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Fig. 1. Reported solar-to-hydrogen (STH) efficiencies in multijunction photoelectrochemical cells [°/.
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Fig. 2. (a) Side and (b) top views of the plannar
Aug nanoparticle on MgO (2 ML)/Ag(001), together
with potential sites for water molecular adsorption

(red dots); (c) the electronic local density of states
(LDOS) for the Aug on MgO (2 ML)/Ag(001).
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Fig. 3. (a) The charge density distribution from the quan-
tum well state 2 at the periphery of Aug cluster; (b) ori-

entation dependence of water adsorption energies.
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Fig. 4. Reaction energy profiles for Ha generation on
MgO(2 ML)/Ag(001) without/with the gold cluster.
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Fig. 5. (a) The schematic showing plasmon-induced water splitting on Au nanosphere (D = 1.9 nm) under the laser

field polarized in the z direction; (b) snapshots of the simulated time evolution of charge density at the Fermi level,

where the grey dot denotes the center of the NP, and the dashed line indicates the NP surface; (c) time evolution

of the applied field and (d) atomic distance d of water along the z direction to the Au surface.
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Fig. 6. (a) Time evolution of the number of hydrogen molecules with varied laser intensity; (b) schematics of “chain-

reactions” in plasmon-induced water photosplitting and Ha generation; (c) atomic configurations at time ¢t = 0, 20,

26, and 33 fs.
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SPECIAL TOPIC — Critical topics in water research

Water photosplitting: Atomistic mechanism and
quantum dynamics”

Shen Yu-Tian? Meng Sheng"??

1) (Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences,
Beijing 100190, China)
2) (Collaborative Innovation Center of Quantum Matter, Beijing 100190, China)

( Received 6 July 2018; revised manuscript received 30 September 2018 )

Abstract

Directly splitting water into carbon-free Hy fuel and O2 gases by sunlight is one of the most environmentally-friendly
and potentially low cost approaches to solving the grand global energy challenge. Recent progress of electronic structure
theory and quantum simulations allow us to directly explore the atomistic mechanism and ultrafast dynamics of water
photosplitting on plasmonic nanoparticles. Here in this paper, we briefly introduce the relevant researches in our group.
First we propose that the supported gold nanoparticles on oxide thin film/mental should be able to potentially serve as
efficient photocatalysts for water splitting. Then, under the light illumination, we identify a strong correlation among
light intensity, hot electron transfer rate, and water splitting reaction rate. The rate of water splitting is dependent not
only on respective optical absorption strength, but also on the quantum oscillation mode of plasmonic excitation, which
can help to design nanoparticles in water photosplitting cells. Finally, we simulate the ultrafast electron-nuclear quantum
dynamics of Ha generation with plasmonic gold cluster on a time scale of ~100 fs in liquid water. We identify that the
water splitting is dominated by field enhancement effect and associated with charge transfer from gold to antibonding
orbital of water molecule. Based on all atomistic mechanism and quantum dynamics above, we present a “chain-reaction”
Hs production mechanism via high-speed (much higher than their thermal velocity) collision of two hydrogen atoms from

different water molecules under light illumination.

Keywords: water photosplitting, gold nanoparticles, quantum selectivity, quantum dynamics
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Fig. 1. Hydrolysis of hydrogen by TiO2 photoelectrode.
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Fig. 2. The main process of photocatalytic hydrolysis
of hydrogen by nanoparticles.
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R, MBHES A AR AN B AL 7).

AL T RE i F T KO 9% R 2 AR 272 17 L

1) K7 5K B A S B O KR S5
LS BE 2%  SR 7K ST IR PR/ i PR A 2R

2) TR (BKIR) PR AR AN 2R T
TEER MG DGR AL D pHL AR I AR

AT R e A 7 2R T SR AN TG 2 2

3) fEMEAL BT R, A AITESR . R T TR
FHHIZK 51 KoK 2 S5 R an a1 F AN AR 4k, X B34k,
2 15 520 DA R ART 5 0] S S 4 - LR R S T
FETHIVE TR 20 1 NK S S5 0 1 e 570 9 T 9D R B
JBE B 2 B B3 E#

4) A S AV A G 4e] 5 W R A4 77T 35 R0 2 1
TCRAA G T K G5 A RO SR AEJE 3 rp (] AR A

B b3 ) DA R R f S ) SR A R AR
FAR, WA AR (7K [ (-8 ST R
TR S R A W AR, I B A BT B i A
RUSHHEAL S S EAT 420 A 5 B4
2.3.1 @ KLEH G EFE AE

P A (b 7R1)) 3 THT 7K &5 4 2 PR AR 10 R0 22 A 18
R A% O 1) 2 —. 7E 20 1240 60— 70 £E48, AT
FEXHE R AR ) etk b 38 B AR SR THI K 9 F RO B
DRI, KR T — RFE R S K E
WAk A3 A PO=58] . H 2 240 3 ik Sz 56 B L TH K 9
T 45 6 ) P B R A AR R R . B 80 AR A,
Bewick 25 P9~ 61 | F JFU 21 0 s St W AL i i 70 1
Au, Pt HUNRAE B 2 ik R b BT K I S5 44 At
fIT7E 0.1 M HCIO, ¥ ¥ A1 2 & 4 Fo AR 3R T WL 52 3]
OH IRFEIR A& (3580 cm 1), FF44 I VA 45 Al bt
FE BRI 1K 02, BE R, (il AR a1 4
S S R ATV 193] 2R T 98 58 21 A7 5 S IR AL 5 4 R
WA R s At K 0. 5 kR, JLocR R A
20 TH 20 80 AFAR KR Hi B BN AT 1% B % A i
HRJZK IR BRI FC LR ST K ) T
B 109,601 [ 2000 4F LA, F 3% T 4 5 1) 25 5 1
Wl i 2 H R TF AR 4 v B B ST R AE AN 5y
TR T IR B T AR R b 8 i 657,
FoJ2 5 B YK IBURL I iR b 2 ol i S (72 A () RAE
J5i%. B, Shpigel 25 71 & & T R AL B0 6 1 4
AR TTHT- 05T A ) SR KRR LS. 75 4
H )2, RIS EOR A B 12 ST K2 A 211
SRS AE) RUR A o, A RS R R E SR A B
(7K 5 TR BT Bk K.

H 2000 4 PAR, B 18 94 248 (STM) AR
TR (AFM) & HOR I a4 8 FH T 51 K
gE0, TR — A B LA K 5 7178 S A 2
BB AT . g A8 BOK 4B 1) Thorn-
ton 2 [ 3 I STM $5 R # & 7 4410 4 (110) E 1
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AR B BRE 7 i BN K 2 T AE B OHL 36 ] g T R
3K 2 ) Mavrikakis 25 (79 Ff i 13 STM # #2 1) 4
e i @ K Ay IR i A R LR
F REEF I BN S & STM M EE it AFM £ AE T NaCl
T B 7K 5 FAOK B LA, S AN & I AH ELAE
F =Tl (R, H AT FRAEH AR 2 F TR
FLASBRAR R N I SR K 2 14500, fd b 5 T R
ATKEE KR A M.

232 KIFZEPELF R B EHGN =
Fo & AE

AT R ST TR R TH 45 00 % 50 B 2 vk 8
FOMERE. AR AR I, SMARIREE (LHEKIR) 7T
DL 2 SO e 0 70 ) T BRI R T G B A . 2002
4, Hansen 2 [ 3@ i J5 (07 FA 5235 G WL R A W1
82 Cu/ZnO R &R, B /eIl T Cu gk R SiAE
KRB R A AR k. B G 10— R 0 A 3
3% S LT A L STM. I T X S 28 e 1 RE il
(XPS) &5 SEIGUE 5, A ANIE S5 SR AR 8 18
YK AR <65 Ja8 1) R 3 AR Ak 32 T A RIS 3R
B (50820 S EFEPESUR (A N ) T g s bRl 45
F4 1831 AR, AKVRANARTAE S B 21 S M gl K A AL,
FIH S5 F AR SR BT 7T H T2 =

7T, N T I EEIRAS K R LR TH AR
b, AR R A7 it 7F B B R TR AR Rz N,
AN R IBURLLE 7K HR B i A e it i (34861 bRl A
I B4 i A AR A% 57591 Toh 2% 190§ 1#
THEAKIE S 9K BR SR G I AR PO i 45 K
BEYBISE R RE. (B2, BT AR KR
Wi (40 pH {E - S 55) Bh S K A A BB A AT T 2
H A SR ) 10 .
2.3.3  Jhm okl 3L g AL

B 5 T EALRE T I R IE 4 i, T AR SR AT
B BB AL, 7K 21 R K [T A5 0 A Ak 25 T P PR A
FURH ELAE R, ] DB A 770 53 18 R 7K = S5 4
Ak J S bk A2 P03 B RiE B vk
G PRI E A BEZRER. 5T
PR MR 1B 1 H 1990 EATT 48,
Parrinello 5 & 1 # 0491l ik WSk 59> T3 f1 2%
TR T K HK A iR A SRR B T 1 30
JI2EAT N, Vittadini 25 00 R F % B2 o6 7 vk HE
T TiOo BUEKH™ (101) F1 (001) R HiAS A 78 5 T /K
TRV FRL. 2002 4, Meng %5 7] R F 28 — 1

JEER ¥ 3 ) F AL T Pe(111) R E R RUE KA
Zhiy. 2010 fERTJE, Fang %5 9599 FIFH & L5 T30
TS 7R N AR R T KK OKJR)
MIAAAE. BT IR & EIR B R AL AT DL i b i
TS 4 IR, AR SR RUBE B8 i 5 T K = A
B TR AL S L AR R Z5 A AN B AR .

B2, BUA B T VAL RS I (] AT
FEARKIRE]. &7 H TR 2 50 AR
THIRZR, I LR R /D R R R AR &, T A
REALEE LSS P oK BN Ko R () iR &, &1
27150716 R B B D e AL 2t R, A RE
HRAOL PR AW R T FE A S K P 7 it 4 S A I [ 5
FEVA K 200 I A E 22 S ML A B kR 42 )
J15 D5 T DA 5 I gD St A, ik
RUARAS B 5 7 T & 55, (EARERR L A5
(7K ¥y OH #2) i A2 BOAT i R Sk 2 i A, it AR
MR T R AE AL I R T B SR O T RA, K
JE& fE i A DL IR SIS L B4 FR K - A 7 5 T B0
PEFARAL I ERR TN 2 55 2 2.

24 RREFME

L5 LTIk, S8 TV RE S AT AN R ALK -
EAGTTAE R RE F T R 52 I TR IR R S8 R 5T, AN BE IR
I 45 380 (i A0 70 1 2 1 R - 2 20 L SR AL AT S
TR AT SR T K S5 A S R R S N2 731 B B
aRiCE S RS EI L i R AZ S AL ] AN E X4
SNk, W B ZRAL T BUAK) 22 (8] AT 8] 73 F 572
THEERER, BT, AU BT 2 RS i R AR T
BORS [ — 1 2[RI BEAT SRR ZRALE, sl & 2 T[] 25
ST A JEAL LA SR ALY e X 2 MR SO 4R 45 4
JEAL I s XPS 85 F BeliAT ] BE A A [R] 1 5296 5%
T (RIS 45 31 57 T 7K S5 48 L AL R T 35 AN 2
G R, e BRI AL S LA ER B A A f) S
UEYE. R, Sl B AR Y O e RERS HE B b il g
S8 P55 v i1 ik A R TR B AN 2 T 44 A [100-101
TR X AR AR 5 2 B P 81 A T R R K - A5 57
T FR) 445 0 TV 350 RTAPE J5 0 4838 7 R ok LR K Jre ) 5%
B 5y i, BT SERR AR B AR Y CLe K
AT S T I TSR A T 0 SR AR UE AR AR iR
. fnfr i O Sede 4 Rk — D B S KK
SR ANREACHLER, DALl Se e B e BB T E, X
Tt PSR AN B R R e A R H L
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JS2 R IR, H RIS T oK - A 7 5 2
AR AR, B ina SERAE R R
e rh e = AR gk A 102 S B gl R S L TE AL 71
R PR BT  AE 7K PP B 78 S H A7 A I 8] #4 7T g
XA B N R O BT R S A LR, H
& HRTEIZ7 A B se AR B = S L R
BT (1) SEIR KGR T HAE AT RER T R
BT LA S5 AT B A S 1011031 (H T A S
AER V8005 T A DA K K - ] 5 T B 3 6 88 152
JEIK S FIANAT A 0 ST BUT AR AT IR, ARMEEAT
R RALAASALL. Qo A Jo B D9 A3 R ) S 6 5 VAN
RV MR DUR R B i 38 7K - AT ) T 1 i ko H

3 M

NN

%

TR REVR L ARG R (K S . AN KR
il AN COo 38 i S5 T i RE I A i A, B 2
T TUA AR GEREITT R, LU AT HH AR
AP AR, #RTE B A K, (R 2t ok
GRE i NIPEE R IR P EE G ARV RS -/ Ty 4
A YK HE, I RE A RObi b K5 3, 75 2
BT BT H B O R BT RE R AL AR, X 0
TR AL ST S5 AT 9 AHLEAE BT RO
B, AR AR AT BB AR LT R A BRI e AT
Seft T RSB RAL MR A R 7K - (A 70 57 T 4 7T e,
X TR AR B L A BN BIAR AR .
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SPECIAL TOPIC — Critical topics in water research

Interfacial water and catalysis®
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Abstract

Catalysis of water, normally occurring at the interface, is crucial for the development of renewable energy and the
environmental protection. Understanding the structures and chemical/physical properties of interfacial water during
catalysis is of paramount importance for the sustainable development of human society, such as clean energy, wastewater
treatment, and etc. However, owing to its complexity structure and mysterious property, the effect of water during
catalysis is still an open question. The role of water during reactions, as reactant, catalyst, solvent, or both, has not
been resolved. Recently, with the fast-development of in-situ experimental techniques and the computational capacity,
the scientists started to investigate the behaviors of interfacial water using the real-time characterization and theoretical
modeling at the atomic level, which provides the evidences and pictures to understand the effects of interfacial water. This
paper will briefly introduce the current opportunities and challenges in studying the interfacial water, and the latest
development and facing difficulty in experiment and theory, which will be beneficial for the future design of efficient

catalysts for their applications in water.

Keywords: interfacial water, catalysis, in-situ experimental techniques, heoretical modeling
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figd, tban Nat, FEH A0 0.1 nm AR 3758 EEZ) N
13.8 x 101 V/m. sEHIZH ) Na® 55— /K& EK
TN T 4113 GPaIIE 1, W E4H &
B B R 7 14 DR T kN ) AR T LA oK
TR, VR 48 R AR AT 2%, T, Yasunaga
2 [108,109) o J 7 —ANE R O i, 1% TR, X
T AN T KA ARSI ik &, L
WO WE KA R, i R B IRIR B A AFAE K
1B, M RAE BT AE (R FE 2= B A I As I AL 43 1T
BEEAIS. AR AR MR 0 PR AR A8 U B8 3 A o A 00
IR G — DK T Ol - KA RN H KR & &,
FRBRYELE Tz ik L BE A T Ol K1k &R
AR AR AL

2.8 Y HABMFENE

%5 VAR I B ) B B — R T O K
FrAsEK WMEKBBRFEMNE T 8 R
., A H Stokes-Einstein 2 33§ H K &5 1 3
& 02,1000 oK & RARFR 5 K 53 PR R B A T
B GK. ZITEFEE T B T XY S R
IR =1L S A g A K B RS B A T
SR TR R P R IR AR RS B Ak 1B,

2.9 XH&ESHTITH, X GTERIEEmE

SRR B TR E U ALK SR A K
TOREEGIK. AT AT L I S5 4 K 545 242 1)
oA R A, BETAS K > IS B A S
D72 B K 5378, DA RAR R F e Aoz B g (114118,
TS Rk B &5 & /KR B K PI & otk 2T
LA TN, BT X K A5 R K R A oA D SR R T
Iy BIAI00] i 2 — R B F BN 735 43 8
ANTR G 5 RC AL B 120 B R R ke
7K 25 R AR R T AU Rt e P T A P R K
2 I AR IR WA ) SR RTE, B i R R
Mg 100 32 34, 6 58 7K o A S I 7 T, 5 R R 7
ST VIR I ISR AL K SR AL 1K EIANE 2
P U2 ST A5, 1R AL 3R B AR R AT A R A
7520 grrp () D 18 20 A B8 8, BAT HoAt VA e vl L
WIS, 2017468 H, LT AR AR SE ) [E R
IR AT BRI IR RS R T RO, RRZT B
Rl R At 2 [ P IKRE 22 A RIE .
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XS 2 R SORE A R 7 v SR EUOTE 7 M &R 3 4R
SERIISRA SR B U222 i R AR R —
IKEENIIIK T, FERl2 K579 O LA 3.
B A2 B B LL & Debye-Waller K1

SERAE B T VE T R 45 & KB R 2
H5 BhBAT ARV O I AT K o T RIS R 5. L
, Joil XA AT I AT SR 2 XS 2 R OORS
Ytk L RN T 51, 2, S FHES T/
HLAR R KV, PRI Ol B PR — ALK& E N
K5 835 611, HAdnBr— A5 £ 1, SCN™
N1.2—2.1, NO3 N3—4.3, ClO; ~N4—5, CrO7~
N12, WO?2™ g 12064120 bR Es 1 F B 5 € A K
O FARAE, (HIX 8K 3T R B R 8 NS & K,
RT3t — BRIk 3k B 1 20 7K 43 i v s AN
SE 5 i K S AR AR AR L ) S TR s AR . B
H, AEIK )R EE R AL T 12280 HIYE BBl Y (SCRiRTR
TE SR80 268 K 2 50 30 i 4q), Ca?t, Mg?t,
Sr2+, Mn2+, F62+, CO2+, Cu2+, Zn2+, Al3+, CI‘3+,
Fe3 ™, Rh3+ 45 BH B - 1) 5 — /K& JZ % B 1) K BL fr
B¥h6 £ 1, mAFF Ladt, Pr3t, Nd3t, Sm3T,
Eut, Gd3*, Dy3T B 7, HHE—KEWNE
WK T 99+ 1 64125 R R[F B 755 — K&
JE IR TR Z A2 R Bk A ST KT 1A
() H AR LA SR 5SS ), T BB S 512w
JURI AR 06, W ARSI i e BRI 454
IKECK T 26— KEZE WK FH XU 75
IK G FNPE BT () e 2l 2 — K G EALZE. JF
Xof 7K G5 K R T ) s T S R A — B R — E
52 4L

210 KEBFRVEMREREXRENR
ZHEIK

TERZ W EALE GKIIT R, I — K4

I 2 R BI777%, BRI FE K B 5 1) 45 4 s i 5

IR R E IR . EBor i 7t 45 AR B, /K E

2 W) P AR A 2 Tl A B T R R A AR B e s LR

FONA, KV OAR FE & T 1% P UK EE, KIE R
H K R RS AR, 1% SR K S
VA IO P R K LG AR A AR MR P 7K T R Vs T R 25
IKEL.

i 0, 45 £ —EE (polyethylene glycol,
PEG) 7> T 24 8 B B uiiE 7, JRE . B

Y. BEZG. M A Tl SR A A B I N
Rl F 4, ma TR PEG 2 F 02 i 597 & 6
FOAT BT 0 B A A 4 T I B ) 7 1 SRR
PEG 7 T IR AT KA. %1% 7KK
T E L, AR AR SR U2 A BRI 2T A
PRt 7 1481 | o gt o A (280 = s () B R
015 R0 4 2R 5 0200 = 8 T B AR R A T
B PEC /) THIE & /KE. Hh s -k
KA R T, I E A BRATIE R R
WA KT TR BT AR R P T, HOVR BE AR O R
G A KB 7. %07 7 0] LAV I R F A 1 -k
JE SRR s K 4 B 2 B AK PEG 85 A /KU1
REFRPE,

B W S B B Ak 5 O A TE T R & R
BS AN 4 K 2 B SR A L Ar T KA
/Bi [39,4(),121,13()—133]. ﬁﬁﬁﬂj\'ﬂ]%jﬂ%?i 7J({§ /ﬁﬂz
AL AR AT 9, W IT H AL HE 8 I A HE B 1A AH
7K P 35 385 A B AR R AIE 1540 G e U ik v K 11 45 4
A 1950 R B A 8 K A o ) (80— 18]
ATE 5 38 0 7K 25 8 10 AT 5 400 i) R A K
T UK T AZ AN K. I, KV TR 4 6 1
s RT3 A0 AT A B T 9 0 4 G /K ) =
,T)C [121,130,132]'

W 1 (a) BToR, W[ 48 K 2 50 R R Bk
BLor TR, KI5 73 2 Xaqu = 0.47 ) PEG
20000 (43 F & 74 20000 {1 PEG 4> F) 7/KiE M
B i 56 S BEAL U199 Wi T Xaqu = 0.78 I PEG
IRV, PR IR T2 1 2 LK IR R Ak, SR B ik 4
(IR LE 3 — 25 1 BRI AR R s 4k (B 1 (b)), 7
A YR PG P, BT AV T 4R, 0 X g
LRGSR XS, T FE T, KBS 5 B A
W, BT, B8 Xaqu MRS (K11 (c)). X T
Kaqu > X WKV, K0 B8 1 350 P i 6 UK
o BT H . 2, UK R AT S R 46 A 1) B 3
P0HE AR 5 T 5 KT VR G B R AR TE O, BB 1 (c)
B HARCN T, T Xaqu RELEKL S mIKEKE
T Ty Xoqu HIZRAHAE, FLAC SUAL /KT & 7 b 78 X
N X BATEE A, B 1 () HA R R
TR A e AR T R KV R AT R R B2, B [ 7K
JRE AL B, X, AR K T R R LRI
Xaqu > XS WRKER PR S Sk 8. B
FIT 5 S 45 G 7K B0 B 1) s o R e 3L 30 4T 7K
Gy G R RSSO0 A1) AT o A T R I
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HIEE S [121,130,131]

i EE A L S, KO R I3 A e AR U P A B
HAR—MARIER S & T, A8 2 b AR W
HE 355 AR S A AR AR T 8. 11 A BT
EAES G KBTI AR RIS T, 25X HE,
11 /2 VA T, 24 o 18] 25 25 THUAS 30 B 95 00+ ok 44 AR R
JE, B X] . FRATC U] AR T AR 23 5]

aqu*

O E A, 2R ECA L TR
2R A R KRS T BRI X P XS
R, B (). HR 78R 2
1) KE BT X5, MR ITX, HhKEEH
VIR 5V AR BTSSR HR RS & /KA 5
VAR B K 2) BT XS, X Z T ik

FERITLIX, HrK GBS HER, WA e 4 &

T, ATy MA2AE, BHER BB A R X,

IR AN T 7K 5 5 T (1 52 FROK, 32 PR K B[R] B

s 21, Gy BeEA, (ATERE S FHRE R T 5 fn i, RUR A
220
= (c)
= L
=
s 111 11 I
g 210
~
T
4 -
1 | 1 | 1 | 1
100 150 200 250 300 v Ts ””G’Q@’C@""ﬁ?
~ 200 |
& O
=
&
3 190
g
T - ’
< KXaqu Xaqu
180 PR [ T NN TR AN T B (N R | |
100 150 200 250 300 09 08 07 06 05 04 03 02
T/K Xaqu
1 (a) KBRS Xagqu N 0.47 1) PEG 20000 7KV DSC MR /R 2R, 2R3 E 20 K/min. FF a2 3EEb, £

THIEL B3 AR A Ja BRI, RIVRAER 585 (b)) Xaqu = 0.78 KKK EZ PEG 20000 /K DSC [ /THiR #h 2. B#
TR S i S K IR Ak, UK T8 AT H S TR AR VR A AR P AR R AR BB LR . TR I R v, TR AT A o R A B - TR R,
WGV B b (R IR AL, WA ARG (c) FRIRIEFEAR B U R BIUE Xaqu KT IRFKEGE XS, FIITX. KRG, K
A5 AR R BIBAL AT EE R E SO T, Ty 5 T XKW Xaqu BEATLR. Xaqu-Ty RAMIERKLGEHREZX Xaqu-Ty BHER RS
AT X qu- SIRFEALIK G 715 1 UK BE R LRI TIT X VA RIS B KB XS g B XL PR AIE RORE KV R 20 =N IREZ
X IE. TIX K THIREE A K I IX N K G 7 &8 45 G /K FINL T /K G T P B 32 BROK; TIT X N 7K 2 T8 456 /K Rz B v 5 1) B Bl
K. AR T RV T A PRI T AW, XG0 1 X o A SR AR BT RT EKK 73 T3 BEAR 9%, FEHE L8 1.7, %18
SHRMAREIR. W52, RAERGGK O TR BOCE 5 16 7 4 &K s A ok 113 1,139)

Fig. 1. (a) DSC cooling and heating thermograms of the aqueous solution of PEG 20000 with a mass fraction of water
Xaqu = 0.47. The sample becomes totally vitrified upon cooling, and cold-crystallization of water appears upon heating
the devitrified sample. Cooling/heating rate: 20 K/min. (b) Data for the sample with Xaqu = 0.78. Upon cooling, crystal-
lization of water occurs first, which is accompanied by the vitrification of freeze-concentrated solution. In the subsequent
reheating process, the devitrified freeze-concentrated phase undergoes cold-crystallization, and then the crystallized freeze-

concentrated phase and ice melt in turn at higher temperatures. (c) Crystallization of water during cooling process can

C

appear in all solutions with Xaqu higher than a critical point defined as Xg,,. This concentration range is called zone III

herein. If the onset temperature of devitrified freeze-concentrated solution is defined as Té, interestingly, it’s value hardly
depends on the initial concentration of solutions. The extension of Tg’;-Xaqu can intersect the fitting curve of Tg-Xaqu for

The molar ratio of water to solute at X!

concentrated solutions at a feature point, defined as X:;qu. aqu just corresponds to

the hydration number of solute in solutions of zone III. Moreover, solutions can then be divided into three concentration

zones based on X

squ and X/,,,. Water in solutions comprises only hydration water for solutions within zone I, hydration

water and confined water among hydrated solute for solutions within zone II, and hydration water and bulk-like free water
and X!

we also observed that the molar ratios of water to solute at X¢ aqu

aqu

strongly correlate with each other. The ratio between these two molar ratios is about 1.7, which in sensitive to the types

for solutions within zone III. Additionally,
of electrolytes and organic molecules with higher molar weights. In other words, the maximum amount of water molecules

occurring cold-crystallization upon heating the devitrified solutions is strongly correlated with the hydration number of

solute. The figures are reproduced from Refs. [131,139].
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£1 KR PEG 4 T/ &3 b 139

Table 1. Comparison of hydration numbers for PEG obtained with different methods(139].
Vi TR 2 SRTTE PR KK n2 KK nd
PEG 2000, 6000, 20000, 200000 NMR T, Ts, 1[68,141,142]
PEG 400 NMR 5 3[143]
PEG 6000, 3000000 RS Aw 3144]
PEG 300, 400, 1500, 3000, 7500 BDS T 3.7[145]
PEG 100, 150, 400, 600 BS Vs, Ks 1.8[146-148]
PEG 200, 400, 600, 1000, 2000, 2300, 6000 QENS D 2-—5[149] 1[150] o 3[151]
PEG 400, 1000, 4000 Vs, Ks, Um 2.2—2.4[152,153]
PEG 2 400, 1 154 9l154] 9[155] g 4[156]
155;}, 2?)(())70?(4)1?)’()0?27002?(;00200’ DSC At (1).3—3.:;[157’15’8], 2.7[15791 4o
PEG 240, 440, 560, 950, 1400, 3700, 5700, 6000 P 3[161,162]
PEG 200, 300, 400, 600, 35000 B,n 2-2gl163.164]
PEGS880 MD PDF 2[165]
PEG 200, 300, 400, 600, 1000, 2000, DSC T L1619 5. 71139]
3000, 4000, 6000, 10000, 20000
PEG 200, 400, 4000, 10000 RS Aw 2.71139]

NMR, #ZHIAR; BS, fi LINEUH; BDS, %A R QENS, #EFIEH 7 #T; RS, R 2#UT; DSC, ZxfAfM&EH; MD, 71
BN IR, Ty, BHE -SRI ) To, B A - B RERIRI ] 6, (LEA0RE; vs, P ke, ZEMEAEREG 7, /BRI, D,
VAREG n, SR B, 1 RIEREG Aw, TL2ABIE; on, WERER; P, WMAITE;, AHm, HE; PDF, fiftlH
TIATEREL T, YOS -URFASTHIRIRIE; ni, KEH, BoAb EC 1A W A BT Bl 770 I R P D AR, He T B /R & T R R S
TR 2B 48 G5B K A A s IR MR R L /K VA VA P « sk 1 b K I B AR AN 2 5 Al K o TR AL; nD, KL, L B KOR

TRER T SR LR 2 A B3 KL

ok iy [130.182) Bt 7 B B, i oK KA M - RHL0
FoR, Hoh MARREI, X KA RN
M - R'H,0, ML HASFKYTHNR-R. 1
ITIX, ¥ 45 & 22 BE Xoqu FRIU/IN T A2 75 R B T X
3) RERART X[ BT X, Hh i A
RAFELGGK, BEGKERERL R, 1Z XA
KU TAE B IR/ HIR A 0 X R I B E A e A
ITA.

XFF PEG 20000 F1 HAth 43 7 & ) PEG 7> 1,
M X, EPEG T THANEH B ITH &
KEAA ML RY N1 (PEG 200)—1.6 (PEG
20000). {HAE XS, 4, /K715 PEG fE¥ BI04
ML 2.7, G X AME 57 SR IE 1 F H
I 22 W 5 2 5% 2R 1) 403 s 1T SRR 45
IKEEAR R, WR TR nd. XU BTIE ) SR
FEE A XS RLAR W A R B B K + 45 G K B4
B KB EEAR TR R R T X A B 7K + 45 Ak
FITLIX 2 BRK + 45 G /K BEAR . Rt FIF K%

WD K 6 8 £ MV JE AL 1) 445 2 K B
BB KA TR 1A (R BROK . 7E LI IX A, 58 A
BT, ZIRS AL,

AN, KV SR T T (c) FFRRAE XC,,
WP AL B8 HE 5 WK P M B R R AE_E 3R PEG
TP BN, 045 HE AR K VA Yt S 0
SHALIILR. TFIRE, 2K R AU i PR T 4 A P
IR R ) K 8 0140,

3 & w

G545 K IR G5 R R Jo e 3 5 9 I 18] R AR T AT
PR N LA AR B B T 2. AEAN[R] R
(VA TR RO L, 567K 2 BB A A AR AE, X
e NI 85 B 7K B B B GE— € H EZ A
LR, AATIXE KV VBRI 45 5 7 R PR 2 AR X 7
W T, AR AR B, PR K A
JSRORH L ) (0 BB 5 A . R £ S i 1
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L PN 7K VTR IR A X 5 P B v (1661671
Ji A 4 S KA AT B, AR L R ZE R 2 P AR
WA B TR SIS, B, T A A
SRRV o ) OR3P TR A B B A 1T
DX XAk AN XIS PR KV B S A 5T S A %
(K17 45 S MLEL I R IR TT. Hrh a5 G KA 52 BRIK
At A R E B P X SRR IRAT TR
TIT XA 7K P )RR 7RI 4545 7K 17 T £ 47 21
FEIAR. AR B R IR AR TT X KI5t
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SPECIAL TOPIC — Critical topics in water research

Definition and quantification of hydration water in
aqueous solutions”®

Wang Qiang! Cao Ze-Xian

(Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)

( Received 20 September 2018; revised manuscript received 13 November 2018 )

Abstract

Water molecules in the very proximity to the solute differ a lot from those in the far and the bulk water in both
structure and property, they are usually referred to as hydration water or bound water. There is no doubt about the effect
of hydration water on the property and structure of solute in solution, in particular when biological macromolecules are of
concern. However, by far, there are even significant controversies over the understanding of hydration water, including the
accurate definition and quantification of hydration water, the quantitative evaluation of the difference in the properties
between the hydration water and free water, and how the hydration water is involved in the various biological processes,
etc. For resolving the aforementioned issues, it would be of essential importance to formulate a quantification scheme
for the hydration water on a sound footing. In the present article, the principles of various spectrometric techniques
for determining hydration water are briefly examined, and the main deficiency in quantification of hydration water for
the individual techniques is analyzed. Those techniques based on the inflection point of the concentration dependence
of some physical properties of the solution are also scrutinized. Finally, we present in detail a quantification scheme for
hydration water based on the concentration dependence of glass transition temperature, which leads to quite a universal
categorization of an aqueous solution into three distinct zones. Also the crystallization dynamics thus revealed might be

helpful for understanding the water-involved processes in other circumstances.

Keywords: aqueous solution, hydration water, free water, vitrification
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Fig. 1.

port and applications of 1D and 2D nanochannels:

Schematic representation of mass trans-

(a) Superfluid for ultrafast mass transport and sep-
aration; (b) nanoconfined chemical reaction; (c) fab-
rication of nanomaterials via confinement strategy;
(d) 2D nanoconfined battery materials. The central
schematic diagram represents non-wettable and wet-

table switch in 1D and 2D nanochannels.
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Fig. 2. Superfluid in 1D nanochannels: (a) Schematice representation of 4He superfluid transport through a channel with

ordered *He molecules stacking, in a channel with an intrinsic diameter below 100 nm, the *He superfluid velocity is

completely independent of the channel length and pressure, but is only dependent on the temperature; (b) the temperature

shift of 4He superfluid onset for 1D confinements, indicating that the superfluid onset temperature increases as the diameter

of nanochannels decreases.
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Fig. 3. Existence of ultrafast ions and water transport in both biological and artificial ionic channels: (a) A biological

K* channel contains two Kt ions with a water molecule in the middle; (b) biological water channel comprises a

strand of ordered water molecules, demonstrating the ultrafast transport is in a quantum way as QSF.
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Fig. 4. Ultrafast water transmission in artificial 1D
nanochannels and the proposed “quantum tunneling fluid
effect”: (a) The dependence of water flow enhancement
factor of diverse nanochannel diameters on contact angle;
(b) schematic representation of ultrafast water transport
through the nanochannel with an ordered water molecular

strand, and the proposed “quantum tunneling fluid effect”.
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Fig. 5. Molecular dynamic simulations of water transport in 1D nanochannels: (a) Structure of the ordered hydrogen-

bonded water chain within the carbon nanotube (CNT); water molecules number inside the CNT nanochannels

dependent on time. The CNT is immediately filled by water, and maintains occupied by ca. five water molecules;

(b) cross-sectional view of water confined in an 8.6-A-diameter CNT with multicolumnar water structures (top);
CNTs of different diameters of 3.1 A and 18.1 A filled with water molecules (down); in narrow CNTs, water shows

a single-file arrangement, but in wider CNTs, it changes to disordered way similar to the bulk water.
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Fig. 6. ESEM images illustrate the dynamic water be-
havior inside the carbon nanotube, the meniscus shape
changes when the water vapor pressure in the channel is
varied (a) 5.5 Torr, (b) 5.8 Torr, (c) 6.0 Torr, (d) 5.8 Torr,
and (e) 5.7 Torr, indicating the inner channel is hydrophilic
with water contact angles of 5°-20°; (f) TEM image rep-
resents similar water tap shape in a CNT with closed ends

under pressure.
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Fig. 7. Complex behaviors of water in CNT by heating with an electron beam: (a) Initial hydrophilic state; (b),

(c) water expansion to hydrophobic state along with gas dissolution into the liquid at high pressures; (d) generation

of two water tip ends along the axis; (e) water disintegration and generation of a thin water film.
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Fig. 8. Voltage-induced water wettability change in 1D nanochannels: (a) Lateral view of the smart water gating

schematic diagram, which can control the surface charge density in the PET nanochannel; (b) schematic represen-

tation of conductive and non-conductive states, water evaporation and condensation mechanism; (c) SEM image

of a PET nanochannel with diameter of sub-10 nm; (d) At pH 7, the negatively charged nanochannel with a low

density can be reversibly switched between hydrophobic and hydrophilic states by the voltage.
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Fig. 9. Water transport in 1D nanochannels: (a) Schematic representation of a CNT protruding from a glass channel inlet,

the water molecules flow emerging from the CNT is traced by the particles; (b) water infiltration and (c) slip length of single

BNNT and CNT, revealing particularly large water infiltration and radius-dependent slip length in CNT, but no slippage

in BNNT.
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Fig. 10. Molecular dynamic simulations of water transport in 2D nanochannels: (a) Side view images of confined

water between two graphene layers; (b) shear viscosity variation of confined water in the nanochannels between

two graphene layers at a distance of h; when the h decreases, shear viscosity not only rapidly enhances under

confinement, but also displays large oscillations.
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fE$EmE 1400 K P b EF AT, NS
B =S FRAR B BT B, I BAE FH R (R A AE
5 2 ) - A ELAE .

T A A R OK I8 TE 1Y) 7K IR T 1 R B 1 XS
TR S T IR K G 2 A AR DL R e
R AN F iy B B R L. Moeremans %5 1161 i
F T JIA e R 5T TR S Rt R R TN s B -
F 5 o Bk - BER = B -4 9K E Y] 46
AT AN, Bt -m M af -k R, gekimiE
ANBEHE FE AR IR, T 2 BE A0 58 0 2 T < [A)d JE
¥ A% 1.3 nn J5 (1) 57T VR, F BH H A 5T PR IR
A SR T, 3K VH R T A s 0 2 A AR 43 1 1]
B BEAER. Z TAE RN ER T H R
Iy FIEAREE I BIAEAE, T 7K A A7 1E 2 BELRS Ha At 3R 1)
5. Klein % S5 5E T 25 i 2 BER T 2 18] ) 7K BR
B, % BIAE R IBOE TE B9 R~ 3.5 nm + 1 nm
20 nm + 0.4 nm 6 E KN, KA B ES HAAM
fEHR. MANE R AT NS KHEAR, 2RI
WIE N T 58440 F /= W Rr g R R I, R
EHm. AL R K B A A R B A HLEE. X
THBLE, b BRIEFE 3 m, EATER I %
b n) TR R R BRI R AR, XK, R
AR A 7 e ) P SR X 2 T 1, BT 1k R
S [ AR AR T R FF AR AR K IR S, Klein 25 (191 3 —
T T AR AR R JI R R IR N = BEER T 2 8] 3
KRBT 77, KPR IFIK 73 OR 4 T AR A K I
YU BN ERFAE, RIS AE BRI K 1E R T P2

1.0 nm + 0.3 nm B2 gk, A PRE X A A4 AR 7K
T Bl A R T BRSO AR Bl K 4 T 5 KA E 1
Oy FASHe., TR AR R IR ER TR B R KR B X
TELE WA 2 BRI 2% 1 T [ s AR AT N A B
AR

YN K I T (1 PR K i T i SR 4
R NN S I = P R b S e A AN A 1]
BRI s . TR B o B R, Koy
F5E I8 B T A SRE (7 sp? X
B ()RR L HESs, DI TR RO i — 4 40 K a3
2% 1 v R R AR 2 ) EAIX S A BT 5K T
Z A EBEE T IR R, AR TK 071
7. A A SR A AR I ] oK 2 R BRI
B Y 4K I8 E A R R R AR S T B R
AW AT RRBIMELS, BRI XA 177 F s
T RARREYRI AT P, Geim 25 P2
I A oK JE SR A A 58 0 I T oK Fn iz, T
XFHARB AR, BRI ANBE. 8T
Hummer J5 V744 S840 A 58 06 7588 75 N 43 B K
T ke I i RV, A8 5 i I B BNE VR 3R AR
AL BRI (W 11 (a)). SEM B A RIENA
BRI EA R EREGH (LE 11 (b)), X HH4
SRR E A B YPOKIEE LN 1 nm. @
SR 1 mm JEE A SR o SR A AR 2R
RO E M ABIE N, R DUE T A 2R
PIKBEEL AR 10 M ER (WE 11 (0). 7T
By 71 AR AR W K AE 55 0 PR 3 2 1) Y T B o
BIFEST 2, A s aeRinE i ok iz
VAR 3838 A 2 K AR R R AN . X T T A A AN
W 7L 4 H 1 QSF ME& 1 53 — AN B ZEHE 2. %
% LIS — 4 40 K G E W) T i 02 1A e R P B
L N P S () L B T B, Zhao &5 P 4148 7 —Fh B
A AR T S A K ] 4 R SR, T
AT TR ;T 00 B8 A S8 0 TR 1 4 K
o E H R A A R (N-5 4 5 I L)
Rt 35 P i 7 R I AR TR R, SE B AT
W E A SRR A E N, [RI Al i 5 B
B R I B SR BN R R T AL X
T AE S 7 HY o 0 oK O T B R IR A e D 4y
THE RN ). Jin 2 IO 4RIE 7K A
W IE TE 5 A SR 0 E T B R E B SEBIOK /A HLIE R
BRI = 80, BT B A SR R A AR I
EEREMEKIBIE, KRBT 10000 gm~2h~ [
IR TR T IA T BB KB P GE LR, Peng
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2102 ) % 7 DA AT G0 K 2R N BEAR, 28 B AR
Z b J5 45 21 2 8] B A 99 K RS 0 S A A 58 0
fiEE, K B A 695 Lom—2-h~tbar~!, & JFRA
(A AT 58 0 47 5 IS 1 7K 8 & 1Y 10 3%, XA LG
BRI TR g KR B B e 7). Gao
282 [163] b 2% 7 23—50 nm J5 J&F AL LR S 1
A SBIREGNIEIE, X AR R K AT LAk 2]
21.8 Lm~2-h~Ybar~t, JEAE K J19KEN T XA ALY
Bhor 7 HA 7 e
THEYKIEE R s Tz M T IR
B /0 B8 KA BLAG 2 RS A B, AL TR AR R}
P (1020 26 i S 40 T 2 10 2 W] 8 0 A B 0
YKIEE T & T HE, JREoR TR 45 A R
XF B8 is 1 3 R R 2 8 IE RSP A 10 nm
FWG K 4 HOR 3 B e 4T . Mi Do 42

(2)

Permeability /mm-g-cm~2.s~ L.bar—1!

Water

=

(=)
|

-

10—]1

1015

H e g 4 ) R A 58 0 2 R) EE S B A4y
()% B AR A, IR SR TR KB R a4k, A
W 245 7y B8 4%, Mahurin %5 10°) 1) 4% 0 8 2 £ 5L,
S0 T T AR, A AT I AR A R A i %) T
ZHE A S0 B o & T RO R g oK fLIE,
S8 0 B R T HE 3 100% (1) HE 3 2 R0 BRE 1 7K
fiz. fE40 °C, LA 2 N IKEN J) ] 3K 45 m ik
10% gm~2s~ F/KIE R, 1 DL IE K IR 3) 711
A E AT 70 gm 25 -atm~!. Zhang %5 [166]
I SR 78 SAMUK B 73 JZ 075, )45 R AR
217 nm ) F SRS R A SR AR Dy — 4R /K
TER R TR 4, 5505 E M L, Bl &
FR38 J5 A S A R R A S = & R 7, BARCE e
R K 2lidb v fe.

ACCtonC -

hexane

ethanol Argon < g
(c) decane hydrogen
| propanol nitrogen |
H,O He

11 RIS THEZE  (a) A Cu fi ERERANA SIGRIE T (b) FH RGP SEM I (c) Ffb
A SRR TR AR M B i, AR A SR B S VR DK RS, TR AR 2R A e AN E, FiIEN

SRAMYNARIETE ) B2 K S5

Fig. 11. Liquid transport in 2D nanochannels: (a) Photo of a 1-mm-thick graphene oxide membrane peeled off from

a Cu foil; (b) SEM image of the cross section of the graphene oxide membrane; (c) mass transport of graphene oxide

membrane for water and diverse small molecules, demonstrating graphene oxide films are completely impermeable

to gases, vapors and liquids, but allow ultrafast water transport. Inset represents the monolayer structure of water

molecules inside the confined graphene nanochannels.

4 A

R BRI A B T IR T il g oK il
BRI TEANY) iz B HLER, AR IEE Y PRI
AR T s « 9K BRI 27 s B AN R A48
AU R N

FEW) 5 s AN 1 AU, (R4 K T ] DAFE
VeI BN 1 AW RVE MLG R £ —4EZ0KiE
i 75 1, Martin %5 O @ 768 — RIIELNT

1 nm B3 e 9K AE IR SR BRIR IR A6, T AR 415 2> 1
FOF /N . BRI T S 9KE 1 70 7L g
FREER I 0 5 ) 0 BV RE, 7T A 32 28 el AL )
M= (2, 2/ BRAEE ) SALETIR A b o0 B H R 5
THR A, MR E M2 T R S 20
MEACRIE RN D T B B S ACIR & Wb o B AR
W, ZMERD T BN R QSF 4
TEM5r 8. Bb4h, Martin 25 17 il 7 A=W HiiRAE
WA ) 94 K A7 YR T gk 3 M ot B s A0 73 5 245 0 T
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A B EBHAR AL R (AAO) PN R IE 151 —
AACHEGUKR R, FB_ LUk, i F I AR
BEPUARSE & s/, AR SR E B
R ES AR R LA Rk v R L

TE 9N K BR300 27 S R 43k b, 22 b A Ak 77 G
Rh, Fe, Pt, Pd, Ni, Co, —J%%k, FH A48 % ke, Ti,
Fe-Co, PtRu 1 Cu T4 i3 FH T 99K 18 18 1) PR 35k
AR S FHE 3RS T AL R A v R . 7ERR IS R
R R, SR 53 AT LA — @ I HEA, SR
RE 22K R M B ARG, S0 i RORIE B 1 Ak 2
B, S RON AT AN f& QSF B4R N, Bao %5 [°]
WF7C 7 B 40 K & BR 38 Rh i AL 0K CO AT H, 4k
N TR, HAEATE T B8R, FTAL N QSF 3R 4T
G (OLE 12 (a)). REBRYKE P E L E A
B M i, (RGN KA N 50 ) LT 1) A s e LU A
hi i — AN EE Y. Bao % 197 3B T
YK BRI Fe M A 77 1R 9% 455 R, R BB 2l 7 Bk
YK ) Fe AL M T USRS 7 E, HE
HHE B RAT A AR, BRIk Fe M40 7 (1) )& 7= %

S AR PRI 1, 3 1 2R 78K Fe AL 6 £ LA
b Li % PR BRYRE Es i Eaxeghne, JRim
I 7 P GORAEAG T T BRI AL, SEEL T o-B
i ) RO g B AL A AT BRGK A I BR
I 5550 N A 75 4 XS gl e A S B R IR B A, T
PR T AT . L%k DO — DR T T AR
PR P 9K bL 7 HEAL o, S-S T IR F o ok 3 4%
PEEL R, 3RS LB K S50 8 v 1) 3 1 R et
W B (92%). Qin % U091 )38 7 —Fil £ o PR 4K
{10 N1 3 K R A 77, b N Kokl 1 AN PR 8 7E
Al O K, T HIB R AloO3 PIEE 2 .
5 GURAE Al,O3 99K 8 AR T F 1 Ni JE A6 77 AH
bt., 22 B BRI A 0SB T AR T P AN A I N
eV B PR, Qin & DTN — D & T — Rl
RV BT, Horp Ni gKobl 7 63807 W Al O3
KA BN R L, Pt g Kb 7 B 45 75 48 Ti0,
YUK N R L, AERSEE IR N S T
AR (WK 12 (b)), Qin&E LT EH 2 T —Fib
B CoO, /TiOs /Pt MEALF, H Pt F1 CoO,, 737l

(a)

CO + Hy => CH3CH,0OH

o] HO'H
Hq)kﬂ’O\R + Hy, = Hz){rrO\.R
Hy o Hy o

6 |

n CH2 = CH2 - —(CHz—CHz)n_

ZIN

12 QSF BUMEAL IR (a) —4ERRANAKE IEIE b PRI S i Th EALTTRL T 1K) TEM B8R (b) 72 TiO2 49K 5 R
Al Og 9K Z A1) BRI AL S S % TEM BB (o) ML ZEREGRIBIE P ) 206 3R A Bl 46 9k R 2 A 474 SEM
WA (d) AL ALK PRI AL S SBA-15 43 F i e AL AR+ TEM B A

Fig. 12. QSF-like catalysis: (a) Confined catalysis in 1D CNTs nanochannels and TEM image of CNTs filled

with catalytic nanoparticles; (b) confined catalysis in 1D TiO2 nanotube containing an inner AlpO3 nanotube and

TEM image of TiO2 nanotube containing an inner AloOz nanotube filled with catalytic nanoparticles; (c) ethylene

polymerization in 1D mesoporous silica nanochannels and SEM image of PE nanofibers; (d) confined catalysis in

1D mesoporous silica nanochannels and TEM image of SBA-15 filled with catalytic nanoparticles.
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1 AE % FL TiO 4K E W Ah R T b, T4
fil fb i &0 2 e Ak R BB R s I AL
% (275.9 mmol/h), #& i 46 TiO, 44K & (56.5
mmol/h) [ FL A%, Aida 25 172 5@ i A FL — A pb ik
PR sk — 5 BRORD Y R 4R AU ik SR R A, SRS
B> T (My = 6200000) 115 % % (1.01 g/cm?®)
RN (12 (c)), RPN QSF R A
KR i, Qin %5 01 Co AT T AR 44 57 BR 488 72
SBA-15, SBA-16 1 MCM-41 %531 57 i g K i i
S ATE SR B A (K AR 30 77 247 o RS
PR AS KT FRHE I A0 S 82 HR ST B T PR S ) e A 9 1
AR A AE I (W12 (d)). Wu Al Zhao 25 [179]
IR A WL Pt LA PIBRIETE (3- 2 B L) = 2 J
T o B 1 1K) 401 075 SBA-15 (3@, I TSRS
Tt R AR, IRAF T B VR R RO
H 8 A5 = 3. Su % (0% FERR AN K 388 18 P 75 K Fe-
Co & & AUKKLT, F 1 UOEH & &R FIEME IR
JS7 H B[R] SRR, SEBT NH 43 fift 7 S s s
Serp 2 M 43E T — Bl 99 K 5 FRAK PtRu 44K hL
T, SEOLT AR I 1 3% B R SR I A R A
et RE. Dalai %5 74 @ i R 90 K B BRI Co Ak
FF RALE K, B Co fdiiE M 15 wt% 34 %) 30
wt%, CO 43 48% W NF| 86%, Cs, Jik B
M 70% $8 0 % 77%.  Gong 2 U7 ) F F Cu- 7T ik
T2 R 9K PR Cu Kokl F B R — R 1 &
M S0, SEPL Y v RN (LB RN 91%) Rk
SE (£ 553 K I 44300 h). 1F 44K I8 18 BR 3 fi
ARFRLT 7 18, Bao % 176 B 5t T BRI Pt AT
SRR Z A CO AL b, fE A T E#
WML H| COBIE B A 5= ) /Pt SH1H, 1 CO [F] B 7]
DAFERE = 072 T AN Pt R THI AR

Bk T PR L S N 2 A, 2 Fh Ak 2 N AL EE
JeUE A EFIE R AR &8 R
R S TURURIVE I -8 I AAR A R 25 3 4
T BRI 2 S B, 1 2 8 A 4 A R 2 QST AL Ak
. Tung %5 7T T Na-ZSM-5 ik £ 44K
T TE PRI R 1 e R AL, RIS PR 2k
A A= AR Sk B A E BB R .
Xie 2 D78 HR8 7 —Fb — 4 A7 SR g K J i PRI
TG R, % 2 B SR A gk
Fr, MR o AR AR S RGBS, Tung
2 1)@ i NaY b A7 4Kl i PRk — 55 540 54
(58 F N JEFR IR, RAF T s R A28 A X
L RATEY, WX Fh AT A= ) 7E B R T8

5351, Tung Al Guan 5% j#E—51iE B Nafion fE44K
T 1 PRIV 2 = 1 G B A 1 - P ik 1%
PE. Green 25 5] B 70 T B 9K A5 IR LSRR
J¥2, Ni, Co fll Fe HJ S PIFEFE 400 °C T E LA
12 h 7554 J& Ni, Co Fl Fe. Wai &% [61] | fi Ff] £ A&
B AN KA AR, i 5 — B B A D e B A
JF A Pd, NifilCughk 4. Bao 25 107 ) F i 44
KA PRI A W AE SR8 5 T 3R 15 Fe fE 4657,
VERNF R TRAT A L. Su s (314 Fe 1 Co i
TR RV WOR T Bk K, SR G T b FI AR
& J il 4 Fe-Co & & 9K b T AL . Su sk 102
— IR TT T 2 BERR AN K R IS8 TR s N )
Ni g K Ki F. Baaziz 25 04 F) F 15 i /R 64 ¥4 T 38
BRI, PRI i A S SOE SR i 2% 2 )& Co
AL, Zettl %5 BN 4 8 3 (HoPtClg, AuCls,
PdCly, AgNOs3, In(NO3) 3 1 Co(NO3) o) kIR
TH BT K & H SR, H) % 99K R 1k 4
JE& 9K LT, Ugarte 25 591 AE 72 7 B 99 K & 1)
JARINZIEIE 7S AgN O3, B G 3 o fifi 4 Ag 4 KR
F. Green 2% 81 ] H AgNO3 8% AuCls ¥ 7 1% JH
TRANKAE, SR 5 BRI 7 i ] £ Ag B Au 44 K R
T dAh, Fu s D920t 1A il Bh v R I T VR
AgNO3 R FRILAEAFL TiO, IZKIEIE F, 2R )5
o il % Ag I AL TiO2. Bao %5 14§
T gl K T A PR 33 IR ) 2% Fe 9 oKORL -, IR I
FE2R 600 °C, FEBRANKE ST ) B il B2 A 1
200 °C. £ MRIRE A B 5T, Martin U2 R 2 A
359 50 IRAT: T AL 1) B Bk TR T s i AAO 8RR, SEB T
WEL - | 3~ FH ke I My AR ) R i S 2R 5 0 AL 2
4. RN, Martin 25 @i HA24 30 nm [ 5RB
BRI, BRI AR S & BAR /N T 1 nm () 5§
B Au KA T4 FidiE. YouZ5 USSIIRIE T
FEA L ST G KR TE ) PRI 22 TR, i) &
Ag KL AuAg & 4 Au PR URLE A% 3D /i
FLAuFI Pt M 2%, HbAh, Martin 25 U7 1) F ¥ % -t
JRARAR & B, 75 AAO VIR 1) 99 0K 38 T8 A2 1 — 4
EGKE M S BB e, Nt — P 5 E A
JoT = )3 5 B S L

TE G KA R 1) 2 S35 Y00 i R A A4 5 Vi
PR Foh S 4 T 2 & R R S A KA R AE
VSRR IE S 5 T, Cepak A1 Martin B9 A AAO
TSR i A AR, £ ELAR 0N 30 nm 1) 22 A
REMPUKE NGRS, BFERR I F (L
FR) S 9 O R BT IA TR R 2R O
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ABRIRTR) F15R (2, 6-— W12 -1, 4-7KMf). Garcla-
Gutiérrez 25 U7l it AAO AR H1l % i — 9 2.4
YK, SRy AR PR F R A R Cauda %5 1154
15 FH AAO R i £ FL A 1 9 s A e R ) 2R e —
BOIHAIKLE. Jin % BT AAO BRIl % £
TR COR 40 -b-2- 2 0 B2k g ) 99 K #4 kL. Chen
25 1195 faff Y A AO AR ) 46 5% R S TR 1R FP IR oK
K} Steinhart 25 10 5] I AAO 5B il £ 5 3%
P R R VS K B A MR R AR
SEWE 5 T, Russell 25 2 5% F AAO #5446 — 4
RO BERGK . Russell 55 12 348 5@ it
AAO FEAR 1) £ T — 90 £ M - = 36 & 0 (1) 2k P R
JE LKA R, Garcla-Gutiérrez 25 156 B 58 T
AAO BEMR 1K I8 3 PR3 AR 3R s — 9 20 - = 9
ZIFAKA RIS AT N, Cui 5 PURIE T 2R
B JF A A S A PRI S 8 LifE N A A, 72 d ik
PRI AR Th I AR R 281k (~ 20%)  RAFSR1E,
7 LA B (~ 3390 mA-h/g) AL AL (~ 80 mV,
3 mAjem?). Liv% 057 HF 0 T 405 % 2 T A
2 BEDRGKE BRI 2 A ) TR v i, PR
A EHARE (~2.5 mA-h/cm?), 7E 100 X IEH
HERFFREN81.6%.

5 %

LR 2 2909 2K PR 37 i 8 T it 5 22 A 1 F) 9k /) 1
$EN, T BRI K I i o Ak A G R T A . 4
K AE RS Bl A2 0] BR IR I B A AR,
RESIE ST T BAR/NT 10 nm MRS, BU/NEA (D
T 10 nm) KGR IEE OB U IS K BLER A7)
Wi, B0, VAN T8 7 IEiE R R T s
AT HES T 9 K 8 R R BROK g SR A o
MR PR RIS, NG SRR 2K A, A
AN TAR Rt/ pEE P i e L2 2 B K
), X H LR E. Bk, ABFFRARS T
QSF M, I T fil B 4 oK 38 38 v R At A B s
178, —YERRGKE 8IS (B4 09 0.81 nm) A1 4k
A SRR ANKIEIE (P 806 Z /T 2 nm) K
iz 1) 70 1 ) 1 AR R A AR AT B 1K 7 1 B
AR AAREIK, BE— DR T QSF #i. i Ak &f
S A (il JS2 0 R ) T ] 42 290 oK 3l 3 KR T A2
AR, THE R S BUKRIE MR ACIR S &
DNGFEACIRAS, T B0 #5273 9 P AR ZICIR A
ARONZEACIRAS. PRI SIS I REA F T 9K

I AE 7 @ R RS, WA R 5K 0 R 210N
180 mN/m, T % LRI, B 44K & i 3E w] LA
B, BRJEASCRES TARYE RIS A (e AL | (b2
ST KA 25 A EDRAL A5 U R

g B ERKRE, RYERRIRE K K 51
J5 a3 A BIF T AT T I V22 P, H s R A P
TR BR R sk &5 1) v A T SR A M BER IR, Otk
QSF Mt & s BR A5 4 m it 1A a2 AN AR 2 1
WEFCIR AL 1B B, QSF M MsI R 51K —
TR A2 iy 02) SR BEIOLRE A R, RS A
TR UL % —E MU HES Y, B B RE 22 K AR Kb, Tl
SCHLE BORIE BRI 2 B . R, BEE 9K
BERAE SR BE D, i A4 J& 71 Rt &
ARSI, 4 o B AR BRI 4 K 59 )57
iz MIHLER SR (AT J7 O S BRIE S, ¥ AR 4k PRI
SERAIR L FH AR,
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SPECIAL TOPIC — Critical topics in water research

Water and mass transport in low-dimensional confined
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Abstract

Water and mass transport in low-dimensional confined structures is of great importance in solving many challeng-
ing problems in interface chemistry and fluid mechanics, and presents versatile applications including mass transport,
catalysis, chemical reaction, and nanofabrication. Recent achievements of water and mass transport in low-dimensional
confined structures are summarized. Water flow confined in nanochannels with different wettability reveals the viscosity
in the interface region increases as the contact angle decreases, whereas the flow capacity of confined water increases as
the contact angle increases. Small difference in the nanochannel size has a big effect on the confined water flow, especially
for nanochannels with a diameter smaller than 10 nm. The phenomena of ultrafast mass transport are universal in the
nanochannels with smaller diameter (<10 nm), e. g., ultrafast ionic transport across the biological and artificial ionic
channel; ultrafast water flow through aligned carbon nanotube (CNT) membrane; ultrafast water permeation through
GO membranes with hydrophilic end-group. From the classical hydrodynamics, the penetration barrier in such a small
channel in both biological and artificial systems is huge, which is contradictory with the actual phenomena. Thus,
we propose a concept of quantum-confined superfluid (QSF) to understand this ultrafast fluid transport in nanochan-
nels. Molecular dynamic simulations of water confined in 1D nanochannel of CNTs (with diameter of 0.81 nm) and
2D nanochannel of graphene (two graphene layers distance <2 nm) demonstrate ordered chain of water molecules and
pulse-like transmission of water through the channel, further provide proof for the QSF concept. Reversible switching
of water wettability in the nanochannel via external stimuli (temperature and voltage) are presented, raising the tem-
perature causes water wettability switching from hydrophilic to hydrophobic state, while increasing the voltage induces
water wettability change from hydrophobic to hydrophilic state. The ultrafast liquid transport performance promotes the
application of nanochannels in separation. There exist an upper limit for the surface tension of the liquid (/=180 mN/m)
below which the nanochannels of CNTs can be wetting. Then, we summarized versatile applications of low-dimensional
confined structures in catalysis, chemical reaction, nanofabrication, and battery. Despite considerable advances over the
last few decades, many challenging issues on water and mass transport in low - dimensional confined structures are still

unresolved. The biggest obstacle is focused on understanding the physical origin of the non-classical behavior of liquid
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under confinement. In this situation, our proposed QSF concept will provide new ideas for the fluidic behavior in the
nanochannels, and the introduction of QSF concept might create QSF-based chemistry. By imitating enzyme synthesis,
the reactant molecules can be arranged in a certain order, and the reaction barrier will be greatly reduced to achieve
highly efficient and selective chemical synthesis. Some previous works including organic reaction and polymeric synthe-
sis have approached the example of QSF-like chemical reactions. On the other hand, the advances in nanomechanical
techniques such as surface forces apparatus, atomic force microscope, and sum-frequency vibrational spectroscopy will
provide useful experimental approaches to understand the mechanism of water and mass transport in low-dimensional

confined structures, and promote wider application of nanoconfined structures.

Keywords: low-dimensional confined structure, nanochannel, mass transport
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Fig. 2. A brief history of biological water science.
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Fig. 3. Schematic potential-energy funnels for the fold-
10]

ing of proteins! The rim (red-orange) represents
the high energy of the unfolded protein, with fold-
ing lowering the energy towards a minimum-energy
structure that is at the bottom of the funnel (dark
blue). It should be noted that these funnels represent
three-dimensional landscapes, whereas the actual en-
ergy landscapes are multidimensional. (a) The folding-
energy landscape in the presence of low hydration;

(b) a protein is sufficiently hydrated.
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Table 1. Different relaxation time of biological water observed by dielectric relaxation (DR) and NMR.
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Fig. 13. The hydration dynamics, 71 (a) and 72 (b),
of all mutants plotted according to the order of their
time scales in the native state. (a) The beads above
the bars represent the native-state mutants and are
classi?ed according to their probe positions (yellow),
local charge distributions (green), and local secondary
structures (blue). (b) The native-state mutants are
simply grouped by two bars, dense charge surfaces
and distant probe, and an arrow with the increased
structural rigidity, colored with the same code for the
beads in (a). (b) Inset also shows the correlation of

two hydration dynamics [124]
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Fig. 14. Coupled water/side-chain relaxations in a potential energy basin. (Upper) Four panels show the snapshots of

MD simulations following several typical inner-layer (red) and outer-layer (blue) water molecules with the relaxation

motion corresponding to the observed solvation dynamics. At time 715 (20 fs), only the outer-layer water molecules

locally relax. At time 7og (130 fs), all water molecules proceed to significant rotational motion. However, all water

molecules remain in the local positions, and the protein does not move significantly. At time 735 (50 ps), all water

molecules have made significant rearrangements and also exchanged with bulk water. Meanwhile, the protein surface

topology was also altered. Note that the simulated 715 and 7og times are significantly shorter than those observed in

our experiments. (Lower) Shown are three relaxation processes of hydration water and coupled tryptophan side chain

in a potential energy basin with conformational substrates. The arrow in the white box indicates the constrained

relaxation pathway with the initial outer-layer ultrafast relaxation (71g), which is not coupled to the protein motion,

and two water-driven water/side-chain relaxations (75 and 73g), which access only a limited region in the energy

basin. (Insets) Two potential energy curves of hydration water and protein side chains used in construction of the

contour energy landscape (127,
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SPECIAL TOPIC — Critical topics in water research

Research progress of molecular structure and dynamics
of biological water”

Ye Shu-Ji' Li Chuan-Zhao Zhang Jia-Hui Tan Jun-Jun Luo Yi

(Hefei National Laboratory for Physical Sciences at the Microscale, University of Science and Technology of China,
Hefei 230026, China)

( Received 2 July 2018; revised manuscript received 27 August 2018 )

Abstract

The specific water molecules that are confined within the solvation shell adjacent to the surface of biological
macromolecules (including protein, enzyme, DNA, RNA, cell membrane, etc.) are called biological water molecules.
Such water around the biomolecule surface plays a very important role in the structure, stability, dynamics, and function
of biological macromolecules. A molecular-level understanding of the structure and dynamics of biological water, as well
as the nature of its influence on biological structure and function is the key to revealing the mechanism of the biological
functions. However, the researches in this field are still in the initial stage. Here in this paper, we review the relevant
researches and recent progress of hydration water from three aspects. The first aspect is about the influence of hydration
water on biological structure and function. It is evident that water actively participates in many biological processes such
as protein folding, proton donation and migration, ligand binding and drug design, and allosteric effects. For example,
water mediates the collapse of the chain and the search for the native topology through a funneled energy landscape.
The second aspect is about the structure of water molecules around the biomolecules investigated by nuclear magnetic
resonance (NMR), dielectric relaxation, neutron scattering, X-ray diffraction and ultrafast optical spectroscopy. The third
aspect is about the dynamic behaviors of biological water, including the relaxation time scale, dynamic property, dynamic
coupling between biomolecules and water molecules, and sub-diffusive motion of the water molecules along the protein
surfaces. Different techniques measure different timescales for the motion of proteins and their hydration environment.
While NMR and dielectric relaxation methods reveal the motion of biological water on a time scale from several tens
of picoseconds to nanoseconds, ultrafast optical spectroscopy such as fluorescence and vibrational spectroscopy probes
the hydrogen-bonding fluctuations of water on a time scale from the femtosecond to picosecond. It is therefore highly
necessary to acquire a real and complete picture of the structure and dynamics of biological water by combining several

different techniques. Finally, some unsolved scientific problems are also summarized in this review.

Keywords: biomolecule structure and function, hydration water, ultrafast dynamics
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Fig. 1. (a) Schematic map of groundwater reserves change in North China measured by GRACE satellite [
(b) the degrading black soil in Northeaster China (7],
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Fig. 2. (a) Wet balls, (b) cracks and holes produced by drip irrigation (15]. comparison of soil surface steady

infiltration rate (c) and penetration resistance (d) of drip irrigated Soil [16].
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Fig. 3. Effect of drip irrigation on the blossom time
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of tomato. T1, T2 and T3 were respectively treated
with high water, low water and medium water. The
Kcp of evaporation dish (crop dish) was 1.2, 1.0 and
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Kep of 1.2[361,
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Table 1. Effects of rhizosphere ventilation at different

growth stages on dry matter weights and root/shoot

ration of tomato.

WEE MR MURES HRE

AR ifH /g FH/g #H/g TH/g WL /%
CK  489.4a 40.3a 48.8c 2.5¢ 5.1c
T1 617.7a 41.9a 62.0c 3.8¢ 6.1a
T2 629.8a  49.2b 74.0b 4.1b 5.6b
T3 643.0a 43.9a 78.4a 5.3a 6.7a
T4 590.9a 47.9a 68.4c 3.4c 5.0c
T5 577.5a 46.4a 77.4a 4.5b 5.8b

* % H Duncan’s multiple range test 7347, [F%1A A/
YRR EREE (P <0.05, n=3).

By Duncan’s multiple range test analysis, different
small letters in the same column mean significant dif-

ference at 0.05 level.
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38.03%, 35.27%, 84.78%, Iu] & P34 S XM R A4
S VR E B B AR R E R, Rt
A4 = 30.83%, 15.65%, 21.19% 471,

I HERE SR r) L RS B o
SO L SR AR S S A E IR R AR, T s
B CO, MINL,O M= A Al HERL. FHrh, COq 2 KA
Hh i EE B (IR A AR, 6 A kAR T B EEEAE .
ANFHEBKE T, B Rkt 3 CO, HiiiE & 5 1
BRI Z 2 BUEM R R, MHIHEIS B2 K
(P < 0.05). 7 BREBEAE— @ R B 7 44
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CO, [HFI, L7 KILIRZALT 50% K, COo HE
TR B AERFE AR (H 2 I AR LR T
50% B, COo HEBGHE B 2 135 78 /K FLBR 2 (1948
T A K P 3 o 01, SR == /N X R B v, 78 3 it ) 3
AMEE W, ANEIAREBEL T 158 CO, HEjul &
B8 7% 1 S R 0 n A R 2 TR S 3 S 9N R
VAL 35 HE IDLAE A A AR AL SR A, I AN 78 43 R A
BT L [ AN IR SRR 7 P I Ak G o T G i
AMEE W18 COo Py uE &M &, (B2 R
AR (P > 0.05). 13 CO, HEBGHE R 5 37K
FLER % 2 AR, (HA AR (P > 0.05) BT
AR IR SR, A AT o K Ak B 34 4
N7 RKA IR S T AN A E I 3 N O HEik
2, LUINAR 78 /0 5K (120.34 mg/m?), 7 7 =&
IS5 BREE IR AN AN I AT R R Y 1.89 AN 4.21 i
(P < 0.01). AIIL, RO e n v i % 7 i+
HENLO Hest, HAE 7 6B F T, I et 6
=5 7 A b - 35 N O HE i s 535 BT 7843 E K
=R N O HEUE, 3 (P < 0.05) T 5 i
W MR (P < 0.05) 390 7 +3 N O HEjik, i
Z 150, 200 F1250 kg/hm? [ NoO BFIHERBUR 4>
) ANt U 2,30, 4.14 A1 715 15, JE ZKORN it 2012
BT R RN, B ERE T 1 5% No O Hi P8

3.3 MMRKEHEESTIBEMEINEET
IR AEMITE 3R AT S R A
B BRI R, (et 3 ML B0 R A 37 43 1
Ak, e R IR LR Bh IR S
AN — S R AR BT I AR AR
T IR R IEEIRET 5, o AR Y L
TR R T R AR ok R R R ISR 1
R WS IR A R AR R A A TS B, AN
S F WA AR X i L SRR
SRS KRR KT 0 RE R AL T A 20
T~ LT TR T 1 Rt 3 v T g e 9,
fEHGIRE N, AR HER N T A A
() A A T A, PRI N T 2.1%,; [FIE B
TZ9.7%(P > 0.05) (1) 3% s RS AL 40 B 5. 1Y
TRE K&, T 3JERS A 20 T R s A 1 20 A A 45 0
B0 (P > 0.05) P8, AR 5g 42 BOL R B, < e
o KA TR 2R - Sl 1 3R E BRI
B SLIR. A TR Sk R AR B2 e B R E /MK
VORISR | i HE 5 VR R E K B PR xhid Atk

SN IR P B0 B 1) 52 R B MK IO
T VE B L ISR A K EFR. BRI 1K
S IR 1 A v, MR BRI 2 PRI
LR g S A AT e, HEER 2.
7K 2 H [a) 4 7K B 1Y 80% st A A S i 12 A e, T2k
B A A 205 WE K 4 HH TR 457 K B 1) 90 % JOR Tty 14 e
=, ME AR ERE.

F- 2 (001 R 78 7 B GAAR o v A ) - S A A
AR B2 . MR BRYE SR ] (2 2 5 A A A AR O
) STV i A 2 T R, T AT A S 1) B B R e L
AT B, S AR S P R BTl R, R
B 0= RE T A A2 AR o U A 1) P A A R v
AT F AR B8 A B AH G B E B A O, R By <Al
B SR (R B BV 2 R R
BN A ACERRG 0T R BE RS A R TR 1] 1
F R, HAZE 4050 cm R VES A B A
BiF AR B 1] 23 0l B AR S 16.7% 5 22.7%, 1k
B T3 K

R 2 M 3 7 E 0 e Wk B AR B b 1 SR B S
P, Kang 2 OUBF 50K I, TS 1E T Shosih + 15
{100 ok, A Tl A O T8 D R 3 A i 2k o R R PR 17
AT, 4N 4.5, 1.39, 19.39 F120.25, 3.17,
61.33 pg-g~t-ht. BECPE B ER T | R AR R B A
4t 97 ke 7K ST B 8 0 T L P v ARG R
3 EJE, LIRS IR 7 2 TR A DG
KT REH; 4695, HIEREHNIE S| RIRE
BT (1) 7K

3.4 MSKEESTIREFIMEET

In A= T ASCE R AR R AE KB,
i i 35 AR R 7R oy il BY. R R A G
R, 8BRS A G TR A i B
W e e, o A0 N A R B OB 4 R
B W WS R T RE o ) W R T 23.68% Al
27.72% (P < 0.05). AN[FE L3R AEY 5. SR &%
R RERE (P < 0.05), HAoa 24557 18
Y 27.54% F162.81%, & PR IE 3G T 25.20%
F163.26%, W5 ERMIE A0 T 26.86% F123.97%.
25 0313 b U R 7 R B AR D R I TR AL
A S 3 R a3 R T A A X i S PR R A, o) e
AEPIWCRI . AR Ry SR 5 2 AR R
THAS BRI LT, Bk PR B AE N AL RIE.

019201-7


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

Y38 ¥ 4R Acta Phys. Sin.

Vol. 68, No. 1 (2019) 019201

3.5 MRKFESTIEV VIR AT

TR 7 IR AR 4R 2, — IR
T 95% DAL, S SR AR B R
IR A S IR G R I EERYR, MR T A
g, S RS FLER. A B K ARK
PEAEIE LIRSS — KRB k. Ho) PP
WVITE HE RIS BE 42350 BGH /- WA bk 2k, s L 5 %6
pH J3 i, W5 M0 58 VR S 335 1 T 338 1) 3R 5%

Kang % 04 5% F H [R50 0F 78 7 o B AR Ak ke
T 5 5 i, b 8 X b R R AR K

DRI S5 FLR A ENT R SKE MR R
U0 B S R (ECe) M pH 43 A7 A — % [0, 41
il TARDX oy AR SR AR T . BN IR
(1) ECe F1 pH Fifi 5 1= 38 3 57 5 i 8 n vy B A%, 5%
PR JE, o BEEL PR A K b AR S A
e FE RGN, LR N 15—20 kPa 1 4E
KRR T Fo At AL 2.

4 RESRZ

THORR R R R ZEMETZNES RS
Z AR, SOK B RIRIIHIZ), KETTKAOLIE
JA R SR . A G ARl R T R K I8 i 5 kAT
WE, FHZK &R T HAS G B 6 AR 2 iR
B, B EUEICE R T KR S RAEE L
DX RFERIRAE DT IR AR BT ™ A [ L
SRR TR HER SR —, (AR e
SRR FE BB IR, I KR HE — 5 T e
R E AF IR RSO, 55— 5 R et 4 0%
WAMAA, $Em I T T HAE e ok LR A
1, B 5

IR REXS R A A 7 B St S S i TR 3
FEA BSRER R KR F A E
PR IR A 305 . o, K EXHEY - &
st 5T S 7K 73 R0 803 R R M AS B I U 4 A3 Sk
SR EAR H AT B R AR B R, (5
FE AN [F A I i SN R, BN ARCRAS
HABIE. ARFIR s & e T
FRARAN TR R U =i 8 AT AR 2R
BB A A2 AN R RER R R EE L AT
HIR B, 7T L0887 FIK. Tl = 7 i DA K H.
R SCEE U A B A AR 55 O B 9T R,

H R VBV R T HE T P S K AR PR AR, B
DU T V5 HE I ASCHEBE 1) 7K 20 A 7 AR e . I ASORE
B2 A Hh T VB AT LS = ST K s e, TR
R IS RE R — o 7 =X

HLAER, Bl KAk 2 A T < i
W B R AT AR I, BRI S HE R R A
il s 2R PR P TR Y R R A R A
W E I, RIS TEAE ., A A i A=
KAR T K. B K =B AT o 1 7 o
AREAE, (2 3E 2 Ah 42 B T 3R 15 B8 K 25 3%
. GRS REBE R Bt VO & ]V [E T4
MR A A A RS, AR EFRES,
o B IR L A S A K (90 Bl >k A< hn 48U B UK
FEXT 7K BRI A K5 i B AR bR i 22 S 2 2. T
23 NSRS /NI S 5 R B 0 AT = )
Fh e 55 50 S ek D I B T AR K B i U
WP T R & A, IR =K E N 10 mg/L
I, B VC = H G, AR EKE A 15 mg/L I,
T R K B8 Ik A KR DN AR R
2820 mg/L I, BE3E 0] VERE S H G AR 2
WA 30 mg/L I, BREEIR R IL 7).

5 K RGBSR AR g T I A0K T HE, TORK
) NaCL A o o0] 280 S A% T R 2 1) 3 e 2 3% Has-
sanli 5 7E G B G & FH 3 Ty K AT 17 A 25 4 H
FIHE. SEitEE KM, 0, 30, 60 f160—90 cm + )2
R4y 7 M 8.2, 6.8 Fil 7 dS/m FEMK % 1.07, 1.12
3.5 dS/m. 13 pH{H 7£ 0—30 A1 30—60 cm +
Ed o HERE 0.8 F10.6. 254 H KI5 K HE S 51
I ERAT G N, B IE R RO
JZK HE NaCl IIAELE B3 P 7S IR $2 e i < Tk
()% T 05, SIEIILYY R i AR ) HE A AR
A ) o T 1 7R BS 1000 (B Jot 8 28 A 4 o =R
1, 2, 4 mg/L) WIS IR 2k 8 4% B 72 1 & 4, 2
i R ASOK R I RN BE . B BS1000 9 B 3
I, SR AR R BOR W N, TV AR R
P %, BS1000 i 84K L AE 2 mg/L & LA B,
NaCl /50 S e 5T 22 20 9 MR 5 2 NaClah i
X AR PR i SRR R S S B A . S I A
7 BS1000 A f 8 sl A% 5T 2 251 3542 51 18.85% LA
F (P <0.05) 69,

T E IR S — P AU S b & B 7. Kang
DS HER A TR E B, g%,
1E B KRB RN e, HIE A A 9% 4 IR v 38
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BRCEE, AT REM S EAMED LR 5
BER ISR HE, K AT vl BE4R iy h it - 3% 2 R

FETIN/ K VEE 1) L PSR R LBy i, W 7
N R 22 58 10K e X = 38 E 77 B DY K A
2 (KBRS B BURCE FRATT S5 (5,
WO, AR AR P AL RN R AR
W B EVER BOL G TR 218 54 | et ik
RAERKE KO 7 5 0 2 W SORTIE i - 35 4Rk
FEVIREVE 2 R TE Rl EE T MR SR,
FUKTHRERCR S L AT K, (R L AR T 3% +
FRCRE, MAERY R+ MORAWIR. ER R
8, 0.1 MPa il < X AR A AT B 2
BEFER 2], L2 ATE I 3/ DRSS TR B <
VRE I X T 6 UL Ny A 35 TR 1 D 5 R AN (2
(p > 0.05). fEAdATIN g 338 A 55 R R il /s i 3
] RE 2 R O3 - SR A P S5 RO A 7 B
)_ﬁ [73].

FATIN Ty, DK e RE s LK. i+
A RO B2 Y IR AIA S, BT e,
BB E RIRIE ). CAREREY, B K5
TH LM FERAE RS, ¥R Nk, T
PItBE 2 T, TR T 4 5 A o - RORRL JE L 45
FRFAE S ATV S SR AN TR AR AE (74 e i g
BB PR R e U 99, BRSU 10 min A
BRI RS UM AKF 20 D 3.7, 2 A1 1.5 4,

1o N 3, 2.5 R2 45 0, 3 Sk B A - o>
PR R (FT A B ) 890 LA S s E N f
R ZE I & U910 X B4 3 2 B (In<K) TR 22
B dnt iy )

(E TSR 26 P BRI, A28 KB 20 WF TE AR
RN KRR ROR L, I UK TR L3 45
PR DA IS, AR EOR, JEH TS
Wir J2 A3 B AR W T SR P B A R AR A T IR,
BB 43 HE 3 ) FLRR 4 A R G s (6T
& fe IR P R KA LR 4
] 43 A1 (B0 T b 8 g £ S Dy 3 T R 3 1 5K
B R oA B8 LR S AE AU B0 RT eg
JiE 8890 L g B SRR SR R 0002
E A i ) 10907 SR A R 1 7 Bl 108 1001,
TR, BEE T UM RO BGE, [ A ORI 2 AT
FTEN BRI ZTT 0T T 25 Fh A5 K DL K
X -39 4 e frg s (1011081,

AT AT SR T 45 R AR, I KR RE
e LIRM A, R BRI X AR 2o, -
AT ST AT W J= 34 M, BRI SO
TR E Wi Ja TSR A A M L LA DR R B
UKRENR, RAL (Z0t) ECRE W] R AR D /ML (8
) )% LB S 1, - 3 LR 3% @ R g, 4
B 4 B, XSS AR (R AT T 18 i - 3R (135 <
T, YRR,

e

=

Ka  InAEERTE HIRALBRR A DL () ISR, (b) A

Fig. 4. The connectivity of pores in soil before (a) and after (b) aerated drip irrigation.

TATHEES, LB SERRRD
Z o 7 R T O, AR AR ) R R A A0
35 5] B 40 44 ) (Geoderma) E AR T — N
“Soil structure as an indicator of soil functions: A

review” I £ 3B TR I8 T & Fh IR IR 5

TR Z A OC R L1 TE SR, LR
ZiK) 5 IhREZ IR 5% & i AN W, FLEREE L K FLER
JEE « FURE 2 120 AN AL B el 1 2 L A S0 L 3 Th g
3 Z AR, R AER LT T FE 1 T HSRARAE
EA, (ERABATICIES X e L IRE M fabn 5 1 1%
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HREZ BT I R R LT 4518, X7 EH 7 K&
ANTR] SR AN B S, DA B 6 7 i ) R
YO HL, JFA AT SERI S50, NI%S Jilad — A < R4S
D 77 AR KR ) SRR A KR, AR R AR A HE
FRUUTNREM LI R R, MEH W, Mz KRR
P RS AR FR) S 6 75 ¥ k2 R T = SR 5 4 (Y TR 3K
fle st - 3EEGH 5 Th e 2 1] 9% & [ 7T

PRI, 35 T AR E (1 - SR S5 1 S AL ER
BIF T ML AL TN KR HEXT IS 20, 73
AT RIS 5 NS E A A2 T SR A I LR, AR
FEli B 25 A K SRR IR RE DA
L AN = B AN R AR AU, RN ERAR UK
T VRE IS 33 e [ Y R = A TR AR AR PR,
N RE [ -0 - = AR R B AT 7 DA B R A 8
AN AL SR S SI6 STRF. AR SRIR E B TV
S 0L in AR VEE O L R L Y
W FER A i N R RE BRI AR, A AT B AR T
TRV R AR m AR VR D = B 6, D9 3R E
TRANMV R FEANHET LR IE B M R
TR BRI AR T, HESH B E A AT Rk JE.
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Mechanism of soil environmental regulation by aerated
drip irrigation”
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Abstract

Soil is the foundation of food security, water safety and wider ecosystem security. China’s water resources is featured
by its poverty and uneven distribution. Flood irrigation in traditional agriculture not only uses large amount of water,
but also destroys soil aggregate structure, resulting in soil degradation, such as soil compaction and soil salinization.
Underground drip irrigation have obvious water saving efficiency with the effective utilization rate of water larger than
95%, but it will also destroy the soil structure to a certain extent. It has been reported in many researches that using
aerated water drip irrigation can not only increase crop yields, but also improve crop quality. The influence of several
factors such as the burial depth of drop head, the frequency of dripping, the amount of irrigation, the growth period
of plant, the mode of aerating and the equipment and so on, and the effects of the aerated drip irrigation on the water
environment, the air environment, the microbial environment, the nutrient environment and the mineral environment of
soil are summarized. And the regulation mechanism of soil environment by the aerated drip irrigation is put forward.
The changes in water, gas, microorganism, nutrition and minerals are the result of the change of soil structure. The
experimental results of in situ synchrotron radiation X-ray computed tomography confirmed that aerated drip irrigation

can change the structure of soil.

Keywords: aerated, drip irrigation, soil environment, regulation
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K1 et SN RR SRS, b 3O S CRARK ST 8, 200 2 F R
IKEPIRIEE, BICH 90 AN ARSI R (B IIR T 275 300k [3, 4])
Fig. 1. The global distributions of natural clathrates worldwide (there are totally 90 docu-

mented locations, and the data are from Ref. [3, 4]).
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(a) Cavity types Hydrate structure ‘Guest molecules’
16 .0 Methane, ethane,
= — 6 2 carbon dioxide
1\6‘ —_— and so on
5 51262 Structure I
Propane,
(T B ey B, -
iso-butane
) —
\Q/ Qﬁi and so on
512 51264

N 2 " i
]
2. ()8

Methane 4+ neohexane,
methane + cycloheptane,

< and so on
435063 51268
Structure H
(b)
Hydrate crystal structure II H
Cavity Small Large Small Large Small Medium  Large
Description 512 51262 52 51264 52 435663 5E268
Number of cavities per unit cell 2 6 16 8 3 2 1
Average cavity radius (A) 3.95 433 3.91  4.73 3917 4.06 5.71t
Coordination number” 20 24 20 28 20 20 36
Number of waters per unit cell 46 136 34

“Number of oxygens at the periphery of each cavity.
fEstimates of structure H cavities from geometric models.

2
MK FE (PR SRR STk [6])

IKEW 3 EELEMFIREE 512 fK 12 AN TEHRE RIS, 51262 fEK 12 AN TR RIS TR AR

Fig. 2. Three main crystal structures of clathrate hydrates. 52 means the pentagonal dodecahedra cages

and 5262 (tetradecahedron) indicates a water cage composed of 12 pentagonal and 2 hexagonal faces. The

numbers in squares indicate the number of cage types. The figure is cited from Ref. [6].
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Fig. 4. Atom number and the neutron scattering length amplitude relationship. Right figure shows the

comparison of atomic number dependence vs. scattering length, b for X-rays and neutrons. The figure is

cited from Ref. [11].
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molecules showing the anisotropic ellipsoid surface; (c) the ordered hydrogen position configuration of 52 and 5262 cages in

theoretical calculation for comparison. Figure (a) and (b) were from Ref. [24].
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Fig. 8. Hydrogen clathrate structural determination, including D2 molecular scattering models, refinement of hydrogen molecules
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Fig. 11. (a) Trimethylene oxide (TMO) molecule in the large cage of sl clathrate for all allowed positions at
173 K 153]; (b) view of hydrates of neohexane (NH) molecules in the structure H large (51268) cage [°°]; (c) different

molecule disordered models using convergence criteria of the refined neutron diffraction data of Ny clathrate [20];

(d) the distribution of the CO molecule at different times in the 5'2 cage of sI clathrate at 220 K from molecular

dynamic simulation (541, (e) CO2 molecules distribution with full symmetry shown in 5'2 cage and 51262 cage of sI

clathrate hydrate [9°].

1T K A W B K 8 RPN ) A S SR R Tl
Tk 55 Y0 4 B ) A B 45 A T ke, R
RG> TAE K GE ) 53 A0 AL AE — AN TG BPIRES.
Bl 11 g TIEEARFUK G TSR IE T /3 i
X 7K G IEAT B R RE  (R AT A BRAR PR A O, (H
S AR ME SR AT 2 08 K 00 5 R AT SRR
INERE B B TR XOGRT S AR R R R TR K G D A
FEJ RO A 43 T4 15 B 1 56 i 1 v 1931 gl 4
FH T HE (TMO) M 45T (EO) 1 s KA 4
P25 K RN B 2545 8 AT 38 I B o XA 2 1 R A5 2t
— BRI, I AT DU T A R e 2R A O 1 B
712 AR T SR iR B 2H (1 NMR 048, 102 T30 1%
FEABN B A 43 T AE K S8 e P g oy 3R, AT

PAISIF Rietveld MBI 25 8. Bl a2k & 5> 13 715
Feh AT, Chazallon 25 POV 3@ i iX 9 i 7 2075 2
TIKERE AW AN FEREAT LR (B 11 (). XfoK
T H S T T8 I IE B A IR RS BN
TN K EVITE 5 iR 3N 15381 %
HIBEAHTHE.

T F AR AR AMEMA R, fEIX R KE
Wiih 2 01 A 25 0 55 A — 5 v ek B I
5k PO=58] s AlE R Bl SR T A R
R T2 —, FF HASARLE K IE W46 A B T
. T I WA T i SR 5 LA R OK 4 14T R
JE 1] LA KB I S8, — e FE R b IR ot &
AR XN T AU R

018203-10


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

Y38 ¥ 4R Acta Phys. Sin.

Vol. 68, No. 1 (2019) 018203

|~‘h i
a “
™ J
[—
12000 ﬁ
10000
2
S 8000
<
< 6000
.‘é
g 4000f i i
= I
2°°°JML»MMLAW
0 0
X A.é

10 30 60 90 120 150

20/(%)

Methane clathrate

CO;, clathrate

12 SR Xe “SUKEHITE 10 K B yHh 7 AT BRI % R oA 1 5715 A B B bk A4 B4 76 7 K R T Aok

&4 51 78 10 K T HIIZ 5 2047 B

Fig. 12. Neutron diffraction pattern and nuclear density distribution map of Xe deuteron-hydrate at 10 K

[37),

nuclear density distribution map of methane clathrate [34] at 7 K and of CO3 clathrate at 10 K [35],

1T AT S B SR SR AE A B R N B R
DR 25t 12 7K A W — 5 B [0 BBl 9 43 7 B °F
83 A RVTC IR A&, IR 17 A2 45 A4 A 78 ) — A e A
UL RV bk, ol g R o R AT R A R
1& (K I d 2 7] 1) 78 25 DA s 70 %) 465 & MEM. (3
K 7 185) T LA H K B 0 A% 5 15 4 A 3297
W 12 Fros, PR AT DL B W 45 Y & AR 2y T AE R
IFi) iR P RN R R 16 3D a0 A L B, TV T
Tl b H 0 i HIPPO SR 34 & 5 AN A 1
{1 H 7 BRI 3 AT DL SR K d 25 18] 1 7 55 (0.5—
10.5 A), T LAGE & v A FEAT 3T 0 e 0 ol — e e
TRV 25 4y 3 H R 3 T 3 B ) B T DA SR AR
B PO L 4 R 1 T T4 RS B R0 4 S
B, B SRS HER 1 3D 1255 oA .

2.3 PFIEEHEHKESIMR

Sl v O X KA A e 06Ty
DAZS H 3 2 ik 2 T8 R LA RTRVR R Sh Jy 27, oy
Ta i AR IR R AIREN R & AR
TR SR A R Bl LA R K G e R 9L (]
AR T O AR IR OK S Ak 3l 112 55 H
BRA . RS T B I sh E AR, 5T s

MERZREREM G, e N E A qmin A &0
B A 08, s R b K S B

Fe BBV EB AUK B A

3 KeHEnirxR

U ESCRRIR, RARSK & AR AE RS RE A L T
JIZEAET, HIFRA T AT Lo 3 K &4k
IS AR L T 0 RAT WK & WA 1A, AT 2 i
REBORAR R, IR BIFRE B 8. iR IR K G
AT R 32 73 9 RRARURCTE B v S A 2 kR
CO,-CHy Bk, SLE . H A M Ao [E #7E
IKEVITRIT A E AR R £E P EER
R RN SR A (PTIRVK) SR AR Th, X AR 4
IR BN A BRER — AN SEBL T AE M T A KGR R o
R ELLAE M E X —# 877760 K, R
T30 5 LK. R A R A T AR H
Kig—F, RN L IR, JFEEESE
H—— 2 R W R R . ROKE
Y3 5 Ak T W B2 A K SO AR o, HLoM
FET VUL N . ATHROKIT R — e B ISR )
R, O A S A 2 A R (J&113).

018203-11


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

38 2 Acta Phys. Sin. Vol. 68, No. 1 (2019) 018203

A1 09 G R 5 A

Kamg o)

ralogy]
o
minerals fluids vy

K13 RIRFKEWITREE B HIA 2 1R R, I EB0F 00 - W -

Fig. 13. Different scale of nature clathrate exploration, from continuum scale (10 cm—100 m) to pore scale

(10 nm—10 cm), and down to nano-scale (< 10 nm).
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Fig. 14. Potential hazards of decomposition of natural

clathrates.
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Fig. 15. Schematic show of the concept of gas exchange

in natural clathrates.
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Fig. 16. Improvement in CHy recovery yield by using CO2 + No mixture. When COs is solely injected into CHy4

hydrate, a maximum 64% CHy recovery yield is anticipated because CHy molecules in 51262 (sI-L) cages are mainly
recoverable (left). On the other hand, when Ny is added, the distinct roles of N2 and CO2 remarkably enhance CHy4

recovery yield (right).
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SPECIAL TOPIC — Critical topics in water research

Structure and properties of nature clathrate and its
application in energy and enviromental science”
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Abstract

Clathrate hydrates are energy and environmental related materials for energy storage and extraction, as well as
for waste gas sequestration. The three general structures of natural clathrates, structure I, structure II and structure
H are reviewed in the aspects of stability, cage size, and preferred guest molecule encapsulation. Neutron scattering
technique has its unique advantage of clathrate hydrates characterization, such as large bulk property determination,
penetration of high pressure vessel and the clathrate sample inside, sensitive to light elements (clathrate hydrates mainly
containing C, H, and O atoms). Neutron diffraction and inelastic neutron scattering of clathrate hydrates are covered on
the abilities of H/D atoms positions and anisotropic thermal parameters, pressure-temperature-dependent guest molecule
occupancy, the disordered distributions of guest molecules and the nuclear density distributions, the thermodynamic and
kinetic process of formation and decomposition, the translational and rotational vibration models of guest molecules
and their quantum state transitions. Using CO2 to gently replace CH4 in methane hydrate is one of the most attractive
exploiting schemes for its benefits to both geologic hazard consideration and cost efficiency (energy extraction and CO2

sequestration).

Keywords: clathrate hydrates, high pressure, neutron scattering, CO- injection
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tunneling microscopy, STM), STM & F| H £ 2 I
B 2 18] 5 TE RO T4 Sl 3R T BEAT R AR Y. H
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Position tripod

feedback
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Fig. 1. Working principle of an STM.
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Pd(111) 1617 Pt(111) %191 Ru(0001) [16:17:201
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STM #F FEAL R F 2> 27K (N F = 2). Maier % 10
RILAERu(0001) M Pt(111) R ZJENAA
Fr 7K = v AT 3 58 — 2 T8 7 I K 2 3 A8 A
gk, B2 25 M — E A 22K T
JEF 53 3%, AT LAE BIIX P )2 7K 53 =2 A ELUUAC R N
FEsRE, T HK o FHRALT N AR 1 42 )8 R T
SEL. Lechner 25 P2 R B4R AEAE Pt(111) il A
JE7K VU NH; 4> T2 K TR 7 ), B3
A—A> OH M NH3 el — S, %2 iRt
AW TR AR RS 2.

2 Ru(0001) RIKBEWEFLME  (a) ELEIH
ANIRIZRIR T3 9%, B B AR AT 3R 58, o I o
EOMAERTE=EKS TRMRALE; (b) F—. 2
AR R JE -5 55, IEan7S M IR HE i 2 A e A1 b
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]).

Nie 2 23] J 30T LLTE w5 fhi A/ BRI (=6 V,
0.4 pA) B2 T X T 2 EUKEAT EH5 I H
BE I8 A AR, BETEEF] 115—135 K iR T,
4—5 nm B EUKE BRI PIKIES 2K
R P BRI, H AR o i B 21 1 2
NAMIUK, s e, BRI T IEFAEE S —

AR UK SR IYK. Thumer A1 Nie 25 78
Pt(111) F1H 112 2 UK 1 45 04 v R DR e A 85 1 A7
TE, IX S0 UL A IR I 5 T P 3R THI UK AR 45 4
SEL T AR SR /N A, (EBHR 2, X e AR
ER R T R IR A B S5 1.

BAR STM 5256 7 B 5 TR, (H2 A %
Pt 320l LARIF STM B Fe 4 Ak Rl — (e 4
B Ao JER 3 T A= K R T A48 R PR TS, TR R E AR
[ TFATD SR BT DA — 38 A 20005 iod 466 5 AR RIS % 2
& @R, S REAGERT TSR FRHA
HEGR . IR, FIH STM W R 44t i LK
ST EIE TR G, FEERELEE LM
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]).

KW B 7E <55 R SR A R THD U AE 8 8 R T BE Dy
ok, BIKD T8 T 5 &8 IR T i LU E 2
AR 7 ok, XA R EUKS T . He
2 192 75 fi Ab 35 1 55 R 1Y) anatase TiOo(101) R M
WS B ) BN K 43 BRI I o U RRAE, S5
P72 RS (density functional theory, DFT) &
AR A3 A I AU - 2RISR T 1Y) T T BIC 7 2,
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SR T2 BT AR AL 1 EUR T A A 5 RN R T K4, B 3 iR, H2
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BETE Ti%E b, I B g i bR o P30 JEF F K5 R AL OH 4k 124 K43+
£ 5 Ti05(110) ML) RuO(110) F 1, 7K 5> T W fE FeO/Pt(111) 1 130 K 3B K £ % e K 7 (1
PEET ¥ b, 7£238 K NIR&E S8 HUE s — o B B (H R TR B AL FeO KM, K5 T1E
AR LOST i — BT iR E #1277 K, Rk 110 K i 1] - R 5 7 i 0 A TG 45 21 N £ 1
St — 25 O R R H3 00 1 OHL 78 Hofth — 2848 4k 4 KA.

(a) (b)
0.4 — 3A
2 — No tip
£ 0.3
8
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L 0.21
w0
3
o A
o 0 ; . |
Au(111) NaCl1(001) —4 -2 0 2 4

[010]

T—» [100]

4 NaCl(001) R EEAK S F LK FIURAERN STM KB (a) SEin ER R, HdlaNF kRFHRE G T
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,
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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)
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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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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
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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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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]).
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FeE AT EREE. 1988 4F, Siegenthaler %5 (%1 5] A
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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
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i, BRI SE B

A EC-STM A, il R i A LA
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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 ) %
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VU AR R4, EAH M KIRRE ERR T STM
TE HAL 2200 50 1 R TR 4
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Insulated
STM tip
WE2
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Electrolyte
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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.
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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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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]).
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FUERIME, fEE > 0.8 VI, W 11 (d), KoF
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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
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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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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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larization force microscopy, SPFM) 37881 Fi| ffj
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1020 nm, B85 1 EFIFIRE i 2 1] (1) 45 fi.

1995 4E, #8945 159 | F & BA (¥ SPEM W 70 T
Fin N b FOKEER A Z RS, FIH SPFM
A UG AN I B EAT B U . R R KA AT
LLAR R, 25% WREERT, T RELAE /N T 1000 A
YK, T 25% MR ERE, TR RO B 4
RIKZ, XA BRI JE T = B @ik AH O, B I
FERI3E N, EpRAE K S EIR R 9 45% I 52K 7K
AR R RIFE AT DO 2. 4nf&] 18, % B iR K
J2, VB R IVET SR FNRE S el 5 2 15 T 4 A Ak /K
HIEE R, £F9B Rl 5, JEIE SPEM Af LUK i & 1) 7K
TR 73 ¥ J2 IR 0 By 34T R 7K B A 28 2
FAREE N 120° (21008, it R = BE R R A, aT
DA 232 577 ) A0 2= BERY S A 25 7 T AE O, DRt
TEERR T 0 FEERKERE SIKEUEHT
ghit, B« T Bk

2011 4, Santos Al Verdauer 20 ] i} AM # =,
AFM M & 7K Z B m . AT, FE R
I3 N IRANER XK. (EEFE T =FHEAERT
XK, Wne, We FIHEF I X380, Wne Xf T4l

FE i B KR AR B BAR B B L, We € SCRKZ
WeIEh, (R ETIRAMRE fh A $efil; HEFF R R
ARE G Ak, 38 T S8 AL AE Wne X BTC 182
TR AN I X 3 A5 B PR KR S e R

—60° 0° 60° 120° 180°

18 = BELAKHiHII SPFM ST X A0t 2 58
TEK, WX RO — 2K, 1 S AL T TR, B
BRI 7SR, e mJ7 R = B A ARG (8 B STk
(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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TR 78532 SRR ) 515, 138 T EH 53R TH AR
AR I 4o A, 20 (a) ATEL 20 (b) 43 31l 42
7o BE T 45 My AR AT AFM . 1820 (c) /2 FM
MR KGR, WNEH LU H, K=
BERA FAE, K FBER T = BN T0H 10,
I B ] DA B AR X 43 s BER T 0 = 2 K A B
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1.0
(g)
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19 FEEHARE FAAARENE B LE 2K (a) AFM ORI S 5 10K (b) UG (o) ik LB EH
BIHHAFM K], (d) A (c) KIFEETTHRXIE; (e) AMILLAL (FE) s —Fhn (F0) MREEREE; () A AFM K,
RS IAGRAE TIE; (g) FOVBIEAL (46) WREE R (4 8 STk [91])

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]).

= 3rd layer

«= 2nd layer
= 1st layer

range = 4.1 nm
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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FAAE WA 22 7 [a] B S0 e B 1 7 L IR
AN T = 4ET7 w8 4y 2R, T BRI A ORR
Pem. [EEF, AATE % Fukuma B TAEE— B KRR,
BEWETE 10 PN, 2 AF140 s PR T = 8 Bk
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—6.3 Hz

PR A . SR BRI, DY R AR 2B A
CHZER; MR m AL A, AR EI; A
SRS, IR B T B R, AfATTAE
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HeFROM R L D R, AT DL I 23 K
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RAK G T2 18] i B A 2455, W] DAAE SO
AEATIRE B BT AR 22 5588 5 A0 7K 701 % K
HPARS AT AR, 2018 48, % LB 7L T 4N ES
TSRS H 7K & 04E NaCl(001) R )32
R MATRIL, WE T 5 =K TR RRIIKE
YorxS T HAK SPER I By B g R, TR
W, T iR R A% AR T X AR S VIR AR 25 45
1y, Ferr oK o7 n] DLUAR /N 3 22 e e TR I 1%
KD PR 2 B B S N — AN K oy R BN
(K% 2. Wt SR T 1 REZ L i R K &4
HIP BT, it — b R TK & 8 TS R s At
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K21 (a) gPlus NC-AFM HI R (CO #EMI4HAR); (b) NaCl(001) b1 /K PU SRR R THAL I, 0 48 S AR T2 BN
At 2t g AR ARk, (o) #HRAFREE FRAERMEIE (100 pm, 10 pm, —40 pm); (d) AN EEE FEE AFM

% (21 =794, 20 =68 A, 23 =6.4 A) (3% E ik [95])

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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B22  KBELEIE G B 4 E R, T T ER K B4 13 STM( L) A1 AFM (R FE, 555 M B (hn 0% B 050 9 )
(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.

Keywords: surface/interfacial water, scanning tunneling microscopy, non-contact atomic force mi-

croscopy, single-molecule vibrational spectroscopy
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