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The confinement of water in quasi two-dimensional layers is intriguing because its physical proper-
ties can be significantly different when compared to those of the bulk fluid. This work describes
spectroscopic ellipsometry study of confined water layers trapped between sheets of graphene
oxide at varied thermal annealing temperatures. The wavelength-dependent refractive index of gra-
phene oxide changes abruptly with annealing temperatures for T,,, ~ 125-160 °C, and we demon-
strate that these changes are primarily governed by the expulsion of trapped water. This expulsion
is associated with the decrease of interlayer separation of graphene oxide sheets from 7.8 A to
34A. Graphene oxide annealed at high temperatures lacks trapped water layers and robust esti-
mates of refractive index can be obtained within a Lorentz oscillator model. The trends in oscillator
parameters are extended to lower annealing temperatures, where trapped water is present, in order
to estimate the refractive index of confined water, whose value is found to be enhanced as com-
pared to that of bulk. Temperature-dependent ellipsometry data show anomalous changes in ellip-
sometric parameters over a wide temperature interval (—10 to 10 °C) about the ice-point and these

may be attributed to possible phase transition(s) of confined water. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4922731]

Water in its bulk three-dimensional form is an interest-
ing system with a complex phase diagram. The confinement
of water further lends a new dimension to the range of con-
figurations that this system can take.'™ The structure and dy-
namics of interfacial water are remarkably different from
that of bulk.! This has relevance for diverse systems such as
water near a cell membrane or for interfacial fluids in
industrial processes like lubrication and filtration."* In two-
dimensions (2D), the confinement of water becomes particu-
larly interesting with reference to the liquid-solid phase
transition because Mermin-Wagner theorem precludes the
formation of long-range crystalline order.’” The melting
phase transition in confined water has been predicted in
terms of a sequence of two continuous transitions.®
Graphene oxide (GO) is a particularly interesting confining
wall for water molecules because the spatial density of
oxygen-rich surface groups can be tuned using thermal
annealing or exposure to chemical vapors.”® It is well known
that layered GO films prepared from aqueous solutions con-
tain trapped water.”” A single GO sheet comprises of a
mosaic of hydrophilic and hydrophobic regions, where the
former strongly interact with trapped water and serve as cru-
cial spacers for the latter.” The network of water-containing
quasi-2D  hydrophobic  nanocapillaries allows super-
permeation of water molecules remarkably even as the GO
membrane blocks the flow of helium gas.” A recent transmis-
sion electron microscopy study of quasi-2D water layer
deliberately trapped between hydrophobic atomically thin
pristine graphene membranes has revealed the presence of
square-ice.'”
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In this work, we use spectroscopic ellipsometry (SE) to
study GO films, whose degree of reduction as well as water
content is controllably varied by means of thermal annealing.
The optical properties of GO have attracted interest because
of its applications in optoelectronics and solar energies.''
Previous investigations of GO using ellipsometry have not
explicitly considered the role of trapped water while investi-
gating the optical properties of this system.*!'? One previous
study based on ellipsometry techniques has considered an
optical model comprising successive layers of graphene ox-
ide sheets and trapped water.” However, even in that work,
the properties of trapped water were assumed to be the same
as those of bulk water.” Here, we demonstrate that it is the
expulsion of water rather than change in chemical structure
of GO that determines the most important changes in refrac-
tive index of GO films as function of annealing temperature.
GO films annealed at higher temperatures lack the complex-
ity introduced by the presence of confined water. An esti-
mate of the refractive index of confined water layer, when
present, is obtained within an effective-medium approxima-
tion (EMA) model by extending the trends in variation of
Lorentz oscillator parameters obtained for water-free GO
systems. Temperature-dependent ellipsometry is used to
probe the response of this system in the vicinity of ice-point
of bulk water.

Graphene-oxide (GO) thin-films are prepared by spin-
coating 1mg/ml aqueous suspension on piranha-cleaned
Si0,/Si substrate. Thermally annealed samples are prepared
by heating GO samples under Ar flow (70 sccm/30 min).
Scanning electron microscopy reveals GO flake sizes
between 0.5 and 5 um. Fig. 1 shows X-ray diffraction data of
GO films as a function of annealing temperature varied

© 2015 AIP Publishing LLC
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FIG. 1. XRD data of as-prepared GO and thermally reduced GO at different
annealing temperatures.

between T,,, =30°C (as-prepared) to T,,, =400 °C. The as-
prepared sample shows a prominent peak at 11.5°, which
corresponds to c-axis separation of 7.8 A, while a much
smaller peak at 27° indicates that some low fraction of the
material exists in graphitic state too, with c-axis separation
of 3.4 A. The existence of interlayer separations d > 3.4 A
can be attributed to the presence of oxygen-containing func-
tional groups.” After GO film is subject to annealing at vary-
ing temperatures, the dominant peak at 11.5° gradually
undergoes a slight shift to higher angles, which can be asso-
ciated with decrease in interlayer separation from 7.8 A (as-
prepared) to 6.6 A (for T, =150°C). For Ty, =160°C,
graphitic peak at 27° is intense, while the peak at 11.5° is
clearly absent. The controlled annealing of GO provides a
suitable knob to tune interlayer separation of GO sheets by
means of elimination of functional groups. MD simulations
have indicated that a monolayer of water requires d > 6 A
separation between the confining graphene sheets, and the
water monolayer cannot exist for smaller partitions. This
rules out presence of trapped water for higher annealing tem-
peratures (T,,, > 180 °C).” In the SE studies discussed
below, we consider two categories of GO samples based on
their interlayer separations and the resultant ability to accom-
modate trapped water layer.

The SE measurements are performed using M-2000VI
rotating compensator ellipsometer (J.A. Woollam Co.) with
spectral range of 370-1800nm and 75° incident angle.
Temperature-dependent SE data are obtained between 25°C
and —10°C using M-2000V in the spectral range of
370-1000nm and 70° incident angle. The sample is kept
under N,-gas atmosphere and data are measured after stabiliz-
ing the temperature with an accuracy of 0.1 °C. Ellipsometry
involves measurement of change in polarization from plane-
polarization to elliptical polarization for light obliquely inci-
dent on a thin-film. The ellipsometric parameters {y/, A} can
be related to complex reflection coefficients of light parallel
and perpendicular to the plane of incidence R, and R;, respec-
tively: R, /R = tany exp(iA). Here, tan/ represents the am-
plitude ratio and A represents the phase difference."
Wavelength-dependent optical constants (n, k) and thickness
of the film can be extracted from {y/, A} by developing an op-
tical dispersion model of the material.'* To analyze the SE
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data, a 4-layer optical model is built that comprises the GO
film and the SiO,/Si substrate, while an interface layer
between the thermal SiO, and Si is also included.'* The opti-
cal constants and thickness of GO film are investigated subse-
quent to SE characterization of bare SiO,/Si substrate. To
quantify how well the model-generated data matches with ex-
perimental data, root mean squared error (MSE) is used. For
Tann > 180°C, GO films are considered as homogeneously
composed of layered GO sheets lacking trapped-water. A
Lorentz oscillator model with Kramers-Kronig (KK) transfor-
mation is used for that layer since GO has significant absorp-
tion in visible wavelength region.®'? The general expression
for the Lorentz oscillator model comprising of k-oscillators is
given by

c()=€xt) Ax
k

2 )
- (5) ()
where € (1) is the wavelength-dependent dielectric constant
and €., is a constant offset for approximating the effect of
absorptions which are significantly distant from the meas-
ured wavelengths. Ay, Ey, and By represent amplitude, center
energy, and energy spread of the kth oscillator, respectively.®
The optical constants (n, k) are related to the dielectric con-
stant € (4) and they are directly extracted. As discussed
above, for T,,, <180°C, a composite system of GO and
trapped water is present, and therefore, any physical oscilla-
tor parameterization is not feasible. This GO layer is mod-
eled well with B-Spline function with KK-transformation
consistency. '

A plot of n(4) for GO samples annealed at different tem-
peratures is shown in Fig. 2. The solid curves represent
Lorentz oscillator parameterized curves, while the dashed
curves represent data modeled with B-Spline. The n(4) curves
for GO annealed at T,,, > 180 °C progressively shift towards
the standard graphite curve (CompleteEASE library).
Significant changes in n(4) occur in the temperature interval
between 125 and 160 °C. The n(4) changes from being nearly
wavelength-independent at lower annealing temperatures
(Tann £125°C) to become graphite-like at higher annealing
temperatures (T,,, > 180°C). These abrupt changes in n(A)
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FIG. 2. Refractive index vs. wavelength for as-prepared GO and GO
annealed at different temperatures.
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over a narrow annealing temperature interval can have two
contributing factors: (a) the chemical structure of GO under-
goes abrupt changes in the above temperature interval and (b)
it is the expulsion of trapped water that primarily determines
these changes. To explore the first possibility, Micro-Raman
spectroscopy measurements on GO films were performed
using Horiba HR-800-UV (Zj,eer =632.8 nm). The ratio of
integrated area of defect-peak at ~1338 cm ™' with the G-peak
at ~1585cm ™", Ip/Ig is plotted in Fig. 3(a). Importantly, these
measurements reveal that defects, mainly oxygen-rich groups,
are gradually eliminated by annealing across the entire tem-
perature regime (100-400°C).' This brings us to the second
possibility that it is trapped water expulsion that determines
these large changes in n(4). A previous SE study has used
bulk optical constants of water (n=1.33), to extract the
“intrinsic” GO refractive index within a multilayered model.”
First, this assumption of bulk properties for water is not justi-
fied in light of the recent discovery of dense square-ice at
room temperature (lattice constant, 2.8 A) for water deliber-
ately trapped between pristine graphene layers.'’
Furthermore, if the intervening layer between GO sheets is
presumed to be bulk-water, then the extracted “intrinsic” re-
fractive index of GO shows significant abrupt changes in the
temperature regime between T,,, = 125-160°C. An assump-
tion of bulk-water optical constants for the GO: water layered
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FIG. 3. (a) Ip/Ig vs. Tann. Red line is a guide to the eye. (b) Variation of os-
cillator energies [C; (black squares), C, (red circles), and C; (green trian-
gles)] for thermally annealed GO at different T,,,. Solid lines are linear
extrapolation of energy values to lower annealing temperatures (c) n(/) for
confined water for GO films annealed at various temperatures. [Inset: vol-
ume percentage of confined water vs. T,,,] (d) Intrinsic ngo (black), kgo
(blue), and total n (red), k (brown) vs. Ty, for Z=600nm. Dashed region
denotes temperature interval where water is expelled.
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system, therefore, leads to an unsatisfactory conclusion that
discontinuous changes in extracted “intrinsic” GO refractive
index occur upon increase of annealing temperature even
as chemical structure of GO shows gradual changes. We
therefore suggest that it is the expulsion of trapped water
layers that primarily governs the abrupt changes in
refractive index of the system, with a small contribution aris-
ing from the change in chemical structure of GO. The quanti-
tative estimates of respective contributions are discussed
below.

We next consider the evaluation of optical constants of
confined water trapped between the GO sheets. For this, the
layer of GO is modeled as a known system with the proper-
ties of water layer being treated as unknown. As discussed
above, the n, k values of GO for T,,,, > 180 °C can be readily
modeled with three Lorentz oscillators [yielding solid n(4)
curves shown in Fig. 2]. This represents the situation where
trapped water has been expelled. The gradual changes in
n(4) for T,,, > 180°C can be accounted as arising due to
chemical structure changes of GO. By extending the trends
in variation of oscillator parameters to lower T,,,, quantita-
tive estimates of the contributions to the total changes in
n(A) of the film arising from chemical structure changes of
GO sheets can be discerned. For the samples at lower anneal-
ing temperatures (for T,,, < 180°C), we approximate oscil-
lator parameters of each individual Lorentz oscillator at that
temperature by linear extrapolation of the trend in variation
of center energy, amplitude, and energy spread measured at
higher annealing temperatures, as shown in Fig. 3(b), for the
case of oscillator energies. The three oscillator energies (for,
e.g., C;~23eV, C;~3.6eV, and C3~0.7eV for 400°C
annealed sample) can be correlated with energy separations
in the local density of electronic states of GO associated with
the presence of hydroxyl and other oxygen-containing
groups.'” The linear fits shown in Fig. 3(b) can then be inter-
preted as accounting for changes in the chemical structure of
GO due to elimination of oxygen-containing defects upon
annealing. For GO: water layered system, thickness esti-
mates are first obtained using B-Spline fits to raw SE data.
We then model the system using Bruggeman EMA, which is
applicable for two-phase composite systems.'® Here, the
intrinsic GO represents a medium, whose oscillator energy
parameters are obtained by the linear fits described above,
while the confined water is considered as a Cauchy medium
(k=0), whose refractive index and volume fraction are
determined as fitting parameters. Within this EMA model, a
plot of n(4) for confined water is shown in Fig. 3(c). The sig-
nificant increase (~35%) of n(1) of trapped water from bulk
values can be attributed to confinement induced densification
of the liquid related to water-wall interaction and altered
water-water interaction.’ Similar trends in n(1) of confined
water are obtained for GO films subject to different anneal-
ing temperatures. Note that each curve in Fig. 3(c) has been
generated using input from samples prepared under identical
conditions but annealed at different temperatures. The esti-
mated error due to fitting procedure, An~ 0.1, which is
comparable to the spread in n(4) curves and can be attributed
to sample-to-sample variations, for, e.g., in layer numbers/
amount of trapped water. The intrinsic ngo, kgo of GO
sheets for A=600nm are plotted as a function of T,,, in
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Fig. 3(d) and show gradual changes which can be related to
the elimination of oxygen-containing groups and change of
chemical structure of GO. In contrast, the total {n, k} of the
film, which also include the water contribution, have abrupt
increases in a narrow T,,, interval [Figs. 2 and 3(d)]. This is
rationalized only as a consequence of change in the volume
percentage of water in the GO films, as plotted in the inset of
Fig. 3(c). The progressive expulsion of confined water layers
for Tonn = 125-150 °C can be clearly seen.

Finally, we discuss temperature-dependent ellipsome-
try data for GO films, measured in the temperature range
from 25°C to —10°C. Plots of ellipsometric parameters
{¥, A} for water expelled GO film annealed at 400°C
shown in Figs. 4(a) and 4(b) reveal nearly temperature-
independent data. The ellipsometric parameters {y, A} for
as-prepared GO are plotted in Figs. 4(c) and 4(d). These
data reveal significant changes in the temperature interval
10°C to —10°C. Such large changes at low temperatures
cannot be related to chemical structure changes of GO
sheets because (a) these changes are absent in high-
temperature (400°C) annealed GO and (b) there is no
physical basis for such an explanation. The most plausible
explanation for these changes is therefore in relation to the
confined water. It may be noted that MD simulations have
predicted marked variations of the liquid-solid phase tran-
sitions in confined water films with densification of the
fluid being the determining factor for onset of the phase
transition.” In view of these theoretical predictions, we at-
tribute the observed changes to possible phase transition(s)
of confined water layers. This temperature-dependent
ellipsometry data corroborate the important role of con-
fined water in GO system, already inferred from our
annealing studies. A detailed interpretation of the possible
phase(s) of confined water system trapped in GO is beyond
the scope of this work.

800 1000 1200

Wavelength (nm)

In conclusion, spectroscopic ellipsometry study of GO
films reveals intriguing aspects about confined water layers
interspersed between the GO sheets. The interlayer separa-
tions of GO sheets are controlled with thermal annealing,
and trapped water layers can also be completely expelled at
high annealing temperatures. The water expulsion primarily
determines the refractive index changes of GO films as
annealing temperatures are increased. An estimate of the re-
fractive index for confined water is obtained and it is found
to deviate considerably from the values of bulk water. This
is further corroborated by extensive changes in ellipsometric
parameters at temperatures deviating from the liquid-solid
freezing transition of bulk water, observed in GO samples
having confined water layers. Our work provides a platform
to explore the exotic nature of different phases of confined-
water systems.
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