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Facet-dependent Heterogeneous Fenton Reaction
Mechanisms on Hematite Nanoparticles for (Photo)catalytic
Degradation of Organic Dyes
Ping Chen, Duo Song, Tianying Liu, Ying Chen, Yadong Zhou, Micah P. Prange,
Tianhu Chen,* David Z. Wang, Yatong Zhao, Xiang Wang, Xiaoxu Li, Dunwei Wang,
Zihua Zhu, Zheming Wang, Kevin M. Rosso,* and Xin Zhang*

Although heterogeneous photo-Fenton reactions on nanoparticulate iron
oxides effectively degrade organic pollutants, the underlying surface
mechanisms remain debated. Here, we demonstrate how these pathways are
modulated by specific hematite crystal facets. To investigate the influence of
particle surface structure, methylene blue (MB) adsorption and
photodegradation kinetics are examined using facet-engineered hematite
nanoparticles with distinct exposed facets. The results reveal that MB
photodegradation strongly depends on both pH and facet orientation. When
normalized by surface area, (116) facet shows higher photodegradation
activity than those with (104) or (001) facets. This enhanced activity is
attributed to favorable electronic structure and surface characteristics,
including a smaller optical bandgap, faster charge transfer, and superior H2O2

decomposition. In contrast, the photodegradation capacity follows (104) 〉
(116) 〉 (001), primarily due to the higher density of surface-active sites on the
(104) facet. These sites promote coupled MB adsorption and degradation,
enabling removal of a greater overall quantity of MB. Additionally, under high
pH conditions, hematite can degrade MB in the dark, with capacities
following (001) ≫ (116) 〉 (104). These findings underscore the critical
catalytic role of specific hematite surfaces and advance the understanding of
facet-dependent photoinduced redox chemistry at mineral–water interfaces.

1. Introduction

The preponderance of mineral nanoparticles in the environment
positions them as important contributors to various geochemical
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and biogeochemical reactions. Their spe-
cific interactions with dissolved compounds
and organisms have profound implications
for Earth’s systems and the functioning of
ecosystems as a whole.[1–4] Semiconducting
mineral nanoparticles are an important
subset that can play a distinct role as photo-
catalytic substrates for redox processes.[5–7]

This characteristic has also led to their
development as designer particles for
photocatalytic technologies and applica-
tions, such as wastewater treatment,[8–10]

air purification,[11,12] and solar energy
conversion.[13–15 ]

Hematite is one such nanoparticle
type that exhibits photo-catalytic semi-
conducting behavior with significant
(bio)geochemical impacts. For example, in
the near-surface environment of aquatic
systems, it facilitates the photodegradation
of organic matter in a process that often
also yields bioavailable ferrous iron.[1,5,16,17]

The underlying mechanism is thought
to be the classical heterogeneous photo-
Fenton process, shown to catalyze the pho-
todegradation of various organic dyes.[18–20]

Electron transfer from photoexcited chromophoric groups in the
organic matter to hematite yields Fe(II) on the surface that can
activate the production of reactive oxygen species (ROS), enabled
either by reaction with electrophilic groups in the organic mat-
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ter (e.g., carboxylates) or by addition of hydrogen peroxide. Re-
cent studies have demonstrated that hematite is capable of ac-
cepting electrons from photoexcited chromophores within dis-
solved organic matter (DOM), leading to the generation of radi-
cals upon reaction with O2 that enable DOM photodegradation
through cleavage of aromatic groups.[21] Such findings repre-
sent the prevailing consensus on the photodegradation of or-
ganic components by hematite and underscore its efficacy as a
photocatalytic substrate. However, direct band gap excitation of
electron-hole pairs in hematite has also been proposed to play a
role,[22,23] but its significance is unclear given the poor holemobil-
ity in hematite.[24,25] Although a definitivemechanisticmodel has
yet to emerge, the naturally photocatalytic property of hematite
nanoparticles has sparked widespread interest in developing ap-
plications in solar energy conversion,[14,26–28] photocatalysis,[29–31]

and environmental sensing.[32,33]

Because of the diversity of hematite nanoparticle types that
have been developed and studied, ranging from uniformly
faceted euhedral particles to very rough anhedral particles, there
currently is a lack of consensus on what constitutes a bona fide
surface structure effect, and why. Dye molecules have been a
useful experimental model organic compound. For example, the
photodegradation rates of Rhodamine B by different hematite
facets have been reported to follow the order of (110) > (012)
> > (001).[34] Chan et al. linked this to differences in surface
atom arrangements and the number and type of hydroxyl groups
bonded to terminal underlying Fe atoms.[18] Similarly, Huang
et al. concluded the critical factor is the extent of surface Fe
coordination,[20] and Ni et al. found that higher catalytic activity
on hematite (012) over (001) is due to more electron accepting
sites and reactive oxygen species.[29] But Zong et al.[19] and Zhou
et al.[35] reported that facet-specific differences in photodegrada-
tion behavior were controlled by surface structure impacts on
organic adsorption. Besides, it is noteworthy that while the de-
composition of hydrogen peroxide has long been recognized as
a crucial step in heterogeneous photo-Fenton systems,[36] the
influence of crystal facet regulation of the efficiency of hydro-
gen peroxide decomposition remains uncertain. Finally, Electron
transfer at hematite/water interfaces is also controlled in part by
crystal facet expression.[37–39] This arises because different low-
index facets on hematite have different surface atomic structures
and consequently different electrostatic properties, such as pH-
dependent surface potentials.[40,41] Therefore, additional careful
facet-specific studies are needed to help reconcile these contrast-
ing views.
In this Article, we synthesized three types of hematite nanopar-

ticles that differ primarily in their dominant facet expression,
namely (001), (104), and (116) dominated particles, and stud-
ied their (photo)-Fenton activities with respect to methylene blue
(MB) dye. We selected these hematite particles because: (1) they
could be synthesized using simple hydrothermal methods with-
out the aid of surfactants; (2) one crystallographic facet is highly
dominant (>88%) in each sample; (3) (116) and (104) are high
surface energy facets and as such have remained relatively unex-
plored in previous studies. Our observations revealed two path-
ways ofMBphotodegradation, one involving direct band gap pho-
toexcitation of electron-hole pairs in the heterogeneous photo-
Fenton system, and another pathway of dark degradation. Given
its importance, we thoroughly explore the (photo)-Fenton chem-

istry involved. Our findings reinforce the picture that the im-
pact of hematite nanoparticles on the photo-induced redox chem-
istry at the Earth’s surface goes beyond simple mineral phase
dependence,[5] but also entails morphology and, therefore, par-
ticle history dependence.

2. Results and Discussion

2.1. Hematite Nanoparticle Preparation and Characterization

Hematite nanoparticles with different morphologies (Figure 1)
were prepared using iron (III) chloride hexahydrate as an iron
source under hydrothermal or solvothermal conditions (see
Methods for details).[42,43] The morphology and structure of
as-synthesized hematite nanoparticles were first characterized
in detail using X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), and high resolution (scanning) transmission
electron microscopy (HR S/TEM). As shown in Figure S1 (Sup-
porting Information), the XRD patterns indicated that all sam-
ples were pure hematite with high crystallinity. All diffraction
patternsmatchedwell with rhombohedral 𝛼-Fe2O3 (International
Centre for Diffraction Data 33–0664).[44] The sharp peaks located
at the 2𝜃 angles of 33.3°, 35.7°, and 54.2° were assigned to (104),
(110), and (116) lattice planes, respectively.
SEM and TEM revealed highly uniform particle sizes, shapes,

and high crystallinity for each of the three types of morpho-
logically distinct hematite nanoparticles (Figure 1). Figure 1a–c
show the hexagonal-shaped hematite nanoplatelets defined by
two dominant (001) basal facets and twelve (012) edge facets,
for which the surface area ratio of (001) to (012) is ≈9:1.[19,45]

The 3D schematic inserted in Figure 1b illustrates the mor-
phology of hexagonal-shaped hematite particles, where light yel-
low represents (001) planes and deep yellow represents (012)
planes. The HRTEM micrograph in Figure 1c shows the high
crystallinity of the nanoplatelets. Similar high-quality synthesis
results were achieved for the other two sets of hematite parti-
cles. The second set consisted of rhombic crystals enclosed by
six (104) facets shown in Figure 1d–f. The third set consisted of
hexagonal bipyramidal particles enclosed by twelve (116) facets
as shown in Figure 1g–i. Additional characterization results, in-
cluding specific surface area (SSA), bandgap, and the density of
surface-active sites, are listed in Table S1 (Supporting Informa-
tion).

2.2. Heterogeneous Photo-Fenton (Visible Light) Reactivity
Measurements

To examine the MB photodegradation of three types of nanopar-
ticles, we first measured MB adsorption isotherms at pH 5.5
(The pH monitoring results were shown in Table S2, Support-
ing Information) in the dark with the present of H2O2 (initial
concentration: 0.87%, w/w). Here, we introduce two terms to de-
scribe the adsorption and (photo)degradation behavior of methy-
lene blue (MB) on hematite: capacity and activity. Capacity refers
to the total amount of MB removed per unit mass of hematite
(e.g., mg/g or overall removal percentage), whereas activity de-
scribes the intrinsic adsorption/photodegradation efficiency nor-
malized to surface area (e.g., mg/m2). Based on these definitions,
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Figure 1. The morphologies of the three sets of initial as-synthesized hematite nanoparticles. a–c) Hexagonal-shaped nanoplatelets with 2 (001) basal
facets and 12 (012) edge facets. d–f) Rhombic-shaped nanoparticles with 6 (104) facets. g–i) Hexagonal bipyramid-shaped nanoparticles with 12 (116)
facets.

the MB adsorption capacity followed the order (001) > (104) >
(116) (Figure 2a). In contrast, the activity displayed a different
trend, with (116) > (104) ≈ (001). The adsorption of MB on var-
ious hematite nanoparticles was evaluated using three different
models: the Freundlich isotherm model, the Langmuir isotherm
model and the Temkin isotherm model. Among these models,
the Langmuir isotherm provided a better fit for all three types
of hematite nanoparticles, indicating single-layer adsorption of
MB on the hematite nanoparticle surfaces.[46,47] Further details
and results regarding the fitting can be found in Figure S2 and
Tables S3, Supporting Information).

Additionally, we investigated MB adsorption kinetics in the
presence of H2O2 (initial concentration: 0.87%, w/w) during the
dark period (Figure 2b) and analyzed the data using pseudo-first-
order and pseudo-second-ordermodels, as described in themeth-
ods section. The kinetics data at pH 5.5 were best fitted by the
pseudo-second-order model. Notably, the (104) samples exhib-
ited the highest adsorption rate of ≈2.524 g/mg/min, followed
by (116) (≈0.540 g/mg/min) and (001) (≈0.043 g/mg/min). How-
ever, both the pseudo-first-order and pseudo-second-order mod-
els produced poor fittings to the data at pH 9.0, as described
in Figure S3, and Table S4, Supporting Information). These ob-
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Figure 2. MB adsorption isotherms a), MB dark and photo-reaction kinetics b) on three different hematite particles.

served differences in the absorption kinetics at the two pH values
suggest that themechanism forMB adsorption strongly depends
on pH.
After reaching the equilibrium adsorption of MB on hematite

nanoparticles in the dark, the samples were subjected to illumi-
nation under visible light by using a 200W xenon arc lamp. At pH
5.5, the photodegradation capacity (Figure 2b, left), followed the
order (104) > (116) > (001), while the photodegradation activity,
(Figure 2b, right), followed the order (116) > (104) > (001). Sim-
ilar trends were observed at pH 9.0 (Figure 2b). Throughout the
photodegradation experiments, the pH of the solution wasmoni-
tored, which remained relatively stable. Furthermore, no obvious
dissolved iron was released from the nanoparticles during the
process (Figure S4, Supporting Information). To analyze the pho-
todegradation kinetics, we employed the Langmuir-Hinshelwood

(L-H) pseudo-first-order model, which provided a good fit for the
experimental data.[19,20] The rate constants obtained from the fit-
ting are reported in Table S5 and Figure S5 (Supporting Infor-
mation). Specifically, for the (001), (104), and (116) samples at
low pH (5.5), the L-H pseudo-first-order model yielded rate con-
stants of 0.0005, 0.0015, and 0.0012 h−1, respectively, effectively
describing the data over the duration of the experiments. Con-
versely, at high pH, only the data within the first 9 h of the reac-
tion could be well-fitted using the L-H pseudo-first-order model,
with rate constants of 0.0020, 0.0053, 0.0042 h−1 for (001), (104),
and (116) samples, respectively. The failure of the L-H model fit-
ting at later times can be attributed to the low concentration of
MB remaining in the solution after 540 min, as it was nearly con-
sumed in the photodegradation experiments for the (104) and
(116) samples. Notably, the (104) sample exhibited the highest
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Figure 3. Corresponding intensity changes at 3296.8 Gauss a, DEPMPO-OOH, pH ≈5.5) and 3299.8 Gauss b, DEPMPO-OH, pH 9.0) from measured
DEPMPO-trapped EPR signal changes in aqueous solutions as a function of time. c) MB degradation capacity in the dark as a function of long time.

photodegradation rate constants at both pH values, indicating its
superior performance in the degradation of MB.

2.3. Reactive Oxygen Species Observations from In Situ Electron
Paramagnetic Resonance (EPR) Spectroscopy

In situ EPR spectroscopy studies using the spin-trapping
molecule DEPMOPO (details described in the methods section)
were performed to determine the role of ROSs. Results (Figures
S6–S8, Supporting Information) showed only two ROSs that
participate in the reaction: DEPMOPO-OOH and DEPMOPO-
OH, observed at pH 5.5 and 9.0, respectively. The DEPMOPO-
OOH adduct was identified by the twelve resolved peaks (Figure
S6, Supporting Information).[48] We assigned these EPR signals
to DEPMOPO-OOH not DEPMOPO-OOR[49] based on previous
studies of heterogeneous photo-Fenton reactions.[50–53] Addition-
ally, the ∙OOR radical usually forms in an organically associ-
ated system,[54,55] so it is more likely to be DEPMOPO-OOH in a
pure hematite and hydrogen peroxide system, and the same ap-
plies to the ternary system involving hematite, H2O2, and MB.
The EPR signals of the pH 9.0 samples consist of two sets of
four singlets with an intensity ratio of 1:2:2:1,[56] unambiguously
supporting the DEPMOPO-OH generation in the photocatalytic
process (Figure S7, Supporting Information). A tiny amount of
DEPMOPO-OOHwas also seen at pH 9.0. Based on EPR results,
self-decomposition of aqueousH2O2 into ∙OHoccurred at pH9.0
irrespective of light exposure, with accelerated decomposition in
the presence of hematite. However, at pH 5.5, H2O2 remained

stable in both dark and light conditions. Only during the pho-
toreaction, in conjunction with hematite, did H2O2 decompose
to produce ∙OOH.
Using the EPR signal intensity at 3296.8 Gauss as a measure

of the concentration of ∙OOH as a function of time in the pH 5.5
experiments (Figure 3a), we observed that the concentration of
∙OOH increased linearly during illumination (433 s to 866 s) then
immediately decreased upon turning the lamp off at 866 s. No
∙OOH was detected in the dark time (0 to 433 s). Hence, ∙OOH
is a photogenerated species that decays in the absence of light
in these experiments. The (104) samples generated much more
∙OOH than the samples exposing the other two facets, which
showed similar production of ∙OOH. Also, even though the MB
removal capacity by the three hematite samples was about the
same (Figure S9a, Supporting Information), ∙OOH consumption
upon the addition ofMBwasmuchmore pronounced in the (104)
samples, while the (001) barely consumed any ∙OOH, and the
(116) sample exhibited intermediate behavior.
A similar analysis was performed using the 3299.8 Gauss fea-

ture at pH 9.0 to monitor ∙OH concentration (Figure 3b). Inter-
estingly, ∙OH generation was more complicated than ∙OOH. In
the dark, (001) yieldedmuchmore ∙OH than the other two facets.
Illumination diminished the production of ∙OH on (001). Un-
der illumination, (104) produced themost ∙OH, followed by (116)
and (001).
MB degradation in the dark at high pH, especially by (001), was

of interest. We ran additional experiments (Figure 3c) to verify
the long-time degradation without illumination (heterogeneous
Fenton reaction). The results showed that over 95% MB was

Adv. Sci. 2025, 12, e08058 e08058 (5 of 11) © 2025 Battelle Memorial Institute and The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. a) Proposed MB degradation pathway during the (photo)catalysis process. Conceptual schematic representation of the photocatalyzed degra-
dation mechanism: Path One b), Path Two c), and the dark catalyzed degradation mechanism of Path Three (c).

degraded by (001) at the first time, and 92.1% degradation capac-
ity was reached after recycling for three times (Figure S9b, Sup-
porting Information). We also heated (001) terminated hematite
under air up to 300 and 500 °C, respectively, to reduce poten-
tial effects of the crystal’s surface defects, Fe2+, and organics,[57]

but MB degradation was not substantially affected by either treat-
ment (Figure S9c, Supporting Information).

2.4. Intermediate Product Observations from Time-of-Fight
Secondary Ion Mass Spectrometry (ToF-SIMS)

Ex situ ToF-SIMS was performed to gain surface molecular infor-
mation of hematite at different reaction times and help to identify
reaction intermediates and also the possible degradation routes.
In the TOF-SIMS spectra (Figures S10 and S11, Supporting In-
formation), several peaks were associated with MB+ molecules
(m/z = 284 (C16H18N3S

+)), and their characteristic fragments
(analogs), such asm/z 270 (C15H16N3S

+),m/z 268 (C15H14N3S
+),

m/z 254 (C14H12N3S
+), andm/z 240 (C13H10N3S

+). At low pH of
5.5, only (116) showed adsorbedMB+-associated peaks (180 min,

Figure S10c, Supporting Information). This is due to the low
MB coverage on (001)/(104) and is consistent with the adsorp-
tion experiments discussed above (Figure 2b). (116) samples that
had been illuminated for 720 min produce m/z spectra in which
the MB+-associated peaks were replaced by the peaks at m/z 130
(C6H12O2N

+) andm/z 167 (C8H9O3N
+), which indicates the pho-

todegradation of MB+ and analogs will initially decompose into
intermediate compounds (C6H12O2N

+, C8H9O3N
+) before yield-

ing the final products of CO2 and H2O. Similar peaks atm/z 130
and/or m/z 167 were also observed in the illuminated (001) and
(104) particles. At a high pH of 9.0, all three types of hematite
showed adsorbed MB+ and analogs peaks, but no intermediates
were recorded in the range m/z = 100 to 200 after illumination,
indicating the degradation was more direct and efficient at high
pH (Figure 4a). This suggests that ∙OOH is less reactive than
∙OH[58] and allows intermediates in the degradation reaction to
persist long enough to contribute to the TOF-SIMS data. Further-
more, the presence of adsorbed intermediates can impede the
progress of ongoing reactions, which is consistent with smaller
observed photodegradation rate constants at low pH compared to
high pH.

Adv. Sci. 2025, 12, e08058 e08058 (6 of 11) © 2025 Battelle Memorial Institute and The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. a) the (𝛼hn)2 versus hv curve of the three hematite nanoparticles from UV–vis spectra. b) different states of the Equation 10 in Path Two from
the NEB minimum energy pathway of (116). c) Charge transfer rate constants extracted from IMPS data at different applied potentials for (104), (001),
(116). d) comparison of Path One and Path Two in the MB photodegradation. e) different states of Equation 11 in Path Three from the NEB minimum
energy pathway of (116).

2.5. Steps Controlling MB (Photo)-Degradation

From the EPR results, we can draw two paths forMB photodegra-
dation (PathOne and Path Two) and one path forMB degradation
in dark (Path Three) (Figure 4b–d). Photogenerated carriers of
either sign, originating from the hematite lattice, can react with
amphoteric H2O2 to produce radicals through Equations (1) and
(2) (Figure 4b).[59,60]

H2O2 + h∗ == OOH +H∗acid (1)

or

H2O2 + e− == OH +OH−base (2)

We label this as Path One. Another possibility is that the photo-
absorption occurs in theMB itself followed by electron transfer to
the hematite substrate with subsequent ˙OH/∙OOH production
(Figure 4c):[18,19]

MB + hv
(
visible light

)
== MB∗ (3)

≡ Fe3+ +MB∗ ==≡ Fe2+ +MB∗+ (4)

≡ Fe2+ + 2H2O2 +H+ == Fe3+ +OOH + 2H2Oacid (5)

or

≡ Fe2+ + 2H2O2 == Fe3+ +OH +OH−base (6)

We call this sequencePath Two, also known as the classical het-
erogeneous Fenton reactions. Path Three does not require pho-
toactivation. In this path, hematite oxidizes H2O2 to form ∙OOH
in a first step (Equation 7).[61,62] The resulting lattice Fe2+ then
reduces another hydrogen peroxide molecule, producing ∙OH
(Equation 8). This is the path (Figure 4c) to which the observed
MB degradation in the dark can be attributed to.

≡ Fe3+ +H2O2 ==≡ Fe…OOH2+ +H+

==≡ Fe2+ +OOH +H+ (7)

≡ Fe2+ +H2O2 ==≡ Fe3+ +OH +OH− (8)

A prerequisite of Path One (and photo-redox chemistry gen-
erally) is photoelectron generation. To assess variations in pho-
tocarrier generation between the samples, the optical band gap
wasmeasured using UV-vis absorption experiments on nanopar-
ticle suspensions. These values were supplemented with esti-
mates from density functional theory (DFT) calculations using
a PBE+U approach as described in the methods section. While
the absolute value of the band gap from the DFT calculations is
expected to be sensitive to the values chosen for the Hubbard pa-
rameters (J = 1 eV and U = 4 eV), the differences among slab
models using the same approximation are meaningful. We find
values in the range 1.8-2.2 eV in the order (116) < (104) < (001)
for the band gaps (Figure 5a; Figure S12 and Table S1, Support-
ing Information). This suggests that more electron-hole pairs are
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generated near (116) surfaces of hematite under solar illumina-
tion compared to other facets.
Charge neutral 1 × 1 slab models of the hematite surfaces

studied here, described in the Methods section, were used in
DFT calculations. In these models, we calculated minimum en-
ergy pathways and associated barriers and transition states us-
ing nudged elastic band methods for the reductive dissociation
of hydrogen peroxide (Equation 6). The resulting barriers were
0.018 eV, 0.191 eV, and 0.390 eV for (116), (001), (104), respec-
tively (Figure S13, Supporting Information). Thus, H2O2 degra-
dation proceeds more readily on the Fe2+/hematite (116) surface.
As shown in Figure 5b, the final step of this reaction is the break-
ing of O2-O3 bonding and oxidation of Fe2+. These calculations
were supported with further experiments in which MB degra-
dation by hematite nanoparticles exposed to Fe2+aq was moni-
tored (Figure S14b, Supporting Information). These tests showed
that Fe2+ adsorbed (116) nanoparticles had the highest MB re-
moval capacity. The disparity in energy barriers may also im-
ply the significance of surface Fe coordination in the cycling of
Fe(II)/Fe(III), as suggested by previous studies.[18,20]

Broadly speaking, adsorption must occur before
(photo)degradation. Therefore, the number of active adsorp-
tion sites can affect the photodegradation kinetics. For example,
the (001) terminated hematite studied here has an adsorption
site density of 1.13 × 1020 site/g, which is 22.6 times larger than
(116), hence (001) could adsorb more H2O2 or MB (Figure S15
and Table S1, Supporting Information), and more H2O2 can take
part in the Path One or more e− in Path Two can be generated
by illuminated MB.
For the photodegradation, the electron transfer rate is another

factor that needs to be considered.[63–65] For this purpose, data
measured by IMPS are presented in Figure 5c (Figure S16, Sup-
porting Information) showing the charge transfer rate constants
(ktran) of (001) and (104) hematite are comparable across the en-
tire voltage range, in which the ktran of (104) are slightly larger
than ktran of (001), indicating a faster complex charge transfer pro-
cesses from the photoelectrode to electrolyte. More interestingly,
the ktran of (116) hematite ismuch larger (about one order ofmag-
nitude) than that of (001) and (104) hematite, highlighting the
faster charge transfer property of (116) hematite. However, both
Path One and Path Two involve electron transfer, despite funda-
mentally different mechanisms of electron generation: Path One
relies on photogenerated electrons originating from hematite,
whereas Path Two involves electron donation from photoexcited
MB. Regardless of their origin, we consider that the electrons fol-
low the same transport behavior within a given hematite parti-
cle, as their mobility is governed by the material’s intrinsic elec-
tronic properties. Therefore, the electron transfer ratesmeasured
by IMPS can be appropriately used to characterize charge trans-
port in both pathways, since the charge carriers in both cases are
electrons.
From our observations, we can conclude that photoelectron

generation, charge transfer, and surface-active sites are involved
in Path One. On the other hand, charge transfer fromMB photo-
sensitization, ≡Fe2+…H2O2 degradation, and surface-active sites
are key factors in Path Two. Furthermore, we can observe that
the photodegradation activity is determined by processes such
as photoelectron generation, charge transfer, and H2O2 degra-
dation, while the final photodegradation capacity is significantly

controlled by the presence of surface-active sites. Therefore, the
MB photodegradation activity of the hematite nanoparticles fol-
lows the trend (116) > (104) > (001) for Path One, and (116) >
(001) > (104) for Path Two (Figure 5d). This is because the (116)
facet exhibits superior performance in photoelectron generation,
charge transfer, and ≡Fe2+…H2O2 degradation. In contrast, the
(104) and (001) facets show only moderate advantages in indi-
vidual steps of the process. Particularly, our DFT calculations
indicate that the energy barrier associated with Equation 6—
representing the key step in Path Two—is significantly higher
on the Fe2+/hematite (104) surface than on the (001) surface.
Although the overall photodegradation efficiency of MB on the
(001) facet is relatively low, it results from the combined contri-
butions of both Path One and Path Two. In contrast, the high
barrier on (104) suggests that the ≡Fe2+…H2O2 degradation step
in Path Two is unlikely to occur on this facet. This mechanis-
tic interpretation is further supported by the ∙OOH concentra-
tion profiles shown in Figure 3a. For the (104) particles, a pro-
nounced difference in ∙OOH levels with and without MB is ob-
served, indicating the operation of Path One alone. Conversely,
for the (116) and (001) particles, only minor differences are ob-
served under the same conditions, implying that both Path One
and Path Two are active, with Path Two likely compensating for
∙OOHconsumption via continuous generation of ∙OOH through
photoexcitedMB. In summary, the (116) facet supports both Path
One and Path Two, the (104) facet is limited to Path One, and the
(001) facet exhibits low activity in both. Consequently, the pho-
todegradation rate constants for (001) and (116) reflect contribu-
tions from both pathways, while that of (104) arises solely from
Path One. However, due to differences in surface-active site den-
sity (Table S1, Supporting Information), the final photodegrada-
tion capacity follows the order: (104) > (116) > (001). One limi-
tation of this study is the inability to quantitatively evaluate the
relative contributions of Path One and Path Two within individ-
ual hematite samples, due to constraints in the available data.
Therefore, we argue that radical kinetics derived from EPR

measurements in the presence of H2O2, hematite, and MB do
not accurately reflect the actual radical generation rates and thus
cannot be directly correlated with the observed MB degradation
rate constants. In such systems, the EPR signal represents the
residual radical concentration—i.e., the amount remaining after
partial consumption by MB—rather than the total radicals pro-
duced. As a result, these measurements inherently underesti-
mate the extent of radical formation and do not directly corre-
spond to the apparent degradation kinetics. Similarly, EPR mea-
surements conducted with onlyH2O2 and hematite omit the con-
tribution of Path Two, in which photoexcited MB donates elec-
trons to the hematite surface, further generating radicals. This
omission leads to an incomplete picture of radical dynamics, ex-
cept in the case of the (104) facet. For this facet, radical genera-
tion is primarily driven by photogenerated electrons reactingwith
H2O2 via Path One, making EPR signals a more accurate reflec-
tion of total radical production.
Although (001) performed poorly in theMB photodegradation,

we were surprised to observe MB degradation in the absence of
light at high pH. DFT calculations indicated the energy barriers
of Equation 7 were 0.066, 0.095, 0.153 eV for (116), (104), (001),
respectively (Figure S17, Supporting Information), which meant
(116) is the best candidate for the reaction. But the values in
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this case are nearly isoenergetic, suggesting the prospect that the
reaction is nearly equally favorable on these different hematite
nanoparticles. Therefore, themoreH2O2 adsorbed on the surface
could lead tomore involvement in the reaction, and thus produce
a high MB degradation in the order of (001) > (104) > (116). This
may also explain why the adsorption kinetics fittings of MB at
high pHwere poor. The simulations revealed details of themech-
anism for degradation (Figure 5e): the adsorbed H2O2 can do-
nate its surplus e− to hematite to complete the Fe3+ reduction,
leading to its decomposition into H+ and OOH radical. H+ com-
bines with surface -OH to form water molecules, detaching from
the surface and generating free water. Meanwhile, the resulting
OOH radical will occupy the vacancy. The fact that lowDEPMPO-
OOHsignal was detected by EPRmay be due tomost of the -OOH
being incorporated into oxygen vacancies at the surface. How-
ever, the dark degradation is Fe2+ limited, because in the classical
Fenton reaction,[66] k for Equation (11) is ≈0.001 ≈0.01 M−1 s−1,
and much smaller than Equation (12) (≈63–76 M−1 s−1), so we
expect the photoinduced reaction to be faster.

3. Conclusion

The findings of this study have significant environmental impli-
cations, particularly in advancing sustainable and efficient wa-
ter treatment technologies. Compared with Fe3O4- or TiO2-based
catalysts (Table S6, Supporting Information), hematite-based cat-
alysts demonstrate strong potential for facilitating heterogeneous
photo-Fenton reactions. They can be synthesized cost-effectively
and offer an efficient strategy for removing organic pollutants,
including dye contaminants, from wastewater. By understanding
facet-dependent reactivity, hematite catalysts can be optimized to
enhance degradation capacity while reducing the reliance on ex-
cessive chemical additives like H2O2, thereby minimizing sec-
ondary pollution. This study identifies two pathways for hetero-
geneous photo-Fenton reactions and one for heterogeneous Fen-
ton reactions, all dictated by specific hematite facets. High-energy
facets, such as (116), improve electron transfer, promote H2O2
decomposition, and enhance overall catalytic performance, mak-
ing them well-suited for oxidation-based wastewater treatment.
Future research should focus on optimizing the (116) facet’s size
to maximize surface effects, improve recyclability, and further
reduce secondary pollutants. However, surface-active site den-
sity is equally critical. The (001) facet exhibits higher surface site
amounts than (104) and (116), achieving greater MB degrada-
tion capacity at high pH in the absence of light. This suggests
that the most effective catalyst design must account for both
energy considerations and reaction conditions, rather than fo-
cusing solely on high-energy facets. For real-world wastewater
treatment applications, the optimization of photocatalysts must
account for additional practical considerations, including cata-
lyst recovery, long-term stability under variable pH and ionic
strength conditions, and system-specific operational constraints.
To address these challenges, we propose immobilizing facet-
engineered hematite nanoparticles onto magnetic substrates to
enable efficient magnetic separation and recovery. Furthermore,
future research should investigate surface functionalization ap-
proaches to enhance mineral stability across a wider pH range,
as well as the design of composite materials that integrate high
catalytic activity with improved mechanical and chemical dura-

bility. These strategies will be critical for translating our funda-
mental insights into scalable, robust, and sustainable water treat-
ment technologies. All in all, by deepening our understanding of
facet-dependent catalytic behavior, this study contributes to the
rational design of highly efficient, durable, and environmentally
sustainable catalysts for scalable and practical solutions in indus-
trial and municipal wastewater treatment.
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