a2 United States Patent

Li et al.

US011524279B1

US 11,524,279 B1
Dec. 13, 2022

(10) Patent No.:
45) Date of Patent:

(54) TRANSITION METAL CARBIDES FOR
CATALYTIC METHANE ACTIVATION

(71) Applicants:Iowa State University Research
Foundation, Inc., Ames, [A (US);
Purdue Research Foundation, West
Lafayette, IN (US)

(72) Inventors: Zhe Li, Ames, IA (US); Yue Wu,
Ames, 1A (US); Arvind Varma, West
Lafayette, IN (US); Yang Xiao, West
Lafayette, IN (US)

(73) Assignees: lowa State University Research
Foundation, Inc., Ames, [A (US);
Purdue Research Foundation, West
Lafayette, IN (US)

(*) Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

(21) Appl. No.: 16/951,780

(22) Filed: Nov. 18, 2020

Related U.S. Application Data
(60) Provisional application No. 62/937,055, filed on Now.

18, 2019.
(51) Imt.CL
BO01J 27722 (2006.01)
BO01J 23/42 (2006.01)
(Continued)
(52) US. CL
CPC ....cccue. B01J 27/22 (2013.01); B01J 21/063

(2013.01); BO1J 23/28 (2013.01); BO1J 23/42
(2013.01); B01J 35/0013 (2013.01); B01J
35/1014 (2013.01); B01J 35/1038 (2013.01);
B01J 35/1057 (2013.01); BO1J 35/1061

g=2044

dﬁﬂ'ﬁm =
255 A

(2013.01); CO7C 2/76 (2013.01); CO7C 5/3337
(2013.01); CO7C 2521/02 (2013.01);
(Continued)
(58) Field of Classification Search
None
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

9,193,595 B2
9,415,570 B2

11/2015 Barsoum et al.
8/2016 Barsoum et al.

(Continued)

OTHER PUBLICATIONS

Anasori et al., Two-dimensional, ordered, double transition metals
carbides (MXene), American Chemical Society, 2015, 9, 9507-9516
(Year: 2015).*

(Continued)

Primary Examiner — Coris Fung

Assistant Examiner — Keling Zhang

(74) Attorney, Agent, or Firm — Haukaas Fortius PLLC;
Michael H. Haukaas

(57) ABSTRACT

A MXene support for a noble metal that forms a catalyst
having active sites comprising single metal-layer nanostruc-
tures. The catalyst is stable under conditions for methane
conversion to higher hydrocarbons and provides reduced
coke formation. The results show a supported metal catalyst
using the MXene where Pt atoms form one or more layers
of atoms on the surface of the Mo, TiC, T, support after it is
reduced at 750° C. The catalyst shows high selectivity for
C,-hydrocarbons with reduced coke formation, which can
cost effectively convert methane into other valuable prod-
ucts.

20 Claims, 34 Drawing Sheets




US 11,524,279 B1
Page 2

(51) Int. CL

B01J 35/00 (2006.01)
B01J 35/10 (2006.01)
Co07C 2/76 (2006.01)
CO07C 5/333 (2006.01)
B01J 23/28 (2006.01)
B01J 21/06 (2006.01)

(52) US.CL
CPC ... C0O7C 2521/06 (2013.01); CO7C 2523/28
(2013.01); CO7C 2523/42 (2013.01)

(56) References Cited
U.S. PATENT DOCUMENTS

8/2016 Barsoum et al.

4/2021 Li et al.
10/2010 Zhang

7/2015 Barsoum et al.
11/2016 Barsoum et al.

3/2017 Shin et al.
10/2017 Ghidiu et al.
10/2018 Beidaghi et al.
12/2018 Chopra et al.

3/2019 Varma et al.

9,416,011 B2

10,967,363 Bl
2010/0255983 Al
2015/0210044 Al
2016/0336088 Al
2017/0088429 Al
2017/0294546 Al
2018/0309125 Al
2018/0371190 Al
2019/0084904 Al

OTHER PUBLICATIONS

Anasori et al,, “2D Metal Carbides and Nitrides (Mxenes) for
Energy Storage,” Nat Rev. Mater., 2:1-17, Jan. 2017.

Chen et al., “Catalysts for Steam Reforming of Bio-oil: A Review,”
Ind Eng Chem Res., 56(16):4627-4637, Apr. 2017.

Ding et al.,, “A Two-Dimensional Lamellar Membrane: MXene
Nanosheet Stacks,” Angew Chem Int Ed Engl., 56(7):1825-1829,
Feb. 2017.

Gao et al., “Mo2TiC2 MXene: A Promising Catalyst for Electrocatalytic
Ammonia Synthesis,” Catal Today, 339:120-126, Dec. 2018.

Guo et al., “Direct, Nonoxidative Conversion of Methane to Eth-
ylene, Aromatics, and Hydrogen,” Science, 344:616-619, May
2014.

Halim, “Synthesis and Transport Properties of 2D Transition Metal
Carbides (MXenes),” Linkoping Studies in Science and Technol-
ogy, Dissertation No. 1953, Oct. 2018; 81 pgs.

Li et al. , “Reactive Metal—Support Interactions at Moderate
Temperature in Two-Dimensional Niobium-Carbide Supported Plati-
num Catalysts,” Nat Catalysis, 1:349-355, May 2018.

Li et al.,, “Synthesis and Thermal Stability of Two-Dimensional
Carbide MXene Ti3C2 ,” Mater Sci Eng., B, 191:33-40, Jan. 2015.
Naguib et al., “25th Anniversary Article: MXenes: A New Family of
Two-Dimensional Materials,” Adv Mater., 26(7):992-1005, Feb.
2014.

Naguib et al., “Synthesis of Two-Dimensional Materials by Selec-
tive Extraction,” Acc Chem Res., 48(1):128-135, Jan. 2015.

Ran et al., “Ti3C2 MXene Co-Catalyst on Metal Sulfide Photo-
Absorbers for Enhanced Visible-Light Photocatalytic Hydrogen
Production,” Nat Comm., pp. 1-10, Jan. 2017.

Wu et al., “Pd—In Intermetallic Alloy Nanoparticles: Highly Selec-
tive Ethane Dehydrogenation Catalysts,” Catal Sci Technol., 18:6965-
6976, Aug. 2016.

Zangeneh et al., “Propane Dehydrogenation over a Commercial
Pt—Sn/A1203 Catalyst for Isobutane Dehydrogenation: Optimiza-
tion of Reaction Conditions,” Chinese J Chem Eng., 21(7):730-735,
Jul. 2013.

Zhang et al., “Single Platinum Atoms Immobilized on an MXene as
an Efficient Catalyst for the Hydrogen Evolution Reaction,” Nat
Catalysis, 1:985-992, Dec. 2018.

Zhang et al., “Synthesis and Charge Storage Properties of Hierar-
chical Niobium Pentoxide/Carbon/Niobium Carbide (MXene) Hybrid
Materials,” Chem. Mater., 28(11):3937-3943, May 2016.

Li et al., “Two-dimensional transition metal carbides as supports for
tuning the chemistry of catalytic nanoparticles”, Nat Comm. 9,
Article 5258, pp. 1-8, Dec. 10, 2018.

* cited by examiner



U.S. Patent Dec. 13,2022 Sheet 1 of 34 US 11,524,279 B1

Fig. 1



U.S. Patent Dec. 13,2022 Sheet 2 of 34 US 11,524,279 B1

Fig. 1 (cont.)



U.S. Patent Dec. 13,2022 Sheet 3 of 34 US 11,524,279 B1

ith

25
Ft atoms in contact w

-
: S
W o

5 L

_g A

= 2

< Iy

1 ¥ 1 |} m

L DA o] L 3
o == oL & 0
Lo o o] K w7

{uiole 1 /A8) ABiaus
LONRULIO 8leLIalU|

Im

i




U.S. Patent

Product

Dec. 13,2022 Sheet 4 of 34

d

US 11,524,279 B1

)

v

e

£,

s

RN
IR

«

“

V1

select

Py

S

fnsan

e

S

ot
o
“J

O

100

N HNN AL HNN
e




U.S. Patent Dec. 13,2022 Sheet 5 of 34 US 11,524,279 B1

)

; -
ot
7o

{{3’; s

l
(o4
prsion (%

3
7

T
Muethane comy

40-

20

167 8.6 6.4 4.3

»

3

1%:Pt
St Hhe {1}

«0.25%I

AT

b
ey

o {:1’."

Fig. 2 (cont.)



U.S. Patent

Dec. 13, 2022

Sheet 6 of 34

2%Pt

fE.‘*:Tfé;fofr
L7l

iﬁ"'}*’%

(3.25% fiuf“%

Fraifomsd

CHy conversion {%03

Modar composition (%)

300

| Ed i
LM DL ekl
Temperature (70}

1000

Fig. 2 (cont.)

US 11,524,279 B1



U.S. Patent

a

Dec. 13, 2022

Sheet 7 of 34

US 11,524,279 B1

30
: m/z=30
~ 25} m/z=28 CyHe
3 : C.H,
8 20
= ' {z=15
& miz=
é’ 15
S CH.,.
T 10 a
C 3
O 54
0 . i
H H 1 H
0 10 20 30 40 50
m/z
T (°C)
780 760 740 720 700
3.5 , . ' ;
¥
2.8 I =
| i i@h Epp™ 208 kJimol
21 e
- E&W R
X 144 T
c Tl & @
- 47 M @ E,pp= 208 kd/mol
0.0- T
# CH, coupling T
-0.74 2 C,Hg dehydrogenation
04 96 98 100 102 104
10000/T (K'1)

Fig. 3



U.S. Patent Dec. 13,2022 Sheet 8 of 34 US 11,524,279 B1

C
20

‘§Qa., R - " e
- | TN
&, 30- 35
P e
2 10 2
oo ~ 73
o 50 8
@ 5
o) (&

40 1°

2& T ¥ 5 I k3 ¥ Q

g 12 24 36 48 80 72
Time on stream {h) :

d 15
3 PYMo2TiC2Tx 750 °C
&
= 1.2
Py
e
g ;
& 09- g
< H Pt foil
3
N oE
= 0.3, 7
r4 -
0,042 : : .
11560 11560 11570 11580 11590
Photon energy (eV)

Fig. 3 (cont.)



U.S. Patent Dec. 13,2022 Sheet 9 of 34 US 11,524,279 B1

e 4z
‘% | Pt foil
R L
X
;
o]
X
i,.».
b 04
o
5
=
0 A A AR, A
0 2 4 8
R{}%}
f

Fig. 3 (cont.)



U.S. Patent Dec. 13,2022 Sheet 10 of 34 US 11,524,279 B1

g

Fig. 3 (cont.)



U.S. Patent Dec. 13,2022 Sheet 11 of 34 US 11,524,279 B1

/ et}

&

200
. 850 °C
1500

{ul.

100G 800 °C

56 750 °C
{

B0

b

W00 e
Temperature {"C)

L0k formation

24

b

}

i

: 8{}{}{} “““““““““““““““““““““““““““““““““““““““““““““““““““““ . ;‘ ““““““““““““““““““““““““““““““““

2

o

/

T A puac |\ /|

H

(

; e F oy
A9 mg /S g

,' ............ A

4000 PLBI/ZSM-5 |

2 750 0C J
j 27

,,,,,,,,,,,

S

s

0k formation

B T

Temperature {*C}

204

Fig. 4



US 11,524,279 B1

Sheet 12 of 34

Dec. 13, 2022

U.S. Patent

(Juod) ¢ ‘B4

SEUIREOOO W0

S Lt P s & 1 I 5 N i s I £ [ 210 J - DR = S5 & 1 SN o 5 iz (Bits

VDR QMINg

e BoIpAYBP-TaAl

spuedouruyg &Y

™3 -

{ a0 Afuous sany

1aKejoust 1 [ENCT gorpeer ssvyd-sel

1Axjoue 14 S[Suig

P

{tenp} 1L
(of3uis) oW
1d




US 11,524,279 B1

Sheet 13 of 34

Dec. 13, 2022

U.S. Patent

XVIN *OIVIL ‘O

¢ Old

Bunsiuls ewseld yedg

S\

Alddng
Jamod

m_aEmw_HF

Jequey)
wnnoep

2/

|ou0o
ainssald

alp ajydel




US 11,524,279 B1

Sheet 14 of 34

Dec. 13, 2022

U.S. Patent

(Ju00)g ‘|4

/N

O

XV °DIVIL ‘O

NN

o

ZNSE

=

SO

NSNS

<

! uonebnyues jusuneal] 4H
puE UOIEDIUOS

=
Mo, TIAIC,
-+
HF

Ne¢

\ ‘ /.l
W%




U.S. Patent Dec. 13,2022 Sheet 15 of 34 US 11,524,279 B1

Pt Nanolayer

05 10 15 20 25 30 35
Distance {(nm)

Fig. 6



US 11,524,279 B1

Sheet 16 of 34

Dec. 13, 2022

U.S. Patent

5

T 85

2a

2

A4 4

a8

o o3
}

3

B

2
8

T

{nm

1

g

Fig. 7



U.S. Patent Dec. 13,2022 Sheet 17 of 34 US 11,524,279 B1

Abhove Mo
{iity

.
T,
%
%
.,
%
S
; %
) i »
: (@)
% ®
% Y
>'2
><
S
Y
5
%
%
%
L £
ol =
1 T ¥
2 = “ aEd P~

{wioe /AR ABsus
UORBLUIO) BoBLIaIY




US 11,524,279 Bl

Sheet 18 of 34

Dec. 13, 2022

U.S. Patent

o

6 "bid4

TSION,

LN

i ©

oo + s o Y




US 11,524,279 B1

Sheet 19 of 34

Dec. 13, 2022

U.S. Patent

THOL + S D <~ PHOBL

oL ‘B14

O, Conversion, %

“H6 YYD <~ FHDY

3
.{,{3

-

CTVersion,

O



US 11,524,279 B1

Sheet 20 of 34

Dec. 13, 2022

U.S. Patent

% ‘UOISIOAUO)) SUBYIDIA

4

I

7 8.6

<

9 10

«

12

Shy PO

k4
’

GHS

% ‘UOISIOAUO)) SUuRYISA

43 "~

6.4

HSY it

9107 86

2
*

12

= - =2

o, ‘AJLATIODIAG Pnpald

oy
3

(

Fig. 11



U.S. Patent Dec. 13,2022 Sheet 21 of 34 US 11,524,279 B1

80

o
&

B
Q.
Methane Conversion, %

Product Selectivity, %

P2
<o

129107 86 64 43 °
GHSY, b1

Fig. 11 (cont.)

Hy partial pressure, W atm

{3

Fig. 12



U.S. Patent Dec. 13,2022 Sheet 22 of 34 US 11,524,279 B1

Fig. 12 (cont.)



US 11,524,279 B1

Sheet 23 of 34
o

a CUOIRERALIONY JUBR

Dec. 13, 2022

U.S. Patent

¢L ‘b4

§(501) Weang o iy
IR R L. S LR O S L. LS T . A N S LI I
i ¥ § s s ) d ; N

gonErauafa puooss uonringatar sy
| : 0%

<
ke

Y
g
3

£

>

Apansapg T

4

-~

Wy <
0

K
+f
g
=



U.S. Patent Dec. 13,2022 Sheet 24 of 34 US 11,524,279 B1

a 5
o C4 Conversion, %
B T T WuF L LW LI e " T

.

Cy Selectivity, %

| | bt
..'.;; s s g™ ”

i

Fhovee on Stream {108 &

i 0 12 WO0M 3 3 42 4 B & o8

C4 Conversion, %

Cy Selectivity, %

& : - ; ; . . oo v e
8 & 12 0 24 3 3% 42 48 3 M &

Thine on Sreanm {108 &

Fig. 14



U.S. Patent Dec. 13,2022 Sheet 25 of 34 US 11,524,279 B1

8 e EXAFS Magnitude
- BXAFE Magnitude it
0.4 o EXAFS Imaginary @




U.S. Patent Dec. 13,2022 Sheet 26 of 34 US 11,524,279 B1

3

B istlayer
2nd layer o ‘

(%]

Pu3
w,,ké

P1-Pt bond length (A)
]
LEs

284 7T
2.5 , : ;
{3 2 4 £ 8 10 12
Average distance from center of film {A)
Fig. 17
Pubo TIC T 750°C; & | |
. (002) S ﬁﬂ o Jﬁ
,:‘? %Wwf %WWWM%W
- e PifMo TIC T 450°C 1 4 1
m .{'{}02} . 2 2% L igz
~ NN § e Ak WA
oy
7]
c
O
el
£
‘ b b Mo TIAIC,
Auw"'{{}ez} ! . i E\;\ :, /s 2 'i
¥ T T ¥ ¥ 7 7 < H

1 20 30 40 50 60
28 (Degree)

Fig. 18



524,279 B1

b

Sheet 27 of 34 US 11

Dec. 13, 2022

U.S. Patent

6}

B4




279 B1

9

US 11,524

Sheet 28 of 34

Dec. 13, 2022

U.S. Patent




279 B1

9

US 11,524

Sheet 29 of 34

Dec. 13, 2022

U.S. Patent

Ju03) 0z "bi4

MIOZAH XH085¢C "OVIN JAVVH




U.S. Patent Dec. 13,2022 Sheet 30 of 34 US 11,524,279 B1

e
= s
e

i

S

ig. 20 (cont.)



U.S. Patent Dec. 13,2022 Sheet 31 of 34 US 11,524,279 B1

a

By

LR

¥

{on intensity, arb. unit

w2, amu

b
e

o

{on intensity, arb. unit

i i 4 £ 0 OHY 1 40
m/ iz, s

Fig. 21



U.S. Patent Dec. 13,2022 Sheet 32 of 34 US 11,524,279 B1

)

[
i3y

b2

o

lon intensity, arb, unit
L%

g

& 2 40 B0 80 WR e Mo
m/z, amu

Fig. 21 (cont.)



U.S. Patent

Dec. 13, 2022 Sheet 33 of 34 US 11,524,279 B1

benzene

Cratly

L CrcHig

biphenyl cadalene




U.S. Patent Dec. 13,2022 Sheet 34 of 34 US 11,524,279 B1

coupling
('Hj radical e ' species

desorption
o (s, species
//
o P = CHS™  geep d&h -

&L

fresh
OHa

o liquid
hydrocarbons

Fig. 24



US 11,524,279 Bl

1
TRANSITION METAL CARBIDES FOR
CATALYTIC METHANE ACTIVATION

RELATED APPLICATIONS

This application claims priority under 35 U.S.C. § 119(e)
to U.S. Provisional Patent Application No. 62/937,055, filed
Nov. 18, 2019, which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

Inspired by homogeneous catalysts in which each metal
atom contributes to a reaction, heterogeneous catalysts have
successfully tethered atomically dispersed noble metal
(NM) sites on thermally stable solid hosts. Supported atomi-
cally dispersed nanolayers (ADNLs) promise to combine the
appealing characteristics of single-atom and nanoparticle
catalysts: atomically dispersed metal sites that maximize the
utilization of NM, anchored on a support through metal-
metal bonds at interfaces, leading to metallic surfaces that
promote a broad range of reactions such as dehydrogenation,
hydrogenation, and oxidation. However, it has proven chal-
lenging to prepare ADNLs, i.e., single or double atomic
layers, and to relate their structures to catalytic performance.
The main barriers arise from difficulty in determining the
layer thickness, sintering of active sites at high temperatures
(>700° C.), and unpredictable interactions between ADNLs
and their supports.

Achieving atomically thin NM architectures in heteroge-
neous catalysts has long been of interest, with recent prog-
ress showing that NMs can wet early transition metal
carbide (TMC) surfaces, forming strong interfacial metal-
support bonds. For example, raft-like Pt particles were
observed in Pt/Mo,C catalysts for the water-gas shift reac-
tion; layered Au clusters coexisted with single Au atoms in
Au/a-MoC catalysts; and atomically thin NM monolayers
were coated on the surface of tungsten carbide nanoparticles
to form core-shell architectures. These advances together
with the thermal and chemical stability of TMCs hint that
surfaces of group VIB TMCs are ideal for spreading sup-
ported NMs, but the interfaces that anchor the nanolayers
remain unknown, leading to complexity and uncertainty in
understanding the formation and catalytic performance of
ADNLs.

The recent boom of shale gas has stimulated renewed
interest in C—H bond cleavage as the initial step towards the
direct conversion of methane to value-added products. Pt
catalysts exhibit satisfactory activity for this chemistry but
suffer from rapid deactivation due to coke deposition that
covers the active sites. The challenges to achieving stable
methane conversion and maintaining activity lie in activat-
ing the first C—H bond while inhibiting deep dehydroge-
nation and persevering highly dispersed active sites at high
temperatures (>700° C.).

Accordingly, there is a need for new and improved
heterogeneous catalysts for hydrocarbon formation from
methane, which catalysts also have high thermal stability
and form reduced amounts of side products and coke com-
pared to known catalysts.

SUMMARY

We report that the challenges described above can be met
by ADNLs of Pt supported on a two-dimensional (2D)
molybdenum-titanium carbide (MXenes). MXene refers to a
burgeoning family of 2D metal carbides and nitrides with a
general formula of M, X,, T, where M is an early transition
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metal, X is carbon and/or nitrogen, and T stands for surface
functional groups. We show direct experimental evidence
that atomically dispersed Pt nanolayers are anchored on the
basal planes of Mo, TiC,T, MXenes, where the first-layer Pt
atoms favorably occupy the HCP sites above the topmost C
atoms of the support. Density functional theory (DFT)
calculations and in situ spectroscopy suggest that Pt ADNLs
are stabilized by Pt—Mo bonding that alters the electronic
structure of Pt atoms. The 5d states of the Pt ADNLs are
shifted to higher energy, which activate C—H bonds with
weaker adsorption of CH;* and thereby suppress coke
formation. Consequently, the Pt/Mo,TiC, T, catalysts deliv-
ered stable methane conversion for nonoxidative coupling of
methane (NOCM) reactions without deactivation for 72
hours at 750° C. and exhibited >98% selectivity towards
ethane/ethylene (C,), with turnover frequencies (TOF) of
0.2-0.6 s7".

Accordingly, this disclosure provides a heterogeneous
catalyst comprising an MXene support of Formula I:

M1 X, T @;

wherein

each M is independently an early transition metal;

X is a non-metal wherein the non-metal is carbon or

nitrogen;

T, is a surface functional group wherein x is 0-10; and

nis 1, 2, or 3; and

a noble metal atom that occupies a crystal lattice node at
the basal plane of the MXene support, wherein the noble
metal is supported by a metallic bond to the early transition
metal,;

wherein the noble metal has one or more nanostructured
layers on the MXene support, the one or more nanostruc-
tured layers have an average thickness of less than 5
nanometers and loading of the noble metal on the support is
less than 5 weight percent.

Also, this disclosure provides a method for converting
methane to a hydrocarbon comprising contacting methane
and a heterogeneous catalyst described herein, and heating
at a temperature greater than 200° C. wherein methane is
converted to a saturated or unsaturated (C,-Cg)hydrocarbon.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the specification and
are included to further demonstrate certain embodiments or
various aspects of the invention. In some instances, embodi-
ments of the invention can be best understood by referring
to the accompanying drawings in combination with the
detailed description presented herein. The description and
accompanying drawings may highlight a certain specific
example, or a certain aspect of the invention. However, one
skilled in the art will understand that portions of the example
or aspect may be used in combination with other examples
or aspects of the invention.

FIG. 1. Atomic structure and DFT calculations of Pt
supported by Mo, TiC, T, MXene. a, HAADF-STEM image
of Pt/Mo,TiC,T, viewed from the [1120] direction. Scale
bar, 5 nm. b-e, Atomic-resolution HAADF-STEM image
showing metal-support interfaces and EDS elemental map-
pings. ADNLSs of Pt are highlighted by yellow arrows in (b).
Scale bars, 2 nm. f, Magnified HAADF-STEM image of (b)
with metal-support alignment marked by yellow dashed
squares and lines. Scale bar 0.5 nm. g,h, HAADF-STEM
image viewing from the [0001] direction with its fast Fourier
transform pattern shown in the inset (g); image of the Pt
monoatomic layer (h). Scale bars, 5 nm (g) and 1 nm (h). 1,
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Relaxed structure showing Pt atoms occupying HCP sites on
the surface of Mo, TiC,T, MXene. j, DFT calculated energy
per atom of different nanostructured architectures on the
surface of Mo, TiC,T, MXene.

FIG. 2. Catalytic performance of Pt/Mo,TiC,T, for non-
oxidative coupling of methane. a-c, 2% Pt (a), 1% Pt (b), and
0.5% Pt (c) over MXene, respectively, at 750° C. in the
GHSYV range of 4.3-12.9 h™'. d,e, Plots of C, selectivity (d)
and TOF (e) vs methane conversion under the same condi-
tions as (a-c). f, TPSR over 0.5% Pt/MXene at GHSV 8.6
ht.

FIG. 3. Kinetics studies and stability characterizations. a,
Mass spectrum of a sample obtained at the reactor outlet
over 0.5% Pt/Mo,TiC,T, at GHSV 8.6 h™ and 750° C. b,
Arrhenius plots for the rate constants of methane coupling
and ethane dehydrogenation. ¢, Long-term catalyst stability
of 0.5% Pt/Mo,TiC,T, at 750° C. and GHSV 8.6 h™!. d, In
situ Pt L;;; edge XANES spectra of Pt/Mo, TiC, T, reduced at
750° C. compared to Pt foil. e, In situ magnitude of the
Fourier transform of the k* weighted EXAFS spectra of
Pt/Mo,TiC,T, reduced at 750° C. compared to Pt foil. f,
HAADF-STEM image of 0.5% Pt/Mo,TiC,T, reduced at
750° C. viewed from the [0001] direction. The inset shows
the corresponding fast Fourier transform pattern. Scale bar,
5 nm. g.h, HAADF-STEM image and EDS elemental map-
ping of Pt ADNLs on the surface of Mo, TiC, T, MXene.
Scale bar, 1 nm.

FIG. 4. Oxidation tests and DFT calculations. a,b, TPO
profiles for spent 0.5% Pt/Mo,TiC, T, catalyst at GHSV 8.6
h™' at 850° C., 800° C. and 750° C. after 72-h tests (a);
Pt—Bi/ZSM-5 and Pt/AC (activated carbon) (b). ¢, Energy
landscape and DFT optimized configurations for NOCM on
a single Pt nanolayer (111) (blue), dual Pt nanolayer (111)
(green), and Pt nanoparticle (111) (red).

FIG. 5. Schematic of Mo, TiC,T, MXene preparation (a)
Synthesis of Mo, TiAlC, MAX using spark plasma sintering
(SPS). (b) Preparation of Mo, TiC,T, MXene by HF treat-
ment.

FIG. 6. (a) STEM image of 0.5% Pt/Mo,TiC,T, reduced
at 450° C. viewing from [0001] direction, Scale bar 5 nm.
(b) fast Fourier transform pattern of (a). (c) HAADF-STEM
image of a Pt ADNLSs on the surface of Mo, TiC,T, MXene.
Scale bar 2 nm. (d) EDS elemental mapping of (c). (e)
Integrated pixel intensities of Pt NL (taking from the pink
dash lines in ¢). The lattice spacing measured from the image
(2.80 A) can be assigned to Pt {110} planes, indicating that
the epitaxial Pt nanolayer strongly aligns with the MXene
support.

FIG. 7. (a-c) HAADF-STEM overview image of
Pt/Mo,TiC, T, catalysts reduced at 450° C. (d) Size distri-
bution of more than 100 nanolayers. The average size of the
nanolayers is 2.2 nm.

FIG. 8. DFT calculated interface formation energies of Pt
atoms on HCP, FCC and atop sites of Mo, TiC, T, surface. Pt
(red), Mo (blue), Ti (green) and C (black).

FIG. 9. Effects of temperature and partial pressure on
equilibrium methane conversion for ethane (a) and ethylene
formation (b).

FIG. 10. Effects of temperature and partial pressure on
equilibrium methane conversion for benzene (a) and naph-
thalene (b) formation.

FIG. 11. Catalytic performance of 0.25% (a), 0.75% (b)
and 1.5 (c) Pt/MXene catalysts for nonoxidative coupling of
methane, at 750° C. in GHSV (gas hourly space velocity)
range 4.3-12.9 h™'.
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FIG. 12. Kinetic fittings of methane coupling (a) and
ethane dehydrogenation (b) over 0.5% Pt/MXene at GHSV
8.6 h™%.

FIG. 13. Long-term catalyst stability and regeneration of
0.5% Pt/MXene at 750° C. and GHSV 8.6 h™*.

FIG. 14. Long-term catalyst stability of 0.5% Pt/MXene
at 800° C. (a) and 850° C. (b) and GHSV 8.6 h™*.

FIG. 15. The magnitude (solid) and imaginary (dash) part
of the Fourier transform of the k* weighted EXAFS and
corresponding first shell fit for (a) Pt/Mo,TiC,T,-750° C.

FIG. 16. Relaxed structure of single atomic layer thick Pt
monolayer on top of Mo, TiC,T, MXene substrate. Pt (red),
Mo (blue), Ti (green) and C (black).

FIG. 17. Average Pt—Pt bond distances for Pt atoms on
different layers.

FIG. 18. XRD patterns of Mo,TiAIC, MAX, fresh
Mo, TiC, T, MXene, Pt/Mo,TiC,T, reduced at 450° C. and
Pt/Mo,TiC, T, reduced at 750° C.

FIG. 19. (a-c) HAADF-STEM image viewing from [11
20] direction. The Pt monolayers and double layers are
marked by orange dash lines and green dash lines, respec-
tively. Scale bar in a-c are 5 nm, 2 nm and 2 nm, respec-
tively. (d-g) STEM elemental mapping of Pt ADNLs sup-
ported by Mo, TiC, T, MXene. Scale bar 4 nm.

FIG. 20. (a-d) Annular dark-field STEM overview images
and EDS elemental mapping of Pt/Mo,TiC,T, reduced at
750° C. Scale bar is 7 nm. EDS analysis is employed to
identify the Pt nanolayers easier. (e) Size distribution of
more than 100 nanolayers. The average size of the nanolay-
ers is 4.1 nm.

FIG. 21. The full mass spectra of reactor outlet over 0.5%
Pt/MXene at 750° C. (a), 800° C. (b) and 850° C. (¢) in
GHSV (gas hourly space velocity) for 72 hours range 8.6
h.

FIG. 22. Coke compounds detected by GC-MS.

FIG. 23. Scheme of the hydrocarbon pool NOCM mecha-
nism for Pt/Mo,TiC,T,.

FIG. 24. A proposed flow diagram for converting methane
to Cg, liquid hydrocarbons. The process includes three
chemical reactors and two separators: reactor 1 is for non-
oxidative coupling of methane (NOCM) to ethane/ethylene,
and reactor #2 dehydrogenates the ethane to ethylene. After
hydrogen is removed by a membrane separator, ethylene is
converted to Cg, liquid hydrocarbons via oligomerization in
reactor #3. Then the target liquid hydrocarbons can be
separated from unreacted methane in a gas-liquid separator.

DETAILED DESCRIPTION

Efficient and direct conversion of methane to value-added
products has been a long-term challenge in shale gas appli-
cations. Activation of the first C—H bond is essential to
methane conversion but is often followed by over-dehydro-
genation, leading to coke formation. Here, we show that
atomically dispersed nanolayers of Pt with a single or double
atomic layer thickness, supported on a two-dimensional
molybdenum-titanium carbide (MXene), catalyze nonoxida-
tive coupling of methane to ethane/ethylene (C,). The first-
layer Pt atoms favorably occupy the hollow sites (HCP sites)
above the topmost C atoms of the MXene support, which are
stabilized by Pt—Mo bonds at the metal-support interfaces.
Kinetic and theoretical studies reveal that the Pt nanolayers
activate the first C—H bond of methane to form methyl
radicals that favor desorption over further dehydrogenation
and thus suppress coke deposition. At 750° C., the catalyst
runs 72 hours of continuous operation without deactivation
and exhibits >98% selectivity towards C, products, with a
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turnover frequency (TOF) of 0.2-0.6 s~!. Our findings
provide fundamental understanding of the metal-support
interactions between Pt and the surfaces of transition metal
carbides and create a new path for developing atomically
dispersed supported metal catalysts.

Definitions

The following definitions are included to provide a clear
and consistent understanding of the specification and claims.
As used herein, the recited terms have the following mean-
ings. All other terms and phrases used in this specification
have their ordinary meanings as one of skill in the art would
understand. Such ordinary meanings may be obtained by
reference to technical dictionaries, such as Hawley’s Con-
densed Chemical Dictionary 14" Edition, by R. J. Lewis,
John Wiley & Sons, New York, N.Y., 2001.

References in the specification to “one embodiment”, “an
embodiment”, etc., indicate that the embodiment described
may include a particular aspect, feature, structure, moiety, or
characteristic, but not every embodiment necessarily
includes that aspect, feature, structure, moiety, or character-
istic. Moreover, such phrases may, but do not necessarily,
refer to the same embodiment referred to in other portions of
the specification. Further, when a particular aspect, feature,
structure, moiety, or characteristic is described in connection
with an embodiment, it is within the knowledge of one
skilled in the art to affect or connect such aspect, feature,
structure, moiety, or characteristic with other embodiments,
whether or not explicitly described.

The singular forms “a,” “an,” and “the” include plural
reference unless the context clearly dictates otherwise. Thus,
for example, a reference to “a compound” includes a plu-
rality of such compounds, so that a compound X includes a
plurality of compounds X. It is further noted that the claims
may be drafted to exclude any optional element. As such,
this statement is intended to serve as antecedent basis for the
use of exclusive terminology, such as “solely,” “only,” and
the like, in connection with any element described herein,
and/or the recitation of claim elements or use of “negative”
limitations.

The term “and/or” means any one of the items, any
combination of the items, or all of the items with which this
term is associated. The phrases “one or more” and “at least
one” are readily understood by one of skill in the art,
particularly when read in context of its usage. For example,
the phrase can mean one, two, three, four, five, six, ten, 100,
or any upper limit approximately 10, 100, or 1000 times
higher than a recited lower limit.

As will be understood by the skilled artisan, all numbers,
including those expressing quantities of ingredients, prop-
erties such as molecular weight, reaction conditions, and so
forth, are approximations and are understood as being
optionally modified in all instances by the term “about.”
These values can vary depending upon the desired properties
sought to be obtained by those skilled in the art utilizing the
teachings of the descriptions herein. It is also understood
that such values inherently contain variability necessarily
resulting from the standard deviations found in their respec-
tive testing measurements. When values are expressed as
approximations, by use of the antecedent “about,” it will be
understood that the particular value without the modifier
“about” also forms a further aspect.

The terms “about” and “approximately” are used inter-
changeably. Both terms can refer to a variation of +5%,
+10%, +20%, or +25% of the value specified. For example,
“about 50” percent can in some embodiments carry a
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variation from 45 to 55 percent, or as otherwise defined by
a particular claim. For integer ranges, the term “about” can
include one or two integers greater than and/or less than a
recited integer at each end of the range. Unless indicated
otherwise herein, the terms “about” and “approximately” are
intended to include values, e.g., weight percentages, proxi-
mate to the recited range that are equivalent in terms of the
functionality of the individual ingredient, composition, or
embodiment. The terms “about” and “approximately” can
also modify the end-points of a recited range as discussed
above in this paragraph.

As will be understood by one skilled in the art, for any and
all purposes, particularly in terms of providing a written
description, all ranges recited herein also encompass any and
all possible sub-ranges and combinations of sub-ranges
thereof, as well as the individual values making up the range,
particularly integer values. It is therefore understood that
each unit between two particular units are also disclosed. For
example, if 10 to 15 is disclosed, then 11, 12, 13, and 14 are
also disclosed, individually, and as part of a range. A recited
range (e.g., weight percentages or carbon groups) includes
each specific value, integer, decimal, or identity within the
range. Any listed range can be easily recognized as suffi-
ciently describing and enabling the same range being broken
down into at least equal halves, thirds, quarters, fifths, or
tenths. As a non-limiting example, each range discussed
herein can be readily broken down into a lower third, middle
third and upper third, etc. As will also be understood by one
skilled in the art, all language such as “up to”, “at least”,
“greater than”, “less than”, “more than”, “or more”, and the
like, include the number recited and such terms refer to
ranges that can be subsequently broken down into sub-
ranges as discussed above. In the same manner, all ratios
recited herein also include all sub-ratios falling within the
broader ratio. Accordingly, specific values recited for radi-
cals, substituents, and ranges, are for illustration only; they
do not exclude other defined values or other values within
defined ranges for radicals and substituents. It will be further
understood that the endpoints of each of the ranges are
significant both in relation to the other endpoint, and inde-
pendently of the other endpoint.

This disclosure provides ranges, limits, and deviations to
variables such as volume, mass, percentages, ratios, etc. It is
understood by an ordinary person skilled in the art that a
range, such as “numberl” to “number2”, implies a continu-
ous range of numbers that includes the whole numbers and
fractional numbers. For example, 1 to 10 means 1, 2, 3, 4,
5,...9,10. It also means 1.0, 1.1, 1.2. 1.3, . . ., 9.8, 9.9,
10.0, and also means 1.01, 1.02, 1.03, and so on. If the
variable disclosed is a number less than “numberl0”, it
implies a continuous range that includes whole numbers and
fractional numbers less than number10, as discussed above.
Similarly, if the variable disclosed is a number greater than
“number10”, it implies a continuous range that includes
whole numbers and fractional numbers greater than num-
ber10. These ranges can be modified by the term “about”,
whose meaning has been described above.

One skilled in the art will also readily recognize that
where members are grouped together in a common manner,
such as in a Markush group, the invention encompasses not
only the entire group listed as a whole, but each member of
the group individually and all possible subgroups of the
main group. Additionally, for all purposes, the invention
encompasses not only the main group, but also the main
group absent one or more of the group members. The
invention therefore envisages the explicit exclusion of any
one or more of members of a recited group. Accordingly,
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provisos may apply to any of the disclosed categories or
embodiments whereby any one or more of the recited
elements, species, or embodiments, may be excluded from
such categories or embodiments, for example, for use in an
explicit negative limitation.

The term “contacting” refers to the act of touching,
making contact, or of bringing to immediate or close prox-
imity, including at the cellular or molecular level, for
example, to bring about a chemical reaction, or a physical
change, e.g., in a solution, in a reaction mixture.

An “effective amount” refers to an amount effective to
bring about a recited effect, such as an amount necessary to
form products in a reaction mixture. Determination of an
effective amount is typically within the capacity of persons
skilled in the art, especially in light of the detailed disclosure
provided herein. The term “effective amount” is intended to
include an amount of a compound or reagent described
herein, or an amount of a combination of compounds or
reagents described herein, e.g., that is effective to form
products in a reaction mixture. For example, an effective
amount of a platinum-transition metal alloy is formed at the
surface of a MXene in the catalysts described herein in a
sufficient amount to catalyze a conversion reaction. Thus, an
“effective amount” generally means an amount that provides
the desired effect.

The term “substantially” as used herein, is a broad term
and is used in its ordinary sense, including, without limita-
tion, being largely but not necessarily wholly that which is
specified. For example, the term could refer to a numerical
value that may not be 100% the full numerical value. The
full numerical value may be less by about 1%, about 2%,
about 3%, about 4%, about 5%, about 6%, about 7%, about
8%, about 9%, about 10%, about 15%, or about 20%.

Wherever the term “comprising” is used herein, options
are contemplated wherein the terms “consisting of” or
“consisting essentially of” are used instead. As used herein,
“comprising” is synonymous with “including,” “contain-
ing,” or “characterized by,” and is inclusive or open-ended
and does not exclude additional, unrecited elements or
method steps. As used herein, “consisting of” excludes any
element, step, or ingredient not specified in the aspect
element. As used herein, “consisting essentially of”” does not
exclude materials or steps that do not materially affect the
basic and novel characteristics of the aspect. In each instance
herein any of the terms “comprising”, “consisting essentially
of” and “consisting of” may be replaced with either of the
other two terms. The disclosure illustratively described
herein may be suitably practiced in the absence of any
element or elements, limitation or limitations which is not
specifically disclosed herein.

Reactive metal support interaction (RMSI) refers to a
chemical reaction between a metal and its support that
induces the formation of a bimetallic structure. The inter-
metallic compounds (alloys) described herein are formed
due to the RMSI effect.

The term “epitaxy” or “epitaxial” refers to a type of
crystal growth or material deposition in which crystalline
layers are formed with a well-defined orientation with
respect to the substrate (e.g., an MXene). The nanostruc-
tured layers formed are called the epitaxial film or epitaxial
layer. The relative orientation of the epitaxial layer to the
substrate is defined in terms of the orientation of the crystal
lattice. For epitaxial growth, the new layer will be crystal-
line, and will all have a single orientation relative to the
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substrate. For example, layers of platinum atoms form a
nanostructure wherein the atoms are oriented epitaxially.

Embodiments of the Invention

This disclosure provides a heterogeneous catalyst com-
prising an MXene support of Formula I:

M1 X, T @;

wherein

each M is independently an early transition metal;

X is a non-metal wherein the non-metal is carbon or

nitrogen;

T, is a surface functional group wherein x is 0-10; and

nis 1, 2, or 3; and

a noble metal atom that occupies a crystal lattice node at
the basal plane of the MXene support, wherein the noble
metal is supported by a metallic bond to the early transition
metal,;

wherein the noble metal has one or more nanostructured
layers on the MXene support, the one or more nanostruc-
tured layers have an average thickness of less than 5
nanometers and loading of the noble metal on the support is
less than 5 weight percent.

In some embodiments, the occupied crystal lattice node is
a hexagonal close packed (HCP) crystal lattice node. In
some embodiments, the non-metal occupies another crystal
lattice node between the early transition metal and a different
second early transition metal that occupies a third crystal
lattice node. In some embodiments, the non-metal is posi-
tioned beneath the early transition metal.

In some embodiments, the average thickness is about 0.3
nanometer to about 2.0 nanometers. In various embodi-
ments, the noble metal is oriented epitaxially in the one or
more nanostructured layers. In various embodiments, the
one or more nanostructured layers are layered epitaxially. In
various embodiments, the noble metal forms nanostructures
that are layered or oriented epitaxially. In various embodi-
ments, the noble metal nanostructures are ordered or
arranged epitaxially, the noble metal nanostructures have an
ordered arrangement or pattern, or the noble metal nano-
structures have a crystalline arrangement or pattern. In
various embodiments, the noble metal nanostructures have a
structured arrangement, orientation, or pattern. In various
embodiments, the noble metal nanostructures are layered in
a structured arrangement, orientation, or pattern.

And/or, in various embodiments the noble metal is atomi-
cally dispersed and structured as one layer of atoms, two
layers of atoms, three layers of atoms, four layers of atoms,
five layers of atoms, 6-10 layers of atoms, 11-25 layers of
atoms, 26-50 layers of atoms, 51-100 layers of atoms or
101-1000 or more layers of atoms.

In other embodiments, the loading is about 0.1 weight
percent to about 2.5 weight percent. In additional embodi-
ments, the loading is about 0.1 weight percent to about 1.0
weight percent. In yet other embodiments, the noble metal is
platinum, iridium, rhodium, palladium, or a combination
thereof. In other embodiments, the noble metal is replaced
with bismuth, antimony, or a combination thereof.

In some other embodiments, x is 1-10 and the surface
functional group is halo, hydroxyl, oxo, or a combination
thereof. In yet other embodiments, M is hafnium, niobium,
molybdenum, titanium, tungsten, tantalum, vanadium, zir-
conium, or a combination thereof. In additional embodi-
ments, X is carbon and nis 1 or 2. In other embodiments, the
MXene support is Mo, TiC,T,. In further embodiments, the
catalyst is about 0.1-0.8 wt % Pt/Mo, TiC, T, or about 0.8-2.2






