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Figure 1 (A) Cyclic voltammetric curves of the ligand-protected and ligand-removed Pds NCs/MWCNTSs in 1.0 mol-L* KOH + 1.0
mol - L* C,HsOH saturated with N, with a potential scan rate of 0.1 V-s®. (B) Cyclic voltammetric curves of the Pd; NCs/MWCNTs
and 5wt.% commercial Pd/C in 1.0 mol -L** KOH + 1.0 mol - L* C,H;OH saturated with N, with a potential scan rate of 0.1 V s™.
(C-D) Electrochemical impedance spectra of the ligand-protected and ligand-removed Pds NCs/MWCNTSs in 1.0 mol-L* KOH + 1.0
mol - L C,HsOH saturated with N, with a frequency range between 10 kHz and 1 Hz at the onset potential of 0.39 V and peak po-

tential of 0.81 V, respectively®. Reproduced by permission of Elsevier. (color on line)
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Figure 2 (A) Schematic diagram of Pt,Au,, for catalyzing HCOOH oxidation. (B) Cyclic voltammetric curves of Pt/MCNTSs, Pt/C
(top), and Aux/MCNTS, Pt1Au,/MCNTSs (bottom) in N,-purged 0.1 mol -L* HCIO,. (C) Cyclic voltammetric curves for formic acid
oxidation on Pt;,Au,/MCNTSs, Pt/MCNTSs, and Pt/C in N-saturated 0.1 mol-L* HCIO, + 0.5 mol - L* HCOOH; (D) Cyclic voltam-
metric curves of Pt,Au,/MCNTSs and Pt/C in N,-saturated 0.1 mol -L* HCIO, + 0.5 mol -L* HCOOH before and after accelerated
durability tests. (E) CO stripping voltammograms on Pt;Au,/ MCNTs and Pt/C in 0.1 mol - L* HCIO,®\. Reproduced by permission
of Elsevier. (color on line)
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Figure 3 (A) Rotating disk voltammograms of Pt;, and Pt;; modified electrodes in O-saturating electrolyte (aqueous solution of 0.1

mol - L* HCIO,) at 300 r-min™. (B) Volcano plots and free-energy diagrams for oxygen reduction reaction on Pt catalysts. Kinetic

current density (jx) plotted as a function of the calculated oxygen adsorption energy (AE). All data are shown relative to Pt™®!. Re-

produced by permission of The American Chemical Society. (color on line)

PEAL RN FER R P A AR AR T A
DK P 0% 65 W %) B85 Al LA A v o LA DX HH B T — A
568 P BRI AR FEL IR 0, T R I AN SRR S
P EL R T, 12 PR A X[ 0 A BRI, P A 0 1+ R, 10
BHENAK B RA R Ak g o, Hop, R
SR/ Pty 40K A3 IR H s O A AR TS 2
Rk PYC 1Y 13 1% %S EF AN AT 1 HE
NGRS = X — B B JE A, Kimihisa Ya-
mamoto IR IA Ky, B T RT3, 878 52 0 4
WIS ERZE, 05— TAED, iz
S ST AR A R T Pt 5 Pt 19
S50 5 HAEGR R AT TE 2 (R S R VRS &
P Py, B4R JEAEILTEYE L P, 524 2.5 4% (Wnf&l
3A AR, IR EEIH AT P, HAA 5 Pt 588N
] () JELFHEBN Z5 44, Pty JE— > HAT LIEA 94 K 4]
W, FLAs R A B B AR R T Ca
B, RESEIFEFEHEIE2E 11, {H Pt, 5 Pty
1) JE - T A 235 F 2 52 N R, Py, ELA HLR X
FRPEZ 045K Bt DFT BEETHE  ARSE TV N &
G2, Pl AT YA LS A BE 1 P, HoA—
AP AL AR X2 Py, L Pt HAA 5
PR A TR A LA A4 A FIL N S SO A T T A 1 5
b5 2SI T Pt GOKR AR (n = 12~
24) [ A SR AT M L Pty 90K 17 BAT I
R IR RS A IS MEE AN Ak
W 2 B HAA PRI A S5 AR, Ple H0K AR

F14) o A A 3 A U3 PR OBl R 1 2 2R A0 i 254 T
T ARAZ B A e R S B LB TR

B TEAGOKR SN, AT ZFpaEIg K
V3 ) 8 SRR REEA T TR 9 I K24 36 i
WA R DRI AP 5T T — R AR TR R TRy
G 9K A 52 A B s T P T B D2 7 ) A
PEET . SEEGAE R 7E 0.1 mol - L KOH &+
I R PR PR 3L 25 8 A UL B ) 2 H I B
SRR RSE B8 INTT G G, S D ke s L o7
Bifi 45 4 oK A RS B/ NI IE RS . ASNRRST 42
e 4 K P R TR S 07T S S T P A 3% e it
¥R Al > Augs > Alss > Ay, IEIF5R R B & 40K
V5% 1T AAE Ay b2 SR SR A 57, [l 42 0ok
#15% ORR fALIE P HAT 3R 5 A R T AH SR, Bl
Jei, BATRELL A BT AR 7 RS A Augs 40K
P (A, g = -1,0 F1 +1) , FH4RIE T A HL AR
AR Augst G4 K AT 5 AE B S5 0 T X 400 T 2B g
BEAUK AT P2 =, aniE] 4 Birs AT 1
LAY Algs ZHOK AR AT s I AEAL TR, BV
K13 A A (~ 90% ) Fl iR A A% 1 R HEL T4
W JE LR A 1 FLAT Y Auss” 4K A1 55 1) A4k
TEPESAG, [RIIHER T i AP S 56, X f
PERE AR I T BT Ay G9K AIFEEAT T Ha e
PEDIE, 1000 BEIEPAMA 2R |, Fe A1k 4R 5
BRI AN AR T 5 mV, H AR E PR
A3 A R A0 AT DL KO 7R Aus 9K R T



%24 JERSARAE I KON 09 14 <52 T A K AT R rl AR Sy B o -131-

A 01 B 02 ]
0.0 0.0

- 01 -

E 0.2 —— N_.saturated E bl

—_ — AU (q= -1 — — AU (q= -1
03 Au : 0)) 04 Au 2 0))

=+ Au = +

" | o s

-0.8 -0.6 -0.4 -0.2 0.0

0.8 -0.6 0.4 -0.2 0.0

C 9 & 27
s * e 88 , 4909 =
g[ o B TR Se E P as & & e & satt
= 80 = 25 4
g 5
8 Adia & Boa Al § A % 241 o 9 ane .
s 70 A 4, = ° . o 2 ::
= E 23 1 g o0 ® g 0 e B B
' =« A =. & 4
S 60 . Aﬂ_((q= 01)) §ine * Auyg=-1)
= a Au .(Z: +1) ‘3 21 * Auyg=0)
R} 4 Auy(g=+1)
50 = 20
-0.70 -065 -060 -055 -0.50 -0.45 -0.40 -0.70 -065 -060 -055 -050 -045 -0.40
E (V vs SCE) E (V vs SCE)

4 (A)RNEHLAFAS Aus DK FIFEFT Au PKRLF7E O, 1 AIAY 0.1 mol - L* KOH R G EMA 22 1 28 , 21 (5 i 2k Shyaly 11
HLTRT I Alzs 2K TRETE N, 7RF1Y 0.1 mol - L* KOH i PR ik, 39348450 0.1 Vs, (B) AR LAY Augs
YK FFR AN AR LATME 6 I BE AR AR AE O, M AAY 0.1 mol - L KOH ¥ A HER: [ S R R AR 22 i £, Horpr, S il 38
AN 0.01 V-s* B 1600 r-min, R E RN 0.5V, (C)ARFIHLATESH Al GUK HFELEA R IR T it 4
AR A, (D) AR LRSI Augs DK T AEAN R LA SR A fh  FE RE B5,

Figure 4 (A) Cyclic voltammograms of oxygen reduction reaction on Au nanoparticles and Au, nanoclusters with different charge
states in 0.1 mol -L* KOH saturated with O, and N, (Aus, the black curve). Potential scan rate: 0.1 V-s™. (B) Rotating ring-disk
electrode voltammograms recorded on a glassy carbon electrode and Au, nanoclusters with different charge states in O,-saturated
0.1 mol- L* KOH solution at 1600 r-min™. The disk potential was scanned at 0.01 V-s and the ring potential was constant at 0.5 V.
(C) Percentage (or selectivity) of H,O, and (D) the electron transfer number (n) of Au, nanoclusters as a function of applied poten-

tial, based on the rotating ring-disk electrode data in (B)®, Reproduced by permission of The Royal Society of Chemistry.
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Fig. 5 (A) Cyclic voltammograms of Cu-NCs/GC electrode in 0.1 mol-L* KOH saturated with N, or O,. Potential scan rate: 0.1
Vs, Reproduced by permission of The American Chemical Society. (B) Rotating-disk voltammograms obtained on Ag-NCs/GC
electrode in 0.1 mol -L* KOH solution saturated with O, at different rotation rates. Inset shows the corresponding Kouteck
y-Levich plots (J* vs. @™?) at different potentials®. Reproduced by permission of Elsevier. (C) Linear sweep voltammetric curves
of Pds NCs and commercial Pd/C in O,-saturated 0.1 mol -L* KOH with rotation rate of 1600 r-min™ and scan rate of 0.01 V -s.
(D) Comparison of mass and specific activities of Pds NCs and commercial Pd/C for oxygen reduction reaction at 0.80 V. (E)
Chronoamperometric responses of ORR from Pds NCs and 5wt.% commercial Pd/C electrodes in O,-saturated 0.1 mol - L* KOH
solution at 0.5 V for 30,000 s®2. Reproduced by permission of Elsevier. (color on line)
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Figure 6 (A) lllustration showing the assembly of trigonal prismatic {Ni,} coordination cage (CIAC-121) and the fabrication of
ultrafine Pt nanoclusters. (B) Polarization curves of Pt@CIAC-121 and Pt/C for HER in 0.5 mol - L* H,SO,, with a potential scan
rate of 0.05 Vs, (C) Comparison of current densities from Pt@CIAC-121 and Pt/C at different potentials. (D) Tafel plots from
Pt@CIAC-121 and Pt/C. (E) Polarization curves from Pt@CIAC-121 and the parent CIAC-121¥, Reproduced by permission of The
American Chemical Society. (color on line)
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Figure 7 (A) Polarization curves of HER on Pd NCs@CeO, and commercial Pt/C. (B) Comparison of current densities from Pd
NCs@CeO, and Pt/C in the potential range from -0.4 to -0.7 V. Note that the current densities in A and B from Pt/C have been mul-
tiplied by 100. (C) Polarization curves of HER on Pd NCs@CeO, before and after 1000, 5000 potential cycles. (D) Comparison of
current densities from Pd NCs@CeO, before and after 1000, 5000 cycles tests. All the polarization curves were obtained in 0.5
mol-L* H,SO, with potential scan rate of 0.005 V-s™. (E) Top view of Pd,@CeO, model showing the possible adsorption sites for H*
on the Pd,@CeO,. (F) The calculated free-energy diagram of HER for Pd,@CeO, and pure Pd, cluster at the equilibrium potential. (G)
The charge density difference Ap of the Pd,@CeO, model for the slice (vertical to the surface of substrate CeQ,) cutting along the
Pd,-Pd; bond, where the red and blue areas denote the decreased and increased electron densities, respectively. Note that the picture
in G displays a typical electron transfer process from Pd to O atoms*d. Reproduced by permission of The American Chemical Soci-
ety. (color on line)
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Table 1 The reaction mechanism of oxygen evolution reaction

Electrolyte

Chemical reaction

Proposed mechanism

Acidic condition

2H,0 — O, + 4H" + 4¢

*+HO - *OH +H +e
*OH— *O + H+ &
*0+H,0 — *O0H + H' + &
*00H — *O,+ H' + &

*0,—»*+0,

Alkaline condition

40H — O, + 2H,0 + 4e

*+OH — *OH + ¢

*OH + OH — *O + H,0 + &
*O+OH — *O0H + ¢

*OOH + OH — *0, + H,0 + &’

*0,—»*+0,
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Figure 8 (A) Linear sweep voltammetric curves of oxygen evolution reaction from Pdy/AC, PdJ/AC-V and Pt/C. (B) Comparison in
current densities of oxygen evolution reaction on Pdy/AC, PdJ/AC-V and Pt/C. (C) Linear sweep voltammetric curves of oxygen evo-
lution reaction from Pds/AC before and after 5000 potential cycles. (D) Linear sweep voltammetric curves of oxygen evolution reac-
tion from Pdy/AC-V before and after 5000 potential cycles. Electrolyte: 0.1 mol - L* KOH, scan rate: 0.005 V -s*, Reproduced by

permission of The Royal Society of Chemistry. (color on line)
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Figure 9 (A) Oxygen evolution reaction polarization curves for Aus/CoSe,, CoSe,, Pt/CB, and Au,/CB. (B) Comparisons of the
overpotential required for achieving the current density of 10 mA -cm?, and the current density at the overpotential of 0.45 V for
Au,/CoSe,, CoSe,, Pt/CB, and Au,/CB catalysts. (C) Oxygen evolution reaction polarization curves for Au,/CoSe, before and after
the stability test. (D) Oxygen evolution reaction polarization curves for ligand-on and ligand-off Au,/CoSe, catalysts. (E) Compar-
isons of the overpotential (at 10 mA-cm?) and the current density at the overpotential of 0.45 V for ligand-on and ligand-off
Au,/CoSe, catalysts. (F) Oxygen evolution reaction polarization curves for Au,/CoSe,, Au,/CoSe,, Au,.,/CoSe, and Aus,/CoSe, cata
lysts. Catalyst loading: ~ 0.2 mg-cm?, sweep rate: 0.005 V-s™. All the data were reported without iR compensation*4. Reproduced
by permission of The American Chemical Society. (color on line)
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by permission of The American Chemical Society. (color on line)
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Abstract: Metal nanoclusters (M NCs) consist of only several to a few hundred of metal atoms and possess core sizes less than
2 nm. Owing to the quantum size effect, the electronic states of M NCs evolve to discrete levels similar to the molecule energy gaps,
other than a continuous density of states to produce plasmon characteristic of bulk metal nanoparticles (M NPs). In comparison with
the conventional M NPs, M NCs exhibit dramatically unique electronic and optical properties, such as molecule-like energy gaps,
strong photoluminescence and high catalytic properties, which make them promising for potential application in numerous fields,
such as catalysis, chemical sensors, electronics, biological labeling and biomedicine. As a new type of highly efficient catalysts,
MNCs have shown high catalytic activity and unique selectivity in many catalytic reactions, which are related to their ultrasmall size
with relatively high surface area-to-volume ratio, high density of exposed active atoms, and the unique electronic structure different
from that of bulk M NPs. For example, the M NCs showed good performances in many catalytic reactions, such as CO oxidation,
propylene epoxidation, electrocatalytic water oxidation, propane dehydrogenation, acetylene cyclotrimerization and hydrogenation
and polymerization reactions. M NCs can be used as model catalysts for theoretical simulation of the reaction pathway due to the
precise compositions, atomically precise and tunable structures, which is helpful to study the intrinsic relationship between structure
and property of nanostructure, and to rational design and fabricate advanced catalysts. In this review article, based on the present
status of this field, we highlight the development of metal nanoclusters in recent years with focusing mainly on their application in
electrocatalysis, including for fuel cell anode and cathode reactions, water splitting reaction and CO, reduction. Finally, we give a
brief outlook on the application of metal nanoclusters in electrocatalysis and the possible challenges.
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