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Abstract
Electrochemical interfaces are central to the function and
performance of energy storage devices. Thus, the develop-
ment of new methods to characterize these interfaces, in
conjunction with electrochemical performance, is essential for
bridging the existing knowledge gaps and accelerating the
development of energy storage technologies. Of particular
need is the ability to characterize surfaces or interfaces in a
non-destructive way with adequate resolution to discern indi-
vidual structural and chemical building blocks. To this end, sub-
diffraction-limit low-energy infrared optical probes that exploit
near-field interactions within atomic force microscopy plat-
forms, such as pseudoheterodyne nanoimaging, photothermal
nanoimaging and nanospectroscopy, and nanoscale Fourier
transform infrared spectroscopy, are all powerful emerging
techniques. These are capable of non-destructive surface
probing and imaging at nanometer resolution. This review
outlines recent efforts to characterize ex situ,in situ,andoper-
ando electrode materials and electrochemical interfaces in
rechargeable batteries with these advanced infrared near-field
probes.
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Introduction
Critical to the advancement and realization of
rechargeable high-energy density storage systems [1e5]
is the fundamental understanding and control of the
electrochemical interfaces which determine the func-

tion and operation of such devices [6e9]. Ideally, char-
acterization of such dynamic interfaces [10], and the
interphases that grow therein [11e13], would be done
in an inherently non-destructive way, within its native
environment, at spatial resolution that matches the size
and distribution patterns, of the interphase individual
building blocks. The practical realization of this goal is
extremely challenging because these interfaces and in-
terphases are: (i) buried at the junction of dissimilar
materials d causing accessibility issues, (ii) highly
reactive d causing stability issues, (iii) structurally and

chemically heterogeneous d causing signal convolution
issues, (iv) electrode potential dependent d causing
controllability issues, and (v) nanometer-thin in contact
with electrode and electrolyte d causing detectability
and selectivity issues.

These analytical hurdles related to sensitivity, speci-
ficity, selectivity and environmental control stimulate
the development of new experimental approaches to
characterize electrochemical interfaces to overcome
some subset of these challenges for a variety of specific

materials and interface architectures. While a full survey
of such endeavors is beyond the scope of this work, some
notable examples employ X-ray [14e16], electron
[17,18], neutron [19], optical [20e22], synchrotron
[23], and scanning probe methods [24e26]. Provided
herein, is a short review of an emerging class of infrared
near-field nanoimaging and nanospectroscopy method-
ologies aimed at overcoming some of the aforementioned
challenges to study electrochemical energy storage ma-
terials and interfaces, non-destructively, with nanoscale
resolution, and in some cases, while within their native

environment. Before moving to review specific experi-
ments, we briefly discuss the working mechanisms and
implementations of some of the common near-field ap-
proaches used on electrochemical systems.

Near-field probes based on atomic force microscope
(AFM) platforms are capable of chemical imaging and
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2 Innovative methods in electrochemistry (2024)
vibrational spectroscopy at resolutions below the
diffraction-limit of the excitation wavelength [27,28].
Specific examples of these techniques include tip-
enhanced Raman spectroscopy [29e31], and those
that exploit infrared (IR) scattering (Figure 1a), or
photothermal (PT) expansion (Figure 1b), from below a
scanning probe’s tip end. In the PT-type, typically
pulsed IR light is directed at the tip/sample junction

(Figure 1b), and induced local thermal expansion is
detected and correlated with local IR absorption
(Figure 1b, inset), and is referred to as AFM-IR
[32e36]. Note that PTIR, PFIR, and PiFM are other
photothermal modalities and have recently reviewed
elsewhere [36]. The precise in-plane and out-of-plane
spatial resolution for AFM-IR depends on the probe
geometry and material, the sample material, and is still a
point of research, but it is typically considered to be
10e20 nm and 100’s of nm, respectively [35].

For the scattering-type, IR light is directed at the tip/
sample junction (Figure 1a), the electric (near-) field is
enhanced within nanoscopic regions around the probe
tip’s end (Figure 1a, inset), and backscattered light from
that region is detected/processed with a combination of
lock in demodulation and interferometric methods to
obtain local optical properties such as reflection and
absorption. The in-plane and out-of-plane spatial reso-
lution for scattering-type depends on the probe geom-
etry and material, the sample material, and (as with the
PT-type) is still a point of research, but it is typically

considered to be 10e20 nm and 10’s of nm, respectively
[38e40]. That said, the depth sensitivity is, in the least,
highly dependent on (i) which demodulated harmonic is
being considered (the higher harmonic, the shallower
the probing depth [38e40]) and (ii) the dielectric
properties of the sample material, where subsurface
detection through insulators can be as deep as ca.
100 nm [41]. For metal samples, the fields decay rapidly
so as to be mostly surface sensitive, however for
Figure 1

Schematic highlighting some of the key components of (a) s-SNOM-based an
(a) reproduced with permission [37] and display items in (b) reproduced with
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nonmetal sample surfaces decorated with metal nano-
structures, and/or nonmetal samples coated with low
dimensional materials with resonant properties, sub-
surface detection depth can be tuned to some extent,
amplifying surface and subsurface sensitivity [42e46].

Furthermore, properties of the incident light source
(and detection methodology) permit various kinds of

imaging and spectroscopy. If the IR light source is con-
stant and monochromatic, scattering scanning near-field
optical microscopy (s-SNOM) [47] capable of
measuring local IR reflection and absorption at the
energy of the incident light can be conducted. This
approach is typically accomplished with a pseudohe-
terodyne detection scheme [48], and can be referred to
in the literature as pseudoheterodyne imaging (PHI). If
the incident light is energetically broadband, white light
nanoimaging can be conducted which to first order maps
gradients in local electronic conductivity, or nanoscale

Fourier transform infrared spectroscopy (nano-FTIR)
[49e51], or synchrotron infrared nanospectroscopy
(SINS) [52,53] in cases where the incident broadband
light originates from a synchrotron.

These relatively new and promising near-field probes for
nanoscale vibrational imaging and spectroscopy are also
generally non-destructive to the sample of interest as
they typically operate in a tapping AFM mode, and the
incident IR light has low photon energy. These ap-
proaches have been used to study a diversity of materials

and physicochemical phenomena, including plasmons
[54,55], phonon polaritons [56,57], dielectric properties
[58], strain in low dimensional materials [59], COVID-
19 virus [60], living cells [61], catalysts [62,63], and
small molecule semiconductors [64]. This review fo-
cuses on research efforts that utilized near-field IR
techniques to non-destructively characterize the struc-
ture and chemistry of electrochemical energy storage
materials and interfaces with nanoscale resolution. In
d (b) photothermal-based IR nanoimaging and nanospectroscopy. Inset of
permission [35,36] (for inset).

www.sciencedirect.com
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Nano-IR study of electrode/electrolyte interfaces Larson et al. 3
the following four sections we review how IR near-field
methods have been used to study (i) phase distributions
within electrodes, (ii) electrolyte, coating, and mem-
brane surfaces, (iii) ex situ interphases, and (iv) in situ and
operando intact interfaces.
Phase distributions within electrodes
Electrodes (anodes and cathodes) are materials of central
importance for energy storage as they reversibly store/
dispense the electrochemically active species (typically
Li) within a rechargeable battery. The first work to study
an energy storage electrode with IR near-field measure-
ments focused on illuminating phase distributions within

lithium iron phosphate (LFP) microcrystals [65]. In the
work the LFPmicrocrystals were characterized at various
states of lithiation, with PHI-based nanospectroscopy
[65]. The LixFePO4 microcrystals were chemically deli-
thiated to achieve a range of Li contents with values of x
equal to 0, 0.5, 0.6, 0.74, and 1 (X-ray diffraction was used
to determine x). Then, as shown in Figure 2a, near-field
PHI-based nano-FTIR was conducted on fully lithiated
and fully delithiatedmicrocrystals, that is for x= 1 (LFP)
and x = 0 (FP), respectively. This resulted in the
Figure 2

(a) PHI-based nano-FTIR of LFP and FP. Reproduced with permission [65]. (b
Reproduced with permission [65]. (c) The overlay of two AFM-IR images at ca
(-CN), respectively, on the surface of a protective coating for Li anodes. Repro
regions on the surface of polymer electrolyte membrane where blue (yellow) r
(e) and (f): AFM-IR at 1255 and 1078 cm−1, respectively, for mapping C–N (
electrolyte. Reproduced with permission [68]. (For interpretation of the referenc
this article.)

www.sciencedirect.com
identification of a very clear difference in their near-field
spectra: a strong band from the near-field amplitude at
about 1042 cm�1 in the fully lithiated case (note the
amplitude is the absolute value of the complex-valued
spectrum referenced to Si). This feature was then used
in subsequent PHI and PHI-based nano-FTIR to (i)
demonstrate a two-phase coexistence between local re-
gions of more, or less, Li and (ii) elucidate the spatial

distribution of these phases and mark the bounding
interphase, all as a function of stochiometric amount ofLi.
As shown in Figure 2b, PHI at various states of lithiation
exquisitely showcases the two-phase coexistence and
geometric evolution of a diamond-shaped Li-rich phase.
This was further confirmed with PHI-based nano-FTIR
collected across the length of an ca. 2micron long partially
delithiated microcrystal with x = 0.74.
Electrolyte, coating, and membrane
surfaces
IR nanoimaging has also been used for ex situ charac-
terization of electrochemical surfaces. In this section we
representatively cite some of these studies. Several
works have utilized AFM-IR to characterize the
) PHI at 1042 cm−1 of LixFePO4 microcrystals at various states of lithiation.
. 1375 cm−1 and 2250 cm−1 for the identification of PVDF (-CF) and PAN
duced with permission [66]. (d) AFM-IR at 1640 cm−1 to map bicontinuous
egions map P4VP/PA (PEEK) domains. Reproduced with permission [67].
from DMF) and Si–O vibrations (from MPS) on the surface of a PML
es to color in this figure legend, the reader is referred to the Web version of

Current Opinion in Electrochemistry 2024, 47:101548
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4 Innovative methods in electrochemistry (2024)
nanoscale distribution of chemical compounds in pris-
tine polymer electrolytes, protective coatings, mem-
branes, and composite electrolytes [66e71]. For
example, the realization of metallic Li as an anode ma-
terial requires developing new methods to stabilize the
surface. A general proposed means toward this end is to
use protective coating layers aimed at increasing sta-
bility. AFM-IR was recently used for chemical imaging of

such a protective polymer coating used for stabilizing Li
metal anodes [66]. The as-deposited coating, poly-
vinylidenefluoride polyacrylonitrile (PVDF�PAN), is
lithiophilic, promotes uniform Li deposition, and
possess porous structures arising from a phase segrega-
tion that can aid in Li-ion transport (Figure 2c) [66].

In another study, AFM-IR was used to characterize an
as-prepared proton-conductive polymer electrolyte
membrane possessing high stability and high conduc-
tivity required for high temperature supercapacitors
[67]. The AFM-IR aided in the experimental confir-
mation of bicontinuous phases across the membrane
surface (Figure 2d) that were prepared by controllable
cross-linking of poly(ether-ether-ketone) and poly (4-
vinylpyridine). An additional example of AFM-IR use
in characterizing ex situ electrochemical surfaces is that
of a recent study in which a polymer electrolyte surface

chemistry was mapped [68]. The AFM-IR data clearly
imaged and mapped heterogenous distributions of DMF
and 3-methacryloxypropyltrimethoxysilane (MPS) along
the surface of the pristine polymer electrolyte
(Figure 2e,f) [68]. Other uses of AFM-IR include
nanoimaging at 1712 cm�1 (corresponding to C]O
stretching) to map the distribution of dimethylforma-
mide in polyvinylidene electrolytes [72e76].

Ex situ interphases
A point of focus for near-field IR nanoimaging and
nanospectroscopy efforts in the energy storage space has
been the characterization of the solid-electrolyte inter-
phase (SEI). The SEI formed on a Cu electrode after 1
cycle of Li metal plating and stripping in a 1 M LiFSI in
1,3-dioxolane (DOL) þ 4 wt.% LiNO3 electrolyte was
characterized with AFM-IR nanoimaging [77]. Nano-
imaging at 1081 cm�1 demonstrated a homogenous

distribution of poly-DOL in the formed SEI layer. In
another study, PHI was used to assess the spatial dis-
tribution of lithium ethylene dicarbonate (LiEDC) on
the surface of a thin-film Si electrode after SEI forma-
tion in a 1.2 M LiPF6 EC:EMC (at a 3:7 wt%) electro-
lyte [78]. By imaging at 1330, 1360, and 1410 cm�1, the
authors showed that the LiEDC randomly distributed
on the surface suggests a high amount of SEI reac-
tion heterogeneity.

Ex situ IR nanoimaging (with PHI) was conducted of the
SEI on an Sn anode [79]. The Sn anode, in 1 M LiPF6 in
EC:DEC (at a 1:2 wt%) electrolyte, was cycled five
times between 3V and 0.8V vs Li/Liþ in an attempt to
Current Opinion in Electrochemistry 2024, 47:101548
grow an SEI. The lower potential limit was chosen to
prevent SneLi alloying. During cycling, large cathodic
peaks around 1.3V vs Li/Liþ suggested electrolyte
reduction and SEI formation. However, their absolute
current decreased with cycle number and cathodic
peaks never vanished, implying imperfect surface
passivation and reformation of SEI. Post cycling, the Sn
electrode was removed from the beaker cell atw3V, and

transferred into the near-field system. Then, AFM of
the SEI (Figure 3a), and PHI of the SEI was conducted
at five energies: 1042, 1052, 1061, 1075, and 1088 cm�1.
The PHI at 1042 cm�1 is displayed in Figure 3b,
showing IR evidence of nanoscale chemical heteroge-
neity of the SEI that is decoupled from the topography.
PHI at the other energies showed the distribution of
lithium carbonate (1088 cm�1) and lithium ethylene
dicarbonate (LEDC, 1061 cm�1) within the SEI.

Ex situ PHI was carried out on the SEI on highly ori-

ented pyrolytic graphite (HOPG) functioning as a
model C anode [80]. Electrochemical protocols were the
same as for the aforementioned Sn anode work[79].
However, in this case, the HOPG anode realized good
passivation as demonstrated by cathodic reduction
peaks becoming vanishingly small. AFM and PHI were
collected of the SEI at three difference potentials vs Li/
Liþ: 1.66, 1.36, and 0.9 V. These measurements revealed
an SEI that comprised an inner and outer layer with
distinct structural and optical properties (Figure 2c,d).
The former was significantly smoother than the latter,

yet still possessed a subtle chemical heterogeneity not
correlated with its structure and only detectable with
the near-field probe. At the higher potentials, the outer
layer comprised an agglomerate of nanoparticles packed
loosely enough for the inner SEI to be clearly observed
(Figure 2c,d). While the nanoparticles ranged in size,
their average diameter was close to 200 nm. Interest-
ingly, with decreasing voltage, a densification and likely
chemical evolution of the outer SEI film was observed at
0.9V, likely a key process in the stabilization of the SEI
on carbon anodes.

Broadband nano-FTIR was utilized, in combination with
AFM and white light nanoimaging, to study SEI layer
formation on thin-film Si anodes, in a 1.2 M LiPF6

EC:EMC (3:7 wt%) electrolyte [81]. The thin-films
were investigated after cycling and a voltage hold to
determine the SEI structure after formation and aging.
The results of the characterization depended on
whether the SEI was washed (with dimethyl carbonate)
after cell disassembly. The washed SEI had a rougher
topography, more heterogeneous white light reflectance,
and altered nano-FTIR spectra (cf. Figure 3e,f)

suggesting that washing the SEI, even briefly, can result
in undesirable changes to the original SEI structure and
topography. The non-washed SEI contained LiEDC,
residual electrolyte, polyethylene oxide (PEO), and
decomposition products derived from PF6

- ions.
www.sciencedirect.com
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Figure 3

(a) Topography, via AFM, of the SEI on an Sn anode extracted at about 3V after 5 cycles and (b) PHI of the same at 1042 cm−1, both reproduced with
permission [79]. (c) AFM topography and (d) PHI at 1030 cm−1 of the SEI formed on an HOPG model carbon anode extracted at 1.36 V vs Li/Li+, both
reproduced with permission [80]. (e) and (f): AFM topography (top), and near-field white light images (bottom) of the interphase on a thin-film Si electrode
after cycling and aging with and without a washing treatment, respectively. Both reproduced with permission [81]. (g) Broadband nano-FTIR spectra of the
interphase on a thin-film Si electrode taken at different potentials. Reproduced with permission [81]. (h) AFM (top) and nano-FTIR absorption (bottom) of a
statically strained SEI on a delithiated to 1.5V vs Li/Li+ thin-film Si anode. Both reproduced with permission [82].
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Interestingly, the non-washed SEI was very chemically
homogenous on the nanoscale suggesting that previously

reported heterogeneity could arise from washing or
other SEI altering treatments. Lastly, a comparison of
the nano-FTIR spectra during the first lithiation and
after electrochemical aging of the Si thin-film
(Figure 3g) highlighted that PF6

- ions and its decom-
position products were accumulating within the SEI
layer, implicating the anion as a major contributor to
parasitic reactions during aging.

In order to conduct nano-FTIR across SEIs on model Si
anodes that possessed different amounts of static strain,

and at various potentials with respect to Li/Liþ, a new
methodology amenable to near-field characterization was
devised and implemented [82]. This was accomplished
by fabricating custommodel thin-film Si anodes atop Li-
ion inert materials that were either mechanically
compliant/soft (polydimethylsiloxane) or mechanically
www.sciencedirect.com
rigid/hard (fused silica). When undergoing electro-
chemical lithiation, the thin-film Si anode on the soft

substrate, and the SEI residing thereon, wrinkled and
experienced a peak biaxial strain of ca. 10%., whilst the Si
anode on the hard substrate did not experience ineplain
strain. Electrochemical measurements comparing the
parasitic currents realized in each system, at multiple
potentials vs Li/Liþ below 0.8V, showed that the stati-
cally strained SEI experienced 10e25% more parasitic
current. Subsequent AFM (Figure 3h, top) and nano-
FTIR (Figure 3h, bottom) measurements of the strain-
ed SEIs suggest that the strained SEI experiences a
structural loosing that opens nanochannels and facili-

tates the selective penetration and confinement of EMC
to the surface of the Si electrode. As a result of, and after
these processes, solvent reduction and electrolyte
decomposition continues at the Si electrode, increasing
parasitic electrolyte reduction current on Si and nega-
tively influencing calendar life for Si anode batteries.
Current Opinion in Electrochemistry 2024, 47:101548
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In situ and operando intact interfaces
So far, in the previous section, we discussed ex situ
methods for characterizing interphases. In this section,
we review reports of in situ and operando characterization
of electrochemical interfaces, and also, in some cases, the
interphases that grow therein. A recent work [83] de-
scribes the fabrication of ultrathin free-standing IR and
electron transparent metal-oxide membranes for use in
studies of solidegas and solideliquid interfaces
(Figure 4a, inset). Notably, they fabricate a free-standing
graphene/TiO2 membrane by transferring graphene onto
a porous array of 1-um diameter holes and then
Figure 4

(a) Nano-FTIR absorption spectrum (and schematic, inset) of titanium oxide/e
spectrum of a three-phase interface in a Li-air battery. Reproduced with permis
free device for characterizing Li-polymer electrolyte interphases in situ with na
pristine polymer electrolyte and two regions of the Li-polymer electrolyte interph
a graphene-enabling device for in situ or operando IR imaging or nanospectr
permission [86]. (f) Nano-FTIR absorption spectra of an electrochemically ac
experiments between 0 and 0.5 V. Simultaneous control and spectroscopic ch
layer is demonstrated. Reproduced with permission [86].

Current Opinion in Electrochemistry 2024, 47:101548
depositing 2 nm of TiO2 onto the graphene with plasma-
enhanced atomic layer deposition. Using ultrabroadband
SINS, they probed the graphene/TiO2/sodium sulfate
(0.1M inH2O) interface which revealed absorption from
the antisymmetric stretching mode of S]O around
1100 cm�1 and the HeOeH bending mode at
1650 cm�1 with altered peak intensities relative to the
bulk ATR-FTIR spectrum. The difference from the bulk

is attributed to the modified structure of the electric
double layer at the TiO2/sodium sulfate interface being
probed by the local near-field (Figure 1a). This work
lectrolyte interface. Reproduced with permission [83]. (b) SINS absorption
sion [84]. (c) Three-dimensional rendering of a graphene-enabling anode-
no-FTIR. Reproduced with permission [85]. (d) Nano-FTIR spectra of the
ase. Reproduced with permission [85]. (e) Three-dimensional rendering of
oscopy with simultaneous bulk electrochemical control. Reproduced with
tive solid– liquid electrolyte interface, operando, during bulk potential step
aracterization of the relative concentration of species in the electric double

www.sciencedirect.com
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Nano-IR study of electrode/electrolyte interfaces Larson et al. 7
provides an important experimental blueprint for char-
acterizing model metal-oxide/electrolyte interfaces.

In situ SINS was used to characterize the complex three-
phase zone of a Li-air battery (Figure 4b) [84]. This
three-phase zone refers to the interface between carbon
nanotubes, electrolyte, and gas. SINS measurements
were conducted at the three-phase zone after galvano-

static discharge at 1.28 m Ah cm�2 and immediate
transfer into the SINS sample stage under inert condi-
tions. The multiscale analysis done in this work (via
SINS and micro-FTIR) demonstrated that even with
the heterogeneity present on the cathode surface, the
discharge rate did not influence discharge products.
Moreover, evidence of electrolyte degradation and
formate species formation was also found.

Another work that leveraged nano-FTIR [85] started by
fabricating a custom anode-free battery device

(Figure 4c) which, in the as-prepared state, was made up
of a stainless steel current collector, monolayer graphene,
a polymer electrolyte, and Li metal on a stainless current
collector, all on a heating plate. The graphene functioned
as both an electrode and IR transparent window. Li
functioned as both counter and reference. Li was galva-
nostatically plated onto the graphene, generating an Li/
polymer electrolyte interface which then reacted to form
an interphase. Nano-FTIR characterization was done in
the pristine, post-heating, post-plating, and post-strip-
ping states, in situ, and revealed that (i) nanoscale het-

erogeneities along the polymer electrolyte surface led to
heterogenous Li plating and SEI formation, (ii) the PEO
in the interphase region becomes fully amorphous, and
(iii) the SEI is primarily composed of chemically distinct
regions (Figure 4d).

In order to enable multimodal characterizations of liq-
uids and solid/liquid interfaces in their native environ-
ment, a custom liquid cell device (Figure 4e) amenable
for IR nanoimaging and nanospectroscopy of liquids and
electrochemically controlled graphene/liquid interfaces
was constructed [86]. In situ SINS measurements were

conducted on water and propylene carbonate. Operando
SINS measurements were conducted at the graphene/
ammonium sulfate in water-electrolyte interface. Spe-
cifically, during tens of potential step experiments be-
tween 0.5V and 0V. The operando data revealed that
interface species likely from the electric double layer
around 1200 and 1300 cm�1 were reversibly electro-
chemically manipulable and detectible with infrared
nanospectroscopy (Figure 4f).
Concluding remarks
As demonstrated by the above-described works, near-
field IR nanoimaging and nanospectroscopy clearly
hold promise for future characterization of energy
www.sciencedirect.com
storage materials and interfaces. That said, there are
certainly challenges associated with implementing these
techniques that should be mentioned. For example, the
z-piezo max scan range is usually somewhere between 1
and 10 micron, and so the sample areas of interest need
to be flat enough to be compatible with such ranges.
The sample thickness is also something that needs to be
carefully considered as the total allowed thickness is

often between 5 and 20 mm. This constraint becomes
increasingly challenging when trying to design custom
compatible devices. Combine these with the fact that
the approach is necessarily a combination of AFM and IR
imaging and spectroscopy, and it becomes clear that the
approach is not a plug-and-play technique. On the other
hand, players in the commercialization of the technology
are making notable strides in lowering the barrier to
entry and offering robust solutions; and the technical
merits and unique capability of the analytical technique
shouldn’t be overlooked. Furthermore, the realization of

in situ and operando electrochemistry plus near-field IR
nanoimaging and nanospectroscopy is in its infancy, and
holds great promise for unearthing insights in the basic
science of energy storage interfaces and interphases.

Indeed, moving toward the characterization of electro-
chemically controlled surfaces and interfaces in
rechargeable battery materials and systems is critical for
catalyzing advanced energy storage technologies. Hold-
ing promise on this front is implementing methods that
are inherently non-destructive, capable of nanoscale

resolution over microscale regions, and amenable to
characterization of surfaces and interfaces while in their
native environment. Herein we outlined recent efforts
progressing to this end based on infrared near-field
probes. We briefly discussed the working mechanisms
and implementations of the scattering- and
photothermal-types, and highlighted works in which
these tools were employed to characterize (i) phase
distributions within electrodes, (ii) electrolyte, coating,
and membrane surfaces, (iii) ex situ interphases, and (iv)
in situ and operando intact interfaces. The latter ap-
proaches were enabled by the integration of bulk elec-

trochemistry and custom nanofabrication, with near-
field IR nanoimaging and/or spectroscopy. These near-
field IR multimodal characterization schemes will no
doubt be applied to more energy storage systems and
chemistries in the future, and their capabilities
expanded further still, so even more critically important
physicochemical properties hidden at energy storage
surfaces and interfaces will come to light.
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Data availability
No data were used for the research described in
the article.
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