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Fig. 1. Working principle of an STM.
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T3, BelE (a) P B i 07 A E 5 i ) AR STML K
BB HR —263 mV, 3.2 pA, 77 K (1§ & 3wk [10])
Fig. 2. Atomic structure of ice-clusters on Ru(0001).
(a) Molecularly resolved crystalline cluster containing
two water layers surrounded by exposed Ru. The blue
dots in the inset show the preferred adsorption sites of
third layer molecules within a hexagon. (b) The first
and second layer are in registry with the underlying
substrate, with the hexagonal rings precisely stacked
above each other, as shown by the Laplace and low
pass filtered image in (b). STM parameters: —263 mV,
3.2 pA, 77 K (Images are from Ref. [10]).
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[ TFATD SR BT DA — 38 A 20005 iod 466 5 AR RIS % 2
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HEGR . IR, FIH STM W R 44t i LK
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B4 I i fh 4 (20311,

K3 (a) SraRuO4 R 7E 160 K T J¥ B I8 )Z K
STM El%; (b) HE T AR E 7 IBOR STM g
AT [ 3R 53 0 R R Sr A1 O: 7K HH 43 fif i OH 2
M (g R B 2R IR) Rk 2> 7 (R AR E L) OH MK
Bt 7E Sr—Sr B L, H 2 K 7> T i 7E Sr i T L5 &
# V = 500 mV, I = 100 pA (a); V = 400 mV,
I =100 pA (b) (¥ H ik [24])

Fig. 3. (a) STM image of monolayer water grown on
SraRuOy4 substrate at 160 K; (b) Zoom-in STM im-
age with substrate atoms superimposed. Blue and red
spheres denote Sr and O, respectively. The water over-
layer is a mixture of dissociated OH groups (dashed
green circle) and molecular HoO (dashed black cir-
cle). The OH adsorbed at the Sr—Sr bridge site,
while the HoO was positioned on top of Sr. Set point:
V =500 mV and I = 100 pA (a); V = 400 mV and
I =100 pA (b) (Images are from Ref. [24]).
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P72 RS (density functional theory, DFT) &
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AR LOST i — BT iR E #1277 K, Rk 110 K i 1] - R 5 7 i 0 A TG 45 21 N £ 1
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IF] (R A 1E L (b) 2B R AT SRR AR T H AR B NaCl(001) R L AK G F ML AEE; (), (d) AHABA KT
HOMO # LUMO #i& STM BE1%; (e), (f) F47K 0 57E NaCl(001) 2R I W O L EAMUAL I () A1 (h) P AR A AN A B T
V(1K 517 PSR ) HOMO it STM [12; (i), (i) i DET 2511015 () A1 (h) AAER RGBS IR (P 11 S0k [28)])

Fig. 4. STM images of water monomer and tetramer on NaCl(001): (a) Schematic of the experimental setup, the blue double
arrows represent the coupling between the tip and water molecule; (b) projected density of states of water on NaCl(001)
with and without the tip; (c¢) and (d) are the STM images of HOMO and LUMO of water, respectively; (e) and (f) are the
top and side view of water adsorbed on NaCl(001) surface, respectively; (g) and (h) are the STM images (HOMO) of water
tetramers with different chiralities, respectively; (i) and (j) are the orbital images by DFT which correspond to (g) and (h),
respectively (Iamges are from Ref. [28]).

HIHT STM AT 7T /K 731 B — MR K BR #1524 BE IR -FE S I AH ELAE F R 45 7K 20 1 I | LB,
REZT /K 71 H ) OH 4R [, 217 A BE 4t o {8145 8% /& 85 73 T 41UIE (highest occupied molecu-
W28 (3P, I, Guo %5 B e Thith st gl 7 lar orbital, HOMO) I AICA i 45 73 T HLIE (lowest
7E NaC1(001) /Au(111) R 1H b B AN 7K BL K K (1) Y unoccupied molecular orbital, LUMO) £ 2% K FE 4
RARBINE 2 5 R A8 2 BOR ) 0B il ot MR 5. X AEAFHT FC N 51 ] DAAE 2 fi I B 3 X
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(inelastic electron tunneling spectroscopy, IETS)
Fe T FUIXLL ) @ — A AT B BRI O

/e ) NN
I \ ﬁwl/e \; €0
eV=0
(b) ar (e)
tav
—I——,—
—ﬁol.;/e ﬁcl;/e >
eV < hw
(©) &1 G R—
dv?
—hw/e \ /\

\] \ hu.IJ /e \?

K5 (a)—(c) I-V, dI/dV #1d2I/dV2 [foR i, dE5
PEETRE A ME 5 LR B AR ho /e, w ARSI A
B (d)—(f) ARt R AR B (B B SOk [41])
Fig. 5. (a)—(c) schematic spectra of I-V, dI/dV,
and d2I/dV2, respectively, showing the inelastic elec-

eV > hw

tron tunneling features at the threshold bias voltage
hw/e, w is angular frequency of the vibration; (d)-
(f) schematic diagram of the inelastic electron tunnel-

ing process (Images are from Ref. [41]).
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6  HoO Fl D2O HAK A FAE P(111) R M ) Bk ER
1 STM-AS 525 LK S B IR 0L 41 Bl AN R € 05 e
3R HoO A1 D2 O MSER S R, ML R AL M
7, BAAERDIBINGHITD Y (V)tor (4 H SCHR [45])

Fig. 6. STM-AS and spectral fit of the lateral hop-
ping of H2O and D2O monomers on Pt(111). The red
circles and blue squares represent the experimental re-
sults of STM-AS for HoO and D3O, respectively. The

thick solid curves represent the best-fit spectra, and

the broken curves represent the fraction of simulated
Y (V)tot (Images are from Ref. [45]).
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7 EHREFI Nat KEMMEN /IR (a) STM EHRFEFIEERIEE A dx NaCl(001) db ks #HUb 1 Nat K&
PR B TR R, SR R YEA A, NaCl (001) &% #4508 0.39 nm; (b) fEEEE CO 4R d = 4 % 1F
N, NaT-3D20 Ml Na™-3Ho O 4 HUME % 5 i B RFOC R, EM RN A2 1.2 s, HY BB M 50 A FH4 P ih
R, WERRTEd = 244 T CO 442 170 mV HE F Nat-3D2O 4 HUMEZ B B MO0 &R, SR8 xd T4
PR ER RAE/N ZRIEM A, Roc IV, P N = 1.02 £0.08, T2 AN RHETHK; (c) Nat-3Do0 fEHE C1~ £F4R
d = 25 TR R R, HIRESTE Vegr L0H —MBEA; (d) £ C1™ BRI T, Nat-3D20 HIE Gl H 1) Vogr X
FHEEAKER R — 5 (e) TEd = 2, 3, 4 %M, W FAFM Nat - nD2O (n = 1-—5) M Voge FIELE (35 H STHk [48])
Fig. 7. Tip-induced diffusion dynamics of Nat hydrates. (a) Schematic diagram of the Au-mediated inelastic
electron excitation of the Na™ hydrates with the STM tip at a lateral distance of dx the lattice constant of NaCl
(001), which is 0.39 nm. (b) Bias dependence of the diffusion probability of Nat:3D20 and Nat.:3HoO with a CO
tip at d = 4. The voltage pulse duration for each event is 1.2 s. The diffusion probability is a statistics from 50
events. The inset shows the current dependence of the diffusion rate of Nat-3 D2O with a CO tip at d = 2 under 170
mV. The solid line is the least-squares fit to the data with a power law, R oc IV, where N = 1.0240.08, indicating a
one-electron process. (c) Current-bias relationship of Nat:3D2O with a C1~ tip at d = 2, where the current jumps
occur at Vg (d) Lateral distance dependence of the positive (red) and negative (black) Vg for Nat-3D20O with a
Cl1~ tip. (e) Comparison of Vg for Nat - nD2O (n = 1-5) at d = 2, 3 and 4 (Images are from Ref. [48]).
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A, BEMIETSES RAHSZILH
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LA S oK A RE & 22, AT A R n
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TETS 7] DL A58 H R 00 7K 73 1 B A [RR Zh B
(BFER AR, Sl 205, B T el s,
SEEG N 8 EE & ] DL OH/OD 4 A =0 ) 208 2
BRI E B ARE OO, [HE—RAE, A1
W H/D W EAL R B s 78RS B

BT RN R 5 L R, S T AR IR TR
i [61]
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K8 BAIKI TEH ISR ARG (a) SKIRIRFRIR
BHE, BAKS T (D20) B E W TE NaCl(001)/Au(111)
FHE L 40, A &0, 6. 8 0NRSHAE O, D,
Au, CI~ A Na; (b) §F A3 TETS £ 5 0 B 7 2
(c) AR THI dI/dV AR d2T)d V2 4k, IK il
R R CLEF R EE S —1.2 A B NaCl R M5 S ¥ th
A CLEFRTTE N —0.4 AWK 7 RI01E 5, Lz
& CLEMRE A —1.2 AWKSF LIES; S8 Ll
Ko FHIHEIRSIE 5 “R” (rotational), “B” (bending),
“S” (stretching) (4% H ik [59])

Fig. 8. Tip enhanced IETS of single water molecule. (a)
Schematic of the experiment setup. Single water (D20)
adsorbes vertically on the NaCl(001)/Au(111). O, D,
Au, Cl—, and Na™T are denoted by red, white, golden,
green, and purple spheres, respectively. (b) Schematic
of the tip enhanced IETS. (c¢) dI/dV and d2I/dV?
spectra taken at different tip heights. Red (-1.2 A) and
blue (-0.4 A) curves were taken on the D3O monomer.
Gray curves (—1.2 A) were acquired on the NaCl sur-
face (denoted as “bkgd”). The vibrational IET features
are denoted as “R” (rotational), “B” (bending), and “S”
(stretching) (Images are from Ref. [59]).

2.3 BUFHEEERMR

PR 45 Je PR RH TELAE P 1 dn 2 AT A S LA 2
TR BB, W AR R T K o i AR SR
AT R, DR R K AE B J R T AT B T
NEEL STM HAWILOK, T HEA B &K R
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TR, BN TN G 2% IR SRAE T
H. STM R4 HUR AL B A 26 AF T B[ <5 i b B
F, AR K 32 0 o R A0 4 )& 1 )6 b 559 2 R 1Y)
SEZIG I G RN M AH 5% R B G ke AE A ] -3 ST L
FEL A 2 41 4 B O 2 5B (electrochemical scanning
tunneling microscopy, ECSTM) 1) B, RE#% L
7 30 [F] VB A R OSSR, RIS, BAT TR 723 HE

fie 7.
2.3.1 EC-STM f& 4~
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oA SSRGS, AR R s LA mA
HLB (AN A, okl A A, T
BHRAER B rh i B AR IR, BT e R =
AR A8 A F AR 25 ) FL AT e A% SO, AT U 75 R
FeE AT EREE. 1988 4F, Siegenthaler %5 (%1 5] A
TSN (Bl Ag/AgCl) Ak T = HRIAR, I8
T XUTE HLAE [ B A PR A B LA S R 2 AT
41 (Wandlowski (1, Weaver 691 th i H T ode 3k 1
1 TAE.

K9 /& EC-STM i) AR JR B &, & H1 STM i
SRS o AR, FAR S At = R A A
B, a3l TAE M S d il STk, —F 8T
P ARt . 3 XU AT A i SR FRE it ) FLANG
HLAr, AT R AR B 2 72, AN I A Y STM il sk
oK. STM &4 it gt g i — AN TAE sk, R
R T A RS W E SO HOR
i, BRI SE B

A EC-STM A, il R i A LA
gy 1) STMBEZF R 2) B4R/ R AR 1] Fe AL
SRS B LSS H; 3) B A/ MUV S T XU 2
Wl Tl S0 G I T VA S s G S
LY % TE R ) W M e (BEE HL 2 nA B g,
BR BVE LR LR mA R ), WARA R EUE
LI, =R 2 USR] 8 77 22 STM ) %
BER AR EEARMA) UL STM BE M ESR
P, T H IS 2 A8 STM 11 S50 2003 e DAAG RS

(AL, EC-STM At 55 i 1) 5 ik 4l i A
R BS At o bk 56 WU AN A TR R, AT AR
YUIX — o] ) J7 A W Bl — 2 R AR B A

A 1O6) AT DA B4 T 4 4 e 0 T 7 5 HL i SR A
LA AT R B R AT AR /NI ERET 4R A, X AR
AT D7 A B 3 FE A 11 7] B AT DA K b 00 1) v iz
S5 AN 70 R FRL I R Ttaya 2 (O7) R R
VU AR R4, EAH M KIRRE ERR T STM
TE HAL 2200 50 1 R TR 4

Preamplifier Ir

Insulated
STM tip
WE2

Reference
electrode

Electrolyte

Substrate

RE CE
WE;

K9 EC-STM LA R K, XUE fL Az oA
R R A

Fig. 9. EC-STM configuration, the bipotentiostat con-
trols potential of tip and sample with respect to refer-

ence electrode.

HLAR R 1 B% AL ISR R A R IRIE 2, (575 2
BT . SERT PR SRR, 7
FEL ARV s 2 94 2 B L LS AR — 7 T RO R
Je 4 JE T R TR T /KM ek B AR 57— T
BRl 2 17K 4 1 I &5 A AU T (38 3 A A3 A,
% JE R T 25 BE H B 4 WX 48 AR A R, T A 2
r‘[%‘*%:’& [68}'

EC-STM H & LAk, EiE 2 S R 155 A1)
BARRIMER, fn: BIF 70 e AR R THT 45 440 IR B O 2 11 45
14, B TR B B 2 A KL B R R T AR RS AR 2. 45
U EC-STM 75 BEMR J& b YRR W B 453 F %5
BER. O RS T R THE AR B B R
M ZEph&E . FIFH EC-STM C&mF 5 T W £+
EL P AE FRIJEvh, A3 Cu, Ni, Fe5 4 8. @
B R A A 503 & R 10 A A2 LR, X
BB T] BE R JE AR GA AT B 20124F, Ye &k O B 5t
T AR IR rhl R A AT R O SR T
B R RS AL SR BTSN, FE B THe T e A
7 53 (1 JEL R A AT REAN FL% 1R 93 A L Fe3t JFe? ik
JEH K.
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2.3.2 EC-STM £ K -4 /& F @480 64 & F
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Wi e W 51 B AR SR TR, TR P AH b A FL
7, TR RO 2. OUH 2 L W 7 o1 T R
B

NATT X X HL 2 A IR g — 8 m iR 1.
1%M3mewﬂmhmﬂ%Eﬁi,Hﬂ%E
AT AR AR 28 28 LG, DA W B B M 2 7 Bl
T REEBE AR b 2R RS A TR AR
T DL, B2 ANE & BEPRARCEE B A F er 23 AT 0 1
U BRI V2 AR EGE, 1963 4, Bockris,
Devanthan F1 Miiller #& H 7 1 f) 0 Z B8 BT H
AT AR BMD 57 (71,

K10 /2 BMD R R s . iR, e
file b, 55— B Koy T R E M HESIAE & 8 I R
[, JE RN Z I8 2% °F T (inner Helmholtz plane,
IHP); 2 2K T #5 € mHEA, Ko7 fE
T2 TS RIS 7, LR T At Z 088 251 TH
(outer Helmholtz plane, OHP). k[ 4 &Y #Z
DX [8], 3 BT A VA AR B, L P R R Al 2 T PR A
HAE AR RE R L ), B AT VAR

G e VR 3 THI 7K 0 VR B g 28 %o 0 (4 A 0 R
AHEERBENE L HOMH;0M A FRaE &
T, WNEATZ A Ty R BT R
B 7B iS5 #. 2000 4F, 8 M AR TR 241
Kim 2 (72 5 F§ EC-STM #F %t 7 % 2 ¥ v B2 Ti 114
PA(111) FRHFA & T R e B AT 1R A R
TRARBLM STM HRAG B T R & 1 B, JEA
M T RUEE b 43 B 3 T e FE B0 1 4 7 R
AIEER. W 11 (a) Fis, H3OF ATHL0 AT SOZ ™ #f
BRI X 20 ok, FFHAJE 7 HoO B H;0T 2.

0 d1d2

K10 MHEEFA (BMD model) 1, N ZUE 2% F1H;
2, SN ZLV I 3, USRS 4, WRILES T 5, R
BEESF; 6, HMRRIE TR+

Fig. 10. Schematic representation of a double layer
on an electrode (BMD) model. 1, Inner Helmholtz
plane (IHP); 2, outer Helmholtz plane (OHP); 3, dif-
fuse layer; 4, solvated ions (cations); 5, specifically ad-
sorbed ions (redox ion, which contributes to the pseu-

docapacitance); 6, molecules of the electrolyte solvent.

---H30* layer---
=*H,0 layer ==

Section (a)

» obteo

Sectlon(b)
o° @ ®°
H,0 H3;0°

N

B11 BEE KRS TETRINGEME  (a) PA111) EH30T, HoO Al SO~ WSS MMIFLEL; (b)—(d) 4

EE*&JUKE’JWMT FRIRLR (3 B SOk (72, 73])

Fig. 11. (a) Side view of structural model of the Pd(111) 802 /H301 /H20 on Pd(111); (b)—(d) proposed

model structures of water adsorbed on gold electrodes (Images are from Refs. [72, 73]).

016802-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y38 ¥ 4R Acta Phys. Sin.

Vol. 68, No. 1 (2019) 016802

2011 4E, ZEH K 2 ) Garcia-Araez 25 [ B ¢
4 PR R TR 52 H B4 o) R R TR K A TR T K R
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0.5 < E < 0.8 VI, GilE 11 (c), 7K B e 24 S 3
UKITEAR. %5 BEVZ BRSO NIX SR £E Au(111) b
FUERIME, fEE > 0.8 VI, W 11 (d), KoF
FEURFOWR B () AR ER AR 25 1 BC AL, Rl & K 73 it
S R R R AR I & 1

PR THE X K - 8 A AT T RE A
2006 4E, Schnur Al Gross (™ I\ F 7 75 J7 % B (¥ 5
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UK. TEXFPEERH, 12 (a)—(c), ZB—EK
oy FAG R FAT, © AT SR top AL b Xt
THABR 7>, AR R, 55 502 H-up
H-down 45 #4), ‘EATIER 77> Bl 25 538 9 i) 4
JE . ERXS TARET . BE AR AR TR s 2
48, SEIT 48 KK 70 1 2 i i H A1 OH, iX
Tl 25 Wy SR AR 2 1. A BT AR 4 AR B /K
Je T ER 2/ 01, A 3 [ s o BB B 7K # 28 £1
AR o %) 4 J VR 1) ) R B AR B RS . B,
H-up F H-down P #4484 o T8 I (0B A 75 5 %8
Thek o S AR [, A 12 (d) AT A HY, H-up F
H-down % F 44 284 of A~ [ 6 J&8 1) Dy R 22 K3
2 eV. XFT47, KR BLAE R 00 72 BT I 1) 7K A 25 1)
gEH).

1.0F T

—-1.0f
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=3 L

L @—® H-down water bilayer
_3.0F @ #® H-up water bilayer
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Au

Ag Pt Pd/Au Ru

K12 (a) H-down RUZ45H); (b) H-up BUZEH; (c) FAEE K JRIEXZL5H4; (d) H-down, H-up FI¢fE H 4574

JaE 2 T 51 A A T R ARG (&I E SRR [74])

Fig. 12. (a) H-down bilayer; (b) H-up water bilayer; (c) half dissociated water-OH-bilayer with the additional

hydrogen atoms at the center of the hexagonal rings; (d) calculated work function change induced by the presence

of H-up H-down and half-dissociated water bilayers on metals (Images are from Ref. [74]).
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IR TR IFANRE 58 4 /K R HR R D038 25 A R
NUNR STM ) Je B> AR, Gn 2R > Az _FoK
T WAT AR, A RE IR 4 FEXEAR V. BE 5 I
RS FRA AT g8 A STM 4R ARG 9%, fEEF4R
R, K> F A REHESI L 7 AR IR,
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4
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13 (a) BEiE HLBH A% 3 (Log10) RSB i BE B A 9%
;5 (b) IE SRR i Hs I 2 THI K 2 B0 HES, 1E i s 000 ) 07 11
K AR, SR S 7K Z S5 8 T (39 B SRR [77])

Fig. 13. (a) Log (base 10) of the tunneling resistance
plotted against the distance the tip moved from the
position at which R = 10° V; (b) pictorial illustration
of the water monolayer arrangement on a positively
and negatively biased sample surface which will lat-
eral compression or be more open structure (Images
are from Ref. [77]).
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Fig. 14. (a), (b) A scheme explaining the concept. When the local environment between the STM tip and the sample

changes (in this case, when the tip is over a terrace, (a) versus a step, (b) in the sample), the tunneling barrier also

changes over time, in a way that is driven by the changes in approaching and departing reactants and products. In

this scenario, increased tunneling-current noise is likely to appear when the tip is over a step edge, which is more
active than the terrace sites. (c) An STM image of the boundary between a Pd island and the Au(111) substrate

under HER conditions in 0.1 M sulfuric acid (constant-height mode). The inset shows an atomically resolved image
of the Au(111) substrate. (d) Detailed STM line scans for the case shown in (c) (Images are from Ref. [79]).
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Fig. 15. Total interaction force again distance between

tip and sample.
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Fig. 16. Block diagram of the non-contact AFM feedback

loop for constant amplitude control and frequency-shift mea-

surement (Images are from Ref. [83]).

17 (a) HHARGFIIERMEAL; (b) STMIEREIE; (c) CO BMIIERIAG I LR S FIEm AFM K; (d) 8-585Em
MR AL 22 4585 (o) B> T IME R AFM 5 () PUSRARIIE R AFM 18; (g) 7> TSRS REA ), B & A S0l s

o o AT . (PSR [34])

Fig. 17. (a) Ball-and-stick model of the pentacene molecule; (b) constant-current STM; (c) constant-height AFM
images of pentacene acquired with a CO-modified tip; (d) chemical structure of 8-hq; (e) constant-height AFM

frequency shift images; (f) constant-height frequency shift images of typical molecule-assembled clusters and their

corresponding structure models; (g) indicate likely H bonds between 8-hq molecules. Green, carbon; blue, nitrogen;

red, oxygen; white, hydrogen (Images are from Ref. [84]).
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(89])

Fig. 18. SPFM images of structures formed by wa-
ter on mica. Bright areas correspond to a second wa-
ter layer and dark areas to the first water layer. The
boundaries tend to have polygonal shapes, as shown
in the smaller image where a hexagon is drawn for vi-
sual reference. The directions are shown in the smaller
image where a hexagon is drawn for visual reference.
The directions are strongly correlated with the mica

lattice (Images are from Ref. [89]).
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Fig. 19. Graphene visualizes the first water adlayer on mica surface at ambient conditions: (a) A schematic of how

graphene locks the first water adlayer on mica; (b) the structure of ordinary ice; (¢) AFM image of a monolayer graphene
sheet deposited on mica at ambient conditions; (d) a close-up of the blue square in (c); (e) height profiles along the
green line in (d) and from a different sample, the dashed line indicates z = 0.37 nm; (f) AFM image of another sample,
where the edge of a monolayer graphene sheet is folded underneath itself, the arrow points to an island with multiple

120° corners; (g) the height profile along the red line in (f), crossing the folded region (Images are from Ref. [91]).
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= 1st layer
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wa!er layers
e~ e e el

[ ety - _ e
ica

> Zrange=1.1 nm

(d)

120 (a) 26 (001) ZE 45 M OB R (b) B EK A 12 B 1) AFM Bl (c) — ik 255 Moyl 00 11, 1 o6 € A 0
T B8 PR R T (K 81 B 1 B R K G5 (d) K- BRI =48, P BB R TOKRE M o R R 7455 (A
ik [92,94])

Fig. 20. (a) Schematic illustration of muscovite mica(001) surface structure; (b) FM-AFM image of muscovite mica
in water, hexagonal structures are clearly observed; (c¢) 2D hydration structure measured by FM-AFM and schematic
illustration, the contrast is likely to be a Kt ion or a hydrated KT ion complex adsorbed on the surface; (d) 3D map of
a mica-water interface, the side view shows the stripes are associated with the presence of hydration layers, right image

illustrates the compatibility between 3D imaging and angstrom resolution (Images are from Refs. [92,94]).
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Fig. 21. (a) Schematic of a qPlus-based NC-AFM with a CO-tip; (b) top view of the water tetramer adsorbed on

the NaCl(001) surface. H, O, Cl, and Na atoms are denoted as white, red, green, and purple spheres, respectively;

(c) experimental Af images recorded at the tip heights of 100 pm, 10 pm, —40 pm, respectively; (d) simulated

AFM images of a water tetramer with dg tip models, the images acquired at the tip heights of about z; = 7.9 A,

25 = 6.8 A and 23 = 6.4 A, respectively (Images are from Ref. [95]).
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(F)  (a)—(c) HIEFR&E; (d)—(f) FILIR & b3 — AN B4 I T LK 40 T (8)— (i) TR R T 3Rl
()— () AT AR b5 RN 5 A (B E STk [96])

Fig. 22. High-resolution images of terminals in water chains. STM (top) and AFM (middle) images of

terminals for the pentagonal water chains. An atomic structure of each terminal is superposed on the

Laplacian-filtered AFM image (bottom). (a)—(c) Pentagonal terminal. (d)—(f) Pentagonal terminal with an

additional vertical HoO. (g)—(i) Fused hexagonal and pentagonal terminal. (j)—(1) ‘Tetraphyllous cluster’

consisting of four pentagons. Scale bar is 5 A (Images are from Ref. [96]).
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Abstract

Surface and interfacial water is ubiquitous in nature and modern technology. It plays vital roles in an extremely wide
range of basic and applied fields including physics, chemistry, environmental science, material science, biology, geology,
etc. Therefore, the studies of surface/interfacial water lies at the heart of water science. When water molecules are
brought into contact with various materials, a variety of phenomena can show up, such as wetting, corrosion, lubrication,
nanofluidics, ice nucleation, to name just a few. Due to the complexity of hydrogen-bonding interactions between
water molecules and the competition between water-water interaction and water-solid interaction, surface/interfacial
water is very sensitive to local environment, which makes it necessary to study the structure and dynamics of water
at the molecular level. In recent years, the development of new scanning probe techniques allows detailed real-space
research on surface/interfacial water at single-molecule or even submolecular scale. In Section 2, several representative
scanning probe techniques and their applications in surface/interfacial water are reviewed. The first one is ultra-high
vacuum scanning tunneling microscopy, which allows molecular imaging of single water molecules, water clusters, wetting
layers, and even water multilayers on metal surfaces as well as ultrathin insulating films. Based on scanning tunneling
microscopy, the single-molecule vibrational spectroscopy can be further developed to probe the vibration and movement
of individual water molecules, which assist us in understanding water diffusion, dissociation and quantum nature of
hydrogen bonds. As a versatile tool at liquid/solid interfaces, electrochemical scanning tunneling microscopy opens up
the unique possibility of probing the double electric layer and identifying water dynamics during electrochemical reactions.
Moreover, non-contact atomic force microscopy yields higher resolution than scanning tunneling microscopy, such that
the topology of hydrogen-bonding skeleton of surface/interfacial water and even the degree of freedom of hydrogen atoms
can be discerned. To conclude this review, the challenges and future directions of this field are discussed in Section 3,
focusing on non-invasive imaging under ambient conditions, ultrafast molecular dynamics, and novel structures under

high pressures.
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