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Nanoparticles

* Nanoparticle definition:
* 3 dimensions between 1-100 nm

* High surface / volume ratio = Surface / interface crucial for applications
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Nanoparticles

* Nanoparticle definition:
* 3 dimensions between 1-100 nm

* High surface / volume ratio = Surface / interface crucial for applications
 Various parameters to study = ISO/TR 13014 :2012

Inorganic Nanoparticles
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Nanoparticles for biology

Specific properties




Terminology for this lecture

For inorganic NPs: we talk about suspension not solution!

Solution Suspension

Characterizations techniques are grouped and focused per ISO parameter
* Some techniques are used for several parameters

Techniques are listed as exhaustively as possible:
 Some pro and cons + sample preparation

Focus on bare / naked NPs
» Surface organic modification in next lecture

From my point of view: NPs in biology shoud avoid powder form



Shape

Shape

TEM, @ ] @ SEM
* Electronic Microscopy

* Transmission or Scanning with electrons
* Dried droplet (TEM) or powder (+coatings?) (SEM)

* Resolution: Gondome _E:::B EOB

 SEM:1-2 108X

° . 6
TEM: 50 10°X "
jective
lens
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Intermediate @G Objective
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=N __ Projector Back-scattered —
lens electron detector

E Fluorescent X-ray Secondary
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Sample

https://www.technologynetworks.com/analysis/articles/sem-vs-tem-331262
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https://www.technologynetworks.com/analysis/articles/sem-vs-tem-331262

Shape

Shape

* Electronic Microscopy 3
* Transmission or Scanning with ele¢” &g
* Dried droplet (TEM) or powder (+cf%

¥

e Resolution:
e SEM:1-2 109X
e TEM: 50 10°X

100 nm
-

https://doi.org/10.1016/j.saa.2019.117469
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https://doi.org/10.1016/j.jnoncrysol.2014.10.020

TEM /SEM

Pros

Cons

Visual results

Dispersion

Low quantity

Significance?

Faster to use
(SEM)

Only surface
(SEM)

Cost less than
TEM (SEM)

Need Coatings
(SEM)

https://doi.org/10.1021/jp903195h



https://doi.org/10.1016/j.saa.2019.117469
https://doi.org/10.1039/C0JM02610G
https://doi.org/10.1021/jp903195h
https://doi.org/10.1016/j.jnoncrysol.2014.10.020
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AFM

Pros

Cons

:“”: MFM
SIGNAL @ Higher

resolution than

Sample
preparation

* Electronic Microscopy

* AFM Atomic Force Microscopy
* Deposition of dried NPs on substrate

* Maximal resolution 1 nm
* AFM tip (diameter 5 nm) scans dried surface

e Topographical trace recorded

PHOTODIODE

SIGNAL DISPLAY

AFM

.
LIFT
HEIGHT ( TRACE
SURFACE

SUBSTRATE

SEM

Smaller area
than SEM
(Lm3 vs mm3)

1) AFM tip scans sample surface to produce

topographical trace
2) Cantilever is raised to a user-defined height away

from the sample surface and the retrace follows the
original topographical pattern from the first step

3) During retrace, magnetic signal scanned and
recorded via reflection of laser beam off the back of
cantilever and onto photodiode, where changes in

cantilever deflection are detected

AFM images of a nickel plate with AgNPs

10um

10um Oum

http://dx.doi.org/10.17756/nwj.2016-022



https://jnanoworld.com/articles/v2n1/nwj-022-gustavo-cordova.pdf

Size(S)

e Size of NPs or SizeS of NPs?

When asking about size of NPs the answer will depend on the topic:
* Anisotropy
 Size of the single NP providing nanoproperties? (magnetism, plasmonic etc.)
* Elemental size mainly dried: Microscopy, Atomic Force, X-Ray diffraction/diffusion, BET...

» Size of the NPs in suspension? (for biology)
» Size of aggregates in liquid suspension: Light Diffusions, Sedimentation

- =<

Single NP

Agglomerate



Size(S)

Shape Size

* Elemental size:

* TEM, SEM
* Anisotropy:
e Shortest and biggest dimension?
e Surface?
 Significant number of NPs
- Size distribution
* Imagel ?




Size(S)

Size

* Elemental size:
* TEM, SEM
* AFM
» Size acquired with dedicated software

Nano-graphenes
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https://doi.org/10.1016/j.msec.2006.06.019
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Size(S)

Size

. 1400
* Elemental size:
1200
* TEM, SEM
e AFM 1000
S
* XRD X-Ray Diffraction (details later) 800
* Powder (>50 mg) g 600
* For monocrystalline NPs 9
c
* Crystallite < 120 nm = broadening of diffraction peaks — 400
Scherrer equation 200
K2 0
ARD ™ Bros6

byrp : Mean size of the crystalline domain (< grain size)
K : shape factor close to 1

A : Wavelength of X-Ray

B : Full width at half maximum in radian

cos O : Cosine of Bragg angle (in radian)
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Size(S)

Size

* Elemental size:
TEM, SEM

« AFM

* XRD

SAXS Small-angle X-ray scattering

* Sample in suspension

* Scattering of X-Ray gives information of NPs elemental size

Intensity [arb)

L
;
F
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1D SAXS i
L
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1D WAXS

S0
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10-2 L
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10-4 E

10-5 B

10-6 L

S 103 4

SAXS
Pros Cons
. More complex to
Sample in
suspension analyze data
. than TEM

0.02 0.04 0.06 0.08 0.10
=]
qg[A™]
https://doi.org/10.1016/j.nimb.2014.11.049
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https://doi.org/10.1016/j.nimb.2014.11.049

Size(S)

Size

* Elemental size:
« TEM, SEM
« AFM
* XRD

SAXS

BET (details later)
* Minimum 50-100 mg (see part SSA)
* For non porous material

* Spherical approximation
Equation linking surface area and size

6000
P X Spgr

bger ¢ Size of the sphere of Sy surface area in nm
Sger - Specific surface area of NPs in m2.g™!
p : density of the NPs in g.cm™

BET —

Why 60007?
2
Surfacesppere = 47TT = h?
4 ¢3 T[¢3
Volumegsypere = §7r 3~ &

S _ SNP _ SNP _ 7T¢2 . 6¢2 units 6
BET_mNP_d*VNP_d*”(g?’_d*QbS d * ¢
Dimensional analysis of equation

c m? 6(m?) 6 (m?) 6000(m?)
BET = = = 3 e =
g (g 3 (m°) * 10 9)
Cm3) * (nm?) g * (m3) ~10-5
- 6000
PEL T p X gy



Size(S)

Size

* Elemental size:
* TEM, SEM
* AFM
* XRD
* SAXS
* BET
* UV-Visible
e Suspension as such or diluted
* For Gold NPs with Plasmon resonance

AS PR

®Gpiasmon = €xp(B; — B;)

Ayso
Ppiasmon : Size of the gold NP
Aqpr : Absorbance at the surface Plasmon resonance
A,so : Absorbance at 450 nm
B, =3.00 and B, = 2.20 experimentally determined

Absorbance

UV-visible

Pros

Cons

Easy to use

Only for
plasmonic NPs

Not destructive

Calculation not
accurate

02
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400
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600
Wavelength (nm)

https://doi.org/10.1021/ac0702084

700

15



https://doi.org/10.1021/ac0702084

Size(S)

Aggregation

* Size in suspension:
* DLS Dynamic Light Scattering
* For NPs in suspension
* Light scattered by NPs

b= () (e D) (S ——y

B T

4 155 225
m nm nm

laser

Auto correlation

(:owm%g{?f

Sample
solution

2

detector

time

Scattering

Scattering

intensity

intensity

time

Hydrodynamic radius
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Size(S)

. = Murnbier Volume Intensity
Aggregation
e aoRTRT 4 1 1 2 1,000 2 1,000,000
42 f 93 j§ 155 | 225 :z ; :e
! nm nm nm E E‘ g
* Size in suspension: e 2 2 g
e DLS Dynamic nght Scattering 5 10 50100 5 10 50100 S 10 50100
F NP . . PDl [0 - 1] Diameter (nm) Diameter (nm) Diameter (nm)
9r >IN stUspension PDI < 0.1 : monodisperse NPs
* Light scattered by NPs PDI > 0.1 Polydisperse NPs
 Sensitive to big NPs (~d® intensity)
* Polydispersity index (PDI) Example of monodisperse NPs Example of polydisperse NPs
, , 20 _ 30 e e
* Spherical assumption PDI =0.084 . of R
Equation Stokes-Einstein-Sutherland 15 ﬂ . X sf 25 z
S x P! 120 3
_ kpT = 10 15 = @& °f 1. T
"~ emnr G 9 QCJ 115 @
n 5 10 € o A l1o—
+— S5 c L \O
. . . . E 5 = — “L &
D : diffusion of spherical particle }] 5 ! E
T : temperature 0 0 Lt s id
. 10 100 1000 ! 10 100 1000 10
kg : Boltzmann constant Size () Size (nm)
. . . 1Zze {nm
n : dynamic viscosity
17

r : radius of a spherical particle



Size(S)

Aggregation

* Size in suspension:

* DLS Dynamic Light Scattering

* For NPs in suspension
* Light scattered by NPs
 Sensitive to big NPs (~d® intensity)

* Polydispersity index (PDI)

* Spherical assumption

* Hydrodynamic layer

S (A TS) (e Tmm) (i g

e e —
93 185 | 225
nm nm nm

s Adsorbed Polymer Layer

————— Hydrodynamic Diameter

e Be careful ionic strength and pH

Equation Stokes-Einstein-Sutherland
__ kT
B 6mnr

D : diffusion of spherical particle
T : temperature

kg : Boltzmann constant

n : dynamic viscosity

r : radius of a spherical particle

MNurmber

Volume Intensity

Relative % in class

5 10 50 100
Diameter (nm)

Relative % in class

1,000 1,000,000

Relative % in class

——e—————
5 10 50100 5 10 50 100
Diameter (nm) Diameter (nm)

[y
o

Intensity %

o N o 0o

DLS
Pros Cons
Easy to use Sphere only?
Few volume Sensitive to big
NPs and high PDI
) Solution
Not destructive? .
conditions
"
5
|
I
’
—NPs naked NPs-PVA
10 100 1000
Size (nm)
Influence of
coatings on NPs 18




Size(S)

NTA vs DLS
Pros Cons
Aggregation
Visual results [10—1000] nm
Size in number Slower
® . . . . Microscope . Less
Size in suspension: More diluted | =

* DLS
* NTA Nanoparticle Tracking Analysis

Fluorescence

Particles scattering from
laser beam

* For NPs in suspension

* NPsilluminated by laser and scattered light d —
collected in a microscope captured and analyzed ——
etalized surtace
by camera
* Similar to DLS for calculation
A B Laser beam ,
(Approx. 50um wide)
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https://doi.org/10.3791%2F62447

Slze(s) DCS vs DLS

Pros Cons
Aggregation Volume not Gradient to
Intensity prepare
More precise Destructive

Density if size

* Size in suspension: known

* DLS
* NTA

* DCS differential centrifugal sedimentation
NP Suspension in spinning disk ‘t:gu
NPs migrate from center to edge of disk in a sucrose gradient solution

axis of rotation

max. 24 krpm

- detector

. ) L N
NPs measure at disk’s edge = volume distribution /
1 1 /
( / = dodecane layer
A //—/——/ . le iniecti = density gradient
{ ) Example of polydisperse PERESREAES
£ R analyses of NPs via DCS e —
%) J / — pPVC ';?1,0. b l 1 A5'1.0- C i
5 = 1 iRt o] 1Ees] 1
= I 05843 - 0.0303 s < i
® [ f [ 02184 - 0.0245 A B oe] 108 nm 1 5 o6l
© [ i % 2
o I f I 3041 1 .: 0.44
f }f \ Lw gho.z- 1 go,z-
. ,’"‘\ \ S0 W0 5w o 70 soses 100 150 20
/' / \ I3 sedimentation time [s] particle diameter [nm]
0 el Nt
02 03 y 05 ] o7 ' 10 20 20

Particle Diameter - Microns (Partial Range)



Crystallinity & Chemistry

 Crystallinity of NPs is an important parameter to analyze

Crystallinity

* It is usually link to chemical characterization
e X-Rays apparatus are the most used methods

Crystal System Table

Axial length Axial Angle Unit Cell Geometry
Cubic a=b=c a=B=y=90° ’
Tetragonal a=b#c a=B=y=90° i
Orthorhombic azbzc a=B=y=90° ’
Rhombohedral a=b=c a=B=y=90°
Hexagonal a=bzc a=pB=90°, nl
y=1200
Monoclinic aztb#c a=y=90°
o -
Triclinic #b# B=y ,

Each crystal is organized with different lattice plan
These plans diffract X-Rays

Simple
orthorhombic

Vi

Rhombohedral

Body-centered
orthorhombic

LJ L ]
b
Y L]
[ ]
'_
L) LJ
Base-centered Face-centered
orthorhombic orthorhombic
/ @
Base-centered Triclinic
monoclinic

21



Crystallinity & Chemistry

Crystallinity
Triclinique 37 Ccc2 Tétragonal 115 | P-4m2 154 | P3,21 193 | P6gy/mcm
1 P1 38 Amm?2 75 P4 116 | P-4¢2 155 | A32 194 | P6ymmc
2 P 39 Abm2 76 P4 117 | P-4 b2 156 | P3m1
40 Ama2 77 P4, 118 | P-4n2 157 | P31m Cubique
Monoclinique 41 Aba2 78 P4, 119 | I-4m2 158 | P3cl 195 | P23
3 P2 42 Fmm2 79 14 120 | 1-4¢2 159 | P31¢ 196 | F23
4 P2, 43 Fdd2 80 14, 121 | 1-42m 160 | R3m 197 | 123
5 c2 44 Imm2 81 P-4 122 | 1-42d 161 | R3¢ 198 | P2,3
6 Pm 45 Iba?2 82 /-4 123 | Pdmmm 162 P-31m 199 | /12,3
7 Pc 46 Ima?2 83 P4/m 124 | Pd4lmecc 163 | P-31¢ 200 | Pm3
8 cm 47 Pmmm 84 P4,/m 125 | P4/nbm 164 | P-3m1 201 | Pn3
9 Cc 48 Pnnn 85 Paln 126 | Pdinnc 165 | P-3c1 202 | Fm3
10 P2/im 49 Pcecm 86 P4,in 127 | PAimbm 166 | R-3m 203 | Fd3
1 P2,/m 50 Pban 87 14/m 128 | P4imnc 167 | R3¢ 204 | Im3
12 c2/m 51 Pmma 88 14./a 129 | P4/inmm 205 | Pa3
13 P2lc 52 Pnna 89 P422 130 | Pd/ncc Hexagonal 206 | /a3
14 P2,/c 53 Pmna 90 P42,2 131 | P4,/mme 168 | P6 207 | P432
15 C2lc 54 Pcca 91 P4,22 132 | P4,/mecm 169 | P6, 208 | P4,32
55 Pbam 92 P4a,2,2 133 | P4 /nbec 170 | Pé6g 209 | F432
Orthorhombique 56 Pccn 93 P4,22 134 | P4y/nnm 171 | P6, 210 | F4,32
16 P222 57 Pbcm 94 P4,2,2 135 | P4, /mnm 172 | FPé6, 211 | 1432
17 pP222, 58 Pnnm 95 P4,22 136 | P4,/mbc 173 | P6, 212 | P4,32
18 | P2,2,2 59 | Pmmn 9% | P4,2,2 137 | P4, nmc 174 | P-6 213 | P4,32
19 P2,2,2, 60 Pbcn 97 1422 138 | P4/ncm 175 | P6/m 214 | 14,32
20 c222, 61 Pbca 98 14,22 139 | 14/mmm 176 | P6i/m 215 | P-43m
21 cz222 62 Pnma 99 P4amm 140 | 14/mecm 177 | P622 216 | F-43m
22 F222 63 Cmecm 100 | P4bm 141 | 14/amd 178 | P6,22 217 | 1-43m
23 1222 64 Cmca 101 P4,cm 142 | I4,/acd 179 | P6;22 218 | P-43n
24 | 12,22, 65 | Cmmm 102 P4,nm 180 | P6,22 219 | F-43¢
25 Pmm2 66 Cccm 103| Pdcc Rhomboédrique 181 | P6,22 220 | 1-43d
26 Pmc?2, 67 Cmma 104 | Pdnc 143 | P3 182 | P6,22 221 | Pm3m
27 Pcc2 68 Ccca 105| P4, mc 144 | P3, 183 | P6mm 222 | Pn3n
28 Pma?2 69 Fmmm 106 | P4,bc 145 | P3, 184 | P6cec 223 | Pm3n
29 Pca2, 70 Fddd 107 14mm 146 | R3 185 | P6ycm 224 | Pn3m
30 Pnc?2 71 Immm 108 ld4ecm 147 | P-3 186 | P6,mc 225 | Fm3m
31 Pmn2, 72 Ibam 109 | 14, md 148 | R-3 187 | P-6m2 226 | Fm3c
32 Pba2 73 Ibca 110 14, cd 149 | P312 188 | P-6c2 227 | Fd3m
33 Pna2, 74 Imma M| P-42m 150 | P321 189 | P-62m 228 | Fd3c
34 Pnn2 12| P-42¢ 151 | P3,12 190 | P-62¢ 229 | Im3m
35 cmm2 M3 | P-42,m 152 | P3,21 191 Fe/mmm 230 | la3d
36 Cmc2, 14| P-42,¢ 153 | P3,12 192 | P6/mcc

All crystal systems are organized in space groups

Simple
cubic

Simple
tetragonal

Simple
orthorhombic

¥

Rhombohedral

b
*

Face-centered Body-centered

cubic cubic
[
|-
Body-centered Hexagonal
tetragonal
[ J
]
! * o
'_
> g > P

Face-centered
orthorhombic

Base-centered
orthorhombic

27

Base-centered
monoclinic

Body-centered
orthorhombic

Simple Triclinic

Monoclinic
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Crystallinity & Chemistry

Crystallinity

* XRD X-Ray Diffraction

» X-Ray will diffract following their plan

* Planis directly linked to diffraction angle of
orientation of the nanopowder: 26

(100)

A= Zdhleine

Bragg’s Law

A : Wavelength of XRD

d, : interreticular distance
0 : Angle of diffraction in rad

Intensity (Counts)

10000

Pros

Cons

Size, chemistry,

For crystals

crystallinity
Need a lot of
powder
diffraction
diffracted |,» 5P,
incident X-rays
X-ray crystal [ ye
-i'-_'_‘_...-{:_.‘_.-" ""--_._______-_‘_-_- -
\-‘-‘-ﬁ*.
e

etector

/

5000+

T

45

50

Position [°2Theta] (Cu K-alpha)

55
23




Crystallinity & Chemistry

Crystallinity

* XRD X-Ray Diffraction

» X-Ray will diffract following their plan
* Phase identification

700

600

500

D
o
o

Intensity (a.u.)
w
o
o

200

17

22

27

32

37
26(°)

42

47

52

57

62



Crystallinity & Chemistry

Crystallinity
700
* XRD X-Ray Diffraction 600
» X-Ray will diffract following their plan 500
* Phase identification S400
* With ICDD files International Centre for %300
Diffraction Data 2
* Quantification of phases possible - 200
In this example 12% of hematite. 100
0
Ilﬂ = 15.471 * X 4re203
I720

I ¢ Intensity of peak of lattice planes
Xre203 - Mass proportion of a-Fe,0,

311) (110
(311) (110) Magnetite Fe;O,
1 Hematite a-Fe,04
i (104)
17 22 27 32 37 42 47 52 57
26(°)

20(°) [Intensity| h | k | |
18.56 100 1111
21.78 297 0112
27.20 296 21210
29.86 999 1{0|4
32.01 999 3111
32.10 689 110
33.47 77 21212
35.32 22 0]0]6
36.76 191 113
38.84 202 41010
39.13 25 21012
42.49 6 313]1
44.41 298 01214
48.06 83 41212
48.46 403 1[1]6
50.34 2 21111
51.18 271 51111
51.54 64 122
51.54 64 01118
55.84 225 21114
56.10 354 41410
57.22 235 31010

25




Crystallinity & Chemistry

Crystallinity

Maghemite y-Fe,O, Fe31.50.4 Magnetite Fe;O0,

« XRD X-Ray Diffraction IS -4 =839 A
» X-Ray will diffract following their plan

* Phase identification 1400 a=8.366

 Lattice parameter: precise chemistry of oxidation 1200 -
* For cubic space groups lattice parameter a: 1000 -
a -
= =
= T < 800
>
e With accurate fitting of diffraction patterns distinction’é 600 -
of oxidation state g
£ 400 -

System Axial length Axial Angle Unit Cell Geometry

g >
Cubic a=b=c a=p=y=90° ﬂ

15 20 25 30 35 40 45 50 55 60
26(°)

26



Crystallinity & Chemistry

* XRD X-Ray Diffractio

Crystallinity

N

» X-Ray will diffract following their plan

* Phase identification

* Lattice parameter: precise chemistry of oxidation
* With accurate fitting of diffraction patterns distinction

of oxidation state

Maghemite y-Fe,0,
11000 -
10500 -

10000 -

©
gl
o
o

Intensity (a.u.)

8000 -

Iron oxides NPs

1400 -

1200 -

u.)

> 1000 -
800 -

600 -

Intensity (a

400 -

200 -

Q

55

v-Fe,0,:a=8.350£0.002A /32%6 nm

55.5 56.5

56
26 (°)

AN

57

7500 -

9000 -

8500 -

Magnetite Fe;0,

a=8.396 A

(220)

(400)

(222)

(440)

1)

(422)

57

27

62



Crystallinity & Chemistry XRD

Pros Cons
Crystallinity Size, chemistry, o il
crystallinity y
Periodicity of Need a lot of
porous NPs powder

* XRD X-Ray Diffraction
» X-Ray will diffract following their plan

e Phase identification M
. 25 mM

* Lattice parameter: precise chemistry of oxidation

* Periodicity
* In the case of ordered mesoporous structures, XRD at small
angles can give information of pore size and organization

Intensity (a. u.)

N 5 mM

Lattice parameter e.g. distance 20

between pores: 4.38 nm XRD patterns of a) calcined Mesoporous Silica

NPs synthesized with 5, 10, 15, 20 and 25 mM
o of NaOH

100 nm -
https://doi.org/10.1016/j.jnoncrysol.2014.10.020



https://doi.org/10.1016/j.jnoncrysol.2014.10.020

Crystallinity & Chemistry

* XRD X-Ray Diffraction

* TEM (or SEM)

* SAD Selected area diffraction
e Electronic diffraction

Incident electron beam

d
&
7\
AN NRNNRNNY
N
Transmitted Diffracted
electrons electrons
26
v
—eo— Y
<’ >

Crystallinity

Electronic diffraction of Titanate NTs and Fe;O, NPs

ICDD
dn (nm)|Intensity| h | k | |
A= ZdhleiTLH 0.30 296 21210
0.25 999 31111
0.21 202 41010
0.16 271 51111
0.15 354 |4afafo

10.36 nm (TiONts)
30 nm (220)
0.25 nm (311)
.0.21 nm (400)
,0.19 nm (TiONts)
16 nm (511)
15 nm (440)

Magnetite
Fe;0,

Si—

20 nm

https://doi.org/10.1021/jp2056893

29
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TEM vs XRD

Crystallinity & Chemistry

Pros Cons
Crystallinity 1 NP analyzable Less
Lower quantity representative

ICDD

e XRD X-Ray Diffraction

d (nm)|Intensity| h | k

0.36 297 [0]1]2

* TEM (or SEM)

e SAD Selected area diffraction
* High Resolution TEM

30

https://doi.org/10.1039/C4RA08562K



https://doi.org/10.1039/C4RA08562K

Crystallinity & Chemistry

* XRD X-Ray Diffraction
* TEM (or SEM)

* EDS: Energy Dispersive X-ray Spectroscopy

e Quantification
* Scan of core/shell possible

Electron beam

Be window

Si(Li) detector
Upper objective pole piece

|- Desired X-ray collection angle

Specimen

v

Collimator \\

Scattered and L biecti e pi
transmitted electrons ower objective pole piece
Undesired X-ray collection angle

Y

1.2

0.0

Chemistry

1.0{
0.8{
0.6{
0.4{

0.2

Spectrum O Ce

pt 1 67.73074 32.26926

pt 2 68.45332 31.54668

pt 3 66.26656 33.73344

pt 4 64.88982 35.11018

pt 5 68.93519 31.06481

cps/eV ik

—pt1l
EDS of CeO, NPs ~ope2
— pt3
pt4
— ptS
10




Crystallinity & Chemistry XPS
Pros Cons
Chemistry Effective for
various Powder
chemistry
_ _ Can analyze Only 10 nm
 XRD X-Ray Diffraction contaminant depth

Analyzer for
kinetic energies

° TEM (OI" SEM) Photon Source

« X-ray tube
* UV lamp
« Laser

e XPS: X-Ray photoelectron spectroscopy _Symencien )
L 10 mg Of pOWder EIectronOptic?a )

» Surface analysis (~¥10 nm depth) so not suitable for \ -
some NPs T R, [ireckionty
* Important technique for surface chemistry " bne s 0

> 3 47
5 4 4d 4
E |4 4p *p ‘J
Sample L V8
(with different degrees of freedom p @ J 4d 4f
for rotation nad translation) - | vB
St

1 1 1 1 1 1 ]

T T T T T T 1
700 600 500 400 300 200 100 0
electron binding energy (eV)



Crystallinity & Chemistry s
Pros Cons
Chemistry For all type NPs Destructive
Sensitive Not for organic

* XRD X-Ray Diffraction Fmitted light DiTAROnRIang
 TEM (or SEM) . »
* XPS
* |CP Induced Coupled Plasma

* Need to dissolve NP’s suspension - =

rism
e Sensitivity 1 ppm to 1 ppb o [lasma Detector
. °® Echelle monochromator
* Not suitable for C, N and O elements .
orch

Chemical titrations Argon

Spray Peristaltic pump
chamber

33
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Surface characterization

1 nm 2 nm

 Surface characterization
* NPs have very high surface / volume ratio: > 50 m%g NPs

e Surface is important for reactivity of NPs

* For biology, this is the interface between your materials and
the living system

* Parameters to study following ISO

° Specrﬁc su rfa ce area Particle Total number  Total number Surface atoms /

diameter (nm) atoms surface atoms Total atoms (%)

e Surface charge 1 76 76 100

. 2 610 303 50.2
°

Surface chemistry " i P 5
10 76332 7591 9.9
20 610658 30364 4.9
50 9541533 189779 1.9
100 76103500 757600 1.0

https://doi.org/10.5772/35238
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Surface characterization

 BET Brunauer, Emmett and Teller

* Dried powder: isothermal adsorption of gas
* Powder for ~10 m? (50/100 mg)

H 2
e SSAin m7g
* Pores characterizations
1 - Degas 2 - Evacuate 3 - Volume 4 - Evacuate 5 - Adsor tlon
Heat and evacuate Apply vacuum Measure dead Apply vacuum Add N2
(or add N2) to tubes volume with He to tubes adso Dt th

v : adsorbed gas quantity
P, : saturation pressure of adsorbate 1 _c=1(p
p : equilibrium pressure of adsorbate Do -
| i vi(B2) - 1
c : BET constant = exp [(E;-E,)/(RT)]
E, : heat of adsorption for the first layer
E, : heat of vaporization

BET

Pros Cons

SSA Easy to use Long

Pore and sizes Ml A g ol

powder
1 1
e
v[(Po/p) - 1] Po) VmC 4 —
™ m+b
y=mx+b
1+ =
c = —
1
v[(po/p) = 1] % b
%
Pl
%
w4l
v,Ns S £
S¢ = ———= Spgr =— <p">

V
S, : total surface area of material

v, : monolayer adsorbed gas volume

N : Avogadro’s number

s : cross-sectional area of adsorbed gas molecule
V : volume of adsorbed gas

a : mass of sample



Surface characterization

S charge

—
Diffuse
layer

SSIAL

o Zeta p Ote nt i a I Electrical double layer

e Suspension of NPs
* Not the surface charge (electrical double layer)

* Highly dependent on your medium
* jonic strength and temperature

'*',‘
«+—— Slipping plane
&

(- +

Henry equation

U, = 282};7(7’“1) f(ka)depends on temperature and ionic strength
U, : electrophoretic mobility

€ : dielectric constant

z : Zeta potential

N : viscosity of dispersant

f (ka) : Henry function
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Surface characterization

e Zeta potential
e Suspension of NPs
* Not the surface charge (electrical double layer)

* Highly dependent on your medium
* |soelectric point: pH where ZP =0 mV
- pH (mandatory to give results)

OH,’ OH o

77T 2 1T R T

Isoelectric
point

S charge

OXIDE MATERIAL pH of IEP
Vanadium Oxide 1.5
Silicon Dioxide 2
Manganese Dioxide 3
Titanium Dioxide (Anatase) 35
Zirconium Dioxide 4
Indium Tin Oxide 6
Titanium Dioxide (Rutile) 6.5
Chromium Oxide 7
Iron Oxide 8
Aluminum Oxide 9
Yttrium 9
Lead Oxide 10
Nickle Oxide 10
Cadmium Oxide 11
Magnesium Oxide 12

From Malvern Panalytical

w
~



https://www.malvernpanalytical.com/en/learn/knowledge-center/insights/isoelectric-points-of-nanomaterials-qa

Surface characterization

e Zeta potential
e Suspension of NPs

Highly dependent on your suspension

* |soelectric point: pH where ZP =0 mV

”Stability” = f(Zeta) not totally correct

Electrical double layer
—
Diffuse
layer
SSIAL

+
«+———— Slipping plane
v

-+

Not the surface charge (electrical double layer)

S charge
Zeta
Pros Cons
Not for too high
Easy to use ionic strength
Zeta Potential (mV) Stability

Oto+10 Highly unstable’ .. 'd coagulation/flocculation
+ 10 to 20 Limited stability
+20to 30 Moderately stable

>+ 30 Highly stable

38




Surface characterization

* XPS
* Information on oxidation state
Organic molecules present (next lecture)

Analyzer for
kinetic energies

Photon Source
« X-ray tube
« UV lamp
« Laser
« Synchrotron

Typical XPSpectra
(of some metals)

j VE-
s ¥ ® e

Imensﬂy

Sample
(with different degrees of freedom
for rotation nad translation)

4 ' ' ; |

1

70 600 50 400 300 20 10 0
electron binding energy (eV)

S chemistry

20 % 102
18]
—~ 16 i, 0% :529.2 eV
14] '\ 87.5%
] OH :531.7 eV

12.5%

Intensity (a.u
°

T T T T T T T T T T e
540 538 536 534 532 530 528 526 524 522
Binding Energy (eV)

articles F€2p 0> OH  Cpollution
P (%) (%) (%) (%)
2'3:(33 40 49 7 4

Hydroxyls groups at the surface of iron oxide NPs
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Surface characterization

S chemistry

FTIR
o XPS Pros Cons
- - Easy to prepare | Need powder for
* FTIR Fourier transform infrared (FTIR) spectroscopy and use inorganic
* 2-5 mg of powder in KBr pellet for inorganic material Fast More for organic

* Measure vibration of covalent bonds
* More for organic compounds but can show presence of water and hydroxyl

groups
Spectrometer -
o~
1.Source 2.Interferometer 3
' ' - qun-na-- g
' 0 Jey pv'"' £
~ —_—
—h 'L .« a
\ | »
A L L
. - _,l' Vb‘ | _’! - -
3.Sample ' 2
| ' (= » 4000 3500 3000 2500 2000 1500 1000 500
‘ { P - ] Wavenumber (cm“')
\ I f‘ e https://doi.org/10.1166/SL.2014.3224
nterferogram Spe(trum d . . 2 .
|
4. Detector @ 40
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Surface characterization

S chemistry

TGA
Pros Cons
* XPS
Quantification of Destructive +
 FTIR OH with BET organic
. . . Temperature (°C)
* TGA Thermo-Gravimetric Analysis 0w e w0 Taw s w0 0
* 1-5 mg of powder o Y
e Scale in a furnace: Loss of mass = f(T) .
1.00% '
* More for organic but OH quantification possible .
Scale __ -1.50% - BET SSA: 110 m?/g <
ST < £
Equation linking TGA and OH on the surface /\ g S Loss of mass from 250°C to 800°C: 1.5% | 00
of oxide NPs: harssorcugie I | g £
= 0.005¢,
2AmM O 2509 %
5 25 3 - -0.0062
nOH — zn * HZO — t'u E" : 3.00% g
M0 ;, — % o - -0.007
Ny : Moles of OH per mass o K I S0 o | 0008
Am : loss of mass (%) ” s | Ingy = S — S OH10A18 ~ 90H /nm* " oo
M,,,o : Molecular weight of H,0 4 < NPs  ©BET
,.;* -:* -4.50% 21 -0.01

https://doi.org/10.1016/S0040-6031(01)00618-9

Carrier Gas
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Solubility

Solubility

 Solubility of inorganic NPs?

* Rarely characterized Emitted light S

* Dissolution of NPs in suspension?
* ICP

* Analysis of solution of NPs (without dissolving NPs = destabilization)

* Analysis at different times ofL) g Plasma Detector  Prism

Y Echelle monochromator
® [CP Torch

— important for biological studies especially toxicity

Nebulizer

Spray ] Peristaltic pump

To waste Argon
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Summary

Techniques Sample preparation / quantity? Destructive??
ISO parameter | Techniques presented AFM Powder on substrate (few mg) Yes
BET Powder ~10 m? (50-100 mg) Yes

Shape TEM, SEM, AFM . _
DCS Suspension as such or diluted (100 pL) Yes
Size (elementary) TEM, SEM, AFM, XRD, SAXS, BET, UV-visible DLS Suspension as such or diluted (40 pL) No
Agglomeration DLS, NTA, DCS FTIR Powder (2-5 mg) in KBr or Droplet Yes or No
ICP Suspension dissolved (ppm) Yes
Crystallinity XRD, TEM, SEM NTA Suspension as such or diluted (100 pL) No
Chemistry XRD, TEM, SEM, XPS, ICP SAXS Suspension 10 plL at 1 mg/mL No
Specific Surface Area BET SEM Droplet of diluted sample or powder Yes
TEM Droplet (10 uL) of very diluted suspension Yes
Surface charge Zeta potential e 1.5 mg of powder .
Surface chemistry XPS, FTIR, TGA UV-Visible | Suspension as such or diluted 1mL No
- XPS 100 mg of powder Yes

Solubility ICP 8OTP

XRD 10th of mg of powder Yes
ZETA Suspension as such or diluted 1mL No

T0RE
Th a n k yo u ! L Quantity is sometimes difficult to estimate as it will depend on NPs parameters (size, color ...) WWTPNWE’@",'

2] assumed the technique is destructive if you have to dry powder or you change a parameter (T, vacuum...)



Bibliography

Bastus, N. G.; Casals, E.; Ojea, I.; Varon, M.; Puntes, V.; Bastus, N. G.; Casals, E.; Ojea, |.; Varon, M.; Puntes, V. The Reactivity of Colloidal Inorganic Nanoparticles. In The
Delivery of Nanoparticles; IntechOpen, 2012. https://doi.org/10.5772/35238

Cherevko, S.; Mayrhofer, K. J. J. On-Line Inductively Coupled Plasma Spectrometry in Electrochemistry: Basic Principles and Applications. In Encyclopedia of Interfacial
Chemistry; Wandelt, K., Ed.; Elsevier: Oxford, 2018; pp 326—335. https://doi.org/10.1016/B978-0-12-409547-2.13292-5.

Comfort, N.; Cai, K.; Bloomquist, T. R.; Strait, M. D.; Ferrante, A. W.; Baccarelli, A. A. Nanoparticle Tracking Analysis for the Quantification and Size Determination of
Extracellular Vesicles. J. Vis. Exp. JoVE 2021, No. 169, 10.3791/62447. https://doi.org/10.3791/62447

Cordova, G.; Leonenko, B. Y. L. and Z. Magnetic Force Microscopy for Nanoparticle Characterization. NanoWorld J. 2016, 1 (2). https://inanoworld.com/articles/v2n1/nwj-
022-gustavo-cordova.html

Ek, S.; Root, A.; Peussa, M.; Niinisto, L. Determination of the Hydroxyl Group Content in Silica by Thermogravimetry and a Comparison with H-1 MAS NMR Results.
Thermochim. Acta 2001, 379 (1-2), 201-212. https://doi.org/10.1016/50040-6031(01)00618-9

Haiss, W.; Thanh, N. T. K.; Aveyard, J.; Fernig, D. G. Determination of Size and Concentration of Gold Nanoparticles from UV-Vis Spectra. Anal. Chem. 2007, 79 (11), 4215-
4221. https://doi.org/10.1021/ac0702084

Hwang, S. W.; Umar, A.; Dar, G. N.; Kim, S. H.; Badran, R. |. Synthesis and Characterization of Iron Oxide Nanoparticles for Phenyl Hydrazine Sensor Applications. Sens. Lett.
2014, 12 (1), 97-101. https://doi.org/10.1166/s1.2014.3224

Joudeh, N.; Linke, D. Nanoparticle Classification, Physicochemical Properties, Characterization, and Applications: A Comprehensive Review for Biologists. J.
Nanobiotechnology 2022, 20 (1), 262. https://doi.org/10.1186/s12951-022-01477-8

Krajczewski, J.; Michatowska, A.; Kudelski, A. Star-Shaped Plasmonic Nanostructures: New, Simply Synthetized Materials for Raman Analysis of Surfaces. Spectrochim. Acta. A.
Mol. Biomol. Spectrosc. 2020, 225, 117469. https://doi.org/10.1016/j.saa.2019.117469

Maurizi, L.; Sakulkhu, U.; Gramoun, A.; Vallee, J.-P.; Hofmann, H. A Fast and Reproducible Method to Quantify Magnetic Nanoparticle Biodistribution. Analyst 2014, 139 (5),
1184-1191. https://doi.org/10.1039/C3AN02153)J

Minelli, C.; Sikora, A.; Garcia-Diez, R.; Sparnacci, K.; Gollwitzer, C.; Krumrey, M.; Shard, A. G. Measuring the Size and Density of Nanoparticles by Centrifugal Sedimentation
and Flotation. Anal. Methods 2018, 10 (15), 1725-1732. https://doi.org/10.1039/C8AY00237A

44


https://doi.org/10.5772/35238
https://doi.org/10.1016/B978-0-12-409547-2.13292-5
https://doi.org/10.3791/62447
https://jnanoworld.com/articles/v2n1/nwj-022-gustavo-cordova.html
https://doi.org/10.1016/S0040-6031(01)00618-9
https://doi.org/10.1021/ac0702084
https://doi.org/10.1166/sl.2014.3224
https://doi.org/10.1186/s12951-022-01477-8
https://doi.org/10.1016/j.saa.2019.117469
https://doi.org/10.1039/C3AN02153J
https://doi.org/10.1039/C8AY00237A

Bibliography

Modena, M. M.; Riihle, B.; Burg, T. P.; Wuttke, S. Nanoparticle Characterization: What to Measure? Adv. Mater. 2019, 31 (32), 1901556.
https://doi.org/10.1002/adma.201901556

Mourdikoudis, S.; Pallares, R. M.; Thanh, N. T. K. Characterization Techniques for Nanoparticles: Comparison and Complementarity upon Studying Nanoparticle Properties.
Nanoscale 2018, 10 (27), 12871-12934. https://doi.org/10.1039/C8NR02278)

Mujahid, M. H.; Upadhyay, T. K.; Khan, F.; Pandey, P.; Park, M. N.; Sharangi, A. B.; Saeed, M.; Upadhye, V. J.; Kim, B. Metallic and Metal Oxide-Derived Nanohybrid as a Tool for
Biomedical Applications. Biomed. Pharmacother. 2022, 155, 113791. https://doi.org/10.1016/j.biopha.2022.113791

Muniz-Miranda, M.; Pergolese, B.; Bigotto, A.; Giusti, A.; Innocenti, M. A Raman and AFM Investigation on Metal Surfaces SERS-Activated by Silver Colloidal Nanoparticles.
Mater. Sci. Eng. C 2007, 27 (5), 1295-1299. https://doi.org/10.1016/j.msec.2006.06.019

Panich, A. M.; Shames, A. |.; Tsindlekht, M. I.; Osipov, V. Y.; Patel, M.; Savaram, K.; He, H. Structure and Magnetic Properties of Pristine and Fe-Doped Micro-and
Nanographenes. J. Phys. Chem. C 2016, 120 (5), 3042—3053. https://doi.org/10.1021/acs.jpcc.5b11732

Papa, A.-L.; Millot, N.; Saviot, L.; Chassagnon, R.; Heintz, O. Effect of Reaction Parameters on Composition and Morphology of Titanate Nanomaterials. J. Phys. Chem. C 2009,
113 (29), 12682-12689. https://doi.org/10.1021/jp903195h

Schwamberger, A.; De Roo, B.; Jacob, D.; Dillemans, L.; Bruegemann, L.; Seo, J. W.; Locquet, J. P. Combining SAXS and DLS for Simultaneous Measurements and Time-Resolved
Monitoring of Nanoparticle Synthesis. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2015, 343, 116-122. https://doi.org/10.1016/j.nimb.2014.11.049

Varache, M.; Bezverkhyy, |.; Saviot, L.; Bouyer, F.; Baras, F.; Bouyer, F. Optimization of MCM-41 Type Silica Nanoparticles for Biological Applications: Control of Size and
Absence of Aggregation and Cell Cytotoxicity. J. Non-Cryst. Solids 2015, 408 (Supplement C), 87-97. https://doi.org/10.1016/j.jnoncrysol.2014.10.020

Wang, L.; Wang, L.; Tan, E.; Li, L.; Guo, L.; Han, X. Flower-Shaped PdI2 Nanomaterials with Remarkable Surface-Enhanced Raman Scattering Activity. J. Mater. Chem. 2011, 21
(7), 2369-2373. https://doi.org/10.1039/C0JM02610G

45


https://doi.org/10.1002/adma.201901556
https://doi.org/10.1039/C8NR02278J
https://doi.org/10.1016/j.biopha.2022.113791
https://doi.org/10.1016/j.msec.2006.06.019
https://doi.org/10.1021/acs.jpcc.5b11732
https://doi.org/10.1021/jp903195h
https://doi.org/10.1016/j.nimb.2014.11.049
https://doi.org/10.1016/j.jnoncrysol.2014.10.020
https://doi.org/10.1039/C0JM02610G

