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ABSTRACT

X-ray photoelectron spectroscopy and x-ray-induced Auger electron spectroscopy analyses were performed to characterize NiP coating on the
iron substrate. This electroless coating is commonly used for its outstanding corrosion resistance, but it is currently of interest as a hydrogen
permeation barrier (HPB) for green hydrogen storage and transportation; thus, NiP coatings are relevant for energy and for the environment.
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Accession #: 01963
Technique: XPS and XAES
Specimen: Electroless NiP coating (10 μm) on technical iron

substrate
Instrument: Thermo Scientific Theta Probe

Major Elements in Spectra: Ni and P
Minor Elements in Spectra: C and O
Published Spectra: 7
Spectral Category: Comparison

INTRODUCTION

Electroless NiP coatings (10 μm thick) are deposited on iron
to improve corrosion resistance (Refs. 1–4). Their functional prop-
erty as a hydrogen permeation barrier is also being investigated
(Refs. 5–7). This work uses x-ray photoelectron spectroscopy (XPS)
and x-ray-induced Auger electron spectroscopy (XAES) to charac-
terize the NiP surface.

SPECIMEN DESCRIPTION (ACCESSION # 01963)

Specimen: Electroless NiP coating 10 μm thick on technical-grade
iron substrate.

CAS Registry #: Unknown
Specimen Characteristics: Homogeneous; solid; amorphous; con-

ductor; inorganic compound; and coating
Chemical Name: NiP alloys
Source: Galvanic AG, Wädenswil (Switzerland)
Composition: Ni and P

Form: NiP coating on technical-grade iron substrate (sample size
2 × 2 cm2)

Structure: X-ray diffraction provided evidence that the sample is
amorphous; atomic force microscopy (AFM) showed the pres-
ence of nanocrystallites (Ref. 4).

History and Significance: Electroless NiP coatings were deposited
from a commercial nickel hypophosphite bath at pH 4.8 and 88 °C
(Galvanic, Wädenswil, CH). The substrate was a technical-grade
iron. Before deposition, the substrate was mechanically polished
using Struers SiC 4000 abrasive paper, and hydrochloric acid sol-
ution was used as an acid pickling bath. A nickel coating about
1 μm thick was deposited on an iron substrate for the subsequent
NiP deposition. Bath formulation was chosen to obtain a phos-
phorus concentration in the alloy of 18–24 at. % (Refs. 1–4).

As Received Condition: The “as received” NiP sample exhibits
hemispherical growth features by AFM. The crystallite size is
1.2 nm, typical for nano-crystalline electroless deposited coat-
ings (Ref. 4).
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Analyzed Region: Center of the sample
Ex Situ Preparation/Mounting: The surface of NiP alloy deposited

on iron were mechanically ground using Struers SiC 2400 and
4000-mesh papers; the lubricant was bi-distilled water [1.5
(0.1) μS/cm]. Polishing of NiP surfaces was performed using 3
and ¼ μm diamond spray on a velvet (DP-Nap) in the presence
of EtOH as lubricant.

In Situ Preparation: None
Charge Control: No charge control
Temp. During Analysis: 300 K
Pressure During Analysis: < 1 × 10−7 Pa
Preanalysis Beam Exposure: 0 s

INSTRUMENT DESCRIPTION

Manufacturer and Model: Thermo Scientific Theta Probe
Analyzer Type: Spherical sector
Detector: Multichannel plate
Number of Detector Elements: 128

INSTRUMENT PARAMETERS COMMON TO ALL
SPECTRA

Spectrometer

Analyzer Mode: Constant pass energy
Throughput (T = EN): The energy dependence can be determined

by using the following equation: A
Ep
¼ a2

(a2þR2)

� �b
, where a and b

are constants, Ep is the pass energy, A is the peak area, and R is
the retard ratio equal to E/Ep, where E is the photoelectron
kinetic energy. Three spectral regions [Cu 2p (925–940 eV), Cu
3p (68–82 eV), and Cu L3M4,5M4,5 (561–577 eV)] are recorded
on a sputter cleaned copper sample at different pass energies
(10, 20, 50, 100, 125, 150, 200, 300, and 400 eV) The values of a
and b are then determined; they were found to be equal to
26.66 and 1.11, respectively, by a linear least square fit of the
data applying the equation described above (Ref. 8).

Excitation Source Window: None
Excitation Source: Al Kα monochromatic
Source Energy: 1486.6 eV
Source Strength: 100W
Source Beam Size: Nominal spot size: 400 × 400 μm2—spot size

measured by analyzing Au/Si fresh cleaved sample using line
scan measurement resulted to be equal to 355.8 × 219.2 μm2

Signal Mode: Single channel direct

Geometry

Incident Angle: 30°
Source-to-Analyzer Angle: 67.38°
Emission Angle: 53°
Specimen Azimuthal Angle: 70°
Acceptance Angle from Analyzer Axis: 60°
Analyzer Angular Acceptance Width: 30° × 30°

Ion Gun

Manufacturer and Model: Thermo Scientific EX05
Energy: 3000 eV

Current: 0.002 mA
Current Measurement Method: Biased stage
Sputtering Species and Charge: Ar+

Spot Size (unrastered): 200 μm
Raster Size: 3000 × 3000 μm2

Incident Angle: 45.00°
Polar Angle: 58.43°
Azimuthal Angle: 100°
Comment: None

DATA ANALYSIS METHOD

Energy Scale Correction: Plotted NiP binding energies are cor-
rected by setting the C 1s peak to 285.0 eV (Refs. 9–11).

Recommended Energy Scale Shift: All binding energy values were
corrected by setting the C 1s at 285.0 eV using a shift of
−0.24 eV.

Peak Shape and Background Method: Shirley-Sherwood back-
ground subtraction, line shape: mixed product of Gaussian/
Lorentzian (GLP) functions.

Quantitation Method: The quantitative composition might be cal-
culated assuming the sample homogeneity from the experimen-
tal areas corrected for the relative sensitivity factors that
consider: the photoelectric cross sections, σ (Ref. 12) the asym-
metry parameter (Ref. 13) and the intensity analyzer response
[see section Throughput (T = EN)]. Inelastic mean free path was
calculated according to Ref. 14. In this work, the composition is
not given because the assumption of homogeneity is not ful-
filled being this is a multilayer material.
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SPECTRAL FEATURES TABLE

Spectrum ID
#

Element/
Transition

Peak Energy
(eV)

Peak Width
FWHM (eV)

Peak Area
(eV × counts/s)

Sensitivity
Factor

Concentrationa

(at. %) Peak Assignment

01963-02b Ni 2p3/2 1 852.6 1.3 74 516 23.99 … Ni of NiP alloy
01963-02b Ni 2p3/2 2 856.1 1.4 16 422 23.99 … Ni phosphate
01963-02b Ni 2p3/2 3,4 859–864 … … … … Ni satellites of NiP/Ni

phosphate
01963-02b Ni 2p1/2 5 869.8 … … … … NiP alloy
01963-02b Ni 2p1/2 6 873.3 … … … … Ni phosphates
01963-02b Ni 2p1/2 7,8 878–884 … … … … Ni satellites of NiP/Ni

phosphate
01963-03c Ni LMM 1 846.3 … … … … Ni L3M4,5M4,5

01963-03c Ni LMM 2 863.5 … … … … Ni L2M4,5M4,5

01963-04d P 2p3/2 1 129.5 1.0 2 623 2.26 … Phosphorus—NiP alloy
01963-04d P 2p3/2 2 131.5 1.4 646 2.26 … Elemental phosphorus
01963-04d P 2p3/2 3 133.1 1.4 889 2.26 … Phosphorus—Ni

phosphate
01963-05 O 1s 1 531.3 1.9 25 755 5.85 … Oxygen—Ni phosphate
01963-05 O 1s 2 533.4 1.9 533 5.85 … Adsorbed water
01963-06 C 1s 1 285.0 1.4 7 117 1.89 … Surface contamination
01963-06 C 1s 2 286.7 1.4 839 1.89 … C—O
01963-06 C 1s 3 288.6 1.4 908 1.89 … CvO
01963-07 Ni 3d 852.6 … … … … …

aThe composition is not given because the assumption of homogeneity is not fulfilled since this is a multilayer material. Interested readers might refer to the paper by
Scorciapino et al. (Ref. 1) for a more accurate quantification of the alloy composition for a similar sample.
bThe attribution of spectral features 1–8 is in the Footnote to Spectrum #01963-02.
cPeak positions of Auger signals are given in kinetic energy.
dEach doublet assigned to P 2p3/2 and P 2p1/2 was fitted constraining the peak area ratio to 2:1 and the binding energy difference to 0.9 eV (Refs. 1–5). The assignment of
the spectral features 1–3 is in Footnote to Spectrum #01963-04.
Footnote to Spectrum #01963-02: The NiP alloy, following mechanical polishing, showed a nickel spectral region which includes the contribution of the NiP coating and that
of the surface film made of nickel phosphate (Refs. 1–4 and 15). The signals at 852.6 eV (peak #1) and 869.8 eV (peak #5) are due to the spin–orbit coupling components,
Ni 2p3/2 and Ni 2p1/2, respectively of the NiP and are together with the satellites. Peaks #2 and #6 at 856.1 and 873.3 eV are assigned to the spin–orbit coupling components
of the nickel in the surface phosphate film. The complex structure (peaks #3, #4, #7, and #8) results from the overlap of the coating and the surface layer satellite signals.
The distance of the satellites from the main peak was higher than the value reported for pure nickel, but in agreement with the electronic properties of amorphous NiP alloys
(Refs. 1–4 and 15). The presence of NiO and Ni(OH)2 signals that should be located at 853.8 and at about 856 eV, respectively, can be ruled out according to Refs. 16–18.
Footnote to Spectrum #01963-03: the Ni LMM region showed two main peaks (peak #1, KE = 846.3 and peak #2, KE = 853.5) assigned to the Auger transitions Ni
L3M4,5M4,5 and Ni L2M4,5M4,5, respectively. These signals are the convolution of those due to NiP alloy and nickel phosphate (Refs. 15 and 16).
Footnote to Spectrum #01963-04: The P 2p region showed three main signals at 129.5, 131.5, and 133.1 eV. They are assigned to phosphorus in the bulk alloy (peak #1),
to the elemental P (peak #2), and to phosphate (peak #3) (Refs. 1–4, 15, and 19).
Footnote to Spectrum #01963-05: The O 1s spectra exhibited an intense peak at 531.3 eV (peak #1) and a shoulder at 533.4 eV (peak #2). These components might be
ascribed to the oxygen in nickel phosphates and to the adsorbed water (Ref. 1).
Footnote to Spectrum #01963-06: The C 1s signal was characterized by the presence of three components. The most intense one, located at BE = 285.0 eV, is related to
the surface contamination arising from air exposure before the analysis. The shoulder at BE = 286.7 eV is related to the C—O species, whereas the peak at BE = 288.6 eV is
assigned to the presence of the CvO, according to Ref. 10.
Footnote to Spectrum #01963-07: The valence band (VB) exhibits limited resolution and provides an averaged density of states of all near-surface atoms. Although
discrimination between the local density of states (DOS) attributable to nickel and phosphorus is challenging, Ni 3d states prevail in the valence band region (Refs. 15 and
20). No differences were observed between the VB spectra of metallic Ni and NiP alloys, as reported in the literature (Refs. 15 and 20).
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ANALYZER CALIBRATION TABLE

Spectrum ID
#

Element/
Transition

Peak Energy
(eV)

Peak Width FWHM
(eV)

Peak Area
(eV × counts)

Sensitivity
Factor

Concentration
(at. %)

Peak
Assignment

… Au 4f7/2 83.95 1.04 1 91 600 … … Gold metal
… Ag 3d5/2 368.26 0.96 1 97 000 … … Silver metal
… Cu 2p3/2 932.61 1.24 1 43 000 … … Copper metal

Comment to Analyzer Calibration Table: The spectra were acquired after Ar+ etching. Calibration of the binding energy scale was performed following the ISO
15472:2010. Small drifts of the binding energy scale were corrected, and accuracy of ±0.05 eV was determined.

GUIDE TO FIGURES

Spectrum (Accession) # Spectral Region Voltage Shifta Multiplier Baseline Comment #

01963-01 Survey 0.24 1 0 …
01963-02 Ni 2p 0.24 1 0 …
01963-03 Ni LMM 0.24 1 0 …
01963-04 P 2p 0.24 1 0 …
01963-05 O 1s 0.24 1 0 …
01963-06 C 1s 0.24 1 0 …
01963-07 Valence band 0.24 1 0 …

aVoltage shift of the archived (as-measured) spectrum relative to the printed figure. The figure reflects the recommended energy scale correction due to a calibration
correction, sample charging, flood gun, or other phenomenon.

ARTICLE pubs.aip.org/avs/sss

Surf. Sci. Spectra, 31(2) Dec 2024; doi: 10.1116/6.0003733 31, 024003-5

© Author(s) 2024

 30 August 2024 13:32:41

https://pubs.aip.org/avs/sss


Accession #: 01963-01

■ Specimen: Mechanically polished electroless NiP on Fe substrate
■ Technique: XPS

■ Spectral Region: Survey
Instrument: Thermo Scientific Theta Probe

Excitation Source: Al Kα monochromatic
Source Energy: 1486.6 eV

Source Strength: 100 W
Source Size: 0.4 × 0.4 mm2

Analyzer Type: Spherical sector analyzer
Incident Angle: 30°
Emission Angle: 53°

Analyzer Pass Energy: 200 eV
Analyzer Resolution: 1.5 eV

Total Signal Accumulation Time: 612 s
Total Elapsed Time: 998 s
Number of Scans: 9

Effective Detector Width: 1.0 eV
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■ Accession #: 01963-02
■ Specimen: Mechanically polished
electroless NiP on Fe substrate
■ Technique: XPS
■ Spectral Region: Ni 2p

Instrument: Thermo Scientific Theta Probe
Excitation Source: Al Kα monochromatic
Source Energy: 1486.6 eV
Source Strength: 100 W
Source Size: 0.4 × 0.4 mm2

Analyzer Type: Spherical sector
Incident Angle: 30°
Emission Angle: 53°
Analyzer Pass Energy: 100 eV
Analyzer Resolution: 0.96 eV
Total Signal Accumulation Time: 126 s
Total Elapsed Time: 227 s
Number of Scans: 3
Effective Detector Width: 0.05 eV

■ Accession #: 01963-03
■ Specimen: Mechanically polished
electroless NiP on Fe substrate
■ Technique: XAES
■ Spectral Region: Ni LMM

Instrument: Thermo Scientific Theta Probe
Excitation Source: Al Kα monochromatic
Source Energy: 1486.6 eV
Source Strength: 100 W
Source Size: 0.4 × 0.4 mm2

Analyzer Type: Spherical sector
Incident Angle: 30°
Emission Angle: 53°
Analyzer Pass Energy: 100 eV
Analyzer Resolution: 0.96 eV
Total Signal Accumulation Time: 225 s
Total Elapsed Time: 394 s
Number of Scans: 9
Effective Detector Width: 0.1 eV
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■ Accession #: 01963-04
■ Specimen: Mechanically polished
electroless NiP on Fe substrate
■ Technique: XPS
■ Spectral Region: P 2p

Instrument: Thermo Scientific Theta Probe
Excitation Source: Al Kα monochromatic
Source Energy: 1486.6 eV
Source Strength: 100 W
Source Size: 0.4 × 0.4 mm2

Analyzer Type: Spherical sector
Incident Angle: 30°
Emission Angle: 53°
Analyzer Pass Energy: 100 eV
Analyzer Resolution: 0.96 eV
Total Signal Accumulation Time: 180 s
Total Elapsed Time: 400 s
Number of Scans: 9
Effective Detector Width: 0.05 eV

■ Accession #: 01963-05
■ Specimen: Mechanically polished
electroless NiP on Fe substrate
■ Technique: XPS
■ Spectral Region: O 1s

Instrument: Thermo Scientific Theta Probe
Excitation Source: Al Kα monochromatic
Source Energy: 1486.6 eV
Source Strength: 100 W
Source Size: 0.4 × 0.4 mm2

Analyzer Type: Spherical sector
Incident Angle: 30°
Emission Angle: 53°
Analyzer Pass Energy: 100 eV
Analyzer Resolution: 0.96 eV
Total Signal Accumulation Time: 180 s
Total Elapsed Time: 395 s
Number of Scans: 9
Effective Detector Width: 0.05 eV
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■ Accession #: 01963-06
■ Specimen: Mechanically polished
electroless NiP on Fe substrate
■ Technique: XPS
■ Spectral Region: C 1s

Instrument: Thermo Scientific Theta Probe
Excitation Source: Al Kα monochromatic
Source Energy: 1486.6 eV
Source Strength: 100 W
Source Size: 0.4 × 0.4 mm2

Analyzer Type: Spherical sector
Incident Angle: 30°
Emission Angle: 53°
Analyzer Pass Energy: 100 eV
Analyzer Resolution: 0.96 eV
Total Signal Accumulation Time: 171 s
Total Elapsed Time: 381 s
Number of Scans: 9
Effective Detector Width: 0.05 eV

■ Accession #: 01963-07
■ Specimen: Mechanically polished
electroless NiP on Fe substrate
■ Technique: XPS
■ Spectral Region: Valence Band

Instrument: Thermo Scientific Theta Probe
Excitation Source: Al Kα monochromatic
Source Energy: 1486.6 eV
Source Strength: 100 W
Source Size: 0.4 × 0.4 mm2

Analyzer Type: Spherical sector
Incident Angle: 30°
Emission Angle: 53°
Analyzer Pass Energy: 100 eV
Analyzer Resolution: 0.96 eV
Total Signal Accumulation Time: 608 s
Total Elapsed Time: 1084 s
Number of Scans: 27
Effective Detector Width: 0.05 eV
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