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Chemist background....

Nanoparticles Sol-Gel synthesis — Energy and catalysis
X-Ray Diffraction to identify structures
Shape and widening of the peaks to determine crystal size or anisotropy

Tool to identify / describe the structure? Acquisiti
cquisition

® Pair Distribution Function Analysis time : ~48h

ID11, ESRF

Acquisition time = few seconds

Gobel mirror
2019

try more experiments
prepare synchrotron beam time

-

Diffabs, SOLEIL ,

Acquisition time = few minutes



When do we need Pair Distribution Function?

When XRD is insufficient to describe solid structure and explain/understand material properties
In our team, NANO (Novel Advanced Nano Objects) various solids - https://lcmcp.science/nano/

Among them....
/ \ / Well defined species \

Ultra small NP that are too small to * Whose symmetry and organization is
diffract incompatible with its surrounding
e Rh MOP inside polymer matrix

Ni/NiO species on SiO, support for catalysis \ /

Ap_p'- Catal. B 2021, (Cp*Rh, PW,,)@UiO-67 for CO, photoreduction
doi.org/10.1016/j.apcatb.2020.119417 J. Am. Chem. Soc. 2020, doi.org/10.1021/jacs.0c02425
ChemCatChem 2023, doi.org/10.1002/cctc.202300948 Rh MOP

\ // \J.Am. Chem. Soc. 2022, doi.org/10.1021/jacs.1c12631/

The WO,.H,0 case

/ Phase purity / detection of non- \

crystallized impurities f . R
Local order in amorphous materials
) ) Defects on the surface or
SiCo nanoparticles ¢ i \. /
J. Am. Chem. Soc. 2023, doi.org/10.1021/jacs.3c01110 core of crystalline NP - \
Zn,Si,0,Cl, Bp pic] Short and long range order in
nanoparticles . .
Qomrg/lO.1002/an|e.202303487 / see Clara Doisneau’s poster . J
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https://lcmcp.science/nano/

WO, powders

WO, for photo/electro-catalysis, electrochromism, energy storage...

i, <10min 15-30min 30min 1 - 2hours 24h 7days time
/I /L .
11 I o
Cationic exchange resin Fractal W oxide gel
Na* + Instant Clusters Growth network WO;-H,0
r_% Nucleation  evolution S lat

crystals platelets

w )] 404 e
)RR lf. “ . ) TR % W
pHH:ci)i-Q pHHiol,S z ] s %y \ o . ‘

W,,0;,* cluster Amorphous gel Pmnb
size
| | I | | I I .
| | | | | I I
<lnm 1-2nm 20-30nm ~100nm 100-300nm lpum S5um

Charles Sidhoum s’ thesis — 2023 : Synthesis, in situ liquid TEM, DLS, SAXS, NMR
Morphological & kinetic evolution

Chem. Mater 2025, doi.org/10.1021/acs.chemmater.4c03003 4



Questions
About the amorphous gels: About the final WO;.H,0 structure:

Why 2 behaviours between hours and days samples?

Can we describe the amorphous structure? 183W MAS NMR spectrum

Is it a progressive crystallisation or does intermediate B, 13,04 T\(ISOC;'\S"F;Z)
H rot

phases exist? ) Probe low v

(rotor 1.6mm)
Proton detection

100 50 0 -50 -100 -150 -200 -250 -300 -350 -400 -450 -500 -550 -600 -650 5183W (ppm)

Presence of more than 1 W site,

Whereas the crystallography indicates only one W

 Two phases?
 Local distortion?

Julien TREBOSC
Centre RMN haut Champs
(Université de Lille)

=

Y




Selected WO, powders

from Freeze drying at specific time

H,0 H,0
pH=~89 pH=15

4-
W,,05," cluster

15-30min 30min
Cationic exchange resin
Na* * Instant Clusters Growth
Nucleation evolution

Amorphous gel

Fractal
network

W oxide gel

W03'H20

crystals platelets

<lnm 1-2nm

already prepared
W,,05,* cluster

20-30nm

~100nm

100-300nm
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Experimental PDF analysis

ID11 i
Pierre-Olivier AUTRAN ESRF

Qmax = 22 Al
W W dge3 2 A 3 7 Acorner
W- O 1.8 A 0.4
1032
|1
| | t W_Wedge + W_Wcorner
| 0
| \ — e
|
| t
2h W-W edge-sharing \y
5 Y : W-W corner-sharing /1
o
Y
x
S| A | t
I : 24h .‘ ,WO ‘H,0
w Only W-Wcorner




T,,,amorphous gel

Cationic exchange resin

Na* H*
wWo,? wo,2
Na* H*
H,0 H,O0

pH=8-9 pH=15

Instant
Nucleation

Clusters
evolution

4-
W,,05," cluster

15-30min

Amorphous gel

Fractal
network

W oxide gel

WO,-H,0

crystals platelets
J 3

size

——
v

<lnm

1-2nm

20-30nm

~100nm

100-300nm




T,,,amorphous gel

{ Amorphous phase ]

Infinite W-O network
. Small range order?
with random ,
. .. Motifs?
o W-W__ 3.7 A connectivity ?
;:\ l
8 t
0 2 - B
r‘ Which tool to find motifs?
ML-MotEx Algorithm
Motif containing both edge
and corner sharing?
| | | \ /
0 5 10 15 20



ML-MotEx: Machine Learning-Motif Extractor

Step 1: . Step 3: Ste P 1
Catalogue of structural motifs Predict R,,, values from structural t ) )
motifs using machine learning * Produce a catalogue of structure motifs (From starting
model)
Step 2

* Fit each structure =>R, value

(o1

Starting model f

[0170] A Step 4: 80% as training, 20% as validation of the data

Calculate quantified values of atom
importance for the fit quality
Step 4

[1070]

Step 3
e Train the algorithm to predict the R, value based on
the structure catalogue

e Calculate SHAP values for all features
e @Gives all the atom contribution values

[1000] |
y s To summarize, ML-MotEx tells us if an atom should be

kept or not in the final motif 10



T, ML-MotEx

input
/ PDF,,, of t,, \

Blue atoms: to remove

Yellow atoms: to keep
( : neutral)

G(a.u.)

it

T T T T T T T
0 5 10 15 20

r (A

(decrease the number of edge
sharing octahedra)

Starting model W,,03, * (t,)
edge and
corner sharing

Preliminary test - successful

W;0,, motif

/ 11
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T,, : can we go further?

7|

5 W03, W,0,, + 8 octahedra

W8O30

VV_Wedge
\ |W_Wcorner

+l
t

exp

W, 0
- a0 Lack of W-W corner
> sharing octahedra in
L the model
W 0;, +

8 octahedra
After 2h, W;0,, surrounded by octahedra motif

exp (in accordance with the fractal aspect in TEM and SAXS)

4 5 6 7
12



Amorphous gel t,,,

size

15-30min 30min
| I
| | tfmal
Cationic exchange resin Fractal W oxide gel
Nat + Instant Clusters Growth network
f% . . WO,-H,0
Nucleation evolution crystals platelets
°
- o R \
Na* H* ‘-“1 :"u‘f, - . J l
wo,> wo2 | = — d:,—». g — |
Na-i H+ Qh - T *® ) ) . & ‘
by
H,O0 H,0 % 4 .
pH=89 pH=15
4-
W,,0,,* cluster Amorphous gel
| | | | | | .
I I I I | I I
<lnm 1-2nm 20-30nm ~100nm 100-300nm L lum Sum

13



Amorphous gel t,,,

Gexp(r) (a.u.)

Amorphous gel { Amorphous phase ]
Infinite W-O network Small der ?
W-Weorner with random ma Snfff o?r e
connectivity ? otitS
faan Our final WO,.H,0 ? v
ur mah 3 ZIW , WO, models with only
Bronze hexagonal WO : corner-sharing octahedra
Tetragonal WO, ?
L Build simple models first
1 2 3 4 5 6 7 8 9 10

14



Home made cluster models for t,,,.

Compact / linear clusters

15



Dashed line: compact clusters

t,,, — Calculated vs experimentl PDF Straight line: linear clusters

Calculated PDFs of clusters + Experimental PDF of t,,,

: T t | —_—T3.b----T3a
. letragona ——T4.c----Tha
b 5 ——T5b----T5.a Hydrate Clusters
- L -
o | ——H3b----H3a
‘ A | Hydrate T en Haa Compact clusters >> linear cluster
Y\ AL C==== .
~ /A I3 L ----H5.a
j SE— // ‘\\\"' '*\V»~_L’~ ‘-\;:X&A - ,A__—_:!:___-_:;;Ijsri)“
& . e I ——B3b----B3a
= I Bronze ——B4b----Bda
6 : : | B5.b - - - - B4.c . .
ny L. SR 2 ----B5a 24h amorphous gel contains nuclei of WO;-H,0
— ) I — A\——' s ."'\&:—'__I:,/’g“m_,/\- _4""\__71:—.7__'__——_7,
| I |
I I
I
|
|

16



t24h M L'MOt EX Hydrate structure: clear decrease of the chess board size.

Small yellow zone.

/ input \
Bronze : no clusters!
| 7,4, PDF.,,

Larges slabs to
observe the

behavior Less conclusive
\/\/J L/\/\/\/_»\/ l In accordance with of our previous home made models

WO,.H,0 2D

Tetragonal = reduction of the area. Less contrast in the center

Gexp(n) (a.u.)

T T T T T T T
1 2 3 4 5 7 8 9 10

6
r (A)

WO,.H,0 2D

WQ, Tetragonal 3DI

r

Starting models

WO, Tetragonal 3DI

WO; Bronze 3D

Blue atoms: to remove
Yellow atoms: to keep
(Grey atoms: neutral) 17




t.. ., crystalline powder

Na* H*
wo,> wo, | =—>
Na* H*
H,0 H,0

pH=89 pH=1,5

15-30min 30min
Cationic exchange resin Fractal
Nat + Instant Clusters Growth network
r% Nucleation evolution

4-
W,,05," cluster

Amorphous gel

o
g
VS

W oxide gel

WO,-H,0

crystals platelets

size

<lnm 1-2nm

20-30nm

~100nm

100-300nm

18



G0 (a.u)

t. ., pdf refinement

Gexp
Gdiff

Gcalc
R,=27.4%

-

\_

1.6 — 60 A pdf refinement not good enough

Middle range order (10-50 A) fine

« Small (r<10 A ) and long (r>50 A ) range order

not well described

~

/

_—

2 phases?
WO,.H,0 crystalline

+

WO;.H,0 amorphous

) 4

\_

~N

1 phases with local distortion?

J

19



t. ., pdf refinement - 2 phases hypothesis

G(r) (a.u.)

Gexp
Gdiff

Gcalc
R, =27.4%

(0] 5 10 15 20 25 30 35 40 45 50 55 60

r (A)
1 phase refinement from 1.6 to 60A
= reference

Not acceptable

G(a.u.)
—_—

Gdiff
Gcalc

R,=33%

30 20 50
r (A)

1
10

2 phases refinement 1.6-60 A

56% crystalline WO,-H,0 (~90 A)
44% “amorphous” WO;-H,0 (13 A)

60

20



t. ., pdf refinement — 1 phase with local distortion

G0 (a.u.)

Gexp
Gdiff

Gcalc
R, =15.9%

20 25 40 45 50 55 60
(A
Gexp
W Gdiff
Gcalc
R,=17.7%

G(r) (a.u.)

High range refinement

Pmnb
Allows W & O to move

inx &y

Close to the referenced structure :
4 identical distorted WO, octahedra
(W-O from 1.7A to 2.2 A)

Low range refinement
P1

Allows W & O to move
inXx &y

4 different and more distorted WO,
octahedral (W-O between 1.6-2.4 A)

¥ =X

1 crystalline phase with
local distortions

21




. . Julien TREBOSC
183\ NMR Confirmation Centre RMN haut Champs

(Université de Lille)

With
distortion

Without
distortion

B g
A

|
|
|
|
183W MAS NMR spectrum B, 19,04 T (800MHz) | 2
Vot 35kHZ |
Probe low y :
(rotor 1.6mm) :
1 Proton detection :

1 L L 1 1 1 1 L L 1 1 1 1 1 1 1
100 50 0 -50 -100 -150 -200 -250 -300 -350 -400 -450 -500 -550 -600 -650 5183W (ppm)

Presence of more than 1 site
Coherent with PDF results

4 different
sites of W

1 site of W

22



Conclusion

$m ¥

-

W,,0;3, + Motif Wy small nucleii of WO,.H,0 WO,.H,0
O, + 8 octahedra Locally distorded
Partial hydrolysis / condensation Major reorganization Growth

Perspectives : Relaxation on the models — find other relevant tools for model - publication

23



Boron Phosphide Nanocrystals from the viewpoint of

Th a n ks to vene Poster no 1 “ . l:Pair Distri:butiroinml-;ll:r:::tiorll Analysis

-~ ¢-BP material: Properties — Synthesis — Characterization

c-BP Properties Characterization
Photo-electrocatalysis

g MAS NMR

Ultra hard material == Enhanced at nanoscale 3 o 1p MAS N R]- More than one local environment
p-type transparent conductor =
z XPS B:P = 015 at. (surface ratio)
Molten Salt Synthesis 2 -
. . e i ICP-OES B:F = 105 at.
‘ a ra D 0 I S n e a u EP_ +NalH, in metten Lil-Ki trmelien L anhdnhed Lik:KI 5 powder TEM 5 nm nanacrystals

'
'
'
'
'
'
'
eutectic Ltk B+ NaBH, P '
'
'
'
'
'
'
'
1

e Reaction
K  BP ratio ? Excess of phosphorus ?
\_ b # Defects at local range ? How to detect them ?

In situ PDF synthesis of BP

@, = 256 A7 fartedacts m hagher 0 D11
8P appmannrmm 616°C

16 °C 3 750 °C plateau

PDF lysis on BP

Charles Sidhoum B

Synthesis: origin of defects ?

E ‘Ill.fl l|'| :i 3
| H
3“"!’ ﬁW‘" ¥ JM F-43m a

covalent bands

J \ AQORIONS peak (ervirCAment)

et (an)

Mohamed Selmane TR

with ¢-BP madel: - spdiameter too low
- U, widen peaks too much compared to real peaks
-3.3A(P-P) pair intensity is underestimated and many
others mismatch

» Can we describe these defects
» PDF Appearance of c-BP at 616 °C (XRD: 750 °C)

Clément Sanchez — 7 ot e o <29

& ¢-BF + sdditional P in structure  ¢-BF + P atoms enriched surface _/ \; POF analysis in malten salts! I “2, B _/
In situ PDF annealing of BPby HT —— ... /— Ex situ PDF of BP annealed at high pressure

i How defects behave during annealing at high temperature ? DUESRF How defects behave during annealing by high tempersture AND prEssD

PUFpat refmurment i situ BP annealing in High Pressure & Temperature (HPHT) ESRF 1D27 !

M - Apparition of an additionsl phase P,

B, disappears at ambient pressure.
PDF acguisitian and ss-MAS NMR in laboratory on retrieved powder.

I

David Portehault

b s
EIA R

g E Fitat 750 HPHT: 3GPa = 1200°C=1h Parta-tdngungh Preas
H - |
H [ ,‘"G DRI MAS NMR POF analysis
H 4t
I = 20 ]
LN -l:lai. BPas _* IL e HIHT arnualid
Ml il St r.uu-ww\-l 0
B o 1 » upr1 annaates o »\w
Tk 150 100 so
B '.”llll‘nﬂﬂ]
32 32
| el s A750°C: 33 AP-Pwell described ) h
) appropriate refined parameters sPassmbgsied S
ok .
i After cooling: R_7
268 - ) WPHT annosted - -
& better refinement than before annealing e W12 14 16 18 0
| Faei wo s & ik
2E Big (7P) ()
0 ¥ Reorganization then Growth
Al N ST » Material closer to ¢-BP ideal structure > PDF curves after annealing at HPHT or HT - similar
\\ 0 0 3 50 509 &0 700 » Partial remaval of defects from heating \ » NMR before/after HPHT  close and no P, organized found after /
/ Models and refinements
Simulate defects beft ling: \
imulate elore annealing Refinement with DiffayCMI not possible

Type of annealing === termination on all surface-§ site — Model influence on PDF curves —

(ne £ or £-7 bonds) (sratio not present & extremely covalent material)

Clase
environment

Open
emvironment

Calnulation usin eeognm
m

Pucis ' I :
1173

- 1
A— ) \ NP with P termination Mg A st
: i an surface ¥
(| LIEETEY
e . | Experimental B
Py Plet | |/ petere anneating |
£ o 2 4 a 8 1 5 W 15, 2 25 I
= Ui ity
In proportion, increases of 3.2 A P-P peak intensity
Created with ASE 4.5 Aand 5 A peaks intensities show closer agreement » Canwe go further ?

\_ with experimental intensities j
/i Conclusion and Perspectives References

. " (2] Crowwe, &t s, Ach Adote: merfaces B0, 3 (L1, EXO0S1. Moscences CM
<-BP synthesis real BP Structure Annealing condition 2 Suprmets, R vt 1 . Chem € 20, 124 37, 13226-24595 SORBONNE i
Apparition of c-BP at 616 °C Defects linked to excess of P atoms  Twa types of annealing lopen/close e [ | G o v aitge & 4.« chem for 203 422 1), 12001372, UNIERSITE = £ §
N intermediate phase Punctual defects + surface Twa different behaviors Ak I 3
PDF analysis in complex media  Refinements ongoing Annealed, dase to ideal structure cknowledgment

‘aproernent s BABS fer bunsig
T—

Analysis challenge (Boron atoms with X-ray PDF analysis)



