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Surface contributions to the XPS spectra of nanostructured NiO deposited on HOPG
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In this work we present an in situ X-ray photoelectron spectroscopy (XPS) study of the growth of NiO on
highly ordered pyrolitic graphite (HOPG). The XPS spectra were measured as a function of the equivalent
NiO coverage. Also, ex-situ atomic force microscopy (AFM) images were taken for some of these stages in
order to follow the morphology of the NiO deposits. For low coverages the lineshapes of the Ni 2p spectra dif-
fer strongly from those of bulk NiO. This has been related to the large surface contribution. The O 1s XPS spec-
tra also show a surface related structure which follows the same trend observed in the Ni 2p spectra.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In previous works, we concluded that both, surface and non-local
effects are present in the Ni 2p XPS spectra. This was deduced by
means of configuration interaction cluster calculations [1,2]. These
calculations were compared to the Ni 2p XPS experimental spectra
of a NiO bulk sample taken in different experimental conditions (in-
cident angle, photon energy) in order to vary the surface sensitivity
of the spectra. In the present work we present experimental data
which are also explained by our surface and non-local model, how-
ever, in this case, the experimental conditions of the spectra are the
same whereas the surface-to-bulk ratio changes with the morpholo-
gy of the NiO nanostructures, where this ratio is considerably en-
hanced. It is shown below that this model is completely consistent
in the explanation of the Ni 2p XPS spectra of the observed NiO nano-
structures. Atomic force microscopy (AFM) images obtained for
both, the early and final stages of growth, support the conclusions
obtained in this work. Finally, we show that the O 1s XPS spectra pre-
sent similar trends and the interpretation is in agreement with the Ni
2p spectra.

NiO is a charge transfer oxide in which the ground state is a mix-
ture of 3d8, 3d9L, and 3d10L2 configurations, where L denotes a hole at
the ligand (oxygen) site. This electronic structure gives rise to a Ni 2p
spectrum with multiple peaks, which have been widely discussed in
the literature [3–5]. Nowadays, it is accepted that the broad satellite
located at about 863 eV binding energy corresponds to c3d10L2 and
c3d8 transitions, whereas the main peak located at 854.5 eV binding
energy is assigned to c3d9L transitions, where c denotes a Ni 2p

core level hole (see Fig. 1). However, the origin of the shoulder,
shifted by 1.5 eV towards higher binding energy with respect to the
main peak, has been a matter of discussion for years. It was initially
assigned to Ni3+ ions [6,7], although it is currently interpreted as a
non-local screening satellite [8]. The intensity of this shoulder is
also very sensitive to the presence of defects [9]. Photoemission stud-
ies on NiO observed that its intensity was affected by the take off
angle of the measurements [10,11]. Later on, this has been attributed
to surface effects due to the Ni atoms in pyramidal coordination at the
NiO surface [1]. More recently, Taguchi et al. [12] explained the Ni 2p
spectra of NiO in terms of Zhang-Rice (ZR) doublet bound states. In a
recent paper, we describe both non‐local and surface effects within a
single configuration interaction model [1,2].

According to our model [2], the shoulder has two contributions
(see Fig. 1): one coming from nonlocal screening, in agreement
with van Veenendaal et al. [6]; and another due to the Ni ions in py-
ramidal symmetry at the surface. In this way, the model is able to
explain the Ni 2p photoemission spectra for any photon energy
and/or take-off angle. We have shown that the experimental Ni 2p
spectra can be fitted with four curves to describe the main line,
the shoulder and the satellite. The main line (c3d9L) comes from oc-
tahedrally coordinated NiO6 clusters (bulk); the shoulder comes
from nonlocal charge fluctuations and pyramidally coordinated
NiO5 clusters (surface); and finally, the satellite comes from other
contributions [2].

Previous studies on the growth of NiO deposited on highly orient-
ed pyrolitic graphite (HOPG) were published elsewhere [13,14]. In
these works, the O 1s X‐ray absorption spectra (XAS) of very early
stages of growth show that the unoccupied Ni eg states are split for
the Ni ions located at the surface. This result is also in agreement
with the O 1s XAS spectra of 3–5 nm NiO nanoparticles [15]. The mor-
phology of the early and final states of the growth of NiO has also
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been studied using atomic force microscopy (AFM) [16]. In this work,
the AFM results are compared with those obtained by the analysis of
the inelastic background by means of the Quases software [17]. The
agreement between both techniques was excellent. Studies on nano-
structures of Ni and NiO deposited on different substrates have also
been reported in the literature: [18–23]. Biju et al. [18] studied the
electronic structure of 4–5 nm NiO nanoparticles by Ni 2p XPS analysis.
They concluded that the increase of the intensity of the shoulder
was due to an enhancement of the nonlocal effect for such small
nanoparticles. On the other hand, metallic Ni deposited on HOPG gives
rise to a Volmer Weber way of growth with the formation of Ni clusters
[19]. However, oxidation of the Ni clusters produce the oxidation to NiO
but ametallic layer at the interface remains unoxidized [20]. Other inter-
esting results show the reduction of the NiO substrate when metallic Fe
is evaporated on it [22]. Core-shell NiO/Ni nanoparticles have also been
studied [21]. In these nanoparticles, the metallic Ni core remains stable
upon further oxidation. Also, the surveyXPS spectra of aNiO thinfilmde-
posited on a pure Ni substrate has been simulated [23] using the above
referred Quases software [17].

2. Experimental details

The experiment consisted of successive in situ depositions of NiO
on a HOPG substrate by reactive evaporation of Ni. The evaporation
was performed in an oxygen atmosphere (5×10−5 Torr) at room
temperature. The evaporation rate was constant and maintained
low enough to allow the study of the early stages of the growth of
NiO on the substrate. After the deposition of a large coverage (~140
monolayers), the sample was annealed at 400 °C for 30 min in ultra
high vacuum (5×10−9 Torr). This sample was used as a reference
of bulk NiO. More details on the sample preparation and characteri-
zation can be found elsewhere [13].

The samples were grown in a preparation chamber attached to a
CLAM4 XPS spectrometer from Thermo Fisher Scientific. The photoemis-
sion spectrawere collected using aMgKα anode and the pass energywas
set at 20 eV. The estimated overall energy resolution (X‐rays+analyzer)
was about 0.9 eV. The energy scale was calibrated by adjusting the main
line of the XPS spectra of NiO at 854.5 eV. The AFM images were mea-
sured in dynamic (tapping) mode, using a Nanotec microscope and soft-
ware [24].

3. Results and discussion

3.1. The Ni 2p 3/2 XPS

Fig. 2 shows the Ni 2p 3/2 XPS spectra of NiO deposited on HOPG as
a function of the coverage. The coverage for each step of growth was
calculated by different methods. Firstly, an equivalent coverage, i.e.,
the number of equivalent NiO monolayers present in the sample,
was estimated from the intensities of the XPS spectra following con-
ventional methods (exponential growth of the Ni 2p intensity) [25].
Then, the real and equivalent coverages were estimated by the inelastic
peak shape analysis, using the QUASES software [17]. Finally, the real
coverage was deduced from the AFM images by means of a flooding
analysis. The results of these methods showed an excellent agreement.
Since the AFM data (see below) show that NiO grows on HOPG forming
nanometric islands as the early stages of growth (Volmer–Weber way
of growth), the coverages given in monolayers (ML) should be under-
stood as an equivalent coverage. The spectrum of the annealed
140 ML NiO film reproduces previous spectra for bulk NiO [8,9] (see
also the Ni 2p 3/2 XPS spectra of a NiO (100) single crystal shown in
Fig. 4). This indicates that a stoichiometric NiO film can be grown on
HOPG, in agreement with previous X‐ray absorption spectroscopy
(XAS) studies [13,14]. The peak at 854.5 eV corresponds to the main
line (c3d9L), whereas the peak at 856.0 eV corresponds to the shoulder,
which according to our model includes the nonlocal and surface contri-
butions. The most important feature observed in Fig. 2 is that the spec-
tra for low coverage (up to ~40 equivalent ML) differ significantly from
that of bulk NiO. In these spectra, the main-line and satellite peaks are
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Fig. 2. Ni 2p 3/2 XPS spectra of NiO deposited on HOPG as a function of the equivalent
coverage.
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Fig. 1. Cluster model calculations of the Ni 2p XPS spectrum (taken from Ref. [2]). The
calculations are performed using an octahedral NiO6 cluster in contact with a pyrami-
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not completely resolved, giving a broad structure with a width of about
3 eV. We show below that this structure is dominated by the surface
contribution.

Fig. 3 shows the AFM images of different stages of growth of NiO
on HOPG. For 0.3–0.5 ML equivalent coverage, the nucleation centers
consist of 10 nm quasi-spherical NiO nanoparticles which are mostly
spread through the terraces. For 3.5–12 ML equivalent coverage, the
images show that the previous nucleation centers agglutinate for-
ming aggregates of about 100 nm in size. It is worthy to note here
that although the new aggregates are formed by the accumulation
of the previous nucleation centers, the effective surface area of the ag-
gregates is slightly lower than the addition of the surfaces of the nu-
cleation centers. This effective surface is slightly decreasing as the
number of nucleation centers increases to form the aggregates. For
35–40 ML equivalent coverage, the coalescence of these aggregates
is observed. Finally, for the 140 ML equivalent coverage, the aggre-
gates form a continuous film. When this film is submitted to thermal
annealing at 400 °C the grain size remains the same as before, but the
nanostructures within the grains disappear. As deduced from the im-
ages shown in Fig. 3, the way of growth of NiO on HOPG can be reg-
arded as a Volmer–Webber way of growth, i.e., the formation of
nanometric islands until coalescence is produced for an equivalent
coverage of about 40 ML.

The insets of the AFM images show the corresponding Ni 2p 3/2

XPS spectra for each stage of growth. For the early stages, where the
deposits consist mainly of NiO nanoparticles (dispersed and aggregat-
ed nucleation centers), the Ni 2p 3/2 XPS spectra show mostly a broad
structure. Only when coalescence has been produced, the spectra
start to resemble that of bulk NiO. This is obtained only when the
NiO thin film has been submitted to thermal annealing, thus produc-
ing the aggregation of the nanospheres.

Fig. 4 shows thefittings of theNi 2pXPS spectra using the three curves
(bulk, surface and nonlocal) described above. Also the spectrum of a NiO
(100) single crystal measured with the same experimental conditions as

the others has been included for comparison. The volume-to-surface ratio
given by IM/IS, where IM and IS stand for the intensities of the main line
and surface peak respectively, is also given for each spectrum. The small
differences in the fittings and consequently in the IM/IS (1.80 vs. 1.84)
can be explained as a slight increase of the effective surface of the thin
film due to a larger roughness with respect to the single crystal. The cur-
ves representing the charge transfer satellite, located around 862 eV,
have been omitted in the fittings for clarity reasons. A Shirley background
has been subtracted from the spectra prior to the fittings. The energy po-
sition, width and relative intensity of the main line (green) and nonlocal
(blue) peaks were kept constant throughout the series. The position and
width of the surface peak (magenta) were kept constant whereas the in-
tensity was kept free throughout all the fittings. First, we note an excel-
lent agreement with the experimental spectra presented in Fig. 2. For
the early stages of growth, the intensity of the surface peak ismuch larger
than that of the main-line (bulk) peak. The surface contribution slightly
decreases throughout the intermediate stages of growth due to the loss
of effective surface upon aggregation. Only when coalescence is being
produced, this ratio increases rapidly up to the value of a bulk thin film
(IM/IS=1.8).

According to the above results, our model is able to explain and
reproduce the experimental Ni 2p XPS spectra of the NiO nanostruc-
tured formed on the HOPG substrate. In fact, it is able to interpret the
different NiO spectra where the volume-to-surface ratio is varied by
varying the experimental conditions, either by varying the inelastic
mean free path of the photoelectrons or the photon energy, but
also those taken with the same experimental conditions where the
volume-to-surface ratio varies according to the morphology of the
NiO nanostructures. Besides, our model is consistent not only with the
spectrum of a NiO monolayer grown on MgO, the spectrum of a Ni im-
purity diluted in MgO (Ni0.1 Mg0.9O) and the calculations of a Ni6O30

cluster [2] but alsowith some results appeared recently in the literature
for NiO nanostructures. For instance, the shape of the Ni 2p XPS spec-
trum assigned to NiO in the NiO/Ni core shell nanoparticles obtained

a) 0.3 ML b) 0.5 ML c) 3.5 ML d) 7.2 ML

e) 12 ML f) 35 ML g) 140 ML h) 140 ML (400°C)

NiO/HOPG

Fig. 3. 200 nm×200 nm AFM images of NiO deposited on HOPG as a function of the equivalent coverage. The insets show the corresponding Ni 2p 3/2 XPS spectra for each stage of
growth.
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after subtraction of themetallic Ni present in the core of the nanoparticles
[21], exactly matches our spectra for intermediate coverages, indicating
the nanometric size of the NiO nanostructures. The same happens in
the analysis by Quases of NiO nanostructures presented by Ollivier et al.
[23]. Other possiblemechanisms to affect the shape of theNi 2pXPS spec-
tra such as strongmodifications of the local crystalline structure and, pos-
sibly, stoichiometry in these nanospheres is ruled out according to the Ni
2p X-ray absorption spectra of the same stages of growth of the same ex-
periment shown in Fig. 1 of ref. [14]. All the Ni 2p XAS spectra shown
in this reference have the same high spin Ni2+ configuration with the
same crystal field.

3.2. The O 1s XPS spectra

Fig. 5 shows the O 1s XPS spectra of NiO deposited on HOPG as a
function of the coverage. These spectra present two different peaks
located at about 530 eV and around 532 eV, although they shift slight-
ly towards lower binding energies as the coverage increases. The
spectra are dominated by the peak located at higher binding energies
(532 eV) for coverage below 40 ML. On the other hand, the intensity
of the peak at lower binding energies (530 eV) increases for larger
coverage. The later becomes the most prominent in the spectrum of
the annealed thin film. The peak at about 530 eV (OI) comes from ox-
ygen ions in the octahedral NiO6 clusters in the NiO lattice, in agree-
ment with other data reported in the literature for bulk NiO single
crystal [26,27]. In contrast, the origin of the peak located at around
532 eV (OII) is not clear, although it may also be related to surface
effects.

Fig. 6 shows the IM/IS intensity ratio (solid circles), taken from the
Ni 2p XPS spectra (see Fig. 2), as a function of the NiO coverage. It also
presents the intensity ratio of the two oxygen peaks OI/OII (solid tri-
angles), taken from the O 1s XPS spectra (see Fig. 5), as a function
of the NiO coverage. Both ratios present very similar behavior, indi-
cating that the formation of the oxygen species assigned to peak OII

can also be associated to surface effects. The oxygen ions located at
the surface are affected by the lower effective hybridization with
the Ni ions, due to the lack of an apical oxygen ion in the NiO5
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pyramid. This effect produces not only the shoulder in the Ni 2p XPS
spectra, about 1.5 eV from the main line, but also the OII peak in the O
1s XPS spectra, around 2 eV from the OI peak.

Attempting a quantitative analysis in order to estimate the Ni/O ratio
for the bulk and surface peakswith respect to theOI andOII peaks respec-
tively is a very hard task. This is mainly due to the difficulty in the deter-
mination of the photoemission cross sections for the bulk and surface
peaks separately of the Ni 2p XPS spectra. For instance, according to
[25] the photoemission cross section for the Ni 2p spectra is 4.5 whereas
for the Ni 2p 3/2 is 3. Taking into account that the Ni 2p 3/2 spectrum is
dominated by the intensity of the charge transfer satellite at about
862 eV binding energy, the corresponding cross sections of the bulk
and surface peaks should be significantly reduced from the above
value. On the other hand these values should be equal since they account
for the photoionization of orbitals of the same character. According to
this, for a value of 0.39 of the photoemission cross section of both
peaks we obtain values of 0.98 and 1.43 for the Ni/O ratio in Ni (bulk)/
OII and Ni (surface)/OI peaks respectively. These obtained values are in
relative agreement with the 1.0 and 1.2 values given for the NiO6

(bulk) and NiO5 (surface) clusters. In any case, the values obtained for
the Ni (surface)/OI peak are always larger than those obtained for the
Ni (bulk)/OII peak.

The experimental results show that both XPS spectra are dominat-
ed by the surface contribution at low coverage, which in turn, is relat-
ed to the relatively high surface-to-volume ratio of the corresponding
NiO nanostructures.

4. Conclusions

We have studied the electronic structure of NiO nanostructures
grown on graphite by means of XPS. In particular, we have shown
that, for low coverage, the shoulder in the Ni 2p spectra is mostly re-
lated to the surface contribution. These results are consistent with the
AFM images, which show the formation of ~10 nm NiO nanoparticles,
giving the system a very high surface-to-volume ratio. Finally, the O
1s XPS spectra also show a surface related structure which follows
the same trend observed in the Ni 2p spectra. The same approach
could be used to study the surface effects on the electronic structure
of other NiO nanostructures.
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