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ABSTRACT
In this work, ambient pressure x-ray photoelectron spectroscopy (APXPS) is used to study the initial stages of water adsorption on vanadium
oxide surfaces. V 2p, O 1s, C 1s, and valence band XPS spectra were collected as a function of relative humidity in a series of isotherm and
isobar experiments. Experiments were carried out on two VO2 thin films on TiO2 (100) substrates, prepared with different surface cleaning
procedures. Hydroxyl and molecular water surface species were identified, with up to 0.5 ML hydroxide present at the minimum relative
humidity, and a consistent molecular water adsorption onset occurring around 0.01% relative humidity. The work function was found to
increase with increasing relative humidity, suggesting that surface water and hydroxyl species are oriented with the hydrogen atoms directed
away from the surface. Changes in the valence band were also observed as a function of relative humidity. The results were similar to those
observed in APXPS experiments on other transition metal oxide surfaces, suggesting that H2O–OH and H2O–H2O surface complex formation
plays an important role in the oxide wetting process and water dissociation. Compared to polycrystalline vanadium metal, these vanadium
oxide films generate less hydroxide and appear to be more favorable for molecular water adsorption.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5138959., s

I. INTRODUCTION

Under ambient conditions, all materials on earth are exposed to
water vapor, which causes water and hydroxyl layers to form on their

surfaces. The role these layers play in the reactivity and electronic
properties of surfaces is a subject relevant to heterogeneous catalysis,
environmental science, and the operation of electronic devices.1–3

For the vast majority of materials, simple questions regarding the
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amount of adsorbed water as a function of relative humidity (RH),
and the structure of the first layers in contact with the surface,
remain largely unanswered.1

Vanadium oxides are widely studied both for their applica-
tions in catalysis and their unique electronic properties, which make
them interesting candidates for devices such as sensors and tran-
sistors.4,5 Vanadium can exist in several stable oxidation states, the
most stable being the 3+, 4+, and fully oxidized 5+ states. The
vanadium–oxygen phase diagram is rich in intermediate phases,
where two oxidation states are stable in a single extended struc-
ture. Between V2O3 and VO2 exist the Magneli phases (VnO2n−1),
which contain a mixture of vanadium 3+ and vanadium 4+, while
between VO2 and V2O5 there are the Wadsley phases (V2nO5n−2),
which have a mixture of vanadium 4+ and vanadium 5+.4,6–8 Each
of these phases can also contain oxygen or vanadium defects, and
deviate from the nominal stoichiometry.7,9 The ability of these mate-
rials to reversibly stabilize a variety of oxidation states has made
them great candidates for heterogeneous catalysis.6 V2O5 is used
industrially to oxidize sulfur dioxide to sulfuric acid.10,11 Oxide-
supported and mixed vanadium oxides have also been applied in
the reduction of nitrogen oxides in flue gas, in the selective oxi-
dation of alkanes and alkenes, in the oxidative dehydrogenation of
alkanes, and in the selective oxidation of methanol to formalde-
hyde.10–12 Water is present in the atmosphere during these cat-
alytic processes and, in many cases, is a reactant or a product.
The presence of water in the atmosphere is also important to con-
sider for electronic devices.3 It is well known that surface adsorbates
and reconstruction can affect the electronic properties of vanadium
oxides.13–16

One of the most commonly used surface science techniques
is x-ray photoelectron spectroscopy (XPS). XPS allows quantita-
tive determination of the elemental composition as well as specific
chemical information about the surface constituents. Importantly,
adsorbed molecular water can be distinguished from hydroxyl
groups. There have been some XPS studies on the interaction of
water with well-defined vanadium oxide surfaces.17–19 However,
these studies have been carried out under low temperature ultra-
high vacuum conditions, which do not represent the operating
environment of catalysts and electronic devices.

Ambient pressure XPS (APXPS) has made detailed surface
studies in the presence of gases possible at pressures and tem-
peratures approaching those in ambient or catalytic environments.
APXPS on vanadium oxides is a subject that researchers have only
just begun to explore. Water adsorption has been studied by APXPS
on polycrystalline vanadium metal,20 and there have been several
in situ studies on oxide-supported vanadium oxide and vanadium
phosphorus oxide catalysts,21,22 but so far a more fundamental in situ
study looking at water adsorption on a defined vanadium oxide sur-
face has not been published. In this work, the adsorption of water
on VO2 films is examined. In heterogeneous catalysis, vanadium
oxide films or nanoparticles are frequently deposited on bulk oxide
substrates such as TiO2 or Al2O3, which reduces cost and enhances
reactivity relative to pure vanadium oxide materials. The V3+, V4+,
and V5+ states have all been found to participate in the catalytic pro-
cesses.23 It is also of interest to compare VO2 with its widely studied,
structurally similar counterpart—rutile TiO2. Meanwhile, of all the
vanadium oxides, VO2 has attracted the most attention for potential
applications in electronic devices due to the temperature-dependent

metal–insulator transition (MIT) it undergoes at near ambient tem-
peratures.4,5 It is within this context that VO2 films on TiO2 sub-
strates are considered a good starting point for investigation on
water adsorption on vanadium oxides in general.

II. EXPERIMENTAL
Measurements were performed at beamline 11.0.2 of the

Advanced Light Source (ALS) at Lawrence Berkeley National Lab-
oratory using the APXPS-1 endstation.24 These experiments were
conducted on two ∼80 nm vanadium oxide films, grown on oriented
rutile TiO2 (100) substrates by different methods. TiO2 has larger
lattice parameters than VO2, so films grown on TiO2 substrates are
typically strained, which can alter the MIT of VO2. However, the
strain in films of 80 nm thickness is expected to be mostly relaxed
at the surface, and thus, they should behave similarly to bulk VO2.25

The first film (film 1) was synthesized by reactive-biased target ion
beam deposition as reported previously.25,26 Prior to XPS experi-
ments, resistivity measurements showed that the film underwent a
metal–insulator transition around 60–80 ○C, which is characteristic
of bulk VO2, and the film was determined by XRD to be mono-
clinic VO2 with a small V2O5 component [supplementary material,
Fig. S. 1.(a)]. Carbon contamination was removed by annealing at
450 ○C for 30 min in 10−7–10−6 Torr O2 prior to water adsorp-
tion experiments. Experiments were repeated on a second film (film
2). Film 2 was synthesized by pulsed laser deposition (PLD)—the
details of which can be found in the supplementary material—and
verified to be VO2 by XRD [Fig. S. 1.(b)]. In this case, the film
was sputtered for 5 min to remove contamination, with a current
of 2 μA, at 2 V, under 5 ×10−5 Torr Ar. This process caused the
surface to be reduced, and then the film was annealed by gradu-
ally increasing the temperature up to 300 ○C in 1 ×10−6–1 ×10−5

Torr oxygen to restore the original V4+ composition, as deter-
mined from the V 2p and valence band spectra (Fig. S. 2). The
results from both the films are presented here in order to assess
the degree to which minor variations in surface composition affect
the water adsorption behavior. Milli-Q purified water (18.2 MΩ
cm) was mounted on the APXPS analysis chamber and degassed
by three cycles of liquid nitrogen freeze–pump–thaw, before being
introduced into the chamber with a high precision leak valve. V
2p/O 1s spectra were collected at an excitation energy of 735 eV,
C 1s at 490 eV, and the valence band at 300 eV. These energies
were chosen so that all photoelectrons had a kinetic energy (EK)
of 200–300 eV, and thus originated from up to approximately 0.7–
0.9 nm within the sample.27 The Au 4f spectrum of a gold foil
in electrical contact with the film was measured periodically at
the respective excitation energies and used to calibrate the binding
energy of the other spectra, by fixing the Au 4f 7/2 binding energy
to 84.0 eV.

III. RESULTS
A. Fitting of APXPS spectra and identification
of surface species

Representative O 1s and V 2p XPS data for isotherm (23 ○C)
experiments on the two vanadium oxide films are shown in Fig. 1(a).
When calibrated to the Au 4f reference, the binding energy of
the O 1s peak is around 530.1 eV (±0.1 eV). The V 2p region
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FIG. 1. (a) O 1s and V 2p region taken at
selected water vapor pressures as part
of a 23 ○C isotherm experiment for film 1
and film 2. Spectra are background sub-
tracted and normalized to the lattice O 1s
intensity. Solid line is film 2, and dotted
line is film 1. (b) Example fit for the O
1s and V 2p region of vanadium oxide
films. This spectrum was taken on film 2,
at 23 ○C, under 1 Torr H2O, as part of an
isotherm experiment.

consists of spin–orbit split V 2p3/2 and V 2p1/2 peaks at 516.4 eV and
523.7 eV, respectively (±0.1 eV), which correspond roughly to the
values reported for V4+ in the literature.28,29 At increasing relative
humidity (RH), the relative intensity of at least two additional peaks
with higher binding energy increases in the O 1s region. The peak at
approximately 531.5 eV is in the position expected for surface –OH
species, while the peak at approximately 533 eV is in the position
expected for surface adsorbed molecular water.18,30,31 The peak at
approximately 535 eV is due to free water vapor in the chamber. A
representative example of the fit is shown in Fig. 1(b). The O 1s and
V 2p spectra are each fit as a single region, with a Shirley background.
The V 2p peaks are constrained to have an area ratio of 2:1 and a sep-
aration of 7.33 eV, as reported in the literature.28,29 The peak widths
of the V 2p peaks were not constrained to be equal since the V 2p1/2
peak is broadened due to the Coster–Kronig effect.29 A V 2p3/2 satel-
lite was fit between the V 2p1/2 and O 1s peaks and constrained to be
between 0.05 and 0.15 times the area of the main V 2p3/2 peak, and
11.8 eV higher binding energy, based on fits in previous studies.28

Surface O 1s atoms were constrained to have the same peak width.
A detailed summary of peak fitting parameters can be found in the
supplementary material (Table 1).

For simplicity, each of the vanadium peaks was fit with a sin-
gle Voigt function. However, it is likely that small quantities of V3+

and V5+ are present in these films. In addition to evidence of V2O5
in film 1 from XRD taken ex situ [Fig. S. 1.(a)], non-stoichiometry
is suggested by the shapes of the V 2p peaks in XPS, which are
slightly different when comparing the spectra taken at the lowest
and highest RH (Fig. S. 5), and when comparing the two different
films. There are slight changes in intensity toward the higher and
lower binding energy sides, suggesting that varying levels of V3+

and V5+ are present, but these changes are too small to be reliably
captured by fitting with additional peaks. Theoretical studies have
shown that the V 2p peaks are actually composed of several multi-
plet components, so it is also possible that the changes are due to
alterations in the multiplet structure, rather than in the oxidation
state.32 Here, the main interest is in changes in the O 1s region,
so fitting the V 2p region to this level of precision is beyond the
scope of this study. However, minimal attention is directed to these
intricacies in most publications that include V 2p XPS fitting. It is
of benefit to note here, the complexity of vanadium oxide spectra

and highlight that there is still a lot of theoretical and experimental
work to be done before XPS can reliably be used to determine the
exact composition of vanadium oxide surfaces with mixed oxidation
states.

One strategy used by other researchers faced with this issue
was to determine the splitting between the V 2p3/2 and lattice O
1s peaks as a function of the oxidation state. A linear relationship
was established: Vox = 13.82–0.68 [O 1s–V 2p3/2] (where O 1s and
V 2p3/2 are the positions of the respective peaks in eV).33 The split-
ting between the peaks for film 1 ranged from 13.53 eV to 13.81 eV
and for film 2 from 13.49 eV to 13.67 eV; therefore, according to
the established relationship, the average surface oxidation state var-
ied between 4.40+–4.65+ and 4.55+–4.65+, respectively. This suggests
that in all experiments, the VO2 surface is partially oxidized to V5+.
As shown in the Fig. S. 6., most isobar experiments showed a slight
(0.05–0.1 charge unit) decrease in the oxidation state with increased
relative humidity. However, this is not true for all experiments, and
there is a lot of variation in these estimates, possibly due to inho-
mogeneity in the samples where some areas of the film are more
oxidized than others. The isotherms do not show the same trend and
generally show a higher estimated oxidation state at higher RH. The
differences between isobar and isotherm experiments suggest that
there is a temperature-dependent reaction occurring. One possibil-
ity is that the sample is reversibly oxidized at the higher temperature
and reduced as it cools down.

According to survey spectra (Fig. S. 4), the main impurities
present on these films are carbon and potassium. The presence of
carbon is expected and an established annealing method was used
to remove it from the surface of film 1.34 The C 1s spectra showed
that this annealing procedure removed most of the carbon; how-
ever, a fairly large K 2p component remained in the same region
(Fig. 2). Because of this observation, additional films were grown
by PLD and different methods were tested in order to remove con-
tamination. If the films were sputtered until there was no intensity
in the C 1s/K 2p region, and then treated to the original anneal-
ing procedure, the K 2p peaks were observed to grow at temper-
atures above 350 ○C. It was thus established that potassium was
not just surface contamination and that it was migrating to the
surface of the film during heating. The source of this contamina-
tion is not clear, but since it is present on films grown by two
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FIG. 2. (a) Comparison of C 1s/K 2p
binding energy region at the beginning
and end of a 23 ○C isotherm experiment,
for film 1 and film 2. Data are normal-
ized to O 1s intensity collected under the
equivalent conditions. Solid line is film 2
and the dotted line is film 1. (b) Example
fit of the C 1s/K 2p binding energy region
taken on film 2, at 23 ○C, under 1 Torr
H2O as part of an isotherm experiment.
Spectra were fit with a linear background
and Voigt functions.

different methods, and is not on other surfaces measured at the same
beamline endstation, a likely source is the surface of the TiO2 sub-
strates. A new preparation procedure was established, where mild
sputtering was used to remove contamination and annealing in
1 × 10−6–1 × 10−5 Torr oxygen at temperatures below 350 ○C was
employed to restore the original majority V4+ oxidation state. This
was achieved by monitoring the V 2p and valence band in situ during
annealing, and halting the annealing once the spectra had returned
to their original shape (Fig. S. 2). Both carbon and potassium were
present on the resulting surface, but the surface concentration of
potassium estimated from the relative intensity of O 1s and K 2p
peaks was an order of magnitude lower on the sputtered film 2 sur-
face compared to the annealed film 1 surface (see supplementary
material, Sec. I). Since the surface structures resulting from these
two treatments are unknown, data from films prepared by both the
methods are included here in order to gain an idea of how impor-
tant surface structure and impurity concentration are to the water
adsorption behavior.

B. Comparison of isobar and isotherm experiments
The RH at the film surface can be controlled at constant tem-

perature by changing the pressure and at constant pressure by
changing the temperature. Both of these methods have advantages
and disadvantages.

Isotherm experiments allow determination of the water adsorp-
tion process independently of the temperature and the potential
phase changes that might occur as a function of temperature. This
is an important consideration for vanadium oxides, which have a
very complex bulk phase diagram with many intermediate phases,
where multiple oxidation states coexist and a variety of temperature-
dependent electronic and structural changes. VO2 in particular
undergoes a change around 60–80 ○C, where it transforms with
increased temperature from a metal to a semiconductor and from
a monoclinic to a rutile structure.35 There is some evidence that this
insulator–metal transition occurs in the films studied here, in the
form of changes to the leading edge of the valence band (Fig. S. 3).
However, this was not consistently observed after annealing or sput-
tering the films. Since VO2 can be transformed into a metal by

various means, including trace level doping, it is possible that the
loss of the transition could be related to the presence of potassium
in the material, or to surface defects formed during heating or sput-
tering. Isotherm experiments performed at a constant temperature
of 23 ○C ensure that the water adsorption process is not affected by
this transition.

At 23 ○C, it is very difficult to achieve a clean surface, as there
are trace levels of organic contamination in the XPS chamber, which
can condense on the surface at this low temperature. This means that
at the low RH, C–Ox species from carbon contaminants can con-
tribute intensity to the binding energy region at 531–534 eV, and
interfere with the coverage determination for –OH and molecular
water species. In isobar experiments, low RH is instead achieved by
heating the film to a high temperature, allowing the beginning of
water adsorption to be observed on a relatively clean surface. There-
fore, performing both isotherm and isobar experiments can help
clarify which effects are due to RH and which are due to temper-
ature or contamination. If isotherm and isobar experiments yield
similar results, this also indicates that the surface and gas phase are
in thermodynamic equilibrium.

Figure 3 shows the signal ratio of –OH and molecular water
peaks to the lattice oxygen peak, as a function of RH, for all isotherm
and isobar experiments on VO2/TiO2 (100) films. The isotherm
measurements show that as RH is increased, the amount of –OH
and adsorbed water on the vanadium oxide surface increases. A
more rapid increase is seen above around 0.01% RH. As RH is
decreased, coverage of adsorbed water decreases, while the –OH cov-
erage increases initially. At equivalent RH, the amount of adsorbed
water is higher for the decreasing isotherm.

The isobar measurements also show an increase in adsorbed
water coverage with increasing RH with an onset of around 0.01%
RH. Generally, at equivalent RH, the amount of adsorbed water is
higher for the reverse isobar. The trends for –OH are less consis-
tent. Generally, as seen in the isotherm data, –OH coverage increases
with increasing RH, and sometimes shows an initial increase with
decreasing RH, before decreasing. This initial increase, and the gen-
erally higher levels of adsorbates in the reverse isotherm and isobar
experiments, could be occurring because an existing layer of molec-
ular water and –OH facilitates further water adsorption and disso-
ciation, through cooperative effects. It could also be due to changes
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FIG. 3. Signal ratio of –OH peak (pink) and molecular water peak (blue) to lattice oxygen peak, along with the estimated relative O 1s signal due to C–Ox (green), as a
function of RH, for (a) isotherm experiment at 23 ○C, (b) isobar experiment at 0.1 Torr, and (c) isobar experiment at 1 Torr. Onset RH of 0.01% is indicated by dotted line.

in the level of carbon contamination, or potentially a beam damage
effect (see the supplementary material for a detailed discussion on
beam damage).

As shown in Fig. 2, the carbon contamination on the surface
is partially oxidized and will, therefore, contribute intensity to the
O 1s spectrum. The typical O 1s binding energies of C–Ox species
overlap with those of the –OH and water peaks, so the C–Ox con-
tribution to the O 1s spectrum cannot be determined directly by
fitting additional peaks in this region.36 Using the C:O sensitivity
factor determined from gas phase CO2 XPS, the minimum O 1s
signal intensity due to C–Ox was estimated from the C 1s spec-
trum (see the supplementary material for details), and is included
in Fig. 3. For all experiments, this estimated C–Ox O 1s inten-
sity was found to be large enough to account for the peak inten-
sity assigned to molecular water at low RH, but does not increase
as much above 0.01% RH, so the increase here can be attributed
to the adsorption of molecular water. The –OH peak intensity at
low RH is much greater than the estimated C–Ox intensity, so it
can be confirmed that –OH is present on the surface, even at very
low RH.

Comparing the same experiments on the different films, the
adsorption trends are very similar for the isotherm experiments. For
the isobar experiments, there is less change in the relative inten-
sity of the –OH peak for film 1 compared to film 2. This could be
related to the number of adsorption sites available for –OH, which
may be influenced by potassium contamination levels or surface
defects.

Figure 4 shows the estimated coverages in monolayers (see the
supplementary material) as a function of RH for all experiments
on VO2/TiO2 (100). There is a lot of spread in the data, but some
rough overall trends can be established. The relative intensity of
the molecular water peak remains fairly constant up to 0.01% RH
and then between 0.01% and 0.1% starts to increase sharply. The

coverage of molecular water grows more rapidly than the coverage of
–OH so that the coverages become equal at approximately 10% RH,
with a total coverage of >1 ML. At low RH, there is a minimum of
0.3–0.5 ML –OH, which typically forms at surface defects on metal

FIG. 4. Coverage in monolayers of –OH and molecular H2O (O mol) from all
isotherm and isobar experiments plotted on the same axis.
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oxides at low relative humidity. However, 10%–50% of this could be
C–Ox, depending on what carbon species are present. Molecular
water coverage below 0.01% RH is approximately 0.1 ML, but up
to 100% of this peak intensity could be due to C–Ox, so 0.01% RH is
considered the adsorption onset for molecular water.

C. Work function and valence band
The position of the water vapor peak relative to other peaks

is observed to change with RH. The apparent binding energy is
observed to increase (i.e., its kinetic energy decreases) by up to 1 eV
as RH is increased (Fig. 5). This can also be seen for the water
vapor peaks observed in the valence band region [Fig. 6(a)]. The vac-
uum level of gas molecules in the vicinity of a solid film’s surface is
determined by the material surface work function. A change of the
vacuum level relative to the Fermi level must induce a correspond-
ing change in the detected apparent binding energy of the gas phase
core level photoelectrons. Therefore, a change in the apparent bind-
ing energy of the vapor peak can be related to a change in the work
function of the material.1 The work function and binding energy are
negatively correlated, so it appears that the work function decreases
with RH.

The degree to which this occurs is greater for film 2 than for film
1, with binding energies up to 0.5 eV lower on film 2 at the lowest
RH [Fig. 5(b)]. This suggests that the films have a different work
function in the absence of water. However, the change of the gas
phase binding energy is also geometry dependent, so the difference
between films could be due to different distances from the film to
detector aperture. This is supported also by the different intensity
of the water vapor peak relative to lattice oxygen peak for the two
different films. It is important to point out that the qualitative trend
is, however, the same for both films.

The work function changes can be induced by electron trans-
fer between surfaces and adsorbates. The changes in work function
follow a similar pattern as the molecular water coverage, with a
change in slope at approximately 0.01% RH, suggesting that these

properties are closely related. A decrease in work function can result
from the presence of a surface dipole layer, in which the posi-
tive charge is directed away from the substrate. This trend is con-
sistent with adsorption of H2O (or OH) through the (negatively
charged) oxygen atom with the (positively charged) hydrogen atoms
away from the surface.17,31 Similar observations have been made
in low-temperature UHV studies of water adsorption on V2O3,
where the work function was found to decrease with increasing H2O
exposure.17

The valence band consists of a component at 0–2.5 eV, which
is attributed to pure V 3d states, and a component at 2.5–9 eV,
which has mostly O 2p character.37 When water is introduced, three
additional components appear at approximately 7 eV, 10 eV, and
14 eV, which correspond to the 1b1, 3a1, and 1b2 molecular orbitals
of water, respectively.31 These show a similar shift to the O 1s
gas phase peak and their spacing is within the range observed for
gas phase water, so these are likely predominantly from gas phase
water. In most cases, the valence band shows a shift in the low
energy side of the O 2p states toward higher binding energy with
increased RH (decreased temperature, Fig. 6). This was quantified
by fitting a linear model to the side of the peak, and determin-
ing the x intercept. The shift is smaller than the shift seen in the
vapor peaks, not exceeding 0.5 eV, and for film 1, some of the
experiments do not show an obvious trend with RH. Band bend-
ing can be ruled out since the position of the low energy side of
the V 3d states does not change, and the core level peaks do not
shift to the same degree. A similar shift in valence band O 2p states
has been observed in hydrogen adsorption studies on VO2. This is
speculated to be due to relaxation of the surface upon H2 adsorp-
tion, with the small change in bond length or angle resulting in
a change (increase) in V–O π bonding interaction. The increased
bonding character would result in a decrease in the energy of the
O 2p π band.38 Water may similarly induce relaxation through its
interaction with the VO2 surface, which could also increase V–O
2p π-orbital overlap, resulting in a similar change in the valence
band.

FIG. 5. (a) Spectra from 1 Torr isobar,
on film 2, displaying a clear shift (dotted
line) in the water vapor peak position rel-
ative to other peaks as RH is increased
(temperature is decreased). Spectra are
background subtracted, normalized to
the lattice O 1s intensity, and offset. (b)
Binding energy of water vapor peak as a
function of RH for all isotherm and isobar
experiments on VO2/TiO2 (100).
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FIG. 6. (a) Spectra from 1 Torr iso-
bar, on film 2, showing changes in
the valence band with increasing RH
(decreasing temperature), with the lin-
ear models used to represent the O
2p position for the highest and lowest
temperature (dotted lines). Spectra are
background subtracted and normalized
to the maximum of the O 2p compo-
nent. (b) Binding energy, at which a linear
model of the shifting O 2p edge inter-
sects the x axis, as a function of RH for
all isotherm and isobar experiments on
VO2/TiO2 (100).

It is interesting to note that the experiments in which the
least change is observed in the O 2p position are the same experi-
ments in which little change in –OH coverage is observed (1 Torr
and 0.1 Torr isobars for film 1). This suggests that the valence
band shift is related to the appearance of OH (or C–Ox species
with the same O 1s binding energy). Another related observation
is that in the absence of water vapor, the O 2p position is correlated
with the presence of a feature at approximately 10.5 eV, shifting to
higher energies when the feature is present. For example, this can
be seen in the spectra taken before and after cleaning, as shown in
Fig. S. 3.

The distribution of the V 3d states also changes slightly, with
the intensity maximum moving from around 0.7 eV to 1.2 eV as RH
is increased. This suggests that the adsorbates are interacting with
the V 3d states and shifting their energy.

IV. DISCUSSION
A general behavior observed in similar studies is that hydroxy-

lation precedes water adsorption.1,2,39 It is speculated that H2O–OH
complexes make layers containing OH more stable than pure lay-
ers of molecular water. This stability originates from the H2O–OH
hydrogen bonds, which are approximately 0.18 eV stronger than
the H2O–H2O hydrogen bonds.39 Additionally, theoretical studies
indicate that dissociation of an isolated water molecule is kinetically
hindered, while dissociation of a water molecule that forms a com-
plex with other adsorbed water molecules, as well as lattice oxygen,
is more facile.40,41 A RH of 0.01% has been identified as the crit-
ical onset value for the formation of these complexes.42,43 On the
VO2 surface presented in this work, the presence of –OH precedes
H2O adsorption and in most cases coverage of both species begins to
increase more rapidly around 0.01% RH, so VO2 is consistent with
the proposed model.

The difference in the kinetic barrier for –OH formation and
the number and nature of –OH groups on surfaces can be related
to defect concentration.39 For example, in similar studies on TiO2,
a small concentration of O-vacancy defects in the rows of bridg-
ing oxygen atoms (0.125 ML) was found to always be present after

surface preparation. Hydroxylation on TiO2 has been found to occur
only at the oxygen vacancies with coverage reaching saturation
at twice the initial defect concentration (0.25 ML). Once –OH is
present on TiO2, H2O coverage rises gradually as RH is increased,
and starts to increase more rapidly once it equals OH coverage.44

On VO2, unlike TiO2, it is not straightforward to identify oxygen
defects by XPS, due to the complicated nature of the vanadium core
levels. However, it is likely that some kinds of defects are present.
It is possible that these defects are filled by dissociative adsorp-
tion of water to form the observed initial –OH coverage of 0.3–
0.5 ML. If each defect is forming two –OH groups, defect levels
would be 1–2 times the concentration observed on the TiO2 surface,
which seems reasonable considering the contribution of C–Ox to the
–OH signal, and the less well-refined surface preparation procedures
used here. In contrast to TiO2, –OH coverage on VO2 seems to
increase simultaneously with the onset of H2O adsorption in most
cases, suggesting that dissociation is not limited to defect sites on
this surface. At the same RH, the H2O coverage is lower on VO2
than on TiO2 and unlike on TiO2, it does not exceed OH coverage
in this RH range. One possible explanation for this phenomenon
is that the H2O coverage is limited by its dissociation into OH. In
another example, on MgO and α-Fe2O3, OH coverage is observed
to increase at a similar 0.01% RH threshold, and then saturate at
1 ML.43 It would be interesting in future studies to examine the
VO2 surface at higher RH to determine if such a saturation point is
reached.

This study can be related to a recent APXPS study of water
adsorption on polycrystalline vanadium metal.20 In the presence of
water above 1 × 10−6% RH, vanadium metal was found to oxi-
dize to V2O3 with V–OH on the surface. In isobar experiments
starting at 1 × 10−4% RH, the –OH coverage was initially around
1 ML and increased steadily to 1.5 ML at 15% RH. The molec-
ular water coverage on this metal derived surface was relatively
low compared to the VO2 surface studied here, reaching a cover-
age of only 1/3 ML at 10% RH. It was observed to start growing
gradually at 0.001% RH and then more rapidly at 0.5% RH. The
slower uptake and lower levels of H2O on the metal-derived sur-
face suggest that the more oxidized and less hydroxylated surface
studied in this work is more favorable for water adsorption than the
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hydroxide-terminated V2O3 surface derived from vanadium metal.
Previous IR and UHV XPS investigations of H2O dosed on V2O3
surfaces have indicated that the amount of adsorbed water strongly
depends on the surface termination of V2O3, with more water
adsorption observed on vanadium-terminated surfaces. Vanadyl-
terminated surfaces were less active toward water adsorption.18 Sim-
ilarly, the hydroxyl groups formed on the metal-derived surface
could be acting as a passivating layer, while on the surface in our
study there may be more under-coordinated surface vanadium.

V. CONCLUSION
This study has shown that the onset for molecular water

adsorption on these VO2/TiO2(100) films is preceded by OH
formation and consistently occurs at approximately 0.01% RH,
independent of temperature, differences in potassium and car-
bon contamination levels, and differences in the surface prepa-
ration method. This is consistent with the general trends
seen on oxide surfaces and can be related to the forma-
tion of hydrogen bonded surface complexes. The work func-
tion changes suggest that the adsorbates are bound with the
hydrogen atoms pointing away from the surface. Changes in the
valence band suggest that the adsorbates have some influence
on the surface electronic structure, possibly altering the V–O
bond lengths and angles, and interacting with the V 3d states. This
oxide surface shows different water adsorption properties compared
to vanadium metal, with less hydroxide forming and greater uptake
of molecular water. There is still much to be understood about
vanadium oxide surfaces. Additional APXPS studies on vanadium
oxides of different oxidation states, phases, and surface orientations
could uncover trends of interest for the design of improved cata-
lysts, or for tuning the electronic properties of oxide-based electronic
devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting discussions, fig-
ures and tables, including details of film synthesis and characteriza-
tion, peak fitting parameters, coverage calculations, and additional
spectra.
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L. Kyhl, T. Hauffman, H. Terryn, B. Eichhorn, and H. Bluhm, “Water adsorp-
tion and dissociation on polycrystalline copper oxides: Effects of environmental
contamination and experimental protocol,” J. Phys. Chem. B 122, 1000–1008
(2018).
43J. T. Newberg, D. E. Starr, S. Yamamoto, S. Kaya, T. Kendelewicz, E. R. Mysak,
S. Porsgaard, M. B. Salmeron, G. E. Brown, A. Nilsson, and H. Bluhm, “Autocat-
alytic surface hydroxylation of MgO(100) terrace sites observed under ambient
conditions,” J. Phys. Chem. C 115, 12864–12872 (2011).
44G. Ketteler, S. Yamamoto, H. Bluhm, K. Andersson, D. E. Starr, D. F.
Ogletree, H. Ogasawara, A. Nilsson, and M. Salmeron, “The nature of water nucle-
ation sites on TiO2(110) surfaces revealed by ambient pressure X-ray photoelec-
tron spectroscopy,” J. Phys. Chem. C 111, 8278–8282 (2007).

J. Chem. Phys. 152, 044715 (2020); doi: 10.1063/1.5138959 152, 044715-9

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/1.4893326
http://arxiv.org/abs/1406.7412
https://doi.org/10.1116/1.2819268
https://doi.org/10.1016/j.elspec.2004.03.004
https://doi.org/10.1016/j.apsusc.2010.07.086
https://doi.org/10.1016/0167-5729(87)90001-x
https://doi.org/10.1016/s0167-5729(01)00020-6
https://doi.org/10.1103/physrevb.12.15
https://doi.org/10.1006/jcat.1996.0311
https://doi.org/10.1103/physrevb.86.195124
https://doi.org/10.1103/physrevb.11.4383
https://doi.org/10.1088/0022-3719/8/4/014
https://doi.org/10.1103/physrevb.45.9266
https://doi.org/10.1088/0953-8984/20/18/184025
https://doi.org/10.1021/jp067651n
https://doi.org/10.1016/j.susc.2006.12.092
https://doi.org/10.1021/acs.jpcb.7b10732
https://doi.org/10.1021/jp200235v
https://doi.org/10.1021/jp068606i

