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Fig. 1 Formation and cooling of nanodroplets™” .

(a) Formation of nanodroplets; (b) cooling of

nanodroplets
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Fig. 2 Schematic of the interaction between nanosecond pulsed laser and target™"
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Fig. 3 Interaction between femtosecond pulsed laser and silicon wafer™" .

1. (a) Reaction on the surface of silicon wafer at

different power densities; (b) material absorbs laser energy; (c) electrons stripped from atoms; (d) coulomb

explosion on the surface of the material
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Fig. 4 Formation mechanism of carbonized products with different structures in acetone
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Fig. 6 FE-SEM images of nanoparticles prepared in different concentrations of CTAB solutions
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Table 1 Preparation of metal nanoparticles by laser ablation in liquid

The firs A
e st Laser parameter  Target Solvent Variable Product .Verage Ref.
author size /nm
Concentration of PVP,
Du 800 nm (30 fs) — HAuCI, « 3H,0 energy and time Au 9-21 [27]
of ablation
Mafuné 532 nm Ag SDS Concentration of SDS Ag 7.9-16.2 [17]
and energy
Tan 1064/532 nm Au, Ag H,0O Wavelength Au, Ag 9-32 [18]
C,H; O,
Moniri 1064 nm (7 ns) Pt (CH,OHD, , Type of solvents Pt 14-22 [28]

C,H;OH, H,0O
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gk 1
The firs A
e st Laser parameter  Target Solvent Variable Product -verage Ref.
author size /nm
Zn, ZnQO,
Zeng 1064 nm (10 ns) Zn SDS Concentration of SDS e en 18.1-44.5 [24]
Zn(OH),
L 1064 nm (7 ns) Al CTAB C ration of CTAB 1 ALOs 50-300 [25]
ee nm (7 ns oncentration o AICOH),
. 1064/532 nm PVP, PVA, Type of solvents
Al, AlLO -
Singh (5 ns) Al PEG and wavelength 2 16-33 [26]
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Fig. 8 Optical microscopy and scanning electron microscopy images and corresponding particle size distribution histograms

of NiO particles prepared in different solutions under the same condition

B4 (a) Distilled water; (b) ethanol

solution
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Fig. 9 Schematic of preparation of nanoparticles by laser

laser

ablation in dynamic microfluidics™” .

(a) Experimental setup; (b) confined mode of

operation; (c) continuous mode of operation
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Fig. 10 Scanning electron microscopy images of Cu nanoparticles prepared with different pulse widths™ . (a)(b) 5 ns;

(c)(d) 200 ps; (e)(f) 30 fs

(a)(b) 5 ns; (c)(d) 200 ps; (e) () 30 fs
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Fig. 11 Formation of nanoparticle in different solutions™" . (a) Deionized water; (b) sodium hydroxide solution;

(¢) hydrogen peroxide solution; (d) anhydrous ethanol
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Table 2 Preparation of metal oxide nanoparticles by laser ablation in liquid

The first Laser Target Solvent Variable Product Average Ref.
author parameter size /nm
C,H;OH,H,0, -Fe, O, ,
Maneeratanasarn 355 nm (10 ns) a-Fe, O, : JCs H, 0 : Type of solvents ayfFe;Z (): 8—-13 [31]
1064/355 nm
idth, Cu, O,
Zhang (5 ns),800 nm  Cu H,0 Pulse lw“itjl é‘zo 1-200 [38]
(30 £s/200 ps) waveleng b
H,0.NaOH, Cu,Cu, 0O,
Goncharova 1064 nm (7 ns) Cu H, (Z,)Z ,C;HS OH Type of solvents ucul:; 2—1000 [39]
. 532 nm (8 ns) . Energy, Zn0,
h D, 13-2
Sing 355 nm (5ns) Zn SDS wavelength ZnOOH 328 [44]
. . . Mn07
Enriquez-Sanchez 1064 nm Mn H,O Time of ablation 7-11 [45]
Mn, O,
Ghaem 1064 nm (7 ns) Co H,O Energy Co, O, 100-200 [46]
H,0,C,H;OH, Cr;0,,Cr, 0,4,
Semaltianos 800 nm (90 fs) Cr : i Type of solvents NN 5-12 [47]

C,H;0,C; Hg

CrO;,Cr,C,
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T Au Fl Ag B S A% R BOH I, BRIGAIT 58 N Bt
TE Au-Ag & &9 KR F 16 BT T #E17 K& T
YE. Besner 45" | F R B AE A7 JE i I V4 Y80 v 1)
BT Au-Ag BEHKRR T AT R B, & &9 R+
oAu JCFR b B S, BT A Mk BE ) B,
Menéndez-Manjon 25 L &P 2 I (MMA) 1
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WA v 5], A kb O R b Y Au-Ag & 4
W I H % T Auw-Ag G 4 9K KT, AT 8k B
T OB Au B Ag 9KRL T 0 i AR B TR
WA T DL 48 Au-Ag B 4 91K R F. Compagnini
AL FH IO VAR B8 ik e K PR T A & T
Av@Ag B G LMK T BB R B &AL
Ag TR . BiE Au-Ag G4 98K KT 1 L2 il 45, A

FNRIFIRIETE Ag-Au & & 9K F 19IE 4.
Neumeister 2% 5% H = Fl A [7] 1 52 50 5 R AT T 3%
bk Sus, gl 12 Fros ., SEERAE SRR, AT 4
MR Ag-Au & &, A 0] L & Ag-Au 5429
b/ AR RIS i R e B N AR R S0P B B & e a1
BRI A, KRR S N TG A 4 A 7E
B A& WRRF 5 E B A MR .

Experimental Approach

A) post-irradiation

B) PLA in colloidal solution] C) PLAL

laser
pulse

Au NP

Au target

Ag target

Ag-Au pressed Ag-Au
bulk alloy powder target

P12 O IR e b S iy = iy 220

Fig. 12 Three methods for laser ablation in liquid™"

Fr Au-Ag & &K R 50 BFFR N 5138 5 HoA
B4 IR DL KOS Tk 4 R AR D A G A N oKk Y HE
. Zhang %50 Au B F Pt R IR PAu &
S HUAE A SO WRAR B ik AR K R D il & TR
HIDSE T &M PrAu & &Kk 1. flifil %k
B HER h Pe& BT E A AT AN RS A 4
GUOKKL S M) pH 7E 4~ 11 Z Al H Ot i &
BN 4 ~150 J/em® B, A & 94 KR T v A oo
EHY A 2 L S5 T AR . Malviya %5
FIH BOC W AR B ph 2k PVP W W e o il 48 1
Ag-Cu & & 9KKL - AT A 8L, 3G e AF o Cu iy
i o TR AR T B L T L 23 52 M 4 KR i P
S w8 U RSB Cu@ Ag B A% 72 40K R+
Wagener %5 £ B 7K N MMA 433 1 4
W, X Fe-Au 4 4 FE A FEAT 1 HO6 W AH B8 it 5
5L Semm g R 13 Fros. MK 13 thaf LUR B, 7E
X =R R R A 2 ORI BRTE L
TR AR BN ) 2% BLAR (d) A 25 8 K AH 349 BE X I Ay
PR B AR (d O K. MATTIA Ry 3k J2 s i 2 v 3 43
AT SRR S AR B G KR 3 BRI Ah AT iR
K ITE N A MMA S 45 17 9 8 Fe@ Au
Boe AR T M AEK H 55 B 728 Au@Fe, O,

5T G0 KRL T 3 2 B 700 1 4 J5F 1 & 1 B A
KR F 1 25 A8 B E B R

Wang %78 AR A Lo 4 9 P By A Zn A JE
WA 4 8 (ot P A Zn B9 W BB & L 43
25 1.1 1AL = 2) R FH 2280 Bk vp o BL ) b 7E T8
KT W P A T AR AR Pb/Zn 44K KL T
& 14 AT DLW G R 35 4 0K B Pb (G (8
DX 30D A Zn (52 €8 X 30 5 Fh o0 2 A n, 3 Z R
GRS . WA Pb A Zn #) B A L
555063 07 #4544 KR 7 v T Rl OG R B R A o L —
SOAT N 38 A AR A R T R ok AR B AR
FE LB — 00 & 4 90 KORL ¥ 1Y 5 R R AT Y .

& 3 A T T JUAF SR FH IO TR 5 i vk ) &
SYURKLF RGO, T LA 1 A 4 90Kk 1Y il
HEVREE RN E X EEREHR T AR Nk
B2 By Tl AT RR IR T B8 1 T L AR 4l G 4l
Kk, REAMERGFE T EAGEREBHES
S AKRRLF AP B AV 2 AR A AR T X
Vi AR A B B — 21 43 1 T TR 42 )8 1 & A0 oK kL
fhde—NERBRE . BLAh, & 0 A & 90Kk 1
SRR LT ERTE 50 nm RLF 13X 2 B OGO ek
A E INRAR B S 9K BT J7 T B A R T .
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5
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13 Histogram of particle size distribution of alloy nanoparticles prepared in different solutions and corresponding

(a) Histogram of particle size distribution of alloy

(b) histogram of particle size distribution of alloy nanoparticles prepared in

prepared in deionized water;

(d) hydrodynamic diameter, Zeta potential, and Ferret diameter

molar ratio of Pb to Znis 2 : 1 .

molar ratio of PbtoZnis 1 : 1

molar ratio of PbtoZnis 1 : 2

14 Beph Pb 5 Zn WA RN 22 1.1

1t 2 (A4 MR 4 1 9 kB F 9 TEM R . (a) (o) ()45 TEM A

(b (D (D fE TEM E

Fig. 14 TEM images of nanoparticles prepared by ablating alloy targets with different molar ratios of Pb to Zn"™ .

(a)(c)(e) Lowly enlarged TEM; (b)(d)(f) highly enlarged TEM
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#3 RMBOGHAILEI L B A AR T

Table 3 Preparation of alloy nanoparticles by laser ablation in liquid

The first Laser Target Solvent Variable Product Average Ref.
author parameter size /nm
Menéndez- Au, Ag, Au, Ag,
1 7 ps MMA T f -12 51
Manjon 515 nm (7 ps) Au-Ag alloy ype of target Au-Ag 8 [51]
Ti {
Li 248 nm (20 ns) Au+tAg H,O e o Au@ Ag 20-35 [58]
ablation
Ratio of gold to
Compagnini 532 nm AutAg H,O silver, time of Au@ Ag 2—-10 [52]
ablation
H, 0.
800 nm (120 fs), Type of Fe@ Au,
a Fe-A H O, -21
Wagener 1064 nm (10 ps/8 ns) e G0 solvents Au@Fe, O, g [56]
MMA
Jakobi 800 nm (120 fs) Pt-1Ir C,H;O — Pt-1Ir 26 [59]
Ni-Fe, Time of Ni-Fe,
i s C;H; O -
Jakobi 800 nm (120 fs) Sm-Co s Hg ablation Sm-Co 6—10 [60]
Cu-Al, CuO,
Patra 532 nm (9 ns) Al-Cu H,0O - AL Oy, 94 [61]
AICOH),

3.4 BARAEMENEESEBAKKT

1 g — T 50 11 493 K B ) 07 5 SO AT
e B AR AU TT R T 4 4 B CRAL YD) 98 K BT 36
AT 45 A 42 49 K BT

1992 4F , Ogale %% 1 F 94 8 ik b 006 %9 2 7
WL B SRR AT e e T 4 T 4 R R T
[ L5+ 4 7 499 KR T T LA S bk B0 ) 4 1
Jo 7 AT I IR . B  Wang 4557 1 75 K
ORI A R T 4 I 49K R . Yang %Y AN

Water

Alcohol

’
J

B 15 78 4 Bl i 4 BORE L g TEM &5

Fig. 15 TEM images of the samples prepared in four solutions

Wang %5 | FH 155 2h 3R ik o 84006 3 900 78 7K R P T
TR AT A WA AR RL T X S YKk F A ST
J5 RN 7S 5 R T AN [R] R 454

AR K BFFE N 53X IO VR e okt 12 7] 4% ik 4
KR A T H IR, Sadeghi 251 R 4 FR
[F) P 35 701 o FH A0 IO X He v i) A SR Al R A be ol L 25
KB AEK P AE R A B R RE L TEL
Pt v 2R R Btk 4 K UKL 19 B e B 22, IR 15 TR
Mahdian®F "™ BT T AR A R BE X 80O TR bR

Acetone

. W

[66]
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Tl ) 2% 1) A SRR AN K R I RZ L At AT R B AR
PRIRRE A ) T I A7 B89 40 K A 1 5 R o i 435
JEE T o YA IR A R T e 4 oK UKL 9 E R
Escobar-Alarcon % 5 306 W AR B 3 g 75 ib
PR GS G AT TR S, SLIR 4 R AR, AL
A FIFIE 15— 4 Wik 40 K 25 4, o 2 R T IR R
— FE R B R

Si 9K T HA 5 BE, R s aR R R
WS BEA T Z M. RERRA R TSI
KT A SiGORRL T 1) 2 R Ak 2Rk B 1
FEMREL R E L2, AW M4 £,
PRI 5 30 JLAE ) O AR B il vk i 45 St gl Kok 1
ISR PN E NS (G

Chewchinda %57 5% FH P R A [ 3% 4 B9 Jik o
Jehei B R St L S5 R AL 532 nm BOLA
FIFHl & E L0 S 9Kk F., TEM E{% BoR, M
i/ N v [ TR I N A S o sl 7 82 O N [
532 nm ¥ % Wl & B9 R T B A E N B ORL 1R,
Abderrafi % UG5 ¥ WA WL T Nd ¢+ YAG
Jik o Hod i) Si v EATBE bl (B — 25 L Bl 5 K
B — R SEYRRLF A & 5N R L AURUR
FIECHMIRAGEWR AR 32 1 3, df 17
AR 20 . AT R B B D A A Si g4

KL T 17 HRL AR R R /N . A AT N Sy AL 3
CIRVEIY 308 SN R N EATE IR TSP 23 /¢
H/NRUSH B Stk b A o AT RE AR T 35 98 Hh oz - 1)
Rt . Hamad %™ #8558 7 8RR ST Si gk ok T
TEAS W5 M, 25 5 e B, A6 TR ALK v 68 B ol = 49 43
BIR i SigiKokr £ Si/Si0, & A 9Kk T, i 7E
TE e A T BB I Si/C B A Ak
KL BLAh A 4 B 00 v i 7 i 35 0k BROE 40 K
KL AHAE IR Y St 4K kLT 1 F SRR AR T
Hofh = S BILHR SR BOR WOMT B Ik 2k S O
P B AR ARG A A0 ok SO 0 R R B T AN
[PRLAE [ St g8 K 25 0, 8 35 ' Y AH e Tl 2 199 e v o
FRORHER T 302 LA L, o HOBE SR A Tl Ak AR 7= 4R
BET BRI L. Intartaglia 5555 RGBT T #0OE
AE i b it i ] L SO% I AR S B0 St g R R
BRFEm, WE 16 Bz, 78 4 [ 4 e i i
B, 38 KU BE 5 0T DL A SCEE St Y e il 3%
R Y H A A AR R L 1064 nm 306 BB A R
W MO I K R 355 nm B, BE & B Dl it [A) AT
Koo TR 9 KR I ST BORE AR B W . PR E
BEF R B bl /6 B AL B X X — B R E AT TR
T o I X6 1) FH 8 RRE B ol ik o A R N ST KR
Tl T S8k

(a) P

(b) V 445 )em’ 7

500+ /’6 - 400 © 3,00 Jem’ A
L 7 @ g 075 Vem’ /’
e - © 040)em’| L7
£ 400 R PR £ P °”
) Pt £300 » DY
& F o -7 E“ , -
2 /' Pid P 9
E 3001 aivad _-o - E
g ot g
E [ P - £
o 27 7 0.~ -
2 200 s -7 g
= 9Pie - 2 3
k> B0 - @ 2.7 Jem z
vt O 18Jem’ <
100} PR O 0.9 JVem’
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L -
&
0 L 1 I 1
0 20000 40000 60000
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16 AR T Si BB bR B O Bk s I 1 R B

(a)1064 nm; (b)355 nm

Fig. 16 Ablated silicon mass as function of the number of laser pulses in different wavelengths”™ . (a) 1064 nm; (b) 355 nm
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SRR RN PR R B B — R
P 5 7= Wy 9L 25 5 VAR 5%, NI R 2 5Ot 52 N R
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W mT LA B H AR OGO e ik ik 1 AR s
PR B A R AT LG I 22 9 6 J8 A1 R
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Table 4 Preparation of non-metallic nanoparticles by laser ablation in liquid

The firs Las Avera
e hirst aser Target Solvent Variable Product 'Vemge Ref.
author parameter size /nm
H,0.
C,H; OH, C, graph
Sadeghi 1064 nm (7 ns) Graphite ésﬁs()’ Type of solvents fglzisene - [66]
CTAB
Mahdian 1064 nm (7 ns) Graphite H,0O Temp.era.ture C. graphene 400-650 [67]
of liquid flakes
C, Graph
Hameed 1064 nm (7 ns) Graphite H,O Energy raphiene 25—75 [75]
flakes
CHOH,
Lasemi 800 nm (30 fs) Silicon wafer C,H, 0, PO SOV g gin, s 9-15 [76]
. energy
Cs Hyy
Wavelength, type
1064 nm (6 ns), . H,O, of solvents, .
Serrano-R . 2-50 77
Serrano-Ruz 532 nm Si C,H;OH energy, time Si g [77]
of ablation
Porous/ H, O, Type of
Zabotnov 1250 nm (160 fs) crystalline  C,H;OH, targets/solvents, Si 16—112 [78]
silicon N, time of ablation

4 LEHE

O R T 32 R g — i B 19 24 K 4 ek o 2
Tk AT B A ] 1L 2% (8 B0 08 LA B3l F AR )™ 45
AR AR T 05 i B A AR AL G Tk ok L
AR DL . Bl AT X 2 K A R 5K B0 A Bl 382
OGO e h 1K B A S I 4 R R

(LSO AR 8 b 325 7 ) 2 2 AL 1 5 AT A7 A2
— 8 T R DY TR] L L AN 9 KR T Y 7 AR R
IS 2R FH SO IO B fh ik ) 25 20 KOk 1 /9 fe vy
RSB A= 50 G/ 250 3™ B AT 1 AR
Tk U HET B . RAE T SEN BRI T Z R
it AT BACHE L AN RO RE | A SR TR IR L Rt
T REE S RO I AN AL AN A A I TR 4R
A0 KR T ) A )AL, R P SO I AT 6 el 2k o
# AL Cu,Fe 553 ik 4 J& 90 KR 738 A7 76 — &
HE -5 IE 00 ¥ 7R S AR T A I ] R R
BEAh A AR BTSN B B &I I FF R 5 WO
FH B Ik 35 ) T A0 B A O F 5 B AL (EATS R B B —
AN B AKAL T 19 LR AR LR X — 7 T 8 5 2 A%
AR TAE,

25 LB WO IRORH 8 e 3 A 1 95 A KOk T
T EAT B R T AH R R ATy 5 278 LU JLAS J7 T 2k
TTIRAWIFE :

1) 38 3o 3 592 0 2 AN A S 3 2 K5 O K
TEPRUE K RL TR0 A8 FIA5 A8 A ZZ B B0 L ik — 20

XSGR S A R T S

D EE A BT B R AR T BOL AR e ik i 7
A ORORL T 10 2R BIL B, D ) 0 HOA R IR BE
4 A 25y Jo 2 4t B e A

DWFFEPAC K TE L BE B R 45 5 9 KR TR
A Z A 5 AR T AR BN AT 00 4 R0 R )
O i) 5 05 K 4 J B i 45 T A ARORL T

4) RO WO B i ik S K PRk R Uk DU 5
PR & 7 M A il PR BRI S A Ok A G
FEE.
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Abstract

Significance Because of their special chemical properties, nanoparticles have a wide range of application prospects
in optoelectronics, catalysis, medicine, military, and other fields. Researchers have developed many methods for
preparing nanoparticles, such as solid phase method, liquid phase method, and gas phase method. These methods all
have some shortcomings. For example, the liquid phase method is easy to introduce impurities difficult to be
removed, the gas phase method has high costs and harsh conditions, and the solid phase method yields particles with
uneven distribution and easy agglomeration. Different from these traditional preparation methods, pulsed laser
ablation in liquid (PLAL) can create an ultra-high temperature and ultra-high pressure environment in the liquid,
which provides a possibility to prepare nanoparticles that are difficult to be prepared under conventional conditions. It
does not need to build complex experimental setups or add various catalysts. The morphology and size of the
nanoparticles can be controlled by changing the parameters such as the wavelength, pulse width and frequency of
laser and the type of solvents and target materials.
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Progress At present, there are four major types of nanoparticles prepared by PLAL: metal nanoparticles, metal
oxide nanoparticles, alloy nanoparticles, and non-metal nanoparticles. Metal nanoparticles mainly include noble metal
nanoparticles and active metal nanoparticles. The chemical properties of noble metals are stable and the
corresponding nanoparticles are easily prepared. Therefore, researchers are more inclined to prepare nanoparticles
with a small size and a uniform distribution by controlling different parameters. However, active metal nanoparticles
easily react with oxygen atoms in the solution to form metal oxide nanoparticles. To address this problem,
researchers try to inhibit the oxidation of active metal nanoparticles by adding surfactants (sodium dodecyl sulfate,
hexadecyl trimethyl ammonium bromide) or polymers to the solution. Some progress has been achieved, but the
generation of metal oxide nanoparticles is inevitable. How to prepare highly active metal nanoparticles in the solution
is still a difficulty for researchers. When metal oxide nanoparticles are prepared, the methods can be generally
divided into two types: (1) with metal oxides as the targets, the metal oxide nanoparticles are produced by pulsed
laser in the solution; (2) with pure metal as the target, the nanoparticles react with the solution to obtain the
corresponding metal oxide nanoparticles. In addition, there are many types of oxides for the same metal. During the
laser ablation process, metal oxide nanoparticles with different crystal forms or valence states may be produced in the
solution. How to prepare a single type of metal oxide nanoparticle in the solution remains a question. Currently,
most alloy nanoparticles prepared by PLAL are composed of two noble metals, or one noble metal and one active
metal. Although alloy nanoparticles containing two active metals have been prepared, the products still contain some
metal oxides or hydroxide nanoparticles. It is also found that alloy nanoparticles with a certain molar ratio can be
prepared by adjusting the ratio of two metal elements in the alloy target. The non-metal nanoparticles prepared by
PLAL mainly focus on carbon and silicon that generally do not react with the solution, so non-metal nanoparticles
with special morphology can be prepared by adjusting energy, wavelength, and other parameters. Taking carbon as
an example, graphene sheets or diamond nanoparticles can be prepared by PLAL. In addition to the above two
materials, attempts have been made to obtain some other non-metal nanoparticles by PLAL.

Conclusions and Prospects Compared with the traditional nanoparticle preparation methods, PLAL has simple
operation and strong applicability. In some cases, the size and structure of nanoparticles can be controlled by
adjusting the laser parameters and other factors. With the increasing demand for nanomaterials, PLAL will be more
widely used. However, PLAL also has some room for improvement, such as the low yield of nanoparticles.
Researchers have taken a variety of measures to increase the yield of nanoparticles, such as changing the target
shape, combining PLAL with microfluidic technology or ultrasonic treatment technology. Although the yield of
nanoparticles has been increased, it can not meet the requirements of industrial production. Moreover, the
preparation of pure metal nanoparticles by PLAL is still a challenge. Although many kinds of additives or solvents
have been added, the desired results have not yet been achieved, which still needs much work. Furthermore, it is
also an important research direction to combine PLAL with other nanoparticle preparation methods to prepare
composite nanoparticles with excellent properties. In addition, PLAL has been applied to the preparation of
nanoparticles for decades. Due to the complex reaction process, numerous factors affecting the morphology of
nanoparticles, and a lack of effective characterization methods, the research on the growth mechanism of
nanoparticles progresses slowly. In recent years, many researchers have put forward their own theoretical analysis
in combination with some simulation methods, but the detailed reaction mechanism has not been conclusive until
today. Therefore, researchers should focus on the basic principles of PLAL to provide a theoretical basis for the
preparation of pure metal nanoparticles.

Key words laser manufacturing; materials; nanoparticles; laser ablation in liquid; basic principles; research
progress
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