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ABSTRACT: The polarization response of a coplanar electro-
chemical capacitor covered with an ionic liquid as the electrolyte
has been examined using a combination of two powerful analytic

/Surface potential \
| spatiotemporal

techniques, X-ray photoelectron spectroscopy (XPS) and scanning  Focused behaviors - I | l l
electron microcopy (SEM). Spatiotemporal distribution of the X':'VS or
e-beam

jonic liquid surface potential, upon DC or AC (square wave)
biasing, has been monitored via chemical element binding energy
shifts using XPS and secondary electron intensity variations using
SEM. SEM’s high spatial resolution and speedy imaging together
with application of a data mining algorithm made mapping of the
surface potential distribution across the capacitor possible.
Interestingly, despite the differences in the detection principles,
both techniques yield similar polarization relaxation time constants. The results demonstrate the power of a synergistic combination
of the two techniques with complementary capabilities and pave the way to a deeper understanding of liquid/solid interfaces and for
performance evaluation and diagnostics of electrochemical devices.

B INTRODUCTION (>100 pm) length scales.” " Therefore, for extended IL
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Ionic transport controls the electrochemical processes and
operation of the energy generation and storage devices"” and
biological and environmental systems.”* Tonic liquids (ILs)
have been introduced as a recent and welcomed addition to the
conventional electrolytes for a number of promising
applications.” The basic understanding is that the physico-
chemical processes within the 1 —100 nm thin layer at the
solid/liquid interfaces play the most iméportant role in
controlling the performance of such devices."® The structure
and dynamics of the electrified interfaces have been debated
for more than one and a half centuries and revisited recently in
theoretical work by Bazant and Kornyshev.”™* Over the last
three decades, significant experimental and theoretical efforts
have been devoted to understanding the composition and
structure and the numerous other properties of these
ultranarrow interfaces. In these efforts, in addition to the
well-established electrochemical metrology, advanced optical,
microscopy, and scattering techniques have been utilized.">~*°
These have revealed that the screening dynamics evolving on
multiple time and length scales are due to various diffusion and
relaxation processes. This has been also corroborated by
simulations.”>> These studies have revealed that the polar-
ization of ILs includes medium—slow (0.1 s—10 s) and
ultraslow (10*°—10* s) evolutions, in addition to the fast
electrical double-layer (EDL) formation (1—10 ns), which also
proceeds on short (1—10 nm), medium (<1 gm), and long
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devices, the information reflecting not only the solid/liquid
interface but also the bulk liquid and electrodes must be
accounted for comprehensive analyses.

Operando analytic and imaging techniques have also been
implemented to establish a deeper understanding of the
interfacial properties. Among them, the techniques utilizing
electron emission are particularly suitable for providing the
information related to the electrical potential evolution during
charge redistribution. In particular, two techniques with
complementary capabilities, scanning electron microcopy
(SEM) with its higher lateral resolution, and X-ray photo-
electron spectroscopy (XPS) with its high chemical specificity,
stand out.

In both techniques, the measured signal depends on the
local surface potential (Figure la). In SEM, the surface
potential variations are observed as a reduction/enhancement
of the secondary electron (SE) intensity, while in XPS, the
potential-induced variations in the measured photoelectron
kinetic energy manifest as binding energy (BE) shifts of all
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Figure 1. (a) Diagram explaining the sensitivity of the measured SE intensity and photoelectron (PhE) kinetic energies (E,) to the local surface
potential (8) with respect to the detector (grounded: GND). Low-energy SEs are accelerated toward the detector at negative &, but a significant
fraction of SE cannot escape the sample under the positive 6. Similarly, the photoelectrons gain or lose their kinetic energy depending on the sign

and value of the local potential. (b) XPS and SEM (separate chambers)

setups for polarization studies of the lateral electrochemical device. SED

stands for the SE detector. The scale bar in the SEM video panel corresponds to 1 mm. See text for details.
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Figure 2. F 1s XP spectra recorded from the surface of the coplanar device along the center line when the top electrode is (a) grounded and (b)
under +4 V (left panel) and —4 V DC bias (right panel) and (c) under AC 1 kHz SQW excitations. (d—f) Corresponding steady-state potential

distributions across the sample that cause the mentioned F 1s BE shifts.

peaks. The ability of SEM to probe the potential distribution
across the surface is routinely used to study the doping
profiles,*”** p—n and Schottky barriers in semiconductors,"*
for complementary metal—oxide—semiconductor device diag-
nostics,45 intercalation and formation of solid/electrolyte
. 46 . . .
interface layers,” electromigration in electrochemical devi-
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ces,”” and more recently in liquid electrolytes.”® Electrical
potential distribution/variations in solid/liquid electrolyte
interfaces, as revealed by XPS, are even more informative
since the sign, the magnitude, and also the variations in cation/

anion ratios are directly quantifiable.”’~*’
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Figure 3. (a) Schematics of the device and potential evolution during step excitation of the left electrode. (b—d) F 1s peak recorded under 10 mHz
4 V SQW excitation and using the snapshot mode with 1 s timesteps at three different lateral positions along the device. (e,f) Extracted BE

evolutions at points A and B, respectively.

Tsuda et al. have reported earlier on a combined SEM and
XPS investigation of anodes of IL-based Li batteries,*’
followed by a more recent report by Benayad et al’' The
potential distribution at the electrified liquid/solid interfaces
has been recently probed via careful deconvolution of XPS
signatures of the special molecular probes.*”

This present work reports on a comparative XPS and SEM
operando study of a model coplanar electrochemical device
consisting of two metal electrodes deposited on a porous
polyethylene membrane (PEM) film coated with an IL as the
electrolyte medium. We have previously reported an XPS study
of similar IL devices, demonstrating that the polarization-
induced electrical potential profiles can be followed on the
macroscale, both as time-resolved (in the order of seconds)
and also spatially resolved (on the millimeter scale) fashions,
using both DC and AC actuations.”””* A natural and desirable
extension of this research is a combined study on the same
material and device to address two questions pertaining to the
similarities and the differences in the underlying detection
principles and probe depths of the two techniques: (i) How
comparable is the surface potential information obtained with
these different techniques? (ii) What are the advantages of
such a multimodal characterization?

B EXPERIMENTAL SECTION

A two-electrode coplanar electrochemical capacitor device was
fabricated by evaporating two parallel Cr strips onto a
rectangular 20 pm-thick microfibrous PEM with a porosity
of 43%. Before the measurements, the membrane was
impregnated with an IL DEME-TFS], [N,N-diethyl-N-
methyl-N-(2-methoxyethyl)ammonium—bis-
(trifluoromethanesulfonyl)imide], which bridged the two Cr
electrodes (Figure 1b). Two separate vacuum chambers have
been used for SEM and XPS measurements. For SEM studies,
2 keV primary electrons and an Everhart—Thornley-type SE
detector have been used. One electrode of the device was
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grounded, while a square wave (SQW) bias (3 V, 10 mHz) was
applied to the second one during operando polarization SEM
video recording with the frame rate of 1 Hz. Low magnification
(x35) and low beam current (100 pA) were selected to avoid
beam-induced electrolyte damage and observe both electrodes
within the same field of view. The grounded electrostatic shield
(not shown here) with a slit exposing only 1 mm X 4 mm of
the sample area was placed above the sample surface to
suppress the effect of the bias on the detected SE signal.

For spatially resolved XPS studies, monochromatic Al Ka X-
rays (1486.68 eV) were used, which can be focused down to a
50 pm spot. No X-ray- or electron beam-induced radiation
damage could be observed during spectrum, image, or
chemical map acquisition. The wiring of the sample was the
same as in the SEM setup with DC or AC SQW biases (3 V, 10
mHz and 4 V, 1 kHz) being applied to the nongrounded
electrode.

B RESULTS AND DISCUSSION

We first apply spatially resolved (spot size SO ym) XPS to
analyze the potential distribution along the central line of the
device (Figure 1b). Although C 1s appears as the strongest
feature within the XPS data (see the inset XPS spectrum panel
in Figure 1b), it has a convoluted peak shape, incorporating
contributions from both the membrane and the IL. Therefore,
for tracking the electrical potential variations, we use F 1s,
representing the IL anion and having a relatively larger
photoemission cross-section. In Figure 2, we summarize the
typical lateral potential distribution derived from the operando
XPS measurements during the DC or AC excitations. The F 1s
peak is at a BE of 688.5 eV under grounded conditions but
displays significant BE shifts under biasing, reflecting both
spatial- and time-dependent local electrical potential develop-
ments. The application of a DC bias U=+4 Vor U= -4V
induces spatially quasi-uniform but nonconforming (with
respect to the applied bias) BE shifts along the device (Figure

https://doi.org/10.1021/acs.analchem.1c02779
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2b). Note that the steady-state BE shift value is ca. U/2.
Different BE shift patterns appear when larger than 100 Hz
SQW excitation is applied to the top electrode. Here, a two-
sided (V-shaped) linear BE shift pattern can be observed,
reflecting the positive and negative cycles of the square wave,
recorded using the electron energy analyzer simultaneously.
These variations are attributed to two extreme conditions: (i)
the fully relaxed (DC, t = 00) and (ii) the fast transient (AC)
polarization of the IL between two coplanar electrodes. In the
former case (DC), the BE shift reflects the potential
distribution across the sample after all ionic relaxation
processes in the coplanar IL capacitor are complete.

Under these conditions, approximately half of the potential
drops at each of the EDLs formed symmetrically near the
electrodes, thus leaving ~U/2 potential, uniformly distributed
across the sample. Note that the width of the EDL is well
below the spatial resolution of the XPS (x50 ym) and cannot
be seen in the XPS maps.

On the other hand, the formation of the V-shaped linear
potential distribution in the case of 1 kHz AC excitations is
remarkable and indicates that the screening of the electrode
potential by the mobile ions (EDL formation at both
electrodes) is not effective; hence, the ions in the IL can be
seen as effectively frozen at these f'reque:ncies.S?"54 Therefore,
the corresponding polarization relaxation time of such an
electrochemical device is well above the millisecond range.

To shed further light on the temporal evolutions of the
polarization process, the BE position of the F 1s peak was fast-
sampled via application of 10 mHz SQW excitations with 1 s
intervals using the snapshot mode of data collection from a
single point at three locations A, B, and C, along the device
(Figure 3a). The results are shown in Figure 3b—d, which
reveal two important findings. First, the temporal response of
the IL, in general, can be fitted with two time constants (7, and
7,), one in the range of seconds and the other one being much
longer, as depicted in Figure 3e,f. Second, a clear asymmetry is
evident with respect to the polarity of the applied bias;
negative biasing (lower BE) results in a single short time
relaxation constant, while the positive one (higher BE) requires
two time constants for fitting. Both findings are surprisingly
well corroborated with the SEM data, as is discussed below.

In Figure 4, we summarize the SEM data collected under a
10 mHz frequency 3 V SQW excitation by recording a video
file of the SE yield (SEY) dependence on two spatial (x, y) and
time coordinates (f). In a video frame shown in Figure 4a, the
local SEY from the surface of the IL apparently depends on the
bias applied to the left (right) electrode, where a higher (or
lower) yield is observed for the areas with the higher negative
(or positive) potential. The electrodes can also be seen
through the thin layer of the IL because of the type II SEs.
However, the shown video frame has low contrast and is
almost featureless between the electrodes.

To better understand the observed polarization behavior, the
SEM video data have been analyzed in the following way. First,
the time-dependent dataset of the SE intensity, SEY(x, y, t),
has been averaged along the dimension running parallel to the
electrodes to yield a visualizable 2D map. The resultant map is
shown in Figure 4c and manifests a combined spatiotemporal
polarization behavior. The voltage waveform applied to the left
electrode and consisting of alternating +3 V square pulses is
shown in Figure 4d. The IL film becomes laterally polarized
upon excitation. As it can be seen in Figure 4c, the most
significant variations occur near the biased electrode, and
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Figure 4. SEM imaging: (a) SEM video snapshot of the device with
the biased electrode on the left and grounded electrode on the right;
(b) k-means clustering loading map for five relaxation behaviors; (c)
SEY intensity time—distance map obtained by averaging SEM video
data along the spatial direction running parallel to the electrodes; (d)
AC bias voltage waveform used in this experiment; (e) mean SEY
responses for each of the 1—5 clusters shown in (b); the same time
axis in (c—e).

response gradually vanishes toward the center of the device in
proportion to the proximity to the biased electrode. Similar to
XPS BE data, the temporal profile of SEY also exhibits a spatial
dependence with the locations closer to the grounded
electrode displaying a growing signal, and with those closer
to the biased electrode, a more complex response is observed,
with an initial rising spike followed by a slow decay. In the
middle of the film, the SEY signal gradually changes from one
type to another. Interestingly, both grounded and biased metal
electrodes also manifest polarization behavior upon excitation.
The latter is due to complete coverage of the electrodes with a
thin layer of IL.

To extract the full content of the SEM video dataset in a
visualizable form, we apply statistical and clustering algorithms
for SEM video processing. Principal component analysis
(PCA) in principle can do this, but its results are not easy
to interpret meaningfully because the PCA algorithm is tuned
to find statistically significant differences in the data while
ignoring physical constraints. To make sure the results are
physically meaningful, we employ the k-means clustering
algorithm,>” which separates the SEY(x, y, t) spatiotemporal
dataset into a user-defined number of clusters that have similar
polarization temporal behaviors. The spatial distribution of the
found clusters (behaviors) is displayed by mapping them by
color. Figure 4b shows a loading map for five clusters (see ref
56 on how to determine the optimal number of behavioral
components). The corresponding color-coded mean SEY(¢)
polarization behaviors are shown in Figure 4e. Figure 4b,e
presents all the information initially present in the original
dataset in a form that is easy to percept and interpret.

https://doi.org/10.1021/acs.analchem.1c02779
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All the clusters’ curves (Figure 4e) follow the applied square
pulse voltage waveform, however, each with its own unique
peculiarities. Cluster S (red) is present in the grounded
electrode and shows a rising-shaped response with a relatively
high average SEY value, due to the high SEY of the metal and
its bias. Cluster 4 (orange), present in the film’s region close to
the grounded electrode, displays a similar behavior with a
lower average SEY value. This cluster’s spatial distribution
reveals an existence of filamentary protrusions and a very
narrow strip by the biased electrode. The remaining three
clusters, localized in the biased electrode and in the film close
to it, show strong polarization spikes at each bias onset. These
clusters’ responses differ in the magnitude of the spikes, with
the largest present in clusters 2 (light blue) and 3 (green).
These findings corroborate the SEM observations that the
electrodes were covered with a thin layer of IL, and the yield of
the escaping SEs was affected by the liquid EDL formed over
the electrode, which responded to the applied bias.
Interestingly, a defect (particle) is visible on the biased
electrode, where components 1, 3, and 4 are present (Figure
4b), indicating that the particle is electrically decoupled from
the electrode. In addition, the component distribution across
the film is nonuniform, highlighting a fan-shaped structure
invisible in the individual SEM images (cf. Figure 4a,b). Note
that the individual video frames have too low contrast to show
this nonuniformity. These observations of the filamentary and
other inhomogeneities in polarization behavior across the
sample (Figure 4b) suggest that the captured polarization
dynamics is most probably related to the structure of the IL
impregnating the PE film. Defects and/or wetting partic-
ularities may result in the IL thickness irregularity across the
film, therefore causing the observed effects.

While the raw SEM video data are too noisy to extract the
local polarization relaxation time constants with acceptable
precision, the k-means clustering and their time responses in
Figure 4e provide such an opportunity. Moreover, k-means
clustering allowed the mapping of the spatial distribution of
these time constants and the corresponding behaviors (Figure
4b). As in the case of XPS results, the relaxation processes can
be fitted with two [slow (r;) and very slow (z,)] time
constants in the order of seconds and few tens of seconds
correspondingly (Figure 4e; see also Table S1 in the
Supporting Information). Here, again, one can observe an
interesting phenomenon that positive biasing requires 2 times
constants to fit the data, presumably suggesting an asymmetry
in diffusivities of cations and anions.

Although the observables in XPS (the BE shifts) and SEM
(the SEY) of the same device are very different, their temporal
and spatial variations are remarkably similar, both revealing the
presence of slow (1—10 s) and ultraslow (>10 s) polarization
relaxation time constants, although the origin and values of the
observed time constants depend on the composition of the IL,
device geometry, and detection mechanism and are beyond the
scope of the current study. For preliminary explanations, we
can invoke the consideration of Bazant et al. developed” for the
IL parallel-plate capacitor geometry. Namely, they introduced
three characteristic time constants, (i) 7p = (Ap)?/D, (ii) 7¢ =
(ApL)/D, and (iii) 7, = (L)*/D, associated with electrode
polarization, diffusion across the cell, and diffusion charge
dynamics, respectively.” Here, Ay, is the Debye length, L is the
half-distance between electrodes, and D is the diffusion
constant of the jons. Due to the nanometer-scale width of
the EDLs in ILs, 7, ought to be far smaller than the sampling
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rates used in this study. Therefore, the slow time constant
observed in our experiments could be associated with the ion
diffusion across the cell (z¢). The typical experimentally
observed Debye length for ILs is in the order of 10 nm.”**"**
Taking L ~ 1.5 mm for our electrochemical capacitor and the
diffusion coefficient for the IL as ~10™"! m? s™',*® we can
estimate 7 & 1.5 s, in a reasonably close agreement with 7, for
both XPS and SEM results considering the coplanar (not
parallel plate) geometry of the capacitor. The even slower time
constant 7, observed in our experiments is most probably
related to the inhomogeneity of the diffusion paths for ions and
has no relevance to 7;, which scales as 10° s for our geometry.

B CONCLUSIONS

In summary, we used XPS and SEM techniques to
comparatively study the surface potential evolutions in a
coplanar IL capacitor during device polarization. We found
that despite the different detection principles, these two
techniques provide reasonably well-corroborating results on
polarization relaxation time constants, which are related to
slow (seconds) ionic migration along the device length. The
high energy resolution of XPS allows for a precise quantitative
analysis of the surface potential, while the high lateral
resolution of SEM is useful for spatial potential mapping.
Data mining algorithms applied to SEM polarization video data
enabled the extraction of inhomogeneities in the spatiotem-
poral polarization behavior across the sample. The latter is
presumably related to the sample’s morphological inhomoge-
neities and can be responsible for multiple time constants
observed in the experiment. Overall, the work demonstrates
the usefulness of combining these two techniques to study
complex electrochemical phenomena in operando. We believe
that our findings would foster further experimental and
theoretical studies on similar systems and motivate the
realization of a combined instrument in future.
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