0071] Catalysts in the sense of the disclosure comprise
heterogeneous catalysts (not dispersed in the same phase of
the reactant and typically a solid substance adsorbing reac-
tants in liquid or gaseous phase), homogeneous catalysts
(dispersed in the same phase of the reactants, typically gas
or liquid) and enzymes (biological molecule capable of
catalyzing chemical reactions, typically proteins or nucleic
acids). Exemplary catalysts in the sense of the disclosure
include multicomponent catalysts (catalysts which contain
mixtures of various chemical constituents rather than one
single chemical element or one single chemical compound)
and in particular multicomponent metal catalysts including
at least two components, which in combination confers
catalytic activity to the multicomponent catalyst, such as the
MoVNbTeOx catalyst for converting propane plus NH; and
O, selectively into acrylonitrile [4] or the BiMoOx based
multicomponent catalyst for converting propane plus NH;
and O, selectively into acrylonitrile [5] or the Copper/Zinc-
Oxide heterogeneous catalysts for CO, reaction reduction
[6], and additional catalysts of one or more chemical reac-
tions identifiable by a skilled person.

[0072] The term “chemical reaction” in the sense of the
disclosure indicates a process that leads to the chemical
transformation of one set of chemical substances to another.
Typically, chemical reactions encompass changes that only
involve the positions of electrons in the forming and break-
ing of chemical bonds between atoms, with no change to the
nuclei (no change to the elements present) and can often be
described by a chemical equation. Chemical reactions in the
sense of the disclosure comprise the transformation of
gaseous nitrogen and hydrogen into ammonia, and similar
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industrially important processes such as partial oxidation of
alkenes to epoxides, hydrocarbon partial hydrogenation,
carbon monoxide and dioxide reduction, hydrogen or metha-
nol fuel cells, conversion of butane to maleic anhydride and
additional chemical reactions identifiable by a skilled person
(see e.g. [7]D

[0073] In screening methods herein described, one or
more catalysts are selected with desired target properties and
enhanced activity with respect a reference catalyst for a
target chemical reaction, to improve the performance of the
reference catalyst which is typically defined in terms of
rates, selectivity, stability, and/or lifetime of the catalyst
Target properties according to the present disclosure are
activity, selectivity, stability of a catalyst of a chemical
reaction which affects the chemical reaction rate as will be
understood by a skilled person.

[0074] As used herein, the word “activity” indicates a
tendency of a chemical reaction to occur. In particular with
reference to a catalyst the term activity indicates a capacity
of the catalyst to change and in particular accelerate a
chemical reaction. Activity of a catalyst can be measured in
terms of reaction rate or Turn-Over-Frequency (TOF) of a
reaction catalyzed by the catalyst. An enhanced or improved
activity of a catalyst as described herein refers to a catalyst
that is capable of increasing the rate of a chemical reaction
over a reference catalyst when measure under equivalent
reaction conditions.

[0075] The term “reaction condition” refers to a set of
environmental parameters under which a chemical reaction
is performed. Exemplary reaction conditions or set of envi-
ronmental parameters comprise any one parameter of tem-
perature, pressure, partial pressure of each reactant, voltage,
solvent, flow rate, and time of reaction alone or in combi-
nation as well as others environmental parameters or reac-
tion conditions identifiable to a person skilled in the art.
[0076] As used herein the word “selectivity” indicates an
inclination of a chemical reaction to occur in one pathway
over another pathway. In particular with reference to a
catalyst the term selectivity indicates a degree of inclination
for a catalyst to accelerate a chemical reaction in one
chemical reaction pathway to produce one chemical product
over another chemical reaction pathway to produce another
chemical product. Selectivity is measured in terms of ratio
between competing reaction rates of one chemical reaction
pathway over another chemical reaction pathway leading to
one chemical product or another chemical product which are
different from each other. An exemplary selective reaction is
the Vanadium Pyrophosphate (VPO) catalyst of butane plus
oxygen to form maleic anhydride which can be over 70%
selective even though 16 steps are involved. Another is the
BiMoOx based multicomponent catalyst mentioned above
in which 7 dopants were developed over 30 years of devel-
opment to change 55% selectivity to 80%. An Exemplary
chemical reaction presenting selectivity issue, is the reaction
of hydrogen and carbon monoxide which yields methane
when nickel is used as catalyst and the same reactants yield
methanol when copper is used as catalyst. In such case,
nickel is selective for the former reaction over the latter
reaction, while copper is selective for the latter reaction over
the former reaction. Additional examples will be identifiable
by a skilled person.

[0077] In general, the word “stability” indicates a physical
and/or chemical state of a chemical compound or material
remaining physically and chemically substantially
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unchanged. Thus, the term “stability” when used in connec-
tion with the screening methods of the present disclosure
indicates the physical and/or chemical state of the compound
or material over a time scale and/or under a target reaction
condition of a chemical reaction.

[0078] In particular with reference to a catalyst, the term
stability indicates the physical and chemical unchangeability
of the catalyst over the time scale and/or under target
reaction conditions of a chemical reaction catalyzed by the
catalyst. Accordingly, stable catalyst in the sense of the
disclosure comprise kinetically stable catalysts which are
thermodynamically stable and kinetically stable catalysts
which are thermodynamically unstable under the reaction
conditions as will be understood by a skilled person. Physi-
cal and/or chemical changes of a catalyst detected to identify
the related stability comprise catalyst segregation (enrich-
ment of atoms, ions or molecules at a microscopic region of
a catalyst), catalyst degradation (breakage of one or more
chemical bonds resulting in the change of chemical structure
and properties of a catalyst), Physical and/or chemical
changes of a catalyst detected to identify the related stability
also comprise changes in the location of dopants in layer of
a multilayer catalysts as well loss of material (e.g. vapor-
ization as a gas) or degradation (e.g. by oxidation) of the
catalysts and additional changes identifiable by a skilled
person.

[0079] Exemplary stable catalysts include the VPO butane
to maleic anhydride and BiMoOx multicomponent ammoxi-
dation catalysts mentioned above that are run for many
1000’s of hours with only occasional insertion of active
elements to replace material lost by evaporation or decom-
position. and additional catalysts identifiable by a skilled
person. (see e.g. [8])

[0080] Stability of a catalyst in the sense of the disclosure
can be measured as a free energy difference between the
proposed configuration and/or composition and a set of
possible alternative configurations of the catalyst under
target reaction conditions of a chemical reaction.

[0081] In particular, in preferred embodiments herein
described wherein the catalyst is a multicomponent multi-
layer catalyst including dopants, the stability of the catalyst
can be measured as a free energy difference between a set of
possible configurations of the dopants in one or more layer
of the catalyst to identify the dopant’s predominant location
among the one or more layers which defines the affinity of
the of the dopant for that layer. Accordingly, a dopant will
be relatively distributed in the layers according to the
standard free energy of the catalyst including the dopants,
and have more affinity and therefore be predominantly
located in one of the layer over the remaining layers, in the
thermodynamically stable configuration of the doped com-
position. Predominant and predominantly as used herein in
connection with location indicate the portion of a catalyst
where more than 50% of a component and in particular a
dopant is located.

[0082] In some preferred embodiments of the screening
methods herein described, the catalysts have up to 50 atoms
up to 100 atoms or up to 200 atoms or up to 300 atoms,
Examples of catalyst with such size comprise catalysts for
the NH; synthesis and VPO catalyst as well as additional
catalysts identified by a skilled person.

[0083] In other preferred embodiments of the screening
methods herein described, the catalysts have 100,000 atoms,
up to 150,000 atoms, up to 200,000, up to 400,000 up to
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500,000 or up to 1 million or more. Examples of catalyst
with such size are the BiMoOx ammoxidation catalyst [5]
and the M, component of the MoVNbTeOx ammoxidation
catalyst [4] as well as additional catalysts identifiable by a
skilled person.

[0084] Accordingly, in preferred embodiments of the
screening methods herein described, the screening is per-
formed with respect to the active site of a catalyst, and in
some of these embodiments (as for NH; synthesis and VPO
selective oxidation) the active site can have hundreds of
atoms enabling QM methods, but in other examples such as
the dealloyed nanoparticles and nanowires for the hydrogen
fuel cell or the copper nanoparticles for the reduction of CO,
to ethanol there may be 200,000 atoms requiring the ReaxFF
reactive force field [9].

[0085] In some embodiments of the screening methods
herein described, the catalyst can be multicomponent cata-
lysts including at least two components, which in combina-
tion confers catalytic activity to the multicomponent cata-
lyst, such as multicomponent catalysts comprising a metal
such as iron or a nonmetal atom.

[0086] Accordingly, exemplary multicomponent catalysts
comprise a multilayer multicomponent catalyst capable of
catalyzing at least a solid-gas heterogeneous chemical reac-
tion and doped with at least one dopant atom one or more of
the three outmost surface layers of the catalyst. The term
“dopant” refers to an element that is not initially present but
is introduced into a chemical material to alter its original
chemical composition and properties such as its catalytic
activity or absorption spectrum or adsorption/sensing effi-
ciency, and additional properties identifiable by a skilled
person. Dopants can be substitutional dopants if the dopant
substitute an atom of the multilayer multicomponent cata-
lyst, or can be interstitial dopant a site in the catalyst at
which there is usually not an atom an iron catalyst Exem-
plary substitutional dopant in an Fe catalyst are Rh, Pd, Pt,
Cu, Zn, Ag, Au, example interstitial dopant in an iron
catalyst comprise H, C, and N.

[0087] A doped multilayer catalyst is typically formed by
a predominant component forming more than 50% of the
catalyst, such as a transition metal and in particular iron, and
dopants forming less than 50% of the catalysts. Accordingly,
in an exemplary embodiment, the predominant component
of the two or more components of the multicomponent
catalyst is iron and the balance of the two or more compo-
nents are considered as dopants in the iron. In such exem-
plary embodiment, the iron can be on a Fe(111) [2] or an
Fe(211) [10] plane of a Fe crystal or can be in a film.
[0088] In preferred embodiments, of the screening meth-
ods herein described the catalyst can be a heterogeneous
catalyst which catalyzes reactions involving a number of
distinct steps for making a desired products, such as con-
version of propane into acrylonitrile, conversion of butane to
maleic anhydride, or Haber Bosch reaction for the synthesis
of ammonia.

[0089] In particular, in some embodiments of the screen-
ing methods herein described, the catalysts can be an inor-
ganic catalyst containing at least one inorganic compound
and typically one or more transition metal centers such as
Fe, Pt, Co, Cu and others identifiable to a skilled person.
Examples of inorganic catalysts comprise M1 and M2
Phases of MoVNbTeOx [11], Vanadium pentoxide (V,O5)
[12], VOPO, [13], BiMoOx [14], Cu/Cu oxide redox pair on
copper electrode optionally including Zn as a dopant (Cu,
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Cu,,Zn, Cu,Zn, and Cu,Zn) 3], silver nanoparticles depos-
ited on alumina substrates[15] and added with promoters
such as alkali and nickel nanoparticles supported on alumina
or spinels with promoters such as CaO [16].

[0090] In those embodiments, the screening methods
herein described can be performed with respect to the target
reaction and target reaction conditions indicated in Table 3.

TABLE 3
No. of Target Exemplary Target Reaction

Catalyst Atoms Reaction Conditions

M2 Phase of <50 propane into Distribution of the V

MoVNbTeOx acrylonitrile and Te [11]

Vanadium <50 methanol to a V205(001) slab at 650K

Oxide formaldehyde  exposed to a gas of 30

methanol molecules at
2000K for 250 Ps[12]

VOPO, <50 butane into Temperature 673-723K
Maleic (see [13] at p. 4603,
Anhydride left col. 1l. 37-38)

BiMoO, <50 propene plus “higher partial pressures of
NH; and O, to  [ammonia and propene] [14]
acrylonitrile

Cu/Cu oxide <50 Electrochemical Oxygen in the product might

redox pair on reduction of arising water rather than from

cupper CO to ethanol CO as ethanol formation
electrode competes with the formation
optionally of ethylene that also arises
including Zn as from *C—CH?” (solvent

a dopant (Cu, effect and selectivity) [3]

Cu,¢Zn, CuyZn,

and Cu,Zn),

Silver <50  Ethelene 325-450° C.

nanoparticles partial (See, e.g., Ref. [15])

oxidation to
ethylene oxide

deposited on

alumina

substrates and

added with

promoters such

as alkali metals

and traces of

chlorine

Nickel <50

hydrogen and  temperatures above 900° C.

nanoparticles syngas (See, e.g., [Ref. [16])
supported on production

alumina or from Natural

spinels with Gas Steam

promoters such Reforming

as CaO

In addition, the catalyst can be contained inside a porous
support such as a zeolite or a metal-oxide framework
[0091] In embodiments of the screening methods herein
described, the above catalysts and other catalysts in the
sense of the disclosure can be screened for activity alone or
in combination with stability and/or selectivity, by providing
candidate catalysts having a structural or compositional
difference with respect to the above catalyst or other cata-
lysts provided as a reference catalyst as will be understood
to a person skilled in the art.

[0092] The wording “structural difference” in the sense of
the disclosure refers to changes in the configuration or
spatial arrangement of elements of the reference catalysts
that result in a catalyst having the elements distributed on
different lattice positions. An example of candidate catalysts
having a structural difference with respect to a reference
catalyst is an Fe-bcc(211)R surface with respect to a refer-
ence Fe catalyst with the Fe(111) surface. Another example
is the VPO butane to maleic anhydride catalyst for which
there are 6 possible crystal structures with one crystal is
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important for activating the butane and another crystal is
important for keeping other steps selective. In a further
example for the MoVNbTeOx ammoxidation catalyst there
are two phases: M1 converts propane to propene while M2
converts propene to acrylonitrile.

[0093] The wording “compositional difference” in the
sense of the disclosure refers to changes in the configura-
tions of elements of the reference catalyst which result in a
catalyst having a different chemical composition compared
with the reference catalysts. For example, compositional
difference encompasses a modification in the constitutive
elements of the reference catalyst and/or a modification of
the ratio among constitutive elements of the reference cata-
lyst as will be understood by a skilled person.

[0094] In some embodiments, the structural or composi-
tional difference of the candidate catalyst with respect to the
reference catalyst can be the presence of a substitutional
dopant and in particular single or multiple substitutional
dopants. The dopant can be introduced through deposition,
diffusion, sintering or annealing e.g. via post-depositing a
dopant or precursor species containing the dopant that is
successively thermally decomposed to leave. Properties of
the chemical material of interest in this context are its
catalytic activity, a target chemical reaction such as accel-
erating the rate of a chemical reaction without being con-
sumed in the process.

[0095] In these embodiments, the presence of the dopant
can affect the mechanism of the catalytic process, the rates,
or the selectivity. For example, some dopants have a strong
thermodynamic preference and therefore higher affinity for
one of the outer three layers and that with the appropriate
dopant, the rates and selectivity can be dramatically
enhanced

[0096] In these embodiments, the type, amount and ratios
of dopants to be provided depend on the specific chemical
properties of the catalyst. For example in exemplary
embodiments wherein the catalysts is an iron catalyst based
on iron films terminated by an Fe-bcc(111) surface, the
dopant can be selected from Rh, Pd, Pt, Cu, Zn, Ag, Au, Cd,
Ni, Co, Cr, and Si, or any combination thereof and can be
applied through (see FIG. 7). Other exemplary embodiments
comprise, Pt doped with Ni or Co or iron films terminated
by an Fe-bce(211) or other surfaces, other catalyst surfaces,
such as Pt-fcc(111) for the oxygen reduction reaction, and
catalyst systems, such as N-doped amorphous carbonaceous
electrodes containing metal impurities. In those embodi-
ments,

[0097] In the screening methods herein described, the
plurality of candidate catalysts having structural and/or
compositional difference with respect to a reference catalyst
of the target chemical reaction can comprise practically any
element of the periodic table. Accordingly, for screening
target properties of a reference catalyst a number of 20 to 50
candidates catalysts are typically considered possibly
including 2 or more (the BiMoOx includes 7 dopants) to
identify an optimal change under target reaction conditions.
[0098] In screening methods herein described hierarchi-
cally screening a plurality of candidate catalysts comprises
hierarchically screening the plurality of candidate catalysts
for activity for a target chemical reaction under a target
condition

[0099] In particular, in a screening method according to
the present disclosure hierarchically screening for activity
for a target chemical reaction the plurality of candidate is
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performed with respect to a rate-limiting step of the target
chemical reaction under the target reaction condition.
[0100] In particular in embodiments of the screening
method herein described, hierarchically screening for activ-
ity with respect to a rate-limiting step of the target chemical
reaction under the target reaction condition, comprises deter-
mining a plurality of rate-limiting steps of the chemical
reaction by analyzing a free-energy diagram of the reference
catalyst.

[0101] The term “free energy diagram” or “free energy
profile” or “free energy network™ when used in connection
with a chemical reaction indicates a theoretical representa-
tion of an energetic pathway along a reaction coordinate as
the reactants are transformed into products as will be under-
stood for a person skilled in the field of chemistry. In
particular, a free energy diagram can comprise low-free-
energy resting states and high-free-energy transition states,
in which the resting states are local minima of the free
energy profile while transition states are the highest-free-
energy points between two resting states. In a free energy
diagram according to the disclosure, the free-energy differ-
ences between each couple of transition and resting states
define a set of free-energy barriers as will be understood by
a skilled person.

[0102] A free energy diagram for a certain chemical reac-
tion can be obtained from published literature or scientific
articles such as[1, 2] [10] [17] [18]The free energy diagram
can also be calculated using full quantum mechanics calcu-
lation, ReaxFF based reactive molecular dynamics or a
combination of both illustrated in the elucidation of the Cu
nanoparticle reduction of CO to ethanol, as will be under-
stood by a person skilled in the art of computational chem-
istry. In particular, analyzing a free-energy diagram of the
reference catalyst comprises calculating the free-energy and
the free-energy barriers for a set of catalyst/environment
configurations with different stoichiometry (due to the pres-
ence on the catalytic site of adsorbates/intermediates as
generated by the addition/removal of species from/to envi-
ronment) linked among them by reaction steps, such that a
catalytic cycle is established in which the initial and final
configurations coincide for the catalyst whereas the trans-
formation of reactants into products has been achieved in the
environment.

[0103] In some embodiments wherein the catalysts have
hundreds of atoms the free energy reaction network can be
derived using quantum mechanics (QM) calculations using
density functional theory. In those embodiments the
screened catalysts can have up to 50 atoms up to 100 atoms
or up to 200 atoms or up to 300 atoms, and the screening can
use quantum mechanics to obtain the free energy reaction
network, allowing computations of free energy reaction
network on the timescale of tens of picoseconds up to 100
picoseconds.

[0104] In some other embodiments wherein a catalyst
contains 100,000 atoms, up to 150,000 atoms, up to 200,000,
up to 400,000 up to 500,000 or up to 1 million or more (such
as a nanoparticle (NP) or other catalyst s containing hun-
dreds, thousands of atoms) such as 100,000 atoms, up to
150,000 atoms, up to 200,000, up to 400,000 up to 500,000
or up to 1 million or more, the screening can be performed
using reactive force fields, such as ReaxFF [9], which allow
computations of catalyst with millions of atoms for nano-
seconds. In particular the free energy reaction network can
be derived using a reactive force field method (such as
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ReaxFF) which is trained using QM to have nearly the
accuracy of QM. A person skilled in the art will understand
that in ReaxFF the interatomic potential describes reactive
events through a bond-order formalism, where bond order is
empirically calculated from interatomic distances. Elec-
tronic interactions driving chemical bonding are treated
implicitly, allowing the method to simulate reaction chem-
istry without explicit quantum mechanism consideration.
Detailed information on how to perform ReaxFF on large
system can be found in published literatures such as Senftle
et al. [9]

[0105] For example, in some embodiments herein
described, where the chemical reaction is ammonia synthe-
sis process over Fe(111), a free-energy reaction network can
be derived as described in [2], in which density-functional
theory (DFT) predictions [19] [20] [21] [22] free energies
and free energies and reaction rates used the (2x2) unit cell
of Fe(111) (PBE-D3) [19] [20] exchange correlation func-
tional (Example 2). The computational details can be found
in [2] and its supporting information incorporated herein by
reference in its entirety.

[0106] In another embodiment herein described, the
chemical reaction is CO reduction on Cu(100) (FIG. 18), a
free-energy reaction network can be derived according to the
methods described in Cheng et al. [23], wherein the effects
of the solvent were included explicitly to obtain free energy
barriers accurate to 0.05 eV. Such full explicit solvent
calculations had not been reported previously because the
full solvent requires ~1 nanosecond to equilibrate but QM
based MD (AIMD) is practical only for ~40 picoseconds.
Using ReaxFF reactive molecular dynamics (RMD) simu-
lations enabled equilibration of the solvent so only 10 ps was
needed for the AIMD simulations. Free energy barriers for
various reaction steps and free-energy differences are
obtained by using metadynamics and thermodynamic inte-
gration for various reaction steps. The computational details
of using metadynamics and thermodynamic integration can
be found in references [24] [25] [26] as will be understood
by a person skilled in the art.

[0107] In particular, analyzing a free-energy diagram of
the reference catalyst can be performed by identifying the
shortest sequence of reaction between the reactant and the
product within the given free energy diagram and then
sectioning the path into a sequence of resting states and
transition states. The set of energy barriers defined by the
free-energy difference between each couple of transition and
resting states is then arranged in a descending order. The
shortest reaction path can be identified via the Dijkstra’s
algorithm[27] as will be understood by a person skilled in
the art.

[0108] An exemplary embodiment wherein the chemical
reaction is Haber-Bosch ammonia synthesis and the refer-
ence catalyst is an iron catalyst and in particular a Fe(111)
is shown in Example 1.

[0109] In screening methods herein described, a free-
energy diagram for a chemical reaction of a reference
catalyst is analyzed to determine a plurality of rate-limiting
steps of the chemical reaction.

[0110] A “rate limiting step” or a “rate determining step”
(“RDS”) are the reaction steps of a chemical reaction that
determine the overall rate of the chemical reaction as will be
understood by a person skilled in the field of chemistry. An
RDS characterizes a chemical reaction step or a group of
chemically rated reaction steps between each couple of
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transition and resting states along the free energy diagram.
Each RDS is associated with an energy barrier value char-
acterizing the free energy barrier separating two states.
[0111] In some embodiments, determining the plurality of
rate-limiting steps can be performed by identifying a plu-
rality of reaction steps in the free energy diagram and then
portioning them into the plurality of rate-limiting steps. The
determining step can further comprise identifying a mini-
mum number of chemical reaction processes or a minimum-
barrier path connecting the reactant and the product, sec-
tioning the path into a sequence of resting states and
transition states, and then identifying a set of energy barrier
values between each couple of transition and resting states.
The shortest or minimum-energy reaction path can be iden-
tified via the Dijkstra’s algorithm|[27] as will be understood
by a person skilled in the art.

[0112] In some embodiments herein described, determin-
ing a plurality of rate-limiting steps of the chemical reaction
can be performed by identifying all the potentially rate
determining steps in the free energy network and then
portioning them into distinct processes. This can be carried
out by identifying the minimum number of processes of the
chemical reaction and the corresponding reaction free
energy values using full kinetic Monte Carlo (“kMC”)
kinetic analysis.

[0113] In embodiments herein described, a screening
method further comprises defining a plurality of criteria
according to the ranked rate-limiting steps to estimate a
change on the energy barrier value of each rate-limiting step
caused by the structural difference of each candidate catalyst
with respect to the reference catalyst.

[0114] Exemplary screening criteria for an embodiment
wherein the chemical reaction is Haber-Bosch ammonia
synthesis and the reference catalyst is Fe(111) are illustrated
in Example 2.

[0115] In some embodiments, defining a plurality of cri-
teria according to the ranked rate-limiting steps is performed
by associating a reaction connecting an initial state to a final
state to each energy barrier and estimating the change in the
energy barrier. The change in the energy barrier can be
estimated using an electronic reaction energy corresponding
to the reaction. Alternatively, the change in the energy
barrier can be performed by an explicit calculation of the
reaction energy barrier for the given reaction step on the
candidate catalyst. The chosen initial and final state can
correspond to the initial and final state of the given reaction
step or can be selected on the basis of their likelihood that
the selected energy difference correlate with the reaction
barrier that is targeted to estimate.

[0116] In particular, estimating the change in free-energy
barrier can be performed by calculating the electronic
energy difference (AE) between the initial state and the final
state of the reaction associated to each barrier.

[0117] In the exemplary embodiment of the Haber-Bosch
synthesis, four criteria are defined, each criterion according
to one of the rate-determining steps ranked in a descending
order according to its energy barrier value (see e.g. Example
10).

[0118] For example, to define the first criterion, the chemi-
cal reaction of triple bonded N, absorption over 2N state,
characterized as “2N_NH2_H|zig-zag]->2N|zig-zag|+
NH3”, is associated with the corresponding RDS and its
energy barrier. The change on the energy barrier value of the
first RDS caused by the structural difference of each candi-
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date catalyst with respect to the reference catalysts, such as
a substitutional dopant, can then be estimated by calculating
the electronic energy difference (AE) between the initial
state “2N_NH2_H]zig-zag]” and the final state of “2N[zig-
zag|+NH3”.

[0119] Accordingly, screening methods of the present dis-
closure further comprises for each candidate catalyst, evalu-
ating each criterion of the plurality of criteria sequentially in
the descending order to provide selected candidate catalysts,
wherein the candidate catalysts having a negative change on
the energy barrier value of a rate-limiting step in a criterion
are evaluated in a next criterion.

[0120] In some embodiment, evaluating each criterion
further comprises by calculating the energy barrier value of
each RDS for each candidate catalyst and then comparing
the energy barrier value of the candidate catalyst to the
corresponding value of the reference catalyst.

[0121] If the candidate catalyst leads to a negative change
on the energy barrier value of the RDS in a criterion, i.e. a
lower energy barrier value with respect to that of the
reference catalyst, this candidate catalyst will be selected for
evaluation in the next criterion. If the candidate catalyst
leads to a positive change on the energy barrier value, and
in particular t a higher energy barrier value with respect to
that of the reference catalyst, this candidate catalyst will be
eliminated.

[0122] In some embodiments, evaluating each criterion
further comprises calculating the energy barrier value of
each rate-limiting step for each candidate and then compar-
ing the energy barrier value of the candidate catalyst to the
corresponding value of the reference catalyst.

[0123] For example, in the exemplary embodiment of
Haber-Bosch ammonia synthesis wherein Fe is the reference
catalyst and 34 dopants are the candidate catalysts, of the 34
dopants, 12 led to a barrier low than the 1.68 eV for Fe in
the first criterion. The other dopants were eliminated from
further evaluation (Example 11). In the second criterion, 6
more candidate catalysts are eliminated. The 6 remaining
candidates all have lower energy barrier than Fe in the third
and fourth criterion evaluation.

[0124] The method also comprises constructing a free-
energy diagram for each tested candidate catalyst and per-
forming a time evolution simulation method such as explicit
kMC or microkinetic modeling for each of tested candidate
catalysts to obtain a reaction rate of each tested candidate
catalyst. The reaction rate can be calculated as a turnover
frequency (TOF). A person skilled in the art would under-
stand that a catalyst’s turnover frequency or turnover num-
ber per time unit characterizes its level of activity. In
particular, a TOF is the total number of moles transformed
into a desired product by one mole of active site per hour.
The larger the TOF, the more active the catalyst.

[0125] In particular, the time evolution simulation meth-
ods used herein refer to full reaction kinetics methods based
on quantum mechanics free energy rate constants. Different
from thermodynamics which focuses on the direction in
which a chemical reaction occurs, the reaction Kkinetics
methods are concerned with the rates of chemical reactions.
The full reaction kinetics methods comprise explicit kinetic
Monte Carlo or microkinetic modeling.

[0126] As a person skilled in the art would understand,
kinetic Monte Carlo refers to a type of Monte Carlo com-
putational method for simulating the time evolution of
chemical reaction processes. In particular, the kMC gener-
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ates a sequence of configurations and times when the
transitions between these configurations occur. Exemplary
software suitable for performing kinetic Monte Carlo cal-
culations include SPPARKS (spparks.sandia.gov/)[28],
kmos (mhoffman.github.io/kmos/)[29], and other software
identifiable to a person of ordinary skill in the related art.
(see e.g. Ref [30])

[0127] As a person skilled in the art would understand,
microkinetic modeling is a technique used to extend both
experimental and theoretical observations to predict the
results of complex chemical reaction under various condi-
tions. In microkinetic modeling, a set of elementary reac-
tions that are thought to be relevant for an overall chemical
transformation are specified. For each reaction, a rate con-
stant is required for both the forward and reverse direction.
These rate constants can be determined using density func-
tional theory under transition state theory. Once the rate
constants are known, a master equation for the entire reac-
tion network can be written down. The master equation
expresses the rate of change of each species in the model as
a function of the instantaneous concentration of all species
in the model, represented as a system of ordinary non-linear
differential equations. Detailed information about how to
perform microkinetic modeling can be found for example in
Hermes et al [31].

[0128] In embodiments of screening methods herein
described, the methods to hierarchically screening for activ-
ity a plurality of candidate catalysts further comprise select-
ing the tested candidate catalysts having a reaction rate
higher than that of the reference catalyst as reactive cata-
lysts.

[0129] FIG. 1 provides a control-flow diagram that repre-
sents one implementation of the first-principles hierarchical
high-throughput screening method herein described for
active catalysts and its application for optimizing a reference
catalyst for a higher reaction rate.

[0130] First, for a given chemical reaction of interest
catalyzed by a reference catalyst, a plurality of candidate
catalysts is provided (100). Then, a plurality of rate-limiting
steps of the chemical reaction are determined by analyzing
a free-energy diagram of the reference catalyst (101). The
rate-limiting steps are then ranked according to their energy
barrier values in a descending order to provide ranked
rate-limiting steps of the first chemical reaction (102). A
plurality of criteria according to the ranked rate-limiting
steps are then defined to estimate a change on the energy
barrier value of each rate-limiting step caused by the struc-
tural difference of each candidate catalyst with respect to the
reference catalyst of the first chemical reaction (103). For
each candidate catalyst, each criterion of the plurality of
criteria is evaluated sequentially in the descending order to
provide selected candidate catalysts, wherein candidate cata-
lysts having a negative change on the energy barrier value of
a rate-limiting step in a criterion are evaluated in a next
criterion (104). Candidates having a positive change on the
energy barrier value of a rate-limiting step in a criterion are
eliminated. For the selected candidate catalysts, a free-
energy diagram of the chemical reaction is constructed, and
a reaction rate is obtained (105). The active catalysts further
selected are rate-selected active catalysts having a reaction
rate higher than the reaction rate of the reference catalyst
(106).

[0131] Accordingly, as exemplified in FIG. 1, hierarchi-
cally screening for activity the plurality of candidate cata-
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lysts with respect to the reference catalyst, is performed to
provide a rate-selected active catalyst having a reaction rate
under the target reaction condition higher than the reaction
rate of the reference catalyst for the same target chemical
reaction under the same target condition, as will be under-
stood by a skilled person upon reading of the present
disclosure.

[0132] In some embodiments of the screening methods
herein described, activity of the plurality of candidate cata-
lysts can be screened in combination with the catalyst
stability and/or selectivity.

[0133] Accordingly, screening methods of the disclosure
can further comprise an additional screening of the candi-
date catalysts and/or rate-selected active catalysts for sta-
bility and/or selectivity for the target reaction, in addition to
hierarchically screening the plurality of candidate catalysts
for activity performed, to select rate-selected active catalysts
with retained or increased stability and/or increased selec-
tivity with respect to the stability and selectivity of the
reference catalyst.

[0134] In screening methods of the disclosure, the addi-
tional screening of the candidate catalysts and/or rate-
selected active catalysts for stability and/or selectivity for
the target reaction can be performed at various steps of the
screening method as will be understood by a skilled person.
Preferably, screening of the target properties within screen-
ing methods of the disclose is performed hierarchically
starting from the target property among activity selectivity
and stability which is more computationally costly

[0135] Insome embodiments of screening methods herein
described, the computer-based method is directed to screen-
ing for activity and stability of the plurality of candidate
catalysts.

[0136] In particular, the screening method herein
described can be used for screening a plurality of candidate
catalysts of a chemical reaction catalyzed by a reference
catalyst for stable active catalysts having a reaction rate with
respect to the chemical reaction higher than a reaction rate
of the reference catalyst with respect to the same chemical
reaction and having a same or increased stability with
respect to the stability of the reference catalyst under the
same reaction conditions.

[0137] The method comprises hierarchically screening the
plurality of candidate catalysts for activity for the target
chemical reaction under the target condition, by performing
a computer-based method to screen for activity of the
present disclosure, further comprising

[0138] testing on a computer, stability of the candidate
catalysts, to select candidate catalysts having a stable
configuration before the evaluating;

[0139] testing on a computer, stability of the rate
selected candidate catalysts, to select rate selected
candidate catalysts having a stable configuration before
the constructing and/or the selecting; and/or

[0140] testing on a computer, stability of the rate-
selected active catalyst, to further select rate selected
active catalyst having a stable configuration,

to provide rate-selected active catalyst stable for the chemi-
cal reaction under the target condition.

[0141] Accordingly, the method of screening a plurality of
candidate catalysts for active stable catalysts can further be
described based on the illustration of FIG. 1, which sche-
matically shows an embodiment of the method of screening
for activity of the disclosure which in embodiments directed
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to additionally screen the plurality of candidate catalysts
further comprises performing a stability test to eliminate
unstable catalysts in connection with one or more of the
steps of the method.

[0142] In particular, in those embodiments, the stability
test can be performed prior to the active catalysts are
selected, such as prior to step 101, after step 101 but prior
to step 102, after step 102 but prior to step 103, after step 103
but prior to step 104, after step 104 and prior to step 105; or
after step 105 and prior to step 106 in FIG. 1. The stability
test can also be performed after the rate-selected active
catalysts are selected (after 106 in FIG. 1).

[0143] In those embodiments, the stability testing is per-
formed to ensure that the structural and/or compositional
difference introduced in the candidate catalysts with respect
to the reference catalyst does not introduce insurgence of
degradation or segregation mechanisms. For example, the
selected active catalysts need to have the structural differ-
ence at a specific location of the catalyst such as on a surface
or subsurface in order to be stable.

[0144] The stability test can be performed by evaluating
the energy difference between a proposed configuration for
a candidate catalyst and other possible alternative configu-
rations of the same candidate catalyst.

[0145] In some embodiments, the stability test comprises
for each catalyst identifying a set of catalyst configurations
having the structural difference at a different position with
respect to one another; computing an electronic energy of
each catalyst configuration; and selecting the catalyst having
a catalyst configuration with a lowest electronic energy.

[0146] The electronic energy of a given configuration can
be computed by various ab initio quantum mechanics meth-
ods, density-functional theory (DFT) simulations, Quantum
Monte Carlo, Meller-Plesset perturbation theory, Configu-
ration interaction, Coupled cluster, Multi-configurational
self-consistent field, Hartree-Fock method, tight binding
model, perturbation theory and other methods identifiable to
a person skilled in the art. Exemplary software suitable for
performing atomic scale electronic energy calculations
include VASP, and other software identifiable to a person of
ordinary skill in the related art. Detailed information on
various methods of performing electronic energy calcula-
tions can be found in published literatures and textbooks
[32] as will be understood by a person skilled in the art.

[0147] The stable active catalysts are selected as the active
catalysts having a catalyst configuration with a lowest
electronic energy among the identified configurations, thus
eliminating the possible segregation and degradation con-
figurations.

[0148] For example, in embodiments wherein the catalyst
candidates comprise one or more substitutional dopants, the
stability test can be performed by evaluating the electronic
energy of the catalyst in each configuration wherein the
substitutional dopant is positioned at a different location
such as the Si on the top surface, subsurface, the third layer
on Fe-bcc(111) catalyst system or diffused from Fe(111)
(undoped) and selecting the catalyst in a catalyst configu-
ration with a lowest electronic energy (Example 14).
[0149] In some embodiments, performing the stability
testing involves comparing the free energy for the dopant on
various layers including both electronic energy and the
phonon contributions to provide a total free energy differ-
ence.
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[0150] The various free energy barriers are compared to
the free energy barrier of the chemical reaction with the
reference catalyst, also referred to as the reference free
energy barrier. If the total energy barrier is lower than the
reference free energy barrier, then the catalyst configuration
is selected as the active catalyst. If the total energy barrier is
greater than the reference free energy barrier, then the
catalyst configuration is unstable and thus eliminated.
[0151] In some embodiments some dopants have a strong
thermodynamic preference and therefore higher affinity for
one of the outer layers of the catalyst.

[0152] Accordingly, in those embodiments, the screening
method can be performed to include stability testing directed
to select a catalyst having one or more dopant atoms
predominantly located in one or more specific layer of the
three outer layers of a multicomponent multilayer catalyst.
[0153] In particular in those embodiments, candidate cata-
lysts are screened to select the configurations based on the
thermodynamic preference of the dopant and related affinity
for a particular outer layer of the multicomponent catalysts
(outmost first layer, second, or third).

[0154] Accordingly, in embodiments herein described
where the catalyst is a multicomponent multilayer catalyst
the stability testing is preferably performed to select the
configuration having one or more dopant atoms predomi-
nantly located in one or more specific layer of the three outer
layers of the catalyst. In those embodiments, the stability
testing can be performed alone or in combination with
additional stability testing to provide a total free energy
difference.

[0155] The stability testing can be performed before or
after any one of the other steps of the screening method
herein described to select the catalyst configuration that
increases the rate and/or selectivity of the catalyst as will be
understood by a skilled person upon reading of the instant
disclosure.

[0156] In an exemplary embodiment provided by an iron
multicomponent multilayer catalyst multiple, the screening
identified Rh, Pd, Pt, Cu, Zn, Ag, Au, Cd as dopant having
the highest affinity for the outmost first layer, and Ni, Co, Cr,
and Si as dopant having a highest affinity for the second
layer, and Ga as a dopant having the highest affinity for the
third layer and at their preferred layer these dopants can
accelerate the reactions. (see FIG. 7). Other examples: for
the oxygen reduction reaction comprising doping for Pt with
Ni or Co which also can increase the rate as will be
understood by a skilled person.

[0157] In some embodiments herein described, methods
are described for screening a plurality of candidate catalysts
for active and selective catalysts having a higher selectivity
for a target chemical reaction than for at least a second
chemical reaction.

[0158] Insome embodiments, the target chemical reaction
and the at least second chemical reaction evolve from same
reactants but produce different products. In some embodi-
ments, the target chemical reaction and the at least second
chemical reaction involve different reactants and different

products.
[0159] In those embodiments, the screening method com-
prises

[0160] providing a plurality of rate-selected active cata-

lysts for the chemical reaction under the target condi-
tion by hierarchically screening a plurality of candidate
catalysts for activity for the target chemical reaction
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with a computer-based method herein described, each
rate-selected active catalyst having a target reaction
rate;

[0161] for each rate-selected active catalyst, construct-
ing, on a computer, a free-energy diagram of a second
chemical reaction different from the target chemical
reaction and performing a time evolution simulation
method on a computer to obtain a second reaction rate
of each rate-selected active catalyst;

[0162] obtaining a selectivity ratio between the target
reaction rate and the second reaction rate of each
rate-selected active catalyst; and

[0163] selecting the rate-selected active catalyst having
a selectivity ratio greater than 1 to provide a rate-
selected active catalyst selective for the chemical reac-
tion under the reaction condition.

[0164] Reference is made in this connection to the sche-
matics of FIG. 2 provides a control-flow diagram represent-
ing one implementation of the first-principles hierarchical
high-throughput screening method herein described for
selective catalysts and its application for optimizing a ref-
erence catalyst for a higher selectivity for a first chemical
reaction than for at least a second chemical reaction.
[0165] The methods herein described comprise selecting a
set of active catalysts having a reaction rate higher than the
reaction rate of the reference catalyst according to FIG. 1
(200).

[0166] For each active catalyst, a free-energy diagram of
at least the second chemical reaction is constructed and a
second reaction rate of each active catalyst is obtained (201).
Then, a ratio between the first reaction rate of each active
catalyst and the second reaction rate of each active catalyst
is obtained (202). The selective catalysts are selected as the
active catalyst having a ratio greater than 1 (203).

[0167] Constructing the free-energy diagram of the at least
the second chemical reaction and calculating the second
reaction rate as illustrated in step 201 of FIG. 2 can be
performed using the same methods for step 105 of FIG. 1 as
described above.

[0168] The ratio between the target reaction rate of each
reactive catalyst and the second reaction rate of each reactive
catalyst can be obtained by dividing the first reaction rate by
the second reaction rate.

[0169] In some embodiments, the ratio is in a range from
2 to 100,000. The selective catalysts are selected as having
a ratio greater than 2, 5, 10, 100, 1000, or 10000. In some
embodiments, the ratio of the selective catalyst is higher
than the ratio of the reference catalyst.

[0170] Different reaction conditions can also be adjusted
and tested for catalysts selective under that specific reaction
conditions as will be understood by a person skilled in the
art.

[0171] In an exemplary embodiment of electrocatalytic
reduction of CO to produce organic products, the method of
screening for selective catalyst herein described can be used
to screen catalysts having a higher selectivity for the product
of ethylene than for other products such as methane or
ethanol. The reaction mechanism for forming ethylene and
ethanol from CO reduction on Cu(100) surface is illustrated
in FIG. 18.

[0172] It has been shown that at an overpotential of -0.6
V RHE the two main products from this reaction are
ethylene (H2C—CH2) and ethanol (CH3-CH2OH) each of
which takes 10 steps, but for which the first 6 are in
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common. The branching point occurs at the HC—COH
intermediate (indicated by the square). Since the activation
energy from the common intermediate to ethylene is AGI=0.
61 eV while for formation if ethanol it is AGI=0.067 the
relative barrier is dAGI=0.06 eV which leads a production
ratio at 298K of 11:1 ethylene:ethanol. The ratio observed
experimentally shows that JAGI=0.066 eV [3] is in excellent
agreement with the theory. (Cheng et.al. Full atomistic
reaction mechanism with kinetics for CO reduction on
Cu(100) from ab initio molecular dynamics free-energy
calculations at 298 K [23].

[0173] In order to select catalysts more selective for the
production of one product over another (ethylene over
ethanol), a set of active catalysts having a reaction rate with
respect to the reduction of CO to ethylene higher than the
reaction rate of the reference catalyst Cu(100) can be
selected according to the method illustrated in FIG. 1. Then
for each active catalyst, the second free energy profile of the
reduction of CO to ethanol can be calculated according to
step 201 of FIG. 2. Catalysts selective for ethylene over
ethanol are then selected based on the ratio of the first
reaction rate and the second reaction rate according to step
203 of FIG. 2. In particular, the ideal selective catalysts will
have a ratio greater than the ratio of Cu(100), i.e. greater
than 11.

[0174] A person skilled in the art will understand that to
screen for selective catalysts, the catalysts are selected to
lower the free energy barrier of the chemical reaction of
interest, i.e. the one leading to the desired product, while
increasing the free energy barrier of the other chemical
reaction, i.e. the ones leadings to the undesired products.
[0175] In some embodiments the screening methods
herein described comprise screening the plurality of candi-
date catalysts for activity, stability and selectivity for the
target chemical reaction under the target condition. In par-
ticular, the screening method herein described can be used
for screening a plurality of candidate catalysts for active,
stable and selective catalysts having a higher selectivity for
a target chemical reaction than for at least a second chemical
reaction as well as having a same or increased stability with
respect to the stability of the reference catalyst under the
same reaction conditions.

[0176] In those embodiments, the method comprises pro-
viding a rate-selected active catalyst selective for the target
chemical reaction under the target condition by a computer-
based method for hierarchically screening activity and selec-
tivity for a target chemical reaction under a target reaction
condition herein described such as the one schematically
described in FIG. 2, In those embodiments, the method
further comprising performing a stability test to eliminate
unstable catalysts in connection with one or more of the
steps of the method.

[0177] For example in the method to screen activity and
selectivity of candidate catalyst according to the schematics
of FIG. 2, the stability test can be performed prior to the
selective catalysts are selected, such as prior to step 201,
after step 201 and prior to step 202, after step 202 and prior
to step 203 of FIG. 2. The stability test can also be performed
prior to, during or after the set of active catalysts of a first
reaction is selected (step 200 of FIG. 2). In particular, the
stability test can be performed prior to step 101, after step
101 but prior to step 102, after step 102 but prior to step 103,
after step 103 but prior to step 104, after step 104 and prior
to step 105; or after step 105 and prior to step 106 in FIG.
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1). The stability test can also be performed after the selective
catalysts are selected, such as after step 203 of FIG. 2.
[0178] In some embodiments, the screening methods
herein described further comprise providing a plurality of
candidate catalysts by modifying the reference catalyst. In
particular, modifying the reference catalyst can be per-
formed by introducing a structural and/or compositional
difference in the candidate catalysts with respect to the
reference catalyst. In some of these embodiments, modify-
ing the reference catalyst is carried out by replacing one or
more atoms in the reference catalyst with one or more same
or different substitutional elements. In some of these
embodiments, modifying the reference catalyst can be car-
ried out by adding an additional element to the reference
catalyst, eliminating an element from the reference catalysts,
and/or rearranging the elements already in the reference
catalysts.

[0179] In the embodiments herein described, compared to
other existing methods [33] [34] which typically assume
linear scaling in the reaction rates to focus on a specific RDS
or to reconstruct the energy diagram on given catalysts, the
hierarchical high-throughput screening methods herein
described consider a number of potential RDS and a diver-
sity of energetic and barrier calculations by arranging all the
potentially rate-determining steps of a complex reaction
mechanism in hierarchical order and then sequentially filter
candidate catalysts that accelerate the overall reaction rate
also when the largest barrier corresponding to the previous
RDS is no longer rate determining. This approach thus
achieves quantitative accuracy and more rigorous and wider
applicability in many industrially-relevant catalytic pro-
cesses.

[0180] Accordingly, screening methods herein described
allow, in several embodiments, to identify catalysts with
reaction rates 3~50 times increased compared to an existing
catalyst while either retaining or improving the stability and
the selectivity.

[0181] The screening methods herein described are com-
puter implemented methods as will be understood by a
skilled person.

[0182] FIG. 3 illustrates an embodiment of hardware
implementation for the present screening methods.

[0183] Software realizations of the currently disclosed
first-principles  hierarchical high-throughput screening
methods can be developed to enable design and optimization
of catalysts FIG. 3 is an exemplary embodiment of a target
hardware (300) (e.g., a computer system) for implementing
the embodiments of the present disclosure, including the
embodiment shown in FIGS. 1-2. This target hardware
comprises a processor (305), a memory bank (310), a local
interface bus (325) and one or more Input/Output devices
(330). The processor can execute one or more instructions
related to the implementation of FIGS. 1-2 et al., and as
provided by the Operating System (315) based on some
executable program (320) stored in the memory (310). These
instructions are carried to the processor (305) via the local
interface (325) and as dictated by some data interface
protocol specific to the local interface and the processor
(305). It should be noted that the local interface (325) is a
symbolic representation of several elements such as con-
trollers, buffers (caches), drivers, repeaters and receivers
that are generally directed at providing address, control,
and/or data connections between multiple elements of a
processor based system. In some embodiments the processor
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(305) can be fitted with some local memory (cache) where
it can store some of the instructions to be performed for
some added execution speed. Execution of the instructions
by the processor can require usage of some input/output
device (330), such as inputting data from a file stored on a
hard disk, inputting commands from a keyboard, inputting
data and/or commands from a touchscreen, outputting data
to a display, or outputting data to a USB flash drive. In some
embodiments, the operating system (315) facilitates these
tasks by being the central element to gathering the various
data and instructions required for the execution of the
program and provide these to the microprocessor. In some
embodiments the operating system is missing, and all the
tasks are under direct control of the processor (305),
although the basic architecture of the target hardware device
(300) will remain the same as depicted in FIG. 3. In some
embodiments a plurality of processors can be used in a
parallel configuration for added execution speed. In such a
case, the executable program can be specifically tailored to
a parallel execution. Also, in some embodiments the pro-
cessor (305) can execute part of the implementation of
FIGS. 1-2 and additional configurations identifiable by a
skilled person, and some other part can be implemented
using dedicated hardware/firmware placed at an Input/Out-
put location accessible by the target hardware (300) via local
interface (325). The target hardware (300) can include a
plurality of executable programs (320), wherein each can
run independently or in combination with one another.
[0184] Screening methods of the disclosure allow for
accelerated catalyst design and optimization of catalysts
with faster turnover frequency with retained or enhanced
stability and selectivity, with a reduced time compared to
existing methods as will be understood by a skilled person.
[0185] In particular, in some embodiments herein
described, for catalysts up to 300 atoms the reaction time
scale catalyzed by the catalysts can occur on a simulation
timescale up to 100 picoseconds. In other embodiments for
catalyst over 100,000 atoms and over, using the QM based
reactive field method the reaction time scale catalyzed by the
catalysts can occur on a simulation timescale of nanosec-
onds. A reaction timescale is related to the reaction rate of
the chemical reaction catalyzed by the catalysts herein
described. The higher the reaction rate, the shorter the
timescales on which the reaction progresses.

[0186] In an exemplary embodiment, the hierarchical
high-throughput screening methods herein described reduce
the computational effort to 1% of the full QM calculation
which enables consideration of 100 possible dopants in the
time scale normally requires for just one.

[0187] In particular, the screening methods herein
described allow for optimizing and testing new candidate
catalysts at a significantly reduced computational cost, typi-
cally only 1% of the computational cost for commonly used
quantum mechanics calculations, while still retaining the
level of accuracy obtained only using first-principle ab initio
quantum mechanics methods.

[0188] Accordingly, the screening methods herein
described enable computational design and optimization of
multicomponent catalysts at a reasonable computational cost
while providing the necessary accuracy.

[0189] The term “computational cost” indicate a compu-
tational effort typically expressed in core hours, also known
as CPU hours, which provide necessary value estimation
needed to calculate the cost of a computational simulation.
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[0190] Accordingly, embodiments of the screening meth-
ods herein described allow identification of an optimized
catalyst with respect to a reference catalyst with a CPU in
the range of less than 18 million hours. For example, the
Ni-subsurface doping illustrated in the examples has been
singled out of 35 candidates using only ~300 geometry
optimizations, for a total of less than 0.25 million cpu-hours
and an estimated cost at current prices of less than ~2300
USS$, to be compared with about 50 geometry optimization
plus phonon calculations and 17 saddle-point searches for
each candidate that would be needed if using a conventional
computational approach with complete modeling (over 18
million cpu-hours at the price over 90,000US $), or an
estimate of about 12 man-months and 165000 US$ in
infrastructure if using trial-and-error experimental high-
throughput screening.

[0191] The catalysts identified with the screening methods
herein described allow in several embodiments, to optimize
the reaction conditions of important reaction otherwise held
at extreme and expensive condition. For example, with the
iron catalysts of formula one, the extreme conditions of
industrial ammonia synthesis (HB) process, typically held at
773-823 K and total pressure of 150-250 atm, are optimized
by reducing temperature by 100-150 K and pressures by a
factor of 10. This will allow one to reduce the cost of
production plant which are presently ranging between 500.
00 and 2000.00 US$ per NH; ton produced annually down
to 100-450 US$ per NH; ton in 2019 dollar. The optimized
catalysts can also drastically reduce production times by a
factor between 1 and 2 orders of magnitude.

[0192] As a consequence, the methods herein described
make it practical to examine very complex catalysts such as
heterogeneous multicomponent catalysts having a large plu-
rality of candidate configurations including compositional
and/or structural changes which can affect the reaction rate
of a target reaction (reaction of interest) under target reaction
conditions (reaction conditions of interest).

[0193] An exemplary multicomponent catalyst obtained
through the screening methods of the instant disclosure is an
exemplary multilayer multicomponent transition metal het-
erogeneous catalyst doped with at least one dopant atom on
at least one of the three outer surface layers of the transition
metal and capable of catalyzing at least a solid-gas hetero-
geneous chemical reaction.

[0194] In particular, the exemplary catalyst is a multilayer
multicomponent iron catalyst capable of catalyzing forma-
tion of ammonia from hydrogen and nitrogen gas through
Haber-Bosch synthesis, at an improved reaction rate than an
iron catalyst identified following simulation with the screen-
ing method of the disclosure.

[0195] In particular, the multilayer multicomponent iron
catalysts have been designed to have one or more additives
in each of the first three layers of the multilayers selecting
for stability in each layer. (Examples 15 and 16)

[0196] In particular the composition of the catalyst was
selected to be controlled by the thermodynamics so that in
view of their affinity for the catalyst layers, upon annealing
the dopants will be predominantly located in the outer three
layers of the catalyst. The catalyst will have many other
layers in addition to the outer three layers, but the outer are
the layers that can affect the rates and selectivity of the
catalysts

[0197] Inparticular in the exemplary multicomponent iron
catalyst screened with the methods of the disclosure, Rh, Pd,
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Pt, Cu, Zn, Ag, Au, Cd each have a preferential affinity for
the outmost atomic layer of iron. Therefore, Rh, Pd, Pt, Cu,
Zn, Ag, Au, Cd when used a dopant in the exemplary iron
catalyst, they will be present at at least 10 times atom
percentage compared to the second layer of iron or third
layer of iron. Accordingly when an iron alloy of appropriate
amounts of Rh, Pd, Pt, Cu, Zn, Ag, Au, and/or Cd is annealed
at sufficiently high temperature and for enough time, Rh, Pd,
Pt, Cu, Zn, Ag, Au, Cd will populate the top layer of iron at
at least 10 times atom percentage that of second layer of iron
or third layer of iron. Similarly, Ni, Co, Cr, and Si as dopant
will have the highest affinity and will be located after in the
second layer, and Ga as a dopant will have the highest
affinity and will be located in the third layer

[0198] Detection of the atoms predominant location in the
exemplary iron catalyst and in other multicomponent mul-
tilayer multicomponent catalysts can be performed with
Transmission Electron Microscopy (TEM), X-ray Photo-
electron Spectroscopy (XPS) or additional techniques iden-
tifiable by a skilled person

[0199] In those embodiments the additives in each of the
first layer, second layer and/or third layer can be present in
each of in each of the first layer, second layer and/or third
layer, in an amount 5 to 10 times higher than in other layers.
In particular in some of these embodiments,

[0200] a fraction of the additives in the first layer can be
less than 50% of the additives of the first layer but
present in the first the second layer 5 or 10 times more
than they are in the 2%, 3", and deeper layers,

[0201] afraction of the additives in the second layer can
be less than 50% of the additives of the second layer but
present in the second the second layer 5 or 10 times
more than they are in the 1%, 3’% and deeper layers;
and/or

[0202] a fraction of the additives in the third layer can
be less than 50% of the additives of the second layer but
present in the in the 3" layer 5 or 10 times more than
they are in the first two layer and deeper layers

[0203] In some of those embodiments one or more layers
can be designed not to have additives.

[0204] In those embodiments, most preferred dopants Rh,
Pt, Pd and Cu have been identified for the first layer, and four
most preferred dopants Ni, Co, Cr, and Si, have been
identified for the second layer.

[0205] Additional configurations of the exemplary doped
iron catalyst have been identified based on the above simu-
lation that are expected to be stable and are expected to have
a reaction activity for Haber-Bosch ammonia synthesis
higher than iron catalysts without dopant.

[0206] The exemplary multicomponent catalyst comprises
iron doped with at least one dopant atom on at least one of
two or three outmost surface layers of the catalyst, having a
Formula (I)

[Feo(l—xo)Qoxo][Fel(l—xl)lel]a[Fez(l—)Q)Qz)Q]b @.
in which
e, Fe’, an e” represent 1ron atom on an
0207] Fe°, Fe' d Fe? D i

outmost first layer, iron atom on a second layer, and
iron atom on a third layer of an iron crystal or iron film,
respectively;

[0208] Q° Q', and Q7 represent at least one dopant
atom on the outmost first layer, at least one dopant atom
on the second layer, and at least one dopant atom on the
third layer of the iron crystal or iron film, respectively,
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[0209] xO0, x1, and x2 represent an atom percentage of
the at least one dopant on the outmost first layer, an
atom percentage of the at least one dopant on the
second layer, and an atom percentage of the at least one
dopant on the third layer of an iron crystal or iron film,
respectively, and

[0210] (1-x0), (1-x1), and (1-x2) represent an atom
percentage of the iron atom on the outmost first layer,
an atom percentage of the iron atom on the second
layer, and an atom percentage concentration of the iron
atom on the third layer of an iron crystal or iron film,
respectively; and

[0211] a, and b respectively represent a ratio of total
atoms on second layer, and a ratio of total atoms on
third layer relative to a number of total atoms first layer
of an iron crystal or iron film, respectively

and wherein

[0212] Q° Q, and Q* are independently selected from
Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc,
Ru, Rh, Pd, Ag, Cd, La, Hf, Ta, W, Re, Os, Ir, Pt, Au,
Hg, Ce, Eu, Er, Tm, Si, Ga or any combinations thereof;

[0213] xO0, x1, and x2 each range independently from O
to 0.5, preferably from 0 to 0.4 with the proviso that
x0+x1+x2 ranges from 0.2 to 1.2, preferably from 0.2
to 0.4; and

[0214] a and b independently range from 0.5 to 2.

[0215] Accordingly, in the multicomponent iron catalyst
of'in Formula (I), in an iron crystal or iron film, at least one
dopant Q°, Q', and Q? are each independently selected from
Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh,
Pd, Ag, Cd, La, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Ce, Eu, Er,
Tm, Si, Ga or any combination thereof; x0, x1, and x2 each
range independently from O to 0.5, preferably from 0 to 0.4
with the proviso that x0+x1+x2 ranges from 0.2 to 1.2,
preferably from 0.2 to 0.4 and a and b independently range
from 0.5 to 2.

[0216] The term “crystal” in the sense of the disclosure
indicates a material whose basic structure corresponds to a
regular periodic arrangement of atoms. In an iron crystal in
the sense of the disclosure, an Fe body-centered cubic (bec)
crystal structure has atoms at each of the eight corners of a
cube plus one atom in the center of the cube in its unit cell
and the Fe crystal is a regular periodic arrangement of this
unit cell along three dimensions. Fe crystal structures and
other crystal structure are detectable with X-ray diffraction
and other techniques identifiable by a skilled person upon
reading of the present disclosure Additional features of
crystal structures in the sense of the disclosure are indicated
for example in ref [35] incorporated herein by reference in
its entirety and in other sources identifiable by a skilled
person.

[0217] The word “film”, when used in connection with
catalysts in the sense of the disclosure indicates a thin film
that may range from a few nm to a micrometer or larger
deposited on a support. In catalyst, a film of a material can
be deposited on a different material also indicated as a
support. For example, gallium arsenide compounds are
usually deposited by repeatedly applying a layer of gallium
and then followed by depositing a layer of the arsenic. An
iron film according to the present disclosure can be detected
by TEM or XPS. Additional features of film structures for
catalyst are indicated in Ref [36] incorporated herein by
reference in its entirety and in other sources identifiable by
a skilled person.
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[0218] In particular, in embodiments of the multicompo-
nent catalyst of Formula (I) according to the present disclo-
sure

[0219] Q° is the sum of the dopants Sc, Ti, V, Cr, Mn,
Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd,
La, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Ce, Eu, Er, Tm,
Si, and/or Ga present on the first layer of the iron crystal
or iron film,

[0220] the atom percentage of each dopant in the first
layer is indicated herein a8 Q%o o o o Liasnr
qOCos qONz qOCus qOZns qOYs 9z 4 s 9 amo> 9 70 9 R
thqudqugsqcdsqLaquﬂqTasq quResq Os>

[¢] (o] [¢] o] [e] [¢] 0] o]
D0 Qe 9 aws Qe 9 ces 1 Ewe 1 Es A 1> q s» and

q°, respectively, and

[0221] XO is the summation of the atom percentage Qs

Uz O Ao g O o0 U I i 4z qoy,qz,,
qONbs qOMos 9z q Ruw q Rh> q 2ar A ag q cds q La q
9 7 9 VVSqRe5qOssqlrqutquuqugsqCequus

°% L p L and/or q°;, present in the first layer,

as will be understood by a skilled person.
[0222] Similarly, in embodiments of the multicomponent
catalyst of Formula (I) according to the present disclosure
[0223] Q' is the sum of the atom percentage of the
dopants Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Y, Zr, Nb,
Mo, Tc, Ru, Rh, Pd, Ag, Cd, La, Hf, Ta, W, Re, Os, Ir,
Pt, Au, Hg, Ce, Eu, Er, Tm, Si, and/or Ga present on the
second layer of the iron crystal or iron film,
[0224] the atom percentage of each dopant of the sec-
ond layer is indicated herein as q'c., q9'z 9° 9 e
Q ags q11Co, qllNz Voo d'r»d zr 9 e 4 o2 9 7
quthqudqugsqcdsqLaqufquasq VVSqRes
q Os> q I q Po q Aw q Hg> q Ce> q Eu q Er q Tms q Sis
and/or q',;, respectively, and
[0225] x1 is the summation of the atom percentage
concentration of qlscs qlTﬂ ql v qlcw Qage U cos s
quansq querqNbquosq Tcququhquds
quschsquaququaslq VVSqReSqOSSqIVSthS
Qs g Vs Voo Vin Trme Vs a4 Q'
present in the second layer,
as will be understood by a skilled person.
[0226] Further, in embodiments of the multicomponent
catalyst of Formula (I) according to the present disclosure
[0227] Q7 is the sum of the atom percentage of the
dopants Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Y, Zr, Nb,
Mo, Tc, Ru, Rh, Pd, Ag, Cd, La, Hf, Ta, W, Re, Os, Ir,
Pt, Au, Hg, Ce, Eu, Er, Tm, Si, and/or Ga present on the
third layer of the iron crystal or iron film,
[0228] the atom percentage of each dopant in the third
layer is indicated herein a8 P Can Ton T Cagnr

qcosqzvz qCuSansq querqNbquosq 720 4 _Rus
quhs % Pd> q g q ca 9 La’zq Hp P T queS 9 os
9 9 pe q Aw q He 9 cer U B D Er D 1000 A 505 and/or

q?, respectively, and

[0229] x2is the summation of 4., @% 7, 5 P T ages

qzCos qsz qzCuS quns qus q 7 q s 9 aos 9 70 quus
thqudqugsqcdsqLaquﬂqTasq quResq Os>
2 2 2 2 2 2
qzlrs Cro Care He 9 cer A B Qs & 1> 42 and/or
q Ga>
as will be understood by a skilled person.
[0230] In some embodiments of the multicomponent iron
catalyst of Formula (I) for synthesis of ammonia from N,
and H,, the iron crystal has a body-centered-cubic crystal

lattice having one lattice point in the center of the unit cell
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in addition to the eight corner points of a cube. It has a net
total of 2 lattice points per unit cell (Vax8+1).
[0231] In some embodiments of the multicomponent iron
catalyst of in Formula (I), each of the first layer, the second
layer, and the third layer are on Fe(111) face. As used herein,
an Fe(111) face refers to a crystal face of iron wherein Miller
indices h, k, 1 are 1, 1, and 1 respectively.
[0232] In some embodiments of the multicomponent iron
catalyst of in Formula (I), in Formula (I) each of the first
layer, the second layer, and the third layer are on Fe(211)
face. As used herein, an Fe(211) face refers to a crystal face
of iron wherein Miller indices h, k, 1 are 2, 1, and 1
respectively.
[0233] In some embodiments of the multicomponent iron
catalyst of in Formula (I) for synthesis of ammonia from N,
and H,, x0 is preferably equal to or larger than any of 5 times
of x1 or 5 times of x2.
[0234] In some embodiments of the multicomponent iron
catalyst of in Formula (I) for synthesis of ammonia from N,
and H,, x0 is preferably equal to or larger than any of 10
times of x1 or 10 times of x2.
[0235] In some embodiments of the multicomponent iron
catalyst of in Formula (I) for synthesis of ammonia from N,
and H,, x1 is preferably equal to or larger than any of 5 times
of x0 or 5 times of x2.
[0236] In some embodiments of the multicomponent iron
catalyst of in Formula (I) for synthesis of ammonia from N,
and H,, x1 is preferably equal to or larger than any of 10
times of x0 or 10 times of x2.
[0237] In some embodiments of the multicomponent iron
catalyst of in Formula (I) for synthesis of ammonia from N,
and H,, x2 is preferably equal to or larger than any of 5 times
of x0 or 5 times of x1.
[0238] In some embodiments of the multicomponent iron
catalyst of in Formula (I) for synthesis of ammonia from N,
and H,, x2 is preferably equal to or larger than any of 10
times of x0 or 10 times of x1.
[0239] In some embodiments of the multicomponent iron
catalyst of in Formula (I) for synthesis of ammonia from N,
and H,, each x0, x1, and x2 each preferably range indepen-
dently from 0 to 0.4.
[0240] In some embodiments of the multicomponent iron
catalyst of Formula (I) for synthesis of ammonia from N,
and H,,
[0241] the at least one dopant Q°, Q*, and Q* are each
independently selected from Cr, Co, Ni, Cu, Zn, Rh,
Pd, Ag, Cd, Ir, Pt, Au, Si, Ga or any combination
thereof,
[0242] xO is the summation of q°,, 9, Caes L
Lz Cre Vs qOAgs PCew Cp Lo T 4o and
q°.., present in the first layer,

[0243] xl is the summation of q o Qoo 9 i Qe
q 20 Vi s 4 Ag Qe Do 9eo 9o s and

[02q44(l;f x2 is the summation of @%c, P ews T s
q Zn> q R q Pds q Ag> q ca qzlrs qutS 9 a0 qzsz and
@, and

[0245] %0, x1, and x2 each range independently from O

to 0.4 with the proviso that x0+x1+x2 is >0.2, prefer-
ably ranging from 0.2 to 0.4, is preferably less than 1.2;

Preferably in some of these embodiments
[0246] asum qu Cuw q Zno q R q Pds q Ag> q cd q P
and q i 1s equal toor larger than any of 5 times of sum

of q Cuw q Zno q Riv q Pd> q Ag> q cd q £ and q au OF
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5 times Of sum of q Cuw q Zns q Riv q Pds q Ags q cd>
Qe and q2,,; preferably equal to or larger than any of

10 times Of sum of q' ¢, 9' 20 Qi 4 par 4 A2 q ca>
q'p, and q',, or 10 times of sum of @ T s Cris
QL rar T ag Tew e and g2 ,,; most preferably e%ual
to or larger than any 20 times of sum of ' ., 9 2 G s
q P q g ew q »» and q' ., or 20 times of sum of
q cw Uz 9 ra q Pds q Ags 9 ca q P and q Aus
[0247] asum of q'(,, 9"y 9 A and qls is equal to or
larger than any of 5 times of sum of q°c., 9. Qs
and q°; or 5 times of sum of q°,, ¢*¢,» Qs and q7g;;
preferably equal to or larger than any of 10 times of
sum of ¢°¢,, Q°c0s Qs and q°; or 10 times of sum of
e Ceor Tan and q°;; most preferably equal to or
larger than any 20 times of sum of q°,, Q°p, 9 x> and
q°, or 20 times of sum of q*,,, q° ., @ and g7
and/or
[0248] a sum of sum of q°,, and q°,, is equal to or
larger than any of 5 times of sum of sum of q°,,, and
q°s, or 5 times of sum of sum of q',, and q',,;
preferably equal to or larger than any of 10 times of
sum of ¢°,,, and q°, or 10 times of sum of q',, and
q'.; most preferably equal to or larger than any 20
times of sum of q°,, and q°;, or 20 times of sum of
qllri and qua'
[0249] In some embodiments of the multicomponent iron
catalyst of Formula (I) for synthesis of ammonia from N,
and H,,
the at least one dopant Q°, Q', and Q* are each indepen-
dently selected from Rh, Pd, Pt, Cu, Zn, Ag, Au, and Cd, or
any combination thereof,
[0250] XO is the summation q° o Lo TCon Cews Lo
q° g q° e and/or q°, present 1n the ﬁrst layer

[0251] xl is the summation of q%» q° Pas Con e
don 4 g q', and/or q',, ,, present in the second
layer,

[0252] X2 is the summation q°zy, 9" s O s s L zns

@ 4g> Qg and/or q° -, present in the third layer, and
[0253] xO, x1, and x2 each range independently from O
to 0.4 with the proviso that x0+x1+x2 is >0.2, prefer-
ably ranging from 0.2 to 0.4, is preferably less than 1.2.
[0254] In preferred embodiments of the multicomponent
iron catalyst of in Formula (I) for synthesis of ammonia from
N, and H,,
[0255] Q° is selected from Cu, Zn, Rh, Pd, Ag, Cd, Pt,
and Au, or any combination thereof, wherein each
dopant on the first layer is present in a corresponding

atom percentage of q Cuw q Zns q R q Pd> q Ag> q cd

q £ and q Auws
[0256] Q' is selected from Cu, Zn, Rh, Pd, Ag, Cd, Pt,

and Au, or any combination thereof, wherein each
dopant on the second layer is present in a correspond-

1ng atom percentage of @' 4'z Q'ri Apar Q' Ag>

9w q 5 and q',;
[0257] Q7 is selected from Cu, Zn, Rh, Pd, Ag, Cd, Pt,

and Au, or any combination thereof, wherein each
dopant on the third layer is present in a corresponding

atom percentage of @ €20 Crrw o Tutgr T
9pp and @2 1,0

[0258] xO is equal to or larger than any of 5 times of x1
or 5 times of x2, preferably x0 is equal to or larger than
any of 10 times of x1 or 10 times of x2, and most
preferably x0 is equal to or larger than any of 20 times
of x1 or 20 times of x2, and

[0259] xO ranges from 0.2 to 0.4,
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wherein

[0260] xO is the summation of q°,, q°4,, 9 s> Crus
Qg e O pi and ¢°

[0261] xI is the summation of q',,, 9", 9' s 9 pus
9 4 9'car 9'pi and g’ and

[0262] x2 is the summation of 9, Q%2 Trm Tra
qug5 Pea TCpe and ¢,

[0263] In other preferred embodiments of the multicom-
ponent iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,,

[0264] Q° is selected from the group consisting of Cr,
Co, Ni, and Si, or any combination thereof, wherein
each dopant on the top layer is present in a correspond-
ing atom percentage q°.,, q°cps Car and ;s

[0265] Q! is selected from the group consisting of Cr,
Co, Ni, and Si, or any combination thereof, wherein
each dopant on the second layer is present in a corre-
sponding atom percentage of q' ., 9y 9 as and q' s

[0266] Q7 is selected from the group consisting of Cr,
Co, Ni, and Si, or any combination thereof, wherein
each dopant on the third layer is present in a corre-
sponding atom percentage of q°.,, q°,, 9 ps and ;5

[0267] x1 is equal to or larger than any of 5 times of x0
or 5 times of x2, preferably x1 is equal to or larger than
any of 10 times of x0 or 10 times of x2, and most
preferably x1 is equal to or larger than any of 20 times
of x0 or 20 times of x2, and

[0268] x1 ranges from 0.2 to 0.4.
wherein
[0269] xO is the summation of q(I)C,, qTCO, q(lel., and q‘j =
[0270] x1 is the summation of q ,, q cps 4 s a0A q 55
and
[0271] x2 is the summation of (., Q% ¢, @ as a0d G ;s
wherein
[0272] In other preferred embodiments of the multicom-

ponent iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,, wherein

[0273] Q° is selected from the group consisting of Ir,
and Ga, or any combination thereof, wherein each
dopant on the top layer is present in a corresponding
atom percentage of q°,,, and q°,;

[0274] Q! is selected from the group consisting of Ir,
and Ga, or any combination thereof, wherein each
dopant on the second layer is present in a correspond-
ing atom percentage of q*., and q';

[0275] Q7 is selected from the group consisting of Ir,
and Ga, or any combination thereof, wherein each
dopant on the third layer is present in a corresponding
atom percentage concentration of q°,, and q;,;

[0276] x2 which is sum of q*,, and g?, ranges from
0.2 to 0.4, and

[0277] x2 is equal to or larger than any of 5 times of x0
or 5 times of x1, preferably x2 is equal to or larger than
any of 10 times of x0 or 10 times of x1, and most
preferably x2 is equal to or larger than any of 20 times
of x0 or 20 times of x1,

wherein
[0278] xO is the summation of q°,, and q°,;
[0279] x1 is the summation of q', and q',; and
[0280] x2 is the summation of q2,, and g,

[0281] In additional preferred embodiments of the multi-

component iron catalyst of Formula (I) for synthesis of
ammonia from N, and H,
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[0282] Q° is selected from Rh, Pd, Pt, Cu, Zn, Ag, Au,
and Cd, or any combination thereof, wherein Rh, Pd,
Pt, Cu, Zn, Ag, Au, and Cd are present in a correspond-
ing atom percentage of 9%, Q'psr Cp e P
qugs q° 4 and q° . and the sum x0 0of @z, @
P Lo Coagr Utz and q° . ranges from 0.2 to 0.4.
[0283] In further preferred embodiments of the multicom-
ponent iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,,
[0284] Q' is selected from the group consisting of Ni,
Co, Cr, and Si, or any combination thereof, wherein Ni,
Co, Cr, and Si are present in a corresponding atom
percentage of q'v,, 9'cor 9 and q'g;. each ranging
from 0 to 0.4 with the proviso that the sum of q',,
9 cor 9 e, and q'; x1 ranges from 0.2 to 0.4.
[0285] In additional preferred embodiments of the multi-
component iron catalyst of Formula (I) for synthesis of
ammonia from N, and H,,
[0286] Q° is selected from Rh, Pd, Pt, Cu, Zn, Ag, Au,
and Cd, or any combination thereof, wherein Rh, Pd,
Pt, Cu, Zn, Ag, Au, and Cd are present in a correspond-
ing atom percentage of 9%, Q°psr Cpr i P
q° g q°4.. and q°,, each ranging from 0 to 0.4 with
the proviso that the sum of q°4,,, 9% Qo s s
qug, q°,,, X0 ranges from 0.2 to 0.4
[0287] In further preferred embodiments, a multicompo-
nent iron catalyst of Formula (I) as described herein
[0288] Q, comprises Rh, Pt, Pd and Cu dopants in a first
layer of Fe(111) the respective atom percentage q°,,
% par 4y, are each ranging from 0 to 0.4 and that
the sum of q°z;, Q2 Cows e, X0 is greater than 0.2
but equal or less than 0.4.
[0289] In additional preferred embodiments, a multicom-
ponent iron catalyst of Formula (I) as described herein
[0290] Q, comprises Rh, Pt, Pd and Cu dopants in a first
layer of Fe(111) the respective atom percentage q°,,
9’ s 9y, are each ranging from 0 to 0.4 and that
x0 which is the sum of q°;, 9°ss 9 res 9, ranges
from 0.2 to 0.4; and
[0291] Q, comprises Rh, Pt, Pd and Cu dopants in a
second layer of Fe(111) wherein the respective atom
percentage q' » ' 5 9' 5 and q' -, each range from 0
to 0.02 and that the x1 which is the sum of q'z,, q* 5,
q' s and q* ., ranges from 0 to 0.02.
[0292] In other preferred embodiments, a multicomponent
iron catalyst of Formula (I) as described herein

[0293] Q, comprises Rh, Pt, Pd and Cu dopants in a first
layer of Fe(111) wherein the respective atom percent-
age @ w» PCrp oz and q°,, each ranges from 0 to 0.4
and x0 which is the sum of q°,, 95, Q°ps and q°c,
ranges from 0.2 to 0.4; and
[0294] Q, comprises Rh, Pt, Pd and Cu dopants in a
third layer of Fe(111) wherein the respective atom
percentage q° s, @ pp» I pas and q°, each ranges from
0 to 0.02 and x2 which is the sum of q°z;,, @55 Trur
and g2, ranges from O to 0.02.
[0295] In further preferred embodiments, a multicompo-
nent iron catalyst of Formula (I) as described herein
[0296] Q, comprises Rh, Pt, Pd and Cu dopants in a first
layer of Fe(111) wherein the respective atom percent-
age 9 xs» 9 pp Qo and q°., are each ranging from 0O
to 0.4 and x0 which is the sum of the sum of q°x;, 9",
°2a» @, is greater than 0.2 but equal or less than 0.4,
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[0297] Q, comprises Rh, Pt, Pd and Cu dopants in a
second layer of Fe(111) which contain wherein the
respective atom percentage q1 R q1 o q1 pg» and qICu
each ranges from 0 to 0.04 and x1 which is the sum of
the sum of ' ;. 9* 21> 9' o 9" ¢, 18 less than 10% of x0,
preferably less than less than 5% of x0, and

[0298] Q, comprises Rh, Pt, Pd and Cu dopants in a
third layer of Fe(111) wherein the respective atom
percentage concentration q;,, 9, Qs 9, €ach
ranges from 0 to 0.04 and x2 which is the sum of g2,
Trp ©Cpp e, 18 less than 10% of x0, preferably less
than less than 5% of x0.

[0299] In further preferred embodiments, of the multicom-
ponent iron catalyst of Formula (I) for synthesis of ammonia
from N, and H,, Q° is Zn, and q°,, ranges from 0.2 to 0.4.
[0300] In additional preferred embodiments, of the mul-
ticomponent iron catalyst of Formula (I) for synthesis of
ammonia from N, and H,, Q' is Si, and q', is greater than
0.2 and less than or equal to 0.4.

[0301] In further preferred embodiments, of the multicom-
ponent iron catalyst of Formula (I) for synthesis of ammonia
from N, and H,, Q" is Si, and q’; is greater than 0.2 and less
than or equal to 0.3.

[0302] In additional preferred embodiments, of the mul-
ticomponent iron catalyst of Formula (I) for synthesis of
ammonia from N, and H,, Q' is Si, and q', is greater than
0.22 and less than or equal to 0.28

[0303] In further preferred embodiments, of the multicom-
ponent iron catalyst of Formula (I) for synthesis of ammonia
from N, and H,, Q' is Si, and q'; is greater than 0.24 and
less than or equal to 0.26.

[0304] In additional preferred embodiments of the multi-
component iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,,

[0305] Q° comprises Zn present in atom percentage of
(o]
q Zns and
[0306] Q' comprises Ni, Co, and Si, or any combination

thereof, wherein Ni, Co, and Si are present in a corre-
sponding atom percentage of q',;, q* ., and q';, each
ranging from O to 0.4 and the sum of q°,, 9", 9" s
and q', x1 ranges from 0.2 to 0.4.
[0307] In further preferred embodiments of the multicom-
ponent iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,,

[0308] Q° comprises Zn present in atom percentage of
q°,,,, wherein q°,,, is greater than O and less than or
equal to 0.4, and

[0309] Q! comprises Cr, Ni, Co, and Si, or any combi-
nation thereof, wherein Cr, Ni, Co, and Si are present
in a corresponding atom percentage of @', ' ;> ' o
and q',, each ranging from O to 0.4 and wherein sum
of °4 9 oo Qo> s and q' ; ranges from 0.2 to 0.4.

[0310] In additional embodiments of the multicomponent
iron catalyst of in Formula (I) for synthesis of ammonia from
N, and H,,

[0311] Q° comprises Zn present in atom percentage
q°,,,, ranging from 0.1 to 0.4, and

[0312] Q' comprises Ni present in atom percentage
q' s> ranging from 0.1 to 0.4,

wherein q°,,+q',, optionally ranges from 0.2 to 0.4.
[0313] In some embodiments of the multicomponent iron
catalyst of in Formula (I) for synthesis of ammonia from N,
and H,,
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[0314] QP comprises Zn present in atom percentage of
q Zns

[0315] Q' comprises Ni present in atom percentage of
q Nid

wherein q°,, is equal or higher than q',;, and
wherein q°,,+q",, optionally ranges from 0.2 to 0.4.
[0316] In some of the preferred embodiments of the mul-
ticomponent iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,, x0 is preferably equal to or larger
than any one of 10 times of x1 or 10 times of x2.
[0317] In some of the preferred embodiments of the mul-
ticomponent iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,, x1 is preferably equal to or larger
than any of 5 times of x0 or 5 times of x2.
[0318] In some of the preferred embodiments of the mul-
ticomponent iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,, x1 is preferably equal to or larger
than any of 10 times of x0 or 10 times of x2.
[0319] In some embodiments of the preferred multicom-
ponent iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,, x2 is preferably equal to or larger
than any of 5 times of x0 or 5 times of x1.
[0320] In some embodiments of the preferred multicom-
ponent iron catalyst of in Formula (I) for synthesis of
ammonia from N, and H,, x0, x1, and x2 each x0, x1, and
x2 each range independently from O to 0.4.
[0321] In some embodiments of the multicomponent iron
catalyst of in Formula (I) for synthesis of ammonia from N,
and H,, the third layer of the iron crystal or iron film can be
deposited on a substrate comprising a base layer consisting
of at least three layers of iron atoms.
[0322] Reference is made to FIG. 4 which shows a sche-
matic representation of an embodiment of the multicompo-
nent iron catalyst for ammonia synthesis from hydrogen and
nitrogen as described herein. In the schematics of FIG. 4, an
optional base layer (1604) is disposed on the solid support
(1605) to provide a multicomponent catalysts material. The
solid support can be selected from the group consisting of
metal including bulk iron, metal oxide including alumina,
solid inorganic oxide, ceramics, glass, or any combinations
thereof. On the optional base layer is disposed a third iron
layer Fez(l_ﬂ)sz2 which is doped with dopant Q. As
described herein x2 refers to the atomic percentage of
dopant Q? on the third iron layer. On the third iron layer
Fe? a- xz)Q > shown as element (1603) is disposed a second
iron layer Fe' a- xl)Q ., which doped with dopant Q'
described herein x1 refers to the atomic percentage of
dopant Q' on the second iron layer. On the second iron layer
Fe' a- xl)Q 1 shown as element (1602) is disposed a top iron
layer Fe® a xO)Q ' o (1601) which is doped with dopant Q° .
As described herein x0 refers to the atomic percentage of
dopant Q° on the top iron layer.
[0323] In embodiment of catalyst of Formula (I) herein
described a film of Fe was deposited on AI203 and then
monolayers of the Ni and Si dopants on the top followed by
annealing.
[0324] A multicomponent iron catalyst of Formula (I) here
described, can be produced by a method comprising
[0325] depositing a third layer of iron atoms Fe® on a
base layer, optionally doping the third layer with dop-
ant Q?,
[0326] depositing a second layer of iron atoms Fe' on
the third layer of iron atoms Fe?, optionally doping the
second layer with dopant Q",
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[0327] depositing a top layer of iron atoms Fe® on the
second layer of iron atoms Fe', optionally doping the
first layer with dopant Q°,

to obtain a three layers structure having a Formula (I) herein
described.

[0328] In some embodiments, in the method of producing
a multicomponent iron catalyst of Formula (I) as described
herein, the depositing and/or doping is performed by a step
selected from the group consisting of epitaxy, ion sputtering,
controlled surface reactions (CSR), atomic layer deposition
(ALD), cluster beam deposition, colloidal synthesis and
galvanic displacement or any combinations thereof. Option-
ally the method of producing a multicomponent iron catalyst
of Formula (I) as described herein further includes anneal-
ing.

[0329] In some embodiments, a method of atomic layer
deposition (ALD) for preparing a multicomponent iron
catalyst of Formula (I) is provided, the method comprising
providing a solid support, optionally depositing a base layer
of at least three iron layers on the solid support depositing
a third layer of iron and dopant Fe? a- xz)Q - on the substrate
if present or deposrtrng a third layer of iron Fe? a- xz)Q > On
the solid support in the absence of the substrate, depositing
a second layer of iron Fe! a- xl)Q 1 on the third layer of iron
Fe? a xz)Q 2, and depositing a top layer of iron Fe® a xO)Q 0
on the second layer of iron Fe' a- xl)Q 1> Wherein the ratio
of atoms on the third layer to the top layer is b, and the ratio
of atoms on the second layer to the top layer is a, to obtain
multicomponent iron catalyst of Formula (I).

[0330] In Insome embodiments, a method of atomic layer
deposition (ALD) for preparing a multicomponent iron
catalyst of Formula (I) is provided, the method comprising
providing a solid support, wherein the solid support com-
prises the solid support is selected from the group consisting
of' metal, metal oxide, solid inorganic oxide, ceramics, glass,
or any combinations thereof.

[0331] In some embodiments, a method of epitaxy for
preparing a multicomponent iron catalyst of Formula (I) is
provided, the method comprising providing a solid support,
optionally depositing a base layer of at least three iron layers
on the solid support depositing a third layer of iron and
dopant Fe? a xz)Q _» on the substrate if present or deposrtrng
a third layer of iron Fe? a .)Q?,, on the solid support in the
absence of the substrate, depositing a second layer of iron
Fe! a- xl)Q . on the third layer of iron Fe? a xz)Q s and
depositing a top layer of iron Fe° a- xO)Q o on the second
layer of iron Fe' a- xl)Q 1> Wherein the ratio of atoms on the
third layer to the top layer is b, and the ratio of atoms on the
second layer to the top layer is a, to obtain multicomponent
iron catalyst of Formula (I).

[0332] In some embodiments, a method of epitaxy for
preparing a multicomponent iron catalyst of Formula (I) is
provided, the method comprising providing a solid support,
wherein the solid support is selected from the group com-
prising metal, metal oxide, solid inorganic oxide, ceramics,
glass, or any combinations thereof.

[0333] In some embodiments, a method of preparing a
stable multicomponent iron catalyst of Formula (I) is pro-
vided, the method comprising providing a solid support,
optionally depositing a base layer of at least three iron layers
on the solid support depositing a third layer of iron and
dopant Fe? a- xz)Q » on the base layer if present or depos-
1t1ng a third layer of iron Fe® a xz)Q > on the solid support
in the absence of the base layer, depositing a second layer of
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iron Fel( 1_%0)Q1)Cl on the third layer of iron Fez( 1—x2)Q2x25 and
depositing a top layer of iron Feo(l_xo)QO)CO on the second
layer of iron Fel( 1_x1)Q1x1s wherein the ratio of atoms on the
third layer to the top layer is b, and the ratio of atoms on the
second layer to the top layer is a, to obtain a multicomponent
iron catalyst of Formula (I), wherein depositing optionally
comprise annealing to obtain the multicomponent iron cata-
lyst of Formula (I) as herein described.

[0334] In some embodiments, one or more multicompo-
nent iron catalysts of Formula (I) in accordance with the
disclosure can be comprised in a multicomponent iron
catalyst material wherein the third layer of the iron crystal or
iron film is deposited on a substrate comprising a base layer
consisting of at least three layers of iron atoms, and wherein
the substrate is anchored on a suitable solid support for a
catalysis process.

[0335] In particular, in some embodiments exemplified by
the schematic illustration of FIG. 4, a multicomponent iron
catalyst material comprises a multicomponent iron catalyst
for synthesis of ammonia from N, and H, comprising the
three layers structure having a Formula (I) herein described
schematically represented by layers (1601) (1602) and
(1603), wherein the third layer of the iron crystal or iron film
(1603) is deposited on a substrate comprising a base layer
(1604) consisting of at least three layers of iron atoms,
wherein the substrate is anchored on a suitable solid support
(1605) for a catalysis process.

[0336] In some embodiments, the base layer comprises
three layers of iron atoms of Fe(111) face or three layers of
iron atoms of Fe(211) face.

[0337] In some embodiments, the base layer is disposed
on a solid support capable of forming stable binding inter-
action with the base layer. The exemplary binding interac-
tion includes van der Waals force, electrostatic interaction,
dipolar interaction, charge-dipole interaction, or dispersive
interactions. The term stable binding interaction is meant to
define a binding force between the base layer and the solid
support which is sufficiently strong to impart structural
integrity during the catalytic process as described herein.
Exemplary solid support includes metal including bulk iron,
metal oxide, solid inorganic oxide, ceramics, glass, or any
combinations thereof.

[0338] In some embodiments, in the multicomponent iron
catalyst material as described herein, the base layer of at
least three layers of iron atoms comprises three layers of
Fe(111) face atoms.

[0339] In some embodiments, in the multicomponent iron
catalyst material as described herein, the base layer of at
least three layers of iron atoms comprises three layers of
Fe(211) face atoms.

[0340] In some embodiments, in the multicomponent iron
catalyst material as described herein, the solid support is
selected from the group consisting of metal, metal oxide,
solid inorganic oxide, ceramics, glass, or any combinations
thereof.

[0341] In some embodiments, in the multicomponent iron
catalyst material as described herein, the solid support is a
metal of iron.

[0342] In some embodiments, in the multicomponent iron
catalyst material as described herein, the solid support is a
silicon dioxide.

[0343] In some embodiments, in the multicomponent iron
catalyst material as described herein, the solid support is
alumina.
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[0344] In some embodiments, in the multicomponent iron
catalyst material as described herein, the solid support is a
zirconium oxide.

[0345] A multicomponent iron catalyst material compris-
ing a multicomponent catalyst herein described can be
further produced by a method comprising

[0346] providing a substrate comprising a solid support
and a base layer consisting of at least three layers of
iron atoms, wherein the base layer is anchored on a
suitable solid support for a catalysis process.

[0347] The method to provide a multicomponent iron
catalyst material comprising a catalyst of Formula (I) herein
described further comprises

[0348] depositing a third layer of iron atoms Fe” on the
base layer, optionally doping the third layer with dop-
ant Q°,

[0349] depositing a second layer of iron atoms Fe' on
the third layer of iron atoms Fe?, optionally doping the
second layer with dopant Q*,

[0350] depositing a first layer of iron atoms Fe® on the
second layer of iron atoms Fe', optionally doping the
first layer with dopant Q°,

[0351] obtaining the multicomponent iron catalyst
material comprising a three layers structure having a
Formula (I), wherein the depositing optionally includes
annealing.

[0352] The method to provide a multicomponent iron
catalyst material comprising a catalyst of Formula (I) herein
described comprises

[0353] providing a bulk iron alloy containing sufficient
amount of dopant Q°, dopant Q*, and dopant Q?,

[0354] dividing, sizing, and/or shaping the bulk iron
alloy of dopant Q°, dopant Q', and dopant Q? contain-
ing sufficient amount of dopant Q°, dopant Q', and
dopant Q* to a form suitable for catalysis reaction,
including particulate shapes of a diameter ranging from
1 microns to 1000 microns or film shape of 1 microns
to 1000 microns in thickness,

[0355] annealing the divided, sized, and/or shaped the
bulk iron alloy of dopant Q°, dopant Q', and dopant Q>
to obtain the multicomponent iron catalyst material
comprising a catalyst of Formula (I).

[0356] In some embodiments an iron catalyst of Formula
(D) in accordance with the disclosure can be provided by a
method of producing a multicomponent iron catalyst com-
prising

[0357] providing an Fe® Fe' Fe? iron atoms three layers
structure,
[0358] contacting a dopant or a dopant precursor with

the Fe° Fe' Fe? iron atoms three layers structure,
[0359] annealing the Fe® Fe' Fe? iron atoms three layers
structure following the contacting, to allow the dopant
replace part of the Fe® iron atoms with a Q° dopant, part
of the Fe' iron atoms with a Q' dopant and part of the
Fe? iron atoms with a dopant Q2.
[0360] The term annealing as used herein refers to a
process of diffusion or migration of a dopant atom from one
atomic position to another atomic position of a solid material
or from one solid material to another solid material that are
in physical contact under conditions to allow formation of a
stable composition of the solid material containing the
dopant.
[0361] In some embodiments, a multicomponent catalysts
of Formula (I) can be prepared by epitaxy, ion sputtering,
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controlled surface reactions (CSR), atomic layer deposition
(ALD), cluster beam deposition, colloidal synthesis and
galvanic displacement.

[0362] In some embodiments, a multicomponent catalysts
of Formula (I) prepared by epitaxy, ion sputtering, con-
trolled surface reactions (CSR), atomic layer deposition
(ALD), cluster beam deposition, colloidal synthesis and
galvanic displacement can be annealed and converted to a
thermodynamically stable state.

[0363] In some embodiments, the annealing of dopant in
an Fe can occurs at a temperature ranging from 100 to 700°
C.

[0364] In some embodiments, the annealing of dopant in
an Fe can occurs in 0.1 to 24 hours. The calculated atomic
radii in Angstrom (A) for exemplary dopants and iron are
shown in the parenthesis for each elements Sc (1.84), Ti
(1.76), V (1.71), Cr (1.66), Mn (1.61), Fe (1.56), Co (1.52),
Ni (1.49), Cu (1.45), Zn (1.42), Y (2.12), Zr (2.06), Nb
(1.98), Mo (1.90), Tc (1.83), Ru (1.78), Rh (1.73), Pd (1.69),
Ag (1.65), Cd (1.61), La (2.26), Hf (2.08), Ta (2.00), W
(1.93), Re (1.88), Os (1.85), Ir (1.80), Pt (1.77), Au (1.74),
Hg (1.71), Ce (2.10), Eu (2.13), Er (2.26), Tm (2.22), Si
(1.11), Ga (1.36). (See [37]).

[0365] In some embodiment, the relative atom percentage
concentration of dopant atoms for the multicomponent cata-
lysts of Formula (1) as described herein are selected based on
the relative difference in absolute number in calculated
atomic radii from iron. Therefore, when more than one
dopant atom is present in at least one of top layer, second
layer or third layer of the catalyst, a dopant that is closer in
atomic radius to the atomic radius of Fe will be present in a
larger amount.

[0366] Insome embodiments, dopants with corresponding
difference in atomic radii from iron in parentheses including
Rh (+0.17 A), Pd (+0.13 A), Pt (+0.21 A), Cu (-0.11 A), Zn
(-0.14 A), Ag (+0.09 A), Au (+0.18 A), and Cd (+0.05 A),
or any combination thereof are present in a top layer of the
multicomponent catalysts of Formula (I) as described
herein, wherein the atom percentage concentration for each
dopant is in the decreasing order of q°, q° g Lo Cous
9z Ui Ut a0d Q%

[0367] In accordance with the present disclosure, multi-
component catalysts of Formula (I) and related catalyst
materials herein described can be used in a method for
synthesis of ammonia from N, and H, is described. The
method for synthesis of ammonia from N, and H, comprises
contacting N, and H, the multicomponent iron catalyst of
Formula (I) and/or the multicomponent iron catalyst mate-
rial comprising the multicomponent iron catalyst of Formula
(D for a time and under conditions to obtain ammonia.
[0368] Reference is made in this connection to FIG. 5
which shows a schematic illustrating the synthesis ammonia
from reaction of hydrogen and nitrogen catalyzed by the
catalyst as described herein. A hydrogen source (1701) and
a nitrogen source (1702) are provided. The hydrogen and
nitrogen are combined and conducted to reactor (1703)
containing catalyst of Formula (I) as described herein. The
hydrogen and nitrogen are reacted in the reactor (1703) as
catalyzed by the catalyst of Formula (I) to form ammonia.
The reaction mixture comprising ammonia and the unre-
acted hydrogen and nitrogen are passed to a separator (1707)
in which ammonia product is isolated from hydrogen and
nitrogen. The unreacted hydrogen and nitrogen are com-
bined with the fresh hydrogen and nitrogen from hydrogen
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source (1701) and a nitrogen source (1702) and recycled to
the reactor (1703) containing catalyst of Formula (I) for a
subsequent reaction cycle forming ammonia from reaction
of hydrogen and nitrogen catalyzed by the catalyst as
described herein.

[0369] In some embodiments, in the method for synthesis
of ammonia from N, and H, as described herein, the N, and
the H, are at a partial pressure up to 1 to 250 atmospheric
pressure and a temperature of 50 to 650° C.

[0370] In some embodiments, in the method for synthesis
of ammonia from N, and H, as described herein, the N, and
the H, are at a partial pressure up to 20 to 200 atmospheric
pressure and a temperature of 150 to 450° C.

[0371] In some embodiment, nitrogen and hydrogen gas
are combined to form a mixture. The mixture of nitrogen and
hydrogen gas is passed through a catalyst of Formula (I) at
a temperature of 50 to 650° C. and wherein the N, and the
H, are at a partial pressure up to 1 to 250 atmospheric
pressure to produce ammonia at in a yield of at least 10%
based on H,.

[0372] In some embodiments, in the method for synthesis
of ammonia from N, and H, as described herein, the N, and
the H, are at a partial pressure up to 25 to 75 atmospheric
pressure and a temperature of 175 to 250° C.

[0373] In some embodiments, in the method for synthesis
of ammonia from N, and H, as described herein, the N, and
the H, are at a combined partial pressure of up to 30 to 50
atmospheric pressure and a temperature of 200 to 225° C.

[0374] In some embodiments, the method for synthesis of
ammonia from N, and H, as described herein, wherein the
N, and the H, are at a partial pressure up to 30 to 50
atmospheric pressure and a temperature of 200 to 225° C.

[0375] Additional, embodiments of the screening methods
and related catalysts, material, compositions methods and
systems will become apparent to a skilled person upon
reading of the entire disclosure inclusive of drawings and
claims and are further illustrated with the aid of the follow-
ing examples which are not intended to be limiting.

EXAMPLES

[0376] The following examples show exemplary methods
and systems of screening candidate catalysts for energy
intensive Haber-Bosch ammonia synthesis and related cata-
lyst obtainable therefrom. A skilled person will be able to
apply the guidance provided in the following examples for
screening candidate catalysts of other chemical reactions in
accordance with the disclosure.

[0377] Accordingly, the following examples are provided
for further illustration of embodiments of the present dis-
closure and are not intended to be limiting in any way.

General Computational Procedures

[0378] The same first-principles approach as in Ref.
[2]was used, i.e., DFT with the Perdew-Burke-Ernzerhof
(PBE) [19] [20] exchange-correlation functional including
Grimme-D3 empirical corrections for long range London
dispersion (van der Waals attraction) [22] i.e. PBE-D3.
Small differences in the energetics with respect to Ref.
[2]are due to the fact that here the VASP code [19] [20]was
consistently used for both gas-phase and surface species
instead of the Jaguar code for gas-phase molecules as in Ref.
[2] and the reaction network of 26 states have been stream-
lined to 21, thus leading to small differences in the predicted
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rates of ammonia production. The electron partial occupan-
cies were determined using the tetrahedron method with
Blochl corrections. It was established that an energy cutoff
of 600 eV leads to converged energies, forces and geom-
etries. In all calculations the energy convergence of 107% eV
was used for terminating electronic self-consistent field
(SCF) and the force criterion of 10~ eV/A. The K-point
sampling was chosen to be 4x4x1 in which z direction is the
vacuum direction. All calculations are spin-polarized. The
PBE-D3(BI) calculated lattice parameter is 2.807 A for the
bulk Fe bece structure at 0 K. A slab model with 6 Fe layers
was used, of which the top 3 layers are allowed to relax, with
the bottom two layers fixed. 15 A of vacuum was included
in the z direction to minimize possible interactions between
the replicated cells.

[0379] For the phonon calculations density functional per-
turbation theory (DFPT) is used to calculate the phonon
density of states and 107° eV energy convergence threshold.
The same procedure was applied for the transition states free
energy correction. It is noted that some of the frequencies
correspond to hindered translational or rotational modes, for
which the harmonic oscillator description is less accurate. In
these cases, namely NH3 and N2 desorption calculations,
only ZPE corrections is used.

[0380] All raw energy data are provided in Table 4
reported in Example 10.

Example 1: Rate Limiting Steps

[0381] Rate limiting steps have been determined on a free
energy diagram the exemplary reference catalyst Fe(111)
with respect to the chemical reaction Haber-Bosch ammonia
synthesis, as illustrated in FIG. 6.

[0382] In the illustration of FIG. 6, the rate-determining
step having the highest energy barrier corresponds to N,
desorption/dissociation, therefore ranked the first place. The
rate-determining step having the second highest energy
barrier corresponds to H, poisoning to the N, adsorption,
ranked the second place. The rate-determining step having
the third highest energy barrier corresponds to NH, hydro-
genation, ranked the third place. The rate-determining step
having the fourth highest energy barrier corresponds to NH;
desorption, ranked the fourth place (FIG. 6).

Example 2: Exemplary Screening Criteria

[0383] In an exemplary embodiment, the following
screening criteria were used when empirical correction are
applied.

barrier(1)=AE{4N->2N[zig-zag]+N2}-0.358 eV

constraint: AB{2N_N2[y,zig-zag]->2N[zig-zag]+
N2}>0.5 eV

barrier(2)=AE{2N_2H][linear2]->2N[zig-zag]+H2 }+0.
113 eV

barrier(3)=AE{4N+314H2->2N_NH3H][zig-zag]+
NH3}+3.340 eV

barrier(4)=AE{4N+314H2->2N_NH3H][zig-zag]+
NH3}+3.2955 eV

barrier(1-4)=barrier(1-4)+max{AE{4N[subsurface-
dopant]->4N[surface-dopant]},0}
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Example 3: In Silico Strategy for Doped Fe(111)
Catalysts for HB Synthesis

[0384] In criterion 1, a component of the largest barrier is
due to N, adsorption on 2N[zig-zag] to give 2N_N,[y,zig-
zag), i.e., N, adsorbed on a top site of the Fe(111) surface
(the v state is named in keeping with Ref. [2]). This barrier
is the sum of the reaction free energy (0.08 eV) plus the
desorption enthalpy o N, from 2N_N,[y,zig-zag]. This com-
ponent is expected to be roughly constant upon variations of
the N2 adsorption energy. It is also noted that there are three
possible doping sites for 2N_NH2_H, three doping sites for
2N_N2, and only one doping site for 2N (FIG. 3). The
doping site associated with lowest-energy for 2N_NH2_H
was used to estimate barrier(1).

[0385] In criterion 2, there exist 2 different 2N_2H[linear]
structures, that are named as 2N_2H[linear] and 2N_2H
[linear2], see FIG. 11(c,d). 2N_2H][linear] is electronically
less stable than 2N_2H[linear2] at 0 K but becomes more
stable after including entropic corrections at 673 K. 2N_2H
[linear2] is used as the reference structure in HTS because
of its lower electronic energy.

[0386] In criterion 3, the 2N_NH3_H configuration was
used, rather than 2N_NH3, which is also involved in the
NH3 desorption barrier of the next step: this suggests that
the third and fourth criteria might be merged, but they were
kept separate because they are physically different and could
be formally distinguished using alternative screening criteria
for barrier(3), such as the energy difference between
2N_NH2_H and 2N_NH2_2H configurations plus the bar-
rier for the “2N_NH2_2H->2N_NH3_H" step.

[0387] In criterion 5, the stability estimation could be
improved and made more precise by considering the AE of
the inverse-segregation process for the resting state of each
barrier and add it to that barrier, but the present choice
should be sufficient for a first quick screening (under steady-
state conditions the most abundant surface configuration
exhibit only a partial coverage by NHy-species, such as
2N_NH2_H or 2N_2H, see Table 2 in Ref. [2]).

[0388] Owverall, the above analysis and results can be
summarized into the rationale that the optimal dopant ele-
ments should decrease the stability of the resting states (i.e.,
2N_NH2_H or 4N configurations) with respect to the active
states of the catalyst involved in the absorption and disso-
ciation of N2 (the 2NJ[zigzag] configuration) as well as the
barriers in the hydrogenation of NHy-adsorbed species to
NH;, and should also not increase sensitivity to hydrogen
poisoning nor hinder the desorption of NH;.

Example 4: kMC Simulations

[0389] Rate constants of individual steps are derived from
transition state theory as (kBT/h)exp(-AG1/kBT), wherein
-AGT is the difference in free energy between the starting
state and the saddle point. For reactions involving adsorp-
tion of gas-phase species, transition state theory was used for
the reverse desorption process, and microscopic reversibility
principle was invoked to calculate the rate of the direct
process. 20 independent replicas and 2x109 kMC steps each
were used (checking that the results are converged within
5% with respect to a test case using 100 replicas and 2x1010
kMC steps) for a total simulated time of 530 s (pure Fe
surface) and 3702 s (Rh-doped surface), under conditions of
T=673 K, P(H2)=15 atm, P(N2)=5 atm, and P(NH3)=1 atm.
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Example 5: Energy Diagram of Rh-Doped Fe
Catalyst

[0390] FIG. 9 displays the reaction energy diagram of
Rh-doped Fe system. The three highest-energy states which
play the most important role in determining the reaction rate
in kMC model are described below.

[0391] (1) 2N->2N_N, (N, gas->N, triple bonded, top
layer). This step involves N2 adsorption (Gt=1.44) and its
resting state is 2N_2H[linear] (linear configuration, FIG. 11)
with G=-0.18, together making this barrier 1.44+0.18=1.62
in kMC.

[0392] (2) 2N_N,->4N (N,*—>N*+N*)Gi=1.43 is the
highest barrier along N, dissociation, see FIG. 16. This
involves a complex reaction pathway: triple-bonded N,
adsorbed on top of first layer Fe (oN=N-T or y)->triple-
bonded N, adsorbed on the second layer (o0N=N—S or
d)->double-bonded N, to a bridge site (mN=Nm, or
a)->single-bonded N, at a 3-fold site (2tN—Nm, or o)-
>the dissociated state 4N () (FIG. 16). The maximum
barrier is 1.43 eV from the a'->f. All the barriers in the N,
dissociation are considered in the kMC model.

[0393] (3) 3N_NH2_2H->3N_NH, H  (NH,*+H*-
>NH,*). This step involves hydrogenation or H migration
(G7=1.41) and its resting state is 3N_NH, with G=0. There-
fore, this barrier is 1.41 in kMC.

Example 6: Analyze Free Energy Network of
Haber-Bosch Ammonia Synthesis Process Over
Fe(111)

[0394] The hierarchical high-throughput screening
approach herein described is demonstrated using Haber-
Bosch ammonia synthesis process over Fe(111) as an
example.

[0395] The free-energy reaction network for ammonia
synthesis (HB) process over Fe(111) derived in Ref. [2]was
used, in which density-functional theory (DFT) predictions
[19] [20] [21] [22] free energies and reaction rates used the
(2x2) unit cell of Fe(111) (PBE-D3) [19] [20]exchange
correlation functional, see Ref. [2]for computational
details). This is one of the most extensive first-principles-
based investigation of a heterogeneous catalytic reaction
ever reported. This free-energy reaction network, evaluated
at 673 K, P(H2)=15 atm, P(N2)=5 atm, P(NH3)=1 atm, is
shown as a linear diagram in FIG. 6. The predicted Turn-
Over-Frequency (TOF) of 17.7 NH3/sec for our 2x2 com-
putational cell is in excellent agreement with the TOF=9.7
NH3/sec from single crystal experiments [2] (changing the
barrier for the rate determining step by 0.04 eV, would
reduce the predicted rate to 9.7 showing the sensitivity of
TOF to the reaction barriers).

[0396] The energy diagram shown FIG. 6 suggests that the
barrier for N2 absorption/desorption is the highest. But the
kinetic Monte Carlo analysis show that the dissociative
chemisorption of H2 and the desorption of NH3 play an
essential role in providing the empty sites required for the
N2 to bind and as the NN bonds are reduced from 3 to 0. As
a result, the desorption of NH3 is also rate limiting for
Fe(111). Additional potential RDSs involve the successive
addition of H* to NHx* via Langmuir-Hinshelwood (LH)
additions, leading to 4 possible RDSs, that also depend on
H2 chemisorption and NH3 desorption of H. Thus, there are
at least 10 potential RDS, each of which may require specific
types of sites.
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Example 7: Identify and Rank Rate Determining
Steps

[0397] 10 potentially rate determining steps in the free
energy network were identified and then partitioned into 4
distinct and diverse processes that may become determining

as the Fe catalyst are doped:
[0398] (i) activation of the N—N bond (itself composed
of 4 different steps, from adsorption from the gas phase

to interconversion between different adsorption
modes),
[0399] (ii) hydrogenation of NHx-adsorbed species (it-

self also distinguished into 3 different steps with x=0-
2),
[0400] (iii) desorption of the NH3 product (in 2 differ-
ent points along the catalytic path), and
[0401] (iv) poisoning of catalytically active sites by

reactant (H2) or product (NH3) species.
[0402] All 10 of these distinct steps could be rate-deter-
mining. As the first step, the full kMC kinetic analysis was
used to simplify this reaction network to single out the
minimum number of processes (4) and corresponding reac-
tion free energies required to estimate the overall catalytic
rate with minimum computational effort but simultaneously
with sufficient accuracy to avoid missing any potential
candidates.
[0403] In details, the Dijkstra’s algorithm [27] was used to
single out the shortest (minimum-barrier) path between
initial and final states within the given reaction network,
which gives the largest contribution to the rate constant
under steady-state conditions. This path was then sectioned
into a sequence of lowest-free-energy resting states and
highest-free-energy transition states, in which the resting
states are local minima of the free-energy profile while
transition states are the highest-free-energy points between
two resting states. The free-energy difference between each
couple of transition and resting states defines our set of
free-energy barriers, which are then arranged in decreasing
order. It can be noted in this connection that, for the largest
barrier, its resting state exhibits the most negative degree of
rate control (DRC) index and its transition state exhibits the
most positive DRC index as defined by Campbell et al. [38],
but the second-largest and lower barriers typically exhibit
negligible DRC indexes.
[0404] Itis noted that the free-energy diagram and thus the
associated hierarchy of reaction barriers depend also on the
experimental conditions, i.e., temperature and pressure of
reactants and products. Here T=673 K, P(H2)=15 atm,
P(N2)=5 atm, and P(NH3)=1 atm were selected.
[0405] Accordingly, 4 distinct steps in the N2 reduction,
three distinct steps in adding H* to NHx* and two distinct
NH3 desorption steps were found. Based on the relative
barriers the above steps were further reduced to two poten-
tial RDS for N2 desorption, one for H* plus NHx, and one
NH3 desorption. This is especially important when optimi-
zation approaches the ideal catalyst presenting a uniform
energy landscape, in which all the potentially rate-determin-
ing steps exhibit similar barriers and similar rates. Thus,
screening methods of the disclosure (herein also HHTS)
consider a diversity of energetic and barrier calculations.
This makes HHTS much more likely to succeed for a much
wider and rigorous applicability. The only assumption in
HHTS is that the dopants can change the relative energies of
the configurations and therefore the kinetics, but do not
significantly change the overall reaction mechanism.
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Example 8: Modify the Fe(111) Catalyst to
Generate Candidate Catalysts

[0406] Fe(111) catalystis used as the reference catalyst for
modification to generate a number of candidate catalysts. To
modify the Fe(111) catalyst, one of the 4 topmost Fe atoms
in the (2x2) unit cell was replaced with one from a set of 34
metal elements covering a large portion of the periodic table
(substitutional surface doping, see FIG. 7, panel A,B, with
the set of dopants shown in FIG. 7, panel C). The 29
transition metal elements, plus selected lanthanides for a
total of 34 elements were considered as dopants (alkalis such
as K are not considered since they adopt non-substitutional
configurations)

Example 9: Define a Criterion to Estimate the
Effect of the Proposed Change in the Catalyst on
Each Energy Barrier

[0407] Each RDS is associated with an energy barrier. For
each barrier a simple criterion was defined to estimate how
the given barrier will be affected by a change in the catalyst.
[0408] This was done by associating a reaction to each
barrier and using the corresponding electronic reaction
energy (same DFT approach and VASP software as in Ref.
[2]) to estimate the change in free-energy barrier. In other
words, only the free-energy of reference states were explic-
itly calculated. In general, the free-energy of transition states
can be explicitly calculated or estimated via Brensted-
Evans-Polanyi (BEP) relations [33, 34]. But the key barriers
for N? adsorption and hydrogen migration are essentially
constant (independent of the dopant), which corresponds to
assuming unitary slope BEP linear relationship between free
energy barrier and reaction free energies. In some cases, for
example, for the predicted best dopant, Rh, the barriers were
calculated. The good correspondence of this full predicted
with the in-silico estimates justifies the approximation.
Simple DFT geometry relaxations are needed to evaluate
such criteria for each element. FIG. 8 illustrates the con-
figurations used in the screening procedure.

Example 10: Evaluate Each Criterion in the Order
of Decreasing Barrier

[0409] The previous QM studies for HB on Fe(111) found
4 reaction barriers: two are involved in adsorbing/dissoci-
ating N2, one is involved in Had reacting with NHx to form
NHx+1, one is associated with H2 poisoning, and one
involves NH3 adsorption/desorption. But in analyzing the
rates using kMC these rates can be related back to funda-
mental differences in free energies of various intermediates
which allows one to minimize the states that is analyzed.

Criterion 1. Triple Bonded N2 Absorption Over 2N State

[0410] The largest free-energy barrier in the diagram of
FIG. 6—yellow line, barrier (1)—is associated with N2
adsorption over the 2N state. The system first transforms
from its low-energy resting state with a high coverage of
NHy-absorbed species into the 2N|zig-zag| configuration
(FIG. 8, A), which has two nearest-neighbor vacant bridge
sites so that it can dissociate N,, which is followed by N,
adsorption and dissociation. It is noted® that the 2N[zig-zag]
configuration is named “zig-zag” because an alternative
“linear” configuration with the same stoichiometry exists, as
illustrated in FIG. 11(a,b) (the same alternative applies to
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configurations with different stoichiometry such as
2N_NH,_H, 2N_N,][v], etc.). A high energy price is asso-
ciated with generating the 2N]|zig-zag| configuration on
Fe(111). An improved catalyst should decrease this energy
price and thus the stability of N adatoms on the surface,
while still exhibiting a sufficiently large affinity to nitrogen
to be able to dissociate N, effectively. The first criterion is
identified as being connected with the N2 adsorption/disso-
ciation barrier, with the electronic reaction energy from the
2N_NH2_H|zig-zag] (FIG. 8, B-D) resting state to 2N|zig]
zag); “2N_NH2_H]|zig-zag]+NH3” (see FIG. 8 for pictorial
illustrations). Note that the highest saddle point for subse-
quent N, dissociation is 0.3 eV below the saddle point
corresponding to barrier(l). This might become rate deter-
mining when the N, absorption energy onto the catalyst
surface is too small. The first criterion is thus complemented
by evaluating the N, adsorption energy on 2N|zig-zag], i.e.,
the energy difference between the “2N[zig-zag|+N2gas-
phase” and 2N_N2[y,zig-zag] configurations, and ensuring
that this adsorption energy is >0.5 eV as an additional
constraint. Barrier(1) is estimated via the formulae:
barrier(1)=AE{2N_NH2_H][zig-zag]->2N[zig-zag]+
NH3}-0.104 eV (1

constraint: AB{2N_N2[y,zig-zag]->2N[zig-zag]+

N2}>0.5 eV 2
wherein 2N_NH2_HJ[zig-zag], 2N|zig-zag] and 2N_N2[y,
zig-zag| (FIG. 8, M-O) correspond to the surface configu-
rations discussed above, N, and NH; refer to molecules in
the gas phases, and “AE” refers to the electronic energy
difference between the states after arrow and states before
arrow. The energy value “0.104 eV was computed based on
the free energy corrections of the pure Fe(111) surface. The
barrier (1) corresponds to the energy barrier (1) values in
FIG. 6 for the pure Fe(111) surface. All the electronic
energies of the doped configurations are listed in the

TABLE 4

Exemplary electronic energies of the doped configurations

Element 4N_subsurface AN_top_layer
Pd -218.3993357 -219.1870789
Pt -219.5902159 -219.9878914
Cu -217.0311185 -217.2738684
Ni -219.3320788 -219.2568385
Co -220.98062 -220.8070058
Fe -222.19011584 -222.19011584
Rh -220.8212514 -221.3573372

barrier(1-4) = barrier(1-4) + max{ DE{4N[subsurface-dopant] — 4N[surface-dopant] }, 0}

wherein Fe has the same electronic energy for top layer and
subsurface layer.

Criterion 2. H2 Poisoning N2 Dissociation Via the 2N_2H
Resting State

[0411] The second highest barrier in FIG. 6—blue line,
barrier(2)—is associated with the same saddle point, but is
connected with the observation that the 2N_2H][linear] (FIG.
3 E-F) configuration can represent a resting state under some
conditions (e.g. at low NH3 pressure) which can slow down
catalysis (H2 poisoning). Therefore, the second criterion is
expressed by the formula:

barrier(2)=AE{2N_2H[linear2]-2N[zig-zag]+H2}+0.
113 eV 3)
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where 2N_2H][linear2] corresponds to the surface configu-
ration (FIG. 11) discussed above, and H2 refers to hydrogen
in the gas phase. The energy value “0.113 eV” was com-
puted based on the free energy corrections of the pure
Fe(111) surface.

Criterion 3. H, , Migration to NH2Ad to Form NH3adx

[0412] The conversion of adsorbed N into NHy species is
also associated with high energy barriers, the third largest in
the free-energy diagram of FIG. 6—green line, barrier(3)—,
and our third criterion estimates these barriers. The highest-
barrier hydrogenation (or hydrogen migration) mechanistic
step was focused on, which is the hydrogenation of
2N_NH2_H: “2N_NH2_H->2N_NH3". The Brensted-Ev-
ans-Polanyi principle was used assuming that the energy
barrier of this step will be a linear function of the energy
difference between 2N_NH2_H and 2N_NH3_H configura-
tions (FIG. 8, G-H), thus estimating the third barrier with the
formula:

barrier(3)=AE{2N_NH2_H][zig-zag]+}5H2->2N_
NH3_H[zig-zag] }+1.549 eV 4

where the 2N_NH3_H|zig-zag] corresponds to the surface
configuration discussed above. The energy value “1.549 eV”
was computed based on the free energy corrections of the
pure Fe(111) surface.

Criterion 4. NH3 Desorption

[0413] NH3 desorption can be rate-limiting—red line,
barrier(4)—, so the fourth criterion ensures that a high NH3
desorption energy does not decrease in the overall rate. The
largest NH3 desorption barrier is expected close to the
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last criterion tests that the catalyst change does not introduce
qualitative alterations of the diagram, i.e., the insurgence of
degradation mechanisms. Inverse segregation of the dopant
element into the bulk is a common mechanism for dopants
that reduces the interaction of the catalyst surface with
NHy-adsorbed species [39]. This degradation mechanism
was only evaluated for the 4N configuration (FIG. 8,1) and
for the dopant going from the top surface layer into the
subsurface layer (FIG. 8,J). The increase in the previous
barriers was estimated as follows:
barrier(1-4)=barrier(1-4)+max{AE{4N[subsurface-
dopant]->4N[surface-dopant]},0} (6)

where 4N[subsurface-dopant] and 4N[surface-dopant]| cor-
respond to the configurations discussed above, “max” refers
to the maximum between the two numbers in the bracket,
and “barrier(1-4)” refers to the maximum barrier for steps 1
to 4.

Example 11: Application of Hierarchical in Silico
Screening to 34 Dopants

[0415] The application of the rapid in silico screening to
HB over singly-top-surface-substitutionally-doped Fe(111)
is illustrated in FIGS. 7 and 10 using the original free energy
diagram.8 The electronic energy results of the five criteria
are listed in Table 5 (with a complete report in Table 4).
[0416] Table 5 lists barriers of rate-determining steps in
ammonia synthesis over pure and doped Fe(111) surface
estimated via the Brensted-Evans-Polanyi (BEP) principle
as discussed in the text. Barrier-5 corresponds to the maxi-
mum of barrier(1-4) plus the stability penalty term. Right-
most column is the expected NH3 production rate per (2x2)
unit cell per second. Free energies in eV.

Element barrier-1  barrier-2  barrier-3  barmrier-4  barrier-5 Rate(S7, K) 673
Rh 1.51 1.60 1.31 1.44 1.60 14.61
Pd 1.51 1.63 1.42 1.51 1.63 8.71
Pt 1.55 1.59 1.36 1.60 1.60 14.61
cd 1.55 1.84

An 1.57 1.82

Co 1.58 1.51 1.42 145 1.76

Ag 1.59 1.81

Ni 1.60 1.39 1.48 1.53 1.68

Cu 1.64 1.61 1.56 1.52 1.64 7.33
Zn 1.64 1.79

Ir 1.65 1.88

Rn 1.67 1.76

Fe 1.68 1.57 1.53 143 1.68 3.68
Os 1.73

Mn 1.73

Ce 1.74

2N|zig-zag] state, for the 2N_NH3_H]zig-zag] configura-

tion, and is estimated with respect to the 2N_NH2_H]zig-

zag] resting state as follows:
barrier(4)=AE{2N_NH2_H][zig-zag]+}5H2->2N_

NH3_H[zig-zag] }+AH{2N_NH3_H|zigzag]-
>2N_H[zig-zag]+NH3}+0.425 eV (5)

Criterion 5. Preference of Dopant in Top Layer Versus
Second Layer

[0414] The above criteria assume that the overall free-
energy diagram is only altered quantitatively, not qualita-
tively, by the proposed change in the catalyst. The fifth and

Criterion 1. N2 Desorption/Dissociation

[0417] Of the 34 dopants, only 12 led to a barrier lower
than the 1.68 eV for Fe, but an additional 3 that were only
a little above 1.68 were kept, as shown in Table 5. The other
19 cases were not examined further. Of these 19, 14 are more
electropositive than Fe (electronegativity (y%)=1.8), while
Mo is the same and Tc, Re, and Hg (all ¥x=1.9) are only
slightly more electronegative. This indicates that alloying a
more electronegative element helps with N2 dissociation.
Thus the elimination of Os (}=2.2) is the only outliner. It is
interesting that Haber found that pure Os does do NH3
synthesis. Of these 12 selected dopants, none violate the
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constraint equation (2). It is noted that the best two, Rh and
Pd, with a barrier lower by 0.17 eV might lead to a rate
increase by a factor of 18.75 for our target conditions.

Criterion 2. H2 Poisoning to the N2 Adsorption

[0418] Here 6 more are eliminated. This includes the 4
closed shell elements (Cd, Au, Ag, and Zn). This suggests
that open-shell d-electrons are preferred for good N2 disso-
ciation barriers. It is not obvious why Ir and Ru have a high
barrier. It is interesting that pure Ru (hcp crystal structure)
does do NH3 synthesis.

Criterion 3. NHx Hydrogenation

[0419] All 6 remaining candidates are better than Fe.

Criterion 4. NH3 Desorption

[0420] All 6 remaining candidates are better than Fe. It is
worth noting that criterion NH3 desorption becomes an
important step for some (e.g. Pt-) doped systems. Note that
these steps would not be considered within a DRC approach
because of their low DRC indexes on the undoped catalyst.

Criterion 5. Surface Stability

[0421] Here two cases: Co and Ni, prefer subsurface. This
may be because they are slightly smaller than Fe.

Selected Candidate Catalysts

[0422] Four catalysts are left: Rh and Pt predicted to be 4
times better than pure Fe and Pd and Cu predicted to be 2
times better than pure Fe.

[0423] Rh and Pt lead to a reduction in the overall barrier
of 0.06 eV: hydrogen poisoning limits the potential reduc-
tion of 0.17 or 0.13 eV according to criterion (1). Reducing
the overall barrier by 0.06 eV would not allow dramatically
less extreme industrial conditions, but—if realized—should
guarantee a reduction by a factor of ~4 in the energy
consumption even maintaining the same conditions (=200
atm total pressure and 773-823 K temperature) and indus-
trial plants as used presently. Further improvements can
likely be achieved by implementing multiple doping strat-
egies. The HHTS-estimated NH3 production rates for opti-
mal dopants are also listed in Table 5.

[0424] As discussed in Ref. [8], the barriers associated
with these phenomena are also intimately related to the
charge and magnetic state of surface atoms, as confirmed by
an analysis of the changes in charges and spins of surface
atoms upon doping, illustrated in FIG. 12.

Example 12: Full QM Analysis and Kinetic Study
of Rh-Doping

[0425] The above in silico analysis focused on 11 key
states that determine the major barriers. This allowed us to
reduce the candidates from 34 to 4. Now the full analysis
will be considered for one of the winners, Rh, which is
estimated as being 4 times better than Fe. To this end the
study is extended from the 11 configurations considered
above and consider the 21 configurations and 13 barriers
most important for the kinetics (FIGS. 13-14).

[0426] QM simulations were performed on a (2x2) unit
cell of the Fe(111) surface substitutionally doped in the top
layer with one Rh atom and reconstructed a substantial
portion of the reaction energy diagram, as shown in FIG. 9.
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A simplified reaction pathway is illustrated pictorially in
FIG. 13 showing the surface structure step by step, to clarify
the nature of each adsorption site and the interactions
between these adsorbed species. The favorable mechanistic
paths are the same as on the pure Fe surface.8 FIG. 9 plots
a standard state free energy diagram which does not include
the configurational entropy of adsorbates. However, con-
figurational effects are taken into account in our kMC
simulations model by including the configuration counting
into the rate constants.

[0427] To validate our assumptions, the 4 key reaction
steps used in the HHTS approach were compared between
pure Fe and Rh-doped catalysts. For the pure Fe catalyst, the
free energy barriers for N2 adsorption (stepl), H2-poisoning
(step2), H migration (step3), and NH3 desorption (step4) are
1.68, 1.57, 1.52, and 1.43 eV, respectively. Based on our
assumptions, the estimated barriers from HHTS for Rh-
based catalyst are 1.51, 1.60, 1.31 and 1.44 eV for these 4
steps, respectively, whereas explicit calculations on the
Rh-doped catalyst give values of: 1.44, 1.62, 1.31 and 1.35
eV, respectively. The difference between estimated and
explicit calculations is within a maximum error of 0.09 eV,
thus validating our free-energy barrier estimates.

[0428] The energetics from the free-energy diagrams of
FIGS. 6 and 9 were used as input to kinetic Monte Carlo
(kMC) simulations, using the same set of 21 configurations
and 13 barriers for both pure and Rh-doped Fe(111).
[0429] On pure Fe(111), this leads to production of 2441
NH3 molecules produced by our (2x2) unit cell, correspond-
ing to a predicted TOF=4.6 NH3/sec per (2x2) site, which
can be compared to TOF=3.68 for our simplified model.
[0430] On Rh-doped Fe(111), this leads to production of
35980 NH3 molecules produced by our (2x2) unit cell,
corresponding to a predicted TOF=9.7 NH3/sec per (2x2)
site, which can be compared to 14.6 in our simplified model.
[0431] However, the Rh-doped system can be further
improved by exploiting its sensitivity to H2 poisoning and
working in a lean-H2 régime. Thus reducing the H2 pressure
from 15 to 6.5 atm: under conditions of T=673 K, P(H2)=6.5
atm, P(N2)=5 atm, and P(NH3)=1 atm, it is predicted
TOF=15.3 NH3/sec per (2x2) site, which is a factor of 3.3
larger than on Fe(111), in good agreement with expectations
from the HHTS estimates. Thus it is estimated that Rh doped
Fe might lead to an overall TOF that is ~3.3 times the current
Fe based catalysts. Note that reducing H2 pressure slows
down the reaction rate for Fe, but increases it for Rh. Given
the high cost of H2, working under lean-H2 conditions may
be beneficial in terms of production costs.

[0432] Finally, to provide information on mechanistic
details, the steady-state apparent AG (i.e., the logarithm of
the relative populations or residence times) for the most
important states are reported in FIG. 17 for both pure and
doped Fe(111).

Example 13: Modifications of the PBE-D3(BJ)
Free-Energy Diagram

[0433] Any HTS approach depends on the accuracy of the
assumed free-energy diagram. The one employed here was
derived using the DFIT/PBE-D3 method,8 and leads to
excellent agreement with experimental ammonia production
rates at low NH3 pressure [40](theory: 17.7/sec for a 2x2
surface cell; experiment 9.7). In this example, experiments
were performed to test how robust our analysis is with
respect to a change in the system energetics. In particular,
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one issue of FIG. 6 is that the overall free-energy change
(8G) ammonia synthesis reaction [N2+3 H2->2 NH3] is
predicted by PBE-D3(BJ) to be —-0.54 eV at 673° K, and
5:15:1 atm of N2, H2 and NH3, respectively. In contrast the
experimental value is 8G=-0.06 eV under the same condi-
tions.[27] To test how sensitive the HHTS predictions are to
this issue, an empirical correction [28]is used and the
free-energy diagram of FIG. 6 is modified by adding a
quantity of [0.08-y] eV to the free energy of NHy surface
species. This corresponds to assuming that PBE-D3(BI)
overestimates the N—H vs. N—Fe bond strength by this
quantity (for transition states corresponding to hydrogena-
tion mechanisms half of the 0.08 eV correction is used). The
overall gas-phase energetics of the HB reaction is so recov-
ered by distributing the PBE-D3(BJ) error in 8G uniformly
over the energetics of surface species. The free-energy
diagram resulting after applying these corrections is reported
in FIG. 15, under the same conditions of FIG. 6: T=673 K,
P(H2)=15 atm, P(N2)=5 atm, P(NH3)=1 atm (thermody-
namic equilibrium conversion using experimental energetics
corresponds to 1.7 atm NH3 pressure, thus P(NH3)=1 atm is
consistent with roughly 50% conversion typically used in
the industrial HB process). The five basic criteria described
in the proceeding examples need to be only slightly modified
after applying these corrections (the main difference being
that the resting state of the system is now the 4N configu-
ration), and are detailed in the Example 2.

[0434] The high-throughput screening protocol was
applied using these new criteria. Interestingly, the 5 ele-
ments (Rh, Pt, Cu, Pd, with the addition of Ni which is
roughly identical to Fe) which are suggested as promising
using the free-energy diagram of FIG. 6 are still present in
the final HHTS set derived using the diagram of FIG. 15, as
illustrated in FIG. 16. The major difference is that:

(1) the NH3 production rate at P(NH3)=1 atm by the Fe(111)
surface is decreased (the production rate at low NH3 pres-
sure using FIG. 15 does not change much and is also
consistent with the experiment23),

(2) therefore, the expected acceleration due to doping is
increased, and

(3) more elements are included in the set of potentially
promising dopants, such as Zn, Ag, Au, Cd. In particular Zn
seems particularly appealing due to its small size mismatch
with Fe.

[0435] Apart from calling for a proper experimental vali-
dation of the accuracy of DFT for this system, these finding
suggests that, overall, the set of optimal dopants determined
in FIG. 7 is reasonably robust to a change in the theoretical
method. Much larger enhancements in production rates are
predicted when using the free energy diagram of FIG. 15.
The expected maximum in catalytic activity is realized for
Cu, Ni, and Pd, with a reduction in overall barrier amounting
to 0.35-0.37 eV, thus translating into a potential speed-up by
more than factor of 100 in HB process rate.

[0436] In view of the above, it is noted, clearly, several
variants of HHTS can be conceived. For example, the
kinetic model can be analyzed and solved via other methods
not considered in this work, such as micro-kinetic modeling
as in the DRC approach [38]. In this connection, note that,
to implement our hierarchical approach, DRC indexes could
be defined for each section of the free-energy diagram
potentially leading to rate-determining steps. The screening
criteria can be improved by explicit transition state calcu-
lations. The free-energy diagram can be made more accu-
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rate, e.g., by improving over the harmonic approximation to
evaluate entropic contributions, using more accurate
exchange-correlation functionals or higher-level computa-
tional methods, or adjusting empirical corrections to the
energetics of different metals. Other strategies for changing
the catalyst such as multiple (ternary, etc.) doping can be
investigated. Finally, catalytic selectivity rather than simple
activity can be targeted for optimization.

Example 14: Performing Stability Test to Select
Catalysts Having a Stable Configuration

[0437] The stability of Si dopant on Fe(111) subsurface
was computed. The 4N configurations were used in the
stability calculation since it is the most stable configuration.
The electronic energy of following configurations were
computed: (1) Si doped on subsurface (E_sisub); (2) Si
doped on top surface (E_sitop); (3) Si doped on third layer
(E_Si3rd); and (4) undoped Fe(111)+SiH, (This illustrate
possible vaporization reactions of 4N(Si-sub)+Fe(bulk)+
2H,->4N(undoped)+SiH,). The calculation indicated that
the subsurface configuration is the most stable configuration
(1.15 eV, 0.60 eV and 2.73 eV lower in energy than (2), (3)
and (4)). Thus, the Si dopant passes the stability criterion.

Example 15: Hierarchical Screening of Target
Properties for Exemplary Multicomponent Iron
Catalyst for Ammonia Synthesis

[0438] Activity, stability and selectivity target properties
of catalyst of Haber-Bosch ammonia synthesis have been
evaluated to determine preferred hierarchical screening of
these properties with screening method of the disclosure.

[0439] For the Haber-Bosch ammonia synthesis, selectiv-
ity of a catalyst is not an important factor since NH3 is the
most likely product from reducing N2 with H2, while
stability of the catalyst is an important property of since the
catalyst might decompose or be poisoned by many side
reactions and activity is paramount since the Fe catalyst
forces performing the reaction at extreme conditions of
pressure (200 atm) and temperature (500 C) as will be
understood by a skilled person

[0440] Additionally, with respect to stability for many
additives of iron catalyst of the Haber-Bosch ammonia
synthesis there is a strong preference to be at the surface
layers while other additives prefer the second layer and
others prefer the third layer over going deeper in the catalyst
particle. Generally such data is not available from experi-
ment, so this aspect of stability has not previously been a
component of catalyst design.

[0441] Accordingly for catalyst of the Haber-Bosch
ammonia synthesis, stability and selectivity are expected to
require screening of a high number of candidate catalysts to
identify rate-selected catalyst having an enhanced reaction
rate with respect to a reference iron catalyst, are expected to
be computationally costly, while screening of selectivity can
be omitted.

[0442] Therefore screening for catalyst of the Haber-
Bosch ammonia synthesis is performed with screening
method for activity and stability of the present disclosure,
and catalyst identified according to the approach outlined in
Example 17.
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Example 16: Hierarchical Screening for Activity of
a Plurality of Candidate Exemplary
Multicomponent Iron Catalysts for Ammonia
Synthesis

[0443] Hierarchical screening of a plurality of candidate
catalysts multicomponent iron catalysts for Haber-Bosch
ammonia synthesis has been performed in accordance with
screening method for hierarchical screening of activity and
stability of the disclosure.

[0444] In particular, a plurality of candidate catalysts
comprising a large set (34) of dopants that are expected to
affect the rates of Haber Bosch ammonia synthesis with
respect to the pure Fe catalyst were simulated. More par-
ticularly, considering just single dopants the screening meth-
ods herein described have selected catalysts with additional
small amounts of Rh or Pt that can dramatically favor the top
surface and can increase the rate by a factor of 3. More
impressive is the identification of rate selected catalysts
supporting the conclusion that addition small amounts of Ni
that dramatically favor the second layer can increase the rate
by a factor of 16 while small amount of Si that also
dramatically favors the second layer can increase the rate by
a factor of 32. Such dramatic increases in rates for rate-
selected iron catalysts for Haber Bosch ammonia synthesis
according to screening method of the disclosure is expected
to enable much lower pressures and temperatures while
retaining the same overall rates. Such a change in reaction
conditions is expected to dramatically lower the costs of
manufacturing plants from billions of US dollars to modest
levels that would allow the production of NH3 to be carried
out small production sites to be located globally where the
NH3 can be converted to fertilizer.

[0445] In outcome of the exemplary screening of iron
catalyst for Haber Bosch ammonia synthesis performed
herewith four most preferred dopants Rh, Pt, Pd and Cu for
the first layer, and four most preferred dopants Ni, Co, Cr,
and Si, in the second layer have been identified

[0446] Candidate catalysts comprising these most pre-
ferred dopants are expected to be capable according to the
simulation of significantly accelerating Haber Bosch rates
with respect to the pure Fe catalyst. Additionally in view of
performance of stability test driven by thermodynamics, it is
expected these surface concentrations to be maintained
during the reactions by using the proper concentrations that
maintain low levels in the bulk that can re-equilibrate with
the surface concentrations as surface species evaporate or
become oxidized. <

Example 17: Hierarchical Screening of Target
Properties for Exemplary Multicomponent Cu
Catalyst for Electrocatalysis of CO

[0447] Although not as important for NH3 synthesis, (see
Example 15) selectivity is a key issue for other catalysts
such as the VPO butane to maleic anhydride catalyst or the
propane and propene ammoxidation catalysts with high
selectivity are paramount.

[0448] A good example for comparison referred herein is
the electrocatalysis of CO shown in FIG. 7. The common
intermediate for forming C2H4 and C2H50H is HOCCH*.
Since the free energy barrier for going to the C2H4 branch
is 0.61 eV while the free energy barrier for going to the
C2H50H branch is 0.67 eV it is expected that at 298K there
will be 11 times more C2H4 produced than C2HSOH. The
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experiments find 14 times higher rate for C2H4, indicating
that the difference in barriers is 0.066 not 0.06 eV. This is
sufficiently accurate to be used to examine ways to change
this ratio from 14:1 to 1:14 by alloying with additives,
surface modifications, electrolyte modifications, and addi-
tional modifications identifiable by a skilled person.
[0449] Indeed experiments and theory show that on Cu
NP, this preference is completely flipped, with C2H5OH
formation ~10 times that of C2H4. The changes identified in
the catalyst surface responsible for this has been determined
by combining QM and ReaxFF methods with machine
learning. [41]

[0450] Therefore, HHTS screening methods of the disclo-
sure for screening can be used for optimization of electro-
catalysts for activity and selectivity in CO2 and CO reduc-
tion to specific desired products. Here again a mix of QM
and. QM trained ReaxFF reactive MD enables a further
screening of the stability as will be understood by a skilled
person upon reading of the present disclosure.

Example 18: Preparation of Multicomponent Iron
Catalyst for Ammonia Synthesis

[0451] Inindustrial practice the multicomponent iron cata-
lyst after optimization with HHTS will probably be prepared
as bulk homogeneous alloys Feb(l_xb)Aqb B qb BCqu C.
where 0<x,<1 and x,=Sum(q”, ¢’ and ¢’ . .. ; 1=M). Here
the values of x, for the bulk alloy have been calculated from
the theory based on the predicted free energy of binding to
each of the top 3 layers versus the predicted bulk solubility
so that the surface concentrations match an initial design.
Annealing at appropriate conditions is expected to lead to
the target surface concentrations, which can be checked by
Auger. XPS and other surface science tools for optimization
preparation conditions. However laboratory experimental
validation can use atomic layer deposition (ALD) where
specific fractions of a monolayer are laid down sequentially
on a support by ion sputtering, controlled surface reactions
(CSR), cluster beam deposition, colloidal synthesis, or gal-
vanic displacement as well as additional techniques for
synthesizing metallic catalysts identifiable by a skilled per-
son.

[0452] Typically to incorporate additives into the Fe cata-
lyst for NH3 synthesis at the designed surface concentration
one might mix the appropriate amounts based on the calcu-
lated free energies, and then heat to appropriate temperatures
for appropriate times in appropriate environments to distrib-
ute the additives over the catalyst particles and deposit on an
appropriate support.

[0453] Since the screening methods of the disclosure
selects additives that prefer to segregate to the 1%, 2" or 37
layers with predominantly in a single surface layer in view
of' the related affinity, it is expected that rather small amounts
of the additives can be used in the synthesis of the catalyst
for laboratory ALD testing and for practical industrially
prepared catalysts, while one can rely on thermodynamics to
partition a high fraction of the additive between the bulk and
the surface layers.

[0454] However, in validating the optimum choices for the
additives, Atomic Layer Deposition (ALD) is expected to be
preferred for the laboratory validation.

[0455] For example, in the synthesis procedure of a cata-
lyst of Formula (I) herein described an Fe film can be
deposited on an appropriate support, such as A1203. Then
thin layers of the additives can be sequentially deposited on
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the surface. Thus to make a catalyst that has 25% Rh in the
top layer and 25% Ni in the 2°¢ layer, it is expected to be
possible to lay down first an amount corresponding to one
monolayer that is 75% Fe and 25% Ni followed by an
amount corresponding to one monolayer that is 75% Fe and
25% Rh. The resulting product will be annealed and then
examined with surface science techniques to determine if the
desired rations have been achieved.

[0456] Then catalysis of the ammonia synthesis can be
performed at various conditions to validate the performance.
These conditions will then be possibly modified to improve
the overall performance of the catalyst.

[0457] After optimizing performance using ALD, faster
more economical approaches are expected to be identifiable
based on alloying of the metal particles that can be more
appropriate for large scale industrial implementation.

Example 19: Preparation of Multicomponent Iron
Catalyst by Hydrogen Reduction

[0458] A multicomponent iron catalyst on a substrate can
prepared by contacting iron on a substrate with a sufficient
amount of at least one dopant oxide or dopant chloride to
form a mixture. The mixture was heated at 400 to 450° C.
under an atmosphere of hydrogen (H,) to reduce the dopant
oxide or dopant chloride to elemental dopant on the surface
of the iron, thus obtaining a dopant coated iron on a
substrate. (U.S. Pat. No. 3,770,658).

Example 20: Preparation of Multicomponent Iron
Catalyst by Annealing

[0459] A dopant coated iron on a substrate can be annealed
under vacuum or in an inner gas atmosphere including N,
Ar, and He at a temperature ranging from 300° C. to 600° C.
for a sufficient amount of time for a dopant to migrant to iron
atom top layer, iron atom second layer, iron atom third layer
of an iron crystal or iron film. The total concentration would
be based on the predicted free energies of binding to the top
3 layers versus bulk.

[0460] The annealing process can be monitored upon
completion in different modalities via AC-HR-TEM, e.g.,
ex-situ at constant time intervals until no changes in the
particle structure is observed. ([42] [43].

Example 21: Characterization of Multicomponent
Iron Catalyst

[0461] Typically the surface character and concentration
of as prepared and annealed catalysts before and after use for
catalysis, will be examined with Transmission Electron
Microscopy (TEM), Scanning Transmission FElectron
Microscopy (STEM), X-ray Photoelectron Spectroscopy
(XPS), Stron Anion Exchange (SAX), X-ray Diffraction
(XRD), Auger electron spectroscopy and similar techniques
routinely in preparation and testing. Information on the
experimental structure of catalyst particles with a spatial
resolution down to the atomic scale (A or 107° m) and
therefore to detect the structure and composition of the
catalyst with its precise distribution of atoms can be
achieved via aberration-corrected high-resolution transmis-
sion electron microscope (AC-HR-TEM). (Ling, T. et al.,
Icosahedral Face-Centered Cubic Fe Nanoparticles: Facile
Synthesis and Characterization with Aberration-Corrected
TEM, Nano Letters, Vol. 9, No. 4, 2009, 1572-1576).
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Multi-component systems can be imaged and characterized
as well via AC-HR-TEM. [43]

Example 22: Synthesis of Ammonia Catalyzed by a
Multicomponent Iron Catalyst of Formula (I)

[0462] Reaction of hydrogen and nitrogen to form ammo-
nia catalyzed by a multicomponent iron catalyst is expected
to be carried out in a reactor containing an exemplary
catalyst of Formula (I) and was heated at a temperature of 50
to 650° C. as is illustrated in FIG. 5.

[0463] Hydrogen and nitrogen with the molar ratio near
3:1 (and examples where 1:1 gives faster rates) are expected
to be combined and introduced to the reactor. For standard
Fe based Haber-Bosch catalysts, the ammonia product is a
poison so optimum throughput requires extraction of prod-
ucts along with some H2 and N2 as the reaction proceeds.
[0464] The unreacted hydrogen and nitrogen is expected
to continuously recycled to the reactor for further reaction.
The total yield of ammonia is expected to be at least 99.9
based on starting amount of hydrogen upon recycled reac-
tions.

[0465] Insummary provided herein are screening methods
to select catalysts having a desired set of target properties
from a reference catalyst, and catalysts so obtained, as well
as related catalysts material, composition, methods and
systems. In particular, computer-based screening methods of
the disclosure comprise

[0466] hierarchically screening the plurality of candi-
date catalysts for activity alone or in combination with
stability and/or selectivity for a target chemical reaction
under a target condition,

[0467] the hierarchically screening performed with
respect to a rate-limiting step of the target chemical
reaction under the target reaction condition,

[0468] to provide a selected active catalyst optionally
stable and/or selective for the target chemical reaction,
the selected active catalyst having a reaction rate under
the target reaction conditions higher than the reaction
rate of the reference catalyst.

Example 23: Derivation of a Free Energy Reaction
Network

[0469] In describing the first step of hierarchical screnning
method of the disclosure performed to identify the best
single dopants for the top layer, 2" layer, and 3" layer, QM
methods were used (primarily PBE-D3 flavor of DFT). Such
calculations are at the practical limits of <300 atoms and <50
picoseconds of QM based MD. However it has been estab-
lished that such approach is accurate to 0.05 eV, making this
our preferred methodology.

[0470] Similarly QM methods are known to work out the
mechanism for the butane to maleic anhydride VPO catalyst
[13]. Also QM have been used to determine the mechanism
for the M1 phase of the MoVNbTeOx catalyst to activate
propane to propene [13].

[0471] However methods can be used for calculating rates
on much larger systems (up to millions of atoms) using the
ReaxFF reactive force field. [9] This allows using hierarchal
methods herein described or larger systems, but with less
accuracy than QM. For example for the V205 catalyst to
convert propane into propene, the accuracy was 0.25 eV
[13]. This is still adequate for understanding the mechanism
and for catalyst optimization but with more uncertainty.
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[0472] For example to understand why 10-20 nm nano-
particles (NP) of Cu with 200,000 atoms lead to very high
selectivity for ethanol, the ReaxFF reactive force field was
used to grow the NP, [41] but to predict reaction rates,
surface clusters were used with ~100 atoms in QM reactions
to predict the optimum catalyst structure responsible for the
selective production of ethanol. [41] Here machine learning
has been used to identify the structures of the optimum sites.
[41]

[0473] For systems too large for QM ReaxFF was shown
to be able to reliably distinguish the key reactions steps and
catalysts sites. For example, for the M2 phase of the MoVN-
bTeOx ammoxidation catalyst ReaxFF was able to show that
the Te—O surface sites are responsible for the activation of
propene. [4] Reaction dynamics with ReaxFF can determine
the full set of reaction kinetics for complex reactions. [4]

[0474] Thus, the methodology developed using screening
method herein described is not limited to those small enough
for QM. The approach in using ReaxFF for screening
method herein described is that the enormous database of
QM reaction free energies and activation barriers from the
screening method of the disclosure performed on single
additive, have been used to retrain the ReaxFF to predict
these energies to 0.05 eV. This will use the machine learning
tools described recently in [41]. Then ReaxFF will be used
to predict single additive systems with sizes of 10,000 atoms
or more that will allow us to refine the optimum surface
concentrations (only 0, 0.25, or 0.5) with the small systems
for QM.

[0475] Then for the multicomponent catalyst cells with
~50,000 atoms will be used for reactive molecular dynamics
to optimize the surface concentrations in the top 3 layers to
optimize activity, selectivity, and stability (forming gas
phase products with the additives that evaporate or oxidize).
This will be done first for the surfaces studied by QM (111,
210, 110, 100). But then the catalyst preparation will be
simulated to be used in experiments (ALD, bulk annealing)
allowing grain particles for more realistic simulations of the
experimental systems. This can consider 10-20 nm nano-
particles (100,000’s of atom). At this level good agreement
with experiment is expected.

[0476] The examples set forth above are provided to give
those of ordinary skill in the art a complete disclosure and
description of how to make and use the embodiments of the
screening method and related catalysts, materials, composi-
tions, methods and systems of the disclosure, and are not
intended to limit the scope of what the Applicants regard as
their disclosure. Modifications of the above-described
modes for carrying out the disclosure can be used by persons
of skill in the art and are intended to be within the scope of
the following claims.

[0477] The entire disclosure of each document cited (in-
cluding patents, patent applications, journal articles includ-
ing related supplemental and/or supporting information sec-
tions, abstracts, laboratory manuals, books, or other
disclosures) in the Background, Summary, Detailed
Description, and Examples is hereby incorporated herein by
reference. All references cited in this disclosure are incor-
porated by reference to the same extent as if each reference
had been incorporated by reference in its entirety individu-
ally. However, if any inconsistency arises between a cited
reference and the present disclosure, the present disclosure
takes precedence.
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[0478] The terms and expressions which have been
employed herein are used as terms of description and not of
limitation, and there is no intention in the use of such terms
and expressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recognized
that various modifications are possible within the scope of
the disclosure claimed. Thus, it should be understood that
although the disclosure has been specifically disclosed by
preferred embodiments, exemplary embodiments and
optional features, modification and variation of the concepts
herein disclosed can be resorted to by those skilled in the art,
and that such modifications and variations are considered to
be within the scope of this disclosure as defined by the
appended claims.

[0479] Itis also to be understood that the terminology used
herein is for the purpose of describing particular embodi-
ments only and is not intended to be limiting. As used in this
specification and the appended claims, the singular forms
“a,” “an,” and “the” include plural referents unless the
content clearly dictates otherwise. The term “plurality”
includes two or more referents unless the content clearly
dictates otherwise. Unless defined otherwise, all technical
and scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which the disclosure pertains.

[0480] When a Markush group or other grouping is used
herein, all individual members of the group and all combi-
nations and possible subcombinations of the group are
intended to be individually included in the disclosure. Every
combination of components or materials described or exem-
plified herein can be used to practice the disclosure, unless
otherwise stated. One of ordinary skill in the art will
appreciate that methods, device elements, and materials
other than those specifically exemplified can be employed in
the practice of the disclosure without resort to undue experi-
mentation. All art-known functional equivalents, of any such
methods, device elements, and materials are intended to be
included in this disclosure. Whenever a range is given in the
specification, for example, a temperature range, a frequency
range, a time range, or a composition range, all intermediate
ranges and all subranges, as well as, all individual values
included in the ranges given are intended to be included in
the disclosure. Any one or more individual members of a
range or group disclosed herein can be excluded from a
claim of this disclosure. The disclosure illustratively
described herein suitably can be practiced in the absence of
any element or elements, limitation or limitations, which is
not specifically disclosed herein.

[0481] “Optional” or “optionally” means that the subse-
quently described circumstance may or may not occur, so
that the description includes instances where the circum-
stance occurs and instances where it does not according to
the guidance provided in the present disclosure. For
example, the phrase “optionally substituted” means that a
non-hydrogen substituent may or may not be present on a
given atom, and, thus, the description includes structures
wherein a non-hydrogen substituent is present and structures
wherein a non-hydrogen substituent is not present. It will be
appreciated that the phrase “optionally substituted” is used
interchangeably with the phrase “substituted or unsubsti-
tuted.” Unless otherwise indicated, an optionally substituted
group may have a substituent at each substitutable position
of the group, and when more than one position in any given
structure may be substituted with more than one substituent
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selected from a specified group, the substituent may be
either the same or different at every position. Combinations
of substituents envisioned can be identified in view of the
desired features of the compound in view of the present
disclosure, and in view of the features that result in the
formation of stable or chemically feasible compounds. The
term “stable”, as used herein, refers to compounds that are
not substantially altered when subjected to conditions to
allow for their production, detection, and, in certain embodi-
ments, their recovery, purification, and use for one or more
of the purposes disclosed herein.

[0482] A number of embodiments of the disclosure have
been described. The specific embodiments provided herein
are examples of useful embodiments of the disclosure and it
will be apparent to one skilled in the art that the disclosure
can be carried out using a large number of variations of the
devices, device components, methods steps set forth in the
present description. As will be obvious to one of skill in the
art, methods and devices useful for the present methods can
include a large number of optional composition and pro-
cessing elements and steps.

[0483] In particular, it will be understood that various
modifications may be made without departing from the spirit
and scope of the present disclosure. Accordingly, other
embodiments are within the scope of the following claims.
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1. A computer-based method for hierarchically screening
for activity for a target chemical reaction under a target
condition, of a plurality of candidate catalysts having struc-
tural and/or compositional difference with respect to a
reference catalyst of the target chemical reaction, the method
comprises
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determining rate-limiting steps of the chemical reaction
under the target reaction condition, by analyzing a
free-energy diagram of the reference catalyst;

ranking said rate-limiting steps according to their energy

barrier values in a descending order to provide ranked
rate-limiting steps;
defining a plurality of criteria according to the ranked
rate-limiting steps to estimate a change on an energy
barrier value of each rate-limiting step caused by the
structural and/or stoichiometric difference of each can-
didate catalyst with respect to the reference catalyst;

for each candidate catalyst, evaluating, on a computer,
each criterion of the plurality of criteria sequentially in
the descending order to provide rate-selected candidate
catalysts, wherein candidate catalysts having a negative
change on the energy barrier value of a rate-limiting
step in a criterion are evaluated in a next criterion;

constructing, on a computer, a free-energy diagram for
each rate selected candidate catalyst and performing a
time evolution simulation method, on a computer, for
each candidate catalyst to obtain a reaction rate of each
selected candidate catalyst; and

further selecting the rate selected candidate catalysts

having a reaction rate for the target chemical reaction
higher than the reaction rate of the reference catalysts
under the target reaction condition to provide a rate
selected active catalyst for the chemical reaction under
the target condition.

2. The method of claim 1, wherein determining rate-
limiting steps comprises identifying a plurality of reaction
steps in the free energy diagram and portioning them into the
rate-limiting steps.

3. The method of claim 1, wherein the determining further
comprises identifying a minimum-barrier path connecting a
reactant and a product of the chemical reaction, sectioning
the path into a sequence of resting states and transition
states, and identifying a set of free energy barrier values
between each couple of transition and resting states.

4. The method of claim 1, wherein the defining a plurality
of criteria further comprises associating a reaction connect-
ing an initial state to a final state to each energy barrier and
estimating the change in the energy barrier.

5. The method of claim 4, wherein estimating the change
in the free energy barrier comprises calculating the elec-
tronic energy difference with the vibrational contributions
(phonons) between the initial state and the final state of the
reaction associated to each barrier.

6. The method of claim 1, wherein evaluating each
criterion further comprises calculating the energy barrier
value of each rate-limiting step for each candidate and
comparing the free energy value of the candidate catalyst to
the corresponding value of the reference catalyst.

7. The method of claim 1, further comprising providing a
free energy diagram of the reference catalyst.

8. The method of claim 1, further comprising providing a
plurality of candidate catalysts by modifying the reference
catalyst to introduce the structural difference.

9. The method of claim 1, wherein the time evolution
simulation method is kinetic Monte Carlo method.

10. (canceled)

11. The method of claim 1, wherein the structural, and/or
compositional difference comprises a single or multiple
substitutional or interstitial dopants.

12. (canceled)
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13. The method of claim 1, wherein the reference catalyst
is a multicomponent multilayer catalyst.

14. (canceled)

15. The method of claim 13, wherein the single or
multiple interstitial and/or substitutional dopant comprise
substitutional dopants selected from the group consisting of
Rh, Pd, Pt, Cu, Zn, Ag, Au, Cd, Ni, Co, Cr, and Si, or any
combination thereof.

16. A computer-based method for hierarchically screening
activity and stability in a target chemical reaction under a
target reaction condition of a plurality of candidate catalysts
having structural and/or stoichiometric difference with
respect to a reference catalyst of the target chemical reac-
tion, the method comprising:

hierarchically screening the plurality of candidate cata-

lysts for activity for the target chemical reaction under
the target condition, by performing a computer-based
method according to claim 1,
the method further comprising
testing on a computer, stability of the candidate catalysts,
to select candidate catalysts having a stable configura-
tion before the evaluating;
testing on a computer, stability of the rate selected can-
didate catalysts, to select rate selected candidate cata-
lysts having a stable configuration before the construct-
ing and/or the selecting; and/or

testing on a computer, stability of the rate-selected active

catalyst, to further select rate selected active catalyst
having a stable configuration,
to provide rate-selected active catalyst stable for the chemi-
cal reaction under the target condition.

17. The method of claim 16, wherein the catalyst is a
multicomponent multilayer catalyst having three outer lay-
ers, and wherein at least one of the

testing on a computer, stability of the candidate catalysts

testing on a computer, stability of the rate selected can-

didate catalysts

testing on a computer, stability of the rate-selected active

catalyst
comprises stability testing directed to select a catalyst hav-
ing one or more dopant atoms predominantly located in one
or more specific layer of the three outer layers of the
multicomponent multilayer catalyst.

18. A computer-based method for hierarchically screening
activity and selectivity for a target chemical reaction under
a target chemical reaction condition of a plurality of active
catalysts having a structural and/or compositional difference
with respect to a reference catalyst of the target chemical
reaction, the method comprising

providing a plurality of rate-selected active catalysts for

the chemical reactions under the target condition by
hierarchically screening a plurality of candidate cata-
lysts with a computer-based method according to claim
1, each rate-selected active catalyst having a target
reaction rate;

for each rate-selected active catalyst, constructing, on a

computer, a free-energy diagram of a second chemical
reaction different from the target chemical reaction and
performing a time evolution simulation method on a
computer to obtain a second reaction rate of each
rate-selected active catalyst;

obtaining a selectivity ratio between the target reaction

rate and the second reaction rate of each rate-selected
active catalyst; and
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selecting the rate-selected active catalyst having a selec-
tivity ratio greater than 1 to provide a rate-selected
active catalyst selective for the chemical reaction under
the reaction condition.
19-20. (canceled)
21. A computer-based method for hierarchically screening
activity, stability and selectivity for a target chemical reac-
tion under a target reaction condition of a plurality of active
catalysts having structural and/or compositional differences
with respect to a reference catalyst of the target chemical
reaction, the method comprising
providing a rate-selected active catalyst selective for the
target chemical reaction under the target condition by
hierarchically screening activity and selectivity of a
plurality of active catalysts with a method according to
claim 18,

wherein the method further comprises

testing, on a computer, stability of the candidate catalysts,
to select candidate catalysts having a stable configura-
tion before the evaluating,

testing on a computer, stability of the rate selected can-

didate catalysts, to select rate selected candidate cata-
lysts having a stable configuration before the construct-
ing and/or the selecting;

testing on a computer, stability of the rate selected catalyst

before or after selecting the rate-selected active catalyst
having a selectivity ratio greater than 1, to further select
rate selected catalyst having a stable configuration,
to provide stable rate-selected active catalyst selective for
the chemical reaction under the target condition.

22. (canceled)

23. A multicomponent iron catalyst for synthesis of
ammonia from N, and H, comprising a three-layer structure
having a Formula (I)

[Feo(l—XO)QOXO] [Fel(lfxl)lel]a[Fez(lfxz)szz]b ey}
in which

Fe®, Fe', and Fe? represent iron atom on a first layer,
iron atom on a second layer, and iron atom on a third
layer of an iron crystal or iron film, respectively;

Q° Q', and Q? represent at least one dopant atom on
the first layer, at least one dopant atom on the second
layer, and at least one dopant atom on the third layer
of the iron crystal or iron film, respectively,

x0, x1, and x2 represent an atom percentage of the at
least one dopant on the first layer, an atom percent-
age of the at least one dopant on the second layer,
and an atom percentage of the at least one dopant on
the third layer of an iron crystal or iron film, respec-
tively, and

(1-x0), (1-x1), and (1-x2) represent an atom percentage
of'the iron atom on the first layer, an atom percentage
of the iron atom on the second layer, and an atom
percentage concentration of the iron atom on the
third layer of an iron crystal or iron film, respec-
tively; and

a, and b respectively represent a ratio of total atoms on
second layer, and a ratio of total atoms on third layer
relative to a number of total atoms on first layer of an
iron crystal or iron film, respectively

and wherein

QY is selected from the group consisting of Sc, Ti, V, Cr,
Mn, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd,
Ag, Cd, La, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Ce, Eu,
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Er, Tm, Si, Ga or any combination thereof, wherein

each dopant on the top layer is present in a corre-

sponding atom percentage q°s., 4z > @ s Lo
[o] (o]

qOCos quz qocm qOZns Uy 9z Qap 9 Mo? 9 7z

9 rus 9 rao qOPds %Ags f)l cds OqLas qOHﬁ % Tas q W

[¢) [¢)

qORes qooSs Do Deo Qaw Qe 9ce 9 Ew 9z

Q7> Qo a0d ¢

Q' is selected from the group consisting of Sc, Ti, V, Cr,
Mn, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd,
Ag, Cd, La, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Ce, Eu,
Er, Tm, Si, Ga or any combination thereof, wherein
each dopant on the second layer is present in a
corresponding atom percentage 9., 9" 7 4* 5> A
ans 9 cor 9w qlCus q12n5 qu, q12r5 9 wps q{\/[os
qlrcs 9 Rus q R 4 s q Ag q cds q Las q Hp q Tas

qVV’qRe’qOS’ 9, tha Q' g quques 9 g

1 1
q Er q 7m> 9 s3> and q Gas

Q?is selected from the group consisting of Sc, Ti, V, Cr,
Mn, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd,
Ag, Cd, La, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Ce, Eu,
Er, Tm, Si, Ga or any combination thereof, wherein
each dopant on the third layer is present in a corre-
sponding atom percentage q ., Gz T s T Doages
q Cos q Nis qzcm q22n5 qus q 2z D e 9 at0s qucs
Cro Can Loa Qi Year Vi Cap 9 o q w

2 2 2 2 2 2 2 2
Qres Q05 Do Qo Qe Qg e 4 Ew q Er

2 2 2
Qs s> a0 @

Wherein XO is the summation of Q°., @ s e
Qo Qcor Ui L Tz Vo Lo & &t
qOTcs 9 Rus q ri 9 P q Ag? q cds q Las q Hp q Tas
qOWs qORes qooSs q Irs q Po q Au q Hg> q Ce> q Eu
e Crmy Lo and @3

x1i 1s the summation of ', 9" 75 4' 15 @' 0 Qi T s
q i qllc*m qllz;qs qu, q zr q N> 9 a0 qlrcs qum
quhs qlpds qlAg5 il cds q La (11Hf5 (11 Ta> % w q Re’

9 os 9 q pe 9 4w q He 9 cer A Ew 9 Er q Tm>

qlSz and q ca> and
2

x2 is the summation of q%¢., %71, 5> T g Tcos
e q220m quns qus q 7z q N> q Mo qzrcs qum
quhs quds qug5 ;l cds q La (21Hf5 9 72 q w q Re’
q o5 Tom Cro Tt T Hg 9 ce Cro Cer Cme
q*g» and q?,; and

and wherein

x0, x1, and x2 each range independently from 0 to 0.5,
preferably from 0.2 to 0.4 with the proviso that
x0+x14x2 ranges from 0.2 to 1.2; and

a and b independently range from 0.5 to 2.

24. The multicomponent iron catalyst of claim 23,
wherein each of the first layer, the second layer, and the third
layer are an iron film or crystal.

25. The multicomponent iron catalyst of claim 24,
wherein the iron crystal has a body-centered-cubic crystal
lattice.

26. The multicomponent iron catalyst of claim 23,
wherein each of the outmost first layer, the second layer, and
the third layer are on Fe(111) face, Fe(211) face, Fe(110)
face, Fe(100) face or on a stepped or kinked surface.

27. The multicomponent iron catalyst of claim 23,
wherein

Q° is selected from the group consisting of Cu, Zn, Rh,

Pd, Ag, Cd, Pt, and Au, or any combination thereof,
wherein each dopant on the outmost first layer is
present in a corresponding atom percentage q°,,, 9"z,

0 0 0 0 0 o .
Qris 9 rar D ag 9 car 4 o and q°,;
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Q' is selected from the group consisting of Cu, Zn, Rh,
Pd, Ag, Cd, Pt, and Au, or any combination thereof,
wherein each dopant on the second layer is present in
a corresponding atom percentage q ., 9* 2., U i L
q Ag Q'car 9'pp and q'

Q? is selected from the group consisting of Cu, Zn, Rh,
Pd, Ag, Cd, Pt, and Au, or any combination thereof,
wherein each dopant on the third layer is present in a
corresponding atom percentage q°.., 9z, Qrns Lras
q.zAgs Cea Tpo and ¢

wherein

x0 i 15 the summation qu Cu q Zno q Rv q Pd> q Ags q cd
q peand q°;

x1 15 the summation qu Cuw q Zno q R q Pd> q Ags q cd
q ppand q',; and

x2 i 1s the summation of o T Crir T 1 g Cew

q P and q Aus
wherein

x0 is equal to or larger than any of 10 times of x1 or 10
times of x2, wherein
x0 ranges from 0.2 to 0.4.
28. The multicomponent iron catalyst of claim 23,
wherein
QY is selected from the group consisting of Cr, Co, Ni, and
Si, or any combination thereof, wherein each dopant on
the top layer is present in a corresponding atom per-
centage q°c,» Q"¢ Q' and Qg
Q' is selected from the group consisting of Cr, Co, Ni, and
Si, or any combination thereof, wherein each dopant on
the second layer is present in a corresponding atom
percentage q' ¢, q'cor ' as and q's;s
Q7 is selected from the group consisting of Ga, or else
from Cr, Co, Ni, and Si, or any combination thereof,
wherein each dopant on the third layer is present in a
corresponding atom percentage concentration of ¢,
O cor Ais and Qs
wherein
x0 is the summation of q°,. q°¢,, Q% and q°;
x1 is the summation of q',, q* ¢, 9'»s and q'g,; and
x2 is the summation of *,, 4> ¢,, Tas» and q°;, wherein
x1 is equal to or larger than any of 10 times of x0 or 10
times of x2, and
wherein
x1 ranges from 0.2 to 0.4.
29. The multicomponent iron catalyst of claim 23,
wherein
the at least one dopant Q°, Q*, and Q” are each indepen-
dently selected from Cr, Co, Ni, Cu, Zn, Rh, Pd, Ag,
Cd, Ir, Pt, Au, Si, Ga or any combination thereof,
x0 is the summation of q°,, 4°cus Qi Lo Cznr Lo
Qi Coagr Ccas Vo U Cotir o and ¢, present
in the first layer,
x1 iS the summation Of qlcw 9" o Ui o 9z 4 e
q're q' Ago Qea T Qe 9 awe 9'se ad Q'
x2 i is the summation of Pers q2Co, P Cow T Crm
Cra 4 Ago Cea T T Tawe Tsie a4 Qz,,, and
x0, x1, and x2 each range independently from 0 to 0.4
With the proviso that x0+x1+x2 is >0.2, preferably
ranging from 0.2 to 0.4, is preferably less than 1.2.
30. The multicomponent iron catalyst of claim 29,
wherein,
asum of °c,., 4 2,s Qrs» Cp 4° g2 9 ca» Qs and q Au
is equal to or larger than any of 5 times of sum of q* -,

q Zno q Rhs q Pds q Ag> q cd q £ and q 4 0r 5 times of
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sum qu2Cz45 qzzns quhs quds qugS qszs quts and quu;
preferably equal to or larger than any of 10 times of
sum qu cus q Zn> q R q P> q Ag> q cds q P and q Au
or 10 tlmes of sum of ¢, 4°,» Cgsr T 4 ag A car
q%s, and q*,,; most preferably equal to or larger than
any 20 times of sum of Q' 92 Urie 4 e q' e
9'cw 920 and q' Ay or 20 times Of sum of ¢°¢,, q° 5,
quhs quds q Ags q cd q 7 and q Aus

asumofq' . 9" oo ' s and q 18 equal toor larger than
any of 5 times of sum ofq or Pews Py and g0, o1 5
times of sum of >, Ty P and g3 preferably
equal to or larger than any of 10 times of sum of q s
Q%> Q°n» and q°, or 10 times of sum of q°,, q°,,
@*ni and q°; most preferably equal to or larger than
any 20 times of sum of q°,,, q°.,, q°»» and q°, or 20
times of sum of q°¢,, Q°c., s and q°; and/or

asum of g?,,, and g?;,, is equal to or larger than any of 5
times of sum of q°;,, and q°,;,, or 5 times of sum of q*,,
and q',,; preferably equal to or larger than any of 10
times of sum of q°,,, and q°;, or 10 times of sum of
q',,. and q';,; most preferably equal to or larger than
any 20 times of sum of q°,, and q°;,, or 20 times of sum
of qllri and qua'

31. The multicomponent iron catalyst of claim 23,
wherein Q° is Zn, and Q' is selected from the group
consisting of Ni, Co, and Si, or any combination thereof,
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wherein q°4,, 9' yi 9 0, and q'; each ranges from 0 to 0.4
and wherein sum of q°,,,, 4", 9' o, and q*; ranges from 0.2
to 0.4.

32. The multicomponent iron catalyst of claim 23,
wherein Q° is Zn, and Q" is Ni, wherein q°,,, is equal or
larger than q',;, wherein q°,,, and q',; each ranges from 0
to 0.4 and wherein sum of q°,, and q*,, ranges from 0.2 to
04.

33. The multicomponent iron catalyst of claim 23,
wherein the third layer of the iron crystal or iron film is
deposited on a substrate comprising a base layer consisting
of at least three layers of iron atoms.

34. A multicomponent iron catalyst material comprising a
multicomponent iron catalyst for synthesis of ammonia from
N, and H, according to claim 23 wherein the third layer of
the iron crystal or iron film is deposited on a substrate
comprising a base layer consisting of at least three layers of
iron atoms, and wherein the substrate is anchored on a
suitable solid support for a catalysis process.

35-41. (canceled)

42. A method for synthesis of ammonia from N, and H,,
the method comprising contacting N, and H, with the
multicomponent iron catalyst according to claim 23 and/or
a multicomponent iron catalyst material comprising the
multicomponent iron catalyst according to claim 34, for a
time and under a condition to provide ammonia.

43-50. (canceled)



