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(= Routes for methane valorization

MtA
o
 Abundance
* low carbon price

* Environment O

A. Olivos-Suarez et al, ACS Catal., 2016, 6, 2965-2981
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= Routes for methane conversion into methanol

+H,0 Zn/Al fuel g
g 2 > H2+CO Cu3{500{: ] ue '
450-550°C diesel {
flare gas ’ 30-50 barl /f | cell
T /~_»fuel cells j
metal f‘ \esteriﬁcation
H biogas +0,/H,0,/N,0/... centers solvent
direct routes antifreeze
waste-water
+H,0 Cu-zeolite treatment
novel route
' ) ¢' ' )
Y Y
>140 billion cubic meters M >30 million tonnes

flared a year

V. Sushkevich et al., Science, 2017, 356, 523

consumed a year
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S.I.Chan, S. S. F. Yu, Acc. Chem. Res. 41, 969 (2008)

‘ﬁc‘f’-ﬁﬁﬂ{ J v'\

e
P.5

X

o
&
Y

(A= Particulate methane monooxygenase

top-down view

Ross et al., Science 364, 566 (2019)

... different structures of
copper sites are suggested

ranging from copper
monomers to copper trimers...
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(= Methanol synthesis via chemical looping

MeOH

H,0
135-200 °C (gas)
r.t. (liquid)

2

450 °C

Methanol
Extraction Zeolite
Activation
125-200 °C
Methane CH
Temperature, K RANGIon 4
723K
a) \ 473K /
Activation Reaction Desorption TPD of
with CH, of MeOH Cco,

0, He CH, He He/H,O He O, |
J\

1 |
1 cycle 2 cycle
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B Copper-exchanged zeolites — perspective materials
for the methane conversion to methanol
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M. Newton et al, Chem. Soc. Rev., 2020
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=

methanol

[CH4 — CH,OH ]

—

[ In situ ]

| T

(-[ Active sites ]—\

e XAS study of Cu species
e Reducibility assessment using
in situ CH,-TPR

* Oxygen isotope exchange

/{ Fate of methane ]\

* MAS NMR and FTIR identify
reaction products

» Effect of zeolite topology on
the product distribution

\° Mechanism of HC formation/

\_

In situ and operando study of direct methane conversion to

\

[ Operando ]
}

(-[ Site-specific kinetics ]-\

Operando UV-vis powered by in situ EPR

Operando EPR and UV-vis

J
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=

XAS Spectroscopy

* Measurement of the absorption coefficient across the energy in transmission geometry

Sample

I

1

Calib.

|

2

ey 1 ]

X-ray
Absorbtion
Near Edge
Structure
(XANES)

Normalized Absorption

|

Pre-
Edge

< _1s to continuum

f

Destructive Constructive
Interference  Interference

< 1s to (n+1)p

< 1s to nd

I

I

Extended X-ray
Absorbtion Fine Structure
(EXAFS)

reneReeE W\

Incident Energy (eV)

*  XANES: X-ray Absorption Near Edge Structure
o Valence state
o Energy bandwidth
o Bond angles
* EXAFS: Extended X-ray Absorption Fine Structure
o Interatomic distances
o Near neighbor coordination numbers

o Lattice dynamics
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Topology

Cu(3.4)MOR(10)

Cu(4.0)MFI(12)

Cu(2.8)BEA(12)

Wavenumber, A1

5 -

Si/Al

Cu(4.3)MOR(6)

Cu(3.4)MOR(10)

Cu(1.2)MOR(46)

8
Wavenumber, A-1

12

16

16

-16

Analyzing copper species using EXAFS

Cu loading

Cu(4.3)MOR(6)

Cu(3.5)MOR(6)

Cu(3.2)MOR(6)

Cu(2.5)MOR(6)

Cu(1.7)MOR(6)

4 8 12 16
Wavenumber, A-1
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Analyzing copper species using FT EXAFS

Topology

_Cu(3.4)MOR(10)

Cu(4.0)MFI(12)

Cu(2.8)BEA(12)

Cu(2.7)FAU(15)

Radial distance, A

16 1

Si/Al

Cu(4.3)MOR(6)

Cu(3.4)MOR(10)

Cu(1.2)MOR(46)

12 4

Radial distance, A

Cu loading

241 Cu(4.3)MOR(6)

12 1 Cu(3.5)MOR(6)

Cu(3.2)MOR(6)

__ Cu(25)MOR(®)

__Cu(1.7)MOR(®)

0 1 2 3 4
Radial distance, A
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Bs Analyzing copper species using wavelet EXAFS

k3-EXAFS FT EXAFS WT EXAFS
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Sushkevich et al., Chem. Sci., 2020, 11, 5299 Page 12
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Rs Analyzing copper species using wavelet EXAFS

Cu(3.5)MOR(10) Cu(2.8)BEA(12)

Cu

Radial distance, A
Radial distance, A

0 5 10 15 0 5 10 15

Cu(4.0)MFI(12)

4. Al-Cu

Radial distance, A
Radial distance, A
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5 Analyzing copper species using wavelet EXAFS

Cu(2.8)FAU(15) Copper (Il) oxide
<L
< Q
®
0 S
S D
R ©
° ©
[ B
k> 4
e
0 5 10 15 O 5 10 15
Wavenumber, A-" Wavenumber, A-"

Clustering of copper in faujasite

Sushkevich et al., Chem. Sci., 2020, 11, 5299 Page 14
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—
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* Reducibility assessment using
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* Oxygen isotope exchange
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* MAS NMR and FTIR identify
reaction products

» Effect of zeolite topology on
the product distribution

\° Mechanism of HC formation/
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J
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e= 1= Achievement of high methanol yield

Different topologies with similar Si/Al and Cu loading:

Copper loading 3-4 wt%

0.22
0.12
0.05
I 0.02
[ ]

CuMFI  CuMOR CuBEA CuFAU

Methanol yield,
mol(MeOH)/mol(Cu)

activation: O,, 673 K, 1 h; reaction CH, 7 bar at 473 K
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e= 1T Achievement of high methanol yield
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Woertink et al., Kulkarni et al,, Sushkevich et al,
PNAS 106, 18908 (2009) ACS Catal. 6, 6531 (2016) Angew. Chem. 57, 8906 (2018)
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A priori different reducibility and oxygen lability:
but how to study experimentally?

M. Newton et al, Chem. Soc. Rev., 2020, 49, 1449 Page 17
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Temperature-programmed
reaction with methane

Reducibility of copper species and oxygen lability

Temperature-programmed
160,-180, isotope exchange
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Sushkevich and van Bokhoven, ACS Catal., 2019, 9, 6293
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topology
TPR-CH4-XANES
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Reducibility of copper species hosted in zeolite of different
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Temperature, K

Sushkevich and van Bokhoven, ACS Catal., 2019, 9, 6293

F,, isotope fraction of 16080

0.4

0.3

0.27

0.11

500

16-180, oxygen exchange

— CuMOR(10)
— CuMFI(12)

— CUuBEA(12)
— CuFAU(15)

700 900 1100 1300

Temperature, K
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473 K
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90

CuFAU
2.7 wt% Cu
633 K
1 bar

j= Achievement of high methanol yield

303

CuFAU
9.3 wt% Cu
633 K
1 bar

360

CuFAU
9.3 wt% Cu
633 K
8 bar

CuFAU
9.3 wt% Cu
633 K
15 bar
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e XAS study of Cu species
e Reducibility assessment using
in situ CH,-TPR

* Oxygen isotope exchange
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reaction products
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(F= Oxygen isotope exchange in CuMOR

Experimental setup Model verification
1802 CUMOR 1602+16018O+1802 R . switch
~ | 160, 1180
MS analysis 2 2
— " . — fitted
Kinetic model g ! Qe ieln: experimental
single-atom (R7) type two-atom (R?) type i
180-150 | 160-150 180180 | 160-150 0.6 - i
1 2 i
1605 — 180S 1605 1605—> 1805 180S E
0.4 -
2 kinetically different sources of exchangeable N fitt o g
i : S, 1807160 fraction: Itea
oxXygen atoms " f o, experimental
- for each source R’ and R? exchange | S
mechanisms are possibe (T Temesnanc
dx;(t,1) 19x;(t,0) . 0.0
¢ ——— === f(cj, xi, keyj keyp) ; ' ! ! y y
ot T Ol A 0 500 1000 1500 2000 2500
j=12 time, s

Flow term Kinetic term

Artsiusheuski et al., JPCC, 2021, 125, 12366 Page 22
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£ Exchange at different temperature

a - 180 fraction
f34- 1800 fraction

0.6
T1==oocs f34 (520 °C)
a f;, (540 °C)
0.4 - ao----- f54 (560 °C)
e o----- f34 (580 °C)
.':":n‘ ~~~~~ O ==-=- f34 (600 °C)
02 NI
p O PRt b L L SO
r"--”"“"--“""_'""“""'-'-':-—--:-:-:-:.Effff‘fiii%?—_’-_‘-_’-_“-}-_{‘:_‘::f_s-:rfa»_.
0.0 ' T ' I ' r r r . I
0 500 1000 1500 2000 2500
Time, s

Oxygen isotope exchange in CuMOR

1st(faster) source
9% of zeolite oxygen
Preferable exchange via R? mechanism

R520=0'49 mmol-["'s? R520=0.99 mmol-[1s?

E.= 49 kJ/mol E.= 93 kdJ/mol
180-180 160)-180 180-180 160)-160
— >
160, 180, 16(|)S 16?5 18?5 1895

e

\ 7

/

2 (slower) source
25% of zeolite oxygen
Preferable exchange via R mechanism

R520=0.66 mmol-Ist R550=0.30 mmol-I-1s?

o l |

E.= 91 kd/mol E.= 45 kJ/mol
180-180 160_180 180-18Q 16(0-160Q
1605 18(:)5 ‘16(')5 16|Os 1805 18(|:)s

\ A

\

* Linking the kinetic parameters and activation energies to the structure of copper

species, hosted in different zeolites

* Effect of copper loading, Si/Al, topology, co-cation, etc.
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(= Effect of Si/Al ratio: temperature-programmed isotope

exchange

0.4 -
Cu(4.3)MOR(6)
0.3 A
Cu(3.5)MOR(10)
& 024
Cu(1.2)MOR(46)

0.1 -

0 T T T T

500 600 700 800 900 1000 1100

T, K

« Si/Al ratio significantly effects the rate of exchange
« Isothermal experiments are possible only in different temperature ranges => cannot compare k
However, can compare C(O) Artsiusheuski et al., JPCC, 2021, 125, 26512 24



Effect of Si/Al ratio on the C(O)

(4.3)MOR(6) Cu(3.5)MOR(10) Cu(1.2)MOR(46)

Y Cu
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o

independent of Si/Al ratio
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RS Effect of Si/Al ratio on apparent E,

R2 exchange for fast source R! exchange for slow source
1000/T 1000/T
0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30
0.6 - - - - - . - 0 : : : : : : -
04 {E_ = 53+25 kJ/mol T E,=93%+26 kd/mol 0.5 1 2. E,=115+16 kdJ/mol
0.2 11 B i
0 ] -1.5
e | * ~ . E, = 6218 kJ/mol '
T o2y % + 3 L. 0 j. :
£ 041 ] | { i ''''' i ........
E.=37+13kJ/mol |, 3 4 ?
061 35
-0.8 - -4 4
+ E_, = 170£35 kJ/mol
-1 A -45 -

@ Cu(1.2)MOR(46) € Cu(3.5)MOR(10) M Cu(4.3)MOR(6)

Variation of the Si/Al ratio leads to change in apparent E_, possibly due to presence of different Cu species 26
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e XAS study of Cu species
e Reducibility assessment using
in situ CH,-TPR

* Oxygen isotope exchange

/{ Fate of methane ]\

« MAS NMR and FTIR identify
reaction products

» Effect of zeolite topology on
the product distribution

\° Mechanism of HC formation/

\_

In situ and operando study of direct methane conversion to

\

[ Operando ]

}

(-[ Site-specific kinetics ]-\

Operando UV-vis powered by in situ EPR

Operando EPR and UV-vis

J
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(=== A zoo of products reported for the conversion of methane
over copper-zeolites

Methanol Dimethyl ether CO CO, Formate

28
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P5 Methods to follow the fate of methane: in situ
MAS NMR and FTIR

Rotor cap
'y B, Rotation axis

Rotor with fﬂ" =
the sample
A —

\ 7mm Sealed

Powdered rotor glass
material ampoule

(B) with

zeolite

CuMOR, Si/Al = 6.5, activation: O,, 673 K, 1 h vac 673 K, MAS 4 kHz, 1 mmol *3CH,/g
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(1= In situ NMR: CuMOR with Si/Al = 6

13C HPDEC MAS NMR C6H4
Cu'l-CO
DME
178
CcO €0, 67 CH;0 .10
154 124 58
648K , * _dz,_ﬂaf%ku .\ﬂ
623K F,_,__HA_/\%AJ N
598K I D N N |
573K _,_,___#H%Jk,_&_// \_
548K L~ N L
523K L~ N L
498K ﬁ/wﬁL
473K Al
448K N
298K S~
200 160 120 80 40 0  -40
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(1= In situ NMR: CuMOR with Si/Al = 6

1H-13C CPMAS NMR

HCOO*

173

648K *

623K /\
598K
573K

548K v’ M mnn, A )

523K "\

498K .
473K

448K
298K

220 200 180 160 140 120 100 80 60 40 20 O
o/ ppm
V. Sushkevich et al, ACIE, 2020, 132, 920-928

MeO*
MeO

*

58

67 %
-/
]

I R

NEANEAN

K

MeOH
52

75 70 65 60
o/

55 50 45 40
ppm
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(=] )= Identification of species observed by in situ NMR

'H-13C HETCOR NMR

(67.2; 3.13)

CHs \@ (58.5;4.15) |
O = :
LN CH = ._=_._E{{.\
Na VYN, YA = i
Si”AITS = _

Q )
7 2
<)
Ssi O arC s’
/N /N /N [ o

BC &/ ppm
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(3 In situ FTIR: CauMOR with Si/Al = 6
Surface species 2159
MeO* i 1619ucoo*  ype0*
2080 MeO* \ co 1632 ! 1469
;296"7"60"’ 2871 pMeOH CH,0 1685 | | 1594 49151458
o | 2856 1696] | cpg
{294z 12836 CH20 i 25

A

3000 2950 2900 2850 2220 2140 2060 1700 1600 1500 1400

33
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=

Gas phase

In situ FTIR: CaMOR with Si/Al =6

co, 1300 | M

-

538K §

513K A~__ Ancssianee J

487K

462K R " ILH

2500 2000 1500 1000
Wavenumber, cm-?

34
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=

Reaction network as derived from MAS NMR and FTIR

i
.C.
HT o H
O,-activated
CuMOR
CHy CH HsCr - CHs CHs
O- ,O\ : O«
Ho CHy cu GHs H Ho G
0. v O~ v 0. .0 0. v
g Qarsi \SloAIOSi \S|OAIOS SgirQar@si Sgi O ars;
/N /N /N /N /N /N /N /NN /N /N /N /N /N /N
13C NMR: 52 ppm 58 ppm 62 ppm 64 ppm 67 ppm
448 - 550 K Y 550 - 650 K
i Y
@)
CH,O (ss) + HCOO (ss) '(g
:
i 3
~N ./O\ /O\ /
CO, (gas) C=0 (gas) SIS |

/N /NN

35
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(== )= Reaction over the copper-exchanged mordenite with

high Si/Al ratio
Cu(Il)
FTIR spectra of ( A \
adsorbed NO o
A
Si/AlI=6.5,

4.3 wt% (Cu)

Si/Al=46,
1.2 wt% (Cu)

2100 2000 1900 1800 1700

Wavenumbers, cm? 36
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(1= In situ NMR: CuMOR with Si/Al = 46

13C HPDEC MAS NMR CH,

-7

CH,0

52
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(1= In situ NMR: CuMOR with Si/Al = 46

1H-13C CPMAS NMR VIeOH VIeOH

6

VAN N NSNS

K

-
[

70 65 60 55 50 45 40 35
o/ ppm
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(1= Methane to methanol: difference in active sites

HOR
Cu Cu

e N

~. .0 .~  ~_ .0

Al Si Al

/N / N\ / \ /\

V. Sushkevich et al, ACIE, 2020, 132, 920-928

High Si/Al ratio

T — \ O
/\ /\

Low Si/Al ratio

/\ /\

_>\ O

/N / N\

\O/
/' \ / \

MeO*
CHj

I |
SarQ s
ANV

N
Cu\O/Cu
Al TS

/' N\ /
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=
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e XAS study of Cu species
e Reducibility assessment using
in situ CH,-TPR

* Oxygen isotope exchange
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* MAS NMR and FTIR identify
reaction products
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\° Mechanism of HC formation/
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J
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Reaction over Cu(4.0)MFI(12): FTIR and NMR

FTIR Spectroscopy o 13C HPDEC NMR SpeCtrOSCOpy

cs

~si%ar®si”
VANWANYAN
T

T, K
673
623
548
498
423

3000 2950 2900 2850 2800 2200 2160 2120
Wavenumber, cm?

+  MeO(BAS) and MeOH are formed < 550K

*  Overoxidation to Cu(CO) and CO, > 550K

Artsiusheuski et al., ACS Catal., 2021, 11, 12543
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T, K
698
623
548
498 -
423

Reaction over Cu(3.4)MOR(10): FTIR and NMR

FTIR spectroscopy

2880 2840 2200 2160 2120
Wavenumber, cm-?

2060 2920

3000

Partial oxidation to methanol precursors < 550K
Overoxidation to CO, not observed
C,H, formed >600 K

13C HPDEC NMR spectroscopy

>si

/\

|
OarOsi”
NIVAN

H,C.__CH,

~s5i%ar%si
VANANYAN

CH,

.0_, .0,
Ssic Al si”

/N /N /N

[ N
-

é
|

*

@)
N

I
o)

;

125

100

75

0, ppm
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Reaction over Cu(2.7)FAU(15): FTIR and NMR

FTIR spectroscopy 2 13C HPDEC NMR spectroscopy

T, K
743
698
623
548
473

2120 125 100 75 50 25 0
Wavenumber, cm-? o, ppm

3000 2950 2900 2850 2200 2160
+ Partial oxidation products stable up to 700 K
+ 2 different types of Cu(CO), CO, formed at 728 K

C,H, formed >600 K
Page 43
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(=]

5 Summary of observed transformations over different
CuZEOs

~si%ar®si”
VAN NVAN

|\ CH
/( 3)n

.0 .
gH3 HyC. o CHs
AT
\Si’o\AI'o\Si/ \Silo\AI'o\Si/
/N /\ /\ /N /N /\

Reaction temperature

n
>

Over-oxidation
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=

methanol

[CH4 — CH,OH ]

—

[ In situ ]

| T

(-[ Active sites ]—\

e XAS study of Cu species
e Reducibility assessment using
in situ CH,-TPR

* Oxygen isotope exchange

/{ Fate of methane ]\

* MAS NMR and FTIR identify
reaction products

» Effect of zeolite topology on
the product distribution

\0 Mechanism of HC formation/

\_

In situ and operando study of direct methane converstion to

\

[ Operando ]

}

(-[ Site-specific kinetics ]-\

Operando UV-vis powered by in situ EPR

Operando EPR and UV-vis

J
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(A= Experiment strategy — !3C isotope tracing

Reaction route, studied reaction mixture

W, l @ Direct coupling, CW/MOR + '3CH,
CU”
CH, | —— cHon —()——|C,H, | (1) MTH-like process, CUMOR + 1*CH;OH
M) ! (i1]) MTH involving CH,, CU'MOR + 12CH;OH + 13CH,
o CH,

= () g T @ Koch carbonylation, CWUMOR + "2CH;0OH + 3CO

Page 46
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13C HPDEC NMR

CH,

20 10 o -10 -20 -30 -40 -50

No direct coupling

(= Reaction with 3CH .,

1H-13C CPMAS NMR

CH,
TR

723K

673 K

623 K

973 K

WMW\/\/W\/\/\W“\/\\W\WW o
WWMW/\\MWMWM oo

ol 298 K
30 20 10 O -10 -20 -30 -40 -50 -60
5, ppm
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(= Reaction of 3CH,OH over Cu'MOR

Methanol is transformed to

G, .
- H\\if;m oot s O] [ hydrocarbons, apparently via
R | R A e et I MTH-like process, over CUUMOR
cut "CH, /s-\ /Al\ /s.\ VANWANYAN ’
Ssi%arCsi” 60 CH
VANVANAN 358 S 3
62 H' " H O
kbt 19O

773 K
30 min

773K
748 K

cogk 180 160 140 120 100 80

200 180 160 140 120 100 80 60 40 20 0 -20 80 70 60 50 40
O, ppm 0, ppm
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= Observed reaction pathways for *3CH,OH

oH
cu O
u
CHs H;C. (I) o
~si % ar®si” Q SsiT Al s
®/' VANV AL /N /N /\ \ CH.OH
3
H O H @lCHa,OH @ & \
CH 3 - H3
H3C\ /CH3 | 3 | / s n CUI
CH OH\‘ ° TR e cH @
3 H CH; 'f 3
| -
'H20 0 0

~ /0\ /6\ cul ||
~ei®ar®si” st ar®si st arsi”
/N /N /N /N /N /N /N /N /\

» Temperature
CH,OH dehydration

MTH process
<673 K

>673 K

Artsiusheuski et al., JACS, 2022, submitted
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=)= Impact of Koch carbonylation: reaction of '3CO with non-
labeled methanol

¢ty
0

~si oAloS/

v VANWANAN
g ° o 52 (CHy); O
134 | gi % ar®si” 19

1
/N /N /\ |58

187 176
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(1= Reaction network

Methane partial oxidation products Hydrocarbon Gaseous and adsorbed
oH pool species hydrocarbons
3
a \ / ™
cH L g@)/) CHs
~ai-Oup O O, O _ .~ T 2 ( \
AR /S'\ /AI\ /SI\ A 19 ppm Y
_ g 59 ppm 62 ppm 54 ppm 154 ppm 24 ppm
CH, Cu'-oxo sites HH Acid sites
Sppm T~ T |~ 04,00 CHOH | Tttt —
© FURCA l 3 @ ® | 7
~
i 52 ppm H3C\0/CH3 (I_':H3 gHa E;_(CHS)H icul
Cul- CH, CH;OH . |-|“0\(_;|-|3 cu" “CH,4 /4 X
20 ppm 0. 0 O O ~_.0_ O _ 19 ppm Cut -
- ~ai PP e Seir P arP e sit Al US| )
/S'\ /AI\ /S'\ /S'\ /AI\ /S'\ /I\ /N / \ \130 140 ppm / 114 ppm
60 ppm 64 ppm 67 ppm

0. H
] , co K\ ¢
Cu'-oxo s:tesl W @ 0. CHs ~i OO si”

¢ CH, /\ /\ /\
o ~si % ar®si” -5 ppm 176 ppm
¢ /NN /N
|
Cu' 187 ppm
~5i % ar®si”
VANANIVAN

\_ 150-180 ppm

Methane overoxidation products
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=

methanol

[CH4 — CH,OH ]

—

[ In situ ]

| T

(-[ Active sites ]—\

e XAS study of Cu species
e Reducibility assessment using
in situ CH,-TPR

* Oxygen isotope exchange

/{ Fate of methane ]\

* MAS NMR and FTIR identify
reaction products

» Effect of zeolite topology on
the product distribution

\° Mechanism of HC formation/

\_

In situ and operando study of direct methane conversion to

\

[ Operando ]

}

(-[ Site-specific kinetics ]-\

Operando UV-vis powered by in situ EPR

Operando EPR and UV-vis

J
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TTTTTTTT

Establishing intrinsic kinetic parameters for different

copper species

Digital pressure gauge

| | UHV line and
é methane dosing system

I || Temperature controller

UV-vis probe

Sample

Reference

CHy(gas) + [CU-O-Cu]®* o1y = [CH3-(OCH;)-Cul* (goiigy + H' (solia)
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(1 In Situ UV-Vis (DRS) Equipment

* Wavelength range: 200 - 1100 nm

-i‘ )

al
118
| &

()

UV-Vis quartz cell/

. | -V"q

Insulating block * Resolution: 0.035 nm (FWHM)

Reflection probe/

Adjustable clamp * Integration time: down to 17 ms

Temperature controller
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e Establishing intrinsic kinetic parameters for different
- copper species
Subtracted UV-vis Normalized kinetic response

16900
13000

1%

C) CH4

_,,CH4 -
A(®) = Aglpyestowt + AZG e Fast!
0.8%

<> Total copper conversion

[ Copper dimers conversion

o
»
1

— Fitting results

Slow Cu-o0xo site

Normalized conversion

0.4 1
JrC). Methanol
Fast Cu-oxo site
0.2 1
0 r T .
40000 30000 20000 10000 0 2000 4000 6000
Wavenumbers, cm Time, s

* Time-resolved UV-vis shows the consumption of dimeric species
* Total conversion can not be described by single conversion of dimers, other species

contribute as well
Sushkevich et al., Angew. Chem. Int. Ed., 2021, DOI: 10.1002/anie.202101628 Page 55
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=

Establishing intrinsic kinetic parameters for
different copper species

1 % a)
S o S
@ 2 & Total conversion @
c 083 c
el 8 ]
2 ] Decay of 26100 cm™' band 2
£ 06]¢ =
o 8 o
[&] (6]
pe] o
S 8
5 04 5
£ £
S ., Cu(4.3)MOR 2
0 2000 4000 6000 8000
Time, s
T
s 0812 o
c c
2 ie]
[7)] [7)]
o 06 o
> >
[ = c
[e] (o]
[&] (6]
3 04 3
N N
© ©
£ £
© 0.2 o
z Z
Cu(2.5)MOR

0

2000 4000 6000 8000 10000 12000
Time, s

0.6

04

0.2

0

0.6
0.4

0.2

08 (i

0.8

Cu(3.5)MOR

2000 4000 6000 8000 10000 12000

Time, s

Slow Cu-0xo site

Fast Cu-oxo site

Cu(1.7)MOR

0

2000 4000 6000 8000 100001200014000
Time, s

In samples with
less copper and
less dimers the
difference in
kinetic behavior of
dimers and total
activity is even
more pronounced

+ CH, Methanol
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=

copper species

Establishing intrinsic kinetic parameters for different

CW EPR before and after reaction

— Cu(4.3)MOR actcl\ﬁ
— Cu(4.3)MOR rea

Si
200 250 300 350 400 450
g, =232 Magnetic field, mT

A, =480
MHz

\\\\\\\\\\\\\

— Cu(2.5)MOR act N
— Cu(2.5)MOR reac

200 250 300 350 400 450
Magnetic field, mT

Al

Al

g, = 2.32,

A, =480
MHz

— Cu(3.5)MOR act J
— Cu(3.5MOR reac\z

200 250 300 350 400 450

Magnetic field, mT
g, =2.32,
A, = 480 T
MHz LA

— Cu(1.7)MOR act
— Cu(1.7)MOR react

200 250 300 350 400 450
Magnetic field, mT
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wosaa wsr— Establishing intrinsic kinetic parameters for different

—

Amount of reacted copper, pmol/g

copper species

A)
140 - -6 -
B Copper dimers

120 - - L)

I Copper monomers Copper dimers

E, =60 + 3 kd/mol
100 -

3
Ln(k)

60 -
-8 1
40
] Copper monomers
20 - 42 E, =33 £ 10 kd/mol *
0 9 - - -
Cu(1.7)MOR Cu(25MOR  Cu(35MOR  Cu(4.3)MOR 0.0019 0.002 0.0021

Inverse temperature, 1/K

Concentration of monomers in preserved and the excess of copper goes to the
formation of dimers, according to the fitting of kinetic data

Monomers are has lower kinetic constants, but the activation energy is lower.
For dimers, a good fit to the previous literature data and DFT is observed
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= Establishing intrinsic kinetic parameters for different

copper species

/

(> 1940 cm™)

2.86A, fraction > 20%
* UV-vis band at 26100 cm'?
* Facilitated exchange with gas phase 20,
* High reducibility in TPR-CH,

N

* IR bands of adsorbed NO with high frequency

* Cu K-edge EXAFS scattering path with d(Cu-Cu)

/

(~1910 cm™?)
* UV-vis band at 13000 cm?
* EPR signals with g =2.27 and A = 550 MHz
* Hindered exchange with gas phase 20,

N

* IR bands of adsorbed NO with low frequency

Si

Si

Al

Al

(~1910 cm™)
* UV-vis bands at 16600 cm™

* EPR signals with g = 2.32 and A = 480 MHz

separation within the range of 5.5-7.0A

o

IR bands of adsorbed NO with low frequency

* EPR half-field transition signal, indicating Cu-Cu

Sigsnnmy, Si
CH +* o
4 A4 o'
n Cu—0 H = o
S S Y
—Cu u
Reactive towards methane - HsC” n 3
k393K = 1.3.103 51 - ’ . : -
*
Apparent E,, = 60 kJ/mol e q Oa*
°P “ / A 9\. ceao A
an
Si Si
Si Al
Al Si
CH4 + . ‘\- ,/. .
S
Si Al & | *

HaC
Reactive towards methane ., H o
k193K =3.1-10 5 ey /9\_.'
Apparent E,, = 33 ki/mol Si Al

CH,

®

Not reactive towards methane
No reactive extra-framework oxygen

Sushkevich et al., Angew. Chem. Int. Ed., 2021, DOI: 10.1002/anie.202101628
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=

methanol

[CH4 — CH,OH ]

—

[ In situ ]

| T

(-[ Active sites ]—\

e XAS study of Cu species
e Reducibility assessment using
in situ CH,-TPR

* Oxygen isotope exchange

/{ Fate of methane ]\

* MAS NMR and FTIR identify
reaction products

» Effect of zeolite topology on
the product distribution

\° Mechanism of HC formation/

\_

In situ and operando study of direct methane conversion to

\

[ Operando ]

}

(-[ Site-specific kinetics ]-\

Operando UV-vis powered by in situ EPR

Operando EPR and UV-vis

J
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(A5 Operando EPR setup

Gas supply
system

Microwave bridge (Bruker)

Electromagnet upto 0.7 T

Water cooling for the high
temperature Resonator

=heE=

[/

Home build high-temperature
resonator fromr.t. to 773 K
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(= In Situ UV-Vis DRS and EPR Spectra of Activated Materials

e 13000 cm™: d-d transition of bare, isolated Cu?* e 2.325 & 2.331: bare Cu?* in different environments
* 26100 cm™: LMCT transition of [Cu,(u-0)]% « 2.272: Cu?* charge balanced by one AlO, T-site
o Present only above Cu/Al ratio of 0.29 o Presumably present as [CuOH]*
__________ 132272
_________ 8172325
0 » G o g H v H
oo WET L Sgmmeler g =2331
100-%

- ! : 3
G:E ] : ) : 25|
! 3
4 s 2|
9 =
é 80 - E 1.5¢
o —Cu,;MOR,;

70{ —ciimon, 05}

——— 0 . ; . . | . .
40000 30000 20000 10000 260 270 280 290 300 310 320
Wavenumber [cm™'] B, (mT)
In situ UV-Vis DRS of activated Cu, ;MOR, ; (blue), Cu, sMOR; ; (red), and In situ X-band EPR spectra of activated Cu, ;MOR; s (blue), Cu, sMOR, ; (red), and
Cuy,9sMOR; 5 (green) measured against a Na-MOR; ; white standard. Cu, 0sMOR; s (green). Measured by Jorg W. A. Fischer (EPR Group, ETH Zurich).
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=

Operando EPR and Kinetic Analysis
(a) (b)

(’

Normalized Intensity [-]

220 240 260 280 300 320 340

e

-
o
o

— 473K

Fit (473 K)
—— 488K

Fit (488 K)
—— 503K
\ Fit (503 K)
\ % — 513K
\ " Fit(513 K)

Normalized CH4 pressure [-]
o b o
[{-) 0 [{-)
~ o0 [T
o

e
©
o

0 2000 4000 6000 8000
Time [s]

B, [MmT] (d)

Reaction rate constant In(k)

1.0 ——473K  — 503K
Fit (473 K) Fit (503 K)
09 ——488K ——513K
' Fit (488 K) Fit (513 K)
-
0.8 ) \M\M
‘ \\\‘.‘\“ﬁ-
0.6 o
0 2000 4000 6000 8000
Time [s]
8 KkCu-Di ressure dro
CuizMOR . kCu Dimer (p PR p)
5, E,=66%6kJmo " KCu-Monomer (EPR)
| L " KCu-Monomer (Pressure drop)
6+ Tt~ _ " kcu-Monomer (EPR)
7] Cu;,MOR ™
| e o Ea=3624kimol
8. === o ——
E T =I
9. Cu, ,MOR
{0 - _ E, =38 x4 kJ/mol
T -
101 cu, ,MOR T - -=
411 Ea =35 £5 kiimol

1.96E-03 2.03E-03  2.10E-03
Temperature [1/K]

* Negative band at 27500 cm on Cu, ;MOR, ; :consumption of [Cu,(u-0)]?*

* Negative band at 18200 cm™ on Cu, .MOR; ; and Cu, ,sMOR s with shoulder at 20200 cm™:

photoluminescence of Cu* and consumption of bare Cu?*
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=

* Negative band at 18200 cm™ on Cu, .MOR; ; and Cu, ,sMOR s with shoulder at 20200 cm™:

Operando UV-Vis DRS and Kinetic Analysis

(@)

26100

. Time

(b)

Normalized absorbance [-]

40000 30000 20000 10000

Wavenumber [cm™]

(c)

— 473K

— 1.0 — - Fit (473 K)
Py — 488K

5 Fit (488 K)
2 0.8 — 503K

s Fit (503 K)
= 06 — 513K

o Fit (513 K)
B 04

N

T

€ 0.2

o

=z

Time [s]

0 20000 40000 60000

(d)

Reaction rate constant In(k)

—473K
1.0 — — Fit (473 K)
——488 K
Fit (488 K)
0.81 —— 503K
. fit (503 K)
0.6 —513 K
7 Fit (513 K)
0.4-
0.2
0.0 ; . .
0 4000 8000 12000
Time [s]
-51 u kCu-dimer (CH4 pressure)
Cu;,MOR  w g . (UV-Vis)
6{E,=60x7 kJ/mol 4 Kcu.monomer (CH4 Pressure)
_7: « = = = " kCu-monomer (CH4 pressure)
Cu;,MOR F=s
-84E, =60 £ 7 kd/mol Cu; ,MOR
1 = <~ - u E, = 35 £ 29 kJ/mol
-9 [ ] T —-—— -
. m Cuy;MOR
A0 = ~w o _ __ E,=28x2kJ/mol
o = -
-11 T T T T r 1
1.96E-3 2.03E-3 2.10E-3

Temperature [1/K]

* Negative band at 27500 cm on Cu, ;MOR, ; :consumption of [Cu,(u-0)]?*

photoluminescence of Cu* and consumption of bare Cu?*

64



PAUL SCHERRER INSTITUT

=

Methane Oxidation Pathways on Cu-MOR

Features of [Cu,(u-0)]2* rza ‘ ! /:q p

UV-Vis DRS: 26100 cm!

NO-FTIR: 1954 cm-!

Features of [CuOH]*
EPR: g,: 2.272
NO-FTIR: 1905 cm!

Cu* PL: 540 nm

AQ

Apparent E,: 60 kJ/mol

Apparent E,: 35 kJ/mol %

-\

AR e

NS

> @ r
Apparent E,: 35 kJ/mol “)0 Features of Cu®"

EPR: g,: 2.325 & 2.331

UV-Vis DRS: 13000 cm*!

NO-FTIR : 1940 cm!

\/
74 N

Cu*PL: 410 & 480 nm

Isolated Cu?* not active
towards CH,
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=

methanol

[CH4 — CH,OH ]

—

[ In situ ]

| T

(-[ Active sites ]—\

e XAS study of Cu species
* Reducibility assessment using
in situ CH,-TPR

* Oxygen isotope exchange

\_

/{ Fate of methane ]\

« MAS NMR and FTIR identify
reaction products

* Effect of zeolite topology on
the product distribution

\0 Mechanism of HC formationj

\_

In situ and operando study of direct methane conversion to

\

[ Operando ]

}

(-[ Site-specific kinetics ]-\

Operando UV-vis powered by in situ EPR

Operando EPR and UV-vis

J
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(== Take-home messages

The importance of modern advanced physical chemical methods in studying
solid-gas reactions can not be overestimated

Look from both sides — active site and substrate carry important information
about the mechanism of the (side) reactions

Know the strong sides of each method to create strategy of the study

Combine spectroscopy with kinetic studies to make analysis deeper and
comprehensive: the unexpected behavior can be revealed
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