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ABSTRACT: Defects are common features in hematite that arise
from deviations from the perfect mineral crystal structure. Vacancy
defects have been shown to significantly enhance arsenate (As)
immobilization by hematite. However, the contributions from
vacancy defects on different exposed facets of hematite have not
been fully quantified. In this study, hematite samples with various
morphologies were pretreated with sodium borohydride (NaBH4)
to generate oxygen vacancy defects (OVDs), analyzed quantita-
tively using extended X-ray absorption fine structure (EXAFS) and
thermogravimetric analysis (TG). Batch experiments revealed that
the OVDs on different exposed facets showed significant variations
in improving arsenate adsorption, i.e., the quantitative enhance-
ment of arsenate adsorption amount per unit OVD concentration
(ΔQm/Cdefect) followed the sequence of (110) facet (80.05 μmol/mmoldef) > (001) facet (31.85 μmol/mmoldef) > (012) facet
(13.14 μmol/mmoldef). The underlying mechanism by which OVDs affect arsenate adsorption across different exposed facets of
hematite was studied. The results reveal that the tremendous improvement of arsenate adsorption caused by OVDs on the (110)
facet compared to (001) and (012) facets was attributed to their stronger bonding strength of As to under-coordinated Fe atoms,
thus significantly promoting the immobilization of arsenate. The findings of this study enhance our ability to precisely understand
the migration and fate of As while also aiding in the design of highly efficient iron mineral materials for mitigating As pollution.
KEYWORDS: hematite, vacancy defect, morphology, arsenate, immobilization

1. INTRODUCTION
The contamination of arsenic (As) in the environment has
emerged as a serious issue due to its high toxicity and
carcinogenicity, posing significant risks to human health and
the biosphere.1,2 The retardation of As by minerals through
reduction, adsorption, or precipitation mechanisms is one of
the dominant natural processes to affect the migration and fate
of As.3,4 Hematite (α-Fe2O3) is a natural and thermodynami-
cally stable phase of iron oxides with high reactivity, which
extensively participates in nutrient cycling, heavy metal
adsorption, and mineral redox transformation.5−7 Naturally
occurring and laboratory-synthesized hematite can have
various morphologies (e.g., plates, needles, spindles, and
pseudocubes) due to the incorporation of impurities (e.g.,
aluminum), the change of aging time, and the utilization of
organic additives (e.g., citrate, maltose, amines, and dioxane)
during the formation and transformation,8 which gives the
hematite different reactivities for the immobilization of heavy
metals, for example, for arsenate.9,10 In addition, a perfectly
crystalline structure of hematite rarely exists in natural
environments because of the biological corrosion of mineral
surface and relatively low environmental temperature, thereby
contributing to the generation of vacancy defects.11−13

Therefore, vacancy defects, along with morphology, influence
the physical and chemical properties of naturally occurring iron
minerals.
Generally, defects in iron minerals arise from deviations in

its perfect crystal structure, which typically include vacancies
involving iron (Fe) and oxygen (O). Similar to the
morphology, vacancy defects are also observed to have a
considerable influence on the reactivity of Fe-bearing minerals.
For example, vacancy defects were observed to trigger the
electron transfer behavior of Fe(II)-goethite and accelerate the
microbial reduction of goethite.14,15 Iron minerals with
attached fungi could generate more oxygen defects through
fungal activity, thus indirectly modulating the peroxidase-like
activity.16 In addition, in our previous work, we confirmed that
iron and oxygen vacancies could significantly promote the
adsorption capacities of iron (oxyhydr)oxides for arsenate
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removal, which was attributed to the increase of As−Fe
binding strength in the defect sites.10,17 These findings indicate
that vacancy defects are as crucial as the morphology in
regulating the interfacial reaction behaviors of iron minerals.
However, the surface terminations of hematite vary depending
on its morphology.6,18−21 For example, nanoplate-like hematite
predominantly exposes the (001) facet, featuring doubly
coordinated oxygen atoms in its surface termination.22,23 In
contrast, nanocube-like hematite, which exposes the (012)
lattice facet, includes additional singly and triply coordinated
oxygen atoms.23,24 Liang et al. proposed that each Fe vacancy
defect in the (001) facet of hematite could generate three �
FeOH−0.5 and �Fe3O−0.5 sites in the surface termination.13

Notably, such defects have no obvious contribution to the
increase in total site densities in the (012) facet of hematite
because it has a rough surface characterized by “ridges” and
“valleys” of oxygen atoms. This means that the sites on the
surface termination of hematite, modified by vacancy defects,
differ in their ability to adsorb heavy metals.
An increasing number of researchers have highlighted that

the formation of vacancy defects in iron minerals can be
triggered through both biotic and abiotic pathways in natural
environments. For example, Hu et al. found that dissimilatory
iron-reducing bacteria (DIRB), such as Shewanella putrefaciens
CN-32, could induce the formation of vacancy defects on
hematite surfaces through biological corrosion of the mineral
surface.25,26 Similar phenomena have also been observed with
other microorganisms, such as the bacteria Escherichia coli27

and the fungus Talaromyces guizhouense NJAU 4742.16

Compared with biotic pathways, the incorporation of
secondary metal ions represents a typical abiotic approach to
generate vacancy defects in iron minerals. For instance, the
substitution of structural Fe atoms by metal ions such as
aluminum (Al), copper (Cu), and cobalt (Co) has been
observed to create more vacancy defects in iron minerals.28−30

This is largely due to the similar ionic radii of these metal ions
to that of Fe, making isomorphous substitution a common
phenomenon.31 In addition to metal ion substitution, mineral
crystal growth under low-temperature conditions is another
abiotic approach that favors the formation of vacancy defects.
Previous studies have demonstrated that manganese oxides
formed at relatively low temperatures (e.g., 50 °C) exhibit
more vacancy defects compared to those formed at higher
temperatures (e.g., 120 or 180 °C).32 Similarly, positron
annihilation lifetime (PAL) spectroscopy has confirmed that
poorly crystalline ferrihydrite prepared at room temperature
exhibits larger vacancy defects than well-crystalline hematite
prepared at 180 °C.33 Therefore, vacancy defects are intrinsic
characteristics of naturally occurring iron minerals. Moreover,
the morphologies of iron minerals in natural environments can
be influenced by isomorphous substitution and reaction
temperature.8 For instance, Al substitution is prevalent in
tropical and subtropical soils, with the Al content in iron
minerals (e.g., hematite) ranging between 7.7 and 11.3%.34

The morphology of hematite is significantly affected by varying
levels of Al substitution.9,19 Common morphologies, such as
cube-, plate-, and rod-like structures, are observed in hematite,
each exposing distinct lattice facets.9,21,35,36 These findings
suggest that vacancy defects, driven by factors such as low
temperatures, the prevalence of isomorphous substitution, and
biological corrosion, are most likely to form on the various
exposed lattice facets of morphology-dependent hematite in
natural environments.

Fe-bearing minerals have been reported to act as a sink for
arsenic, controlling its migration and fate in natural environ-
ments.37,38 Additionally, Fe-bearing minerals are extensively
employed as adsorbent materials for the remediation of
arsenic-polluted soil and groundwater.39−41 Although vacancy
defects are intrinsic characteristics of hematite, it is still unclear
how and why vacancy defects affect arsenic immobilization by
morphology-dependent hematite. Revealing the quantitative
contributions of vacancy defects to arsenic immobilization
across various exposed facets of morphology-dependent
hematite is therefore of scientific significance. It enhances
our ability to predict the fate of toxic arsenic controlled by iron
minerals in soils and sediments while providing a potential
practical application for designing efficient remediation
strategies to address As pollution. Herein, perfectly crystalline
hematite samples with nanocube-, nanoplate-, and nanorod-
like morphologies were treated with NaBH4 to induce the
formation of oxygen vacancies in their respective exposed
lattice facets. The characteristics and contents of vacancy
defects were carefully investigated using electron paramagnetic
resonance (EPR),42 positron annihilation lifetime spectrometry
(PAL),43,44 extended X-ray absorption fine spectroscopy
(EXAFS),45,46 and thermogravimetric analysis (TGA).10 The
objectives of this study are (1) to reveal the characteristics of
vacancy defects in morphology-dependent hematite samples,
(2) to evaluate the quantitative contribution of vacancy defects
on arsenate immobilization across various lattice facets of
hematite, and (3) to provide mechanistic insights into how
vacancy defects on various lattice facets influence arsenate
adsorption by hematite.

2. MATERIALS AND METHODS
2.1. Mineral Preparation. Perfectly crystalline hematite

samples with nanoplate (denoted as HNP), nanocube
(denoted as HNC), and nanorod (denoted as HNR)
morphologies were synthesized according to procedures
reported in the literature.6,47,48 To produce vacancy defects
in morphology-dependent hematite, we utilized NaBH4
solutions to treat the perfectly crystalline hematite samples.10,49

0.32 g portion of hematite powder was added into NaBH4
solutions (40 mL, 1 M concentration) at room temperature
under magnetic stirring. After 2 h, the samples were thoroughly
washed with deionized water and ethanol multiple times to
eliminate any residual NaBH4 adhering to the mineral surface
and subsequently dried in an oven at 40 °C. The defective
HNP, HNC, and HNR samples obtained were denoted as
DHNP, DHNC, and DHNR, respectively. Details of
preparation procedures for the hematite samples are presented
in Text S1.
2.2. Bulk Characterizations. The mineral phase,

morphology, and structure of the morphology-dependent
hematite samples were characterized by using X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy, synchrotron-based X-ray absorption
spectroscopy (XAS), and X-ray photoelectron spectroscopy
(XPS), respectively. The specific surface area was characterized
by Brunauer−Emmett−Teller (BET) analysis. The defective
structure of the hematite was characterized using electron
paramagnetic resonance (EPR), angle-resolved X-ray photo-
electron spectroscopy (ARXPS), and positron annihilation
lifetime (PAL) spectroscopy. The surface-active sites, surface
complex, and bonding analysis of As(V) on hematite were
characterized by in situ diffuse reflectance infrared Fourier
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transform spectroscopy (DRIFTS) and density functional
theory calculations (DFT), respectively. Detailed information
is presented in Text S2.
2.3. Quantification of Vacancy Defect Concentration

in Morphology-Dependent Hematite. The vacancy defect
concentration in morphology-dependent hematite samples was
quantitatively calculated using the thermogravimetric (TG)
analysis approach reported in our previous study.10 Before the
experiment, the samples were dried in the oven at 105 °C for
12 h to eliminate the effect of physical adsorption water on the
OVD concentration measurements. First, a relatively slow
heating rate of 0.5 °C min−1 was used for 30 min to purge the
pipe further to obtain a relatively smooth baseline. Then, a
certain mass of hematite samples was placed in a Pt crucible,
and the curve was recorded from 45 to 850 °C in a flow of 5
vol % of the O2/Ar with a heating rate of 10 °C min−1.
2.4. Batch Arsenate Adsorption Experiments. Batch

adsorption experiments were conducted at a stirring velocity of
280 rpm at 25 °C with an ionic strength of 0.02 M NaNO3.
Disodium arsenate heptahydrate (Na2HAsO4·7H2O) was
prepared as the As(V) stock solution, and the initial stock
concentrations of As(V) ranged from 0 to 0.27 mM. Hematite
suspensions with initial concentrations of 0.15 g L−1 were
prepared and stirred on a magnetic mixer for 24 h. The
solution pH was adjusted to 6.0 by using 1 M HCl and 1 M
NaOH. After 24 h, the supernatant was filtered through a
membrane filter with a pore size of 0.22 μm. The
concentrations of arsenate in the filtrates were measured by
using an atomic fluorescence spectrometer (AFS-9700). To
verify whether any As(III) species were formed via interactions
with hematite during the batch experiments, we collected As
K-edge XANES data of As(V) adsorbed hematite powders
(Figure S1). Linear combination fitting results confirmed that
only As(V) species were present on the surface of all hematite
samples (Table S1), indicating that As(V) was not reduced to
As(III) during the batch experiments.
2.5. Density Functional Theory (DFT) Calculations.

DFT calculations were conducted to further explore the
chemical behavior of the H2AsO4

− ion on the (001), (012),

and (110) surfaces of α-Fe2O3. All calculations were performed
using the Vienna Ab initio Simulation Package (VASP) with
the Perdew, Burke, and Enzerhof (PBE) formulation.50,51

Projected augmented wave (PAW) potentials were applied to
describe the ionic cores and account for valence electrons,
utilizing a plane wave basis set with a kinetic energy cutoff of
450 eV.52−54 The density of states (DOS) and crystal orbital
Hamilton population (COHP) methods were utilized to
analyze the bonding chemistry of surface complexes.55,56

Details of the calculation parameters are presented in Text S3.

3. RESULTS AND DISCUSSION
3.1. Bulk Characterization. Figure S2a presents the XRD

patterns of the synthesized hematite samples before and after
treatment with NaBH4 solutions. All diffraction signals of
hematite samples were consistent with the crystallographic
database (JCPDS 33-0664), indicating that HNP, HNC, and
HNR samples exhibit the pure phase of hematite (α-Fe2O3).
The sharp diffraction signals observed in the three hematite
samples indicate their excellent crystallinity. The superior
crystallinity of the hematite samples reflects a well-ordered
periodic arrangement of Fe and O atoms in the structure,
resulting in fewer atomic vacancy defects. After treatment using
NaBH4 solutions, the XRD patterns of DHNP, DHNC, and
DHNR samples remained the same as before, and no new
reflections corresponding to other iron minerals (e.g., goethite
and/or magnetite) were observed in the patterns, indicating
that the NaBH4 treatment did not change the hematite
structure. Boron (B) and sodium (Na) can be characterized by
B 1s and Na 1s peaks in XPS spectra, which are commonly
observed at binding energies of approximately 192 and 1071
eV, respectively. As shown in Figure S2b, the elements B and
Na were neither detected in the NaBH4-treated hematite
samples using inductively coupled plasma optical emission
spectrometry analysis (ICP-OES, 5110VDV, Agilent) nor were
B 1s and Na 1s signals observed in the full XPS spectra,
suggesting that Na and B were not incorporated into the
hematite structure. The specific surface areas (SSA) of the

Figure 1. SEM (a, d, g, j, m, p), TEM (b, e, h, k, n, q), and HRTEM (c, f, i, l, o, r) images and the corresponding selected-area electron diffraction
(SAED) (insets in c, i, o) of morphology-dependent hematite samples before and after NaBH4 treatment.
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hematite samples HNC, HNP, and HNR, as determined by the
BET model, were 21.6, 22.5, and 40.0 m2 g−1, respectively.
Following the NaBH4 treatment, the corresponding SSAs of
the hematite samples increased to 42.7, 23.0, and 75.9 m2 g−1,
respectively.
To examine the evolution of the morphology of as-

synthesized hematite samples before and after NaBH4
treatment, we collected the SEM, TEM, and HRTEM images.
As shown in Figure 1, the HNC sample exhibited nanocube-
like morphology with average side lengths of 63.0 ± 9.7 nm.
HRTEM revealed that HNC particles had the primary exposed
facet of (012) with a lattice spacing of 0.37 nm. Notably, an
easily overlooked (110) facet existing at the edge of the HNC
particles was also observed in the selected area electron
diffraction (SAED) patterns. The percentage fraction of each
exposed facet in the hematite samples was determined based
on the analysis of HRTEM and TEM images. The detailed
calculation steps are provided in Text S4. The calculated
percentage fraction of (012) and (110) facets in the HNC
sample was ca. 72.8 and 27.2%, respectively, which was close to
the values reported in previous work.48 For the HNP sample,
we observed a well-shaped hexagonal nanoplate morphology
with average diameters of 189.7 ± 14.9 nm and thicknesses of
27.5 ± 4.5 nm. HRTEM images and SAED patterns revealed
two lattice spacings of 0.37 and 0.26 nm in the HNP particles,
which were attributed to the (001) and (012) facets,
respectively. HNP particles consisted of ca.70.3% (001) and
29.7% (012) facets (Text S4), indicating that (001) was the
primary exposed lattice facet in the HNP sample. In addition,

the HNR sample was characterized by the nanorod-like
morphology with average lengths of 1.8 ± 0.1 μm and widths
of 143.4 ± 1.3 nm. Two main lattice spacings of 0.25 and 0.26
nm were observed in the HRTEM image of the HNR sample,
which were assigned to the (110) and (001) facets. We also
observed the (210) facet that existed in the HNR sample, as
evidenced by the SAED patterns. However, the fraction of the
(210) facet (4.4%), calculated from the SEM and TEM images,
was far lower than those of (001) (48.3%) and (110) (47.3%)
(Text S4), suggesting that the (110) and (001) facets were the
primary exposed lattice facets in HNR samples. Remarkably,
the NaBH4 treatment did not alter the morphologies and
primarily exposed lattice facets of HNC, HNP, and HNR
(Figure 1d,j,p), but their sizes were noticeably reduced. For the
DHNC sample, its average side lengths decreased to 50.9 nm,
while the diameters for DHNP and widths for DHNR particles
decreased to 174.7 and 126.4 nm, respectively. This result
indicates that the NaBH4 treatment reduced the particle size of
hematite samples through reduction-induced erosion of the
mineral surface, which was in agreement with the Rietveld
structural refinement of their corresponding XRD patterns
(Table S2). The small particle size leads to an increase in the
specific surface areas of hematite, which explains why the three
hematite samples exhibited relatively large specific surface
areas after the NaBH4 treatment. In addition, we observed that
the extent to which NaBH4 treatment affects particle sizes
varies among the samples. This variation was attributed to the
differing strengths of Fe−O bonds in the various exposed
facets of hematite,53 leading to significant differences in the

Figure 2. Positron annihilation lifetime spectra (a), EPR spectra (b), and Fe K-edge XANES spectra (c, d) of hematite samples.
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reduction-induced erosion susceptibility of hematite samples.
Consequently, notable differences in the degree of the SSA
increase were observed among the samples.
3.2. Vacancy Defect Characteristics in Morphology-

Dependent Hematite. Positron annihilation lifetime (PAL)
spectrometry is an effective and highly sensitive technique for
identifying the type and size of atomic defects in minerals.57

To illustrate the defect type in the morphology-dependent
hematite samples, we collected PAL spectra of our DHNC,
DHNP, and DHNR samples. The peak-normalized PAL
profiles of three samples and the corresponding parameters
are shown in Figure 2a and Table 1, respectively. The PAL

spectra of hematite samples could be well decomposed into
three distinct components: τ1, τ2, and τ3. The shortest
component (τ1, 209−222 ps) was generally attributed to the
free annihilation of positrons in the defect-free crystal. The
longest one (τ3, 1747−2152 ps) was due to the annihilation of
orthopositronium atoms formed in the large voids present in
the material. The medium lifetime component (τ2, 389.5−
406.3 ps) was assigned to the positrons captured by large
defects in the minerals, such as oxygen vacancy defect
clusters.10,33 Therefore, the τ2 component and its correspond-
ing intensity (I2) reflect the occurrence of oxygen vacancy
defects in the hematite structure. As shown in Table 1, the
intensity of the τ2 component for the three hematite samples
was the largest among the three components, indicating that
the NaBH4 treatment successfully generated oxygen vacancy
defects in hematite. The formation of oxygen vacancies in
hematite treated by NaBH4 can be attributed to the strong
reducing ability of the dissolved BH4

− ion, which acts as an
oxygen scavenger to rapidly remove surface oxygen atoms in
the structure of hematite at room temperature. In this case, the
surface electronic state of defective hematite differs signifi-
cantly from that of defect-free hematite. The presence of
oxygen vacancies increased the number of unpaired electrons
in defective hematite, imparting paramagnetic properties. This
characteristic could be effectively detected using electron
paramagnetic resonance (EPR) spectroscopy, a widely
employed method for analyzing oxygen vacancy defects.58,59

As shown in Figure 2b, a noticeable signal at g = 2.003 was
observed in the DHNC, DHNP, and DHNR samples, which
was attributed to the electrons trapped in the oxygen defect
sites.60 In addition, when the oxygen atom of Fe2O3 is missing
to form an oxygen vacancy, the Fe oxidation state of hematite
will be reduced to maintain charge balance.11,61 This reaction
could be described as follows:

++ + x
Fe O Fe Fe O

2
Oy y x2 3

2
2
3

3
2

2 (1)

where x and y represent the oxygen vacancy content and the
fraction of Fe2+ species in α-Fe2O3 samples, respectively.
Therefore, we investigated the evolution of the Fe oxidation
state of morphology-dependent hematite samples before and
after NaBH4 treatment through linear combination fitting

(LCF) of their corresponding Fe K-edge XANES spectra
(Figure 2c,d and Table S3). LCF results revealed that only
Fe(III) species were observed in the HNC, HNP, and HNR
samples (Figure 2c). In general, perfect hematite (α-Fe2O3)
exhibits a theoretical chemical valence of +3. The predominant
Fe(III) oxidation state observed in the HNC, HNP, and HNR
samples suggests that these samples closely resemble the
defect-free hematite structure. Interestingly, both Fe(II) and
Fe(III) species appeared in the hematite samples after NaBH4
treatment, indicating that NaBH4 treatment reduced the
oxidation state of Fe in hematite. Since the NaBH4 treatment
did not alter the phase structure of the three hematite samples
(Figure S2), the decrease in the Fe oxidation state observed in
the DHNC, DHNP, and DHNR samples could be attributed
to the formation of oxygen vacancies, helping maintain charge
balance, as described in eq 1. However, the fraction of Fe(II)
(27.5%) in the DHNC sample was obviously larger than that
in the DHNP (17.7%) and DHNR (6.3%) samples (Figure
2d). This result indicated that the DHNC sample generated
the highest oxygen vacancy defect concentration by NaBH4
treatment, followed by DHNP and DHNR samples.
To illustrate the possible existence of oxygen vacancies on

the surface or in the bulk of defective hematite samples, angle-
resolved X-ray photoelectron spectroscopy (ARXPS) data of
defective hematite samples were collected to analyze the
evolution of the Fe and O oxidation states at surface depths of
∼3.5 and ∼10 nm, respectively (Figures S3 and S4). The
corresponding fitting parameters are shown in Tables S4 and
S5. The Fe2+/Fe3+ molar ratios in the DHNC, DHNP, and
DHNR samples, calculated by fitting their corresponding Fe 2p
XPS spectra at a surface depth of ∼10 nm, were 1.35, 2.23, and
1.20, respectively. The relatively higher Fe2+/Fe3+ molar ratio
in the DHNP samples compared to that in DHNC and DHPR
further confirmed that the DHNP sample had more oxygen
vacancy defects than the DHNC and DHPR samples.
Remarkably, the Fe2+/Fe3+ molar ratios in the DHNC,
DHNP, and DHNR samples at a surface depth of ∼3.5 nm
decreased to 1.49, 3.31, and 1.28, respectively, indicating that
Fe2+ species in hematite primarily gathered on the shallow
surface after NaBH4 treatment. The relatively higher Fe2+
species on the shallow surface of defective hematite revealed
that oxygen vacancies were mainly located at the surface rather
than in the bulk. This was because the oxygen atoms in the
subsurface or bulk of hematite were less accessible for direct
interaction with the NaBH4 solution. In contrast, the NaBH4
solution preferentially reacted with the oxygen atoms on the
hematite surface, resulting in the formation of oxygen
vacancies on the surface structure of defective hematite.
As the calculation of oxygen vacancies from the fitting results

of XPS and XAS spectra is an indirect approach, it inevitably
introduces fitting errors due to the use of varying input
parameters. To accurately quantify the OVD concentration in
morphology-dependent hematite samples, thermogravimetric
analysis (TGA) was employed in this study because it has been
confirmed to be a suitable method for quantifying the OVD
concentration compared to XPS and XAS analysis.10 The TG
profiles recorded an increase in weight for the DHNC, DHNP,
and DHNR samples at temperatures ranging from 300 to 600
°C in a 5% O2/Ar atmosphere. This weight gain was attributed
to the incorporation of oxygen molecules into the oxygen
vacancies in hematite at such elevated reaction temperatures.62

Remarkably, the weight of HNC, HNP, and HNR samples did
not increase in a 5% O2/Ar atmosphere (Figure S5). This

Table 1. Positron Annihilation Lifetime Parameters of
Defective Fe2O3 Samples

samples τ1 (ps) I1 (%) τ2 (ps) I2 (%) τ3 (ns) I3 (%)

DHNC 197.50 37.10 362.00 62.00 2.19 0.90
DHNP 203.00 28.40 353.90 70.70 2.28 0.90
DHNR 251.00 46.40 386.00 52.70 2.44 0.89
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result indicated that pristine HNC, HNP, and HNR samples
had very few vacancies, which were hard to detect by TG
analysis. The OVD concentration of DHNC, DHNP, and
DHNR samples, calculated by the weight change, were 1.36,
1.59, and 0.98 mmol g−1, respectively (Table S6), suggesting
that the DHNP sample had the largest OVD concentration
among them under the same treatment of NaBH4 concen-
tration.
3.3. Quantitative Contribution of Oxygen Vacancies

on Various Exposed Facets to Promoting Arsenate
Immobilization. To investigate As(V) adsorption on
morphology-dependent hematite samples, macroscopic batch
adsorption experiments were performed at pH 6.0 (Figure 3).
The maximum As(V) adsorption capacities of hematite
samples were evaluated by fitting their corresponding isotherm
adsorption curves using the Langmuir model (Figure 3 and
Table S7). The maximum adsorption capacities of HNC,
HNP, and HNR samples for As(V) removal were 61.27, 42.86,
and 37.93 μmol g−1, respectively. To consider the differences
in specific surface area (SSA) for the different hematite
samples for arsenate immobilization, the maximum As(V)
adsorption capacities of morphology-dependent hematite
samples were normalized by their SSA values (Figure 3).
This calculation revealed that the maximum As(V) adsorption
amount per unit surface area was highest for the HNC sample
(1.99 μmol m−2), followed by HNP (1.68 μmol m−2) and
HNR (1.53 μmol m−2). This phenomenon was also observed
in previous work and was attributed to the varying exposed
lattice facets in morphology-dependent hematite samples,

leading to different bonding strengths of As(V) on the
hematite surface.38,48 Interestingly, the As(V) adsorption
capacities of morphology-dependent hematite samples in-
creased after NaBH4 treatment, suggesting that the formation
of oxygen vacancies in the surface structure of hematite
enhanced the As(V) adsorption. Nevertheless, the OVDs
exhibited a different degree of influence on the enhancement of
As(V) adsorption by morphology-dependent hematite sam-
ples. The maximum amounts of As(V) adsorbed per unit
surface area of DHNC, DHNP, and DHNR samples were 2.21,
2.86, and 2.51 μmol m−2, respectively. The increased
amplitude of As(V) adsorption amount (ΔQm, mmol m−2)
on DHNC, DHNP, and DHNR was 0.22, 1.18, and 0.98 μmol
m−2, respectively. In this case, the DHNR sample had the
lowest OVD concentration, its enhanced As(V) adsorption
amount per unit OVD concentration (ΔQdef, μmol/mmoldef),
however, was the largest one, which was 6.1 and 2.5 times
larger than those of the DHNC and DHNP samples,
respectively. This result indicated that the OVDs had the
largest contribution to improving As(V) immobilization on the
HNR sample.
HNP and HNC samples showed the primarily exposed

facets of (001) and (012), respectively, while the primarily
exposed facets for HNR were (001) and (110). We therefore
calculated the enhanced As(V) sorption induced by OVDs on
the (001), (012), and (110) exposed facets of hematite based
on the OVD concentration calculated by TG analysis, the
proportion of exposed lattice facets lattice obtained from TEM
analysis, and the As(V) adsorption amount of hematite

Figure 3. Arsenate adsorption isotherms fitted by the Langmuir equation (a−c) and the quantitative contribution of oxygen vacancies on (001),
(110), and (012) exposed lattice facets of hematite samples to promoting the amount of As(V) adsorption (d).
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samples. The details of these calculation procedures are listed
in Text S5. The calculation results showed that the enhanced
As(V) adsorption amount per unit oxygen concentration on
the (012), (001), and (110) facets was 13.14, 31.85, and 80.05
μmol/mmoldef, i.e., increasing 1 mmol OVD concentration on
the (012), (110), and (001) facets of hematite could improve
the As(V) adsorption amount by 13.14, 80.05, and 31.85 μmol,
respectively (Figure 3d). This result indicated that the
contribution of OVDs on the (110) facet to the enhancement
of As(V) immobilization by hematite was far larger than those
on the (012) and (001) facets.
3.4. Evolution of Surface-Active Sites on Defect-Free

and Defective Hematite with Different Morphologies.
Although we have demonstrated the different extents of the
effect of OVDs on As(V) immobilization by hematite with
different morphologies, it was still unclear why the
contribution of OVDs in nanorod-like hematite was larger
than those in nanocube-like and nanoplate-like hematite
samples. In this study, we collected in situ NH3-DRIFT
spectra of different hematite samples to follow the evolution of
surface-active sites in defective hematite samples (Figures S6
and S7). The DRIFT spectra displayed two distinct infrared
(IR) characteristic peaks at approximately 1628 and 3330 cm−1

after adsorbing NH3 for 60 min (Figure S6), suggesting strong
adsorption of NH3 on all hematite samples. The peaks at
∼1620 and ∼3330 cm−1 were assigned to symmetric
deformation of NH3 bound to Lewis acid sites, while those
at ∼1440 cm−1 and in the range of 1850−1640 cm−1 were
ascribed to NH3 bound to Brønsted acid sites.63−65

Remarkably, no characteristic bands at ∼1440 cm−1 and in
the range of 1850−1640 cm−1 were observed in the DRIFT
spectra of all samples, indicating that the Lewis acid sites, but
not Brønsted acid sites, were involved as active sites for As(V)
immobilization by hematite. As the uncoordinated Fe atoms
on the hematite surface were defined as the Lewis acid sites in
previous work,53 our data suggest that the formation of OVDs
induced by NaBH4 treatment was accompanied by the
production of more uncoordinated Fe atoms, thus generating
more Lewis acid sites for As(V) immobilization.
The bonding strength of surface complexes is associated

with the strength of the Lewis acid sites. We therefore followed
NH3 desorption behavior on defective hematite samples
through subsequent Ar purging (Figure S7). The IR character-
istic peak at ∼1620 cm−1 gradually disappeared, suggesting the
adsorbed NH3 was gradually desorbed from the surface of
hematite samples. NH3 desorption kinetic behavior on
different samples was investigated using a pseudo-first-order
kinetic model based on the collected DRIFT spectra data. As
shown in Figure 4, the calculated values of desorption rate
constants (k) fitted by the pseudo-first-order kinetics model
were −0.043, −0.035, and −0.037 abs min−1 for HNP, HNC,
and HNR samples, respectively. The relatively larger absolute
value of k for the HNP sample, compared to those for the
HNC and HNR samples, indicates that the (001) facet has a
weaker Lewis acid strength compared to the (110) and (012)
facets, thereby leading to more rapid NH3 desorption from the
hematite surface. Interestingly, after NaBH4 treatment, the
absolute value of k for the hematite samples significantly

Figure 4. Evolution of the peak intensity at ∼1620 cm−1 from the DRIFT spectra for NH3 adsorption/desorption (a) and pseudo-first-order
kinetics model for fitting NH3 desorption on morphology-dependent hematite samples (b−d).
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decreased, shifting to −0.0013, −0.0014, and −0.0015 abs
min−1 for the DHNP, DHNC, and DHNR samples,
respectively. This result suggests that the oxygen vacancies
facilitated the formation of additional Lewis acid sites, which
exhibited strong interactions with NH3 molecules, thereby
reducing the NH3 desorption rate of hematite.
3.5. Local Coordination of As(V) Species Associated

with Morphology-Dependent Hematite Surfaces. We
collected As K-edge EXAFS spectra of As(V) adsorbed to the
different hematite samples to observe the evolution of surface
complexes of As(V) on defect-free and defective hematite
surfaces. The Fourier transformed k space and R space curves

of As K-edge EXAFS spectra are shown in Figure 5. Two shells
of As−O and As−Fe were obviously observed in the FT
EXAFS spectra of As(V)-adsorbed hematite samples. In the
first As−O shell, the atomic distance (RAs−O) and the
coordination number (NAs−O) for all samples were ∼1.70 Å
and 4.0, respectively, which was assigned to an AsO4
tetrahedron structure,53 indicating that the oxidation state of
As(V) adsorbed on hematite did not change. In the second
Fe−As shell, the atomic distance (RAs−Fe) in the HNC and
HNP sample was around 3.40 Å, suggesting the formation of a
monodentate Fe−As complex on the hematite surface.66−68

However, the RAs−Fe value in the HNR sample shifted to ∼3.31

Figure 5. Fourier transformed k space (a−f) and R space curves of As−K-edge EXAFS spectra (g−l) on defect-free and defective hematite samples.

Figure 6. Optimized structure of inner-sphere As(V) (H2AsO4
−) monodentate and bidentate adsorption complexes on the (001), (012), and

(110) facet of the defect-free (a, b, d, e, g, h) and defective hematite (c, f, i): white represents hydrogen atoms, green represents arsenic atoms, red
represents oxygen atoms, and blue represents Fe atoms.
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Å. The relatively low RAs−Fe value in the HNR sample indicated
an obviously different As−Fe complex compared to that in
HNC and HNP samples. According to a previous study, the
RAs−Fe value at ∼3.31 Å can be attributed to the formation of a
bidentate binuclear As−Fe complex,66 which was also
confirmed by its coordination number (NFe−As) of 2 (Table
S8). In addition to As−O and As−Fe shells, we also observed a
commonly found As−O−O shell with an NAs−O−O of 12 and
an RAs−O−O of 3.08−3.16 Å−1 for all samples. This was
attributed to the As−O−O multiple scattering in the structure
of an AsO4 tetrahedron.

53 Interestingly, the vacancy defects did
not change the local coordination of As−Fe in the DHNC and
DHNP samples. However, the RAs−Fe value in the DHNR
sample shifted from 3.31 to 3.41 Å after NaBH4 treatment,
suggesting that monodentate Fe−As complexes are more likely
to form than bidentate binuclear Fe−As complexes in defective
hematite. This is because the surface of defective hematite
contains an abundance of uncoordinated Fe atom sites, where
oxyanion As(V) species can readily insert and directly bind to
these sites, leading to the formation of monodentate Fe−As
complexes. Previous studies have observed that the exposed
lattice facets could influence the formation of As−Fe
complexes due to the varied surface terminations of hematite.53

In our study, we further revealed that vacancy defects also
influence the formation of As−Fe complexes as they can
modify the surface terminations of hematite.
3.6. Effect of Vacancy Defects on As(V) Adsorption to

Different Exposed Facets of Hematite. In order to reveal
the effect of OVDs on As(V) adsorption on different exposed
facets of hematite particles, we carried out DFT calculations to
investigate the reaction adsorption energy (Eads) of arsenate on
the hematite surface. The (001), (012), and (110) hematite
slabs were constructed for DFT calculations as HNP, HNC,
and HNR samples exhibited the predominately exposed lattice
facets (001), (012), and (110), respectively. Figure S8 shows
the surface atomic arrangements of the three hematite slabs. As
shown in Figure S8, the (012) hematite slab was corrugated
with alternating ridges of singly coordinated oxygen groups
and valleys over triply coordinated oxygen groups running
parallel to (121). However, the iron atom layers on the (110)
and (001) hematite slabs were arranged neatly, which was
obviously different from the (012) hematite slab. Figure 6
illustrates the optimized structures of inner-sphere As(V)
(H2AsO4

−) adsorption on the (001), (012), and (110)
hematite slabs in the absence and presence of one oxygen
vacancy. In this study, we constructed two As−Fe complex
models of monodentate and bidentate complexes to reveal the
As(V) adsorption behavior on pristine hematite slabs. The
calculated Eads of As(V) on the (001) hematite slab in the form
of the monodentate model was −1.23 eV, which was lower
than that in the bidentate model (−0.95 eV) (Figure 6a,b).
The adsorption behavior of As(V) on the (012) hematite slab
showed the same tendency as observed on the (001) hematite
slab, i.e., the calculated Eads of As(V) in a monodentate
configuration (−1.73 eV) was lower than that in a bidentate
configuration (−1.40 eV) (Figure 6d,e). This result indicated
that As(V) adsorption onto the (012) and (001) hematite
slabs in a monodentate configuration was thermodynamically
favorable, which explained the observation of monodentate
As−Fe complexes in the HNP and HNC samples based on As
K-edge EXAFS analysis. Remarkably, the calculated Eads of
As(V) on the (012) hematite slab in the form of the
monodentate model (−0.54) was higher than that in the form

of the bidentate model (−0.75 eV) (Figure 6g,h), indicating
that the formation of an As−Fe monodentate complex on the
(012) hematite slab was more favorable than that of an As−Fe
bidentate complex, which was in agreement with the result of
As K-edge EXAFS analysis for the HNR sample.
In addition, we observed that the Eads of As(V) on the (012)

hematite slab was lower than those on the (001) and (110)
hematite slabs, suggesting that As(V) binds more strongly to
the (012) facet than to the (001) and (110) facets of hematite.
This explained why the As(V) adsorption amount per unit
surface area was higher in the HNC sample than in the HNP
and HNR samples (Figure 3). Although the exposed lattice
facets of hematite had strong effects on the As(V) adsorption,
it did not ignore the role of oxygen vacancies in promoting the
affinity of the iron mineral to As(V). For the (012) hematite
slab with one oxygen vacancy, its Eads of As(V) in the
monodentate model adjacent to the oxygen vacancy atom
decreased from −1.73 to −1.84 eV, indicating that the
presence of oxygen vacancy defects in the (012) facet
improved As(V) adsorption on hematite. Compared to the
defective (012) hematite slab, the Eads of As(V) on the
defective (001) hematite slab further decreased to −1.94 eV.
Remarkably, the Eads of As(V) on the defective (110) hematite
slab considerably shifted from −0.75 to −2.69 eV. This result
indicates that the oxygen vacancy defects enhanced the
reactivity of the (110) facet, effectively activating it as a highly
active facet for As(V) immobilization, while it has a relatively
low influence on the highly active facet of (012). Therefore,
the greater contribution of OVDs on the (110) facet,
compared to the (012) and (001) facets, to promote As(V)
immobilization could be attributed to the enhanced adsorption
strength induced by oxygen vacancies.
3.7. Chemical Bonding Analysis of As(V) on Hematite

With and Without Defects. Uncovering the evolution of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of adsorbed species
can provide in-depth mechanistic insights into the interfacial
behavior of As on the hematite surface. To further reveal the
effect of OVDs on As(V) immobilization, we performed a
chemical bonding analysis to investigate the HOMO and
LUMO of As(V) species adsorbed on different exposed facets
of hematite. The DOS profile of the individual arsenate ion
revealed that As and O atoms primarily occurred in LUMO
and HOMO, respectively. We could observe an obvious
localization of the electron density of As and O atoms in an
individual arsenate ion, as evidenced by its narrow distribution
of electron density (Figure S9). The electron densities of As
and O atoms obviously overlapped after As(V) adsorption on a
defect-free hematite slab, indicating that the electron density
below the Fermi level was delocalized. Interestingly, the degree
of electron delocalization for the LUMO and HOMO after
As(V) adsorption on defective hematite slab was more
pronounced than those on defect-free hematite, as evidenced
by their relatively lower and broader intensity in the LUMO
and HOMO of DOS profiles. The enhanced electron
delocalization of As(V) adsorbed on defective hematite
suggested that OVDs affected the chemical bonding of
As(V) on the hematite surface, thereby facilitating the
formation of stable As−O−Fe complexes. The crystal orbital
Hamilton population (COHP) value is a quantitative measure
of the bonding strength between atoms in a mineral, where a
more negative COHP value indicates a stronger bond. To
quantify the effect of oxygen vacancies on the chemical
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bonding strength of As(V) on different exposed lattice facets of
hematite, the COHP value was calculated through analyzing
their partial density of states (PDOS) profiles of Fe−O pairs
(Figure 7 and Table S9). As shown in Figure 7, the bonding
area below the Fermi level exhibited an obvious overlap for As-
bound O 2p and Fe 3d atom orbitals, suggesting that the
interaction between Fe 3d and O 2p contributes to the
formation of new Fe−O bonds at the surface of hematite slabs.
The electron delocalization for Fe and O atoms in different
facets is different after As(V) adsorption, which was in
agreement with the DOS analysis. The calculated COHP value
for the coordinated Fe−O on the pristine (001) hematite slab
was −2.292 eV, which was lower than that on the pristine
(012) hematite slab (−2.355 eV). In addition, the COHP
value for the two coordinated Fe−O bonds of Fe34O92 and
Fe148O88 on the pristine (110) slab was −1.871 eV. Since the
COPH value for the coordinated Fe−O on the pristine (012)
hematite slab was more negative than those on the (001) and
(110) hematite slabs, the bonding strength of As(V) on the
pristine (012) slab was therefore the strongest among them,
which agreed well with the result of our DFT calculations. The
differences in the bonding strength of As(V) on various
exposed facets of hematite were also reported in previous
studies.53 This was attributed to the intrinsic facet-dependent
nature of hematite, characterized by the varying arrangements
of Fe and O atoms on the surface terminations of different
exposed facets, which introduced chemical diversity in the
surface sites for As adsorption.53 For the defective (001) and
(012) slabs, their COHP values decreased to −3.196 and
−2.745 eV, respectively, indicating that vacancy defects
enhanced the bonding strength of As(V) on the (001) and
(012) facets of hematite. However, the COPH value in the
defective (001) hematite slab was more negative than that in
the defective (012) hematite slab. Therefore, the surface sites
of the (001) slab, modified by vacancy defects, exhibited
greater activity for arsenic immobilization than those of the

(012) facet. Notably, a significant increase in As(V) bonding
strength was observed on the defective (110) slab, as
evidenced by a substantial decrease in the COHP value to
−3.419 eV. The lowest COPH value for coordinated Fe−O on
the defective (110) hematite slab indicated that As(V) species
exhibited the strongest adsorption on the defective (110) facet.
Since the defect-free (110) facet of hematite showed the lowest
affinity to As(V), the significant increase of the As(V) bonding
strength on the surface of defective (110) facet suggested that
oxygen vacancies made the largest contribution to promoting
As(V) immobilization on the (110) facet, followed by the
(001) and (110) facets, which was consistent with the result of
reaction adsorption energy obtained from DFT calculations
(Figure 3d). To sum up, the chemical diversity of surface-
active sites on different exposed lattice facets of (001), (110),
and (012) was responsible for the variations in As(V)
adsorption. However, the presence of oxygen vacancy defects
further altered the surface atom arrangement of Fe and O
atoms and the local electronic structure of exposed facets,
thereby influencing the HOMO and the LUMO of adsorbed
As species (Figure 7a). Specifically, for the defective (110)
facet, the lowest negative COHP value after As(V) adsorption
indicates the highest level of electron delocalization. This
substantial electron delocalization in the defective (110) facet
facilitates the formation of more stable As−O−Fe complexes.
This explained why we observed the largest enhancement of
the As(V) adsorption capacity on the (110) facet induced by
oxygen vacancies.

4. ENVIRONMENTAL IMPLICATIONS
In this study, morphology-dependent hematite samples with
oxygen vacancy defects were synthesized through a NaBH4
treatment. We carefully examined the vacancy defect character-
istics in the hematite samples by using a series of advanced
characterization techniques. PAL and XANES analyses
demonstrated that oxygen vacancies were the primary defect

Figure 7. PDOS and −COHP plots of the Fe−O bonds in the As(V) complex on the defect-free (a−c) and defective hematite (d−f).
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type present in the surface structure of hematite samples. For
the first time, we revealed that oxygen vacancy defects in the
hematite structure are as important as morphology, substan-
tially affecting the interface reactivity for As(V) immobiliza-
tion. Vacancy defects were observed to provide a greater
enhancement for As(V) immobilization on the (110) facet of
hematite compared to the (012) and (001) facets, effectively
activating it as a highly active facet, as evidenced by DFT
calculations and chemical bonding analysis. Hematite is one of
the most abundant iron oxides in soils.8 Given that Fe-bearing
minerals are well-documented to act as sinks for arsenic,
interfacial reactions between hematite and arsenic are most
likely to occur within arsenic-polluted soil systems at the soil
mineral-water interface, significantly influencing the migration
and fate of arsenic. However, naturally occurring hematite
often exhibits various morphologies and exposed lattice facets
due to the incorporation of impurities (e.g., aluminum) at
varying concentrations. These impurities, along with other
abiotic factors such as temperature and redox conditions, as
well as biotic factors like biological corrosion of mineral
surface,16,27,69 also contributed to the formation of defects,
resulting from deviations in the perfect mineral structure.
Therefore, both morphology and vacancy defects should be
simultaneously considered when evaluating the migration and
fate of As(V) controlled by iron minerals, as this approach
more accurately reflects real environmental conditions. In
addition, facet and vacancy defect engineering have been
extensively applied to tailor the reactivities of mineral
materials, enhancing their efficiency in removing pollu-
tants.70−73 Therefore, the integrated consideration of facets
and vacancy defects provides valuable insights into optimizing
the properties of iron-based materials, enabling improved
performance in environmental remediation applications. The
findings of this study not only aid in the development of highly
efficient Fe-based mineral materials by tuning the vacancy
defects in the structure for the remediation of As-polluted sites
but also enhance a precise understanding of the migration and
fate of toxic arsenic in polluted soil and sediments.
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