FERE: kF 2021 & HF51%E  F 3 #1310 ~ 322

SCIENTIA SINICA Chimica

DR MeREBRAEET

ChERE ) Atk
SCIENCE CHINAPRESS

chemcn.scichina.com
CrossMark

& click for updates

ARSI AL AW R

) B !, 3, et

L RERZAU TS EY TRE¥RE, L 201620
2. IR 5 0 TR 220, iU 430072
*HIE#, E-mail: ywliu@whu.edu.cn; gianjinchen@dhu.edu.cn

WekE H : 2020-07-31; 452 HH1: 2020-08-24; W28 iz % % H #1: 2020-10-21
E R QRIS R BITE (G5 21804018, 21773175) Lilgi ARRIEIE S (SRS 19ZR1470800) & 1K 24 [ 1A 3% ThI P 2 Ak, 2% B 5% A
SEB T IF TG (ST 201906) T SRS HE ARV 55 2 L I 4 TR B

LS PR ZEETHLZERAZM T W AFSE, L85 EAMREIBECFER. & THRIK
BORLH 4 K A L R BE VR A LB A Y IR BR, R K 4K KRB WAL 2 T AR SR A W KR AT R AR R
20k R HY R AR By T LI RRAT AR, BREUA SR TN Bt R s e g hgE, 47
PLARE S £ 20 T R 90 K 48 R AAE B AL 5 A 1, B B 28 RE A R 20 A8 2 sk 3K — 2 AR B F IR B B AR
AXERG®R T EBRFE LA EUFFR AT EMA R, MET ETHORE R0 DU
EANPRRERNER AT &, FoNT FEAKRAN SRS, RNTEHME T LERAFEHUART
HAE P AN AR B GERR. RERAN TR T RTAEN EEHIEFRET Rk K EHESD.

KEE  AURRMAE, WRRE, RERE, HEEUFREME, B RR
1 5|5 TEIGAAAETVF 2 LA L. B, ALl

2K HL AL S T L R RURE T FR) R S S L 2
S E P SUR SN NGRS TE O A P SRR N
FLSRAAEBYE" L gk Ak R S A RSH N A
AF SRR AT POREERE R, BRI 2= 1S
SN R BUZ A RS w R A
W, MRS SO SR B T RA T R
AN BANGRKLTC S, T R R
HIRH R REIR AL BRI AT R e, A 9% oAl S T 4K
SIBMBEFOZHZ BN T ES, Ak R
NEAEBRALEBE TR N A

S FLE L K 45 AR 1) 4 L RO, I R 6 25 I 21 0 /< A
Y SR Tl R S LR i A B2 Tl B AR
RAHNH, BRI R A CLAIO, IHT ), Bu@es T
b R AR AT COLRT COS AR, H R it
Hth A COL AR T 1. b4, 438 T b 2 — 0k
LI 4 2R 250 ) 5 PR ST 2% 2 A AR AT 2 2
YIRS S e e e R ST T B S T R SR £
THT P s ) — 5 TH 7 S 7 M AL 2 T 1 S PR T
U ORI TR, 45 R R R, Rederein; &
— 5 T A A7 7E 2 I FE B 5 PR T VAU B =
S THT R 3 V88 R (A SR AT, RIS P R K R

FIAKRR: Liu Y, Jin C, Liu Y, Chen Q. Recent progress in gas nanobubble electrochemistry. Sci Sin Chim, 2021, 51: 310-322, doi: 10.1360/SSC-2020-0149

©2020 (HEMZFE) FiSH

www.scichina.com


https://doi.org/10.1360/SSC-2020-0149
http://www.scichina.com
http://chemcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSC-2020-0149&amp;domain=pdf&amp;date_stamp=2020-10-10

REFRE: b 2021 0 51 E B3

SETHI S B8, M T 5| JE Xt 3 R0 ) 3 A o s . IR e 5o H
MR IR BB E T, T SRR U
ARKEBN ARSI, XS AR ST S B s
HLRAEERE X, [FRWA BT B RS L 255
B B AL U DA ey B A e e A S 7 1 e R 3 6.

AT HAR NP, PRSI A — SRR )
J, Bl R K. WiEfLaplace kK, {H 5256 & 1
Fomf (R E AR SORER, Gk E
F&— R FCAHARAT N B AR AR R AR &R JE X
KA BB« e T A% T A LB )t 5
KBt A, nf CASGIE <2 M Az BRI, T R B 7
SR, HET R BEAN A AT AR, R
BKGEIK. RIBIRBIZE BRIR. ACEER SR
TR A SR SR R 8 BT, R TR
ARSI AT A AL SR AR T AR e PR A
FEA ) B, (R T g RKAURE AR R RO B ST
R AR T VERAT TR, 5 E R EE TR R R I
WHFT T 1),

2 BAYDRAIR AL AT
2.1 YORE AR

A R — R 1 — 4E R/ T 100 nmf) LK.
FALE TR AR, PRSI RAREA T S AR AR
PR iR/ AR REEUE Rk KL%, H
[P A El a2 i R R B = N SRR A3 ) [T N R A
RSS2 UL K, B B
AR SRR e R SN R TR P SR L feba
JE L AT AL A 2 I SRAG DK I, 5 FH B B4
B rin R, e HUMINE AT 2 R R B
QR A AR, 8 bl R R OGR4
JE AL RS I R B A BN BANE P, &R
i 3B K AE B S PR A FIB O T SR ' 3R 45 44 oK
A FEAR 22 o R ER T RN AR TR, 4 K %
RS Bt BRI SZ AL R, R EAE <2 9 AR KL 7 ) P
PURLE RO 7 Hh LA R R0 342,

2.1.1  HORAIEH AL 2

B AE A AAT NI —Fh, L = m] e i
18 )e S 1T REREAT Hi ik :

J:Ckn{z%i} (1)
2 SRR th R, A AL 6 T ol

%%%Mm@@ﬁ%ﬂﬁm%M?%émmG&X¢

AR AR R O A AT DAt 2P i DUy R
FE[ P

~1673®(0)

J="Cex >
3kT(cP)

(2)

Hf, @(0) =1/4(1+cosH)*(2—cosh), o NLLUIFIE.
THE R T KM R A%, EikET
10° m™ 57" ) A% 2 75 B 1450175 )3 L A

Whiteif S 2 T gk [ 5 R 77 2, R &
fRIE T N HL ORI AL AZAT . WE 1 (a)
PR, RPEK AR B T H,SO A, ORI Rk
APEAR, FEAL 2R T3 SR T SR N I B IR AN W 38 m, 1kt
A EE B R TR = A T H I FE AT 0, @2 B it 21155
— I FEUE DI, FAR R T R AR HL 4 K S I B %
FPUEAK; ORI GIK S T B K AE F W 7R
HR R T, BEAS 1 i 1 — 0 AR i, &
N N N G ER P S EPU R =y =i NN L= T s
BRAR (). B R T —MEGPK R B EH,
AR (1) B IR 2 i 2%

BESEASFUR 9K HRR ()3 — S0 FE 3R B, 1%
IR R BAZAT N G R AETE RSHRUINIoK B
b, F HUERAIE IR 22 i 2R 10 k% Fo I B o oK 5
R 2 A 180 T (1 (). TR & T gk
(5] 25 R PR S I R,

ib =4nFD, C:" (3)

gas —gas ,criticala

BIF 98 3 R IS A% IR F B 6 T () L I TR B A
~0.25 M, & IR R FHRIEE ~310757°,

B f5, Whitelf@i 2 3 T PeghoK B 5 AR L T
LA URBIR R, FERIE] T A0,
NP CO,PIRID, T ik A g e AL B L AR
EI(d)FTR, STFARBSARGORSN, LRSS
YUK MR R I I IEM SRR R, RS RE
HIXT0,0 Nyv COLMID,PURR ARG K I % i /5
I A E 2 N ~0.17+ ~0.11. ~0.6 F1~0.29 M, %t
N F~160. ~130. ~18F1~3101% 5 IRH & N &<

311



R e A 9K AL S U e

—~
c

0 |
(a) ® ° He @ o = o= ()Se=u - s . %__: 4 N
L] © ° ~
> o oiein® ® S H '..o.'c = 8 N
LT e il St -?::;g}:{;+ g p
o * ->’-2= %o 0 00 020 803 ZH\E“‘ 020 0 "1 H‘ 8-12 R ¥ )
1 g 16 R
= - - 2e 1
e WN*~ WH* =~ ~0 =
c
(c) 0_(_’”\ —
TN
;é -10| 100m
5
o]
.15 m
20 28nm
-10 0.0 1\}01 ) es Al 20 30 40 50
oltage (V) vs Ag/Ag a (nm)
S
) iapp=-33 NA 340 320 300 280
0 - 109,(J; /5) = 12.820.5 oV
ind ‘< 40 |0 =150:1° I Experiment
< < §=312.1:04 ——Theory
c @ 5,/5=0.026:0.001
- >
§ Oi J 20
~ P o9 Incr. iypp
10
40 L . | oL BLLY
0 10 0002 002 02 2 20 95 8.0 .p's'? A 80 75
t, ms ts AL

B 1 (a) 9OKBUR AL B ARSI AL % 5 A KR B (b) X BT BN SO HLAG S B FO R AR %2 il 2
() AR PR R T H W AL AT R R R 2 B2, (d) PR A A UA(Hyy 0,0 Nyv €O, Dk
A AL U FRAL (1) 5 FER AR (@) IR R () AN[RI <2 IR (Pt, Au, PA)YZAK B 4 FELA b H A0 K S0 % LR 5 FELR A2
(o 25 (f) MR IRIEIE BRI AL PR, (o) ANFME HUIE T 9K %S 5 I 1S BRI (h)
K LA PR 22 il 2 P A LIAE 1 43 R A0 B8 TR L) (R4 RORE )

Figure 1 (a) Schematic of bubble nucleation and growth at a nanoelectrode [39]. (b) Peak feature i—V response corresponding to nanobubble
nucleation at a nanoelectrode. (c) i—V responses of nanobubble electrochemistry at Pt nanoelectrodes with different radii [28]. (d) Dependence of the
voltammetric peak current on the Pt nanodisk radii for different gas bubbles: H,, O,, N,, CO, and D,. (¢) Dependence of the voltammetric peak current
for H, bubble nucleation at different nanoelectrodes: Pt, Au and Pd [35]. (f) Study of a H, bubble nucleation using a current step [37]. (g) Cumulative
probability for the bubble nucleation induction time at each current. (h) Distribution of nucleation peak current from consecutive cycles of voltammetry

and theoretical prediction [39] (color online).
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Figure 2 (a) Schematic of a spherical H, nanobubble at nanoelectrodes [48]. (b) Dependence of the width of exposed Pt rings, w, and residual
current, i, on the contact angle, 6, blue solid line represents the H, flux out of a stable bubble assuming no electrode reactions for stable nanobubbles
from numerical calculations based on Henry’s law. (c) Nanobuble residual currents from cyclic voltammetry vs Pt nanoelectrode radii. (d) i-¥ responses
of H, nanobubbles at a Pt nanoelectrode in the presence and absence of surfactant CTAB [28]. (e) Dependence of H, nanobubble nucleation currents on
the concentration of CTAB. (f) Dependence of H, nanobubble residual currents on the concentration of CTAB. (g) Voltammetric experiments used to
measure the lifetime of a H, nanobubble [49]. (h) i-V responses of N, nanobubles from N,H, oxidation in water and DMSO [51] (color online).
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Figure 3 (a) SECCM approach for electrochemical studies of single H, bubble using a two-barrel glass pipet and the corresponding peak featured
voltammogram [62]. (b) SECCM approach for electrochemical studies of single H, bubbles using a single-barrel glass pipet and the corresponding
well-defined peak featured voltammogram [63]. (c) SECCM study of H, bubble nucleation on polycrystalline Pt films. (d) Histograms of bubble
nucleation peak current, #,”, from consecutive measurements at polycrystalline Pt, Au and ultrathin MoS, electrodes and the corresponding H,
concentration distribution within the pipet from finite element simulation (color online).
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Figure 4 Scheme for tip generation-substrate collection mode SECM
for the removal of gas nanobubbles [72] (color online).
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Figure 5 (a) TIRF microscopy for studying H, nanobubbles from electrocatalytic water splitting on Au nanoplate modified ITO electrodes [88]. (b)
DFM for studying H, nanobubbles from HCIO, reduction at AuNPs and AuNPs@Pt on ITO electrodes [90]. (c) ECL microscopy for studying H,

nanobubble from water reduction at HCNs at —1.5 V [91] (color online).
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Recent progress in gas nanobubble electrochemistry
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Abstract: Bubbles are ubiquitous in many natural phenomena and industry processes, particularly in the water
electrolysis. Due to the development of gas evolving electrocatalysis and energy conversion technology, a deep
understanding of gas bubble behaviors at the electrode surface is highly desirable. This review summarizes the recent
methodology and process for the study of gas nanobubbles at the electrode surface. We first introduce the
electrochemical measurement of gas bubbles using disk nanoelectrodes and scanning electrochemical cell microscopy,
and analyze the dynamic equilibrium for their stability. We then discuss the visualization of gas bubble behaviors from
electrogeneration using scanning electrochemical microscopy and optical microscopy. Finally, the main challenges and
future research concerning are proposed.

Keywords: nanoelectrochemistry, nanobubble, bubble nucleation, scanning electrochemical cell microscopy,
electrochemical imaging
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