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a b s t r a c t

The oxidation of polycrystalline nickel (Ni) metal surfaces with water (H2O) vapour was studied at 25 ◦C
and 300 ◦C using dose rates considerably higher than in previous studies. The reaction rate was followed
to a point where the oxide thickness was several nanometers. This was done using X-ray photoelectron
spectroscopy (XPS) and modeling of the spectral profiles using QUASESTM. The surface reaction rate is
much slower than that with oxygen gas (O2) and it terminates within a few nanometers. The films formed
eywords:
PS
oF-SIMS
olycrystalline Ni
xidation
2O

TM

were found to be composed of a defective nickel oxide (NiO) containing both divalent nickel (Ni2+) and
trivalent nickel (Ni3+) as had been observed previously for reaction of Ni with O2. The reason for the much
slower reaction rate in the case of H2O vapour appears to be linked to a slower place exchange with a
surface hydroxyl (OH (ads)) intermediate. This adsorbate species appears only to be stabilised on metallic
Ni and termination of oxide growth is believed to occur once all the available surface metal sites have
been covered with oxide.
UASES

. Introduction

The reaction of nickel (Ni) metal surfaces with water (H2O)
apour has been found to be much slower than with gaseous oxygen
O2) [1]. This difference is important in view of the corrosion-
esistant nature of Ni and its alloys. Previous studies of the Ni–H2O
eaction have used single crystals and low doses and dose rates of
ater [1–6].

The initial reaction of single crystal Ni (1 0 0) surfaces and H2O
apour was studied using XPS by Benndorf et al., particularly at
ow temperatures [2,3]. At temperatures below −120 ◦C adsorbed

ater molecules (H2O (ads)) were the sole source of an O 1s
ignal with a binding energy (BE) that increased with increasing
ose (533.1–534.4 eV) [3]. This shift was attribued to a decrease in
he oxygen (O)–surface interaction due to the formation of mul-
iple layers of hydrogen (H)-bonded clusters of H2O molecules.
t higher temperatures, formation of an O 1s oxidic peak was
bserved, along with peaks in the BE range of 532.6–532.8 eV.

he possibility of adsorbed hydroxide (OH (ads)) was eliminated
sing isotope exchange measurements. It was concluded that the
eaction occurred by H2O (ads) dissociating into adsorbed atomic
xygen (O (ads)) and hydrogen gas (H2).

∗ Corresponding author at: Department of Chemistry, The University of Western
ntario, Rm 227D Physics and Astronomy Building, London, ON N6A 5B7, Canada.
el.: +1 519 661 2111x86703.
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The reaction of H2O vapour with clean as well as oxygen (O) pre-
covered single crystal Ni (2 1 0) metal surfaces was also studied
by Carley et al. using XPS at low temperatures [6]. After adsorp-
tion of H2O at temperatures below −100 ◦C, heating of the surface
resulted in an O 1s peak at 531.5 eV, which is attributed to the for-
mation of OH (ads) species. The group of Norton et al. also exposed
clean and pre-covered single crystal Ni (1 0 0) and (1 1 1) metal sur-
faces to H2O vapour, O2 gas and air containing H2O at temperatures
near 20 ◦C [1]. The reactivity of clean single crystal metal surfaces
was determined to be almost 103 times less reactive towards H2O
vapour than O2 gas. Reactions of clean or pre-oxidised Ni with H2O
vapour at ambient conditions produced a new peak at 531.3 eV [1].
The presence of any nickel hydroxide (Ni(OH)2) species was elimi-
nated using nuclear reaction analysis. Rather, the authors proposed
a dinickel trioxide (Ni2O3)-like species with some involvement by
H.

A study from this laboratory of the equivalent H2O vapour–iron
(Fe) reaction [7,8] has identified OH groups as one product of the
reaction and has suggested that their subsequent decomposition
produces H atoms that could assist in blocking migration of cations
to the surface [7–9].

From the studies described above it can be seen that the sur-
face products of this very important Ni reaction are still ambiguous.

Much of this is due to differing interpretations of XPS O 1s spectra
of the products. Such spectra are potentially the single most useful
means for identifying different products, but unfortunately there
have been large uncertainties both with the species represented as
well as with their line positions.

http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
mailto:bpayne2@uwo.ca
dx.doi.org/10.1016/j.elspec.2009.07.006
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This paper reports another study of the Ni–H2O vapour reac-
ion. In addition to a study of the kinetics of oxide growth over an
xposure regime much wider than the previous studies, the present
ork undertakes a detailed analysis of possible interpretations of

he O 1s spectra associated with each reaction.
Most of the surface characterisation done in this work was car-

ied out using XPS and algorithms developed by Tougaard [10].
hese algorithms have been incorporated into a software package
alled QUASESTM, which is separated into two analytical routines
Analyze’ and ‘Generate’ [11]. The ‘Analyze’ program can be used to
etermine the thicknesses of surface overlayers, such as oxide films,
y modeling the depth from which the detected photoelectrons
riginated. The ‘Generate’ program maps the atomic distribution
hroughout the surface using a combination of reference spectra
hose extrinsic backgrounds have been modified as a result of the
epth from which they are located [11,12]. Similar oxidation stud-

es using Ni and O2, as well as Fe and O2, and Fe and H2O have been
ompleted using this same program [7,8,12–16].

In this paper the oxidation of Ni metal surfaces was studied
ollowing doses of up to 3.0 × 1010 Langmuir (L) of H2O vapour
t pressures around 130 Pa and temperatures of 25 ◦C and 300 ◦C.
he pressure of the vapour reactant used here is many orders of
agnitude higher than those used in most surface reaction stud-

es. Pressure differences have been shown to change the reaction
echanism in other surface oxidation studies [13,17]. In fact, the

ressures used here are within a few orders of magnitude to those
sed in liquids.

. Experimental

Polycrystalline Ni metal samples were cut into 3.4 mm thick
iscs from a polycrystalline rod (Alfa Aesar, 99.995% pure) and
ne face was polished to a mirror finish using 0.05 �m �-Al2O3
aste. The size of the grains found on each surface typically ranged
rom 70 to 175 �m in diameter. From a qualitative analysis of tex-
ure using SEM to compare channeling contrast, the distribution
f contrasting grain shades appeared to be relatively even. From
previous study it was suggested that grain boundaries play a

ominant role in the outward transport of Ni cations and that
he character of the boundaries is likely to play a more impor-
ant role here than the orientation(s) of the grain faces themselves
14]. After polishing, the samples were sonicated in methanol and
hen placed into an isolated chamber in a Kratos AXIS Ultra XPS
aving base pressures ranging between 4 × 10−6 and 7 × 10−7 Pa

or surface cleaning. All Ni metal samples were argon ion (Ar+)
puttered for 15 min using a 4 kV beam with an emission current
f 15 mA. Following sputter cleaning, the samples were annealed
t 600 ◦C for 30 min. The roughness of the surfaces following ion
ombardment and annealing was not measured however, exam-

nation of these surfaces showed brightened regions where the
puttering had occurred. During the annealing process the cham-
er pressure increased to around 3 × 10−5 Pa. To verify that an
tomically clean surface had been obtained (no detectable impuri-
ies) the samples were transferred under vacuum to an analytical
hamber, having pressures close to 7 × 10−7 Pa, where XPS sur-
ey scans were collected. The survey scans showed that surface
ontamination from either O or carbon (C) was no more than
.3 atom %.

All oxidation experiments were carried out in a reaction cham-
er attached to the XPS instrument having a base pressure of
× 10−6 Pa. Prior to any vapour exposures, a Residual Gas Anal-

ser (RGA), a quadrapole mass spectrometer, was used to monitor
he amount of contaminate gases present. The Ni metal surfaces
ere then exposed to doses of H2O vapour that had been heated

o remove as much O2 and carbon monoxide (CO) as possible.
ny remaining contaminant gas was removed through multiple
and Related Phenomena 175 (2009) 55–65

freeze–pump–thaw cycles. After several cycles, the amount of O2
present in the H2O container was undetectable by RGA analysis.
The H2O vapour exposures were carried out at 25 ◦C and 300 ◦C for
doses of 1.2 × 109, 3.0 × 109, 3.6 × 109, 8.4 × 109 and 3.0 × 1010 L.
The pressures in the reaction chamber were measured using a com-
bination Pirani and Penning gauge.

All Ni metal surfaces were analysed using both monochro-
matic Al K� and achromatic Zr L� X-ray sources. The XPS survey
scans were collected using the following parameters: hybrid
focussing lens, pass energy = 160 eV, an energy step size = 0.7 eV,
charge neutraliser = 1.6 A and 2.4 eV, and the slot beam size
(700 �m × 300 �m). The Al K� spectra were taken over a binding
energy (BE) range = 1100–0 eV, a scan time = 180 s, and the num-
ber of sweeps = 10. The Zr L� excited scans were acquired over
a BE range = 1800–0 eV, a scan time = 360 s, and the number of
sweeps = 20. High-resolution XPS analysis of the Ni 2p, O 1s, and C
1s envelopes used Al K� excitation only at pass energy = 20 eV over
energy windows ranging between 20 and 40 eV, depending on the
element being analysed. An analysis region of 700 �m × 300 �m
would encompass an area involving 8–10 separate crystals based
on the grain sizes stated above.

CasaXPS Version 2.3.14 was used for the analysis of all the XPS
spectra [18]. The surface atomic % of each element present was
determined using XPS survey spectra. The total amount of Ni on
each surface was calculated using the area of the Ni 2p3/2 peak only
[18]. To monitor the oxide composition, high-resolution XPS was
employed on the Ni 2p, O 1s, and C 1s regions. Relative elemen-
tal concentrations were determined using Scofield cross-sections
corrected for the kinetic energy of the particular photoelectrons.
This was particularly useful for estimating surface coverage of the
metal.

It was determined that each Ni surface contained small amounts
of adventitious carbon (C (adv)) on the surface; this was used
for spectral calibration as the C (adv) peak was set to a BE of
284.8 ± 0.1 eV. Each C 1s spectrum also showed the presence of
three additional C species centred at 286.3 ± 0.2 eV, 287.7 ± 0.1 eV
and 288.6 ± 0.1 eV (see Fig. 1(a)). These peaks are assigned to alco-
hol (–COH), carbonyl (–CO) and ester (–COO–) functional groups,
respectively [19]. The identification of these adsorbate species
becomes important when analysing the O 1s spectra (Fig. 1(b)), as
they will also add to the observed photoelectron signal here, and
thus complicate the analysis of this spectrum. Four small peaks
associated with O-containing adsorbates are visible at higher BE
in most O 1s spectra; all their intensities are tied to those in the
corresponding C 1s spectrum. Fig. 1(c) shows an expanded view of
this region illustrating more clearly the BE positions of the –COH
(532.7 ± 0.2 eV), –CO (532.1 ± 0.1 eV) and –COO– (532.1 ± 0.3 eV,
533.6 ± 0.1 eV) adsorbate species [19].

The CasaXPS software was also used for spectral subtractions;
in these the contribution from the Ni metal substrate was removed
to reveal the underlying structures resulting from oxidation. Each
subtraction entailed a normalising of the intensity of a clean Ni
metal reference component having a BE of 852.6 eV (Fig. 2(a)) with
the intensity of the same peak found on the oxidised scans. A second
subtraction was then undertaken to remove the nickel oxide (NiO)
contribution this time by normalising the intensity of the main NiO
line at 854.0 ± 0.2 eV. Care had to be taken to separate the correction
of the charging components (oxides) from those of the metallic
substrate. An identical method for spectral analysis was reported in
previous publications [14,20]. Fig. 2(b and c) also contains the high-
resolution spectra of powdered polycrystalline NiO and Ni(OH)2.

Both powders contain divalent nickel (Ni2+) species, however the
shapes of the two main lines are distinctly different [21]. Spectra of
possible trivalent (Ni3+) structures, such as gamma and beta nickel
oxy-hydroxide (�-NiOOH, �-NiOOH) are presented in Fig. 3(a and
b).
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Fig. 1. High-resolution spectrum of the C 1s region of a Ni metal surface exposed to
H
T
s
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acquired from a clean polycrystalline Ni metal surface and a sam-
2O vapour showing the BE shifts of the C (adv), –COH, –CO and –COO– species (a).
he corresponding peak positions in the O 1s region for the –COH, –CO and –COO–
pecies are shown in (b), with an expanded view of this region shown in (c).

Comparison of the Ni spectra in Figs. 2 and 3 shows an overlap
etween the Ni 2p1/2 peak of the clean metal scan with the satel-

ite structure in the Ni 2p3/2 portion of the NiO, Ni(OH)2 and both
iOOH standard spectra. This overlap must be taken into account to
ccurately analyse surfaces containing Ni metal along with one or

ore oxidised Ni species. All Ni 2p envelopes collected as a part of

his study were subject to analysis using the Ni metal, NiO, Ni(OH)2
nd NiOOH peak fitting parameters presented recently by Biesinger
t al., where the BE of each peak was allowed to drift by ±0.1 eV
and Related Phenomena 175 (2009) 55–65 57

[20]. The fits developed by Biesigner et al. employ an off-set in the
Shirley background to more accurately model the Ni 2p spectra of
surfaces containing both metallic and oxidised species.

The corresponding O 1s spectra for the NiO and Ni(OH)2 powders
are shown in Fig. 2(d and e). The NiO powder appears to contain two
major O species at 529.3 eV and 531.0 eV. The BE of the first peak
is assigned to O bonded within a regular oxide crystal (O2−) and
the second is assigned to oxygen atoms in positions adjacent to Ni
vacancies (O (def)) within the oxide structure. Similar assignments
of this peak have been made previously by several other authors
[1,20,22–25]. In the case of the Ni(OH)2 powder only one major O
species at 531.1 eV is evident and is assigned to a hydroxide bound
to Ni (OH−). Fitting of the �-NiOOH O 1s spectrum (Fig. 3(c)) showed
both O2− and OH− signals at 529.5 eV and 531.1 eV, respectively.
The same two O2− and OH− components appear in the �-NiOOH
spectrum (Fig. 3(d)) with BE shifts of 529.3 eV and 530.8 eV, respec-
tively. All the O 1s envelopes were also fit with the four small peaks
associated with the C and O adsorbates mentioned previously. A
more detailed analysis of these spectra is given in Appendix A.

Further analysis of the oxidised surfaces was carried out using
algorithms that were developed by Tougaard [10]. The basis of the
Tougaard approach is that photoelectrons moving through a sur-
face can undergo multiple scattering events prior to escaping to the
vacuum phase. These energy loss interactions lead to the formation
of the background found on the low kinetic energy (KE) side of the
peaks in XPS spectra [10]. The shape of the background is defined
by the distribution of atoms within the near surface region. Mod-
eling of these structures can be undertaken using one of the five
depth concentration profiles that are included with the QUASESTM

software package; ‘buried layer’, ‘island active substrate’, ‘islands
passive substrate’, ‘exponential profile’, or ‘several buried layers’
[12]. For the purposes of this work both the ‘buried layer’ and ‘island
active substrate’ profiles were employed during surface analysis.
The ‘buried layer’ profile models the energy lost by the photoelec-
trons emitted from atoms contained within in a homogenous layer
as they pass through an overlying material having a different com-
position. The ‘island active substrate’ models the extrinsic losses of
photoelectrons emitted from substrate atoms as they pass through
overlying islands. These islands do not have to be uniform in size
and/or shape [12]. The probability that an electron emitted from an
atom located at a certain depth will reach the surface is dependent
on both a material-specific inelastic mean free path (IMFP) and the
energy loss cross-section. The latter term simply represents both
the likelihood the photoelectron would undergo a scattering event
as well as the average energy lost per collision [10]. The IMFP values
for the different Ni-containing species were calculated using the
NIST Electron Inelastic Mean Free Path Database (Version 1.1) [26]
software, which uses the TPP-2M equation [27]. Previous IMFP cal-
culations completed by this group were then subsequently shorted
by 20% to give the actual photoelectron attenuation length (AL)
[14]. It was later determined that the IMFPs estimated as part of
Ni–O2 work were calculated incorrectly. The current IMFPs calcu-
lated as part of this work compare well to the ALs presented in
reference [14] and are now used for analysis of all oxide films. The
same database was used by Biesinger et al. to determine their IMFP
values [20].

Sample oxide thicknesses were calculated with the ‘Analyze’
program using an IMFP of 1.4 nm and the O 1s region of XPS sur-
vey spectra excited with Al K� X-rays. The oxide surface structures
were modeled using ‘Generate’, and the Ni 2s peak collected from
Zr L� excited scans. Each sample was fit using reference spectra
ple of powdered polycrystalline NiO. Photoelectron IMFPs of 1.4 nm
and 1.5 nm were calculated for the metal and NiO standards, respec-
tively. All QUASESTM ‘Generate’ analysis used a Ni-specific energy
loss cross-section that was calculated by Tougaard [14].
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ig. 2. High-resolution Ni 2p3/2 spectra of (a) a clean Ni metal surface, (b) a polycryst
f (d) NiO and (e) Ni(OH)2. Part of the metal Ni 2p1/2 line can be observed in (a).

The QUASESTM ‘Analyze’ results were verified using the
trohmeier method [28]. The Strohmeier overlayer equation is
iven below:

= �0SIN� ln
[

Nm�mIo
No�oIm

+ 1
]

(1)

here d represents the thickness of the overlayer, �o is the photo-
lectron IMFP, m and o denote the metal and oxide components
espectively derived from fitted high-resolution XPS spectra, N
tands for the volume density of metal atoms in either the metal or
he oxide phase, I is the peak area for either the metal or the oxide,
nd � is the take off angle of the electrons.

For a study using ToF-SIMS, a sample of polycrystalline Ni metal
as cut from the same rod above and polished with 0.05 �m �-
l2O3 paste. Following polishing, the sample was sonicated in

ethanol then introduced into an ION-TOF (GmbH) ToF-SIMS IV

ingle-reflection mass spectrometer. The surface was sputtered
sing a 3 kV Ar+ beam with a 140 nA target current for 8100 s.

After sputtering, the surface was heated into the range of
00–400 ◦C, and then exposed to H2O vapour containing high-
NiO powder and (c) a polycrystalline Ni(OH)2 powder. High-resolution O 1s spectra

purity deuterium (D) for 20 min (∼1.2 × 109 L) at an average
pressure of 130 Pa. During the dose, the pressure dropped to as
low as 10 Pa, and spiked to as high as 530 Pa for no more than a
few seconds. D2O was used instead of H2O because of the high
probability of H contamination from within the vacuum system.
A shallow depth profile into the surface was collected using the
dual beam mode, monitoring negative secondary ions. The analy-
sis beam was a 25 kV pulsed bismuth ion (Bi+) with a 0.5 pA target
current, rastered over a 200 �m × 200 �m area. The sputter beam
was a 3 kV cesium ion (Cs+) rastered over 500 �m × 500 �m with a
target current of 10 nA. The Bi+ analysis region was centred within
the Cs+ sputter crater to avoid edge effects. The ToF-SIMS results
were analysed using the IONSPEC program [29].

3. Results and discussion
Fig. 4 contains Ni 2p3/2 high-resolution spectra collected from
metal surfaces exposed to H2O vapour at 300 ◦C for doses of
1.2 × 109, 3.6 × 109, 8.4 × 109 and 3.0 × 1010 L. A small contribution
from the metal Ni 2p1/2 peak is visible on all spectra at high BE.
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Fig. 3. High-resolution Ni 2p3/2 spectra of (a) �-NiOOH and (b) �-NiOO

ith continuing exposure time, an increase in the Ni 2p line shape
nd background was observed as a result of surface oxidation. The

ntensity of the Ni metal peak found in the Ni 2p spectra in Fig. 4

akes it difficult to observe, in its entirety, the line shape of the oxi-
ised species. The metal contribution was therefore removed and
he subtracted spectra for the 3.6 × 109, 8.4 × 109 and 3.0 × 1010 L

ig. 4. High-resolution Ni 2p3/2 spectra collected after (a) 1.2 × 109 L, (b) 3.6 × 109 L (c) 8.4
he metal Ni 2p1/2 peak is visible on all spectra.
wders. High-resolution O 1s spectra of (c) �-NiOOH and (d) �-NiOOH.

exposures are shown in Fig. 5(a–c). Subtraction of the metal com-
ponent from the surface exposed to 1.2 × 109 L produced a very

noisy spectrum (not shown), indicating that very little oxidation
has occurred. From the subtracted spectra, the characteristic shape
and BE positions of NiO suggests it to be the major non-metal
phase present for these doses. However, the intensities under the

× 109 L and (d) 3.0 × 1010 L of exposure to H2O at 300 ◦C. A small contribution from
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ig. 5. Ni 2p3/2 spectra with the Ni metal component subtracted following exposur
f the main line is visible, suggesting the formation of NiO. The resulting spectra fol
.0 × 1010 L of H2O vapour are also shown. A small signal from NiS is also visible at
ontaining material.

oublet shape of the NiO main line suggest the presence of an addi-
ional component near 856 eV. To further investigate the Ni species
resent following H2O vapour exposures the NiO component was
emoved and the resulting spectra are shown in Fig. 5(d–f). In all
he subtracted spectra two additional components near 856 eV and
53 eV were found. The peak near 856 eV is thought to be the result
f a Ni3+ species at the very near surface brought on by the pres-
nce of Ni vacancies. A similar result had been observed following
he exposure of Ni metal surfaces to O2 gas at 25 ◦C and during the
nitial stages of reaction at 300 ◦C [14]. The sharp peak near 853 eV
s thought to be the result of sulfur (S) contamination. All of the oxi-
ised surfaces were found to contain between 1 and 5% S. Although
o high-resolution analysis of the S 2p region was undertaken the
E associated with these S species from XPS survey spectra was

ound to range between 162.1 eV and 162.9 eV, indicative of a nickel

ulfide (NiS) [30].

From the subtraction results shown above it is evident that any
nalysis of the Ni 2p envelopes is complicated by the presence of
i metal, Ni2+ (from NiO), Ni3+ (from defective NiO) and NiS on
ach surface. Fitting of the Ni 2p spectra entailed using contribu-
a) 3.6 × 10 L, (b) 8.4 × 10 L and (c) 3.0 × 10 L of H2O vapour. A doublet structure
g removal of the NiO contributions for doses of (d) 3.6 × 109 L, (e) 8.4 × 109 L and (f)

BE end of the spectrum. The remaining Ni signal resembles that of NiOOH, a Ni3+

tions from Ni metal, NiO and NiOOH components [20]. The NiOOH
component was chosen to represent the defective NiO because
it contains both Ni3+ species and has a similar line shape to the
subtracted spectra shown in Fig. 5(d–f). The surface percentages
calculated for the Ni metal, Ni2+ and Ni3+ species obtained from
these peak fittings are presented in Table 1. It appears that following
doses of 3.6 × 109, 8.4 × 109 and 3.0 × 1010 L each surface contains
between 3 and 5% Ni3+ (Figs. 4(b–d)). For the case of the lowest
dose, a Ni3+ component of around 1% with a large uncertainty was
determined.

Analysis of the O 1s envelopes collected from surfaces subjected
to H2O exposures of 3.6 × 109 L or greater showed two major peaks
at 529.4 ± 0.1 eV and 531.2 ± 0.1 eV (Fig. 6(b–d)). The first peak is
assigned to O2− and the second peak is believed to be the result
of an O (def) species. When the combined intensities of both the

O2− and O (def) species are compared to the surface Ni2+ and Ni3+

percentages obtained from the Ni 2p analysis, O/Ni ratios of close
to 1 are observed (see Table 1). This result suggests that the films
formed here are similar in structure to that of the reference NiO. The
peak attributed to O (def) cannot represent a bound OH− species
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Table 1
Near-surface compositions of Ni and O species for surfaces exposed to H2O vapour at 300 ◦C.

Dose (L) Ni metal (%) Ni2+ (%) Ni3+ (%) Ni2+ + Ni3+ (%) O2− (%) O (def) (%) O2− + O (def) (%) O/Ni

1.2 × 109a 71 – 1 1 – 1 1 1
3.6 × 109 46 12 4 16 8 10 18 1.1
3.6 × 109 41 14 5 19 9 11 20 1.1
8.4 × 109 26 20 3 23 16 8 24 1.0
8.4 × 109 26 18 5 23 13 14 27 1.2

t.

s
1
l
(
(
b
2
n
a
q

a
a
s
n
f
l
f
3
I
m
I

F
a

3.0 × 1010 26 20 5 25
3.0 × 1010 20 21 4 25

a Large uncertainty in the measurement due to the small amount of oxide presen

ince reference OH− compounds studied had O/Ni ratios between
.6 and 2.6 (see Appendix A). For the O 1s spectrum collected fol-

owing a dose of 1.2 × 109 L the peak at 531.3 eV was assigned to O
def). The O/Ni ratio calculated for this surface was found to be 1
Table 1). In this case the presence of an adsorbed O species cannot
e completely ruled out due to both the large uncertainty in the Ni
p fit above and the QUASESTM analysis described below. There is
o evidence for the presence of H2O (ads) on any of these surfaces
t this temperature. This suggests that any H2O reactant dissociates
uickly on the surface and is not observed as an intermediate.

The oxide thicknesses on all samples exposed to H2O vapour
t 300 ◦C were calculated using QUASESTM ‘Analyze’; the results
re tabulated in Table 2. No ‘Analyze’ data was reported for the
urface exposed to a dose of 1.2 × 109 L, as the background could
ot be modeled. This indicates that either, very little oxide was

ormed, or that an adsorbed O species is present here. The over-
ayer thickness for this sample was calculated using the Strohmeier

ormula. From Table 2, exposures of 3.6 × 109 L of H2O vapour at
00 ◦C lead to a determined average oxide thickness of 0.6 nm.

n a previous publication by our group, the same dose of O2
olecules at 300 ◦C produced films averaging 4.5 nm thick [14].

t is evident that the oxides grown following exposures to H2O

ig. 6. High-resolution O 1s spectra for exposures of (a) 1.2 × 109 L, (b) 3.6 × 109 L (c) 8.4
long with –COH, –CO and –COO– adsorbates. The spectrum in (a) is noisy due to the sma
15 14 29 1.2
16 12 28 1.1

vapour are much thinner compared to similar doses of O2. Fur-
ther examination of the ‘Analyze’ results shows that there was
very little change in the oxide thicknesses at doses of greater than
8.4 × 109 L. It appears that the oxidation rate has reduced signifi-
cantly between these two exposures, and the surface is becoming
passivated.

All Ni surfaces oxidised at 300 ◦C were also subject to analysis
using QUASESTM ‘Generate’ and modeled overlayers of NiO. Fig. 7
shows a representative fit for a Ni surface exposed to H2O for a dose
of 3.0 × 1010 L. The best fit was obtained using the ‘island active
substrate’ depth profile for the Ni metal reference spectrum and the
‘buried layer’ depth profile for the NiO reference spectrum. Here
there is a very good overlap between the reference and experimen-
tal spectra within the modeling KE range 940–1060 eV. The peak
centred near 1033 eV is assigned to Ni 2s photoelectrons in the Ni
metal and NiO reference spectra, as well as in the experimental
spectrum. A peak found near 965 eV on both the NiO reference and

experimental spectra is the result of a sodium (Na) impurity. All of
the oxidised surfaces were modeled using these same parameters,
and representative depth profiles of the cross-sections of the
surface regions following exposures of 3.6 × 109, 8.4 × 109 and
3.0 × 1010 L are shown in Fig. 8. The ‘Generate’ analysis suggests

× 109 L and (d) 3.0 × 1010 L. Two O species bound to Ni are proposed: O2− , O (def),
ll amount of O present.
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Table 2
Calculated film thickness and surface coverage using QUASESTM and Strohmeier formula.

Dose of H2O vapour (L) ‘Analyze’ oxide
thickness (nm)

‘Generate’ oxide
thickness (nm)

‘Generate’ oxide
surface coverage (%)

Strohmeier oxide
thickness (nm)

1.2 × 109a – – – 0.2
3.6 × 109 0.6 0.6 20 0.5
3.6 × 109 0.7 0.6 40 0.6
8.4 × 109 1.2 1.2 75 1.1
8.4 × 109 1.3 1.3 65 1.2
3.0 × 1010 1.4 1.4
3.0 × 1010 1.3 1.3

a Surface overlayer calculated with the Strohmeier formula.

Fig. 7. QUASESTM ‘Generate’ fit for a Ni metal surface exposed to H2O vapour for
a dose of 3.0 × 1010 L. The experimental spectrum was fit using reference spectra
a
w
‘
a

t
w
u
m

F
t
d
i

cquired from a clean Ni metal surface and polycrystalline NiO powder. The surface
as modeled using the ‘island active’ profile for the Ni metal component and the

buried layer’ profile for the NiO powder. The peaks located near 1033 eV and 965 eV
re assigned to Ni 2s and Na 1s photoelectrons, respectively.
hat oxidation proceeds through island growth across the surface
ith the formation of localised NiO clusters. The advantage to
sing the ‘Generate’ program is that it allows for a more detailed
odeling of the near surface. While both ‘Analyze’ and ‘Generate’

ig. 8. Depth profiles through the near surface areas of Ni metal samples exposed
o H2O vapour for (a) 3.6 × 109 L, (b) 8.4 × 109 L, and (c) 3.0 × 1010 L. There is one
istinct oxide phase identified: NiO and the ‘Generate’ analysis in all cases indicated

sland oxide growth.
75 1.2
80 1.4

can be used to accurately model non-uniform overlayers the later
program also yields compositional information. ‘Generate’ uses
reference spectra collected from samples with known composition
to map the in-depth concentration profile of atoms in a surface
[10–12]. The results show that with increasing vapour exposure
the oxide islands cover more of the analysed area. Following doses
of 8.4 × 109 and 3.0 × 1010 L average surface coverages of 70 and
78% were determined. Comparison of both the QUASESTM ‘Analyze’
and ‘Generate’ results to the Strohmeier calculated values show
very close agreement of film thickness. All QUASESTM ‘Generate’
data is shown in Table 2.

The shallow SIMS depth profile collected from a surface exposed
to D2O for approximately 1.2 × 109 L is shown in Fig. 9. The point
labeled (A) represents the oxide/bulk metal interface that was
reached after about 100 s of sputtering as the signals from each
secondary ion fragments has become constant. The D fragment is
clearly associated with a species at or near the outer surface, and
the signal diminishes sharply with depth into the surface. In the
case of the Ni–D2O reaction, it appears that the D is confined to the
outer atomic layers.

The oxide thicknesses measured by QUASESTM were plotted
against dose using the three kinetic models [31–34] parabolic
(R2 = 0.99), direct logarithmic (R2 = 0.98) and inverse logarithmic
(R2 = 0.80). The logarithmic model seems more sensible in view of
the evidence for Ni3+ hole formation. The thickness measured for
the highest H2O dose does not fit the same mechanistic regime;
from this dose it appears that the surface has become effectively un-
reactive toward H2O. It is interesting to compare the oxide growth

curves for Ni exposed to O2 at 300 ◦C [14] and H2O at 300 ◦C (Fig. 10).
For the O2 exposures the reaction was found to follow a parabolic
relationship with dose and the rate of growth for the O2 reaction
is four times that for the initial stages for the H2O vapour reaction.

Fig. 9. ToF-SIMS depth profile of a polycrystalline Ni metal surface exposed to
approximately 1.2 × 109 L of D2O vapour in the temperature range of 300–400 ◦C.
The negative secondary ions monitored were D− , 16O− , NiO− , 58Ni− and 12C− .
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Fig. 12. Comparison of the rates of oxidation of polycrystalline Ni metal surfaces
◦
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ig. 10. Comparison of oxide growth curves for Ni metal reacted with O2 [38] and
2O. The oxide thicknesses in each case are plotted vs. dose1/2.

econd, there is no evidence for termination of reactivity for the
2 reaction (at least within this dose range), while this is clearly
vident for the H2O reaction after the formation of a thin oxide
lm. Finally, the H2O reaction only begins to cause detectable oxide
rowth after a very large dose.

The H2O vapour Ni reaction was also studied briefly at 25 ◦C. The
i 2p3/2 and O 1s spectra collected following a dose of 3.0 × 109 L
re shown in Fig. 11. As with the 300 ◦C exposures a small portion
f the metal Ni 2p1/2 line is also present within the BE window
hown here. Fitting of the Ni 2p envelope indicates that very lit-
le oxidised Ni is present. The corresponding O 1s spectrum has a
eak at 531.1 eV, but in this case there is no equivalent amount of
xidised Ni. We therefore assign this to an oxidic species adsorbed
n the metal, prior to its place exchange and incorporation as an
xide. The existence of an O (ads) is unlikely: our previous study
f Ni oxidation with O2 showed that this species is highly reactive,
ith oxide nucleation occurring after relatively small doses [14].

hus, the oxidic species is likely to be an OH (ads). Its presence sug-
ests that its rate of conversion to an oxide is much slower at this
emperature compared to 300 ◦C as no detectable oxide has formed

ollowing this dose.

A comparison of the H2O water reaction processes on clean Fe
7] and Ni surface under high flux is shown in Fig. 12. Although
he temperature used for the Fe reaction (150 ◦C) differed from that
sed for Ni, the effects of temperature on the oxide thickness versus

ig. 11. High-resolution (a) Ni 2p3/2 and (b) O 1s spectra collected following a H2O vapo
as formed. The O 1s scan does show the presence of four O species: OH (ads), –COH, –CO
exposed to H2O vapour at 300 C with the oxidation of polycrystalline Fe surfaces
dosed with H2O at 150 ◦C [39]. The rate of Ni oxidation is found to be much slower
when compared to that of Fe.

dose are not important on the scale shown. The most important
conclusion is that the time taken to begin nucleation and growth
of oxide on Ni is much longer than for Fe. In the cases of both Fe
and Ni oxidised under high flux conditions, the recombination and
desorption reactions compete successfully with place exchange for
most reactant species on the surface.

The lack of spectral evidence for the presence of any H2O (ads)
species on these surfaces suggests quick dissociation of this reac-
tant upon interaction with Ni metal at both 25 ◦C and 300 ◦C. On
the basis of these observations we propose that the H2O quickly
dissociates into OH (ads) and H (ads) species. However, the initial
formation of a thin oxide film was found to occur much slower as
compared to the similar exposures of O2 to Ni, where the reactive
intermediate was shown to be O (ads) [14] (see Fig. 10). The rate-
determining step for this Ni–H2O reaction is thought to be the slow
place exchange of an OH (ads) with Ni metal and subsequent loss
of H. Some of this H may become trapped in the oxide vacancies (Ni
holes) and retard the migration of such vacancies, thus slowing the
oxide growth even further. Analysis of the depth profile collected

with the ToF-SIMS did show the presence of some H at the sur-
face. A similar explanation was also used to explain the reduction
in oxidation rate of Fe surfaces following exposure to H2O vapour
[7–9].

ur exposure of 3.0 × 109 L at 25 ◦C. There is no evidence to suggest any Ni2+ or Ni3+

and –COO–. The start of the Ni 2p1/2 line is visible at high BE.
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Examples showing the stability of OH (ads) species on transition
etal surfaces are available in the literature [6,35–37]. Andersson

t al. have studied the dissociation of H2O (ads) on single crys-
al (1 1 0) copper (Cu) surfaces following low doses of H2O vapour
<3.0 × 107 L) [35,36]. They showed using XPS that that within the
emperature range of 150 ◦C and 250 ◦C the only O species present
as that of an OH (ads), while between 0 ◦C and 150 ◦C both H2O

ads) and OH (ads) were present. A similar result was also reported
y Schiros et al. on single crystal (1 1 1) platinum (Pt) surfaces
xposed to low doses of H2O vapour at temperatures below 0 ◦C
37].

In the case of the Ni–H2O reactions carried out at 300 ◦C
escribed above there was no spectral evidence to support the pres-
nce of any OH (ads) species on the metal surfaces (Fig. 6). These
urfaces were subjected to much larger doses (≥1.2 × 109 L) than
he Cu and Pt single crystals [35–37]. It is therefore possible that any
H (ads) species that may have been present has reacted to form
n oxide. The O 1s spectrum (Fig. 11b) collected from a Ni surface
xposed to H2O vapour at 25 ◦C did show the presence of OH (ads)
t this temperature. However, unlike with the cases of Cu and Pt a
eak resulting from H2O (ads) was not detected. Heras and Albano
ave shown that H2O (ads) readily undergoes desorption from Ni
etal and Ni oxidised surfaces even at low temperatures [4,5].
The termination of this reaction was found to occur following

he formation of very thin films. We propose that the decomposi-
ion of OH (ads) cannot be sustained in the absence of a metallic
urface. Therefore, after the metal phase becomes effectively
navailable to an OH (ads) reactant, the reaction is terminated and
he surface is passivated. This could correspond to the 1–1.4 nm
hick film of NiO observed here. This conclusion is supported by

he work of Heras and Albano in which they showed that H2O (ads)
ould decompose on Ni metal, but not on oxidised or passivated

urfaces [4,5]. This result could have implications for Ni surfaces
n high temperature steam conditions. Under reducing conditions,

here no O is present, the surface layer would be expected to be

able A1
i and O surface concentrations for Ni metal surfaces exposed to doses of H2O vapour an

Reactant gas and temperature ◦C Dose of H2O vapour (L) Oxidised Ni on surf

H2O/300 1.2 × 109 1
3.6 × 109 16
3.6 × 109 19
8.4 × 109 23
8.4 × 109 23
3.0 × 1010 25
3.0 × 1010 25

O2/25 6.0 × 108 2
6.0 × 108 0.9
6.0 × 108 4
1.5 × 109 4
1.5 × 109 13
3.0 × 109 10
3.0 × 109 17
3.0 × 109 21
6.0 × 109 18
6.0 × 109 10

O2/300 6.0 × 107 21
6.0 × 107 7
6.0 × 107 24
6.0 × 107 25
2.4 × 108 25
2.4 × 108 19
2.4 × 108 22
2.4 × 108 33
1.2 × 109 37
3.6 × 109 49
3.6 × 109 43
3.6 × 109 44

he spectra for the O2 exposed surfaces was collected and published previously [14]. In t
and Related Phenomena 175 (2009) 55–65

composed of a very thin film of oxide that does not grow with
extended exposure. The rate of reaction of Fe and H2O is much
faster when compared to that of Ni metal. In the case of the Fe reac-
tion, iron hydroxide (Fe(OH)2) and iron oxy-hydroxide (FeOOH)
species were found to be stabilised on the surface [7,8]. Although
it is believed that small amounts of OH (ads) were found on Ni,
the analogous Ni(OH)2 and NiOOH species were not present. Such
species may act to increase the rate of reaction with H2O on Fe, by
increasing the number of possible reaction pathways.

4. Conclusion

The initiation and subsequent rate of oxidation of polycrys-
talline Ni by H2O vapour is slower than with O2 gas and is limited
to a few surface atomic layers under the conditions studied. What
oxidation occurs is the result of a reaction of OH (ads) with metal-
lic Ni to form NiO and H, some of which is incorporated in the film.
The reaction terminates after all metallic sites are covered. The rate
at which H2O is converted to oxide is many orders of magnitude
slower on Ni than it is on Fe under similar conditions.
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d O2 gas.

ace (%) O2− and O (def) present (%) O/Ni Ratio Oxide thickness (nm)

1 1 0.2
18 1.1 0.6
20 1.1 0.7
24 1.0 1.2
27 1.2 1.3
29 1.2 1.4
28 1.1 1.3

2 1 0.2
3 3 0.1
5 1.2 0.2
8 2 0.4

22 1.7 0.8
17 1.7 0.7
22 1.3 0.9
25 1.2 1.1
24 1.3 1.3
19 1.9 0.9

12 1.1 1.2
10 1.4 0.6
28 1.2 1.4
28 1.1 1.5
27 1.1 1.5
20 1.1 1.0
28 1.3 1.3
29 0.89 1.8
37 1.0 3.1
40 0.81 4.7
41 0.95 4.2
39 0.89 4.6

he previous publication the O (def) peak had been interpreted solely as O (ads).
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Table A2
Ni 2p and O 1s surface percentages for Ni-containing powders.

Sample O2− (%) O (def) (%) OH– (%) Total O (%) Ni (%) O/Ni

NiO-1a 28 12 – 40 38 1.1
NiO-2a 28 11 – 39 34 1.1
NiO-3a 29 11 – 40 37 1.1
NiO-4 29 11 – 40 35 1.1
NiO-5 29 10 – 39 36 1.1
NiO-6 28 10 – 38 35 1.1

Ni(OH)2-1 – – 53 53 20 2.6
Ni(OH)2-2 – – 51 51 31 1.6
Ni(OH)2-3 – – 51 51 29 1.8
Ni(OH)2-4 – – 51 51 31 1.6
Ni(OH)2-5 – – 57 57 37 1.5

�-NiOOH 17 – 22 39 21 1.9
�-NiOOH 8 – 30 38 20 1.9

a The powders used for these experiments were received packed under Ar and
preparation for XPS analysis was carried out in a glove box filled with Ar attached to
t
X
g

A
o

i
i
i
t
a
v
t

m
n
c
r
d
o
s
u
F
r
t
s
a
t
u
t
b
t
I
s

�
r

[
[

[

[
[

[

[
[

[
[

[

[

[
[
[
[
[

[
[
[
[
[

[

[
[
[

[

[

[

he XPS instrument. All other samples were stored in air prior to introduction to the
PS. Samples were prepared by pressing some NiO powder into indium foil using a
lass slide.

ppendix A. Comments on the XPS identification of nickel
xide species

While both Ni 2p and O 1s line shapes can give useful chemical
nformation on the oxides formed, it has been very difficult to derive
nformation that is non-ambiguous. For example, in the course of
nterpreting the spectra in this study we have at various times iden-
ified the O 1s peak at 531.2 eV as due to OH− (in Ni(OH)2), O (ads)
nd “defective oxygen” (an oxygen adjacent to a defect site or Ni
acancy). The ambiguity stems from the overlapping BE shifts of
hese species.

We now favour the last interpretation from the following argu-
ent. We find a relationship between the corrected intensities for

on-metallic Ni (essentially Ni2+ and Ni3+) in Ni 2p spectra and the
ombined intensities of the O 1s peaks at 529.4 eV and 531.2 eV. The
atio of these intensities is shown in Table A1 for NiO spectra pro-
uced in this work with H2O and spectra from our previous paper
n the oxidation of Ni with O2 [14]. Refitting of the Ni 2p and O 1s
pectra collected, as part of the Ni–O2 investigation was undertaken
sing the same parameters used to monitor the Ni–H2O reaction.
or most cases the reaction products between H2O and Ni and the
eaction products of Ni and O2 at 300 ◦C, there is an O/Ni ratio close
o 1. The ratio of O/Ni appears to drop following the longest expo-
ures to O2, suggesting that these films are O deficient, most likely
t the oxide/metal interface. The majority of the surfaces exposed
o O2 at 25 ◦C show O/Ni ratios of much greater than 1. The O2 gas
sed during this oxidation study was of high-purity (99.99%) so
he possibility the presence of substantial amounts of adsorbed or
ound OH is unlikely. Thus the intensity of the peak 531.2 eV may
hen result from a combination of both O (def) and O (ads) species.

t should be noted that in Ref. [14] the peak at 531.2 eV on all Ni
urfaces was incorrectly labeled as purely and O (ads) species.

Samples of powdered NiO (air and non-air exposed), Ni(OH)2,
-NiOOH and �-NiOOH were also analysed and the calculated O/Ni
atios obtained are shown in Table A2. Earlier work by Norton

[

and Related Phenomena 175 (2009) 55–65 65

et al. [1], Roberts and Smart [22], Roberts [24] and Carley et al.
[23,25] all assign this high BE peak to the presence of a defective
NiO-essentially reaching the same conclusion as we do here.
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