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Research Question 2
L .—[ H,0 and CO,, Sunlight, 25 °C ]_.

How to boost the surface reactivity of nanoparticles ?

Costly/Heavy setup Reactivity at T > 150°C Low complexity of
- Pressure > 10 bar formed molecules
(\iiiace

Inorganic <&
Nanoparticle ™&  Fynctional molecules?

\\{? Alcohols, amines, etc.

H,, CO, CO,, N, metals Alkanes, CH,, NH,...

Fischer-Tropsch Process, Sabatier Reaction, Haber-Bosch Process, etc.



Case study: Nickel-cobalt nanoparticles




Nanochemistry: Concept Map
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S. Carenco, D. Portehault, C. Boissiere, N. Mézailles, C. Sanchez, Adv. Mater. 2014, 26, 371.



Nickel-Cobalt Nanoparticles for CO, reduction

Cobalt
+0.5 equiv. Co,(CO),

> Nickel
1) Addition atr.t.
2) 120°C, 10 min.
3) 180°C, 1h

r. t
Core-shell

CO, hydrogenation by H, (1 bar total pressure)
Selectivity
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S. Carenco, C.-H. Wu, A. Shavorskiy, S. Alayoglu, G. A. Somorijai, H. Bluhm, M. Salmeron, Small 2015, 11, 3045-3053.



Near-Ambient Pressure XPS on Core-Shell Nanoparticles

XPS collected under mbar of gas e
* Nanoparticles on Au surface '
e Ligands are burnt away

Electronic Lenses

" Sample | | |

* Model reaction is performed ;’ B PN
D. E. Starr, Z. Liu, M. Havecker, A. Knop-Gericke, H. Bluhm,
Chem. Soc. Rev. 2013, 42, 5833-5857. hv //" ﬂ ﬂ ﬂ Analyzer
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S. Carenco, C.-H. Wu, A. Shavorskiy, S. Alayoglu, G. A. Somorijai, H. Bluhm, M. Salmeron, Small 2015, 11, 3045-3053.
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Core restructuring as a consequence of surface reaction

Cycles of oxidation and reduction, then exposure to CO, + H,

4 )
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Cobalt
+0.5 equiv. Co,(CO),

> Nickel —_—
1) Addition atr.t.

2) 120°C, 10 min.

3) 180°C, 1h rt \ J
Coré-s.hell Gradient structure Semi-hollow Alloy
200 - 250 °C

Reactivity at the surface is critical

Surface Ratio from NAP-XPS
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S. Carenco, C.-H. Wu, A. Shavorskiy, S. Alayoglu, G. A. Somorijai, H. Bluhm, M. Salmeron, Small 2015, 11, 3045-3053.



What happens without gases?

TEM with heating stage Alloy formation above 500 °C

XPS in UHV EDS of the shell
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Reactivity: Combining ETEM and NAP-XPS

Environmental TEM
mbar Range

Pressure: 0.2 mbar
Oxidation at 220°C

Reduction at 260 °C
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50 — I Average oxidation state of Co
E-TEM ;2 F 0O Retl  XPS from Co 3p (hv = 700 eV)
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S. Carenco, C. S. Bonifacio, 20 = Co,0,(Ref.)
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J. C. Yang LA R R

Chom. Eur. J. 2018, 24. 12037 Vac 103 ILH2 1ilO2 IV-HD Initial 1-02 1I-H2 111-02 IV-H2



What about surface ligands?
\/\/\\//Q/\//&P

7
\/\/\/\ Phosphate Phosphide

CPSx 107

Reaction .

P2p 1837 yooev Apparent surface ratio (1.2 nm)

B Phosphorus ® Nickel ® Cobalt

—
=t
L
]

| | | |
reaction I
Red2 |
sor |
| |

T | T T T T |
138 135 132 129 126

Binding Energy (eV) 0% 20% 40% 60% 80% 100%

O Phosphide species

CoNi1

— — > O Phosphine oxide

Oxidation, Reaction o P™V) gpecies

Reduction e F

Carenco, Wu, Shavorskiy, Alayoglu, Somorjai, Bluhm, Salmeron, Small 2015, 11, 3045
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Reactivity of phosphine ligands

Our Model " Nickel foil with
native oxide layer

Sputtering
Annealing

Typical
synthesis route

Heating Nanoparticle
up to 220°C | Formation

W

Reaction
Intermediate

\Vp~/~
S. Carenco et al.

Chem. Eur. J. 2012, 18, 14165

/}
Heating
up to 350°C
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Needs reducing Heating
atmosphere up to 300° C

e,

Ni,P, Ni,P




Phosphines as an easy source of phosphorus... and carbon **

Intensity (a.u.)

\ Phosphide !

- (b) 100 °C

136 132 128 124 120 116 112 108
Binding Energy (eV)

S. Carenco, Z. Liu, M. Salmeron, ChemCatChem 2017, 9, 2318

1 %

Tri-n-octylphosphine
XPS while heating under H, (0.13 mbar) ”P-donor»;tpzso-§50°C" (litt.)

=

\/\/\\;\\//\\//P P-C bond

\/\/\/\_/ breaking

Phosphide forms at 150 °C!*
sp2 carbon also form!

Carbide 283.8 eV
80 el 286-288 eV

U TOP alkyl chain 285.6 eV

40

20 sp2 carbonon Ni  284.7 eV

0
O O O O 0O O O 0 0 0 0

QO O O O O O VO OO O O O
TR QTR R QR R P o P

*Confirmed by DFT: R. Garcia-Muelas, Q. Li, N.
Lépez, J. Phys. Chem. B 2018, 122, 672—678.
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Control Experiment in colloidal suspension at 150 °C
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S. Carenco, Z. Liu, M. Salmeron, ChemCatChem 2017, FCCat Special Issue, DOl 10.1002/cctc.201601526.



Ligands as an asset to enhance surface reactivity?

ERC NanoFLP
Molecular \
Frustrated Lewis Pair (FLP)

CH,

Wrown et al., JACS1942 64, 325—y
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/Hz cleavage at 1 bar and 25°C
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\G. C. Welch, D. W. Stephan, JACS 2007, 129, 1880—-1881.
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Nickel-Cobalt NanoFLP in colloidal suspension?
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About the synthesis: + Silane as H source
A. Palazzolo et al., Nanoscale 2022, 14, 7547



First catalytic results

Hes.
O NiCoNps (10 mol%) G

| SiHz  Lewis base (10 mol%) o
25 + 1 -

Mesitylene, THF, RT, 24h n=1-3
Entry Lewis acid Lewis base Silane consumption/?
1 - -
2 NiCoNps -
3 - PnBu,
4 NiCoNps PnBu,
5mol % 5P NiCoNps PnBu, 22%
20 mol % 69 NiCoNps PnBu,
7 NiCoNps PnOct; 55%
8 NiCoNps PCy;
9 NiCoNps PMe; 20%
10 NiCoNps PPh,

A. Palazzolo, S. Carenco, Chem. Mater. 2021, 33, 7914-7922



|s the nanoparticle surface affected by the reaction?

(A) Ni 2p3), (B) Co 2ps,

(c) post-mortem

(c) post-mortem

(b) blank

(a) fresh NPs
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A. Palazzolo, S. Carenco, Chem. Mater. 2021, 33, 7914-7922



How can we rationalize the silane consumption?

Tolman electronic parameter

electron donating /withdrawing
ability of a ligand

C. A. Tolman, Chem. Rev. 1977, 3, 313-348

Tolman cone angle

Steric hindrance at the
coordination site
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Opportunities and bottlenecks

Perspectives Surface design and reconstruction
* Reactions with gases (H,, CO,...)

* Other nanoparticle/ligand pairs
e ldentify relevant descriptors

Dynamics and chemical evolution

Catalysis Phosphides
Homogeneous ‘ _
Heterogeneous Carbides
Electro/photo ‘ Oxysulfides

Colloidal

Ways to monitor surface ligands?
WANTED! Challenges:
Same in situ cell for (HR)(S)TEM * Loading of air-sensitive samples

and X-Rays (XAS...)  Non-agueous solvents
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