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The critical role of the Auger parameter in providing insight into both initial state and final state
factors affecting measured XPS binding energies is illustrated by analysis of Ni 2p3/, and
L3My4sMys peaks as well as the Auger parameters of nickel alloys, halides, oxide, hydroxide and
oxy-hydroxide. Analyses of the metal and alloys are consistent with other works, showing that
final state relaxation shifts, AR, are determined predominantly by changes in the d electron
population and are insensitive to inter-atomic charge transfer. The nickel halide Auger parameters
are dominated by initial state effects, Ae, with increasing positive charge on the core nickel ion
induced by increasing electronegativity of the ligands. This effect is much greater than the final
state shifts; however, the degree of covalency is reflected in the Wagner plot where the more
polarizable iodide and bromide have greater AR. The initial state shift for NiO is much smaller
than those of Ni(OH), or NiOOH and the effective oxidation state is much less than that inferred
from the average electronegativity of the ligand(s). Auger parameter analysis indicates that the

bonding in NiO appears to have stronger contributions from initial state charge transfer from the
oxygen ligands than that in the hydroxide and oxyhydroxide consistent with the considerable
differences in the Ni—O bond lengths in these compounds with some relaxation of this state
occurring during final state phenomena. The Auger parameter of NiOOH is, however, shifted
positively, like the iodide, indicating greater polarizability of the ligands and covalency in this

bonding. There is support for more direct use of relative bond lengths in interpreting differences
between related compounds rather than more general electronegativity or similar parameters.

Introduction

In XPS spectra, measured core level binding energies, Ey, are
commonly used to assign chemical states of elements in
surfaces. The M 2p spectra of the transition metals, and Ni
in particular, can contain large contributions from multiplet
splitting, shake-up and plasmon loss structures. The Ni LMM
Auger peak shape is also significantly influenced by multiplet
splitting and shake-up structure, which can cause significant
broadening.! The present databases (e.g. Phi Handbook,'
NIST Database®) attempt to assign oxidation states using
the Ni 2p;, spectrum assuming a single identifiable peak
maximum and assigning the binding energy accordingly. This
assumption has been shown to be invalid for many transition
metal spectra,3 eg. Cr,* Mn,>® Ni,>!° and Fe.!''? The
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complexity of Ni and its compounds, particularly NiO with
electronic characteristics intermediate between that of a Mott—
Hubbard insulator and a charge transfer semiconductor,'? has
been reviewed previously”!'*!® and both theoretical and
experimental results have been considered. Our previous
works**!% have shown that the Ni 2ps> peak shape including
shake-up and multiplet structures can be modeled with empirical
peak shapes for more reliable chemical speciation analyses.
Further improvement may be possible using the extra infor-
mation provided by the Auger peak shape and the Auger
parameter as will be indicated in this paper.

Since its conception in 1971 by Charles D. Wagner'®'7 the
Auger parameter and its now common form, the modified
Auger parameter («'—known now as simply the Auger para-
meter), is defined as:

o = Ey, + Ey (1)

where Ep, and Ey are the binding and kinetic energies of the
(in most applications) dominant core electron and Auger
electron lines for a particular element, respectively. It has been
a valuable tool in the assignment of chemical states for a wide
variety of surface species. In the extensive reviews by Moretti,'>!”
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interpretation and applications of Auger parameters and
Wagner plots are discussed for a wide variety of elements as
free atoms, molecular species, solid surfaces, implanted and
adsorbed species and metal clusters. However, in the first row
transition metal series, only Ti, Cu and Zn are discussed based
on the data reviewed in 1998. The NIST database” for the Ni
Auger parameter contains 9 entries comprising Ni metal, NiO
and 7 mixed oxides of Ni with V, P and Ca. Wagner’s
work?®2! reports data for a number of nickel complexes in
addition to the metal, oxide and fluoride. There are also other
references to Auger parameter usage for Ni metal clusters
(e.g.?*?), but the only other reference found to use the Ni
Auger peak is the paper by Sanz and Tyuliev®* for thin NiO
films on MgO. It is appropriate therefore to extend these data
and interpretation with selected nickel compounds that will
assist assignment of Ni chemical states.

In a previous paper,” we re-examined the assignments of Ni
2p states by fitting XPS data with intra-atomic multiplet
envelopes applied to Ni(OH),, NiOOH and NiO spectra. It
was shown that the free ion multiplet envelopes for Ni** and
Ni** effectively simulate the main line and satellite structures
for Ni(OH), and NiOOH. However, fitting the NiO Ni 2p
spectral profile may involve contributions from interatomic,
non-local electronic coupling and screening effects with multi-
plet structures significantly different from those of the free ions.
The Auger parameters of these three compounds may help
understand this difference particularly as it relates to initial state
charge distribution and final state inter-atomic screening effects.

In XPS spectra, measured core level binding energies, Ey,
involve both the ground state and the final state relaxation
energies. The response of spectator electrons to the creation of
a core hole and the Auger deexcitation process causes lowering
of the measured binding energy as compared to the initial state
binding energy and this final state relaxation energy R can
vary with chemical environment. Hence, there is a need to
distinguish between initial and final state contributions to the
measured binding energies. It is therefore important that final
state effects are correctly described if binding energy shifts are
to yield useful and reliable chemical information as to the
electronic structure of transition metals and their compounds.
Experimentally, relaxation energy shifts are often estimated by
measuring the Auger parameter shift defined by

Ao’ = AE, + AEy )
It is usually assumed, following the derivation by Moretti,'®!”
that the relaxation energy for the doubly core-ionized state
created by the Auger process equals 2R, leading to

Ad’ =~ 2AR 3)
In the simplest approximation used by Wagner?' and

others,?>** the shifts in core level binding energy AEy and in
Auger transition kinetic energy AE\ are then:

AE, = —A¢ — AR @)

AE, = A¢ + 3AR 5

In this convention, positive values of Ag, initial state contribu-
tions, and AR, final state contributions, result in a shift to
lower binding energy. Initial state effects, Ae, are generally

understood to represent the “‘chemical shift” as a result of
ground state electronic structure and are a function of the
valence structure of the core atom, which is in turn a function
of bonding to neighboring atomic valence states. Hence, in
nickel compounds, these shifts are related to the electronic
states (e.g. band structures, bond directionality) and structural
parameters (e.g. atomic positions, Madelung constants) of the
bonded atoms. To obtain this value, however, requires
measurement of the Auger parameter as in eqn (1). Pan
et al.** and Tao et al.> have used these initial state parameters
in their work on charge transfer in Ni clusters on TiO,
substrates. It is acknowledged that Cole et al.**** have shown
that this simple approach to analysis of the Auger parameter is
not adequate for metal alloys, alkali and alkaline earths and
they have developed more sophisticated methods of analysis
for these systems. These methods have also been applied to
transition metals and alloys®® but not yet been applied to the
nickel compounds examined here.

Following the notation used by Moretti'®!® for transition
element Wagner plots, the Auger parameter can be restated
from eqn (1) as:

o = E(C'C'C"") + Ey(C) ()

where E(C’'C"C’”) is the kinetic energy of the Auger transi-
tion involving electrons from C’, C” and C’”’ core levels and
E,(C) is the binding energy of the photoelectron from core
level C. In practice C' and C are most usually the same
electronic state. The specific transitions for nickel compounds
are LsM4sMys (also denoted as L;VV, V = valence)’®?® and
Ni 2ps)», respectively, with Lz and 2p3), actually being differing
notations for the same electronic state. The peak shape of the
Ni metal Auger line is strongly influenced by the electron
configuration and in particular by the presence of unoccupied
3d states.”® The !G4 multiplet is likely to be the strongest
component of the L3;MysMys transition for the metal as
suggested by comparison to the same transitions for Cu?’
and Zn.>® This is not an unreasonable comparison if, on
changing from the free ion state (3d%4s?) to the metal, there
is some transfer of the 4s electrons to the 3d orbitals. Added to
this ground state electronic structure effect is local screening of
the core hole which might suggest that the L;My4sMys transi-
tion arises from a 3d' initial state and creates a 3d® final
state.”®?° Eqn (6) for Ni could then be written as:

o = E(LsMasMys; 'Ga) + En(2p3p) ()

A specific advantage of the Auger parameter is that effects
of charging and work function are cancelled out during its
calculation.'®!® Changes in o have been shown'®'® to be
related to final state electronic relaxation occurring during
photoemission processes in the central atom. There are,
however, several qualifications on the measurement and inter-
pretation of Auger parameters. Weightman®>** and co-workers
have shown, for instance, that the relationship in eqn (3) is
not valid for transition metals (particularly nickel) and their
alloys.

Also implicit in eqn (3) is the assumption that [E,(C") — Ey(C")]
and [Ey(C) — Ey(C")] are constant values and are not depen-
dent on the chemical state. Moretti'®!® has shown this to be a
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reasonable approximation for Mg, Si and Al, by examination
of two different Auger parameters having different Ey(C).
However, even in these cases there is some variability giving
rise to standard deviations for this Ao’ value of approximately
0.4 to 0.7 eV."®! In addition, changes in Auger peak shapes
with the chemical state and bonding may contribute to
uncertainty in the position of the Auger peak used in the Auger
parameter. For the case of the Ni Auger peak examined here,
both [Ew(C") — Ey(C")] and [Ep(C) — Eu(C”)] may be rewritten
as [Ey(2p32) — Eu(3dsp s5p2)] or [Ep(2psn) — Eu(3d)] as Mys
actually represents multiplet combinations of the 3d;/, and 3ds,,
valence electrons. As the d electrons are clearly involved in
core-atom ligand interactions both in the ground state and
during subsequent relaxation processes, as described below,
variability may also arise for Ni for [Ey(2p;) — Ep(3d)].

In summary, the Auger parameter method can be used to
separate the initial state, A¢, and final state, AR, contributions
to AEb.22’23’31’32 However, for nickel, the assumption discussed
above is required for calculation of final state effects, AR, from
eqn (3), which are in turn required for the calculation of initial
state effects, Ae. Thus variations in both AR and Ae¢ may be
due to variability in [Ey(2p3;2) — Ep(3d)]. With these qualifica-
tions, it is useful to calculate and consider both AR and Ag for
nickel metal and its compounds. These effects are examined
here with spectra and peak fitting parameters from a series of
quality reference samples. We examine the Auger parameters
first for the metal and alloys, then the nickel halides as models
for the interpretation of initial and final state and their contri-
butions and then the Ni oxide, hydroxide and oxyhydroxide
compounds.

Experimental

XPS analyses were carried out with a Kratos Axis Ultra
spectrometer using a monochromatic Al Ka (15 mA, 14 kV)
X-ray source. A number of samples (Ni metal, Nil,) were also
analyzed with a (non-monochromatic) Mg Ka X-ray (15 mA,
15 kV) source. The instrument work function was calibrated to
give an Au 4f;, metallic gold binding energy of 83.95 eV. The
spectrometer dispersion was adjusted to give a binding energy of
932.63 eV for metallic Cu 2ps3». The Kratos charge neutralizer
system was used for all analyses of non-conductive samples.
Charge neutralization was deemed to have been fully achieved
by monitoring the C 1s signal for adventitious carbon. A sharp
main peak with no lower binding energy structure is generally
expected. Instrument base pressure was 8 x 10~'° Torr. High-
resolution spectra were obtained using an analysis area of
~300 x 700 pm and either a 10 eV or 20 eV pass energy
(20 eV was used for all Ni LMM Auger spectral results). These
pass energies correspond to Ag 3ds, FWHM of 0.47 eV and
0.55 eV, respectively.

A single peak (Gaussian 70%—Lorentzian 30%), ascribed
to alkyl type carbon (C—C, C-H), was fitted to the main peak
of the C Is spectrum for adventitious carbon. A second peak is
usually added that is constrained to be 1.5 ¢V above the main
peak, and of equal full width half maximum (FWHM) to the
main peak. This higher binding energy peak is ascribed to an
alcohol (C—OH) and/or ester (C—O—C) functionality. Further
high binding energy components (e.g. C—=0, 2.8-3.0 eV above

the main peak; O-C=0, 3.6-4.3 eV above the main peak;
CO5%7, 3.8-4.8 eV above the main peak) can also be added if
required. Spectra from insulating samples have been charge
corrected to give the adventitious C s spectral component
(C-C, C-H) a binding energy of 284.8 eV. This process has an
associated error of +0.1-0.2 eV.** The spectra for all (argon
ion sputter cleaned) metallic species are referenced to Au 4f),
at 83.95 eV.

Powder and polycrystalline materials were used to eliminate
the possibility of photoelectron diffraction effects, which can
influence splitting patterns.>** They are also more represen-
tative of the majority of samples in practical analyses of air-
exposed multi-component materials. Survey scan analyses for
selected samples are presented in Appendix I.

Spectra were analyzed using CasaXPS software® (version
2.3.14). Gaussian (100-X% )—Lorentzian (X%), defined in
CasaXPS as GL(X), profiles were used for each component.
Individual multiplet and shake-up components as well as C 1s
components and nickel compound anion species spectra have
been fit with line-shapes of GL(30). For metallic and con-
ductive species core lines, asymmetry was defined in the form
of LA(a, B, m) where o and f§ define the spread of the tail on
either side of the Lorentzian component (¢ and f > 1). The
parameter m specifies the width of the Gaussian used to
convolute the Lorentzian curve. A standard Shirley background
is used for all spectra.

Powder and metal samples of highest purity readily avail-
able were purchased from Alfa Aesar. All powder samples
were mounted on non-conductive adhesive tape. Metal and
alloy samples were sputter cleaned using a 4 kV argon ion
beam to remove all oxide and carbonaceous species. The
powder samples were not sputter cleaned prior to analysis,
as it is well known that this can cause reduction of oxidized
species. Alloy A600 has a nominal composition of C 0.15
(wt%) max., Cr 14.0-17.0, Cu 0.50 max., Fe 6.00-10.0, Mg
1.00 max., S 0.015 max., Si 0.50 max. and Ni 72 min. Alloy
A800 has a nominal composition of C 0.06-0.10, Cr 19.0-23.0,
Fe 39.5 min., Al 0.15-0.60, Ti 0.15-0.60 (with a Al : Ti of
0.85-1.20) and Ni 30.0-35.0. NiO, y-NiOOH and Ni(OH),
samples are described in ref. 9 and 10. The compounds NiF,,
NiCl,, NiBr; and Nil, were obtained in powder form (99 + wt%
purity, anhydrous) from Alfa Aesar. All four compounds were
shipped under argon and introduced via an argon filled glove
box attached to the XPS instrument. The powder samples were
checked for purity by powder X-ray diffraction (XRD) using
an Inel diffractometer equipped with a XRG 3000 generator
and a CPS 120 curved position sensitive detector using mono-
chromated Cu Ko radiation (4 = 1.54056 A).

Results

There is a large body of work based on the use of XPS to
examine the surfaces of nickel metal, alloys and oxides with
varying methods of chemical state identification. Some of this
work has been reviewed previously,”?>?*3% and it is clear that
an understanding of multiplet splitting and satellite structure is
crucial to the interpretation of the Ni 2p line-shape.’”*® Our
recent™!® work presents improved curve-fitting methods for
the Ni 2ps,, spectra that can be used to elucidate the relative
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Fig. 1 Ni LMM Auger (left) and Ni 2p (right) spectra for Ni metal,
Alloy A600 and Alloy A800.

concentrations of nickel compounds in a mixture. These fitting
procedures have been applied to the compounds used in this
study. Alloy A600 and alloy A800 spectra for Ni 2p;, have
been fitted with an asymmetric line-shape and plasmon loss
peaks as for the nickel metal (Fig. 1) and spectra for the Ni
halides (Fig. 2) have been fitted using line-shapes from para-
meters derived from standard samples. Fits to the Ni 2ps3,
spectra of the oxide, hydroxide and oxyhydroxide have been
reported previously>®!® and the spectra are presented again in
Fig. 3. Table 1 summarizes these results. Fig. 1-3 also present
the LMM Auger peak shapes for the metal and alloys, halides,
and oxide, hydroxide and oxyhydroxide, respectively. Anion
binding energies for the halides with FWHM at 10 and 20 eV
pass energies are reported in Table 2.

Auger parameters calculated using the peak maxima for
both the Ni 2p;, and L3MysMys Auger structures (charge
corrected when necessary to C 1s at 284.8 ¢V) along with the
calculated Auger parameter values are presented in Table 3.
For these values, it is assumed that the position of the Auger
peak maximum is not significantly altered by changes in the
peak shape. The Wagner plots for the oxides referenced to the
metal and alloys (Fig. 4) and halides (Fig. 5) are also presented.
In the Wagner plot for Ni of Ep(L3;My5Mys) values (y axis)
versus Ep(2ps)») values (x axis, smaller values run to the right)
constant o values are represented with lines of slopes of —1
(eqn (6)). Species with greater AR relaxation values, generally
of greater covalency, are represented in the upper part of the
plot with more ionic species with smaller o’ values in the lower
part. Covalency has also been shown to correlate with the
2p—3d exchange interaction (via a scaling factor), with a larger
exchange interaction (i.e. more covalency) leading to more
splitting, corresponding to wider overall Auger peak widths.*
Table 3 sets out the calculation of the initial and final state
shifts for each nickel compound referenced to the nickel metal
according to eqn (4) and (5). The assumptions made in this

~
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Fig. 2 Ni LMM Auger (left) and Ni 2p (right) spectra for NiF,,
NiCl,, NiBr, and Nil,. Note the overlap of I 3p3/, peak with the Ni 2p
spectrum for Nil,.

ANy
\

Ni(OH), 8
it

i V

U

+NiOOH A
A i ) i

LI B L e | LIS AL N O I B IO B
830 840 850 860 870 890 880 870 860 850

Kinetic Energy (eV} Binding Energy (eV)

Fig. 3 Ni LMM Auger spectra (left) and Ni 2p (right) spectra for
NiO, Ni(OH), and NiOOH.

calculation are that eqn (3) applies and that the L;MysMys
Auger peak position is not significantly altered by peak shape
changes between the different nickel containing compounds.
Both these assumptions will be examined in the discussion.
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Table 1 Ni 2ps), spectral fitting parameters: binding energy (eV), percentage of total area, FWHM value (eV) for each pass energy, and spectral component separation (eV)

Peak 4,

Peak 4,

Peak 3,

Peak 3,

Peak 2,

Peak 2,

Peak 1,

Peak 1,

FWHM,

FWHM,

FWHM,

FWHM,

FWHM,

FWHM,

FWHM,

FWHM,

10 eV pass 20 eV pass

energy

10 eV pass 20 eV pass Peak A peak 3 — 10 eV pass 20 eV pass Peak A peak 4 —

10 eV pass 20 eV pass Peak A peak 2 —

Peak

Compound 1 (eV)* %

A600”

energy

energy 4 (eV) peak 3 (eV) %
2.92
2.71

energy

energy 3 (eV) peak 2 (eV) %
859.1

2.92
2.71

energy

2 (eV) peak 1 (eV)* %
856.1

energy

energy

12.9
12.3

3.02

859.5 2.60

3.6
22
36.6 4.85

3.39

856.9 4.07

0.91
0.85
3.75
1.55
1.45

83.5
85.5

852.7
852.9
858.1

A800”
NiF,*
NiCl,
NiBr,

5.54
1.55
1.45

863.6 5.48

858.2
856.5

63.5 3.62

2.15
2.30

279 2.12

862.3 2.48

1.55
1.45

2.7 1.47
1.8 1.25

1.63
1.34

859.8

7.7 1.47
8.1 1.25

1.45
1.23

856.8 43.1 1.47
8552 43.0 1.25

25.8 2.29

860.4 2.56

857.8

Peak 8,

Peak 8,

Peak 7,

Peak 7,

Peak 6,

Peak 6,

Peak 5,

Peak 5,

FWHM,

FWHM,

FWHM,

FWHM,

FWHM,

FWHM,

FWHM,

FWHM,

10 eV pass 20 eV pass

10 eV pass 20 eV pass Peak A peak 7 — 10 eV pass 20 eV pass Peak A peak 8 —

10 eV pass 20 eV pass Peak A peak 6 —

Peak A peak 5 —
Compound 5 (eV) peak 4 (eV) %

A600

6 (eV) peak 5 (eV) % energy energy 7 (eV) peak 6 (eV) % energy energy 8 (eV) peak 7 (eV) % energy energy

energy

energy

A800
NiF,

2
9

1.1

1.0 0.99
1.1 0.98

1.19 869.7 1.31

0.91

3.1 112
2.0 0.92

1.56 868.4 2.10

1.46

5.8 1.45
7.2 1.36

2.47 866.3 1.29

2.57

8.7 2.45
11.1 2.49

865.0 2.72

NiCl,
NiBI’Z

1.2

865.2 1.44 867.5 2.35 868.7 1.14

863.7 3.37
“ Binding energies are significant to 0.1 eV but an additional figure is added because energy splittings are much more accurate than the absolute binding energies. ® Peak 1 has an asymmetric line-shape

defined in CasaXPS by LA(1.1,2.2,10). © Charge referenced to F 1s set to 685.23 eV.

Table 2 Binding energy and FWHM values (eV) for nickel halide anions

Element/ Binding FWHM (10 eV FWHM (20 eV
Compound peak energy/eV pass energy) pass energy)
NiF, F 1s 685.2 2.35 2.87
NiCl, Cl2p3n  199.9 1.07 1.14
NiBr, Br3ds,  69.2 0.87 0.95
Nil,* I 3ds)» 619.5 1.02 1.35

¢ Taken with Mg K(alpha) source.

Discussion

In a seminal paper,'® Zaanen er al. classified transition metal
compounds on the basis of their electronic structures and band
gaps in a theoretical phase diagram based on values of U, from
d-d Coulomb and exchange interactions, and A, from charge
transfer of the d” — d”" 'L type where L is a ligand hole. They
identify regions in the phase diagram for d-band metals,
Mott—Hubbard insulators, where the band gap is proportional
to U, and charge transfer semiconductors, where the band gap is
proportional to A and the electronegativity of the anion. In this
classification, NiCl,, NiBr, and Nil, are charge transfer semi-
conductors while NiO and NiF, fall into the intermediate region
between Mott-Hubbard insulators and charge transfer semicon-
ductors. The implication of this intermediate region is that both
holes and electrons move primarily in d-bands. Both the electro-
negativity and bonding of the ligands will also be considered
below. For reference, band gap,w’z‘o’41 A,* and anion electro-
negativity*® values in eV are as follows: NiF, (9, 7, 3.98); NiCl,
(4.7, 3.6, 3.16); NiBr, (3.5, 2.6, 2.96); Nil, (1.8, 1.5, 2.66); and
NiO (3.6, 4.6, 3.44). The band gap'® and anion electronegativity
for Ni(OH), are 2.78 and 3.03 (group electronegativity).

Nickel metal and alloys

Fig. 1 shows the Ni 2p and LMM Auger spectra for the metal
and the two alloys. All Ni 2p;, spectra show asymmetric main
peaks and plasmon loss structure typical of metallic nickel.
Our previous work® has shown that the positions of the surface
and bulk plasmons are at +3.7 and +6.0 eV, respectively,
above the main peak for metallic Ni. It should be noted that
the 6 eV satellite had been previously assigned (e.g. ref. 44) as a
two hole ¢3d°4s? (c is a core hole) final state effect. The
positions and intensities of the surface and bulk plasmons
vary slightly for the alloys which may indicate small changes in
the electronic configuration but the data on initial and final
state shifts in Table 3 are within experimental error and are
not sufficiently reliable to support this contention. They are
also essentially indistinguishable in the Wagner plots (Fig. 4)
although slight narrowing of the Auger spectra occurs from
the metal to A600 and again to A800, corresponding to a
narrower Auger peak width as the Ni content decreases in the
alloy. This trend has also been noted for Ni-Zn alloys.?®

The inability to separate metallic species in the Wagner plot is
in accord with the series of papers by Cole et al.,**** in which the
excited atom approach is used to investigate core hole relaxation
energies R in noble and transition metal alloys. It was found that
relaxation shifts AR are determined predominantly by changes in
the d electron population and are insensitive to interatomic
charge transfer. Although the Auger parameter gives a correct
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Table 3 Ni 2p;; and Ni LMM peak maximum positions, Auger parameter (o'), AE,, AEy, Ao’, AR and Ae values

Ni 2ps, peak Ni LMM Auger peak Auger parameter AE, AEy

Compound maximum E,/eV maximum Ey/eV (")/eV (Ni 2p3)2) (Ni LMM) Ao’ AR Ae

Ni metal 852.54 846.22 1698.76

A600 852.70 846.02 1698.72 0.16 —0.20 —0.04 —0.02 —0.14
A800 852.85 845.87 1698.72 0.31 —0.35 —0.04 —0.02 -0.29
NiO 853.78 843.93 1697.71 1.24 -2.29 —1.05 —0.53 —0.71
Ni(OH), 855.80 842.58 1698.38 3.26 —3.64 —0.38 —-0.19 -3.07
v-NiOOH“ 855.75 844.29 1700.04 3.21 —1.93 1.28 0.64 —3.85
NiF,” 858.12 839.74 1697.86 5.58 —6.48 —0.90 —0.45 -5.13
NiCl, 856.77 841.88 1698.65 4.23 —4.34 —0.11 —0.06 —4.17
NiBr, 855.27 843.25 1698.52 2.73 -2.97 —0.24 -0.12 -2.61
Nil, 854.46 845.23 1699.69 1.92 —0.99 0.93 0.46 —2.38

“Ni LMM Auger has a unique peak shape with an extra high binding energy peak. © Charge referenced to F 1s set to 685.23 eV.
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indication of the sign of relaxation energy shifts, the approxi-
mation AR =~ Aw/2 does not provide a reliable estimate of their
magnitude and, in the case of transition metal and alloys (p > 2),
Ao/2 overestimates AR. Thus, it is not a useful indication of
relaxation shifts in the metal and alloys.

Nickel halides

Fig. 2 shows the succession of nickel halide Ni 2p and LMM
Auger spectra. The Ni 2p3,, peak increases in binding energy
from the iodide through to the fluoride, normally taken to
indicate increasing positive charge on the core nickel ion. This
is supported by the strong relationship between Ni 2ps;
binding energy and electronegativity of the ligand as suggested
in our earlier paper (ref. 9, see Fig. 8).

The chloride and bromide show similar Ni 2p peak struc-
tures. Subtraction of the overlap of the I 3ps/, peak from the Ni
2p peak structure gives a similar structure to the chloride and
bromide for the Ni 2p;,. The degree of covalency for these
compounds has been calculated to be Nil, > NiBr, > NiCl,.*
This progressive change in bonding is reflected in the halide
LMM spectra which show progressive changes from the chloride
to the iodide. Specifically, the higher kinetic energy shoulder on
the main peak diminishes from the chloride to the iodide. The
overall Auger peak width also decreases from the chloride to the
iodide and is correlated with a reduction in effective d-hole
concentration.?®*® The fluoride does not fit into this trend with a
peak width between chloride and bromide.

Also in contrast to the other three halides, the fluoride
shows only two Ni 2p;, peaks, a broad main peak and a
smaller, broad satellite peak. The nickel in the fluoride struc-
ture has a slightly distorted octahedral coordination (Ni—X of
2.005 A x 4; 2.007 A x 2%) as compared to the regular
octahedral coordination for the Ni chloride, bromide and
iodide (Ni-X of 2.428 A, 2.58537 A, 2.78652 A, respectively*’).
This is reflected by a change in crystal structure between the
nickel fluoride (space group P4,/mnm, rutile-like structure)
and other nickel halides (R3m, CdCl, like structure) which
may contribute to this different spectral profile. It is possible
that this octahedral distortion contributes to the width of the
broadened Ni 2ps), peaks with broadening also observed for
the fluoride LMM Auger peak. NiF, is reported to have a band
gap of ~9 eV* which, with the large electronegativity of the
anion (i.e. 3.98),*> makes it unlikely to fit easily into the criteria
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specified for charge transfer semiconductors. These differences
from the other halides are also in accord with the Zaanen ez al."
classification for NiF, as intermediate between Mott—Hubbard
insulators and charge transfer semiconductors.

The shifts in binding energy of the halides as a function of
electronegativity of the anion (ref. 9, Fig. 8) are strongly corre-
lated but not linear with the fluoride and chloride deviating to
higher binding energy and the iodide to lower binding energy.
The correlation coefficient for linear interpolation between the Ni
2p3; binding energies and electronegativity values is 0.89,
whereas the correlation between the binding energy values and
Ni—X distance is 0.95, indicating that geometrical consideration
(which by default takes into account electronegativity as well as
ionic radius and bonding) may be a better indicator of binding
energy for closely related compounds.

Analysis of the initial and final state effects for the halides
(Table 3) shows that their binding and kinetic energy shifts are
dominated by the initial ground electronic state effects, Ae,
which are much larger (—5.15 to —2.45 eV) than the final state
shifts, AR (—0.45 to +0.45 eV). These initial state effects induce
a shift to higher binding energy, as in eqn (4). The initial state
effect decreases in magnitude from fluoride to iodide suggesting
a progressively decreasing positive ground state valence state.
The correlation of A¢ with Na—X distance (or electronegativity)
is poorer as compared to the same correlations with binding
energy possibly suggesting that the assumption of Ao ~ 2AR
and/or that [Ey(2p32) — Ep(3d)] is constant is not entirely valid
and that this is affected by a local chemical environment.

The final state effects AR due to the polarizability of the larger
halide ions, particularly the diffuse iodide ion, are seen in the
positive AR relaxation shift to lower binding energy offsetting the
—Ag shift to higher binding energy. These changes are reflected in
the Wagner plot (Fig. 5) where the Auger parameter position of
the iodide shows greater covalency and the fluoride greater
ionicity together with the shifts in apparent valency reflected in
the binding energies. The same reduction of correlation of AR, as
compared to Ni 2p;» binding energy, with either electronegativity
or Na—X distance is observed as for Ae. This is most probably
due to the nature of the calculation of A¢ and AR such that any
breakdown in the assumption of eqn (3) or that [Ey(2ps2) — Ey(3d)]
is constant is propagated through the calculation of AR to A¢ such
that where AR is shifted to positive binding energy, Ae will be
shifted commensurately negatively.

Nickel oxide, hydroxide and oxyhydroxide

Fig. 3 for the Auger spectrum of NiO shows a well resolved two
peak structure while in the Ni(OH), spectrum the two peaks are
much broader. The Ni(i1) compound y-NiOOH gives rise to a
unique peak shape with a characteristic lower kinetic energy peak
at 832.8 eV. The Auger parameters for these oxides, combining
the previously fit Ni 2ps;, XPS and Auger spectra, are listed in
Table 3. NiO is isostructural to rock salt with Ni having regular
octahedral coordination and a Ni-O distance of 1.81 A (unit cell
4.18 A) whereas Ni(OH), is isostructural with portlandite
(Ca(OH),) with space group P3ml and Ni-O (also in regular
octahedral coordination) distance of 2.08 A. There remains some
uncertainty about the exact crystallography of y-NiOOH, parti-
cularly in terms of stacking faults, however there does seem to be

agreement that it consists of Ni-containing layers that are
essentially the same as for B-NiOOH with intercalated H,O,
H* and/or alkali cations.*® B-NiOOH displays distorted octa-
hedral coordination to O with four short bonds of 1.87 A and
two longer bonds of 2.03 A® possibly giving rise to the distinctly
different Auger peak shape.® A correlation between the overall
Auger peak width and effective d hole concentration®® is again
observed with NiO having a slightly narrower peak width than
Ni(OH),. y-NiOOH (i.e. Ni()) has the broadest peak width of
all the compounds studied.

Analysis of the initial and final state effects in these oxides
(Table 3) shows that the initial state shift for NiO (—0.7 eV) is
much smaller than those for Ni(OH), (—3.1 eV) or NiOOH
(—3.8 eV). The final state effect for NiO (—0.53 eV) represents
a much larger shift to higher binding energy than that for
Ni(OH), (—0.19 eV) with that of NiOOH (+0.64 eV) shifting
to lower binding energy. The effective valence or oxidation
state of the Ni in NiO is much smaller than that expected from
an analysis of ligand electronegativities. The plot of binding
energy versus average electronegativity of the ligand (ref. 9,
Fig. 8) would indicate that a Ni 2p;,, binding energy for NiO
near 856.5 eV might have been expected rather than 854.7 eV
(peak centre of gravity value) reported previously’ or the
853.8 eV (peak maximum) found in the improved fit reported
in this paper. It appears that considerable electron sharing
(or covalency) between the Ni and surrounding O is occurring
in the ground electronic state which manifests as reduced
apparent oxidation and a smaller relative initial state shift.

This proposal is similar in concept, but not as complete in
terms of electron transfer, as the cd’L (where ¢ refers to a core
electron hole and L is a ligand hole) charge transfer configu-
ration previously invoked**>' to explain the relatively low
binding energy of the main Ni 2p;, peak. However, in the
ground state no c is present and the initial state electron
configuration is better written as d®*°L™°. This interpretation
is in agreement with quantum chemical calculations on NiO
using a variety of approaches which consistently suggest a Ni
ground state charge of less than 2, with the charge resulting from
the more reliable density functional and hybrid density functional
Hartree—Fock approaches ranging from 1.68 to 1.33.%

Further strength is added to this proposition by the very small
Ni—O bond length in NiO which suggests a high degree of orbital
overlap. In contrast, the bond lengths are considerably longer
and the corresponding initial state shifts larger for the hydroxide
and oxyhydroxide implying that the initial ground state bonding
is less covalent and less electron sharing between the Ni and
surrounding ligands is occurring. In these compounds, the
measured binding energies are consistent with the electronegativity
of the anions as expected for the Zaanen ef al.'* charge transfer
semiconductor classification. This proposal is also consistent with
the, also surprisingly low, O 1s binding energy for NiO which is the
smallest of all O 1s binding energies reported in ref. 10 at 529.30 ¢V,
as compared to a range of oxide and hydroxide species of Cr, Mn,
Fe, Co and Ni. This binding energy suggests that the shared Ni-O
electrons are polarized back towards the O resulting in the very low
measured binding energy.

In final state effects, the negative shift in the Auger parameter
of NiO as compared to that of the metal is larger than that of the
hydroxide, oxyhydroxide and even the fluoride. This may imply
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that the charge transfer from the O 2p band is mainly reflected in
the initial state for NiO with further, but more minor, transfer in
the final state effects to form cd’L. In support of the cd’L
explanation the multiple cluster quantum chemical simulation
of Ni 2p XPS line shapes for NiO by van Veenendaal and
Sawatsky> indicates that interactions of the central Ni atom
(core hole c¢) with neighboring NiOg¢ octahedra result in broadening
of the main line and the satellite and the lowest binding energy final
state had predominant cd’L character with charge transfer from
the adjacent O atoms. It is also noted that the O 2p band is
overlapped with the Ni 3d band in NiO UV photoemission.>*

This explanation would agree with the observation® that the
NiO multiplet and satellite envelopes in Ni 2p spectra from
NiO cannot be fit with the free ion Gupta and Sen compo-
nents>>® of Ni?". Conversely, the Ni(OH), and NiOOH
multiplet and satellite envelopes are reasonably fit by the free
jon Ni’" and Ni** Gupta and Sen parameters, respectively,
suggesting that local inter-atomic contributions are not domi-
nant in these cases. The Auger parameter of NiOOH is,
however, shifted positively like the iodide indicating higher
covalency in the bonding during final state processes.

In summary, the Auger parameter analysis of the oxides has
again indicated that the bonding in NiO appears to have
stronger contributions from charge transfer from the oxygen
ligands than that in the hydroxide and oxyhydroxide as
reflected in the relative initial state shifts. As discussed in our
previous paper,” the reasons for the differences in the ligand
transfer between the oxide and the hydroxide or oxyhydroxide
may only be resolved by further theoretical modelling of the
NiO structure using all inter-atomic wave function mixing and
coupling/re-coupling angular momentum contributions.

Conclusions

The critical role of the Auger parameter in providing insight into
both the initial state chemical shift and the final state factors
affecting the measured XPS binding energies is clearly illustrated
in these results. There is also support for more direct use of
relative bond lengths in interpreting differences between related
compounds rather than more general electronegativity or similar
parameters. There are significant qualifications as to the analysis
of the initial and final state shifts, particularly in the assumption
of Aoc &~ 2AR, but consideration of these values together with the
structural and electronic factors has provided further insight into
the differences between the nickel compounds examined.

The metal and the two alloys are essentially indistinguish-
able in the Wagner plots and in initial and final states although

the positions and strengths of the surface and bulk plasmons
vary slightly for the alloys which may indicate small changes in
the electronic configuration. A narrowing of overall Auger
peak width is observed as the Ni content decreases in the alloy
as compared to the metal.

Analysis of the initial and final state effects in the halides
shows that their binding and kinetic energy values are domi-
nated by the initial state effects, A¢, which are much larger than
the final state shifts, AR. The Ni 2p;, peak increases in binding
energy from the iodide through to the fluoride showing the
increasing positive charge on the core nickel ion in the initial
state induced by increasing electronegativity of the ligands. The
degree of covalency, Nil, > NiBr, > NiCly,® is reflected in the
Wagner plot where the more polarizable iodide and bromide
have greater AR and o. Correction of the measured binding
energy by the final state AR to give the initial states is relatively
small in the nickel halides. The overall Auger peak width also
decreases from the chloride to the iodide and is correlated with
a reduction in effective d-hole concentration.

Analysis of the initial and final state effects for nickel oxide,
hydroxide and oxyhydroxide shows that the initial state shift for
NiO is much smaller than those of Ni(OH), or NiOOH. The
effective valence or oxidation state is also much smaller than
that inferred from the plot against average electronegativity of
the ligand. In NiO, it appears that partial electron charge
transfer from the 2p ligand band to the Ni 3d orbitals has
occurred to a greater extent in the initial, rather than final state.
This is reflected in the small initial state shift with an apparent
transfer of charge to form a d®"°L™° initial state and some
relaxation of this state occurring during final state phenomena
to form cd’L. There is support for the cd’L mechanism in both
theoretical and UV photoemission studies. The reasons for the
differences between NiO and the hydroxide and oxyhydroxide
in the initial state charge transfer remain unclear but are likely
to be related to the relatively short Ni-O bond length in NiO.
Also the Ni(OH), and NiOOH multiplet and satellite envelopes
are reasonably fit by the free ion Ni** and Ni** parameters,
respectively, suggesting that local inter-atomic contributions are
not dominant in these cases. The Auger parameter of NiOOH
is, however, shifted positively like the iodide indicating higher
polarizability of the ligands and covalency in the bonding
during final state phenomena. NiOOH, with the highest effec-
tive d-hole, has the broadest Auger peak width.

Appendix I
Table Al.

Table A1 Results from selected XPS survey scan analyses in atomic percent

Compound C N (0] F Na Mg Si S Cl Ca Fe Cr Ni Br Mo I Bi
A600 4.6 2.9 56 155 714

A800 4.7 2.5 47.1 18.7  27.1

NiF, 6.2 52 53.0 35.5

NiCl, 5.1 2.5 57.3 35.1

NiBr, 134 1.8 31.8 53.0

Nil, 15.6 1.2 1.8 22.0° 59.4

@ Underestimate of the Fe amount due to Fe 2p overlap with Ni Auger peak structure. * Underestimate of the Ni amount due to slight Ni 2p32

overlap with the I 3p;,, peak.
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