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ABSTRACT

Graphene oxide is a promising, emerging separation material, as it is durable, dispersible in water, and
has naturally forming functional groups. Bulk studies using graphene oxide flakes have demonstrated
impressive metal adsorption. However, little interfacial information about water and metal organization
near graphene oxide is available. A mechanistic understanding of water and ions interactions with
graphene oxide films is critical toward advanced separations, including improved sorption efficiency and
membrane regeneration. We study metal ion and local water organization near graphene oxide thin films
formed at the air/water interface. These films are not typical membranes and allow us to determine
nanoscale information about the graphene oxide-water interface. We accomplish this with x-ray
reflectivity (XR), x-ray fluorescence near total reflection (XFNTR), and vibrational sum frequency gen-
eration spectroscopy (SFG). These interface-specific techniques provide the electron density profile
normal to the interface, number of adsorbed ions, and information about the orientational ordering and
hydrogen-bonding network of interfacial water, respectively. Via XFNTR and SFG, we find that trivalent
yttrium ions preferentially adsorb to graphene oxide and affect its structure, compared to divalent
strontium and monovalent cesium ions. Two different interfacial water populations can be described,
based on their hydrogen bonding strength, and the adsorbed ions affect these populations differently.
These results provide fundamental information about ion and water organization at the interface and
help address the large computational-experimental agreement gap for graphene oxide systems. Addi-
tionally, they are relevant for improved soft-scaffold graphene oxide membranes and downstream
applications.

© 2022 Published by Elsevier Ltd.

1. Introduction

using GO-based separation membranes have demonstrated a range
of sorption capabilities, likely linked to small changes in GO prep-

Graphene oxide (GO), the oxidized analogue of sp [2]-hybridized
graphene, is a promising, emerging separations material that is
well-suited for metal ion adsorption [1]. GO flakes are typically
synthesized through chemical exfoliation of graphite [2]. In general,
GO flakes have both hydrophilic edges and hydrophobic basal
planes [3], meaning they are dispersible in water, durable [4,5], and
surface active [6,7]. The final chemical and physical properties of
the flakes strongly depend on the synthetic route [8,9] with minor
changes affecting average flake size [7,10,11] and polydispersity [4],
as well as the number density, placement, and type of oxygen-
based functional groups [7,12]. Consequently, adsorption studies
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aration and final structure [8]. Despite the widespread applicability
of GO, there is limited fundamental molecular adsorption infor-
mation. A molecular-level understanding of interfacial ion
adsorption is critical toward developing GO as a useful membrane
material, with improvements including increased sorption effi-
ciency and membrane regeneration.

GO as a filtration medium has shown useful results for both gas
[13] and liquid applications [14]. In these systems, the diffusive
species navigate through micro-channels formed in between dried
GO flakes [15,16], the size of which can be successively manipulated
via cross-linking flakes with ions and polymers [4,17,18] to affect
permeability. Adsorption studies using similar densely-packed GO
films have demonstrated permeation and separation success with
small monovalent ions [19] and alcohols [20]. Pure GO membranes
swell upon addition of water, which can affect filtration by
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changing inter-flake spacing and micro-channel sizes [16]. To pro-
vide additional structural support, separations with GO composites
have been investigated, including cellulose [11], and alginate and
chitosan [21], among other polymers [22]. These applied studies
report varying sorption success without specifically investigating
the molecular-scale details.

Bulk adsorption studies utilizing GO in model aqueous systems
have probed the applicability of GO in a range of separation efforts
including: cesium [23—25], strontium [23,26,27], technetium [27],
lead [28], europium [25,27,29—31], thorium [27,32,33], uranium
[25,27,29,31,32,34—36], neptunium [27,32], plutonium [27], and
americium [25,27,31]. Few studies have also considered adsorption
of other molecules on GO [37] and adsorption of GO on other ma-
terials [38,39]. Bulk techniques, namely FTIR, Raman, UV—vis, and
x-ray photoelectron spectroscopy (XPS), have identified varied
adsorbed metal-GO binding, ranging from likely electrostatics
[23,25] to specific binding with sulfur- and oxygen-based groups
[25,32,40], although the exact binding mechanisms remain
unknown.

Computational efforts have also investigated GO adsorption to
understand nanoscale details about the binding mechanisms.
Barker et al. reported binding energies between GO flakes and
perfluorinated molecules calculated using density functional the-
ory and suggested van der Waals interactions dominate adsorption
[41]. Li et al. used first-principles computations of iron on GO flakes
to calculate binding strengths as well [42]. Surface complexation
modelling has shown some metals adsorb by interacting with
carboxyl groups located on the GO flakes [29,31,32,43]. These,
among many other computational studies, have provided addi-
tional mechanism information. However, there is a large jump
between computationally modelled nanometer-sized GO flakes
and the typically micron-sized GO samples used in experimental
membranes. It is inherently difficult to model large membrane
systems directly in most simulations. There are also significant
variations in GO flake composition and size between experiments
and computational studies, which strongly affect adsorption re-
sults. Consequently, a large gap in between quantitative computa-
tional and experimental agreement still exists, and basic interfacial
experiments are necessary.

The amphiphilic and surface-active nature of GO has spurred
some interfacial experiments as well. Langmuir-Blodgett films
prepared from GO dispersions successfully spread on aqueous
subphases have confirmed surface activity [44—47]. Although GO is
not a traditional surfactant [8], it can stabilize water-oil emulsions
[7,48] with limited studies considering the oil-water interface
specifically [49]. The air-water interface is particularly relevant to
separation efforts but can be difficult to isolate from the bulk.
Synchrotron x-ray reflectivity (XR) measurements are well-suited
for interfacial efforts and can provide the total electron density
profile (EDP) perpendicular to the air-water interface. Bonatout
et al. probed interfacial GO flakes on plain water, using XR, and
found spontaneous bilayer formation at low surface pressures [50].

In a different approach, David et al. used vibrational sum fre-
quency generation (SFG) spectroscopy to examine the GO-water
interface formed in between GO films spin-coated on sapphire
and plain water [51]. SFG is a second-order, non-linear technique
where input visible and IR beams overlap spatially and temporally
on a sample surface and generate a new frequency (w) equal to the
sum of the input frequencies, i.e. wspg = w,;s + wig. This process is
forbidden in centrosymmetric systems within the electric dipole
approximation thus eliminating bulk phase contributions [52—54].
David et al. reported both experimental and computational SFG
data and demonstrated clear changes in the hydrogen-bonding
network of water for GO samples with different degrees of oxida-
tion, which was further investigated in another computational
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work [55]. Neither study considered the effects of ion adsorption on
the hydrogen-bonding network nor experimentally measured the
soft air-water interface.

In this paper, we examine metal ion adsorption onto GO thin
films formed at the air-water interface using XR, x-ray fluorescence
near total reflection (XFNTR), and SFG spectroscopy (Fig. 1). These
self-formed thin films are not membranes, as they are thin and lack
a support substrate. Instead, this system functions as a model GO
interface for which we can determine nanoscale information about
water and ion organization near a particular GO. Such results are
directly applicable to soft-scaffold applications and are essential for
bridging the computational-experimental information gap. Our XR
measurements reveal the structure of the GO thin films. XFNTR is
an interfacial-specific fluorescence technique that determines the
quantitative adsorbed metal ion density by collecting x-ray fluo-
rescence signal as a function of momentum transfer Q, around the
interfacial critical angle Q.. SFG data yield molecular-scale infor-
mation about the hydrogen-bonding network of water, which is
directly affected by ion adsorption. Together, these techniques
provide detailed nanoscale information about ion adsorption onto
soft-scaffold GO films. We find via XFNTR and SFG that trivalent
yttrium ions (Y>*) adsorb more strongly compared to divalent
strontium (Sr>*) and monovalent cesium (Cs!*) ions. XR reveals a
relatively complex GO structure after yttrium adsorption. Y>* also
disrupts the hydrogen-bonding network present, as evidenced
from SFG. We speculate yttrium interacts with the varied functional
groups present on the hydrophilic edges of the GO flakes, meaning
ion adsorption to GO is more complex than simple electrostatic
attraction.

2. Experimental
2.1. Materials and sample preparation

All chemicals were purchased from Sigma Aldrich and used as is.
We prepared 20 mM and 0.05 mM solutions using cesium (I)

chloride (CsCl, >99.999% trace metals basis), strontium (II) chloride
hexahydrate (SrCl,-6H,0, 99.995% trace metals basis), yttrium (III)
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Fig. 1. Experimental cartoon showing interfacial x-ray reflectivity (XR), x-ray fluo-
rescence near total reflection (XFNTR), and vibrational sum frequency generation
spectroscopy (SFG) measurements on the air-water interface. GO flakes are pinned on a
dilute aqueous subphase. XR measurements provide the total electron density profile
perpendicular to the interface. XFNTR yields the quantitative adsorbed ion density. SFG
measures changes in the hydrogen-bonding network of water near the interface as
induced by metal ion adsorption. (A colour version of this figure can be viewed online.)
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chloride hexahydrate (YCl3-6H,0, 99.99% purity), and ultrapure
water with a resistivity of 18.2 MQ cm (Millipore, Synergy Water
Purification System). To make the graphene oxide samples, we
diluted commercially available graphene oxide (GO, 4—10% edge
oxidized, 1 mg/mL, dispersed in water) with 1 part GO and 5 parts
methanol (99.8% anhydrous), and sequentially filtered with 1.2,
0.45, and 0.2 um syringe filters. GO flake size was measured using
dynamic light scattering (ZetaSizer Nano ZS).

In general, we prepared films by slowly spreading a small
amount of GO from a 1 mL glass Hamilton syringe over the desired
aqueous subphase. We monitored the surface pressure with a
pressure sensor (Nima) equipped with a chromatography paper
Wilhelmy plate. For SFG experiments, monolayers were prepared in
a 60 x 20 mm? flat-form polytetrafluoroethylene dish via the drop-
wise addition of GO until the target surface pressure was obtained.
For x-ray experiments and pressure-area isotherms (Supporting
Information), films were prepared using a Langmuir trough with a
single barrier (Supporting Information). We made Langmuir-
Blodgett GO films by preparing a film on a Langmuir trough with
two barriers and transferring the film onto clean Si/SiO, wafers.
XPS (Thermo Scientific ESCALAB 250Xi) was completed on
Langmuir-Blodgett GO films (Supporting Information).

2.2. Vibrational sum frequency generation spectroscopy
experiments

SFG experiments were carried out using an EKSPLA laser system,
described in detail elsewhere [56—59]. Briefly, an amplified Nd:YAG
laser system produces 29 ps pulses with 28 m] energy centered at
1064 nm at a repetition rate of 50 Hz. A harmonic unit and a second
harmonic crystal split the 1064 nm laser into two beams of 532 nm.
One of these 532 nm beams and the 1064 nm beam are used to
generate a narrowband IR pulse, tunable from 1000 to 4000 cm™’,
via an optical parametric generator and difference frequency gen-
eration. The other 532 nm beam is then overlapped spatially and
temporally with the narrowband IR pulse at the sample surface to
generate the sum frequency signal. A Glan polarizer adjusts the
polarization of the final 532 nm beam and SFG signal while com-
puter controlled motorized mirrors adjust the IR beam polarization.
A photomultiplier tube connected to a monochromator detects the
final SFG signal.

The SFG spectrometer uses a reflection geometry where the
incident angles of the 532 nm and IR beams are 60° and 55°,
respectively, to the surface normal. We attenuate the visible light to
200 pJ and maintain the IR light at 100 pJ for all measurements.
Each spectrum is collected with a 4 cm~! step from 3000 to
3800 cm~ L. Each datum point is an average of 300 laser shots. We
collect spectra in various polarization combinations and normalize
the data to z-cut quartz. The surface pressure for each experiment
was 20—22 mN/m and samples were measured at room
temperature.

The collected SFG signal (Isgg) is proportional to the product of
the incident beams intensities and the square of the effective sec-

ond order non-linear susceptibility x® of the interface i.e.

(1)

Ispg o ‘X(z) ‘ZIVisIIR

where
2 A 2
<2>‘ 2 _fAn 2
‘X o« XNR ;(A)]R —n + an ( )
Here, X,(Vz,g is the non-resonant component of y(2, A, is the
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resonant amplitude, w, is the resonant frequency, and I'j; is the
dampening constant that determines the peak width, each of the
nth vibrational mode while wjg is the IR beam frequency. For a
charged interface, the static electric field allows some bulk contri-
bution to the SFG signal, commonly called the x® effect [60—62].
For these systems,

2
o
2
3)
I g S N A S NP
NR T WR — wWn + an K2 + AK%

where v is the phase angle of the resonant component of &, « is
the inverse Debye screening length, Ak, is the inverse SFG coher-
ence length, ¢ is the x(® phase angle, and ® is the surface po-
tential. Additional details are provided elsewhere [60].

For the bimodal water region, we fitted SFG data with two
Lorentzian peak functions via the sum of least-squares using

Equation (3). X;\}z}g was fitted to plain water data and held constant
for other measured concentrations. Peak width and frequency were
fitted as global variables for all data sets — only the measured
resonance amplitudes for each x component were fitted individu-
ally for each considered concentration.

2.3. Synchrotron x-ray experiments

X-ray experiments were conducted at sector 15-ID-C (NSF's
ChemMatCARS) of the Advanced Photon Source at Argonne Na-
tional Laboratory. We collected XR and XFNTR data using an inci-
dent x-ray energy of 18.3 keV. Two motorized slits set the incident
beam size to 2 mm horizontally and 0.02 mm vertically. XR signal
was detected on a Pilatus 200 K area detector. A Vortex-60EX multi
cathode energy dispersive x-ray detector, placed perpendicularly
10 mm above the liquid surface, recorded fluorescence signal. Films
were prepared on a Langmuir trough inside a chamber, which was
purged with He to reduce background scattering and beam
damage.

2.3.1. X-ray reflectivity measurements

We recorded specular x-ray reflectivity as a function of transfer
momentum Q, = (4w /A)sin(2¢ /2) where A is the wavelength and ¢
is the incident angle. The sample was shifted periodically to avoid
beam damage. Models using different numbers of slabs were used
during fitting, as detailed in the Discussion. We fitted the collected
XR data to calculated curves using the sum of least-squares via a
Parratt formalism to determine slab thickness, roughness, and
electron density (Supporting Information). For models with mul-
tiple slabs, the roughness values at all interfaces are dominated by
surface capillary waves and were consequently forced to be equal
[63,64].

2.3.2. X-ray fluorescence near total reflection measurements

The x-ray fluorescence intensities [65] of the L, (4.287 keV) for
Cs, Ky1 (14165 keV) for Sr, and K, (14.958 keV) for Y were collected
as a function of Q; around the critical angle. The beam footprint was
always larger than the detector area, meaning only the depth of the
illuminated volume varies with incident angle. The total illumi-
nated volume was calculated via the beam dimensions, as
described elsewhere [66], and used to calculate XFNTR data via sum
of least-squares [66].
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3. Results and Discussion
3.1. Y>* adsorption to graphene oxide

We first investigated ion adsorption to GO films spread on high
and low concentration YCl3 subphases, using XFNTR (Fig. 2). This
surface-sensitive technique is the most direct way to determine the
number of ions adsorbed to the interface. XFNTR measures x-ray
fluorescence as a function of momentum transfer Q, near the crit-
ical angle Q., which is ~0.0217 A~ for these systems. Because we do
not see interfacial signal for subphases without a GO film, we
reasonably posit that metal ions pinned to the interface and
detected with XFNTR are adsorbing to the GO. For a 20 mM YCl3
subphase and a GO film compressed to 20 mN/m, we found 1
adsorbed Y3* per 149 + 19 A%. Signal intensity measured at Q < Q.
shows intensity primarily from ions within the interfacial region, as
the x-rays undergo total external reflection [63,66,67] and only
evanescent waves penetrate a few nanometers of the liquid. Data
from this region are highlighted in Fig. 2 inset. Signal intensity at
the high Q, values were larger than predicted by our model. We
speculate our GO samples are not smooth monolayers at the air-
water interface and instead form crumpled, multilayer structures
[50] that can have a non-ideal Y>* ion distribution below the sur-
face. This effect is even more noticeable for GO compressed to
30 mN/m on a 20 mM YCl3 subphase (Supporting Information).

We next considered dilute YCls subphases to understand
adsorption behavior in an unsaturated system. Fig. 3 shows XFNTR
data for GO films compressed to 20 mN/m and 30 mN/m spread on
0.05 mM YCl3. With a lower subphase concentration, we see less
bulk signal above Q, as the signal from the surface decreases with
increasing Q,, and the bulk concentration is below the limit where
their signal can reach to the detector [59,63,68]. The noise in the
bulk region data is probably due to a small number of ions with a
non-ideal distribution at the interface due to the crumbled GO
structure.

We focus on the data below Q. to understand ion adsorption to
the GO. For GO compressed to 20 mN/m, we obtain an ion density of
1ion per 401 + 10 A? while for GO compressed to 30 mN/m, we find
an ion density of 1 ion per 326 + 6 A% The increase in adsorbed ion
density for the higher surface compression and overall increase in
intensity implies more ions per area are adsorbed to the film. A
higher surface pressure compression means more GO is occupying
the available film space. Thus, more ions can adsorb and increase
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the surface density.

Notably, GO dispersions have varied chemical and physical
properties depending on the preparation method, which strongly
affects film behavior and subsequent ion adsorption. We are
currently investigating these effects in detail, which will be re-
ported in another publication. In this work, we exfoliate commer-
cial GO dispersions with methanol and use filtration to isolate GO
flakes. XPS analysis of Langmuir-Blodgett thin film GO samples
[7,45] (Supporting Information) provides a rough maximum den-
sity estimate of ~1 carboxyl group per 60 A? and ~1 epoxy group per
30 A% These values represent the higher limit of possible available
oxygen groups. Evidently, we observe less adsorbed Y3* than
available sites, meaning the theoretical experimental binding ca-
pacity for GO is much higher than we observe. In a recent study, we
demonstrate enhanced Y3>* adsorption onto plain electrified gra-
phene with approximately 1 adsorbed Y3* per 11 A% [69]. That
system lacked functional groups and demonstrated electrostatic
adsorption without disrupting the hydration shell of Y>*. The cur-
rent GO system demonstrates more complicated adsorption with
partial or full dehydration of the adsorbed ions. There is likely a
delicate balance between preferential ion interactions with the
oxygen functional groups present on the GO film, as previously
established in many studies [23,25,32,40], and the energy penalty
of partial or full dehydration. We speculate one can tune the degree
of functionalization across the graphene-derivative to maximize
adsorbed ion loading.

3.2. Interfacial water structure near graphene oxide

We investigated molecular water and ion behavior near GO
using SFG, a non-linear interface-specific vibrational technique. We
examined the —OH stretch of the water region for our GO films at
20 mN/m on different YCl3 subphases using SSP (SF, visible, and IR)
polarization (Fig. 3A). GO on plain water shows a bimodal peak at
maximum intensity with centers at approximately 3200 and
3400 cm™ !, assigned to strongly and weakly hydrogen bonded -OH
stretches of interfacial water, respectively [70,71]. The absence of
signal near 3700 cm~! suggests there are no water molecules with
free-dangling -OH bonds pointing upward away from the subphase,
meaning a uniform film is present [61,72]. XPS results show pri-
marily carbon and oxygen signal with some sulfur contamination
(Supporting Information) [73] and a 5.21 carbon: oxygen ratio,
meaning our GO films are primarily carbon and lack a significant

20 mM YCl3 0.05 mM YCI5
0.40 - N : Y B : - ® 20 mN/m
035 1 ! o ! ‘ M 30mN/m
. i 0.0030 - 1 i
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] 1Y3* per
2
0.2540.010 ! 00025 326% 64
z !
@ 10.008
§ 0.20 : 1 Y3+ per
1 2
S 0.15 4 0.006 i 14921942 | ¢ 5050 i
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0.10 4 0.004 1 i
0054 0015  0.020 0.00151 i
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1
20 mN/m 401 + 10 A2
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A I I A A i A I I A A A
o7 o o oY oY oY o o o o7 o o oY oY oY o o o

Q&Y

Q&)

Fig. 2. Surface-sensitive x-ray fluorescence near total reflection (XFNTR) intensity and fits (lines) plotted over inverse momentum Q. for graphene oxide films spread on 20 mM (A)
and 0.05 mM (B) YCls. The monolayer was compressed to 20 mN/m for the 20 mM subphase, and to 20 (circles) and 30 (squares) mN/m for the 0.05 mM subphase. Error bars are

derived from counting statistics. (A colour version of this figure can be viewed online.)
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Fig. 3. Sum frequency generation spectroscopy intensity and fits (solid lines) plotted over wavelength for the water region of a graphene oxide film spread over YCl; subphases of
varying concentration (colors) (A). The surface pressure of the GO was 20 mN/m. Typical water band signal is also shown (black). Fitted x(2) peak amplitudes plotted over subphase
concentration for the 3200 (B) and 3400 (C) cm™! water signal features. (A colour version of this figure can be viewed online.)

amount of oxygen functional groups. Accordingly, our SFG data
agree with other published experimental SFG data on a thermally
reduced GO film spin-coated on sapphire [51]. Our GO films are
self-assembled at the interface without a solid substrate and can
provide adsorption information relevant to soft-scaffold separation
systems.

Signal for 0.005 mM YCl3 shows the water peaks but the abso-
lute intensities are lower. The decrease in intensities can have two
main reasons, both resulting from the ion adsorption to the
monolayer [56,74,75]. lon adsorption can screen the surface charge
of the interfacial film thus effectively reducing the electric field
normal to the liquid surface facing down into the subphase. These
screening effects reduce water molecule alignment and decrease
SFG signal. This is usually referred to as the x(3) effect. lons can also
directly disrupt the orientational ordering of the interfacial water
molecules, typically within the first two monolayers of the inter-
face, which directly affects . As we continue to increase the
subphase concentration, the water peak intensities decrease. Both
peaks are completely suppressed for the 5 and 20 mM data, indi-
cating that above a certain ion concentration the interfacial water
structure is completely lost. The hydrogen-bonding network of
water has been significantly disrupted due to the adsorbed Y>* and
no water signal is detected. Hong et al. reported a similar obser-
vation using a different GO spread on a NaCl subphase and state the
addition of a salt in the subphase decreased SFG intensity by
diminishing the x® effect [76].

Interestingly, the relative water band intensities also change
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with increasing subphase concentration. To highlight these changes
in water peak intensity as a function of subphase concentration, we
fitted the SFG signal to Equation (3), which considers the y3) effect
explicitly. The x@ peak amplitudes for the 3200 and 3400 cm™!
bands plotted over YCl3 concentration are presented in Fig. 3B and
C. Additional fit parameters are given in Tables S1 and S2. Data were
also fitted using Equation (2), without the explicit x®) term, and a
similar trend was observed (not shown). Evidently, the fitted
amplitude for the 3200 cm~! feature rapidly decreases with
increasing YCl3 concentration while the amplitude of the
3400 cm~! peak remains relatively unchanged. Because we
explicitly include ¥ within our fitting process, these decreases in
amplitude terms are not from changes to the local electric field as
induced by shielding from the adsorbed ions. We speculate Y3*
adsorption is not simply electrostatic, as features of the hydrogen-
bonding network of water change differently. These results reveal a
more complicated ion adsorption process that can be overlooked by
using bulk experimental techniques. In the absence of metal ions,
water can form strong hydrogen bonds with the carboxyl and hy-
droxyl groups of the GO, which significantly contributes to the
3200 cm~! peak intensity. As metal ions adsorb and disrupt the
hydrogen-bonding network of water, we see a large decrease in this
peak intensity. We posit the 3400 cm~! band stems from weakly
hydrogen bonded water molecules adjacent to the GO or perhaps in
between the GO layers, the structure of which will be discussed
later. The amplitudes for the 3400 cm ™' do not significantly change
with subphase concentration, which suggests these weakly
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hydrogen bonded water molecules do not change. At concentra-
tions above 5 mM, this band disappears because the adsorbed Y3+
have sufficiently disrupted local water organization, and possibly
have penetrated the GO layered structure thus affecting any water
in between the layers. We present these arguments as first order
approximations and are currently investigating water orientation
and organization near GO films with molecular dynamic simula-
tions, which can reveal important details [51,68].

3.3. Interfacial graphene oxide structure after Y>* adsorption

Taken together, the XFNTR and SFG analysis show Y>* adsorp-
tion onto GO flakes assembled at the air-water interface. XR studies
complement these observations by providing the molecular-scale
structure of GO films (Fig. 4). XR data collected for GO spread on
a dilute 0.05 mM YCl3 subphase and compressed to 20 mN/m show
a small dip around Q = 0.18 A~! and broad peak near Q = 0.28 A~
The 30 mN/m XR data have a higher intensity overall and show a
distinct dip in reflectivity around Q = 0.16 A~! and a larger broad
peak around Q = 0.24 A~1. These features imply the film on the
liquid surface is not a simple layer in Z-direction and consequently
requires a 2-slab model to fit the data and obtain the electron
density profile (Fig. 4B). A slab containing a lower electron density
was necessary to fit the dips in the XR data. Since the GO electron
density is close to the water electron density and capillary oscilla-
tions smear the profile, it is difficult to resolve individual flake
thickness or number of layers unambiguously. Nevertheless, it is
possible to capture the main features of the GO film. We report the
variation in fitted electron densities and thicknesses in the Sup-
porting Information.

The resulting electron density profiles are plotted over Z where
Z =0 A is loosely the top of the bulk liquid and Z increases into the
air. Both the 20 and 30 mN/m data show an expected increase in
density around Z = —5 A, corresponding to the film sitting on a
liquid interface, with an enhanced electron density near Z= —10 A.
For the 20 mN/m sample, this enhancement has an electron density
of 0.52 e’/A® and a thickness of 6.77 A. The 30 mN/m sample
electron density fit gives a slightly higher electron density of 0.54
e’/A3 and a slightly smaller thickness of 5.33 A, also at Z = —10 A.
We posit these high electron density slabs represent the interfacial
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region closer to the bulk solution that contains adsorbed Y>* and a
crumpled, multilayer GO film (Fig. 4C).

Y3+ can interact via electrostatics with any available functional
groups on the GO. These results can be compared to the bulk GO
studies of Am (III) and Eu (III), which have found metal-hydroxyl,
-epoxy, and -carboxylate interactions [25]. As Y>* adsorb to the
GO, the ions have enough charge to attract deprotonated oxygen-
containing and sulfur contaminate groups on the GO. This rear-
rangement forces the GO flakes to tilt and generates a rough,
crumpled GO film that can, in addition to the adsorbed ions, reflect
more signal and be detected using XR [48]. Based on the obtained
pressure-area isotherms (Supporting Information), the GO film is
likely in the same condensed phase at both 20 and 30 mN/m where
GO sheets are touching and overlapping to create a multilayer
structure [45,47,50]. This means there is little mechanical differ-
ence in between the two film structures at these pressures. These
structures are also mechanically stable. We observed a similar
trend with the XFNTR data where the increase in adsorbed ion
density for 20 and 30 mN/m is minimal.

Both profiles also show a lower-density region around Z = 10 A,
i.e. closer to air. In the less-compressed 20 mN/m, this region has an
electron density of 0.061 e"/A3 and a thickness of 16.3 A. The 30 mN/
m sample gives an electron density of 0.030 e’/A> with a larger
thickness of 21.4 A. We linked the roughness of all interfaces, as the
interfacial roughness is dominated by capillary waves [63,64], and
found a roughness of 4.32 and 4.47 A for 20 and 30 mN/m,
respectively. We speculate this thicker slab represents tilted GO
flakes within the crumpled, multilayer GO film (Fig. 4C). A tilt of
even a few degrees can increase the effective length of the micron-
size GO flakes thus increasing the total layer thickness. The changes
in electron density and slab thickness are more pronounced in
between the two considered surface pressures. Because these pa-
rameters intrinsically covary [77], fits with more similar electron
densities and thickness are likely also possible. However, we note
that GO is not a typical amphiphilic monolayer and that the overall
observed structural differences for 20 and 30 mN/m are minimal.

3.4. Mono- and divalent ion adsorption to graphene oxide

As a comparison, we also consider mono- and divalent ion
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Fig. 4. Normalized x-ray reflectivity plotted over vertical momentum transfer, Q, for graphene oxide films compressed to 20 (circles) and 30 (squares) mN/m spread on 0.05 mM
YCl3 subphases (A). Data were fit using a 2-slab model (lines). 30 mN/m data are vertically offset for clarity. Calculated electron density from fitted reflectivity data plotted over
distance from interface Z (B) for graphene oxide monolayers compressed to 20 (solid line) and 30 (dashed line) mN/m spread on 0.05 mM YCl; subphases. An ideal interface electron
density profile is included (black). 30 mN/m data are vertically offset by +0.25 e//A for clarity. Proposed interfacial structure (not to scale) (C). (A colour version of this figure can be

viewed online.)
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adsorption to GO films at the air-liquid interface. We measured
XFNTR for GO samples spread on high concentration 20 mM CsCl
and SrCl; subphases (Fig. 5A and B). For a GO sample compressed to
20 mN/m, we find 1 adsorbed Cs!* per 345 + 73 A% and 1 adsorbed
Sr?* per 204 + 48 A%, XFNTR measured on 0.05 mM CsCl and SrCl,
subphases (not shown) showed no signal, meaning no ions adsor-
bed within the detection limit, which is typically 1 ion per
50,000 A2 [78].

To examine molecular water and ion behavior, we used SFG
spectroscopy of the —OH stretch of the water region for GO samples
compressed to 20 mN/m and spread over dilute and concentrated
subphases (Fig. 5C and D). SFG data for GO on 0.05 mM CsCl are
nearly identical to GO on plain water. This means nearly no Cs'*
adsorb to the GO, which is consistent with our XFNTR results. The
20 mM CsCl data show an intensity decrease in both water bands,
indicative of disruption to the well-ordered hydrogen-bonding
network of water near the interface and indirect evidence of ion
adsorption. Given the ion adsorption information obtained from
the XFNTR analysis, we reasonably posit that for a 20 mM subphase,
some Cs'* adsorbs. We see similar behavior for the 20 and 0.05 mM
SrCl, SFG data. In this case, the water peak intensity decreases more
for the 20 mM subphase — consistent with a higher adsorbed ion
density. Taken together, these XFNTR and SFG data show minimal
jon adsorption for both Cs'* and Sr?*. Previous works have
demonstrated weak bonding interactions between Cs and bulk GO
[23—25] with Cs primarily interacting with hydroxyl, epoxy, and
sulfur contaminations [25]. Bulk studies utilizing Sr** and GO have
also found metal interactions with C—O—C and O—C=0, as well as
sulfur contaminates [23,26] although the specific adsorption
mechanisms are unclear. Evidentially, Y>* adsorbs preferentially to
GO compared to both Cs'* and Sr?*. This adsorption result is not
surprising given the expansive literature of high valency ion
adsorption [43]. However, the structural changes we observe
within the GO film after adsorption are novel and directly appli-
cable to downstream application development. Our interfacial, in
situ techniques reveal considerable film changes in thickness in
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relevant water and ion conditions.

We analyzed the GO interfacial structure for samples spread on
CsCl and SrCl, subphases using XR (Fig. 6A). For GO spread on
0.05 mM CsCl, the XR data is nearly featureless with little difference
in between films compressed to 20 and 30 mN/m. The slight in-
crease in reflectivity for the 30 mN/m sample is consistent with
more GO material within the probed interfacial region, which can
then reflect more signal. We fit these XR data using 1 slab to
generate an electron density profile (Fig. 6B). These XR data lack
distinguishable features and the absolute slab thickness and elec-
tron density parameters are not perfectly reliable because these
parameters intrinsically covary [77]. However, the EDPs generated
from combinations of these parameters show little variance.

For a 0.05 mM CsCl subphase, the 20 mN/m data yield an elec-
tron density of 0.41 e /A3, a thickness of 6.8 A, and a subphase-
linked roughness of 4.25 A while the 30 mN/m data provide elec-
tron density of 4.9 e /A%, a thickness of 14.1 A, and a subphase-
linked roughness of 4.04 A. We note the resolution of these XR
measurements is ~5.6 A. Given our XFNTR and SFG analysis, we
reasonably posit that the XR data show GO flakes assembled at the
interface with nearly no adsorbed metal ion interference. The
20 mN/m case then likely shows a layer of partially hydrated GO,
consistent with other XR measurements [50], while the 30 mN/m
case shows a more crumpled GO structure, as the electron density
and thickness both increase. We posit the increase in surface
pressure forces the GO flakes to tilt and create a thicker film.
Compared to the Y3 XR data, we speculate the Y>* data reveal a
complex interfacial structure with both increased electron density
and layer thickness due to the adsorbed ions. These Y>* ions disrupt
clear layering, as also observed by others using neat water [50], and
create a complicated multilayer structure containing GO flakes,
adsorbed Y3*, and water.

To understand the GO structure in a partial adsorption case, we
measured XR for GO on 20 mM SrCl; (Fig. 6A). Interestingly, the XR
data are again nearly featureless except for the small increase in
electron density for the 30 mN/m data, consistent with more
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Fig. 5. Surface-sensitive x-ray fluorescence near total reflection (XFNTR) intensity and fits (lines) plotted over inverse momentum Q, for graphene oxide films compressed to 20 mN/
m and spread on 20 mM CsCl (A) and SrCl; (B) subphases. Error bars are derived from counting statistics. Sum frequency generation spectroscopy intensity plotted over wavelength
for the water region of a graphene oxide film compressed to 20 mN/m and spread over concentrated 20 mM (dark colors) and dilute 0.05 mM (light colors) subphases for CsCl (C)
and SrCl, (D). Typical water band signal is also shown (black). (A colour version of this figure can be viewed online.)
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Fig. 6. Normalized x-ray reflectivity plotted over vertical momentum transfer, Q,, for graphene oxide films compressed to 20 (circles) and 30 (squares) mN/m spread on 0.05 mM
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interfacial structure (not to scale) (C). (A colour version of this figure can be viewed online.)

scattering materials existing in the probed region. Fitting via a 1
slab model provided an electron density of 0.43 e”/A3, a thickness of
7.0 A, and a roughness of 4.3 A for 20 mN/m while the 30 mN/m
data yielded an electron density of 0.35 e”/A3, a thickness of 15.2 A,
and a roughness of 4.1 A. Despite the adsorbed Sr?* ions, as
confirmed directly with XFNTR and indirectly with SFG, the GO
structure does not significantly change compared to the no
adsorption case. Again, we speculate the slab in the 20 mN/m
system represents a layer of partially hydrated GO, and the slab in
the 30 mN/m systems describes a crumpled GO film created from
tilted GO flakes. These data support our assertion that Y3*
adsorption shows a significant GO structural change. Cs'* and Sr**
ions are likely too facile to significantly adsorb or induce such a
rearrangement. These lower valency ions may also be better
shielded due to their larger sizes by surrounding anions in solution
thus diminishing adsorption capabilities.

4. Conclusions

GO is a promising material for thin film composite membranes
and sorbents as it combines the robustness of graphene with
chemically active functional groups. Despite the usefulness of GO in
these systems, little is known about the molecular-scale details of
the metal and water organization near GO films. We present XR,
XFNTR, and SFG data considering metal ion adsorption onto inter-
facial thin GO films. These interface-specific techniques provide the
total electron density normal to the interface, the quantitative
adsorbed ion density, and information about the hydrogen-
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bonding network of water, respectively. Our XFNTR and SFG data
shown that trivalent Y>* adsorbs more strongly even in lower
concentrations subphases compared to divalent Sr** and mono-
valent Cs'* ions. The XR data show a complex GO film structure
after Y3* adsorption compared to the no adsorption (0.05 mM CsCl)
and minimal ion adsorption (20 mM SrCI>*) cases, as confirmed
with both XFNTR and SFG. We posit Y>* can cause the GO flakes to
tilt and crumple by attracting the hydrophilic flake edges with its
significant charge density. Cs'* and Sr** are likely too facile to
induce such a change and may have reduced effective charges due
to local anion shielding. While preferential higher valency ion
adsorption is not novel, our detailed x-ray analysis reveals impor-
tant and substantial changes in the GO film, which can directly
impact later application success. These in situ, interfacial experi-
ments consider ion interactions with the GO thin film in a relevant
aqueous environment, an important improvement over ex situ
characterization methods.

Additionally, we present for the first time SFG data demon-
strating trivalent ion adsorption onto interfacial GO films. Our SFG
analysis shows a significant change in the hydrogen-bonding
network of interfacial water upon adsorption of Y>* on the GO
film, evidenced by the decrease in water region signal. We attribute
the observed 3400 cm™! to weakly hydrogen bound water mole-
cules near the GO film or in between the crumpled GO layers.
Interestingly, the intensity of this band is nearly independent of
subphase concentration, which suggests these water molecules
remain unaffected until the total hydrogen-bonding network of
water is significantly disrupted. Taken together, these SFG results
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imply yttrium ion adsorption is not governed solely by simple
electrostatics. Instead, ion adsorption involves a complicated bal-
ance between the relevant local surface charge and dehydration
energy penalties. Overall, our interfacial-specific techniques pro-
vide important molecular information about ion adsorption and
supporting future studies of GO for soft-scaffold applications.
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