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ABSTRACT

We present a new methodology that enables studies of the molecular structure of graphene-liquid
interfaces with nanoscale spatial resolution. It is based on Fourier transform infrared
nanospectroscopy (nano-FTIR), where the infrared (IR) field is plasmonically enhanced near the
tip apex of an atomic force microscope (AFM). The graphene seals a liquid electrolyte reservoir
while acting also as a working electrode. The photon transparency of graphene enables IR
spectroscopy studies of its interface with liquids, including water, propylene carbonate, and
aqueous ammonium sulfate electrolyte solutions. We illustrate the method by comparing IR
spectra obtained by nano-FTIR and attenuated total reflection (which has a detection depth of a
few microns) demonstrating that the nano-FTIR method makes possible to determine changes in

speciation and ion concentration in the electric double and diffuse layers as a function of bias.

TEXT

The interface between solid and liquid phases plays a fundamental role in natural and
engineered materials. In biological systems, transport of molecules and transmission of signals in
and out of cell membranes take place at membrane-aqueous solution interfaces'. In geochemical
systems, interactions between solid materials and aqueous solutions are responsible for chemical
weathering and soil formation?. In electrochemical systems, reactions such as CO2 reduction, H20
splitting, and corrosion phenomena occur also at the solid-liquid interface®>. Numerous theories
and models have been developed to describe the structure of solid-liquid interfaces, for example,
the electrical double layer (EDL) described by Helmholtz, and the more diffuse Gouy-Chapman
and Stern layers®. These continuum models, and modern atomistic models of solvation and
interface structure through first principles density function theory (DFT) calculations, necessitate
validation with experimental molecular level spectroscopy and microscopy techniques for a
fundamental understanding of solid-liquid interface structure and the processes occurring there,

such as charge transfer, adsorption, etc., and to improve many technologies®.

Several new experimental methods have been recently developed that enable studies at ambient
conditions. One approach uses partially immersed electrodes covered with nanometer thin
electrolyte films> ® to facilitate X-ray photoelectron spectroscopy (XPS) of electrode-liquid

interfaces. Other methods use thin membranes, such as silicon nitride and graphene, that permit



high energy electrons and photons to penetrate, yet are strong enough to withstand pressure
gradients between vacuum and liquid. These membranes have been used in transmission electron
microscopy (TEM)”*, scanning electron microscopy (SEM)® 1%, XPS!'!"I5 and X-ray absorption
spectroscopy (XAS)!> 1617 Here, we utilize graphene membranes to enable nanoscale vibrational

spectroscopy of graphene-electrolyte interfaces.

In contrast with X-ray or electron-based techniques, infrared (IR) spectroscopy is typically non-
destructive'®, and compatible with liquid environments. For example, Fourier transform IR
spectroscopy operated in the attenuated total reflectance mode (ATR-FTIR) has been used for the
characterization of solid-liquid interfaces'*->!. However, a substantial contribution of ATR-FTIR
spectra originates from the bulk liquid due to the penetration depth of IR photons, ranging from
hundreds of nm to micrometers'®. Therefore, without polarization dependent selection rules that
might distinguish the interface from the bulk®* %, such techniques can be insensitive to details
within ~10 nm of the solid surface, which are the most relevant to the interfacial chemistry within
the EDL and diffuse layers. Furthermore, the lateral spatial resolution is diffraction-limited by the

long wavelengths of IR light, which is several micrometers.

The development of IR scattering-scanning near-field optical microscopy (s-SNOM) has
overcome the diffraction limit of conventional optics to provide spatially resolved IR images down
to ~10 nm. This is accomplished by illuminating the metallized tip of an atomic force microscope
(AFM) with IR radiation, which produces a strong plasmonic enhancement of the electromagnetic
field near its apex. The scattered light from the near-field interaction between the tip and sample
is then measured**%°. If the illuminating IR source used is broadband, such as synchrotron
radiation or super continuum lasers, Fourier transform IR nanospectroscopy (nano-FTIR) can be

achieved?’ 28,

Researchers have successfully demonstrated the unique advantages of s-SNOM on numerous

solid systems, for example in the nanoscale characterization of graphene plasmons®’3!,

conductivity®>3?, phase transitions**%, ex-situ electrochemical interfaces®” 38 catalytic activity>’,

40, 41 24, 27

structure of bio-materials , polymers , and more. Even three-dimensional tomographic
reconstructions of solid electrochemical materials have been accomplished with s-SNOM

approaches*?, however nanoscale IR characterization of liquid films and surfaces with s-SNOM



has proven to be very challenging. Application of s-SNOM to liquid systems have been stymied
not only because of the strong absorption of IR light by the liquid, but also by the strong damping
of the oscillatory motion of the AFM cantilever in close proximity with the liquid*’. Khatib et al.
recently demonstrated a route around this challenge by encapsulating small amounts of water and
biomolecules with graphene, which provides an impermeable liquid barrier transparent to the IR
light**. This method, however, is limited to studies involving very small liquid volumes trapped

under graphene, which makes the application of bias for in-situ/operando studies difficult.
Experimental method

Figure 1(a) shows a 3D cross-sectional schematic of our graphene-based liquid cell for nano-
FTIR studies under bias control. The body of the cell is made of polyether ether ketone (PEEK),
an insulating solid material well-suited for machining. The liquid reservoir has a volume of several
microliters and is sealed by a graphene membrane mounted on top of a perforated silicon nitride
(Si3N4) chip with holes of 500 nm to 1 micron diameter. The chip was coated with gold (~20 nm)
to improve graphene adhesion and to ensure electrical connectivity to all regions of the graphene
membrane (see Supporting Information)*. An AFM topographic image of the graphene-capped
array of holes is shown in Figure 1(b). Raman spectroscopy, Figure 1(c), from the graphene shows
sharp peaks characteristic of monolayer thickness*®. Figure 1(d) shows a schematic view of one
hole to illustrate the principle of the nano-FTIR measurement through the suspended graphene

separating the liquid in the cell from the ambient gas side outside.

We use the bright, spatially coherent broadband IR radiation from the Advanced Light Source
(ALS), the Lawrence Berkeley National Laboratory synchrotron facility. The broadband IR is
focused on the Pt-coated AFM tip on a cantilever driven to oscillate at its fundamental resonant
frequency?®. The scattered near-field signal is demodulated at the second (and higher) harmonics
of the cantilever oscillation to eliminate the far field non-local scattered background (see
Supporting Information)*® 47, Reference IR spectra are obtained with the tip over graphene on

gold regions away from the holes.
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Figure 1. (a) Schematic of our graphene-capped liquid cell design with a cross-sectional view. A cavity in
the body center is the liquid electrolyte reservoir. A Pt counter electrode is fed through the cell wall. The
cell is sealed by a Si chip covered with a 50 nm thick perforated silicon nitride (SisN4) membrane, coated
with gold (~ 20 nm) and capped with graphene. The holes have diameters ranging from hundreds of nm to
um. (b) AFM image showing a region of a graphene-covered hole array (500 nm diameter). (¢) Raman
spectrum of graphene shows the characteristic peaks of monolayer graphene. (d) Schematic of a single

graphene-capped hole with a tip apex on top, showing the incident and scattered IR beams.
Results

a) Graphene — Water Interface



Figure 2(a) shows an image of the near-field IR amplitude Az, from the scattered light at the
second harmonic of the cantilever oscillation. The imaged region includes a hole with suspended
graphene covering the water-filled cell. The scattered amplitude over the suspended graphene
(dark color) is much smaller than that over the gold region (gold color). This is expected from the
(24,47

metallic nature of the graphene-gold region, with negligible absorption of the ligh , compared

to the poorly reflective graphene-water region.
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Figure 2. (a) Scattered IR amplitude image in a region containing a single hole with suspended graphene
in contact with water in the cell. The IR signal is the near-field amplitude A,, at the second harmonic of
the cantilever oscillation frequency. The large contrast difference between graphene/Au/SizNs4 and
graphene-H,O interfaces is due to their very different dielectric and absorption properties. (b) Color map
representation of nano-FTIR spectra in the water bending mode (scissor mode) region, acquired at 50 nm
intervals along the white line between the red and green end points in (a). The spectra displayed here is the

phase @2 of the scattered signal at the 2™ harmonic of the cantilever oscillation frequency, which



corresponds to the absorption coefficient of the material?**®. As can be seen the water bending mode peak
vanishes when the AFM tip is located over graphene/Au/SizN4. (¢) Comparison of an ATR-FTIR

measurement of a liquid droplet of H>O (top) with nano-FTIR measurements over graphene-H>O (bottom).

The peak from the water bending mode is clearly visible when the AFM tip is over the graphene-
water interface but vanishes when the AFM tip is over the graphene-gold region, as seen in the
spatially resolved nano-FTIR map, Figure 2(b). The averaged nano-FTIR spectrum on the
graphene-water region is plotted on Figure 2(c) (bottom) in blue. The spectrum is overall similar
to the ATR-FTIR spectrum of a droplet of the same water solution shown at the top of Figure 2(c),
except for a slight blue shift. Since the plasmonic enhancement of the IR around the AFM tip
decays exponentially with distance, with a decay length of the order of the tip radius*®, the nano-
FTIR spectrum should be sensitive to the layers of water within the decay length, which includes
the EDL and diffuse layers, with larger contribution from the first due to the exponential decay. In
contrast, the ATR-FTIR probes much deeper into the solution, of the order of the infrared
wavelength, i.e, several micrometers, and should thus represent the bulk of water. Although the
shoulders in the nano-FTIR peak might indicate the presence of several H-bonding configurations,
the current signal-to-noise ratio is not sufficient to support unambiguous assignments at this time.
In addition, the hydrogen bond stretching region of water, above 3000 cm™', which is very sensitive
to different bonding configurations, is unfortunately very noisy in our current set up (see

Supporting Information).
b) Graphene — Non-aqueous Organic Electrolyte Interface

A second experiment was conducted using anhydrous propylene carbonate (PC), a non-aqueous
organic solvent with high dipole moment used in battery electrolytes*. Figure 3(a) shows a
broadband IR image of a graphene membrane, with PC wetting below, and the surrounding
graphene/gold/Si3N4 region. As before the IR image is the amplitude of the second harmonic of
the near-field scattered light, A2, and the strong contrast reveals the very different dielectric

properties of the two regions.
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Figure 3. (a) Scattered IR amplitude image in a region containing a single hole with suspended graphene
in contact with the propylene carbonate (PC) liquid in the cell. As in the previous figure the IR signal is
the near-field amplitude A,, of the second harmonic of the cantilever oscillation frequency. The white line
marks the positions where nano-FTIR measurements were recorded. (b) Color map representation of the
nano-FTIR measurements acquired at 50 nm step intervals over ca. 1000nm between the red and green
bounding lines color-matched to points in (a). The spectra correspond to the phase ¢, of the scattered signal
at the 2" harmonic of the cantilever oscillation frequency, which corresponds to the absorption coefficient
of the material. Spectral features vanish when the AFM tip is located over graphene/Au/SizNs. (c) ATR-
FTIR measurement of a liquid droplet of PC (top) and nano-FTIR measurements over graphene-PC

(bottom).

Nano-FTIR spectra were collected in a similar way to the water measurements along a 1,000
nm long line (white line in Figure 3(a)), and are displayed as a color map in Figure 3(b). Several
bands with different peak heights can be seen only in the region where PC is in contact with the

graphene membrane. These bands match well to those of PC published in the literature®. The



spectrum at the bottom of Figure 3(c) is the nano-FTIR measurement collected at the graphene-
PC interface, which can be compared with ATR-FTIR data from a PC droplet, plotted in black on
the top. Overall, the nano-FTIR and the ATR-FTIR results are very similar, with only slight
differences in peak positions and heights. The similarity of two spectra indicates that the liquid

structure extends nearly unchanged from bulk to interface.
¢) Graphene — lonic Salt Solution Interface

The full power of this liquid nano-FTIR method is best demonstrated in the case of electrolytes
containing cations and anions that can be identified by their different vibrational characteristics.
For this purpose, we chose a 0.1 M (NH4)2SO4 aqueous solution, with the aim to identify the nature
of the species formed in the EDL, likely including NH4", solvated SO4*, H20, etc. The cell in this
experiment is similar to that in the previous two examples. We first performed ATR-FTIR on this
electrolyte for three different concentrations (0.1, 1.0 and 2.0 M) to establish its characteristic IR
absorption features. The result is plotted on the top panel of Figure 4(a). The expected peaks from
antisymmetric S=O stretching in SO4>" and the bending modes of NH4" and water can be easily
detected®®. The nano-FTIR performed over graphene covering the 0.1M electrolyte solution is
shown on the bottom panel of Figure 4(a) for a potential difference of zero volts between the

graphene working and Pt counter electrodes.

In contrast to the case of pure water and PC discussed above, in the 0.1 M case, very clear
differences exist between ATR-FTIR and nano-FTIR spectra (black and blue curves respectively
in Figure 4(a)). In the plotted wavenumber range, the ATR-FTIR measures a higher peak for water
bending mode than for sulfate and ammonia. This is a result of the low relative number of solutes
in the solution bulk: one (two) sulfate (ammonium) per ~ 550 water molecules at 0.1 M
concentration. However, in nano-FTIR, the sulfate (ammonium) peak is larger than (similar to) the

water bending mode. Moreover, additional peaks near 1200 cm™ and 1300 cm™ are recorded.

In order to clarify the results we need to take into account several important factors. First, the
absorption cross section of the corresponding fundamental transitions are different by one-to-two
orders of magnitude’!, as clearly observed in the concentration-dependent ATR-FTIR spectra on
the top panel of Figure 4(a). From the spectra, we calculate that the absorption cross section for

the sulfate and ammonium peaks are about 60 and 10 times, respectively, that of the water bending



peak (normalized to their molar concentrations). Second, the polarization of the field near the tip
is perpendicular to the interface, which makes the nano-FTIR technique particularly sensitive to
vibrational modes with transition dipole moments perpendicular to the surface®’>. Because water
molecules in the interfacial layer are mostly oriented parallel to the graphene®*-°, this orientation
makes the sensitivity to the bending mode of water particularly weak. Third, the depth sensitivity
of each technique is very different as previously mentioned. While ATR-FTIR measures bulk
structure, nano-FTIR’s spatial sensitivity is constrained by the highly non-linear decay of the
electric near-field with a nanoscale decay length related to tip radius of curvature*®. In our case,
this likely results in nano-FTIR spectra that are mostly dominated by IR features of species in the
EDL and diffuse layer regions, rather than the bulk solution. Fourth, and lastly, is the possibility

of graphene-based plasmonic enhancement®® %7

Although there is no apparent wavelength-
dependent enhancement in the 700-2000 cm! region, as indicated by the close agreement between
the ATR-FTIR and nano-FTIR relative peak heights of PC in Figure 3(c), we cannot exclude the
possibility of a wavelength-dependent enhancement in the salt solution because adsorption of
sulfate or ammonium species to graphene could alter the graphene doping and shift the plasmon
frequency. A combination of these factors contribute to the drastically different relative peak
heights observed in nano-FTIR versus ATR-FTIR, as well as the observation of interface specific

peaks with nano-FTIR.

Quantification of the relative species populations within the EDL and diffuse layer requires a
careful theoretical study of the electroptical activity of interfacial water and major solution
components (sulfates and ammonium) under the nano-FTIR measurement conditions. By parsing

58,59

the contributions of various species at different locations to the dielectric function® >", we will be

able to identify possible interface specific species. For example, the peaks near 1200 cm™' and
1300 cm™! could be assigned to interfacial ionic species formed in the solution (e.g. bisulfate ions®®)
or relatively enhanced combinational modes of solvated sulfate ions with librational modes of
water. However, to better interpret the nano-FTIR spectra, a thorough thermodynamically-based
analysis of all the electrolyte component’s spatial distributions needs to be performed. This will
require multiscale modeling of the interface, including both advanced continuum models®! and ab
initio molecular dynamics. The demonstrated capability of our method to obtain spectroscopic

data from species within the EDL and diffuse layer opens a significant opportunity for future

simulation work to completely identify the composition of such double and diffuse layers.

10
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Figure 4. (a) ATR-FTIR spectra from a drop of 0.1M (black), 1M (red) and 2M (green) (NH4).SO4 aqueous
solution (top), and nano-FTIR (bottom) of the 0.1M (NH4),SO4 aqueous solution at zero applied bias
acquired over the suspended graphene covering the solution in the cell of Figure 1. In both cases the spectral
region, between 1050 and 1750 cm™, covers the area of SO4* stretching modes, as well as the bending
modes of NH,;" and H,O. Additional peaks near 1200 cm™ and 1300 cm™ in nano-FTIR spectrum appear
from yet unidentified interfacial species. As in the previous examples the nano-FTIR appear slightly blue
shifted (by ~20 cm™). (b) Bias dependent nano-FTIR displayed as a color map for +0.5V (top) and OV bias
voltages (bottom) vs the Pt counter electrode. The OV data is an average of a total of 64 spectra collected
in two separate measurements at two different points of the graphene-solution interface. The +0.5V data is

an average of 112 spectra collected in 5 separate measurements at 5 different points of the graphene-solution

11



interface. The application of positive bias between graphene and Pt increases the relative concentration of

sulfate and interfacial species near graphene, resulting in a larger measured signal.

We also studied how bias between graphene working and Pt counter electrodes affects nano-
FTIR spectra. The resulting spectra are shown as color maps in Figure 4(b). The bottom spectrum
was collected at a bias of 0V, while the top spectrum was collected at a bias of +0.5V relative to
the Pt. A substantial change in near-field signal is observed by comparing the two data sets. At
positive bias the near-field signals from the sulfate stretching, and the two interfacial species peaks
increase, while ammonium and water peaks change only slightly relative to the zero bias case. The
increase in the sulfate region signal upon positive graphene bias is consistent with an
electrostatically induced increase in relative anion (sulfate) concentration in the EDL and diffuse

layers.

In summary, we have presented the design and development of a suspended graphene liquid
cell device, and methodology that enables in situ nano-FTIR with simultaneous electrostatic
control of graphene-liquid interfaces. The approach was demonstrated on interfaces of graphene-
water, graphene-propylene carbonate, and graphene-aqueous ammonium sulfate. The interfacial
sensitivity and non-destructive nature of nano-FTIR, coupled with the use of electrically
conductive graphene membranes capping a liquid cell opens new opportunities for minimally
invasive, in situ and/or operando spectroscopic characterization of the graphene-electrolyte
interface with full electrochemical bias control. Our electrochemical cell with fluid input/output
makes possible easy refreshing and/or changing of the electrolyte. Further, this methodology of
solid-liquid interface exploration is not limited to pure graphene as it can be coated with a diversity
of thin inorganic or organic and living biological systems. Indeed, some of these platforms have
already been tested successfully in our laboratory. This work lays the foundation for future
experimental and theoretical efforts leading to a comprehensive understanding of composition and

structure at a diversity of solid-liquid interfaces.

ASSOCIATED CONTENT
Supporting Information.
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The Supporting Information is available free of charge on the ACS Publication website at
http://pubs.acs.org.

Additional information on the graphene transfer and nano-FTIR measurements.
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