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Fit Model and Quantification

Ni2ps;  metal NiO1  NiO2 NiO 3 NiO 4 NiO 5
BE (eV) 8525 85375 8555 861 863,9 866.1 - 866.6
a 0,13
FWHM (eV) 1.2 1,2 28  4(0,)/3.5(H0) 2,3 3,3
Ofs NiO;, NiO  Nij,-OH NiOOH Ni,O4/Ni(OH), NiOOH  NiO-H,0.4 H,0-H,0

BE (eV) @

1000eV 5289 5294 529,95 530,6 531,2 531,8 532,7 533,6

880 eV 5294 531,9

680 eV 5294 532
FWHM (eV) 1 1 12 1,2 1 12 1,2 1,2

SI-Table 1: Fit components and parameter used in the fit model.

Binding energies (BE) of the Ni2p, O1s and VB spectra were calibrated to the metal Fermi edge
still visible during oxide growth. Where no metal was present oxide spectra were adjusted to the oxide
positions observed during oxide growth. As the first step of XPS analysis and fitting procedures a
Shirley-type background correction was applied.! Spectra were fitted following the Levenberg-
Marquardt algorithm to minimize the standard deviation expressed by the chi-square value x2. The
peak shapes were modelled with Doniach-Sunjic functions convoluted with Gaussian profiles, which
allows for the introduction of an asymmetry factor a where required.? An overview of the Ni2p and
O1s fits and the applied parameters is given in SI-Table 1. The evaluation of the Ni2p core levels is
particularly difficult because of the nature of the photoemission process in nickel oxide and its water
related derivatives. Here, various contributions of Ni3d-O2p related transitions result in a spectral
signature with a distinct satellite structure. The Ni2p region fits with their satellite structure were
performed according to Biesinger et al.3* FWHM are applied according to the performance of the
beamline and the spectrometer. The O1s fits are based on the binding energies reported in references
5,6,7. The accuracy of the binding energy position is = + 0.05 eV. Additional peaks, namely the two
components at 528.9 eV and 530 eV are fitted on the basis of the peak shapes, widths and positions
expected of the NiO and neighboring NiOOH peaks. Note, that the peak at 531.2 eV can be assigned to
Ni-deficient NiO or Ni3* as well as to Ni(OH),. For the sake of simplicity, we fitted only one peak and
allowed for small shifts in the spectra to account for the respective major contribution.

By assuming a homogeneous mixture of Ni and O, quantification of the sample composition
was performed according to C, = n, / Zn,, with n,=1(x) / Sy and Sy = 0 Aotal (Awotai: €lectron escape depth;
0: cross-section). Soygen Was determined by fitting the spectrum of a freshly prepared NiO and assuming
the intensity of the full Ni2p and the O1s NiO component as 1:1 NiO. S; was determined using o and
Aiotal Calculated according to Yeh et al. and Seah, respectively.®® It needs to be mentioned, that, with
the assumption of a homogeneous mixed composition, XPS quantification is rather rough and could
potentially lead to a systematic error yielding an offset of the Ni and O fractions in NiO. Thus, it should
be seen as a guideline to follow changes in the composition of the samples presented here.
Quantitative analysis of depth profiles (not shown here) indicates that apart from such offset the
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compositional changes observed for different depths exhibit the same trends. This allows to estimate
an error for these changes (excluding the offset) in the range of only + 2 - 3 %. (See also SI-Figures 4
and 7). Thus, the quantification method applied effectively reflects the evolution of the sample
composition in dependence of temperature.



Sample characterization
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SI-Figure 1: Survey spectra recorded before and during heating in 0.5 mbar H,0 at different temperatures.

The topmost spectrum in SI-Figure 1 depicts typical surveys of NiO, thin films before exposure to O, or
H,0. Some residual carbon is present which vanishes completely after heating above = 250°C in O, or
H,0 and only re-emerges at lower quantities after cooling and evacuation at the end of the experiment.

Si contaminations and their potential contribution to the O1s spectra were checked by survey spectra
as well as Si2p spectra (not shown). As can be seen in SlI-Figure 1, bottom panel, some Si appears on
the sample surface when heated to 500°C. SI-Figure 2 a) shows that a thick NiO, film, representative
for Il used in the main paper, is forming a particle-like surface but is not de-wetting. However, there
are pinholes present which are the reason for the presence of small amounts of SiO,. On the other
hand, a thinner 50 nm NiO, film heated to 500°C exhibits a partial de-wetting of the film (SI-Figure 2
b). A comparison of the O1s spectra of both films show that SiO, contributions to the O1s region of the
thicker film, which are located on the high BE side of the spectra, can be neglected. This is further
corroborated by the expected behavior of H,0-adsorption-related peaks to the presence of large
amounts of water. In addition, apart from the two high BE peaks, even for a thinner 50 nm film all
spectral components related to oxygen vacancies and all Ni-OH bonds evolve exactly like those of a
thick film. Hence, the immense spectral and structural changes observed in our experiments are not
caused by SiO, contaminants.

Preparation: film SI-Figure 2 a) and c) total oxygen exposure 272 min O,; H,0 exposure 264 min; film
SI-Figure 2 b): total oxygen exposure 176 min O,; H,O exposure 341 min.
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SI-Figure 2: a) SEM micrographs of oxidized 200 nm Ni-film and b) an oxidized thinner 50 nm NiO film, both after
three heating cooling cycles in 0.5 mbar H,0. d) and e) O1s spectra corresponding to a) and b), respectively,
recorded in 0.5 mbar H,0 and after evacuation at RT. c) Large-scale SEM micrograph of the 200 nm NiO film of

a) with pinholes in the film (red circles).




Oxygen vacancy formation on NiO, during heating up 650°C in O, atmosphere
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SI-Figure 3: a) Ni 2ps/, spectra during heating to 650°C in 0.5 mbar O, atmosphere and subsequent cooling to RT.
b) O1s spectra corresponding to a). The same color indicates the same temperature in each region.

SI-Figure 3 shows the complete Ni2ps/, and O1s data sets recorded during heating of a NiO,
film to 650°C and subsequent cooling to RT in 0.5 mbar O, atmosphere corresponding to Figures 1
and 2 of the main text.



Heating - cooling cycles in O, atmosphere
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SI-Figure 4: XP spectra recorded during heating in 0.5 mbar O,: a) O1s spectra recorded at the first temperature
maximum and minimum at 330°C and 150°C, respectively. b) Ni2p;/, spectra corresponding to a). The intensities
are normalized. c) Sample composition calculated from the XPS for the complete heating-cooling experiment. e)
Evolution of the Ni2p;/, residuum derived from subtracting a fit of the pure NiO from the measured spectrum
(grey areas in b) with temperature. f) Evolution of the relative intensities of oxygen species as derived from the
fits of the O1s spectra with temperature. The fits were performed according to the peak components listed in SI-
Table 1. Note that the photon energies for the O1s and Ni2ps/, spectra represent the same information depth. d)
and g) Heating profiles.

SI-Figure 4 illustrates the spectral evolution induced by the heating — cooling cycles up to 350°C
in oxygen atmosphere. While the initial broadening of the main NiO O1s peak and the flattening of the
Ni2ps/, main peak (SI-Figure 2 a) and e), respectively) are very similar to what is observed during
heating-cooling cycles in H,0 there is no notable intensity gain in the high BE region above the main
NiO peak in the O1s region (Si-Figures 4 a) and f) compared to the same treatment in H,0. This is
reflected in the marginal oxygen uptake visible in Si-Figure 2 c). Similarly, the relative intensities of the
OH-related bonds do not show any significant increase during the treatment which, not surprisingly,
would be considerable after the treatment in H,O (see main text).



Structural changes of NiO in contact with O, at elevated temperatures

SI-Figure 5: Ex-situ SEM micrographs of a) the as-prepared NiO, sample, b) after two heating-cooling cycles and
c) & d) after three heating-cooling cycles to 350°C in O, atmosphere, respectively. Step edges in a) and b) are
indicated by red arrows while red circles mark the presence of triangular shaped holes. In Figures c) and d) step
edges are visible by carbon accumulation due to exposure to air before SEM measurements.

By applying multiple heating-cooling cycles to 350°C, oxygen vacancy formation is reversible to a
certain extent (SI-Figure 4). We observed that, while the Ni2ps/, residuum fully vanishes, both, the
NiO,, and the NiO,,-OH peak retain some intensity even after cooling which suggests a more defective
surface than the as-prepared NiO, film.'® Indeed, repeated heating-cooling cycles in oxygen affect the
morphology of the NiO, sample as well. SI-Figure 5 depicts SEM micrographs of a NiO, sample before
(a), after two (b) and after three (c) and d) heating-cooling cycles to 350°C in 0.5 mbar of O,. The as-
prepared NiO, film appears mainly flat with only a small number of visible step edges or terraces.
Moreover, rather inhomogeneous, protruding areas are present which suggests the presence of more
than one surface orientation. On closer inspection, the boundaries of the protruding areas feature
some hexagonal and triangular shapes as well as mainly triangular cavities in the center of those areas.
When characterized with XRD, a Ni film oxidized under the described conditions usually consists mainly
of (200) oriented areas with some contributions of (111) and (110) orientations.%1%12 Hence, the flat
sample areas are most likely related to NiO(100), also because this represents the most stable NiO
orientation.’3'415> On the other hand, the hexagonal and triangular shapes of the protruding areas as
well as the triangular holes within may indicate the presence of NiO(111). The coexistence of NiO(111)
on NiO(100) on surfaces has been reported before.1®,1” The morphology changes after annealing in O..
The flat sample areas become visibly terraced even detectable with SEM, indicated by red arrows in SI-
Figure 5 b). The number of protruding areas seems to decrease while their remaining areas coagulate
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predominantly at step edges thus forming a cross-linked structure with elongated extensions that are
up to several micrometers long and ~ 50 nm wide. Their boundaries still feature hexagonal and
triangular shapes (red circles). This behavior fits to the assignment of these features to NiO(111) which
is expected to be unstable above 220 °C** and, thus, would explain their area loss and coagulation.
After three heating-cooling cycles the increase of step-edge formation is even more apparent by the
carbon accumulation due to exposure to air before SEM measurements.

Preparation: film SI-Figure 5 a) and b): total oxygen exposure 155 min O,; film SI-Figure 5 c) and d):
total oxygen exposure 280 min O,



NiO in contact with water vapour at elevated temperatures
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SI-Figure 6: XP spectra recorded during heating-cooling cycles in 0.5 mbar H,0: a) Ni2ps/, at hv = 1000 eV, b) O1s
depth profiles at selected temperatures in H,0 atmosphere (hv = 1000 eV and 680 eV). The intensities are
normalized to the peaks located at 529.5 eV. Note that the Ni2p3/, at 1000 eV and O1s spectra at 680 eV share
the same information depth.

SI-Figure 6 corresponds to Figures 3 and 4 of the main text. SI-Figure 6 a) shows the Ni2ps/,
spectra at each T.,;, and T,., recorded during three heating-cooling cycles in 0.5 mbar H,0 atmosphere
and subsequent evacuation. SI-Figure 6 b) depicts the corresponding depth resolved O1s spectra.
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SI-Figure 7: Relative intensities of the peaks fitted to the O1s spectra recorded during three heating-cooling cycles
in 0.5 mbar H,0 a) hv = 680 eV and b) hv = 1000 eV. c) Heating profile.

SI-Figure 7 shows the evolution of the relative intensities obtained from the full sets of O1s fits

of a depths profiling at 680 and 1000 eV, respectively, during three heating-cooling cycles in 0.5 mbar

H,0 atmosphere.
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XAS comparison of oxygen vacancies in 0, and H,0 atmosphere
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SI-Figure 8: a) and b) XA spectra of the Ni L;- and O K-edge of the NiO, sample at RT, at the third T,,., and after
final cooling in 0.5 mbar O, partial pressure, respectively. c) and d) XA spectra of the Ni L;- and O K-edge,
respectively, of the same sample at RT, at the first T,,.xand after the first cooling in 0.5 mbar H,0 partial pressure,
corresponding to Figure 5. The features a - f are discussed in the main text.

SI-Figure 8 compares the Ni L;-edge and O K-edge spectra recorded in 0.5 mbar O, and H,0,
respectively. While, in both gases, the spectra recorded at RT are almost identical, at T, the spectra
evolve slightly different. It appears that the shift of peaks a and b observed in the Ni L;-edge as well as
the broadening of peak d observed in the O K-edge spectra are more pronounced for the higher

temperature applied in H,0 atmosphere.

SI-Figure 9 compares the low energy side of XAS spectra recorded in vacuum (at 20°C only)
and 0.5 mbar H,0 atmosphere at 20°C, 350 and 510°C, respectively, to the spectra recorded at 20 and
350°C in 0.5 mbar O, atmosphere. The original spectra measured in O, atmosphere exhibit a distinct
intensity loss at a photon energy of = 531 eV stemming from ©* absorption resonance in the O, gas
phase. By applying a reconstruction procedure, developed by Havecker et al. and described in detail in
references 18 and 19 this feature can be removed yielding the O,-related spectra displayed in SI-Figure
6 a) and b). All spectra taken at around RT agree well with each other (SI-Figure 5 and 6 a). Similarly,
after heating to 350°C as shown in SI-Figure 6 b), both, the O, - as well as the H,0 — related spectrum,
exhibit the same broadening with respect to the 20°C - vacuum spectrum. The spectrum recorded at
510°C in H,0 shows an even more pronounced broadening as expected from the formation of oxygen

vacancies as described in the main text.
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SI-Figure 9: a) Reconstructed O K-edge spectrum recorded in 0.5 mbar O, atmosphere at 20°C compared to its
vacuum and 0.5 mbar H,0 counterparts. b) Reconstructed O K-edge spectrum recorded in 0.5 mbar O,

atmosphere at 350°C compared to its 0.5 mbar H,0-350°C counterpart and the spectrum recorded at 20°C in
vacuum.
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