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Abstract

Water dissociation induced by graphene has been investigated by using temperature-dependent
X-ray photoelectron spectroscopy (XPS) from 120 K to room temperature. Comparative studies
on the interaction of water with the bare Ir(111) surface and submonolayer graphene/Ir(111)
surface have observed graphene-induced spontaneous water dissociation above 160 K. The
dominant role of graphene defects in the observed water dissociation has been corroborated by
performing water exposure and XPS measurements of three different graphene/Ir(111) surfaces
with different coverage and/or structural quality of the graphene layer. Our studies provide new
relevant experimental insights into graphene-induced spontaneous water dissociation, which is

valuable for understanding water-graphene interactions toward practical applications of graphene.
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Introduction

Graphene, a single atomic layer of carbon atoms bonded into a hexagonal honeycomb lattice, is
the first discovered two-dimensional material with unique properties and various potential
applications [1-3]. Understanding how graphene interacts with water is important for many
practical applications such as water purification and desalination, energy storage and conversion,
catalysis, coating, and various graphene-based devices working in ambient humidity [4-10].
Previous theoretical studies have suggested that the defects in graphene can catalyze the
dissociation of water, which makes graphene a promising material for hydrogen production
applications [11-13].  The dissociative adsorption of water on the graphene/Pt(111),
graphene/Cu(111), and graphene/Ni(111) surfaces has been experimentally observed at room
temperature by using high-resolution electron energy loss spectroscopy (HREELS) and X-ray
photoelectron spectroscopy (XPS) [12-14]. The experimental studies on graphene-induced water
dissociation have been primarily conducted at room temperature so far. The studies at 100 K did
not observe water dissociation on the graphene/Pt(111) surface [14]. Therefore, it remains
unknown what is the critical temperature for the occurrence of graphene-induced spontaneous
water dissociation. Toward that end, temperature-dependent studies of the HO/graphene system

below room temperature are needed but remain largely unexplored.

Here, we report on our studies of graphene-induced water dissociation using temperature-
dependent XPS measurements from 120 K to room temperature. Our experiments were first
performed on two different surfaces, bare Ir(111) surface and 0.78 monolayer (ML)
graphene/Ir(111) surface, for comparative studies to identify the relevance of water dissociation
to the graphene layer. The Ir(111) surface is chosen as the substrate for graphene because water

does not dissociate on this surface [15], which is convenient for verifying the role of graphene



layer in water dissociation. We observed water dissociation on the graphene/Ir(111) surface but
did not on the bare Ir(111) surface. The temperature-dependent XPS measurements indicate that
the critical temperature for the occurrence of water dissociation on the graphene/Ir(111) surface
is ~160 K. Further comparative studies of three different graphene/Ir(111) samples, with
different coverage and/or structural quality, corroborate the dominant role of graphene defects in

the observed water dissociation.
Materials and Methods

The sample preparations and scanning tunneling microscopy (STM) measurements were
performed using a Unisoku ultra-high vacuum (UHV) low temperature STM system
(USM1500S) with a base pressure lower than 2.0 x 107'° Torr. The single crystal Ir(111) surface
(Princeton Scientific) was cleaned by repeated cycles of Ar" ion sputtering (1.5 keV, 1.1 x 107
Torr, 40 min) at room temperature, annealing at 1100 °C for 10 min, annealing in oxygen (2.5 x
10”7 Torr) at 1000 °C for 20 min, flash annealing up to 1200 °C, annealing in hydrogen (5.0 x 10
7 Torr) at 1000 °C for 20 min, and flash annealing up to 1200 °C. The cleanness of the prepared
Ir(111) surface was checked using STM. The graphene/Ir(111) samples with numerous graphene
domain boundaries were prepared by exposing the clean Ir(111) surface to ethylene (5 X 1078
Torr) at 600 °C for a selected time duration and subsequent annealing up to 900 °C. The
graphene/Ir(111) sample without graphene domain boundaries was prepared by exposing the
clean Ir(111) surface to ethylene (2 x 1078 Torr) at 900 °C for a selected time duration and
subsequent holding the sample at 900 °C for additional 5 min. The coverage of graphene was
controlled by ethylene exposure time and the number of growth cycles. The coverage and

structural quality of graphene layer were checked using STM.



STM measurements were performed at 77 K with tungsten tips prepared by electrochemical
etching and subsequent cleaning by e-beam heating in UHV. STM measurements were
conducted in a constant-current mode. XPS measurements were performed using a Scienta
Omicron XPS system with a Mg Ka X-ray source (1253.6 eV) and an Argus CU (R)
hemispherical electron energy analyzer. The binding energy (BE) scale was calibrated using the
clean Au (4f7, = 84.0 eV BE). The measurements were conducted with the X-ray photon beam
impinging at angle of 30° with respect to the sample surface. The emitted photoelectrons were
collected at an angle of 90° with respect to the sample surface. The O 1s XPS spectra were
measured with a step size of 0.1 eV, a dwell time of 200 ms, and a pass energy of 20 eV. The O
Is XPS spectra shown here are the averaged signals of 10 scans for temperature dependent
experiments and 100 scans for the experiments at ~180 K. Peak fitting was conducted using
CasaXPS. XPS measurements were performed in the temperature range between 120 K and

room temperature.

Water (Sigma Aldrich, deuterium depleted, < 1 ppm (deuterium oxide)) was purified by
freeze-pump-thaw cycles. The sample surfaces were exposed to water by introducing water
vapor into the UHV chamber through a precision leak valve. The amount of water exposure was
controlled by adjusting the exposure time while keeping the water gas pressure at 5.0 x 10® Torr.
1 Langmuir (L) exposure corresponds to 1.0 x 10 Torr+s. A UHV suitcase, with a base
pressure of 5.0 x 107! Torr, was used for transferring samples between the UHV-STM system

and the UHV-XPS system.
Results and Discussion

For the comparative studies, two samples were first prepared: the bare Ir(111) surface and 0.78

ML graphene/Ir(111) surface. Figure 1 (a) and (b) are the large scale STM images of these two
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different surfaces. In Figure 1(c), the graphene edges are highlighted by green lines, the regions
enclosed by green lines are Ir and the rest regions are graphene. The bare Ir regions are
dispersedly distributed over the graphene/Ir surface, with a density of ~160 isolated bare Ir
regions per square micrometer. The bright lines within the graphene layer on the STM images
are domain boundaries. The number density of domains is around 1.0 x 103 per square
micrometer. Figure 1(d) is an atomic-resolution STM image of the graphene domain boundaries.
The three different domains D1, D2, and D3 have different Moiré patterns, and there exist

defects at the boundaries between these domains.
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Figure 1: STM images of (a) the bare Ir(111) surface and (b-d) 0.78 ML graphene/Ir(111)
surface. Scanning Parameters: (a-C) Viias =3 V, I; = 10 pA; (d) Veias = 10 mV, I; = 9 nA. Scale
Bars: (a-b) 80 nm; (¢) 20 nm; (d) 4nm. In panel (c), graphene edges are highlighted by green
lines, the regions enclosed by green lines are the Ir surface, and the rest regions are the graphene

surface. Panel (d) is an atomic-resolution STM image of the graphene domain boundaries. DI,



D2, and D3 are three different graphene domains in this region. Temperature dependent XPS O
Is spectra on (e) the Ir(111) surface and (f) the 0.78 ML graphene/Ir(111) surface after they were
exposed to 20 L H>O at ~120 K and the temperature subsequently increased. The spectra are

vertically shifted for clarity.

For temperature dependent XPS studies, the sample was first cooled down to ~120 K and
then exposed to 20 L water. After that, the sample temperature was increased gradually from
~120 K up to room temperature with a step size of ~10 K. The XPS O 1s spectra were measured
at each temperature step. The appearance of the OH component peak on the O 1s spectra is an
indication for the occurrence of water dissociation on the surface. The O 1s electron binding
energy is above 532 eV for H2O molecules and 530-531 eV for OH groups, respectively [13, 16-
20]. It is worth mentioning that the O Is peak position for H>O shifts toward higher BE for

multilayer growth of H>O [20].

Figure 1 (e) and (f) are the XPS O 1s spectra at three different temperatures during the
temperature increase process for the bare Ir(111) sample and the 0.78 ML graphene/Ir(111)
sample, respectively. At ~120 K, there is a huge H,O peak but no visible OH peak for both
samples. It is worth mentioning that water molecules adsorb molecularly and there is no water
dissociation at 100 K on the graphene/Pt(111) surface [14]. At 179 K, the OH component peak
(in blue) shows up for the graphene/Ir(111) sample but does not for the bare Ir(111) sample,
which is a clear indication that graphene can catalyze water dissociation at this temperature. At
231 K, there are only H>O peaks for both samples and the OH component peak is no longer

visible for the graphene/Ir(111) sample.

Figure 2(a) shows the area intensity of H,O component peaks on the O 1s spectra as a

function of temperature. The main desorption process was observed from ~150 K to ~170 K for
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the Ir(111) surface and from ~140 K to ~160 K for the graphene/Ir(111) surface. The difference
in desorption temperature between the two samples is induced by the graphene layer. Water
molecules desorb from the graphene/Ir(111) surface more easily than from the Ir(111) surface.
For the temperature range from 200 K to room temperature, the amount ratio of HoO on the
graphene/Ir(111) sample to HoO on the Ir(111) sample is 0.24 £ 0.03. For the 0.78 ML
graphene/Ir(111) sample, ~22% of the sample surface area is Ir. These results suggest that,
above 200 K, the remaining H>O molecules on the submonolayer graphene/Ir(111) sample are
primarily in the Ir regions; however, we cannot exclude the possibility that there are some water
molecules at the graphene/Ir(111) interface [13]. It is worth mentioning that the desorption of
water molecules from the graphene/Pt(111) surface occurs at 140 K [14], similar to the

desorption temperature we have observed for the graphene/Ir(111) surface.
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Figure 2: Temperature dependent area intensity of H>O and OH component peaks on the Ir(111)
sample and the 0.78 ML graphene/Ir(111) sample after they were exposed to 20 L H>O at ~120

K and the temperature subsequently increased up to room temperature gradually.



Figure 2(b) shows the area intensity of the OH component peak of the O 1s spectra as a
function of temperature. On the bare Ir(111) sample, no OH group was detected by XPS for the
temperature range from 120 K to room temperature. For the graphene/Ir(111) surface, the OH
group started appearing on the surface at ~160 K, reached its maximum amount at ~180 K, and
then decreased down to zero at ~230 K. The appearance of OH groups on the surface indicates
the occurrence of water dissociation on the graphene/Ir(111) surface. The comparison between
these two samples unambiguously shows that graphene can induce water dissociation above
~160 K. When the temperature increases from 160 K to 180 K, the water dissociation is
enhanced with increasing temperature, which leads to the amount increase of OH groups on the
surface. The decrease of OH amount with increasing temperature above 180 K is most likely
due to the enhanced desorption of OH groups from the surface and/or its recombination with

atomic H.

The dissociation of water produces OH group and atomic H on the surface. Atomic H is
stable on the graphene surface even at room temperature [21-22]. Hydrogenation of the
graphene/metal surfaces after water dosing at room temperature has been observed for
graphene/Pt(111) [14], graphene/Cu(111) [12], graphene/Ru(0001) [23] and graphene/Ni(111)
[13]. So the generated H atoms largely stay on the graphene surface during our temperature
dependent experiments up to room temperature. In a previous HREELS study of water
adsorption on the graphene/Pt(111) surface at room temperature, the vibrational modes of OH
groups are absent, which indicates that the adsorption energy of OH groups is positive in the
presence of co-adsorbed H atoms on the graphene surface and the OH groups are not stable at
room temperature [14]. That may partly explain our observation that the amount of OH groups

on the graphene/Ir(111) surface decreases from its maximum down to zero when the temperature



increases from ~180 K to ~230 K. In the initial stage of water dissociation (~160 K), the OH
groups can largely stay on the surface as the amount of atomic H on the surface is very low. As
water dissociation continues, more and more H atoms are generated on the surface, and it gets
harder and harder for OH groups to stay on the surface. At a certain point, the OH groups start
desorbing from the surface with increasing temperature and/or recombination with atomic H due
to the rich presence of atomic H on the surface. That is a possible reason why, during our
temperature dependent studies, the OH groups generated by water dissociation were detected by

XPS only within a certain temperature range.
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Figure 3: XPS O 1s spectra of the Ir(111) sample and the 0.78 ML Graphene/Ir(111) sample
after they were exposed to 100 L H>O at ~180 K. The dashed line indicates the binding energy

position for the OH component peak.

As shown in Figure 2(b), the detected OH amount on the graphene/Ir(111) surface reaches

its maximum at ~180 K. The signal-to-noise ratio for the OH component peak shown in Figure



1(f) is not very high because the starting dosage at ~120 K was only 20 L and the acquisition
time for each O 1s spectrum was limited during the temperature-dependent experiments. To
improve the signal-to-noise ratio and further verify the difference in O 1s spectra between the
bare Ir(111) surface and the graphene/Ir(111) surface, additional experiments were performed as
shown in Figure 3. The samples were first cooled down to ~180 K and then exposed to 100 L
water vapor. After that, the O 1s spectra were measured with a much longer acquisition time
while the temperature was maintained at ~180 K. Figure 3 clearly shows that the OH component
peak (in blue) appeared for the 0.78 ML graphene/Ir(111) surface but did not for the bare Ir(111)

surface.

As shown in Figure 1(b-d), there are many graphene edges and domain boundaries on the
0.78 ML graphene/Ir(111) surface. As water molecules have a high dissociation barrier, it has
been suggested that water dissociation should occur at defects in graphene [11-13]. In order to
experimentally verify the dependence of water dissociation on graphene edges and domain
boundaries, we have prepared two additional graphene/Ir(111) samples for comparative studies:
1 ML graphene with numerous domain boundaries and 1 ML graphene without domain
boundaries. Their STM images are shown in Figure 4 (a-b) and (c-d), respectively. On the
sample surface shown in Figure 4(a-b), there exist numerous different graphene domains with
different Moiré patterns. In contrast, on the sample surface shown in Figure 4(c-d), there exists
only a single graphene domain. The XPS O Is spectra were measured on these two samples after
they had been exposed to 100 L water at ~180 K. The OH group was detected on the 1 ML
graphene/Ir(111) sample with numerous domain boundaries but not on the 1 ML graphene/Ir(111)
sample without domain boundaries, as shown in Figure 4 (e) and (f), respectively. Figure 4(g)

shows the XPS peak area intensities of H>O and OH for water dosing experiments on the above-
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mentioned three different graphene/Ir samples at ~180 K. The amount of adsorbed water
molecules is much larger on the 0.78 ML graphene/Ir surface than on the other two 1 ML
graphene/Ir surfaces, which indicates that the sticking coefficient of water molecules on the Ir
surface is much larger than on the graphene/Ir surface. The OH groups were detected on the two
samples with defects: 0.78 ML graphene/Ir sample with graphene edges and domain boundaries
and 1 ML graphene/Ir sample with domain boundaries. There is no detectable amount of OH
groups on the 1 ML graphene/Ir sample without domain boundaries. The comparison between
these three samples clearly indicates that the defects in graphene increase the chemical reactivity

of graphene and play a dominant role in the observed water dissociation.
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Figure 4: (a-b) STM images of 1 ML graphene/Ir with numerous domain boundaries. (c-d)
STM images of 1 ML graphene/Ir without domain boundaries. Scanning Parameters: (a-c) Vpias
=3V, ;=10pA; (d) Veias=2 V, ;=10 pA. Scale Bars: (a) 80 nm; (b) 20 nm; (c) 60 nm; (d) 20
nm. (e) XPS O Is spectra of the surface shown in (a-b) after it was exposed to 100 L H>O at
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~180 K. (f) XPS O 1s spectra of the surface shown in (c-d) after it was exposed to 100 L H>O at
~180 K. (g) XPS peak area intensities of H>O and OH on three different graphene/Ir samples

after they were exposed to 100 L H>O at ~180 K.

Density functional theory (DFT) calculations have been conducted to explore the
mechanisms for water dissociation induced by graphene edges and domain boundaries on the
graphene/metal surfaces [12-13]. He et al. found that the energy barrier for water dissociation at
the graphene edge on the graphene/Cu(111) surface is as low as 0.35 eV, which is significantly
lower than the energy barrier 3.64 eV on bare pristine graphene [12, 24]. The graphene edge is
saturated by H and decoupled from the Cu substrate after water dissociation at the edge, which
allows water to migrate into the graphene/Cu interface and decompose there. The promotion of
water dissociation at the interface has been ascribed to the limited space that enhances the O-H
bond stretch and the charge transfer between Cu, H>O, and graphene [12]. DFT studies by
Politano et al. suggest that water can penetrate into the graphene/Ni(111) interface through
graphene domain boundaries and decomposes at the interface [13]. The defects at the graphene
domain boundaries increase the chemical reactivity of graphene and promote the dissociation of
water. The mechanisms described above for graphene/Cu(111) and graphene/Ni(111) surfaces
possibly also apply to the graphene/Ir(111) surface, which needs to be verified by future detailed

theoretical studies.

Conclusion

In summary, we have observed the graphene-induced spontaneous water dissociation by
performing temperature dependent XPS studies of several comparative samples including the

bare Ir(111) surface and three graphene/Ir(111) surfaces. Our results indicate that the critical

12



temperature for the occurrence of water dissociation on the graphene/Ir(111) surface is ~160 K.
Comparative studies of three different graphene/Ir samples indicate the dominant role of
graphene defects in the observed water dissociation. Our findings provide new relevant
experimental insights into the graphene-induced spontaneous water dissociation and are valuable

for understanding the water-graphene interactions toward relevant practical applications.
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