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Surface chemistry drives the interaction of a material with its surroundings, therefore it can be used to
understand and influence the fate of nanomaterials when used as functional materials or when released
to the environment. Here we have used X-ray photoelectron spectroscopy (XPS) to probe the chemical
composition, oxidation state and functional group content of the near surface region of four families of
commercially available metal oxide nanoparticles from several different suppliers. The analyzed
nanoparticles varied in size and surface functionalization (unfunctionalized vs. amine, stearic acid, and
PVP-coated samples). Survey and high-resolution scans have provided information on the atomic
composition of the samples, including an estimate of the stoichiometry of the metal oxide, the presence
of functional groups and the identification and quantification of any impurities on the surface. The
presence of significant impurities for some samples and the variation from the expected oxidation state
in other cases are relevant to studies of the environmental and health impacts of these materials as well
as their use in applications. The functional group content measured by XPS shows a similar trend to
earlier quantitative nuclear magnetic resonance (QNMR) data for aminated samples. This indicates that
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1 Introduction

The importance of thorough characterization of the physical
chemical properties of nanomaterials is increasingly recognized
as an essential element for quality control during production,
reproducible use in a variety of applications and investigations
of potential environmental health and safety concerns.* Despite
the availability of validated methods that have been tested in
round robin comparisons for many properties, there are still
gaps in availability of standard protocols for assessing some
measurands.>® For example, surface chemistry is widely recog-
nized as a key parameter for assessment of nanomaterials since
it is often the main factor that controls the interaction of the
material with its environment, both for applications where the
nanomaterial is part of a complex assembly with nano-enabled
properties and in scenarios where release of the material results
in localization in environmental samples or ingestion by
organisms.*® Nanomaterial surfaces are frequently modified by
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group contains a unique element not otherwise present on the nanoparticles.

adsorption or by covalent attachment of functional groups (FGs)
in order to control the colloidal stability of the material, to
ensure compatibility of the material with its surroundings for
various applications and to allow for targeting of the material
for biological applications. In addition, the surface composition
may be different from the “bulk” due to the presence of surface
impurities or changes in metal oxidation state at the surface.®
Thorough characterization is particularly important in the case
of commercially available nanomaterials as data provided by
the suppliers is not always complete and/or reliable.

Detailed studies of surface chemistry are complicated by
a number of factors.® These include the wide range of
compositions of the nanomaterial and possible surface
modifications and impurities, the compatibility of methods
with different material compositions, and the fact that some
methods infer surface properties from bulk measurements
while others interrogate a thin surface layer. Bulk methods
include thermogravimetric analysis (TGA), which is most
useful when combined with FT-IR or mass spectrometry of
evolved gases to provide structural information, quantitative
NMR (qNMR) in either solution or the solid state and ICP-MS
of dissolved materials.”* Both qNMR and ICP-MS have the
advantages of providing accurate and traceable measure-
ments, information on the chemical identity of the surfaces or
FGs and potentially also information on possible impurities.
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However they typically involve optimized extraction of surface
groups or dissolution of the sample and are not surface
specific, providing compositional information for the entire
sample.'»"* Methods with more surface sensitivity include X-
ray photoelectron spectroscopy (XPS) which provides atomic
composition of the near surface region and avoids time-
consuming sample preparation steps, as well as optical
probe methods which give estimates of probe-accessible
surface groups and conductometry which can be used to
quantify acidic or basic FGs for some materials.**%'3

Previous work from our group has used a combination of
gNMR, XPS, TGA and optical probe methods to quantify surface
coatings and FGs on a range of commercial silica and zinc oxide
nanoparticles (NPs), providing a detailed evaluation of the
relative merits and the range of applicability of the various
methods."**'” More recently we have carried out detailed
physical chemical characterization of representative nano-
particles of four families of metal oxides prior to investigating
their potential deleterious biological effects using assays to
evaluate cytotoxicity and the role of reactive oxygen
species."'®'* That work measured particle size using electron
microscopy and dynamic light scattering, surface charge,
specific surface area and, where relevant, gNMR measurement
of surface coating or FG content. We have now completed
a detailed XPS study of the same four families of commercial
metal oxide nanomaterials from different suppliers and with
varying sizes and surface chemistries. XPS is a valuable method
for assessing the atomic composition of planar surfaces and is
being increasingly applied to study the surface of
nanomaterials.***** The XPS signal comes from the near
surface region, with the probing depth limited by the mean free
path of the photoelectrons (~5 nm in the current work). Other
advantages of this method are that it requires minimal sample
preparation and is compatible with most material composi-
tions. XPS can provide information on the metal oxidation state
in the vicinity of the surface, which may differ considerably
from the bulk, as well as the presence of impurities that are
often related to the synthesis method or to the presence of
adventitious contamination. XPS can also be used to quantify
FG content, particularly for organic coatings or FGs that contain
elements such as sulfur, nitrogen or halogens.

In this paper we report XPS results that examine the chem-
ical composition and metal oxidation state for a total of 35
different CeO,, NiO, Fe,O; and Mn,0; nanomaterials that have
been studied in earlier work. We also examine FG content for
the 16 of these samples that have been modified to add a stearic
acid or polymer coating or covalently modified with silane
chemistry to attach an aminoalkyl functionality and correlate
the results to those previously obtained by gqNMR for some of
the same samples. The types of metal oxide nanoparticles
investigated here are currently being explored for a diverse
range of applications including gas sensing, biomedicine,
wastewater treatment and energy generation/storage.***” The
surface chemical characterization of these nanoparticles
provided by XPS contributes new information that is expected to
help assess their suitability for these and other applications.
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2 Materials and methods
2.1 Materials

Four series of bare and surface modified NiO, CeO,, Fe,O; and
Mn,0; NPs were purchased from several commercial suppliers.
A total of 33 materials, some unfunctionalized and some
modified with amine, stearic acid or polyvinylpyrrolidone
surface functional groups or coatings were purchased from
eight suppliers (US Research Nanomaterials, mkNano, Sigma,
Skyspring, American Elements, Lanxess, Nano and Amorphous
Materials and Nanografi). Two additional functionalized
samples were prepared in-house. In the tables, figures and
discussion to follow, samples will be referred to by a sample
code (i.e. Ni-01). Surface modifications are often described by
abbreviations (SA = stearic acid, PVP = polyvinylpyrrolidone,
NH, = amine functionality resulting by modification with
APTES (aminopropyl triethoxy silane) or another method). The
set of materials and sample codes are summarized in Table 1
along with nominal particle sizes specified by the suppliers and
equivalent diameters based on TEM measurements of the as-
received particles. While the nominal sizes ranged from 10 to
100 nm, the TEM measurements indicated significant differ-
ences with the nominal values, typically showing smaller
diameter values. For example, in the case of NiO, all the parti-
cles are in the 10-20 nm range rather than the 20-90 nm range
indicated by the suppliers. The CeO, particles range between 10
and 64 nm, whereas the Fe,O; and Mn,O; particles all exhibit
average diameters in the 35-60 nm range. In general, the TEM
measurements on these particles also indicate that the particles
have rather broad size distributions as evidenced by the large
standard deviations (~25-40% of the average diameter).

2.2 X-ray photoelectron spectroscopy

XPS was carried out using an Axis Ultra DLD spectrometer
(Kratos Analytical, Manchester, UK) with monochromated Al Ka.
X-rays. The angle between the source and the spectrometer is
60°. As-received dry metal oxide nanopowders were mounted
directly on the sample holder with adhesive tape and trans-
ferred into the XPS system. For measurements the samples were
oriented normal to the spectrometer resulting in a take-off
angle of 90°. Three distinct areas (300 x 700 pum) were
measured on each sample. Survey spectra were first obtained in
order to estimate the relative atomic composition of the sample
and detect any impurities that may be present. High resolution
(HR) spectra were subsequently acquired in regions corre-
sponding to the strongest core level transitions for the major
elements present on these samples. These HR scans were used
for more accurate quantification of the major elements present
with the detailed structure of the peaks also providing addi-
tional information on the chemical state of the elements. The
spectrometer pass energy was set at 80 eV for the survey spectra
and 20 eV for the HR scans. A charge neutralizer was employed
to compensate for sample charging. The energy scale for all
spectra was referenced by calculating the offset required to shift
the main peak in the C 1s region to 284.8 eV and applying the
same shift to the other spectra taken at the same point.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1l NiO, CeO,, Fe,03and Mn,O3z NPs used in this study, along with the supplier, nominal size and surface modification as provided by the
supplier. The average size (equivalent circular diameter and standard deviation) as measured by TEM®82° gre also shown. TEM sizes for the
functionalized particles are not provided in this table but generally have similar sizes to the corresponding bare particle from the same supplier
and are noted in Tables 2—5. Supplier abbreviations: USRN is US Research Nanomaterials; NAM is Nano and Amorphous Materials. Samples with

NRC in the sample code were functionalized in-house at NRC

Size (nm) Functionalization

Oxide/supplier Nominal TEM None PVP SA NH,

NiO

Skyspring 50 15+5 Ni-01

mkNano 90 19+ 8 Ni-02

Sigma <50 12+ 4 Ni-03

USRN 18 21£9 Ni-04 Ni-05 Ni-06 Ni-07

Ni-04 NRC

USRN 15-35 19+ 6 Ni-08

CeO,

USRN 50 27 +£11 Ce-01 Ce-10

USRN 10-30 14 +5 Ce-02

USRN 10 10 £ 2 Ce-03 Ce-04 Ce-05 Ce-09

Ce-03 NRC

NAM 50-105 20 £11 Ce-06

mkNano 70 58 + 25 Ce-07

mkNano 35 64 + 28 Ce-08

Fe,O3

Sigma <50 35+ 14 Fe-01

USRN 30 34 £16 Fe-02 Fe-03 Fe-06 Fe-04
Fe-05

Lanxess 90 57 £ 20 Fe-07

Mn,0;

USRN 30 53 £ 17 Mn-01 Mn-02 Mn-03 Mn-04

USRN <100 47 £13 Mn-05

mkNano 50 41 + 17 Mn-06

Am. Element <100 37+ 14 Mn-07

Nanografi 28 37 £15 Mn-08

Although the drawbacks of referencing spectra to the C 1s peak
in this manner have been discussed,*®*® a recent review of
a large experimental data set has shown that this method, when
judiciously applied, can yield consistent results to an accuracy
of £0.2 eV.*® Data analysis was carried out with the CasaXPS
software (Casa Software, Teignmouth, UK). The atomic
compositions were obtained using the area under each peak
after subtracting Shirley or linear backgrounds and applying
Kratos relative sensitivity factors. Decomposition of the HR
spectra into various components was carried out using mixed
Gaussian-Lorentzian (GL30) lineshapes.

Each sample was measured at three distinct points for both
survey and HR scans, reporting both the average atomic
composition and the associated standard deviation. This stan-
dard deviation generally reflects the homogeneity of the sample,
with several other factors making larger contributions to the
total uncertainty associated with quantitative determination of
sample composition using XPS data.*® Measurement of the
integrated peak intensities, background subtraction, trans-
mission function corrections and use of relative sensitivity
factors all contribute to the uncertainty budget. An interlab

© 2025 The Author(s). Published by the Royal Society of Chemistry

comparison using XPS to measure the composition of core-
shell nanoparticles found agreement between multiple labs to
within ~10%.?

3 Results and discussion

XPS spectra were measured for all the samples summarized in
Table 1. These same samples have been examined in previous
studies that were directed at investigating several families of
metal oxide nanomaterials for which extensive physical chemical
characterization of their properties was obtained for correlation
with biological assays that were aimed at understanding poten-
tial cytotoxicity, generation of reactive oxygen species and acti-
vation of apoptotic or immune response pathways.’>'*'* The
selection of multiple samples of each metal oxide was intended
to probe similarities and differences related to supplier, size and
surface chemistry and to provide some of the data necessary for
development of a regulatory framework for nanomaterial use
within Canada. The physical chemical characterization consisted
of size and specific surface area measurements by TEM and BET,
respectively, dispersion and measurement of size and charge in
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solution by dynamic light scattering and zeta potential and
characterization of surface functional groups by gNMR and TGA.
It is important to note that detailed characterization is essential
to ensure that one understands the material properties and can
make comparisons with literature data for biological assays. It is
also common to purchase commercial nanomaterials for use in
biological assays without measuring their physical chemical
properties which is essential to determine whether comparable
materials are examined in various studies. As seen in Table 1, the
TEM measurements indicate that the nominal values for size
provided by the supplier were frequently different from values
measured in our experiments. This generally had the effect of
narrowing the range of sizes that were examined. It should be
noted that, apart from the Mn,0O; samples, the agreement of our
in-house measurements with the supplier data was reasonably
good for the functionalized samples (and a bare sample of the
same size) purchased from USRN. The size of the nanoparticles is
potentially relevant to the quantitative interpretation of the XPS
measurements. However, as the diameter of even the smallest
(~10 nm diameter) particles studied here are larger than the
effective probing depth (3x the inelastic mean free path of the
photoelectrons), curvature and other size effects are not expected
to play a significant role.*

Although XPS was not employed in the initial studies it
became obvious that a consideration of the impurity content in
the materials and the metal oxidation state were potentially
important factors. XPS is also capable of assessing the surface
functional groups directly on as received materials in powder
form. Our previous work had indicated that gNMR is superior to
TGA for measurement of total functional group content,
providing adequate sensitivity, the ability to conclusively iden-
tify functional groups and the potential for traceable measure-
ments with metrological rigor.** TGA is generally only a semi-
quantitative method and, unless combined with FTIR or mass
spec measurements, often fails to elucidate the surface
composition. However, qNMR does require removal of groups
from the surface prior to analysis. The capability of XPS to
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quantitative information on the presence of impurities, metal
oxidation state and surface composition, makes this technique
an attractive addition to the surface chemistry tool box.

The XPS results are discussed in three different sections
below. First, we discuss information obtained regarding the
chemical composition for each of the four types of metal oxide
nanomaterials. Then, we summarize what has been learned
about the metal oxidation state in these materials. Finally, we
compare XPS assessment of the functional group content on
these particles with previous results obtained by gNMR.

3.1 Chemical composition

3.1.1 NiO nanomaterials. Survey scans were initially run for
all samples in order to identify and quantify the elements
present. A representative example is shown in Fig. 1 for
unmodified NiO NPs obtained from four different suppliers.
The strongest peaks can be assigned to Ni 2p and O 1s with
additional features due to other Ni related photoemission and
Auger transitions clearly visible. Detailed examination of the
region between 500 and 150 eV reveals a number of additional
peaks. The C 1s peak is observed on all bare nanoparticle
samples and can be attributed to a combination of residual
hydrocarbons left over from the synthesis procedure as well as
adventitious contamination from air exposure. In addition,
a number of other peaks can be assigned to elements (i.e., Cl, Bi
and Br) not expected to be present on these samples. This figure
clearly illustrates that the identity and amount of these impu-
rities vary, even for unfunctionalized samples, an observation
which suggests that different synthesis routes used by the four
suppliers lead to different types and variable levels of
impurities.

The atomic composition of all the NiO NPs derived from the
XPS survey scans is summarized in Table 2. The TEM measured
average diameters indicate that all the particles were in the 10-
20 nm size range, with standard deviations ranging from 25 to
70% of the average. As expected, for the bare particles, Ni and O

measure dry powder samples directly, while providing are the primary elements present making up 83 to 93 atomic%
~—Ni2p ; : : ; . .
—— Ni-01 I . 14 0\2:‘)}//\-
' —ha| Cl2s ..
— Ni-04
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Br3s
I ) N % M—"M)LM 4
—A_
1000 800 600 400 200 %0 pre 0 200

Binding Energy (eV)

Binding Energy (eV)

Fig.1 Survey spectra for commercial samples of unmodified NiO nanoparticles from four different suppliers. The energy region between 520
and 130 eV is magnified at right to show the peaks assigned to various impurities present on the different samples.
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Table 2 Atomic composition (%) of various NiO NPs based on intensities of the indicated core level emission peaks measured in XPS survey
scans. The bold number is the average of 3 measurements on the sample while the number below this is the standard deviation. Blank entries

indicate no peak was observed above the background

Diameter Ni2p O1s C1s N1s Si2p Br3p Cl2p Mn3p Bi4f Nals Ni/O C/Ni

Ni-01 Skyspring, bare 15 + 5 nm 39.8 43.2 9.3 0.3 6.7 0.6 092 0.24
0.6 0.8 0.6 0.1 0.2 0.04 0.03 0.02

Ni-02 mkNano, bare 19 + 8 nm 52.2 40.0 6.7 0.4 0.7 1.30 0.13
1.0 0.5 0.5 0.04 0.1 0.04 0.01

Ni-03 Sigma, bare 12 + 4 nm 54.5 39.2 5.7 0.7 139 0.10
0.7 0.4 0.4 0.04 0.03 0.01

Ni-04 USRN, bare 21 £ 9 nm 49.9 379 9.5 0.3 2.2 0.2 1.32 0.19
0.7 0.2 0.6 0.1 0.2 0.04 0.02 0.02

Ni-04-NRC USRN, PVP@NRC nd 30.2 33.0 31.5 3.4 1.7 0.92 1.04
0.8 1.4 1.5 0.4 0.1 0.04 0.07

Ni-05 USRN, PVP 17 £ 12 nm  48.8 38.0 10.7 0.5 2.0. 1.28 0.22
1.0 0.5 0.6 0.04 0.04 0.04 0.02

Ni-06 USRN, SA 14 £ 6 nm 15.6 22.0 61.4 1.1 0.71 3.96
1.1 0.2 0.9 0.05 0.06 0.32

Ni-07 USRN, APTES 21 £14nm 20.5 35.4 30.8 6.1 1.9 0.58 1.52
1.7 0.5 1.2 0.1 0.1 0.05 0.20

Ni-08 USRN, bare 19 £ 6 nm 50.8 42.1 6.7 5.3 0.4 1.21 0.13
0.3 0.4 0.3 0.6 0.05 0.01 0.01

of the sample as probed by XPS. The standard deviation of the
three measurements at different spots on each sample is typi-
cally less than 1%, indicating that the samples are fairly
homogeneous. As discussed above, the uncertainties in atomic
compositions extracted from measured XPS intensities are
considerably greater and typically on the order of 10%. A
significant amount of carbon is observed on all the samples,
with the unmodified samples exhibiting carbon content of
between 5 and 10% (C/Ni ratios of 0.1-0.24) due to adventitious
contamination from handling in air and/or residual hydrocar-
bons left over from the nanoparticle synthesis. In addition to C,
the other impurities observed in Fig. 1 are quantified in Table 2.
Ni-01 shows a substantial amount of Mn (6.7%) and a smaller
amount of Bi (0.6%), both of which have been detected by ICP-
MS measurements of the bulk composition for this sample.*
Ni-04 and the related modified samples all show the presence of
Br, while all five unmodified samples show small amounts
(<0.7%) of Cl. A small amount of Na was detected on Ni-02.
On three of the four functionalized samples, the carbon
atomic fraction increases significantly to 30-60%, with corre-
sponding C/Ni ratios from 1 to 4. The increase in C/Ni ratio is
expected for the modified samples due to the carbon associated
with the APTES, SA and PVP coatings as well as a decreased Ni
2p signal due to attenuation by the coatings. In contrast, the Ni-
05 PVP modified particles exhibit a carbon content (and C/Ni
ratio) similar to that of the bare USRN sample of the same
size (Ni-04) and only a small increase in nitrogen content, both
of which indicate only a minimal PVP coating. On the other
hand, the in-house PVP-modified sample (Ni-04-NRC, prepared
from the bare USRN Ni-04 particles) exhibits three times more
carbon than the USRN PVP sample (Ni-05) and a seven-fold
increase in nitrogen content, consistent with a substantial
PVP coating. The APTES modified sample shows substantially
larger N 1s and Si 2p signals than the corresponding bare

© 2025 The Author(s). Published by the Royal Society of Chemistry

sample, as expected for amino-silane modification. The SA-
coated NPs (Ni-06) exhibit a large increase in the C 1s fraction
as well as a decrease in the Ni 2p signal, consistent with
a substantial amount of functionalization. We note that the
TEM size measurements for all the functionalized particles
show no significant size increase due to the coating which is not
surprising given the large distribution of diameters coupled
with the fact that the functionalization layers are only expected
to be 1-2 nm thick.

High resolution (HR) scans of the Ni 2p, O 1s, C 1s and N 1s
regions were also recorded for all the NiO samples, with an
additional scan of the Si 2p region for the APTES functionalized
sample Ni-07. Atomic compositions derived from this data are
summarized in Table S1} and are in reasonable agreement with
those obtained from the survey scans with a few systematic
differences. In comparing the atomic compositions from HR
and survey data it is important to note that the contributions of
impurities are ignored in the HR data although this is typically
a small effect in most samples, as the total impurity content is
usually less than a few percent. In general, the higher density of
points in the HR scans (points every 0.1 eV as compared to every
1 eV in the survey scans) results in a better estimate of the
background and a more accurate determination of the peak
area. Comparing the data in Tables 2 and S1,1 the HR data
systematically yields lower relative values for the Ni 2p signal
suggesting that the Shirley background fits to the survey scans
typically lead to overestimation of the Ni fraction. The HR data
allow the background to be fit more accurately, with the bare
particles exhibiting Ni/O ratios of 0.74 for Ni-01 and ranging
from 1 to 1.16 for the other four bare NiO particles. The lower
value for Ni-01 is likely associated with the significant Mn
contamination (likely in the form of MnO, based on the energy
of the Mn core levels) on this sample. Apart from Ni-01 the Ni/O
ratios are in reasonable agreement with the expected value of 1

Nanoscale Adv., 2025, 7, 1671-1685 | 1675
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based on the stoichiometry of NiO, considering the uncer-
tainties in extracting relative compositions from XPS data. The
HR data also improves the ability to quantify the N 1s signal.
Two of the bare samples, Ni-03 and Ni-04 show N 1s levels just
above the detection limit (0.1-0.2%) whereas the Ni-05 PVP
sample shows a significantly larger, but still small (0.8%) signal.
As observed in the survey scan data, the HR data for the NRC-
prepared PVP sample (Ni-04-NRC) shows considerably
larger N and C signals which are consistent with a good level of
PVP modification (4.6 x that of Ni-05). Ni-07, an APTES modified
sample, showed an even larger N signal as well as a significant
Si 2p signal. The measured Si/N ratio from the HR data is 1, as
expected for an APTES functionalized sample which should
have one Si atom for every N atom.

Examination of high-resolution spectra provides additional
insight into the chemical composition of the samples as seen in
Fig. 2, showing the C 1s and O 1s regions for four different
unmodified NiO particles. As these particles have not been
intentionally modified the features in the C 1s region are
attributed to residual hydrocarbons from the synthesis process
or resulting from exposure to the lab air. Interestingly the shape
of the C 1s spectrum is similar for the four particles, and can be
fit with three peaks at 284.8, 285.8 and 288.3 eV which are
attributed to C-C, C-O and O=C-O species respectively.**
Fractions of these three species differ somewhat in the four
samples but the C-C always dominates (65-80%), with smaller
amounts of C-O (5-20%) and O=C-O (10-15%) species. This
implies that this adventitious contamination contributes an
oxygen signal of ~25-35% of the carbon fraction present on the
particles. As the carbon fractions on the unmodified particles
are <10% this means the oxygen fractions associated with the
contamination are < 3%, much smaller than the total oxygen
fraction observed on these samples (38-43%). The O 1s region,
also shown in Fig. 2, is rather similar for all the unmodified
samples exhibiting two peaks. Based on previous work for NiO

View Article Online

Paper

nanoparticles, the stronger peak is attributed to the lattice
oxygen within the metal oxide particles while the weaker feature
can be assigned to hydroxyl groups on the surface.*® While for
samples Ni-01 and Ni-04 the lattice oxygen peak is observed at
529.5 eV, as previously reported for NiO, this peak is observed to
shift to 529.2 eV on Ni-02 and Ni-03. Blume et al.** have iden-
tified an additional O 1s peak at 528.9 eV which they assign to
oxygen vacancies in NiO; _, so this shift to lower binding energy
may be due to an increase in oxygen vacancies in these two
samples.

An interesting observation from both the survey scan and HR
data (Tables 2 and S1t) is that the Ni/O ratio decreases for
modified NPs. There appears to be an inverse correlation
between the Ni/O ratio and the carbon content. Fig. 3 illustrates
this correlation by plotting the Ni 2p and O 1s signals as

[¢2]
o

()]
o

S
o

Ni 2p, O 1s fraction (%)
S 8

=
o

0 1 1 | 1 1 1
0 10 20 30 40 50 60 70

C 1s fraction (%)
Fig. 3 Correlation of Ni 2p and O 1s signal intensities with the C 1s

signal (based on the HR data) for the eight NiO samples. Outlier points
are labelled and discussed in the text.

Counts

1 1

286

Binding Energy (eV)

532 528 526
Binding Energy (eV)
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a function of the C 1 s signal for the eight NiO samples. For
samples with a low amount of carbon, the Ni and O fractions are
approximately similar, as expected for NiO, but as the carbon
fraction increases the Ni 2p signal is seen to decline faster than
that of the O 1 s, leading to a decrease in the measured Ni/O
ratio. This is consistent with the majority of the carbon
residing on the surface of the particles and attenuating both the
Ni and O signals from the particles, with the faster decrease of
the Ni signal arising from the shorter inelastic mean free path of
the lower kinetic energy Ni 2p photoelectrons as compared with
the higher kinetic energy O 1s electrons. The data points indi-
cated in the figure that are furthest from the linear trend line
are cases in which there is a significant quantity of elements
other than carbon (Mn in the case of Ni-01 and N and Si for Ni-
07) on the surface of the particles that acts to attenuate the Ni
and O photoelectrons.

3.1.2 Fe,03; nanomaterials. Atomic composition, based on
survey scans, for the bare and surface-modified Fe,0; NPs is
summarized in Table 3 (selected survey spectra are shown in
Fig. S1f). The two unmodified samples Fe-01 and Fe-02 show
a higher carbon fraction (17%) than observed for the bare NiO
NPs. In terms of other impurities Fe-01 exhibits only a trace
amount of Cl whereas Fe-02 and most of the corresponding
functionalized USRN NPs all show Mg, Na, Cl and Ca impurities.
Apart from Ca, the surface impurities observed here are not re-
ported in the bulk purity assessment provided by USRN
(measurement method not specified). Similar to the commercial
NiO-PVP sample, Fe-03 shows no increase in either C 1s or N 1s
compared to the corresponding bare sample of the same size.
The USRN NH, functionalized samples (Fe-04, Fe-05) show the
expected increase in nitrogen, although the amount of N is ~3x
higher for the APTES-modified sample (Fe-05). For Fe-05 the
silicon and nitrogen fractions are equal (within uncertainties) as
expected. On these Fe,0; samples the Si 2s peak is used for
quantification of silicon as the Fe 3s peak interferes with the Si
2p peak which is typically employed. Fe-04 exhibits no silicon
peaks, indicating that the amine functionalization on this
sample was obtained using a non-silane route. This is consistent
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with the supplier specification of both NH, and COOH func-
tional groups, suggesting amino acid modification. The SA
modified sample (Fe-06) shows a large increase in the C 1s signal,
accompanied by attenuation of the Fe 2p as expected for this
modification. Fe-07 from Lanxess is sold as a pigment (Color-
therm, Red 110 M) and exhibits a larger O fraction and a reduced
Fe fraction as well as a substantial Si 2s signal. Apart from carbon
(12.4%) this sample exhibits no other detectable impurities. The
significant Si signal on this sample suggests these NPs are either
derived from a silicon containing iron oxide such as fayalite
(Fe,Si0O,) or consist of iron oxide particles modified with a silica
coating. Data from HR scans allows us to discriminate between
these two possibilities as discussed below.

High resolution spectra of all Fe,O; samples were also
recorded and the resulting atomic composition data summa-
rized in Table S2.1 There is good agreement between the atomic
compositions obtained from survey and HR data with the
differences smaller than observed for the NiO samples. For the
PVP modified sample (Fe-03), the improved S/N in the HR scans
allows a small peak in N 1s region to be detected, corresponding
to 0.3 & 0.1% atomic composition. This level is barely above the
noise and indicative of only a small amount of PVP being
detected. The measured Fe/O ratio is slightly higher from the
HR scans (~0.8 for the unmodified particles), but still close to
the expected value of 0.66 for Fe,O;. As observed for the NiO
particles, this ratio decreases for modified particles, attributed
to greater attenuation of the Fe 2p signal compared to the O 1s
due to the surface modification, as discussed for the NiO
samples. This decrease in Fe/O ratio is particularly significant
for the SA modified (Fe-06) and Lanxess (Fe-07) samples.

Additional insight into the chemical composition of some of
these Fe,O; particles is obtained by looking at the HR spectra of
the O 1s region shown in Fig. 4. For Fe-01, the O 1s peak can be fit
with two components a sharp peak centered at 529.9 eV and
a broader weaker peak at 531.4 eV, consistent with previous
observations for Fe,03.*” As for NiO, the two peaks are assigned
to lattice oxygen in the bulk of the particles and hydroxyl groups
on the surface, respectively. For Fe-02, the basic peak structure is

Table 3 Atomic composition (%) of various Fe,Oz NPs based on intensities of the indicated core level emission peaks measured in XPS survey
scans. The bold number is the average of 3 measurements on the sample with the number below the standard deviation. Blank entries indicate no

peak was observed above the background

Diameter Fe 2p O1s C1s N 1s Si 2s Cl2p Na 1s Mg KLL Ca 2p Fe/O C/Fe

Fe-01 Sigma, bare 35+ 14 nm 35.9 46.6 17.3 0.3 0.77 0.48
0.7 1.0 0.7 0.04 0.03 0.02

Fe-02 USRN, bare 34 + 16 nm 32.8 47.2 17.3 0.4 1.4 0.6 0.4 0.69 0.53
0.4 0.1 0.4 0.1 0.02 0.1 0.01 0.01 0.02

Fe-03 USRN, PVP 28 &+ 8 nm 31.2 47.4 19.3 0.4 0.7 0.6 0.3 0.66 0.62
0.4 0.4 0.7 0.1 0.1 0.02 0.02 0.01 0.03

Fe-04 USRN, NH2 27 £ 6 nm 33.6 49.7 13.6 0.7 0.4 1.0 0.6 0.3 0.68 0.39
0.6 0.7 1.2 0.1 0.2 0.1 0.1 0.02 0.004 0.04

Fe-05 USRN, APTES 26 £ 6 nm 28.6 47.8 16.7 2.3 2.4 0.4 0.8 0.6 0.4 0.60 0.58
0.5 0.6 0.6 0.3 0.2 0.1 0.04 0.1 0.1 0.02 0.02

Fe-06 USRN, SA 24 £ 5 nm 11.1 31.0 57.2 0.6 0.2 0.36 5.17
0.1 0.8 0.9 0.03 0.05 0.01 0.14

Fe-07 Lanxess 57 &£ 20 nm 19.4 57.8 12.4 10.3 0.34 0.68
0.7 0.8 1.3 0.6 0.01 0.08
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Fig. 4 High resolution spectra of the O 1s region for three different
Fe,Oz nanoparticle samples. Fits are shown by the solid grey lines with
the overall fit shown by the solid black, blue and red lines.

the same but the lattice oxygen peak is shifted to 529.4 eV. Fe-07
exhibits different structure in the O 1s region that can be fit with
four peaks at 529.9, 530.5, 532.4 and 533.6 eV. The two higher
binding energy features were not observed on the other Fe oxide
particles and coincide with the expected energy of the O 1s in
SiO, (532.4 eV) and for adsorbed water (533-534 eV). The Si 2p
peak in this sample is observed at 103.2 as in SiO,. This strongly
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suggests the Fe-07 particles are coated with a silica shell, which
also accounts for the strong attenuation of the Fe signal observed
on this sample. The other possibility for the presence of Si in
these particles is that they consist of fayalite (Fe,SiO,). However,
the Si 2p and O 1s binding energies in fayalite have been reported
as 102 eV and 531.1 eV, respectively®® inconsistent with the peak
positions observed here. TEM imaging of Fe-07 (see Fig. S27)
does not show any definitive evidence for the presence of a silica
shell on these particles, but the presence of a thin (~1 nm) shell
cannot be ruled out. An EDX scan of the particles (also shown in
Fig. S21) shows the presence of Fe, O and C but no Si. Although
EDX has good lateral spatial resolution, it probes the entire
depth of the particles, effectively probing the “bulk” composi-
tion. Therefore, if the particles consisted of fayalite, the signifi-
cant amount of Si (~14%) expected based on the stoichiometry
would be easily detected. However, if the observed Si signal
comes from a thin ~1 nm shell surrounding the particles it is
likely too weak to be detected in EDX. Therefore, the electron
microscopy data for Fe-07 is also consistent with the presence of
a nm thick silica shell coating a Fe,O; core.

HR spectra of the C 1s and O 1s regions are also expected to
provide insight into the chemical composition for the other
modified Fe,O; particles. While changes associated with the
different modifications are observed in the C 1s spectra (as
shown in Fig. S3t), the presence of adventitious carbon
contamination observed on all the particles complicates the
interpretation of these changes. In contrast the O 1s region for
all the modified samples is very similar to that of the bare
samples as the strong oxygen signal from the Fe,O; particles
dominates the spectra.

3.1.3 CeO, nanomaterials. The atomic compositions ob-
tained from survey scans for CeO, NPs are shown in Table 4.

Table4 Atomic composition (%) of CeO, NPs from XPS survey scans. The bold number is the average of 3 measurements on the sample with the
number below the standard deviation. Blank entries indicate no peak was observed above the background

Diameter Ce 3d O1s C1s N 1s Si 2s Cl 2p F1s P 2s Na 1s Ce/O C/Ce

Ce-01 USRN, bare 27 + 11 nm 30.1 55.8 12.2 1.9 0.54 0.41
1.8 0.6 1.4 0.2 0.04 0.07

Ce-02 USRN, bare 14 £ 5 nm 29.4 49.3 18.9 2.5 0.60 0.64
0.8 1.1 1.6 0.04 0.02 0.07

Ce-03 USRN, bare 10 = 2 nm 36.3 55.0 6.2 0.2 2.3 0.66 0.17
0.2 0.3 0.3 0.1 0.3 0.003 0.01

Ce-03-NRC USRN, SA@NRC nd 10.2 24.6 65.2 0.41 6.38
0.3 0.2 0.5 0.01 0.22

Ce-04 USRN, PVP 10 = 2 nm 33.2 54.3 9.6 0.3 2.6 0.61 0.29
0.6 0.7 0.7 0.03 0.1 0.02 0.02

Ce-05 USRN, SA nd 20.3 42.9 36.6 0.3 0.47 1.81
0.6 1.2 1.7 0.1 0.01 0.14

Ce-06 NAM, bare 20 + 11 nm 22.4 53.5 12.6 9.1 2.4 0.42 0.56
0.3 0.4 0.6 0.3 0.3 0.01 0.02

Ce-07 mkNano, bare 58 &+ 25 nm 26.2 51.3 20.9 0.2 1.4 0.51 0.80
0.9 0.5 0.9 0.1 0.3 0.02 0.06

Ce-08 mkNano, bare 64 + 28 nm 32.1 55.7 8.3 2.5 1.4 0.58 0.26
0.4 0.4 0.3 0.2 0.3 0.02 0.01

Ce-09 USRN, APTES nd 15.5 43.3 25.0 6.9 8.3 1.0 0.36 1.61
0.4 0.9 1.3 0.5 0.7 0.2 0.01 0.09

Ce-10 USRN, PVP nd 29.8 55.3 13.5 1.5 0.54 0.45
1.1 1.7 2.3 0.2 0.02 0.09
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The carbon content of the bare particles is highly variable,
ranging from a low of 6.3% (Ce-03) to a high of 20.9% (Ce-07),
although we note that the Ce 4s peak (at 289 eV in CeO,)*
interferes with the C 1s peak, increasing the uncertainty in
carbon quantification using survey scan data. This is particu-
larly problematic for samples containing a substantial fraction
of O-C=0 species which also give rise to a C 1s feature in this
range.>* As discussed above for NiO particles, most of the
unmodified metal oxide samples studied here show a feature in
this region due to adventitious carbon contamination, although
it is typically less than 15% of the total carbon signal. All of the
CeO, samples (apart from the SA modified Ce-05) also con-
tained halogen impurities, eight with Cl and three with F.
Interestingly, the NAM sample (Ce-06) stands out with a large
amount of P (>9%) along with some Na (~2%) impurities. The P
2p peak is observed at ~133 €V, consistent with the P being
bound to oxygen. The carbon content is seen to increase for all
the modified samples, with particularly large increases
observed for the SA coated particles (Ce-05 and Ce-03 NRC).
Significant Si and N fractions were observed for the APTES
modified sample, Ce-09. As for the other PVP-coated metal oxide
NPs, N was not detected in the survey scans of either of the two
USRN PVP-coated samples (Ce-04 or Ce-10).

Atomic compositions derived from the HR scans for the
CeO, oxide samples (summarized in Table S31) are in general
agreement with the survey data, although there are significant
differences on some samples, primarily due to the better ability
to separate C 1s and Ce 4s contributions in the HR scans. The C/
Ce ratios are generally higher in the HR data, except for Ce-03-
NRC, indicating that the attempts to exclude the contributions
of the Ce 4s peak to the C 1s region in the survey scans led to
underestimating the C fraction. The Ce/O ratios are slightly
lower based on the HR data, ranging from 0.39-0.53 for all but
one of the unmodified samples, in agreement with the expected
value of 0.5 for CeO,. Ce-06 exhibits a lower Ce/O ratio of 0.31,
probably as a result of the phosphate contamination. On the
modified samples the Ce/O ratio is observed to decrease to
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0.28-0.4, consistent with the Ce 3d electrons suffering greater
attenuation due to a shorter mean free path relative to O 1s
electrons, as discussed above for Ni and Fe oxides. As for the Ni
and Fe oxides the Ce 3d and O 1s fractions decrease linearly
with the C 1s signal (see Fig. S47). Interestingly, HR scans of
the N 1s region show a small level of nitrogen signal for Ce-04
and Ce-10 that was not detected in the survey scans, consis-
tent with a small amount of PVP functionalization.

3.1.4 Mn,0; nanomaterials. Atomic composition data
from survey scans for the Mn,O; NPs are summarized in
Table 5. All the unmodified samples exhibit a large amount of
carbon contamination (28-36%) with only small amounts of an
additional Cl impurity (<0.4%) detected on most samples. Mn-
08 exhibits the lowest amount of carbon and no detectable CI.
The absence of metal impurities on these samples is generally
consistent with recent ICP MS studies."* While those studies did
show a small (0.4% by mass) amount of Cu for Mn-08, no Cu
was detected in the current work, although the expected level is
close to the detection limit of our XPS measurements. The large
carbon content observed on Mn-01, the unmodified USRN
sample, limits the ability to draw firm conclusions regarding
the surface modifications of these particles based on the
magnitude of the C 1s signal alone, although the SA-coated
sample (Mn-03) does show a substantial increase in the
carbon fraction. Note that the large decrease in the metal to
oxygen ratio seen for the other SA modified metal oxides is
neither expected nor observed for this sample since Mn 2p and
O 1s electrons have similar kinetic energies (640 and 530 eV,
respectively) and hence suffer similar amounts of attenuation
upon passing through the SA coating. The APTES functionalized
sample (Mn-04) shows the expected N 1s and Si 2p signals but at
a smaller level than for the other metal oxide NPs. In contrast,
no N signal is observed for the PVP modified sample (Mn-02),
similar to the case of the other USRN PVP modified oxide NPs.

Atomic compositions based on HR data (Table S47) are in
reasonable agreement with that from the survey scans. The Mn
and O contents are slightly lower than from the survey data

Table 5 Atomic composition (%) of Mn,Oz nanoparticles from XPS survey scans. The bold number is the average of 3 measurements on the
sample with the number below the standard deviation. Blank entries indicate no peak was observed above the background

Diameter Mn 2p O1s C1s Si 2p N 1s Cl 2p Mn/O C/Mn

Mn-01 USRN, bare 53 £17 nm 22.0 42.0 35.8 0.2 0.52 1.63

0.3 0.4 0.7 0.1 0.01 0.05
Mn-02 USRN, PVP 54 £ 17 nm 21.7 41.8 36.3 0.2 0.52 1.67

0.1 0.3 0.2 0.1 0.01 0.00
Mn-03 USRN, SA 56 = 27 nm 14.7 26.8 58.5 0.55 3.98

0.4 0.3 0.6 0.01 0.15
Mn-04 USRN, APTES 49 + 21 nm 20.2 43.2 34.3 1.1 1.0 0.3 0.47 1.71

1.1 0.9 2.0 0.0 0.1 0.04 0.02 0.19
Mn-05 47 £ 13 nm 23.3 43.1 33.5 0.2 0.54 1.44
USRN, bare 0.5 0.8 1.2 0.1 0.01 0.08
Mn-06 41 + 17 nm 21.5 42.1 36.0 0.4 0.51 1.68
mKNano, bare 0.4 0.3 0.7 0.04 0.01 0.06
Mn-07 37 £ 14 nm 20.3 40.4 39.0 0.3 0.50 1.95
Am. Elem., bare 2.2 1.8 4.0 0.05 0.03 0.39
Mn-08 37 £ 15 nm 25.9 46.0 28.1 0.56 1.09
Nanografi, bare 1.0 0.2 1.1 0.02 0.09
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Fig. 5 High resolution spectra of the C 1s region for three Mn,Os samples. Fits are shown by the solid grey (components) and black (sum) lines.

while the C fractions are somewhat higher. The Mn/O ratios are
between 0.44 and 0.53, all smaller than the expected value of
0.66 for Mn,0;. This is likely due to the presence of additional
oxygen associated with the high level of adventitious carbon
contamination observed on these samples. The unmodified
sample with the lowest level of carbon (Mn-08) exhibits the
highest Mn/O ratio, consistent with this explanation.

Fig. 5 shows high resolution scans of the C 1s region for the
unmodified USRN sample (Mn-01) along with two modified
samples of the same size from the same supplier. The C 1s
spectrum for Mn-01 is similar to that observed on the other
unmodified metal oxide NPs. As for the NiO samples discussed
above, the majority of the C 1s signal (~78%) is assigned to
aliphatic carbon, while the features at 286 eV and 288.5 eV arise
from C-O (14%) and O-C=0 (8%) species respectively. For Mn-
01 which exhibits a carbon content of ~40% this suggests that
~12% of the ~39% oxygen fraction on this sample originates
from the hydrocarbon contamination layer and not from the
metal oxide particles. Reducing the oxygen fraction by removing
the contribution from this contamination, yields a revised Mn/
O ratio of ~0.7, much closer to the expected value for Mn,0;.
The C 1s region for Mn-03 and Mn-04 samples in Fig. 5 shows
changes that can be attributed to the modifications. For the SA
modified particles (Mn-03) the C-C feature is a greater fraction
of the total signal (89%) with smaller amounts in the C-O (7%)
and O-C=0 (4%) components, consistent with the presence of
a long chain hydrocarbon. Note that for stearic acid the ratio of
0O-C=0 to C-C species should be 0.058, quite close to the 0.05
which is observed here. For the APTES modified sample (Mn-04)
the feature at 286 eV is more prominent (24%) than in the other
two samples. This feature can be attributed to both C-N (from
the terminal amine) and C-O (from unhydrolyzed ethoxy
groups) on APTES. This shows that even in samples with
substantial amounts of adventitious carbon contamination, it is
possible to observe differences due to surface modifications in
HR spectra of the C 1s region.

1680 | Nanoscale Adv, 2025, 7, 1671-1685

3.2 Oxidation state

The metal oxidation state plays an important role in the reactivity
of metal oxide nanoparticles and their use in a variety of appli-
cations. While the oxidation state is generally determined by the
metal/oxygen ratio, the stoichiometry (and hence the oxidation
state) in the near surface region can differ from that in the bulk.
While XPS data facilitates determination of the metal/oxygen
ratio in the near surface region (the first ~5 nm of material),
the measured values can differ from the expected bulk stoichi-
ometry due to attenuation effects of contaminants and func-
tional layers, as well as additional oxygen contributions from
these layers. Together with the inherent uncertainty of ~10-15%
for chemical compositions determined by XPS this means that
the composition data alone is often insufficient to distinguish
between closely related compositions (i.e. Mn,0O; with Mn/O =
0.66 as compared to MnO, with Mn/O = 0.5). However, XPS can
also provide direct information on the metal oxidation state in
these particles through analysis of the detailed structure of
selected metal core level emission features. While some studies
attempt to assign and quantify oxidation states by associating
each state with a single peak at a specific binding energy this
approach has been shown to be invalid for all of the transition
metals investigated here.*”***! Instead, in addition to spin-orbit
splitting, the full extended multiplet, shake-up and plasmon loss
structures for each oxidation state must be taken into account,
recognizing that each oxidation state typically gives rise to
multiple features in the experimental spectrum.

For the NiO particles, high resolution scans of the Ni 2p
region were examined in order to investigate potential varia-
tions in oxidation state. The Ni 2p emission envelope for the
unmodified NiO particles is shown in Fig. 6 to exhibit a rather
complex structure with multiple features visible. The envelope
can be split into two parts associated with the two spin-orbit
components. As seen in this figure the 2p;/, segment can be fit
with five peaks, following the approach of Biesinger et al.** with
the fitting parameters obtained here similar to parameters used

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 High resolution spectra of Ni 2p region for four unmodified NiO
samples. Fits for Ni-01 are shown by the solid grey (components) and
black (sum) lines.

for bulk NiO standard samples (see Table S5). This is consis-
tent with the nickel being primarily in the +2 oxidation state.
While the fit is only shown for Ni-01, the other unmodified NiO
samples exhibit the same structure, indicating the same
oxidation state. No significant changes in this structure (see
Fig. S5t) or required fitting parameters are observed for the
modified particles, indicating that the various modifications do
not appear to change the oxidation state.

For the iron oxide nanoparticles the two unmodified (Fe-01
and Fe-02) and the silica coated Fe-07, all exhibit Fe 2p enve-
lopes with a similar structure as shown in Fig. 7, with two main
spin-orbit (2p;/, and 2p;/,) peaks along with three additional
less intense satellite features. Fitting the Fe 2p;, peak with
multiplet components and comparing with similar fits to
appropriate reference samples from the literature®” indicates
these spectra are consistent with the expected stoichiometry of
Fe,O; in which the iron is present as Fe** (see Table S671). The
presence of the satellite feature at 719 eV (Sat I) is also indicative
of Fe*". Although the three spectra are quite similar, the 2p,,
and 2p;/, peaks and the Sat I feature for Fe-02 exhibit a slight
shift to lower binding energy, suggesting the possible presence
of a small amount of Fe*" in this sample. Note that if Fe-07
contained fayalite the Fe would primarily be in the +2 oxida-
tion state, inconsistent with spectrum and the fits for this
sample, providing further evidence that this sample consists of
silica coated Fe,Oj; particles, as previously concluded.

For CeO, particles, the Ce 3d envelope is quite complex with
six peaks clearly resolved and additional features appearing as
shoulders as seen in Fig. 8 which depicts Ce 3d spectra for two
samples of unmodified NPs. The spectrum observed for Ce-01 is

characteristic of samples which are primarily Ce*",** as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 High resolution spectra of Fe 2p region after Shirley back-
ground subtraction for three Fe,Oz nanomaterials.

expected for CeO,. All of the Ce samples studied here exhibit
similar spectra to that of Ce-01 (upper figure), with the excep-
tion of Ce-06 (lower figure) in which the relative intensities of
the various features are quite different. For cerium oxide
samples, the presence of relatively distinct, non-overlapping
features facilitates fitting XPS spectra in order to determine
the Ce oxidation state as reviewed recently.** For samples con-
taining a mixture of Ce*" and Ce*', spectra can be fit with 10
peaks with six peaks from Ce** and four peaks corresponding to
Ce*". It is necessary to constrain the fitting parameters to reflect
the physical origin and relationships between the various
features. Adopting this approach to the current data, makes it
possible to quantify the Ce*" and Ce®' fractions in these
samples. As indicated by the fits shown in Fig. 8, for Ce-01 the
Ce*" fraction (red) is dominant while in Ce-06 the Ce®" fraction
(blue) increases. Quantifying the fractions based on these fits
provides estimates of Ce*" content of 81% for Ce-01 and 42% for
Ce-06, with the remaining fraction assumed to be Ce*". Ce*"
fractions for the other CeO, samples are given in Table S41 with
most of them ranging between 70 and 80% and Ce-09 (APTES
modified) at 62%. Although the standard deviations on these
fractions from the three different measurements on each
sample is ~2%, the absolute uncertainty in this quantitative
oxidation state determination is likely considerably larger.
Nonetheless, it is clear that the Ce-06 sample stands apart as
having a larger Ce*" content. This was also the sample that
exhibited a significant fraction of P (see Table 4) which
appeared to be in the form of phosphate. The increase in Ce**
content on this sample may be explained by the presence of
cerium phosphate (CeO,P) which contains Ce in the +3 oxida-
tion state. It is interesting to note that an earlier study of the
biological effects of CeO, nanoparticles on aquatic organisms
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Fig. 8 High resolution spectra of Ce 3d region for two different CeO,
nanoparticles. The hollow circles are the experimental data points
while the solid black line represents the total fit to the data which is
a sum of the contributions of two different oxidation states, repre-
sented by the red (+4) and blue (+3) lines.

View Article Online

Paper

had observed that the presence of Ce®" surface states was the
main driver of toxicity.*> By contrast, our examination of the
cytotoxicity of the same NPs examined here did not find an
increased toxicity for Ce-06."*

Compared with Ni, Fe and Ce, the Mn2p region exhibits less
structure as seen in Fig. 9a. There are two peaks due to spin-
orbit splitting but the width of the peaks (considerably larger
than the spectrometer resolution) as well as the asymmetric
peak shape suggests the presence of multiple unresolved
features within each of these peaks. All the unmodified Mn
oxide samples show this similar 2p structure, which is consis-
tent with expectations for Mn®*. Mn-08 shows a subtle change in
this structure with a sharper peak present on the lower binding
energy side of the 2p;/, envelope. By comparing the spectra with
reference spectra for Mn oxides in the literature®*® this feature
suggests the presence of some Mn*", Multiplet splitting of the
Mn 3s is often used for oxidation state determination.** HR
spectra of the Mn 3s region are shown in Fig. 9b. All samples
apart from Mn-08 exhibit Mn 3s splittings in the range 5.07-
5.16, consistent with a Mn valence slightly larger than 3 (~3.2).
For Mn-08 this splitting is reduced to 4.64 eV which implies
a higher valence (~3.7). The O 1s region, shown in Fig. 9c also
shows a slight downshift of ~0.3 eV in the lattice oxygen peak. A
similar downshift has been observed previously for MnO,
samples®” so this observation is consistent with the Mn-08
sample containing a significant fraction of Mn*" as suggested
by the Mn 2p and Mn 3s spectra.

3.3 Correlation of surface functional group content with
gNMR data

As discussed above, XPS has provided information regarding
the surface functional group content for the modified metal
oxide NPs studied here. In previous work, thermogravimetric
analysis (TGA) and qNMR were used to quantify the amount of

Mn2p Mn 2y
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High resolution spectra of (a) Mn 2p, (b) Mn 3s and (c) O 1s regions for five unmodified Mn,O3z nanoparticles.
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Fig. 10 Comparison of %N measured by XPS with molecules per nm? from gNMR for (a) aminated and (b) PVP modified metal oxide NPs. The

gNMR signal for Fe-04 was weak and not quantified.

functionalization on the Ni, Fe and Ce oxide samples investi-
gated here, with general agreement found between those two
methods.*® Here we compare the current XPS data with the
previous qNMR results which were determined to be more
reliable than the TGA data. XPS measures the atomic compo-
sition of the particles directly with the effective probing depth
determined by the escape depth of the photoelectrons as dis-
cussed above. Photoelectrons from atoms on the surface are
seen at full intensity while those emitted from deeper in the
sample are subject to scattering and hence their response is
attenuated. In contrast, qNMR typically measures the concen-
tration of the functional group in solution after release from the
particles, with the concentration being expressed in umol g™ .
To facilitate comparison with XPS data, the functional group
concentration determined by qNMR can be converted to
a coverage of molecules on the surface of the particles, based on
the size and density of the particles. This surface coverage is
expected to be correlated with XPS signals of these functional
groups as demonstrated previously for aminated silica nano-
particles.” This correlation is only expected in cases where the
functional groups are all attached to the surface of solid (i.e.
non-porous) particles and hence detectable by XPS with
minimal attenuation and also for which these groups contain
a unique chemical element that is not also present in the
particles or as adventitious contamination. Unfortunately, this
precludes the use of two common elements found in surface
functional groups, carbon and oxygen, for quantitative analysis
of functional group content as these are typically present as
adventitious contamination for samples exposed to air.
However, for surface modifications that contain nitrogen, as in
the case of the aminated and PVP modified particles, we expect
the N content to be correlated with the surface coverage of
functional groups determined by qNMR.

The relationship between XPS and gNMR data for the
aminated metal oxide particles is shown in Fig. 10a. APTES
modified samples (Ni-07, Ce-09 and Fe-05) all showed
significant N 1s signals in the XPS measurements, corre-
sponding to fractional atomic compositions of N of 2-6%.
From the figure we can see a good correlation between the XPS
%N and the molecules per nm”> based on the qNMR, suggest-
ing that XPS can be used as a quantitative measure of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

surface coverage of amine functional groups on the metal
oxide nanoparticles. We note that the non-silane amine func-
tionalized sample studied here (Fe-04) was investigated previ-
ously by qNMR and gave only a weak signal consistent with the
presence of glycine that was not analyzed quantitatively.*” This
is consistent with the XPS observations that indicate this
sample exhibits approximately one third the nitrogen content
seen for the APTES functionalized Fe,O; sample of the same
size (Fe-05).

The PVP modified particles also exhibit a nitrogen signal
which can be used for XPS quantification. As seen in Fig. 10b,
the XPS and qNMR data for these particles do not follow the
same trend. While Ni-04-NRC, PVP modified in-house from the
unmodified USRN NPs, showed substantial N content, the three
commercial PVP modified NPs all exhibited much lower N
fractions, suggesting a low level of PVP modification. In
contrast, the qNMR data for Ce-04, Ni-05 and Fe-03 all indicated
significant amounts of PVP, comparable to or exceeding the
levels of amine functionalization measured on the APTES
samples.** Comparing N signals for the two PVP modified NiO
samples, we see that the commercial Ni-05 sample exhibits only
20% of the %N content observed for the in-house sample, even
though the qNMR results indicate these two samples exhibit the
same level of functionalization. It is interesting to note that for
the commercial samples, the XPS %N results suggest that Ni-05
exhibits the largest amount of PVP followed by Ce-04 and then
Fe-03, the same trend indicated by the gNMR results. While the
reason for the much lower N signal in the commercial samples
is unclear, the differences suggest that the commercial PVP
modification was likely prepared by a different method than
used for the in-house modification. One possibility is that the
commercial metal oxide samples were prepared in the presence
of PVP* rather than by coating synthesized particles. The
former approach would likely lead to less PVP on the surface of
the particles and hence a reduced N signal. TEM images of the
in-house PVP modified NiO (Ni-04-NRC) particles did not show
significant differences compared with the corresponding
unmodified particles (Ni-04) (images provided in Fig. S6t). This
is not surprising since the thin (~1 nm) coating consisting of
light elements (C, O and N) is not expected to generate signifi-
cant contrast to be clearly distinguished in the images.
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4. Conclusions

In this study we have used XPS to examine the chemical
composition, oxidation state and surface functional group
content of commercially available metal oxide nanoparticle
samples from a number of different suppliers. Survey and high-
resolution scans have provided information on the atomic
composition of the samples, including estimates of the stoi-
chiometry of the metal oxide, the presence of functional groups
for modified samples as well as the identification and quanti-
fication of any impurities present on the samples. Surprisingly,
many of the samples contained substantial amounts of impu-
rities, considerably larger than expected from bulk measure-
ments of impurity concentrations, suggesting these impurities
are present at the surface of the particles. The presence of these
contaminants may influence their performance in certain
applications, and should be taken into account when consid-
ering the toxicity and environmental impact of these nano-
materials. The metal oxidation state in these particles is
important for some applications and detailed analysis of the
metal core level photoelectron spectra was used to provide
information regarding the metal oxidation state in the near
surface region. In general, the metal oxide particles studied here
exhibited the expected oxidation state based on their specified
stoichiometry, although a few exceptions were noted. The
surface modifications generally did not appear to change the
oxidation state. In terms of assessing functional group content,
XPS can be complementary to other probes of chemical content
such as qNMR. However, XPS is only suitable for functional
groups on the surface of the nanoparticles and which contain
unique elements not already present on the samples. Good
correlation was observed between the nitrogen content
observed by XPS and the functional group content obtained by
gNMR for amine functionalized metal oxide nanoparticles.
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