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TOPICAL REVIEW — Water at molecular level
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The detailed understanding of various underlying processes at liquid/solid interfaces requires the development of
interface-sensitive and high-resolution experimental techniques with atomic precision. In this perspective, we review the
recent advances in studying the liquid/solid interfaces at atomic level by electrochemical scanning tunneling microscope
(EC-STM), non-contact atomic force microscopy (NC-AFM), and surface-sensitive vibrational spectroscopies. Different
from the ultrahigh vacuum and cryogenic experiments, these techniques are all operated in sifu under ambient condition,
making the measurements close to the native state of the liquid/solid interface. In the end, we present some perspectives on
emerging techniques, which can defeat the limitation of existing imaging and spectroscopic methods in the characterization
of liquid/solid interfaces.

Keywords: liquid/solid interface, atomic scale, scanning tunneling microscope (STM), atomic force mi-

croscopy (AFM)
PACS: 68.08.—p, 68.37.—d, 68.37.Ef, 68.37.Ps

1. Introduction

Liquid/solid interfaces are ubiquitous in nature and play
essential roles in a broad spectrum of fields ranging from
chemical and physical processes to biological science.!!=]
Due to the reason that what we are interested in is buried at
the interface between two bulk phases, a complete atomic-
level understanding is extremely challenging. Such buried
interfaces are not directly accessible to conventional surface-
sensitive spectroscopic techniques except for a few cases
under some restrictions.[*7! In addition, most of the high-
resolution imaging methods require extreme conditions of ul-
trahigh vacuum and cryogenic temperature, which are not
compatible with the liquid environment. Therefore, in situ
studies of the liquid/solid interfaces from an atomic-scale per-
spective are extremely difficult.

A promising new tool to overcome this difficulty is
liquid-phase scanning probe microscope (SPM), which per-
mits high-resolution measurements under ambient conditions.
The liquid-compatible microscopy is applicable for charac-
terizing liquid/solid interfaces straightforwardly.!®! As an im-
portant member of SPM family, scanning tunneling micro-
scope (STM) can achieve real-space visualization of surfaces
at atomic scale.[”1%1 Based on this, electrochemical STM (EC-
STM) has been developed to understand the underlying mi-
croscopic mechanisms of electrochemical reactions by moni-
toring single molecules or even atoms at the solid-electrolyte
interfaces, not only in situ but also in operando.!'''?] The in-
formation obtained by EC-STM can shed new lights onto var-
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ious electrochemical phenomena, including adsorptions rele-

vant to the formation of electrochemical double layer,“3’l4]

15,16] COI'I'OSiOIl,[”’lS] deposition,“9’20] and so on.

catalysts,[
However, the interpretation of EC-STM images is usually
complicated by the electronic structure of the sample and the
EC-STM experiments are limited to conducting surfaces.

Non-contact atomic force microscopy (NC-AFM) shows
the ability to overcome the aforementioned limitations, which
can achieve atomic images of both solutes and solvents
near the insulating surfaces because of its high sensitivity
to the short range forces and local liquid density.!?!! With
the advantages noted above, two-dimensional (2D) and three-
dimensional (3D) mapping experiments at liquid/solid inter-
faces have been conducted by NC-AFM on a wide variety of
substrates broadly existing in nature, such as minerals,??! or-
ganic films,?3 and biomolecules.?*>! Local hydration struc-
tures on surfaces can also be identified by NC-AFM, which
may help to establish the atomic-level understanding of vari-
ous interfacial processes in solution. 2!

Despite the outstanding performance of SPM, the mea-
surements are susceptible to the perturbance of the dynamic
molecules in the liquid induced by tunneling current or in-
teraction forces. Moreover, the SPM lacks the chemical in-
formation. In contrast, interface-sensitive and non-invasive
vibrational spectroscopies have proven to be useful tools
to acquire molecular-level information both structurally and
chemically. [27] Nevertheless, it is well known that those tech-

niques suffer from the broadening and averaging effects due
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to the poor spatial resolution. This bottleneck can be relieved
with the help of theoretical calculations to some extent. 28]

In this perspective, we place emphasis on scanning probes
techniques applied in the atomic-scale investigation of lig-
uid/solid interface, since spectroscopic techniques have been
discussed briefly on this subject in the previous reviews.[2°-3!1
The article is organized as following. In Section 2, we be-
gin with a review of advances in EC-STM for probing adsor-
bates, metal deposition, catalysis, corrosion, etc. After that,
we introduce the applications of NC-AFM and its 3D imag-
ing mode, paying special attention to interfacial hydration lay-
ers. Next, we overview the interfacial studies by vibrational
spectroscopies with a focus on water—solid interaction. The
potential and newly developed techniques for high-resolution
characterization of liquid/solid interfaces are envisaged in Sec-
tion 3, in terms of SPM based on nitrogen-vacancy center,
multifunctional AFM for battery characterization, ex-situ SPM
measurements, and cryo-STEM. Finally, a summary is deliv-
ered.

2. Existing techniques in liquid/solid interface
studies

2.1. Electrochemical scanning tunneling microscope

As a powerful tool for providing atomic imaging of lig-
uid/solid interface not only in situ but also in operando, EC-
STM can help us obtain unique insights into electrochemical
processes. Compared with traditional STM, EC-STM has four
electrodes (tip, working electrode, counter electrode, and ref-
erence electrode) controlled by bipotentiostate in the system,
which allows imaging at the defined potential even when the
potential of the working electrode is changing.!''! What is
more, the majority of tip in EC-STM is coated with insulat-
ing layers except for the top end of it, in order to minimize the
interference induced by Faraday currents within the tunneling
gap (Fig. 1(2)).32%

The potential of the charged metal electrode is screened
by the solvated ions in the solution, forming the so-called elec-
trochemical double layer (EBL).!**! EBL plays a significant
role in electrochemical reaction, and the atomic-scale struc-
tural information is also very important. Adsorption of ordered
anions within the EBL region on the low-index metal electrode

13.331 As weakly sol-

surfaces has been studied extensively.!
vated ions, halide anions can partially lose their hydration shell
leading to strong interaction with substrate and form ordered
structures on it. Such structures show a universal phenomenon

36,37

of halide anion-induced reconstruction! I and a distinct

38391 with not only com-

potential-dependent phase behavior!
mensurate structures but also incommensurate structures due
to the competing adsorbate—adsorbate and adsorbate—substrate
interactions. The interfacial electrochemistry of sulfide an-

ions is more intricate and shows more phases than the halide

5.[40411 Taking the copper substrate as an example, on

anion
Cu (111) surface, no reconstruction is induced by the ad-
sorbates and the phases at different potentials can reversibly
transform into each other by creating or annihilating defects
with the exchange of the sulfur atoms with the near-surface
solution layer.[*?! While on Cu (100) surface, sulfide adsor-
bates can induce reconstruction with an expansion of Cu—
Cu interatomic distance by 9% on the first layer of elec-
trode when the potential sweeps positively.[*3] Moreover, al-
though termed as pseudo-halide, thiocyanate anions behave
more like a pseudo-chalcogenide in high consistency with the
behavior of sulfide.[**! It should be noted that anions in solu-
tion may affect the process of metal dissolution, which is re-
garded as an aspect of corrosion science by stabilizing3>*]
or disordering!*4"] the step orientation with a high metal
mobility.[*8] The anions can combine with cations into com-
plexes, leading to high mobility at the surface,*’! that is to
say, inducing etching of metal surface via a step flowing mech-
anism.

Adsorption of cations in relevance to the process of elec-
trodeposition depends decisively on the morphology of the
electrode*>3%1 and the given potential corresponding to differ-
ent coverage stage of the deposited metal.[’!! Underpotential
deposition (UPD) and overpotential deposition (OPD) are two
phenomena distinguished by the Nernst potential in the pro-
cess of a cathodic potential scanning. It was found that the
anions pre-occupy on surface. For example, the bisulfate and
chloride can compete with metal adatom for surface sites or
even impede the UPD process.**2331 While in some cases,
metal atoms tend to combine with anions to form a bilayer
for their lattice match with substrate, such as the Cd layer
sandwiched between a Cl overlayer and the first layer of the
Cu(111) substrate, generated by exchanging between the pre-
adsorbed Cl anions and adsorbing Cd cations.>* Similar CuCl
structure was also found on Pt(111) surface.!>! Relating to
the growth of metal multi-layers, overpotential deposition of
metal can be characterized by EC-STM as well, exhibiting co-
adsorption of metal layers and anion species.>®

The liquid/solid interface offers a proper platform to
investigate self-assembled molecular systems.  Structure
and the properties of self-assembled molecular monolay-
ers absorbed on flat substrates can be revealed by STM
on the nanoscale, which indicates that the long-range or-
dering is dictated by the interplay between the molecule—
molecule interactions and molecule—substrate interactions.

[57] noncovalent inter-

Apart from coordinate covalent bonds,
actions such as hydrogen bonding interactions,>%-%! halo-
gen bonding interactions,®'=%*! and van der Waals (vdW)

interactions, [05-07]

are commonly emerged as intermolecular
interactions. Moreover, temperature,!%®-79 concentration as

well as solvent!”!-7?! can also affect the self-assembly behav-
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ior. Self-assembly of organic molecules at the sold-liquid in-
terface investigated by STM has been summarized in many
excellent review articles.[73-7°]

Additional electrochemical environments offered by EC-
STM opened the possibility of controlling surface dynamics
and structures via surface charge.!””-78] The structures of ad-
sorbed molecules are modified with pre-absorbed anions and
their phase transition is determined not only by the change of
electrode potential but also by redox-induced change of charge
state of molecules themselves.!”*-8¢] Notably, some observa-
tions show that the adsorption of water molecules lowers the

¢[®7] and water molecules can be

work function of metal surfac
identified in general at the interface by EC-STM, 3889 gerv-
ing to screen the electrostatic repulsions between the absorbed
anions. However, the detailed molecular characteristics of wa-
ter on electrochemical interfaces have remained poorly under-
stood due to the reason that the tip could easily disturb the wa-
ter molecules or other delicate metastable structures, which is
still a tough problem calling for new technical breakthroughs.

Apart from the atomic characterization of electrochem-

a
( ) Preamplifier It
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electrode
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CE
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35nA

3 nm

(b)

ical interfacial layer as described above, EC-STM also pro-
vides a new way to address heterogeneous catalysis.[?%!] Re-
cently, catalytically active surface sites can be identified di-
rectly at atomic scale under reaction condition by EC-STM.
The key lies in monitoring time-varying current noise, which
results from the temporal tunneling barrier fluctuations in-
duced by local redox reaction (Figs. 1(b) and 1(c)). It was
discovered that only one to three Pd atoms located at Au/Pb
boundaries contributed greatly to the hydrogen-evolution re-

).[92-941 Fyrthermore, a

action activity (Figs. 1(d) and 1(e)
well-known phenomenon that metal surface can undergo a
concomitant transformation®> during the oxidation-reduction
cycles (ORC) in electrolyte was investigated by EC-STM
likewise.[”®! There are two roughing processes on Pt(111) sur-
face, namely, “nucleation and early growth” and “late growth”.
With the number of ORC increasing, both of the two processes
contribute to the roughening of the electrode, while every step
site created in the latter contributes equally to the electrochem-
ical signal. A detailed atomistic picture was derived by Leon
et al.l”)
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Fig. 1. (a) The configuration of EC-STM, where the bipotentiostat controls the potential of the substrate (WE;), STM tip (WE,), and counter
electrode (CE) with respect to the reference electrode (RE). The majority of STM tip is coated with insulation. (b)—(c) Schematic diagram of the
concept of detecting catalytic sites. The tunnelling barrier varies with the change of local environment between the STM tip and sample, arising
from the attachment and detachment of reactants and products. Tunnelling-current noise is larger in the case of scanning over a step shown in
(c) than that over a terrace in (b), suggesting that step sites are more active than terrace steps, and the noise is reflected on the z-position when
STM is operated in constant-current mode. (d) Constant-height STM image of the boundary between a Pd island and Au (111) substrate under
hydrogen evolution reaction (HER) conditions in 0.1 M sulfuric acid. (e) Detailed tunnelling-current line scans for the boundary shown in (d).

Panels (b)—(e) reproduced with permission from Ref. [92].
2.2. Non-contact atomic force microscopy

Another indispensable tool for characterizing liquid/solid
interfaces is NC-AFM, which is able to monitor and analyze
the multiple interfacial interactions on both conductive and
insulating substrates with atomic resolution.!”®! NC-AFM of-

ten operates dynamically with the cantilever excited near its
resonance frequency. Amplitude, frequency as well as phase
shift of cantilever are three measurable quantities. Accord-
ing to different detected signals used for feedback control,
NC-AFM can further be classified into amplitude modulated
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AFM (AM-AFM) and frequency modulated (FM-AFM).[*’]
Both of the two operational modes have been applied in ultra-
high vacuum (UHV) environments to achieve ultrahigh spatial

resolution, [100-102

I However, visualizing atomic-scale struc-
tures at a liquid/solid interface is very challenging, due to the
low Q factor of the cantilever resonance in liquid!'%¥ and the

(1041 Those prob-

large thermal drift at ambient temperature.
lems have been tackled by developing low-noise cantilever
deflection sensor!'! and various drift-compensated data ac-
quisition schemes, '%%197] making atomic resolution possible
even in liquids.

Since the first atomic-resolution topographic images
were obtained by FM-AFM with a low-noise cantilever
deflection sensor at mica—water interface,'%! this tech-
nique has been used extensively for various samples, rang-

ing from inorganic crystals, such as SrTiO3,[1O9] TiO,,[110]

HI-113] ¢lay and aluminosilicate minerals,!'!*! to in-

calcite,!
terfacial organic molecules, polyethylene films immersed
in n-dodecane!''™! and polypropylene films in a buffer
solution,'1%! various liquid hydrocarbons facing alkanethiol

117

monolayers,!'!”] thiolate monolayer,!'!8 etc. What is more,

it is also viable in imaging biomolecules, for example,
lipid bilayers, %1291 proteins,[21:122] 1ysozyme,[!?3! self-
assembled antibodies,'?*] and DNA molecules. 1231 Recently,
topographic images of rutile TiO; in aqueous KCI solution
with various pH values were acquired by Xue et al., reveal-
ing a transition of protuberate structure from (1 x 1) meshes
in acidic or neutral solutions to P(2 x 1) superstructure in al-
kaline solutions due to the chemisorption of OH™ species on
five-fold coordinated Ti cations.!'?°! Based on this technique,
Miyata et al. developed high-speed FM-AFM at 1 s/frame and
revealed an intermediate Ca(OH); layer along the step edge in
calcite dissolution process.['?”]

Apart from the low-noise detection mode by soft and
small silicon cantilevers (k = 0.1-10 N/m, fy > 100 kHz), a
stiffer g-Plus sensor (k > 1 KkN/m) 28] maintaining a much
higher Q than the Si cantilever in liquid is emerged as a
powerful tool for high signal-to-noise (SNR) interfacial study,
such as biologically-relevant environments!'?° or more vis-

130-1321 Compared with the soft sil-

cous ionic liquid interface.!
icon cantilever which uses optical methods to detect its deflec-
tion, the q-Plus sensor is self-sensing by utilizing the piezo-
electricity of quartz, making it suitable for imaging in non-
transparent solutions. Moreover, g-Plus sensor allows simul-
taneous acquisition of the tunneling current and the tip—sample
interaction forces. Nevertheless, g-Plus sensor is much stiffer
than silicon cantilevers and its higher stiffness k and lower cen-
ter frequency fy can result in a lower force sensitivity and a
greater detector noise. In order to obtain high SNR images,
the scanning speed of the q-Plus sensor should be slowed down
since the detector noise is also proportional to the bandwidth.

Therefore, the image capture rate in the case of q-Plus senor is
smaller than that of cantilever.[!’]

The force between tip and sample can be measured in
a three-dimensional (3D) way. The first measurement of 3D
force fields was done on NiO(111) surface in vacuum.!33!
As a spectacular extension of NC-AFM, 3D-AFM can even
provide detailed atomic-scale insights on liquid/solid interface
not only laterally but also vertically, which opens the door to
understand distance-dependent behaviors of the interactions
between the surface and interfacial solvent or solute. 26134
There are two common protocols for high-quality 3D data ac-
quisition to eliminate or reduce the large thermal drift during
the long-time acquisition of massive data for building up the
3D images: the “curve-by-curve approach”!!3! and “layer-by-
layer” approach. [13¢]

The existence of stable hydration layers has been verified
by NC-AFM in 2D case,[!*] triggering subsequent investiga-
tion of hydration layers on various surfaces to clarify the cen-
tral role they play in a wide range of chemical phenomena and
biological processes.!!38! Visualization of hydration layers in
the direction vertical to surface was achieved by 3D-AFM for
the first time on muscovite mica.1?>13%1401 By combining bi-
modal AFM operation!"*!l with 3D-AFM, A resolution with
high scanning speed (sub-minute) was obtained by Herruzo
et al."*?] at mica—water interface subsequently. The depen-
dence of interfacial structures on the concentration and type
of electrolyte was observed at mica—electrolyte interface.!!4’]
It was revealed that the cations tended to form monolayer on
mica covered by only several hydration layers at low salt con-
centration (Figs. 2(a) and 2(b)). For higher concentration, the
interfacial layers became thicker (Figs. 2(d)-2(f)) with the lat-
eral periodicity close to that of the substrate (Fig. 2(c)), while
the vertical periodicity was determined by the interactions be-
tween the ions and the water molecules.

Surface structures of carbonates in aqueous are vital in
numerous areas due to their importance in a range of fields,

[144.145] A¢ proto-

such as biomineralization and geochemistry.
typical kinds of carbonates, calcite, dolomite as well as mag-
nesite were studied widely by 3D-AFM!!46-148] and atom-
istic simulation.!"#>15% In all cases mentioned above, three
hydration layers and checkerboard pattern were observed on
carbonate—water interface and resembled an epitaxial growth
commensurate to the underlying crystal lattice. Besides,
chemical identification between Ca and Mg cations could be
achieved through the subtle difference in their hydration struc-
tures at the dolomite—water interface.!!3!!

The 3D-force mapping has been applied not only to in-
organic substrates, such as mica and carbonates mentioned
above, o-Al,03,1132] graphite, 33! but also to organic molec-
ular interfacial layers!!!7-118154] and molecular crystals.[!]

Furthermore, this technique can be even extended to biological
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systems for understanding the interfacial biological processes
with molecular detail.[!!7-137-156] Interfacial behaviors of lig-
uid 1-decanol were studied on graphite, showing four liquid
layers above the physicosorbed decanol columns that are epi-
taxial to the substrate.[!37) Lateral heterogeneity in the first and
second layers may be induced by competition between hydro-
gen bonding and van der Waals interactions because of slightly
different stacking situations of decano.

In addition to measurements on atomically flat homoge-

(b)

z (nm)

neous mineral surfaces aforementioned, Umeda et al. suc-
ceeded in visualizing atomic-scale interfacial 3D hydration
on a heterogeneously charged phyllosilicate surface (Fig. 3).
Combined with molecular dynamics simulations, they found
that the lateral water distribution was in accordance with the
local lattice periodicity and no clear hydration structures were
observed at the boundary between the two surface regions with
opposite charges, arising from the ion depletion due to the neu-
tral step edge effect.[1>8]

(c) 4

S
£
>

High molarity

KCl (aq.)

()

Bulk liquid

Ordered liquid
)

x (nm)

Fig. 2. (a) 3D AFM image of aqueous KCl/mica interface in the case of low molarity (0.2 M KCI). A monolayer of K* (red color) is absorbed
on mica topped by two hydration layers (0.3 nm thick), which follow the corrugation of substrate (lighter stripes). (b) XZ frame of (a) (raw
data). The ordered layer at interface is very thin (below 1.0 nm). (c) XY frame taken at z = 0.34 nm. The structure of the water molecules in
the 2nd hydration layer is revealed. The origin of z is chosen at the mica surface (minima in (b)). (d) 3D AFM image of aqueous KCl/mica
interface for high molarity (4 M KCl). Interfacial layers can be divided into two regions, ordered liquid layers (2 nm thick) and bulk liquid
above it. (e) XZ frame of (d) (low pass filtered image). An ordered liquid layer extending up to 2-3 nm from the mica at high molarities is
characterized at the interface. The inset shows a filtered image (FFT) of the bottom right corner of the XZ frame. (f) XZ frame extending 5 nm
above the mica surface. Reproduced with permission from Ref. [143].

(a) (b
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Fig. 3. (a)—(b) 3D FM-AFM image and MD simulation on the water/clinochlore (001) interface across an area including the T, By, and By regions
shown in (k), respectively. (c)—(f) Experimental lateral 2D force maps and theoretical lateral 2D-normalized water (oxygen) density maps of 1st and
2nd layers on T region, respectively. Honeycomb-like pattern of the first hydration layer and a dot-like pattern of the second hydration layer were
observed both in AFM experiments and simulations. (g)—(1) Lateral 2D force maps and theoretical lateral 2D-normalized water (oxygen) density
maps of 1st and 2nd layer on B region, respectively. Atomic-scale patterns of both layers observed in experiments and simulations show the same
lattice constant. (k)—(1) Topographic image and structural model around the step edge, respectively. Adsorbed water molecules are represented as
red dots in (1). (m) XZ force maps along the broken lines P-Q and R-S in (1). Reproduced with permission from Ref. [158].

2.3. Surface-sensitive vibrational spectroscopies

One shortage of SPM is the susceptibility to the pertur-
bance of the dynamic molecules in the liquid induced by tun-
neling current or interaction forces. Moreover, chemical infor-

mation cannot be easily obtained by SPM. Surface-sensitive
vibrational spectroscopies have been proven to be well suited
for molecular-level characterization of the surface and inter-

facial processes in solution, including sum frequency gener-
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ation (SFG) vibrational spectroscopy, surface-enhanced Ra-
man spectroscopy (SERS), tip-enhanced Raman spectroscopy
(TERS), and so on. Those methods are almost non-invasive
to the liquid/solid interfacial structure and provide valuable
chemical identity through vibrational fingerprints.

SFG gains the high sensitivity to explore liquid/solid
interface since its signals are only generated from non-

centrosymmetric media, %1%} involving interfacial biologi-
[163,164] o]ec-

[167,168]

cal systems, 111921 absorbed organic molecules,
trochemical systems,!13-16] interfacial ionic liquids,
etc. The interaction of water molecules with solid substrates
has been a key issue in the field of SFG, which could be
obtained through the O—H stretching signals.!'°~172) Tt was
found that the water structure underwent order—disorder—order
change with the change of pH and the orientation of water
molecule could flip by 180° when the pH of the aqueous so-
lution crossed the isoelectric point of the quartz surface.!!%!
What is more, Yang et al. associated the suppressed ordering
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of water structures at small pH with poor ice nucleation on
mica coated by sulfuric acid.!!73!
The dependences of interfacial water structure on elec-

U75-178] were also

trode potential!’#! and cations in solution
widely investigated at molecular scale. It should be mentioned
that among these studies, SFG signals originate from two re-
gions at the charged water interface, labeled as “the bonded
interface layer (BIL)”, which is ordered and closest to the sur-
face, and “the diffuse layer (DL)”, which is next to BIL in
bulk H-bonding structure and can be affected by the surface
field (Fig. 4(a)). Therefore, the interpretation of the vibrational
spectra is very tricky and the subtle details of water—solid in-
teraction can be easily smeared out. In 2016, Wen et al. sep-
arated the spectral information of these two regimes success-
fully at lipid—aqueous interface and revealed different micro-
scopic structures of water molecules in BIL, arising from vari-
ous charge states of the lipid headgroup (Figs. 4(b)—4(d)).1 7!

ECTERS
probe.

Interfacial water

~nY

7-r'
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3,400
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3000 3200 3400 3600
Wave Number (cm™)
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Potential versus PZC (V)
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Fig. 4. (a) Illustration of two regions at the charged water interface. (b) OH stretching spectra of the BIL of the lignoceric acid monolayer-water

interface at three different pH values. At pH = 2.5 (the neutral interface), a negative OH stretching band below 3350 cm™

! extending beyond 3000 cm™!

dominates, arising from down-pointing OH of water and COOH in the fatty acid headgroups. At pH = 12 (nearly fully deprotonated interface), a broad

positive band from 3000 cm~! to 3450 cm~! dominates, resulting from up-pointing OH of water molecules donor bonded to O of COO~

O

Side-view snapshots of the MD trajectories for the neutral and fully deprotonated fatty acid—water interfaces, respectively. (e) Schematic illustration of
in situ electrochemical shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS). (f) Potential-dependent evolution of the hydrogen-bond
network of interfacial water. (g) Schematic of the EC-TERS operando measurement. Oxidation OFF state: left, 1.1 V vs. Pd-H. Oxidation ON state:
right, 1.45 V vs. Pd-H. (h) Two kinds of EC-TER spectra recorded at different AuO, defect locations and fitted by Gaussian peaks. (i) EC-TERS map
in the region of catalytic defects. (j) Schematic illustration of the difference in AuOy peak position. Panels (a)—(d) reproduced with permission from
Ref. [179], (e)—(f) reproduced with permission from Ref. [187], and (g)—(j) reproduced with permission from Ref. [195].

It is notable that the most challenging part of the SFG
technique is the spectral interpretation from atomistic level,
which may be complemented by theoretical simulations to
some extent.[!8%1811 Along with molecular dynamics (MD)
simulations, Kumar et al. provided atomistic understanding
of the distinct line-shape broadening of the hydroxyl group vi-

bration in various organic liquid in contact with sapphire. >3]

Lyu et al. found that by increasing the alkaline concentra-
tion, an additional red-shifted O-H peak in SFG on quartz
appeared and was attributed to the strong hydrogen bond of
water molecules with the OH™ adsorbed on the surface. The
detailed realignment of interfacial water was revealed by MD
and DFT simulation.!8%]

SERS is another technique widely applied to acquire vi-
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brational information on the plasmonic interfaces. Different
from SFG, the SERS was focused more on bulk samples due to
the difficulty of suppressing interferences from the adjoining
bulk phases!!®3] and the majority of interfacial studies were re-
lated to electrochemistry, self-assembled monolayers, and bi-
ological relevance,!'84 offering little insight into atomic-level
interfacial structure. Interfacial water also attracts a lot of at-
tention in SERS studies, where the variation of frequency and
intensity of O—H stretching band can be induced by electrode
potential "®1 and solvated ions.'% Recently, by combining
SERS and ab initio molecular dynamics study, the electrified
water structures at Au single-crystal electrode surface were
elucidated at molecular level by Li et al., revealing a concomi-
tant structural transition of water molecules from ‘parallel’ to
‘one-H-down’ and then to ‘two-H-down’ towards negative po-
tential scanning (Figs. 4(e)—4(f)).!'8”) Moreover, Shin et al.
uncovered molecular structure of water in the nanogaps within
the silver nano-particulates by SERS, suggesting a denser ice-
VII-like molecular structure even in ambient conditions. [!38]
TERS takes the advantages of SPM and SERS, allowing
chemical imaging with nanometer resolution.!'3°! The perfor-
mance of TERS in liquid was introduced by Zenobi et al.!'*"]
for the first time and Zeng et al.!'!) demonstrated that the ex-
istence of water layer can actually improve the spectral stabil-
ity. TERS has been used to monitor catalytic reactions at the
liquid/solid interface as well. %1931 It was demonstrated that
the electronic and catalytic properties of a bimetallic surface
can be mapped with 3-nm resolution in ambient condition.!!4l
Under operando conditions, Pfisterer et al. revealed that the
chemical active site at the liquid/solid interface could be spa-
tially resolved with a precision of 10 nm.!'3] Moreover, they
observed that Au; O3 and Au,O species could form reversibly
at defect-terrace and protrusion sites on the defect at the same
time (Figs. 4(g)-4()).

TERS imaging can be routinely obtained at tens of nanometers
196-201]

Although the spatial resolution of

in liquid and is experiencing a rapid increase recently,!
it is still challenging for TERS to achieve atomic-scale resolu-
tion up to now due to the drifting effect, optical distortion, the
uncontrollable condition of the immersed tip, and the balance
between the sharp tip able to acquire high resolution image
and appropriate plasmonic properties to enhance the Raman
signal. It is predictable that the TERS will become a powerful
tool in the near future for investigating liquid/solid interfacial
phenomena, including the detailed water structure.

3. Emerging techniques for characterization of
liquid/solid interfaces

3.1. SPM combined with nitrogen-vacancy center technol-
ogy (NV-SPM)

Although SPM can achieve atomic resolution, it in-
evitably induces perturbation to the liquid/solid interface by

the excitation of the tunneling electrons or the tip—substrate
interactions. For conventional spectroscopic methods, such as
optical spectroscopy, neutron scattering, and nuclear magnetic
resonance (NMR), they are almost non-invasive, but suffering
from broadening and averaging effects due to the limitation of
spatial resolution.

Nitrogen-vacancy (NV) center is an atomic defect in dia-
mond, consisting of a substitutional nitrogen atom and an ad-
jacent vacancy. Its spin states can be well manipulated by blue
laser and microwaves and read out by red fluorescence. The
resulting coherent spin evolution is very sensitive to the weak
external signals, such as magnetic field, electric field, temper-
ature, strain, and so on. Theoretically, the sensitivity of NV-
center is extremely high, allowing the detection of the spin of
a single proton and the electric field of a single elementary
charge. In addition, the NV-center is buried inside the dia-
mond (several nanometers below the surface), so it can work
in the harshest environments such as acid/corrosive solutions,
while still maintaining the excellent coherence. Most impor-
tantly, the interaction between the atomic N'V-center and the
targets is quite weak, corresponding to non-invasive sensing.

When employing NV-center as the scanning probe, the
so-called NV-SPM can overcome many limitations in prob-
ing liquid/solid interface. In particular, it is worth mention-
ing that NV-SPM can conduct magnetic resonance imaging
at nanoscale or even atomic scale. For example, the fluctu-
ating external nuclear/electron spins in aqueous solution may
lead to the enhancement of NV spin—Iattice relaxation, which
enables NV to image paramagnetic species and protons un-
der physiological conditions.!?°?l What is more, the molecu-
lar dynamics at a solid-liquid interface can be also obtained
by correlation signal from protons.[?°32041 By applying A.C.
electric field using the metal tip, it is possible to measure the
frequency-dependent dielectric response of the interfacial wa-
ter with nanometer resolution.

3.2. Multifunctional AFM techniques for battery charac-
terization

AFM can be operated under realistic operando condi-
tions to reveal detailed mechanism underlying electrochem-
ical processes at liquid/solid interface, such as the interfa-

[205-207] Establishing the relation-

cial evolution in batteries.
ship between microscopic structure and performance may
help to promote next-generation batteries. 252! As a pro-
totype, electrochemical AFM (EC-AFM) is the most widely
used setup controlled by a potentiostat or galvanostat.>10-212]
The application of EC-AFM ranges from the characteri-
zations of morphology evolution on anodes (highly ori-
ented pyrolytic graphite (HOPG),!?!3-2171 graphite,[?!821°]
iron,?201 1i,[2211 etc)  and cathodes (Li,C00O,,[2?>-224]
LiFeP04,22°1 V,05,12261 1 iMnP0,4[22) to the formation of
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Li-dendrite.??!?28] Moreover, the onset!?>*231 and dynamic

process of solid electrolyte interface (SEI) formation[?31-234]

and morphological changes influenced by the types, [226-233-236]

(237-2391 and concentration?*"! of electrolyte salts or

additives,
test temperature?*!! were briefly studied at the nanoscale, in-
dicating the inhomogeneous nature of SEI.[?4]

Apart from EC-AFM, a great number of advanced AFM-
based techniques have been applied for the studies of bat-
tery materials and interfaces, such as conductive AFM (C-
AFM), electro-chemical strain microscope (ESM), and Kelvin
probe force microscope (KPFM).?*3 ESM developed by
Kalinin!>*4-246] provides microscopic details of ionic or elec-
tronic transport process in battery under operation, via the lo-
calized measurements of volumetric strain induced by volt-

245,247.2481 Another valid technique to gain fun-

age pulse.!
damental understanding of interfacial electrical properties is
KPFM, >*°! which measures the surface potential between the
sample and AFM tip. It can be applied to study the effects

n!2%% and the relation-

of surface charges on ionic intercalatio
ship between the distribution of lithium ions and the capacity
decay.!?>!l Despite that AFM is a very powerful tool in the
context of battery characterization at the nanoscale, it is still
very challenging to obtain atomic-scale information. The de-
velopment of low noise cantilever deflection sensor!'%! and
various drift-compensated data acquisition schemes!!%%:107]

are promising to defeat this limitation in the near future.

3.3. Ex-situ SPM measurements under UHV condition

The approaches to study the solid—liquid interface men-
tioned above are all applied in situ under ambient condition.
Because of the thermal noise, instability of tip, interferences
by faradaic or capacitive currents, the achieved resolution is
much poorer compared with that obtained under ultrahigh vac-
uum (UHV) conditions and low temperatures.

For the reason that most of liquid placed in UHV will be
pumped away instantly, liquid/solid interfacial research should
be carried out ex situ under UHV condition. This method
is suitable for the systems where the interfacial interaction is
strong enough. The usual way is to temporarily immerse the

(2521 or dose a droplet by

solid surface into aqueous solution
a pipet!?>3] and then transfer the sample into the UHV cham-
ber for pumping away the bulk liquid on the surface, leaving
the interfacial liquid layers. Self-assembled organic molecules
on the surface prepared via the methods aforementioned have
been widely investigated by SPM. 254201 While the exposure
of the sample to atmosphere is inevitable in this process, caus-
ing sample contamination somehow and bringing trouble to
high-resolution characterization.>>”)

Diebold’s group designed a UHV-compatible apparatus
to dose ultrapure liquid water on well-prepared and char-

acterized substrate without air exposure.[>>®! This method

can avoid sample contamination by ubiquitous environmen-
tal species, which shows high affinity to the sample surface.
By taking advantage of this set-up, they clarified that expos-
ing TiO,(110) surface to ultrapure H,O in vacuum leading

2591 rather than (2 x 1) structure claimed

to (1 x 1) structure!
in others works, 222231 where the latter was identified as the
absorption of formic and acetic acids present in air. Such a
method is also viable for water with other metal oxide sur-
faces, such as Fe304(001)1291 and a-Fe,03(1102).1201 Ex-
situ measurements of liquid/solid interface under UHV can
indeed provide atomic-scale insights into the interfacial pro-
cesses, but the concern is that the few-liquid-layer left on the
surface might be too far from the realistic liquid/solid condi-

tion.

3.4. Cryo-scanning transmission electron microscopy

Transmission electron microscopy (TEM) is rarely in-
volved in earlier interfacial researches due to the reason that
measurements should be operated under vacuum conditions
and high-energy electrons not only bring perturbation to na-
tive environment at interface but also penetrate into the sam-
ple deeply such that the obtained information is not merely at
liquid/solid interface. Those limitations can be overcome by
vitrification,[*6?] which has been extensively use in the prepa-
ration of hydrated biological specimens. Fast freezing within
milliseconds has proven to preserve the native state of inter-
face and make the structural and chemical characterization
possible in vacuum conditions. With the help of cryo-focused
ion beam (cryo-FIB), it is possible to access the internal inter-
faces of thicker specimens.[263:264]

Recently, cryo-scanning transmission electron mi-
croscopy (cryo-STEM) was applied to analyze solid-liquid
interfaces in lithium batteries, revealing detailed nanostruc-
tures such as dendrites at SEI with atomic resolution. 2632661
What is more, the fundamental role and influence of SEI
nanostructures on battery performance can be clarified by
monitoring the subtle morphological change as long with the
number of cycling,!?®”] temperature variation, 8! and type
of electrolyte.[?®%2701 Tt is predictable that cryo-STEM will
become an important tool in the near future for investigating

various liquid/solid interfaces beside the battery materials.

4. Summary

In conclusion, we have introduced and discussed various
imaging and spectroscopic techniques aiming at understanding
liquid/solid interface from an atomic-scale perspective. As a
branch of SPM family, EC-STM provides a real-space imag-
ing of the adsorbate—surface interaction under electrochemical
condition, which sheds new light onto the microscopic pic-
ture underlying the macroscopic electrochemical phenomena.
Representative advances include characterizing adsorption of

116803-8



Chin. Phys. B Vol. 29, No. 11 (2020) 116803

various anions as well as self-assembled molecules within the
electrochemical double layer regime, atomic metal electrode-
position, metal corrosion and identification of catalytically ac-
tive surface sites. NC-AFM enables high-resolution interfacial
force measurements on insulating substrates, allowing for the
investigation of the local water structure due to its sensitiv-
ity to the short-range force and water density. 3D-AFM can
monitor distance-dependent behaviors of the interfacial inter-
action and image hydration layers both in lateral and vertical
directions on different surfaces. Surface-sensitive vibrational
spectroscopies including SFG, SERS, and TERS can extract
both detailed chemical and structural information from the in-
terface in a non-invasive manner. Atomic-scale understanding
can be obtained with the help of theoretical calculations.

Furthermore, there are also emerging techniques for the
atomic-scale characterization of liquid/solid interface. Firstly,
non-perturbative NV-SPM might be a good candidate via lo-
cally probing the electron/nuclear spin of molecules in liquid
with nanoscale precision, that is, nanoscale MRI. Secondly,
we introduced multifunctional AFM-based techniques applied
to address the interfacial phenomena in batteries under oper-
ation. Thirdly, ex-situ measurements of liquid/solid interface
under UHV and cryogenic environment can reveal some basic
aspects of liquid/solid interaction with unprecedented resolu-
tion. Lastly, the combination of fast-freezing technique and
STEM enables the structural and chemical characterization of
liquid/solid interface with atomic resolution, even for deep
buried interface. It is reasonable to predict that the characteri-
zation of liquid/solid interface from atomic-scale perspective,
especially the detailed solvent-solid interaction, will experi-
ence a rapid growth in the foreseeable future.
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