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ABSTRACT: Nanoscale iron oxides (e.g, hematite (a-Fe,O5)) have unique properties,
such as enhanced chemical reactivity and high surface area, when compared with their bulk
counterparts. These nanoscale surfaces can be more reactive due to the presence of defects
(e.g., oxygen vacancies). In this work, we probed the surface chemistry of bulk and
nanoscale hematite via X-ray photoelectron spectroscopy, electron microscopy, and
powder X-ray diffraction. Oxygen exposure and vacuum annealing experiments were
conducted to add or remove oxygen vacancies and remove adventitious carbon. In the
absence of the oxygen annealing step, vacuum annealing resulted in partial reduction of
Fe(III) to Fe(1) on all hematite surfaces. This is a size-dependent effect, with the extent of
reduction increasing as the crystallite size decreases. In addition, the atomic concentrations Hematite surface

of carbon increased on all iron oxide surfaces after vacuum annealing. Oxygen annealing

almost completely removed carbon from sample surfaces, and no Fe(III) reduction was observed in the absence of carbon. Under
these conditions, the results reveal that carbonaceous material enhances oxygen vacancy formation, which then facilitates the
reduction of Fe(III) on hematite surfaces. We provide new insights into the mechanisms of Fe(III) reduction on both bulk and
nanoscale hematite surfaces and establish the major role of carbon in oxygen vacancy formation.

Bl INTRODUCTION can also impact the conductivity of hematite by facilitating the
reduction of Fe(III) to Fe(II) due to the introduction of up to
two electrons.'>'° Investigations on defects in the structure of
hematite reveal that oxygen vacancy concentrations can lead to
local phase transitions (e.g., hematite (a-Fe™",0;) to magnetite

Nanoparticles have at least one dimension that measures 1—100
nm and are known for having interfacial properties that are
strongly dependent on size, shape, and chemical composi-
128 . . . . .
tion. ~ These interfacial properties can impact the electronic

and crystal structure of the material and affect solubility and (Fe™";0,)) under certain conditions.'*'*"* Oxygen vacancies
adsorption behavior." In general, as a material’s dimensions can also induce surface reduction with hematite nanoparticles
decrease from bulk to nanoscale, the surface area to volume ratio and films.'”"* However, knowledge gaps still exist on surface
and surface energy increases,””® which results in a larger reduction with oxygen vacancies with respect to crystallite size,
number of undercoordinated atoms at the nanoparticle surface impurities and mineral complexity. To address these
surface.”” These structural changes can result in changes to knowledge gaps, the presented study probes multifaceted
surface stoichiometry and enhance structural disorder.® In iron hematite surfaces as a function of crystallite size under various
oxide nanoparticles, the redox potential of surface Fe becomes conditions to provide valuable insights on surface reduction.
size dependent, which affects the proton-affinity of coordinating The purpose of the present study is to use X-ray photo-
oxygen atoms. " electron spectroscopy, electron microscopy and X-ray diffrac-
Hematite (a-Fe,0;) is an iron oxide semiconductor (band tion, to investigate multifaceted hematite surfaces as a function
gap ~ 2.1 eV) that can be thermodynamically stable under some of crystallite size under varying conditions. Vacuum and oxygen
atmosphesric11 conditions and exhibits a unique chemical annealing conditions served to create or remove oxygen
reactivity. At the nanoscale, hematite demonstrates size- vacancies and remove carbon from the mineral surfaces, which

dependent effects that can impact the redox chemistry, sorption
affinity, and chemical behavior of metal contaminants; distorted
binding environments and undercoordinated site reactivity are
important considerations.””’ Crystallite size can impact both
the stoichiometry and structure of hematite, which can cause Received: December 12, 2024
local phase transitions.*”' Revised:  March 18, 2025
Oxygen vacancies can play a major role in dictating the Acce}’ted’ Mar.Ch 31, 2025
properties of nanoparticles.'”'>~"* Oxygen vacancies can act as Published: April 7, 2025
shallow donor dopants, and their creation may increase the
overall carrier electron concentration.'*'®"” Oxygen vacancies

resulted into the changes to the near-surface composition of the
particles.
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B METHODS

Synthesis and Characterization. Bulk hematite was
purchased from Sigma-Aldrich (>96% iron(III) oxide with a
particle size of <5 um) and used as received. NHO8 was
synthesized by adapting the method of Madden et al.® Briefly, 60
mL of 1.0 M Fe(NO,);(aq) was added dropwise to 750 mL of
boiling deionized water (18.2 MQ-cm at 25 °C) under constant
stirring. The suspension was removed from the heat after a color
change indicated that all the Fe(NO;);(aq) had been
consumed; it was left to cool overnight. After cooling, the
suspension was transferred to dialysis tubing (2 kDa, Repligen
Spectra, Spectrum Laboratories) that was submerged in
deionized water for 2 weeks. NH40 was synthesized according
to the method of Voelz et al."* One liter of 0.002 M HNO;(aq)
(ACS Reagent grade) was heated overnight at 98 °C. Fe(NO5;)5-
9H,0(s) (8.08 g) was added and the solution was stirred to
facilitate complete dissolution before the solution was returned
to the oven and heated at 98 °C for 7 days. The resulting red
suspension was transferred to dialysis tubing and submerged in
deionized water for 2 weeks.

All suspensions were placed in separate Falcon conical
centrifuge tubes (50 mL) and were separated and centrifuged
(Eppendorf) at 14,000 rpm for 1—2 h. The supernatant was
removed from the centrifuge tubes, leaving a wet red solid at the
bottom of the vessel. The conical centrifuge tubes were then
transferred to a freeze-dryer (Labconco, FreeZone Freeze-Dryer
XL). Each freeze-drying session was conducted based on
crystallite size (one session for NHO8 and another separate
session for NH40) to prevent any potential sample contami-
nation. The samples were placed into the drying chamber and
then freeze-dried at < — 40 °C and in vacuum at < 0.133 mbar.
The freeze-dried nanoparticle powder samples were then used
for the experiments.

Powder X-ray Diffraction. Prior to treatment, samples
were drop-cast onto a glass slide and left to dry in air. Analyses
were conducted on a Bruker D8 Discover diffractometer
equipped with Cu Ka radiation (4 = 1.541 A) and a LynxEye
solid-state pixel detector. Data was collected from 15—80 °260
with a step size of 0.02° and a scan rate of 15 s per step. Vacuum
annealed samples were removed from the XPS chamber under
N,(g) and transferred to glass scintillation vials. PXRD patterns
for vacuum annealed samples were collected with Cu Ka
radiation (1=1.5418 A) using a Rigaku Miniflex II diffrac-
tometer, operated at 30 kV and 15 mA. Data were collected
between 3 and 90 °20, using a scan width of 0.04° and a 5-s
count time. Simulated mineral patterns were produced using
CrystalDiffract© (CrystalMaker Software Ltd., Oxford, En%land
(www.crystalmaker.com) from published CIF patterns.”’ >
Rietveld refinement analyses were performed using Profex, a
graphical user interface for Rietveld refinement analyses.”*

Scanning and Transmission Electron Microscopy.
Scanning electron microscope images were collected on a
JEOL JCM-6000 Plus Neoscope Benchtop SEM at accelerating
voltages from 10 to 15 kV. Secondary electron mode was used to
conduct morphological analyses of bulk hematite. Image]** was
used to determine the size distribution based on measurements
of at least 100 crystallites from different regions of the sample
(see Figure S1 and Table S1). High resolution transmission
electron microscopy (HR TEM), selected area electron
diffraction (SAED), and scanning transmission electron
microscopy (STEM) were performed on a Talos F200i
(S)TEM (Thermo Scientific) field emission transmission

7317

electron microscope operating at 80—200 kV accelerating
voltages.

Surface Area Analysis. The structural properties of the
hematite samples were determined using N,(g)-BET and
calculated using the BJH and HK models. For the surface area
analysis, 100 mg of each sample was placed in the degas port at
100 °C for 24 h prior to N,(g) isotherm analysis at 77 K on a
Micromeritics ASAP2020 physisorption analyzer. Results are
provided in SI as Table SI.

X-ray Photoelectron Spectroscopy. XPS measurements
were performed with a Physical Electronics Quantera SXM
Scanning X-ray Microprobe. This system uses a focused
monochromatic Al Ko X-ray (1486.7 eV) source for excitation
and a spherical section analyzer. The instrument has a 32-
element multichannel detection system. The X-ray beam is
incident normal to the sample and the photoelectron detector is
at 45° oft-normal. High energy resolution spectra were collected
using a pass-energy of 69.0 eV with a step size of 0.125 eV. For
the Ag 3d;, line, these conditions produced a fwhm of 0.92 +
0.0S eV. The binding energy scale was calibrated using the Cu
2p;, feature at 932.62 + 0.05 eV and Au 4f,/, at 83.96 + 0.05
eV. Low energy electrons at ~ 1 €V, 20 yA and low energy Ar*
ions were used to minimize sample charging during analysis.
XPS data was processed using CasaXPS software using a Shirley
background approximation and Gaussian—Lorentzian line-
shapes. Spectra was charge referenced using the O 1s (lattice
oxide component) at 530 eV.

Vacuum Annealing Experiments (VAC). Iron oxide
samples were deposited into a 20 mm X 30 mm sample heating
block. The Cu block is fixed with internal heating elements and a
type K thermocouple electrically isolated with sapphire. The
entire sample heating/cooling holder is compatible with the
Physical Electronics vacuum sample stage and transfer arm and
controlled using a PHI model 20—300 Hot/Cold Module
Control, Eurotherm temperature controller, and DC power
supply. The samples were then transferred under a vacuum into
the attached Applied Testing Systems Model 3210 quartz tube
vacuum furnace and Quantera XPS analysis chamber. The
samples were vacuum annealed at 300 °C and <5 X 1077 Torr for
1 h. Full sets of core-level spectra, including Fe 3p, O 1s, C 1s, Fe
2p, and valence band, were acquired prior to and after vacuum
annealing.

Oxygen + Vacuum Annealing Experiments (OAE-1).
NHO08 was drop-casted onto a clean ~ 1 cm? Si wafer, which was
mechanically secured to a small 0.5-in. diameter quartz tube
heating stub and transferred under vacuum into the attached
Applied Testing Systems Model 3210 quartz tube vacuum
furnace and Quantera XPS analysis chamber. The quartz tube
was filled with ultrahigh pressure O,(g) to 100 mTorr and
heated at 10 °C-min™" to 350 °C, held at 350 °C for 1.5 h, then
cooled to room temperature in O,(g). The sample was then
transferred under vacuum into an attached nitrogen glovebox
(<1 ppm of O, and H,0). The sample was removed from the
0.5-in. diameter quartz tube heating stub and remounted onto
the 20 mm X 30 mm Cu sample heating block. The heating
block was transferred under vacuum back into the quartz furnace
to be vacuum annealed at ~ 250 °C for 1 h. An additional
vacuum annealing step was conducted at 300 °C for 110 min.
Both vacuum annealing steps were conducted at <5 X 107 Torr.

Oxygen + Vacuum Annealing Experiments (OAE-2).
All three iron oxide samples (Bulk, NH40, and NHO08) were
placed in the Cu heating block and transferred to the quartz tube
vacuum furnace attached to the Quantera XPS analysis chamber.

https://doi.org/10.1021/acs.jpcc.4c08423
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The first oxygen annealing was performed at 100 mTorr in O,(g)
and heated incrementally at a rate of 10 °C-min " until 300 °C
was reached and then held for 1 h. After the first step was
completed, an additional oxygen annealing step was conducted
at 100 mTorr in O,(g) and heated to 350 °C at a rate of 10 °C-
min~". Subsequently, the samples were vacuum annealed at a
rate of 10 °C-min~" to 300 °C at <§ X 1077 Torr in a quartz
furnace.

B RESULTS AND DISCUSSION

Nanoparticle characterization is challenging because size-
dependent effects are difficult to quantify when using traditional
approaches, especially at diameters smaller than 10
nm.””'**>7** For example, peak broadening is observed in
powder X-ray diffractograms, and electron beams from high-
resolution transmission electron microscopy (HR TEM) can
damage the sample, which impacts electron diffraction and
lattice spacing measurements.”® Because of these challenges, we
complemented traditional characterization with X-ray photo-
electron spectroscopy (XPS). Experimental conditions of this
work are provided below. Vacuum annealing was used to induce
oxygen vacancies and oxygen annealing was used to remove
carbon from the surface of hematite samples (Table 1).

Table 1. Experimental Conditions for XPS Experiments®

treatment
experiment
sample  designation 1 2 3
NHO08 VAC 300 °C in
vacuum 1 h
NH40 VAC 300 °C in
vacuum 1 h
bulk VAC 300 °C in
vacuum 1 h
NHO08 OAE-1 350 °C at 0.1 250 °C in 300 °C in
Torr O, 1.5h vacuum 1 h vacuum
1.75h
NHO08 OAE-2 300 °C at 0.1 350 °C at 0.1 300 °C in
Torr O, 1h Torr O, 1.5h  vacuum 1 h
NH40 OAE-2 300 °C at 0.1 350 °C at 0.1 300 °C in
Torr O, 1h Torr O, 1.5h  vacuum 1 h
bulk OAE-2 300 °C at 0.1 350 °C at 0.1 300 °C in
Torr O, 1h Torr O, 1.5h  vacuum 1 h

“NHO08 = nano-hematite with a diameter of 8 nm; NH40 = nano-
hematite with a diameter of 40 nm; bulk = bulk hematite. VAC =
vacuum annealing experiment, OAE = oxygen + vacuum annealing
experiment.

Vacuum Annealing Experiments (VAC). Powder X-ray
Diffraction (PXRD). Vacuum annealing (VAC) was performed
as described in Table 1. Bulk hematite, NH40, and NHO08 were
characterized via powder X-ray diffraction (PXRD), electron
microscopy (EM), and X-ray photoelectron spectroscopy
(XPS). Prior to vacuum annealing treatment, the samples
were characterized via PXRD and Rietveld refinement. All Brag
peaks of XRD patterns showed only hematite reflections,
indicating that the main phase was a-Fe,O;. Thus, the samples
were found to be hematite (100%) prior to vacuum annealing
(Figure 1 and Table S2). The PXRD results are displayed in
Table 2 for all starting materials before vacuum annealing. Small
shifts in d-spacings for NH08 due to an amorphous contribution
from the substrate or specimen displacement cannot be ruled
out due to the texture and amount of material used for analysis.
Fe site occupancies, Fe,, can be determined by the ratio
between the (214) and (300) peaks in the hematite PXRD
pattern.”” Fe . varied across crystallite sizes where NHO8 had an
Fe,.. = 0.87 and larger crystallite sizes had greater Fe .. > 0.98.
This finding suggests that NHO8 is Fe-deficient in comparison to
larger crystallite sizes prior to vacuum annealing.”” The Fe,. for
NHOS8 changes to > 0.98 after vacuum annealing, which suggests
that NHO8 is no longer Fe-deficient.

All samples remained crystalline after vacuum annealing
(Figure 1), which is not surprising given that thermal annealing
is known increase and improve crystallinity in solids.”*~** This
improvement in crystallinity and structure is unique to NHOS,
whose Fe deficiencies improved after vacuum annealing.
Further, the increase in Fe,. can be interpreted as NHO8
becoming more like stochiometric hematite.””*

The XRD patterns for NHO8 and NH40 vacuum annealed
samples showed an increase in the intensity of reflections
associated with partially oxidized magnetite along the magnetite-
maghemite solid solution (Fe;O,—Feg/;0,). Magnetite has a
unit cell length (a) of 8.396—8.400 A but, as it oxidizes, the unit
cell becomes smaller due to the smaller atomic size of Fe(III)
and the formation of vacancies, with fully oxidized maghemite
having a unit cell length (a) of 8.33—8.34 A.** Rietveld
refinement results after vacuum annealing (Figures S2—S4,
Table S3) show that bulk hematite contained 98.8 + 0.24%
hematite and 1.18 + 0.48% magnetite/maghemite; NH40
contained 91.4 + 0.35% hematite and 8.58 + 1.38% magnetite/
maghemite; and NHO8 contained 62.2 + 0.85% hematite and
37.8 + 1.84% magnetite/maghemite. The Rietveld refinement
results ultimately suggest that the samples after vacuum
annealing are hematite with a magnetite-maghemite solid
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Figure 1. Powder X-ray diffractograms before and after vacuum annealing (VAC): (A) bulk hematite; (B) NH40; and (C) NHO08. Simulated magnetite

and hematite patterns are based on published patterns.”*~>>

Highlighted regions and asterisks show the contribution of magnetite to the hematite

samples. Note: The colored boxes represent the type of sample; bulk hematite as red, NH40 as purple and NHO8 as green.
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Table 2. PXRD Results for All Hematite Samples before and
after Vacuum Annealing (VAC) Experiments

before vacuum

annealing after vacuum annealing
d- d-
spacing spacing
sample (A) hkl hkl mineral phase
NHO08 3.685 (012) 3.649 (012) hematite
2.704 (104) 2.948 (220) magnetite/maghemite
2.513 (110) 2.685 (104) hematite
2.209 (113) 2.508 (311), magnetite/maghemite,
(110) hematite
1.842 (024) 2.188  (113) hematite
1.695 (116) 2.088 (400) magnetite/maghemite
1.593 (018) 1.832 (024) hematite
1.485 (214) 1.689 (422), magnetite/maghemite,
(116) hematite
1.453 (300) 1.606 (511), magnetite/maghemite,
(018) hematite
1.315 (1010) 1.480 (440), magnetite/maghemite,
(214) hematite
1.259 (220) 1.449 (300) hematite
1.309 (1010) hematite
1277 (533) magnetite/maghemite
NH40 3.715 (012) 3.649 (012) hematite
2.711 (104) 2.939 (220) magnetite/maghemite
2.527 (110) 2.677 (104) hematite
2.209 (113) 2.499 (311), magnetite/maghemite,
(110) hematite
1.845 (024) 2.193 (113) hematite
1.697 (116) 2.074  (400) magnetite/maghemite
1.606 (018) 1.832 (024) hematite
1.492 (214) 1.687 (422), magnetite/maghemite,
(116) hematite
1.454 (300) 1.594 (511), magnetite/maghemite,
(018) hematite
1.316 (1010) 1.480 (440), magnetite/maghemite,
(214) hematite
1.258 (220) 1.447 (300) hematite
1.307 (1010) hematite
1276 (533) magnetite/maghemite
bulk 3.710 (012) 3.664 (012) hematite
2715 (104) 2.693 (104) hematite
2.529 (110) 2.508 (311), magnetite/maghemite,
(110) hematite
2215 (113) 2.203 (113) hematite
1.848 (024) 2.074 (400) magnetite/maghemite
1.701 (116) 1.839 (024) hematite
1.607 (018) 1.692 (422), magnetite/maghemite,
(116) hematite
1.490 (214) 1.596 (511), magnetite/maghemite,
(018) hematite
1.456 (300) 1.484 (440), magnetite/maghemite,
(214) hematite
1.314 (1010) 1.451 (300) hematite
1.261 (220) 1.310 (1010) hematite
1.257 (220) hematite

solution series (which is commonly referred to partially oxidized
magnetite).”* This change in phase from hematite to oxidized
magnetite (maghemite) is expected, as the vacuum annealing
process can reduce Fe(III) to Fe(Ir).'>'%**~

The PXRD and Rietveld refinement results show that the
extent of hematite reduction is size dependent. The extent of
reduction followed the trend NHO8 > NH40 > Bulk, with
increased d-spacings corresponding to formation of phases that
were closer to the magnetite end of the solid solution at smaller
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crystallite sizes. Wang et al.>® report a solid phase transformation
from akaganéite to a maghemite/magnetite phase as a result
from high pressure (i.e., vacuum heating >10~" mbar) and also
report a size-dependent transformation from akaganéite to
maghemite. Another study led by Karim et al.”’ probed the
extent of oxidation of iron oxide nanoparticles and evaluated the
size-dependent redox behavior of iron via spectro-microscopy.
The study showed that there was a greater extent of oxidation
with the smaller nanoparticles, which they attribute to smaller
crystallite sizes having more structural disorder and less
commensurate interfaces between crystallites which enhances
diffusion of vacancies and iron cations.” Similarly, we propose
that the structural disorder and high reactive surface area at
smaller crystallite sizes may play a role in the transformation of
hematite to maghemite/magnetite in this study.

Transmission Electron Microscopy. To further investigate
these changes in the crystalline structure, we conducted high-
resolution TEM (HR TEM) and electron diffraction analyses on
vacuum annealed NH40 and NHO08. We focus here on the
results for NHO8, but equivalent information is provided in
Figure S5—S6 and Table S4—S5 for NH40. HR TEM analysis
was conducted on four different locations of the NH08 sample
to determine the crystalline phase(s) (Figure 2). The HR TEM
analyses (Figure 2A) revealed d-spacings that suggest the
presence of multiple crystalline phases (e.g., hematite,
maghemite, and magnetite). Area #1 aligned with the hematite
(012) plane (d = 0.36 nm), Area #3 aligned with magnetite
(111) plane (d = 0.48 nm), and Area # 2 and Area #4 aligned
with the hematite (104) plane (d = 0.27 nm).”"° In addition, we
observed voids in NHO08 and NH40 (Figure S7) that may have
been induced by the vacuum annealing treatment.** These voids
were likely created by temperature-induced stress and the
condensation of oxygen vacancies at the surface of the
materials.”"** Although other studies have found that electron
beam irradiation may cause the formation of voids,” we did not
observe void formation even after allowing the electron beam to
dwell on a vacuum annealed sample for 5—10 min. No inclusions
were found in the voids via HR TEM analyses. Additional
electron microscopy imaging is available in the SI file (Figures
$8—S10).

NHO08 displays a distorted lattice based on the electron
diffraction results, with a smaller d-spacing (Figure 2B, Table 3,
and Figure S11) for the starting material than would be expected
for bulk hematite, i.e., ~ 3.4 A versus ~ 3.6—3.7 A for the (012)
crystal plane,** which may be a result of lattice distortions or
structural defects.”** Similarly, Souza et al.** report a decrease in
d-spacing in the electron diffraction results as structural defects
increase in 2-line ferrihydrite due to Al-substitution. Although
the PXRD results (Figure 1) show that the bulk structure of
NHO8 aligns with hematite, at nanoscale, there may be defects in
the structure which results in a decrease in d-spacing. To our
knowledge, no other study reports a smaller d-spacing for
hematite nanoparticles for electron diffraction. After vacuum
annealing, NHO8 is polycrystalline (Figure 2C) and the d-
spacing is consistent with larger hematite crystallite sizes (Table
3, Figure S12). These changes can be attributed to the increase
in grain size after annealing treatment.** After vacuum
annealing, the mobility of surface adatoms is increased, which
leads to the coalescence of small grains into larger grains with
improved crystallinity.”® Annealing improves crystallinity,*’
increases crystallite size,”® and likely removes the lattice
distortions in the NHO8 starting material.
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Figure 2. (A) Transmission electron microscopy (TEM) image and high resolution transmission electron microscopy (HR TEM) analyses of NH08
after vacuum annealing (VAC). (B) Electron diffraction prior to vacuum annealing. (C) Electron diffraction of NHO8 after vacuum annealing.

Table 3. Crystal Plane Spacing Calculated from the Electron
Diffraction of NHO8 before and after Vacuum Annealing
(VAC)*

d-
SPE‘Cln before  SPACING,grer
sample % (A) hkl g, mineral phase .,
NHO08 3.452 4.861 (111) magnetite
2.563 3.755 (012) hematite
2.338 2.974 (220) magnetite/maghemite
2077 2754 (104) hematite
1.736 2.581 (311), magnetite/maghemite,
(110) hematite
1.612 2239 (113) hematite
1.407 2.124 (400) magnetite/maghemite
1.250 1.877 (024) hematite
1.729 (422), magnetite/maghemite,
(116) hematite
1.630 (511) magnetite/maghemite
1.487 (440), magnetite/maghemite,
(214) hematite
1.337 (620), magnetite/maghemite,
(1010) hematite

“The subscript “before” represents the d-spacing values and hk! of the
starting material prior to vacuum annealing, whereas the subscript
“after” represents the d-spacing values and hkl of NHO8 after vacuum
annealing. Due to the potentially distorted lattice of NHO08, hkltor.
values are not reported and assigned.

The diversity in d-spacings in Table 2 and Table 3 confirm
that partial reduction of hematite nanoparticles to a phase along
the magnetite-maghemite (Fe;O,—Feg,3;04) solid solution
occurs after vacuum annealing. Complete phase transitions to
magnetite or another Fe(II)-bearing mineral surface would be
expected at higher temperatures (>350 °C).'>"'%*>* Oxygen
vacancies, when present in sufficient concentration, reduce
Fe(IlI) to Fe(I),"> which can lead to an eventual phase
transition to Fe;O,—Feg,;0,." 7> Thus, partial reduction may
have been caused by a high concentration of oxygen
vacancies.' "

X-ray Photoelectron Spectroscopy (XPS). The effect of
oxygen exposure and vacuum annealing on the hematite samples
was investigated by surface sensitive XPS; survey scans can be
found in the SI (Figure S13—S15). The C 1s region (Figure 3)
and the survey spectra (Table S6) showed that the carbon
content of all three samples increased to 25—30% after vacuum
annealing. Additionally, the type of carbon changed from typical
adventitious carbon to amorphous carbon after annealing.”' ~>*
Build-up of adventitious carbon species from the atmosphere is
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typical of air-exposed samples.”* The impact of sample storage
environments and long beam exposures in the reduction of
carbon species over time can contribute to carbon accumu-
lation.****® The increase in carbon at the surface after vacuum
annealing may be due to the carbon coming from the pores of
the material, given that the sample is a powder pellet. In
addition, the changes in carbon speciation may be due to either
the loss of oxygen functional I groups (e.g, O—C—0, CO,)* or
potential dehydrogenation® after vacuum annealing. Carbon
species (e.g., esters, carbonates, and carbonyls) were identified
through fitting of the C 1s spectra in CasaXPS using line shapes
with 70% Gaussian and 30% Lorentzian contributions.’”
Additional XPS fitting (i.e., O 1s) and parameters are described
in the SI (Figure S16 and Table S7).

Three major conclusions can be drawn by comparing the C 1s
region spectra collected before vacuum annealing (Figure 3A—
C, top row) and after vacuum annealing (Figure 3D—F, bottom
row): (1) C = C conjugation was apparent at ~ 284.4 eV; (2) the
m—n* satellite (~290 eV) appeared; and (3) there were changes
to C = O concentration at the surface (288—290 eV). There is a
change in speciation after vacuum annealing, as indicated by the
decrease in the intensity of the C—C peak at 285 eV and an
increase in the intensity of the C = C peak at 284.4 eV. This
change in speciation suggests that surface carbon becomes more
graphitic.””°" In addition, there is also a decrease in the intensity
of the carbonate peak, which may be due to a decrease in
carbonate species (~289.3 eV), with studies reporting an
increase in temperature in ultrahigh vacuum can lead to the
removal of carbonate 2% During the thermal annealing of
graphene oxide, the sp* carbon fraction increases with increasing
vacuum annealing temperature due to the removal of oxygen
functional groups,”” as evidenced by the narrowmg of the sp>-C
peak in the XPS C 1s core-level spectra.’® The sp*hybridized
carbon is a good indicator of graphitization in carbonaceous
material after vacuum annealing.*®

Fe 2p spectra provide insight into the oxidation state at the
hematite surface before and after vacuum annealing.”® For
example, Fe 2p;,, core-level lines for a-Fe,O; (an Fe(IlI)
compound), Fe;O, (a mixed Fe(II) and Fe(IIl) compound),
and FeO (an Fe(II) compound) occurat 711.0,710.3,and 710.0
eV, respectively,” and there is a well-known Fe(III) satellite
around 719 €V (~8.5 eV above the main peak).”> The Fe 2p
spectra for bulk hematite, NH40, and NHO8 showed an increase
in Fe(II) content after vacuum annealing (Figure 4A—C). The
Fe 2p;,, and Fe 2p, ), peaks broadened and shifted to lower
binding energy and there was a decrease in the intensity of the
Fe(III) satellite."”*> The Fe(III) satellite intensity decreased

https://doi.org/10.1021/acs.jpcc.4c08423
J. Phys. Chem. C 2025, 129, 7316—7326


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08423/suppl_file/jp4c08423_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08423/suppl_file/jp4c08423_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08423/suppl_file/jp4c08423_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08423/suppl_file/jp4c08423_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08423/suppl_file/jp4c08423_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c08423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC

Buk << NH40 'C_C'B NHog™ 'c.-c'C
. A i o-c-o C-O

Wz z 3
s 31 Tl
g £ 3
Ol 5 g
L 2l 2 2
w 2 : z
8 gl i
M £ &
- E
202 200 288 286 284 282| 202 200 288 286 284 282 | 202 200 288 286 284 282
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
T T T T T T T . T T T T c=(': 1 M ¥ T T T =' T
[ Bulk 1| | NH4o ] NH08 c=c
— - c=C - =
oz oso 9 . 0co %P - |
c -C/1 -
LLI 5 C-C E 2
sf g
E s g s
2 < 2
< z2f 2 2
8 @ st
£ 9 £
L £
204 202 290 288 286 284 282 280 204 292 290 288 286 284 282 280 204 202 200 288 266 264 262 280
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3. C 1s core-level X-ray photoelectron spectra. Panels (A—C) show the carbon content and speciation before vacuum annealing, and panels
(D—F) show the carbon content and speciation after vacuum annealing (VAC). The colored boxes represent the type of sample; bulk hematite as red,
NH40 as purple and NHO8 as green.
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Figure 4. Selected XPS core-level spectra of samples before and after vacuum annealing (VAC): (A) bulk hematite Fe 2p core-level spectra; (B) NH40
Fe 2p core-level spectra; (C) NHO8 Fe 2p core-level spectra; (D) bulk hematite valence band; (E) NH40 valence band; (F) NHO8 valence band. (a)
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7321 https://doi.org/10.1021/acs.jpcc.4c08423
J. Phys. Chem. C 2025, 129, 7316—7326


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08423?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c08423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

OAE-1

Normalized Intensity (arb. units)
Normalized Intensity (arb. units)

Normalized Intensity (arb. units)

Binding Energy (eV)

I \ 1 ks 1] NHO8
NH08 | ren | S
| e Before anneal \\ 4 | N H 0 8 4 | e Before anneal \ 4
O, anneal \ Before anneal O, anneal A\ R
s \/acuum anneal 250°C 0, Annealed === \/acuum anneal 250°C N N
- Vacuum arlmeal 300‘6. ) Vacuum Annealed 300°C Vac:.lum anneall 300°C )
740 730 720 710 700 70 65 60 55 50 8 6 B 2 0 -2

Binding Energy (eV)

Binding Energy (eV)

D E

OAE-2

- Normalized Intensity (arb. units)

——— NH40
B Bulk

Normalized Intensity (arb. units)

L

w— NH40
i Bulk

Normalized Intensity (arb. units)

N M L 1 "

730 720 710

Binding Energy (eV)

&

740 700

70

65
Binding Energy (eV)

-]

6 B 2

Binding Energy (eV)

60 55 -2

]

Figure 5. Comparison of the X-ray photoelectron spectra for NHO8 (OAE-1) as (A—C); X-ray-photoelectron core-level spectra of all samples (OAE-
2) as (D—F) where (D) Fe 2p core-level spectra, (E) Fe 3p core-level spectra, and (F) valence band spectra. OAE-1 represents an experiment where
some carbon was removed at the surface due to one oxygen annealing step followed by two vacuum annealing steps. OAE-2 represents a second,
separate experiment where the carbon was nearly completely removed from sample surfaces due to two oxygen annealing steps followed by one
vacuum annealing step. Spectra were collected on two separate areas, one spectrum per area, on the sample surface and displayed together to highlight
any differences at the surface for the vacuum annealed samples at 300 °C (green) in OAE-1 (Fe 2p, Fe 3p, and valence band). OAE-2 had spectra
collected at two separate areas, one spectrum per area, for all sample surfaces (Fe 2p and Fe 3p). OAE-1 is represented by a blue box while OAE-2 is

represented by an orange box.

with decreasing nanoparticle size (NH40 and NHOS,
respectively) after vacuum annealing, which suggests that
smaller hematite nanoparticles have more Fe(II) at the surface,
in agreement with diffraction data.’ In the case of NHOS, the Fe
2ps/, peak position (~710 eV) was consistent with Fe(II)-
bearing iron oxides, such as wurtzite (Fe'O), and mixed Fe(II)/
(1II)-nearing iron oxides, such as magnetite (Fe304),35’66 and
contained a Fe(I) satellite.’” Similar observations and
conclusions were reached regarding the Fe 3p spectra (Figure
S17). The Fe reduction results align with an XPS study by Lahiri
et al,'® who attribute an increase in Fe(II) in Fe 3p core-level
spectra after vacuum annealing due to the presence of oxygen
vacancies.

The valence band spectra highlight changes to Fe oxidation
state."”%® In the valence band spectra of bulk hematite (Figure
4D), a small shoulder appeared around 1.5 eV after vacuum
annealing, which Minati et al.®® suggest may be due to the
presence of Fe(II) in octahedral coordination. The valence band
spectra for NH40 and NHO8 show an increasingly large shoulder
at lower binding energies with decreasing crystallite size (Figure
4E—F). These results suggest that there is an increase in Fe(II)
species'’ with decreasing crystallite size. Hematite has a band
gap of 2.1-2.2 eV, the energy of which can be influenced by
crystallite size.*”

Studies by Lahiri et al."” find that oxygen vacancies can form at
300 °C by vacuum annealing and that oxygen vacancies can
induce Fe reduction on hematite surfaces. Prior to the vacuum
annealing step, the samples underwent an oxygen annealing step
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(100 mTorr O, in 300 °C) to remove adsorbates and carbon.'’
The results show that Fe reduction occurs at the (104) surfaces
of 80 nm hematite nanoparticles, but not the (001) surfaces of
200 nm hematite particles or the (012) surfaces of 30 nm
hematite nanoparticles.'” They find that the heating in vacuum
led to preferential oxide reduction on the (104) surface and an
increase in reactivity. In comparison, our VAC experiments also
show that Fe reduction occurred at the surfaces of bulk hematite,
NH40, and NH08. However, in Lahiri et al,,'’ the extent of Fe
reduction was not as drastic as our experiments which we
hypothesize is due to their removal of carbon from sample
surfaces in the initial step via oxygen annealing.

Fe reduction follows the trend NH08 > NH40 > Bulk, where
Fe reduction is greater at smaller crystallite sizes after vacuum
annealing. This size-dependent result has not been reported
elsewhere. Here, we observe a correlation between initial
crystallite size and oxygen loss after vacuum annealing; Fe
reduction occurs more readily on nanoscale surfaces than bulk
hematite surfaces. Both the PXRD results (Figure 1 and Table 2)
and electron diffraction (Figure 2 and Table 3) show that we
have a hematite with magnetite-maghemite in solid solution
after vacuum annealing. This phase transformation is direct
evidence for oxygen loss because as hematite becomes oxygen
deficient (i.e., a-Fe,0;.,), magnetite/maghemite can form from
changes in stoichiometry. Fe reduction after vacuum annealing
has been attributed to the creation of oxygen vacancies.'”'>*>
We propose that oxygen vacancy formation is the main
mechanism of Fe reduction but also hypothesize that carbon
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is participating in the reduction by serving as a sink for oxygen
removal. Carbonaceous material is known to reduce transition
metal oxides, such as copper oxides, during vacuum anneal-
ing.**>” This is because the oxygen may interact with the surface
carbon and create CO,, species, contributing to the oxygen loss
in this system.”> Therefore, due to the increase in carbon
concentrations at the surface observed after vacuum annealing
treatment (Table S6), an investigation into the effect of carbon
on Fe reduction at hematite surfaces was conducted.

Oxygen and Vacuum Annealing Experiments (OAE-1
and OAE-2). Oxygen annealing can remove oxygen vacan-
cies,"”*””" and it is also a treatment employed to remove carbon
from sample surfaces.'” To isolate and better understand the
role of carbon, we conducted two different oxygen + vacuum
annealing experiments (Table 1): OAE-1 served to partially
remove carbon off the surface, and OAE-2 removed nearly all of
the carbon from the sample surfaces. The atomic percentage of
carbon in each sample and sample treatment are provided in
Tables S8 and S9, and the survey scans for both OAE-1 and
OAE-2 are in Figure S18 and Figure S19, respectively.

The Fe 2p core-level spectra, Fe 3p core-level spectra, and
valence band spectra for NHO8 were collected before and after
each OAE-1 treatment (Figure SA—C). The Fe 2p core-level
spectra before treatment and after the oxygen annealing step are
very similar. Slight shifts to higher binding energies after oxygen
annealing may be due to enhanced crystallinity and improve-
ment in crystalline structure.”” Once the sample was vacuum
annealed (to 250 °C and then 300 °C), the intensity of the
Fe(III) satellite at 719 eV decreased, which correlates to an
increase in Fe(II) species (Figure SA)."” Further, the Fe 2ps,
peak position shifted to 710.5 eV and the Fe 2p;, peak
broadened, indicating that Fe reduction occurred. Similar
observations were made for the Fe 3p core level spectra (Figure
SB). The valence band spectra confirm Fe reduction, as
indicated by the shifting of the shoulder to lower binding
energies after vacuum annealing (Figure SC). Fe reduction was
not expected at the lower vacuum annealing temperature (ie,
250 °C), as previous studies do not report Fe reduction
occurring until 300 °C due to oxygen vacancies.'® Therefore,
this is the lowest temperature reported where there was
spectroscopically observable Fe reduction on hematite surfaces
due to oxygen vacancies under vacuum annealing conditions.

In the second set of oxygen + vacuum annealing experiments
(OAE-2), carbon was removed by two oxygen annealing steps
and one vacuum annealing step. The resulting Fe 2p core-level,
Fe 3p core-level, and valence band spectra are displayed in
Figure S. The spectra are identical across all three hematite
samples (bulk, NH40, and NHO08) indicating the lack of Fe
reduction (Figure SD—F) in the near-absence of carbon (Table
$9).

B CONCLUSIONS

In our VAC results, the carbon atomic concentrations at the
surface increased and the amount of Fe(II) present increased
with decreasing crystallite size. We hypothesize that the high
reactive surface area of NH40 and NHO8 (Table S1) enhances
the interactions with carbon at the surface, which leads to
enhanced oxygen loss in the system at smaller crystallite sizes. Li
et al.”* shows that carbon may take part in the reduction of CuO
to Cu,O by combining with oxygen atoms to form CO,, which
establishes that carbon has an influence on enhancing oxygen
loss in copper oxide films. Similar CO, species are likely forming
under our experimental conditions, but in the absence of mass
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spectrometry data, the extent of CO, is qualitative. A future
investigation that couples XPS with mass spectrometry to
monitor gas evolution would make evident the extent of oxygen
loss in these systems.

The oxygen + vacuum annealing results show that carbon
plays a definitive role in Fe reduction. In the presence of some
carbon (OAE-1), Fe reduction occurred, though the amount of
Fe reduction was significantly less than in the VAC experiments.
In the near-absence of carbon (OAE-2), we did not observe any
Fe reduction, regardless of crystallite size. These results show
that the presence and amount of carbon is significant, as it serves
as a sink for the removed oxygen and enhances oxygen vacancy
creation which leads to Fe reduction (under vacuum annealing
conditions). Other studies, e.g., by Hensling et al,'® also report
that contaminants such as CO and H, play a role in enhancing
oxygen vacancy formation during vacuum annealing. Reductive
molecules, such as H,, can create oxygen vacancies via electron
transfer to the surface oxygens.”” Proton-assisted reactions can
also contribute to the creation of oxygen vacancies.”" We
propose that the reactions that produce H,O are still consistent
with hydrocarbon contaminants having a role in the reduction
process.”’

In addition, it is possible that the higher concentrations of
Fe(II) were also produced through carbon-mediated reactions,
as described by reactions 1 and 2.”° The proposed carbon-
mediated reduction reactions remove oxygen and create oxygen
vacancies that facilitate the reduction of hematite to phases
along the magnetite-maghemite solid solution.

6Fe,05(s) + C(s) = 4Fe;0,(s) + CO,(g) (1)

)

These reactions are also thermodynamically favorable (AG at
300 °C = — 75.1 iJ'mol™" and — 2.0 kJ-mol ™", respectively).”

As mentioned earlier, a similar study by Lahiri et al."” report
Fe surface reduction on hematite nanoparticles after vacuum
annealing due to oxygen vacancies. Prior to vacuum annealing,
Lahiri and team g)erform an oxygen annealing step that removes
surface carbon.'® In our VAC experiments, we did not remove
carbon from the sample surfaces prior to vacuum annealing. The
extent of Fe reduction here was greater than the Lahiri et al.
study, which we attribute to both oxygen vacancies and carbon
serving as a sink for oxygen removal."” In addition, their study
does not report a size-dependent trend with surface reduction as
we observe and report in this study.

This study highlights the importance of interactions between
defects and available carbon on surface reactivity. Future work
under controlled vacuum annealing conditions (e.g.,, varying
high pressure, higher temperatures) will explore the quantitative
nature of the interplay between defects and carbonaceous
material, and the effect this has on the reduction of Fe at iron
oxide mineral surfaces.

3Fe,0,(s) + C(s) — 2Fe;0,(s) + CO(g)
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