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Fe(lll)-Mediated Formation of Cu Nanoinclusions and Local

Heterojunctions in CuWO, Photoanodes

Pietro Ostellari, Serge Benedoue, Diego Zamboni, Andrea Basagni, Sharon Silloni,
Enrico Scattolin, Matteo Lorenzoni, Robertino Pilot, llaria Fortunati, Simone Lauciello,
Mengjiao Wang, Mirko Prato, Julius N. Ndi, Francesca Arcudi, Luka Dordevic,
Gaudenzio Meneghesso, Silvia Gross, Lorenzo Franco, Gian-andrea Rizzi, Teresa Gatti,

and Francesco Lamberti*

Enhancing the photoelectrochemical (PEC) performance of CuWO, photoan-
odes has typically relied on doping or co-catalyst strategies to improve charge
carrier dynamics. In this work, an alternative approach is presented in which
Fe(lll) acts as a self-assembly mediator during hydrothermal synthesis, en-
abling the formation of a core—shell heterostructure composed of a crystalline
CuWO, core, a partially amorphous CuO/WO; shell, and embedded metallic
Cu nanoinclusions. Rather than functioning as a dopant or co-catalyst, Fe(lll)
is completely removed during post-synthetic treatment, mediating a redox-
guided phase reorganization without being incorporated into the final material.
This architecture establishes local heterojunctions that facilitate charge sepa-
ration, suppress recombination, and enhance oxygen evolution reaction (OER)
activity. A relative increase of ~30-fold in photocurrent is observed compared to
pristine CuWO,, as confirmed by structural, spectroscopic, and electrochemi-
cal analyses. While absolute photocurrents remain modest, this enhancement
reflects intrinsic modifications in charge transport and recombination
behavior driven by Fe(lll)-mediated structural reorganization. Complementary
photocatalytic dye degradation experiments reveal that Fe-activated particles
act as highly efficient ROS-generating catalysts in suspension, demonstrating
functionality beyond thin-film devices. These findings offer a new paradigm for
oxide photoanode design, leveraging Fe(lll)-induced self-assembly to engineer
multifunctional heterostructures without relying on conventional doping.

1. Introduction

Doping strategies are commonly em-
ployed to enhance charge separation and
improve the photocurrent response of
semiconductor photoanodes in solar-
driven water splitting applications.['10]
In the case of CuWO,—a chemically
stable and  visible-light-responsive
oxide"®1  transition metal doping
has been widely explored to address
its intrinsic limitations, including poor
carrier mobility and high bulk recom-
bination rates.'* 18] Indeed, dopants
such as fluorine,**) molybdenum,?"]
nickel,2! yttrium,??! and vanadium!?3]
have been shown to moderately shift
band positions or introduce shallow
defect levels, thereby improving photo-
electrochemical (PEC) performance to
some extent.

Among potential dopants, Fe3* has
garnered significant attention due to
its redox versatility and compatibility
with copper-based oxides.>*»] Several
studies have reported performance
enhancements in Fe-modified CuWO,,
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interpreting these results as evidence of successful Fe
doping.[2*?71 Notably, Lhermitte and Bartlett!’*] proposed that
the enhanced performance observed in Fe-treated CuWO, may
arise from the formation of WO;-rich domains rather than from
true lattice doping, suggesting that the presence of Fe’* might
facilitate phase segregation rather than provide direct electronic
benefits.

In this work, we effectively demonstrate that under hydrother-
mal synthesis conditions, Fe’* does not substitute into the
CuWO, lattice. Instead, it operates as a self-assembly medi-
ator, orchestrating redox restructuring and local phase segre-
gation, as suggested by Lhermitte and Bartlett in their ac-
count paper cited above. This Fe-driven process leads to the
formation of a complex heterostructure composed of a crys-
talline CuWO, core, an amorphous/crystalline CuO/WO, shell,
and metallic Cu nanoinclusions. This multiphase architec-
ture substantially improves both PEC and photocatalytic per-
formance, even though Fe is entirely absent in the final
material.

This finding challenges the prevailing assumption that en-
hanced performance originates from direct Fe doping. Rather,
our results point to transient Fe-induced structural modulation
as the primary mechanism—bypassing many of the long-term
stability issues and defect-related drawbacks associated with tra-
ditional doping.[?®3! Compositional and spectroscopic analy-
ses, including UV-Vis of washing solutions, X-ray photoelectron
spectroscopy (XPS), and energy-dispersive X-ray spectroscopy
(EDX), confirm the complete removal of Fe after synthesis and
calcination.

Building on this evidence, we propose a mechanistic hypothe-
sis in which Fe** triggers a cascade of redox reactions during hy-
drothermal processing, facilitating the spontaneous formation of
nanoscale pn heterojunctions. Although additional in situ stud-
ies will be necessary to verify intermediate steps, our data con-
sistently support the role of Fe’* as a non-incorporated struc-
tural mediator rather than a dopant or co-catalyst. This approach
opens new avenues for designing multifunctional photoan-
odes and ROS-generating photocatalysts through Fe-mediated
heterostructure engineering—without the need for permanent
chemical doping.
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2. Results and Discussion

The pristine CuWO, nanopowder was synthesized following the
procedure detailed in the Experimental Section, utilizing a sub-
critical hydrothermal approach. To assess the influence of Fe(III)
during synthesis, a stoichiometric amount of ferric nitrate was in-
troduced, achieving a nominal Fe/Cu molar ratio of 0.8 at% and
1.6 at% (Figure 1). These values were selected based on prelim-
inary trials (detailed in the Supporting Information) as the max-
imum levels that allowed retention of the CuWO, structure, es-
sential for PEC activity. The resulting powders were successfully
dispersed in an isopropyl alcohol (IPA) mixture at 0.5 g L', as de-
scribed in the Experimental Section. The thin films—designated
as CuWO, (pristine), FfF@CuWO, 0.8%, and Fe@CuWO, 1.6%
(corresponding to the lower and higher Fe content in the pre-
cursor solution, respectively)—were fabricated via an ultrasonic
spray-coating system (Figure 1f) and employed as photoanodes
for PEC OER measurements using chopped linear sweep voltam-
metry.

The electrochemical characterization (Figure 2a) reveals a clear
enhancement in photocurrent for Fe-treated samples. At 1.23 V
versus RHE, the photocurrent increases from 1 pA cm~2 for pris-
tine CuWO, to 6.7 A cm=2 for Fe@CuWO, 0.8% and 27.8 pA
cm? for Fe@CuWO, 1.6%, corresponding to a ~ 30-fold in-
crease. While absolute values remain in the tens of uA cm™2—
typical for CuWO,-based photoanodes without catalytic overlay-
ers and of submicrometer thicknesses!!*3?! this result highlights
the effectiveness of the Fe-mediated structural modification. Im-
portantly, no co-catalysts were employed in this study, unlike
prior works where photocurrent enhancements were achieved
through deposition of catalytic layers such as NiFeOx or Co-
Pi.l1*331 This choice was intentional, aimed at isolating the intrin-
sic contribution of Fe(III) to the formation of active heterostruc-
tures without interference from external catalytic effects. How-
ever, these results are in apparent agreement with previous lit-
erature that attributed similar enhancements to Fe doping.[263*
Similarly, EDX and XPS on pristine and Fe-treated samples
(Figures S3,54, and S7-S9, Supporting Information) do not show
any evidence of the presence of iron inside the structure confirm-
ing existing literature. However, we aim at better understanding
the fate of the iron during the synthesis processes. To identify the
compositional window in which it may influence material prop-
erties, we conducted a dedicated investigation combining struc-
tural and optical characterization. In particular, the powders were
washed three times with 0.5 M HCI (total 15 mL), twice with
deionized water and once with isopropanol to remove excess wa-
ter; then, the samples were dried in oven at 80 °C overnight. The
mother liquors obtained after the washing with HCI were kept
and analyzed with UV-vis, thus assessing the presence of Cu?*
or Fe’* leached from the samples.

In Figure 2b the UV-vis spectra are reported. From the UV-
Vis spectra of the samples, only the pristine sample showed an
evident peak around 810 nm relative to Cu®*, indicating that
probably the CuO formed during the annealing of the powder
was leached with HCL. The Fe@CuWO, samples showed only a
weak peak at 810 nm, indicating that very few copper was leached
from the powders. Despite this, the most interesting aspect is
the shoulder in the absorption spectra of the Fe@CuWO, sam-
ples (inset Figure 2b) at 330 nm indicating the presence of Fe**
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Fe@CuWO, hydrothermal synthesis and photoanode
development
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Figure 1. Sketch representing the step-by-step synthesis of activated and pristine CuWO, nanopowders. The precursors are dissolved in a beaker (a),
then transferred to an autoclave (b), followed by thermal treatment in oven (c) and further purification steps (d). The CuWOy, ink is then prepared in IPA
(e) and the photoanode is finally obtained by US spray coating on FTO (f). Optical images of produced nanopowders and CuWO, films. Figure created

using BioRender.com with author modifications.

in solution.*) This finding suggests that iron likely did not en-
ter the crystal structure of CuWO, and was leached during the
washing step with HCL. To validate this interpretation quantita-
tively, we performed inductively coupled plasma optical emission
spectroscopy (ICP-OES) on the dried powders (Figure 2c). While
the nominal Fe precursor concentrations were 0.8%, 1.6%, and
3.2% atomic, the corresponding Fe contents in the final powders
were found to be 0.032%, 0.064%, and 0.78% at%, respectively.
The first two values fall below the typical detection limit of EDX
and confirm the absence of any significant Fe incorporation. The
third sample (nominal 3.2%) exhibits a measurable amount of Fe
but also shows extensive WO, segregation (as discussed below),
making it unsuitable for further analysis. Therefore, we conserva-
tively define 1.6% nominal Fe as the practical upper limit for our
system—above which structural disruption outweighs any bene-
ficial effects.

To assess the formation of crystalline CuWO, after the an-
nealing process, we recorded the X-ray diffraction pattern of the
samples, as reported in Figure 2d. The search-and-match analy-
sis of the XRD pattern of the pristine sample identified CuWO,
as the only crystalline phase, confirming that annealing followed
by an acid wash effectively promoted CuWO, formation and re-
moved excess CuO. The XRD patterns of the powders obtained
after hydrothermal treatment revealed the presence of crystalline
WO,_, phases along with an amorphous contribution, likely at-
tributable to amorphous CuWO,, as no other copper-containing

Adv. Mater. Interfaces 2025, €00610 e00610 (3 Of15)

phases were detected.l?**01 Accordingly, the identification of a

pure CuWO, phase in the pristine sample suggests that the
amorphous CuWO, was quantitatively transformed into a crys-
talline phase. In contrast, the Fe@CuWO, samples exhibited
both CuWO, and WO, after calcination, as shown in Figure 2e.
The introduction of Fe** into the reaction mixture reduced the
amount of copper available for CuWO,, formation, leading to a
substoichiometric Cu content relative to tungstate. As a result,
the excess tungstate, unable to be fully incorporated into the
CuWO, structure, precipitated separately as WO,. Moreover, the
amount of WO; in Fe@CuWO, increased with the iron content
in the reaction mixture, yet no iron-containing crystalline phases
were detected.

As said, since the Fe@CuWO, 3.2% sample contained a signif-
icant amount of WO, relative to CuWO,, we decided to exclude
it from further analysis. Despite the negligible Fe incorporation
confirmed by ICP-OES, we defined 1.6% nominal Fe as the prac-
tical upper limit, since higher precursor concentrations result in
increased WO, segregation.

As demonstrated in the dedicated Supporting Results (Figures
S16 and S17, Supporting Information), Fe** is completely re-
moved after synthesis and calcination, even under conditions
specifically designed to promote substitution. UV-Vis analysis
of the washing solution and structural comparisons with Fe-
enriched reference samples confirm that Fe does not incorpo-
rate into the CuWO, lattice (Figure 2b,c). Therefore, the observed

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a) Linear sweep voltammetry (LSV) under chopped visible light illumination for pristine CuWO, and Fe-treated samples (0.8% and 1.6%). A
progressive photocurrent enhancement is observed with increasing Fe precursor concentration. b) UV-vis absorbance spectra of washed powders after
synthesis, including CuWO, and Fe@CuWO, with 0.8%, 1.6%, and 3.2% nominal Fe content. The inset highlights the 310-370 nm region, suggesting
slight band edge modulation consistent with shell formation. c) Correlation between nominal Fe content in the synthesis precursor (orange bars, left
axis) and measured Fe content in the final materials by ICP-OES (black squares, right axis). ICP values reveal residual Fe levels of only 0.032, 0.064,
and 0.78 at% for the 0.8%, 1.6%, and 3.2% Fe-treated samples, respectively, confirming minimal incorporation of Fe3* into the final product. d) XRD
patterns of CuWO, and Fe@CuWO, samples. The grey line shows the pristine reference; Fe-treated samples reveal additional peaks due to WO;.
e) Zoomed-in view of the (110)/(011) region, highlighting progressive peak shifts and shoulder formation indicative of WO; segregation with increasing
Fe content.
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Figure 3. a) IPCE for the different photoanodes at 1.23 V versus RHE; b) UV-vis spectra; c) UPS analysis of the samples; d) Raman spectra (two
different areas for CuWO, 0.8% sample were collected showing not uniform distribution on the sample) and e) cross sectional and top view SEM
images of Fe@CuWO, 1.6%.

improvements in photocurrent must instead be attributed to Fe-  nounced increase in conversion efficiency within the blue-green
mediated structural reorganization, rather than classical doping  spectral region (450550 nm), which aligns with the material’s
mechanisms. optical bandgap. This indicates that the treated samples ex-

The incident photon-to-current efficiency (IPCE) analysis fur-  hibit improved photoresponse in a spectral range critical for
ther supports these observations (Figure 3a), revealing a pro- OER performance. While the exact mechanism behind this
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enhancement requires further investigation, the data suggest
that Fe(IIl) facilitates structural modifications leading to en-
hanced charge separation.

Given these results, one possible explanation is that the Fe(III)-
mediated synthesis leads to a reorganization of the CuW O, struc-
ture, reducing excitonic recombination and improving charge
carrier mobility. This hypothesis aligns with the observed pho-
tocurrent trends but requires additional analysis to distinguish
whether these effects arise from phase segregation, band struc-
ture realignment, or modifications to interfacial charge transfer
pathways.

Given the remarkable photocurrent enhancement observed in
Fe(III)-treated CuWO, samples, we focused on understanding
the microscopic origins of this improvement by thoroughly in-
vestigating the optical, morphological, and electrical properties of
the photoanodes. Since Fe(IIl) is entirely removed after synthe-
sis, the observed performance enhancement must originate from
structural and morphological modifications rather than from Fe
incorporation.

To elucidate potential structural and electronic modifications,
we first examined the elemental composition and microstruc-
tural features of the films. The UV-Vis-NIR absorption spectra
of the different photoanodes are presented in Figure 3D, dis-
playing the characteristic absorption profile of CuWO,, with a
gradual increase in absorption near 500 nm, corresponding to
its indirect bandgap. This optical response is consistent with the
IPCE trends, reinforcing the correlation between the band struc-
ture and photoelectrochemical activity. The Cody plot analysis(*!]
(Figure S6a, Supporting Information) reveals an indirect optical
bandgap of ~2.1-2.2 eV for all samples, with a slight blue shift
(~0.1 eV) observed for Fe(IlI)-treated films. This shift, albeit mi-
nor, aligns with literature-reported values for CuWO,'* and sug-
gests subtle modifications in the electronic structure. Addition-
ally, the near-infrared (NIR) region of the spectra shows a no-
ticeable reduction in light scattering, particularly for Fe@CuWO,
1.6%. This implies a smoother surface morphology, which is fur-
ther supported by atomic force microscopy (AFM) roughness
analysis (Figure S1, Supporting Information). The measured av-
erage roughness values were (170 + 18) nm for pristine CuWoO,,
(160 + 18) nm for Fe@CuWO, 0.8%, and (145 + 18) nm for
Fe@CuWO, 1.6%, indicating a systematic reduction in surface
irregularities upon Fe(III)-mediated processing.

The morphological evolution of the films was further exam-
ined through scanning electron microscopy (SEM). The SEM
images of the Fe@CuWO, 1.6% sample (Figure 3g) reveal a
submicrometer-thick film with rounded grains assembled into
a 3D structure. The cross-sectional SEM analysis confirms that
CuWO, exhibits a granular, polyhedral morphology, with individ-
ual particles forming loosely packed agglomerates. The presence
of valleys and nanometric voids indicates incomplete packing,
leading to regions of lower particle density where the fluorine-
doped tin oxide (FTO) substrate remains partially exposed. This
structural feature may contribute to the overall low absolute pho-
tocurrent values observed for all samples, as incomplete film cov-
erage can lead to charge loss at the electrode interface.

The nano-crystalline nature of CuWO, grains is clearly
observed, resembling structures reported for sonochemi-
cal methods followed by furnace treatments at 500 °C.[*
This confirms that our hydrothermal synthesis effectively
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produces nanoscale CuWO, particles suitable for thin-film
fabrication.

SEM analysis (Figure S2, Supporting Information) reveals a
similar morphology across all samples, with a non-compact film
structure attributed to suboptimal nanopowder deposition. This
differs from denser films obtained via spray pyrolysis, electro-
chemical deposition, or hydrothermal direct growth.[**=*] Future
efforts will focus on optimizing deposition conditions to enhance
uniformity and coverage.

To further investigate the elemental composition, energy dis-
persive X-ray (EDX) characterization was performed on the dis-
persed nanopowders (Figure S3, Supporting Information). This
analysis was conducted to enable a semi-quantitative detection of
iron within the powder. However, no detectable iron was found
in any sample, consistent with previous studies on Fe**-doped
CuWO, photoanodes.[?®341 While these reports have attributed
the absence of an Fe signal to the low dopant concentration,
we take a more conservative and data-driven approach, refrain-
ing from asserting any Fe incorporation within the samples. Fur-
thermore, post-synthetic washing steps and calcination (see Sup-
porting Results) are likely responsible for the complete removal
of residual Fe species, supporting the conclusion that Fe(III)
does not persist in the final material corroborating EDX analy-
ses (Figures S7-S9, Supporting Information).

The material characterization aims to elucidate the effect of
Fe(IIl)-mediated synthesis on the electronic structure and phase
composition of CuWO,. UPS analysis (Figure 3c) indicates a
slight n-doping effect, evidenced by a reduction in the work func-
tion from 4.4 eV (pristine CuWO,) to 4.2 eV (Fe@CuWO, 1.6%),
which suggests the formation of shallow defect states. This shift,
while subtle, aligns with structural modifications induced by
Fe(IIl) during synthesis rather than direct doping effects. Further
supporting this interpretation, XPS spectra (Figure S4, Support-
ing Information) confirm the absence of Fe signatures in the Cu
2p and W 4f regions, reinforcing the conclusion that Fe is not
effectively incorporated into CuWO,. Additionally, the valence
band maximum (VBM) remains at 1.7 eV below the Fermi level
for all samples, consistent with literature values for CuWoO,.

To assess potential structural modifications, Raman analyses
on thin films (Figure 3d) were performed. These data reveal the
emergence of a WO, phase in Fe-treated samples, with an in-
creasing trend corresponding to Fe concentration. Raman spec-
tra show additional peaks at 271, 712, and 806 cm™, which are
characteristic of WO;, while the CuWO, vibrational modes re-
main unchanged. Quantitative analysis through Pawley—Rietveld
refinement (Figure S6, Supporting Information) of the XRD re-
ported in Figure 2 reveals an increase in WO, content from
<1 wt.% to over 6 wt.% in Fe-treated samples, while CuO con-
tent remains constant at ~1 wt.%. These findings clearly in-
dicate that Fe(III) promotes phase segregation, leading to the
formation of a multiphase heterostructure rather than acting
as a dopant. Additional experiments (Figure S17, Supporting
Information) show that WO,_, domains already form prior
to full calcination, further confirming that the phase separa-
tion is initiated during hydrothermal synthesis and not driven
by post-annealing rearrangements. This supports the role of
Fe(III) as a self-assembly mediator guiding early-stage oxide re-
organization. The presence of WO, and CuO phases supports
the formation of a composite structure, contributing to band
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Figure 4. a) EPR analysis of the different CuWO, photoanodes and b) relative zoom in the 3300-3400 Gauss region; c) EchoEPR of the Fe@CuWO,
1.6% sample with overlayed simulated curve; d) HR-TEM analysis of the different samples (inset plots represent the FT analysis of the squared area);
e) LSV for the different samples in dark and light conditions; f) Mott-Schottky plot; g) Chronoamperometry in chopped light for long-term analysis.

realignment and an upshift of the valence band due to localized n-
doping effects. The interaction between CuWO,, CuO, and WO,
(Figure S5, Supporting Information) plays a key role in modify-
ing the electronic landscape, improving charge separation, and
enhancing PEC performance. For a more detailed discussion
on Raman, UPS, and KPM analyses, refer to the Supporting
Information.

Given the evidence of multiphase features in Fe-treated sam-
ples, we investigated the outer shell composition to understand
its contribution to the enhanced OER activity. CuO, a low-
bandgap p-type semiconductor prone to oxygen deficiencies, is
known to facilitate hole transfer for water oxidation.[*! To probe
the chemical nature of this shell and its possible catalytic func-
tion, we employed electron paramagnetic resonance (EPR) spec-
troscopy, exploiting the paramagnetic character of Cu(11) (d°). Ad-
ditionally, EPR is sensitive to oxygen vacancies, a key factor in

Adv. Mater. Interfaces 2025, 00610 e00610 (7 of 1 5)

the photocatalytic activity of transition metal oxides.[*’”] Room-
temperature EPR spectra (Figure 4a) show broad Lorentzian
signals for all samples, indicating strong exchange interactions
among Cu(Il) centers. The Fe-treated samples display a broader
linewidth (1750 G) compared to pristine CuWO, (1550 G),
suggesting increased lattice disorder and formation of shallow
electronic defect states. A weaker signal at B ~ 3350 G (g »~
2.06), visible only in the Fe-treated samples (Figure 4b), corre-
sponds to isolated Cu(Il) sites—likely distorted surface or bulk
centers where exchange interactions are suppressed.®! Low-
temperature pulsed EPR (80 K, Figure 4c) confirms the presence
of axially symmetric Cu(Il) sites in Fe@CuWO, 1.6%. The sim-
ulation, based on spin Hamiltonian parameters (Table S1, Sup-
porting Information), suggests local coordination with oxygen,
with no hyperfine interactions involving other spin-active nuclei
(e.g., 'H or 183W). These findings support the hypothesis that Fe
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treatment promotes the formation of non-crystallographic Cu(II)
sites.

To correlate these observations with the structural morphol-
ogy, we conducted TEM analysis on both pristine and Fe-treated
samples (Figure 4d). While both show similar nanoparticle dis-
tributions (tens of nm in size), two key differences emerge in
Fe-treated materials: i) formation of a core-shell structure, with a
crystalline CuWO, core and an amorphous 5-10 nm thick shell
decorated with small semi-crystalline protrusions; ii) a composi-
tional shift in these protrusions, which appear CuO-like in pris-
tine samples but exhibit Cu’-like character in Fe-treated ones.
TEM and SAED allow identification of the core as CuWO,, while
the amorphous shell contains WO, and Cu-based oxides, in
agreement with Raman and XRD data.

In pristine samples, HRTEM reveals lattice fringes at 2.5 and
2.3 A, attributed to CuO ((—111) and (111) planes, PDF 01-073-
6234). In Fe-treated samples, these shift to 2.1 and 1.8 A, match-
ing Cu ((111) and (200) planes, PDF 03-065-9026), suggesting the
formation of metallic Cu nanoinclusions. EDX analysis of the
protrusions (Figure S10, Supporting Information) further sup-
ports this structural evolution, showing an increase in the Cu/O
ratio from ~1:1 in pristine samples to 3:1-5:1 in Fe-treated ones.
Among these, the 1.6% Fe sample exhibits the most favorable dis-
tribution of Cu® domains, while maintaining the core-shell het-
erostructure. The 3.2% Fe sample, described in the Supporting
Results (Figure S17, Supporting Information), shows a greater
relative intensity of WO, reflections in XRD, suggesting a shift
in the overall phase balance. Although a systematic increase in
metallic Cu content with Fe concentration is not discernible from
bulk characterization, HRTEM suggests a localized enrichment
of Cu® at higher Fe loadings. Overall, the combination of high-
resolution imaging and semi-quantitative EDX analysis indicates
that the shell region consists of a mixed WO;-rich matrix con-
taining dispersed CuxO and metallic Cu domains. Although the
spatial resolution of EDX limits precise interface definition, the
consistent differences in contrast and local composition support
the assignment of a heterogeneous shell structure beyond pure
Cu enrichment. Based on these findings, 1.6% Fe was selected as
the optimal concentration.

The presence of non-stoichiometric Cu(Il) centers inferred
from EPR aligns with the amorphous CuO/WO, shell observed
in TEM. A line profile analysis by EDX (Figure S11, Support-
ing Information) shows that in the pristine sample, Cu and W
contents are similar within the amorphous region, suggesting
an amorphous CuWO,-like composition. In contrast, Fe-treated
samples exhibit lower Cu content relative to W in the shell, point-
ing to the presence of isolated Cu(II) centers within a WO,-rich
matrix.

Although TEM/EDX cannot definitively quantify Cu oxidation
states, EPR strongly indicates that Fe activation promotes forma-
tion of reactive Cu(II) sites. These are considered catalytically rel-
evant due to their defective environment and high redox activity,
potentially enhancing charge transfer dynamics.[*”)

The coexistence of CuO and WO, in the amorphous shell,
along with the emergence of Cu’-like inclusions, suggests the
formation of interfacial heterojunctions. While further analysis
is needed, these structural features likely contribute to enhanced
charge separation and transport, underpinning the superior PEC
performance observed.
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To assess the correlation between the nanostructure and
PEC behavior, we conducted advanced electrochemical measure-
ments. Linear sweep voltammetry (LSV) under dark and illumi-
nated conditions (Figure 4e) shows that Fe-treated CuWO, sam-
ples exhibit a clear enhancement in PEC activity compared to
the pristine material. In particular, the onset of the photocur-
rent shifts by #100 mV toward lower potentials—from 0.95 to
0.85 V versus RHE—indicating a reduced overpotential for the
oxygen evolution reaction (OER). While this trend is consistent
with a beneficial structural or electronic modification induced by
Fe treatment, the mechanistic origin of this improvement is not
yet fully clarified at this stage. To rationalize these effects, we now
turn to a more detailed electrochemical investigation—including
Mott-Schottky analysis and intensity-modulated photocurrent
spectroscopy (IMPS)—in order to elucidate the changes in band
structure, charge transport, and recombination kinetics associ-
ated with the Fe-mediated nanostructuring.

Therefore, further insights into the electronic behavior were
obtained from Mott-Schottky analysis (Figure 4f), with capac-
itance values (Cp) extracted from EIS data (Figure S12, Sup-
porting Information).[%! The pristine CuWO, shows a typical n-
type semiconductor profile, with a positive slope. In contrast, Fe-
treated samples exhibit a nonlinear response with slope inver-
sion, characteristic of a pn junction. This suggests the formation
of a built-in electric field in Fe-activated samples, likely originat-
ing from the core-shell architecture and multiphase heterojunc-
tions, which facilitates charge carrier separation. Interestingly,
the flat band potentials of both pristine and Fe-treated samples
are similar, ranging from 0.24 to 0.37 V versus RHE—well be-
low the OER thermodynamic threshold (1.23 V). This implies
that the enhanced activity is not due to a shift in flat band po-
tential, but rather to improved interfacial charge transfer and re-
duced recombination losses. Supporting this, the electrochemi-
cal surface area (ECSA) remains nearly constant across all sam-
ples (Figure S13a, Supporting Information), excluding increased
surface area as the dominant factor. Finally, the stability of PEC
performance was assessed by running LSV under illumination
for 2 h (Figure 4g). The Fe-treated samples maintain a stable
photocurrent with minimal degradation, indicating that the engi-
neered heterostructure not only improves performance but also
sustains long-term photoactivity and structural integrity.

The electrochemical findings are further supported by photo-
luminescence (PL) analysis. Treated samples exhibit pronounced
PL quenching (Figure S13b, Supporting Information), indicating
reduced radiative recombination and suggesting more efficient
charge separation and extraction upon Fe activation. This behav-
ior aligns with the improved photocurrent and lower overpoten-
tials observed previously.

To gain deeper insights into the charge transfer and recom-
bination dynamics, we performed IMPS on both pristine and
Fe@CuWO, 1.6% samples. IMPS Nyquist plots reveal strik-
ing differences: the pristine sample shows potential-independent
semicircles (Figure 5a; Figure S14a, Supporting Information), in-
dicating minimal modulation of charge transfer resistance. This
suggests that charge carrier dynamics in pristine CuWO, are
not effectively influenced by the applied bias, likely due to lim-
ited internal electric fields and inefficient carrier separation. In
contrast, Fe-treated samples display a strong potential depen-
dence (Figure 5a; Figure S14b, Supporting Information), with the
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Figure 5. a) IMPS analysis for pristine and Fe@CuWO4 1.6% samples; b) charge injection, c) charge transfer, and d) recombination time constants
behavior with applied potential; e) Sketch representing the suggested mechanism of Fe-activated CuWO, mediated OER. A process refers to OER path,

whereas process B to electron-hole recombination.

semicircle size decreasing as the potential increases. This trend
implies that Fe activation enhances band bending and internal
electric fields, promoting more efficient charge extraction and
transport under applied bias. Time-resolved analysis of the IMPS
data (Figure 5b-d) provides further support. For Fe@ CuWO,
1.6%, both the injection rate (n,,;) and charge transfer rate (kcy)
increase with applied potential, indicating improved kinetics for
carrier injection and interfacial transfer. In contrast, these pa-
rameters remain essentially constant in the pristine sample, re-
inforcing the idea of limited responsiveness to external bias. The
recombination rate (k,,) also decreases more rapidly in the Fe-
treated sample, although its higher values at elevated potentials
suggestalarger carrier population due to more efficient injection.

Taken together, these results highlight the functional signifi-
cance of the Cu nano-inclusions observed via TEM in Fe-activated
samples. These inclusions likely serve as active catalytic sites and
also contribute to the formation of a pn junction, as supported
by Mott-Schottky analysis. Their presence enhances charge sep-
aration and directional transport, leading to lower overpotentials
(LSV), built-in electric fields (Mott-Schottky) and bias-responsive
charge dynamics (IMPS).

The combined structural and electronic modifications intro-
duced by Fe(IlI)—despite its absence in the final material—
enable a synergistic improvement in OER performance, validat-
ing the self-assembly mediator role of iron in CuWO, nanostruc-
turing.

In light of the observed structural differences between pris-
tine and Fe-activated CuWO,, we propose a plausible mechanistic

Adv. Mater. Interfaces 2025, €00610 e00610 (9 Of15)

pathway to rationalize the formation of metallic Cu, amorphous
CuO, and WO, in the Fe-treated samples. All syntheses were per-
formed at pH 10, adjusted by ammonia addition. Under these
conditions, Cu?* may form [Cu(NH,),]** complexes or precipi-
tate as Cu(OH),, while tungstate remains present as WO,2". In
the pristine synthesis, these react to form CuWO, directly:[**]

2+ 2—
Clhiag T WOy

- CuWo, 1)

Upon calcination at 500 °C, partial decomposition yields CuO
and WO;:

CuW Oy, e CuOy + WO, (2)

However, when Fe?* is introduced forcing the doping to be
substitutional, the mechanism diverges. At high pH, Fe?* readily
precipitates as FeOOH:[51)

3+ — +
Fe(aq) + ZOH(WZ) — FeOOH, + H(aq) (3)
This FeOOH is known to act as a catalyst for the ammonia ox-
idation reaction (AOR) under alkaline conditions, especially in
Cu-containing systems.[>>* In our system, FeOOH may adsorb
ammonia and mediate a series of redox steps—including N-N
coupling and dehydrogenation-releasing electrons as intermedi-
ates:
NH; (g + OH(_ads) - NH

;‘(uds) + H,0+¢ 4)
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NH,,, + NHy, + OH[,

ads) aty ~ NoHjpgy + HO+ € ®)

These released electrons may then reduce Cu?* to Cu’,
which nucleates as small nanoinclusions onto CuWO, particles—
consistent with the formation of Cu?® lattice fringes observed by
HRTEM in Fe-treated samples. This hypothesis is strongly sup-
ported by our structural data, particularly: i) the absence of Cu’
in pristine samples (lacking Fe); ii) the increased Cu® formation
with higher Fe content; iii) and the confirmation that Fe is com-
pletely washed away post-treatment (Figures S16 and S17, Sup-
porting Information). Moreover, XRD on pre-calcined Fe-treated
samples (Figure S17, Supporting Information) shows early for-
mation of WO,_,, indicating that Fe-mediated phase segregation
occurs already during hydrothermal treatment. Although iron
was initially present in the powder post-hydrothermal treatment
as FeOOH, it was likely converted into Fe,O, during anneal-
ing and subsequently removed by HCI washing, confirming that
iron did not incorporate into the CuWO, crystal lattice. This fur-
ther supports the view that Fe’* acts as a self-assembly mediator,
rather than as a dopant or stable co-catalyst.

While spectroscopic and electrochemical data clearly indi-
cate improved charge separation and interfacial dynamics in Fe-
activated CuWO,, one may question why the resulting photocur-
rents remain modest in absolute terms. A likely explanation lies
in the morphological limitations of the thin-film architecture:
the spray-coated films are composed of loosely packed particles,
which are not interconnected and only partially in contact with
the conductive FTO substrate. This restricts long-range charge
extraction, even if local carrier separation is highly efficient. To
isolate the intrinsic reactivity of the Fe-treated nanostructures—
independent of film morphology—we performed a photocatalytic
dye degradation test in aqueous dispersion using methylene blue
(MB) under visible light (Figure 6a; Figure S15, Supporting In-
formation). In this configuration, each nanoparticle acts as an
independent suspended catalyst, with charge transfer occurring
directly to molecular species in solution. Unlike in PEC testing,
this process primarily probes the generation of reactive oxygen
species (ROS) rather than interfacial water oxidation.

Both Fe-treated samples demonstrated significantly improved
MB photodegradation compared to pristine CuWO,, with
Fe@CuWO, 0.8% achieving the highest removal efficiency.
These results confirm that Fe activation enhances the particles’
intrinsic photocatalytic activity, which we attribute to the forma-
tion of internal heterojunctions within each core-shell structure.
The enhancement does not require macroscopic charge trans-
port across a film, supporting the idea that performance in thin
films is limited by poor connectivity rather than lack of material
functionality. To further corroborate the formation of ROS, EPR
spectroscopy in presence of a spin trap (DMPO, 5,5-Dimethyl-1-
Pyrroline-N-Oxide) was employed under visible light irradiation.
As shown in Figure 6D, the Fe-treated sample (Fe@CuWO,) dis-
played a distinct quartet signal centered around B ~ 3350 G (g ~
2.006), arising from the adduct formation between photogener-
ated hydroxyl radicals (¢OH) and the spin trap.[>®] In contrast, the
pristine CuWO, showed negligible hydroxyl radical formation
under identical conditions. This provides direct spectroscopic ev-
idence that Fe-induced structural modification enhances ROS
generation under light exposure. These findings reinforce our
interpretation that the improved activity in photocatalysis arises

Adv. Mater. Interfaces 2025, €00610 e00610 (10 0f15)

www.advmatinterfaces.de

from internal heterojunctions and defect sites that facilitate exci-
ton separation and surface redox reactions.

The proposed mechanism is illustrated in Figure 6c¢. In pris-
tine CuWO,, photoinduced holes can in principle drive either
the OER or ROS production (process A), but both are strongly
limited by fast electron—hole recombination (process B) and trap-
mediated losses associated with the material’s indirect bandgap
nature.'") Additionally, the energy alignment hampers electron
transfer toward the FTO substrate, as reflected in the negligible
photocurrent under PEC conditions.

Upon Fe(III) activation, a hierarchical heterostructure forms
within individual particles, featuring a crystalline CuWO, core
surrounded by an amorphous WO;-rich shell containing dis-
persed CuOx and metallic Cu domains. This architecture pro-
motes localized pn junction formation, with p-type CuOP®®l at
the outer interface complementing the n-type CuWWO, core. The
resulting band bending favors hole extraction toward the elec-
trolyte while reducing recombination losses. Although the shell
is WO;-rich, both morphological and spectroscopic data indicate
that CuOx is preferentially located at the outermost surface, en-
abling efficient hole transfer to catalytically active CuO sites. This
is consistent with prior studies on WO, /CuWO, /CuO systems!*’]
and corroborated by our ROS generation results in photocat-
alytic mode. These embedded heterojunctions enable directional
charge separation at the single-particle level, even in the absence
of extended electronic connectivity.

Moreover, WO, and metallic Cu domains act synergistically as
electron sinks: WO, facilitates electron trapping via its low-lying
conduction band, while metallic Cu inclusions serve as transient
reservoirs or recombination barriers. These combined effects ex-
tend charge carrier lifetimes and improve interfacial transfer.
As summarized in Figure 6c, the system supports two parallel
activity modes: (A1) oxygen evolution at the solid-liquid inter-
face via photogenerated holes under PEC conditions, and (A2)
ROS generation in dispersion via electron-hole pairs under pho-
tocatalytic (PC) conditions. Both processes are enabled by the
internal charge separation driven by the core—shell heterostruc-
ture. This Fe(III)-induced reorganization—achieved without co-
catalyst decoration—offers a mechanistic explanation for the ob-
served 30-fold photocurrent enhancement and dual PEC-PC
functionality.

3. Conclusion

This work introduces a Fe(III)-mediated strategy to enhance the
structural and functional properties of CuWO, nanostructures
for both photoelectrochemical oxygen evolution and photocat-
alytic ROS generation. Rather than acting as a dopant or co-
catalyst, Fe(III) transiently mediates a redox-driven self-assembly
process, guiding the formation of a multiphase core-shell archi-
tecture composed of a crystalline CuWO, core, a partially amor-
phous CuO/WO, shell, and dispersed nanometric Cu’-like inclu-
sions. This configuration results in local pn junctions that facil-
itate efficient charge separation, reduce recombination, and es-
tablish catalytically active interfaces.

Fe-treated samples display a 30-fold photocurrent enhance-
ment relative to pristine CuWO,, as confirmed by LSV, Mott—
Schottky, and IMPS analyses, without any change in elec-
trochemical surface area—indicating that performance gains
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Figure 6. a) Photocatalytic degradation of MB under visible-light irradiation for pristine CuWO, and Fe-treated samples (0.8% and 1.6%). The enhanced
degradation confirms increased reactive oxygen species (ROS) generation and validates the intrinsic catalytic activity of individual Fe@CuWO, particles
in dispersion; b) EPR spectra of pristine and Fe-treated CulWO, samples under visible light irradiation in the presence of a spin-trapping agent. The
Fe@CuWO, sample exhibits a characteristic multiline signal centered ~ 335 mT, attributed to @OH, confirming the enhanced ROS generation induced
by Fe-mediated structural reorganization; c) Schematic comparison of charge carrier behavior in pristine CuWO, and Fe-treated CuWO, (Fe@CuWOy,)
particles under illumination. In pristine CuWO,, photogenerated holes (A) may drive oxygen evolution reaction (OER), but the process is strongly
hindered by electron-hole recombination (B), and by inefficient electron injection into FTO. In Fe@CuWOy,, the formation of a core—shell architecture
with Cu-enriched domains and a WOjs-rich shell enables efficient charge separation. Photogenerated holes participate in both OER (A1) and ROS
generation (A2) via parallel pathways, while electrons are funneled either toward the FTO contact (PEC mode) or retained in the particle for suspension-
phase ROS production (PC mode). This synergistic mechanism accounts for the observed enhancement in both PEC and photocatalytic activity.

originate from intrinsic structural and electronic transforma-
tions. Complementary photocatalytic tests using methylene blue
degradation and EPR detection of hydroxyl radicals demon-
strate that individual Fe-activated particles function as effective
ROS-generating units in dispersion, validating the dual appli-
cability of the system as both a photoanode and a suspended
photocatalyst.

Compositional analyses including ICP-OES revealed that Fe’*
concentrations in the final material are exceedingly low (<0.076

Adv. Mater. Interfaces 2025, 00610 €00610 (11 0f15)

at%) even when using nominal precursor concentrations up to
3.2 at%. These findings confirm that Fe(III) cannot be stably
doped into the CuWO, lattice under the explored hydrothermal
conditions—contrary to previous claims in the literature—and
instead acts as a non-incorporating mediator that promotes phase
segregation and nanostructure formation. This interpretation is
consistent with recent hypotheses, including those proposed in
the work of Lhermitte and Bartlett,!'¥) suggesting that the role of
Fe may be misattributed in earlier studies.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Beyond its specific mechanistic contribution, this study un-
derscores the importance of critically reassessing doping claims
in transition metal oxides through robust analytical workflows.
The use of high-sensitivity techniques such as ICP-OES, com-
bined with thorough post-synthetic purification and control ex-
periments, is essential to distinguish true substitutional doping
from indirect structural effects.

The methodology presented here provides a new route for tai-
loring complex heterostructures in metal oxide photoelectrodes.
Further investigations are warranted to explore the universality
of this approach across different material systems. In particu-
lar, extending this strategy to more efficient photoanodes such as
BiVO, or Ta;N; could unlock new opportunities in phase control,
defect engineering, and redox-mediated self-assembly for solar
fuel applications.

4. Experimental Section

Chemicals:  The following chemicals were employed in the present
work: copper (ll) nitrate trihydrate (98% purity, Sigma-Aldrich), ammo-
nium metatungstate hydrate (NH4)gH, W1, O49-xH, O (99% purity, Fluka),
Hydrochloric acid (37% solution, Sigma-Aldrich), iron (Ill) nitrate non-
ahydrate (Fe(NO;)3-9H,0, 99.9% purity, Sigma-Aldrich) and ammmonia,
NH,4OH (30% solution, 99.5% purity, Sigma-Aldrich). All chemicals were
used as received, with no further purification.

CuWO, Synthesis Powder: CuWO, was obtained by subcritical hy-
drothermal synthesis followed by calcination. First, 5 mL of a 0.25 M am-
monium metatungstate hydrate solution basified with ammonia (pH =
10) was added dropwise to 5 mL of a 0.25 M solution of Cu(NO3),"3H,0
(resulting in a 1:1 molar ratio) and stirred. The mixture containing the pre-
cipitate formed was transferred to a Teflon-lined stainless-steel autoclave
and heated in the oven at 180 °C for 24 h. The filling ratio is maintained
at 1/2 of the total volume available. The autoclave was then left to cool
to room temperature. A light-yellow precipitate was formed and recovered
by centrifugation after several washing steps with distilled water and dried
in the oven at 80 °C. This light-yellow powder was then calcined in air at
500 °C in a muffle furnace for 2 h. A grey-brown solid was recovered after
complete cooling of the furnace, then washed with 0.5 M HCl, to remove
excess unreacted Cu-based oxides, washed with methanol and distilled
water and finally dried in an oven at 100 °C for future use and characteri-
zation.

Fe-Activated CuWO, Powder Synthesis: Fe-activated CuWO, sam-
ples were obtained using the above-described procedure, by adding
different volume of a 0.01 M solution of iron (lIl) nitrate non-
ahydrate (Fe(NO;);-9H,0) to the mixture. The volume was ad-
justed so that the molar ratio Fe/Cu was 0.8 at% and 1.6 at%.
Samples were named Fe@CuWO, 0.8% and Fe@CuWO, 1.6%,
respectively.

Photoanode Development: The prepared powders were immobilized
on the FTO substrate using the ultrasonic (US) spray coating method
(ND-SP Ultrasonic Spray Coater, Nadetech Innovations, Spain), with a re-
spective suspension of each material at a concentration of 0.5 g L™ in
isopropanol (IPA). Before the spraying process, the FTO glass was previ-
ously cleaned by sonication during 20 min, successively in soap, distilled
water, acetone, isopropanol, and finally dried with a nitrogen air spray. FTO
substrates underwent UVO cleaning for 20" for improving film adhesion.
The clean FTO glass was positioned at 8.6 mm distance from the nozzle
on a hot plate previously set at 200 °C, and the suspension was sprayed
at a 10 mL h™" flow rate. Based on the desired thickness, different mul-
tilayer films were prepared (4, 8, 12, and 16 layers corresponding to 2.1,
4.2, 6.3, and 8.4 mL of suspension, respectively), where 8 layers architec-
ture was determined to be the best choice according to PEC performances.
The obtained films were then annealed at 300 °C for 1 h in air, to promote
good adhesion with the substrate. After cooling to room temperature, the
samples were ready to use.
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UV—vis—NIR, Photoluminescence (PL) Characterization: The optical ab-
sorption spectra of the prepared CuWO, and Fe@CuWO, electrodes were
recorded in absorption mode with a spectrophotometer (CARY 50 Probe
UV-vis spectrophotometer). The baseline was recorded using clean FTO.
The energy gap of the different photoanode were estimated using Cody
plot method as described by Pei et al.[4!l and detailed in the Support-
ing Methods. PL spectra on powder samples were measured by a fluores-
cence spectrophotometer FLS1000 (Edinburgh) using a 150 W Xe lamp as
an excitation light source and the PMT980 photomultiplier (R13456P) as
detector.

XPS, UPS: X-ray photoelectron spectroscopy (XPS) measurements
were carried out through a Kratos Axis UltraDLD spectrometer (Kratos An-
alytical Ltd.) using a monochromated Al K, X-ray source (hv = 1486.6 eV)
operated at 20 mA and 15 kV. High-resolution spectra were collected at
a photoelectron pass energy of 20eV and an energy step of 0.1eV over
an analysis area of 300 x 700 um?. The spectra were referenced to the
adventitious carbon 1s peak at 284.8 eV. The spectra were analyzed with
the CasaXPS software (Casa Software Ltd., version 2.3.24). The ultraviolet
photoelectron spectroscopy (UPS) measurements were performed using
aHel (21.22 eV) discharge lamp, fitted in the same chamber used for XPS
analyses, on an area of 55 um in diameter, at a pass energy of 10eV and
with a dwell time of 100 ms. The UPS spectra were referenced to the va-
lence band maximum (VBM) measured via XPS extrapolating the primary
edge cutoff (the lowest binding energy). The work function, i.e., the posi-
tion of the Fermi level versus the vacuum level, was determined for each
sample from the position of the secondary edge cutoff in the UPS spec-
trum (the highest binding energy).l®¥] A —9.0 V bias was applied to the
sample to precisely determine the low-kinetic-energy cutoff.

Scanning Probe Microscopy Characterization: Atomic force microscopy
(AFM) measurements were performed with an MFP 3D AFM by Asylum
Research, in air at room temperature (RH < 35%) or in controlled dry
chamber with RH<10% and moderate vacuum. During Kelvin probe mi-
croscopy (KPM) the AFM was mounting commercial probes (Bruker SCM-
PIT). Topography and potential maps were acquired simultaneously, per-
forming a second passage at a constant height after topography was ac-
quired in the first pass. During the scan an ac voltage dithering was applied
to the tip at a frequency close to its natural frequency. To avoid artifacts,
trace and retrace data were always collected and compared. Raw data were
processed with Gwyddion software, providing the surface roughness as
root mean square value of irregularities (Sq). More details are present in
the Supporting Information.

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Analy-
sis (EDX): SEM analysis was performed using a Zeiss GeminiSEM 560
(Zeiss, Oberkochen, Germany) field-emission gun operating at 1-5 kV ac-
celeration voltage (1-2 kV for cross section, 5 kV for top view images). Sec-
ondary electrons detectors (SE2, InLens) were used to enhance the mor-
phological differences between the samples. The microscope is coupled to
an EDX detector (from Oxford Instruments, x-act PentaFET Precision) for
X-rays microanalysis, working in energy dispersive mode, the EDX spectra
were acquired at 20 kV.

Transmission Electron Microscopy (TEM): The morphology and mi-
crostructure of the samples were characterized by high resolution trans-
mission electron microscopy (HR-TEM) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) using a TEM
JEOL F200 equipped with a cold-FE source. Elemental analysis and map-
ping were performed using a JEOL 100 mm? silicon drift energy dispersive
X-ray spectrometer (EDX). A carbon supported gold grids, 400 mesh size,
were used for preparation of the sample to avoid spurious copper signals
in the EDX analysis.

Raman: A home-built setup was used to carry out Raman measure-
ments. In brief, the excitation at 632.8 nm was provided by a continuous
wave He-Ne laser (Melles Griot), coupled to a microscope (Olympia BX41)
equipped with a 20x objective (Olympus LMPlan FLN 20x NA = 0.40). A
three-stage subtractive spectrograph (53000, Jobin Yvon) was used to sep-
arate the Raman from the Rayleigh scattering. The detector (Symphony,
Jobin Yvon) was a liquid nitrogen cooled charge coupled device (CCD).
The power impinging on the samples was 8 mW,; spectra were recorded
by integrating 20 seconds and averaging out of 30 acquisitions.
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X-Ray Diffraction (XRD): XRD analysis was conducted using a PAN-
alytical X’Pert diffractometer with Cu K, radiation (A = 1.54187 A). Data
acquisition utilized a 2D solid-state detector (PIXcel) over a range from
26 = 10 to 60°, employing a step size of 0.013°. The crystalline phases in
the XRD pattern were determined by the search and match procedure with
the Bruker DiffracEVA software. The structures were subsequently refined
with the Pawley-Rietveld method using the Bruker TOPAS software, by em-
ploying the COD 1008036, COD 1004057, and COD 1011148 for CuWO,,
WO; and CuO, respectively.

Photoelectrochemical (PEC) Tests: PEC tests were carried outina0.1M
KOH solution (pH 13.05) prepared by dissolving potassium hydroxide in
MilliQ water. The measurements were conducted in a standard electro-
chemical cell. A Pt wire and Ag/AgCl electrode (0.212 V versus reference
hydrogen electrode (RHE)) were used as counter and reference electrodes,
respectively. lllumination was performed using a 100 mW cm~2 (neutral
white, Philips LUMILEDS) light-emitting diode (LED) source controlled by
the optical bench (Metrohm Autolab) coupled to the Autolab PGSTAT204
(Metrohm, Utrecht, The Netherlands) instrument. Incident Photon Con-
version Efficiency (IPCE) tests were performed using LED sources (Philips
LUMILEDS) with emission wavelengths at 470, 505, 530, 590, 617, 627,
and 655 nm.

Intensity Modulated Photocurrent Spectroscopy (IMPS): IMPS analyses
were carried out applying a LED frequency between 5000 and 1 Hz with
a 15% of light intensity modulation. The white light intensity was set
at 50 mW cm2. Electrochemical Impedance Spectroscopy (EIS) spectra
were acquired from 100 mHz to 10 kHz with a potential modulation of
5 mV. Mott-Schottky plots were obtained recording EIS spectra between
0.8 and 1.4 V versus RHE, with 0.05 V steps. The capacitance values (Cp),
was obtained by fittings with an equivalent circuit model (R(RQ)), while the
flatband potential (Vig) was measured by fitting the linear part of 1/Csc?
and finding the intercept with the voltage axis, using the Equation (6):*°]

1 2
—_ = (V=V0®—
2 (eoereNp) ( "

(KgT) >

e

()

where Cp is the capacitance of the semiconductor (1/C2, capacitance
of the double layer, is considered negligible), €, is the permittivity of free
space, ¢, is relative permittivity of the target material, e is the electron
charge (C), and kg is the Boltzmann constant.

Furthermore, The IMPS response as a function of frequency can be ex-
pressed as:

. , Cy
Jphoto = Jhole CiCoc + (

) 1y

Kreg + ki + ia)) 1+ iz,

where 7 ¢ is the cell time constant, k,,, and k;, are pseudo-first order
rate constants for electron-hole recombination and charge injection (in
the electrolyte), respectively, and jj, is the photocurrent density before
recombination. C,; and Cgc are the capacitances of the Helmholtz layer
and the space charge region, respectively. Assuming that 7 is at least two

decades smaller than

!__ two important numbers can be identified
(krec+kiry‘)

in the plot, i.e., the low frequency intercept (LFl):

¢, (k)

LFI = ®)
Ch+ Csc (kinj + krec)
The high frequency intercept (HFI):
C
. ©)

HFL'= jpote Co+Coc
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Combining Equations (8) and (9), the ratio HFI/LFI corresponds to
k/‘nj
- 10
kinj + krec (o)

Thus, the maximum in the positive quadrant of the Nygqvist plot
(®max = Kinj + kre) is used for determining the rate constants. Mott-
Schottky plot was realized according to the procedure reported in
literature.[60]

Photocatalytic Degradation of Methylene Blue:  Samples were prepared
in duplicate in a 40 mL screw cap vial equipped with a stir bar. A methy-
lene blue (MB) solution in MilliQ water (>18.3 MQ cm) (40 mL, 4.42 mg
L=, 0.012 mM MB) was adjusted at pH 6.97. The appropriate amount
of catalyst (7.50 mg) was then added, and the mixture was left stirring
in a foil-wrapped vial for 1 h at room temperature to allow for adsorp-
tion equilibrium between the dye and the catalyst. The vials were then
illuminated using a homebuilt photoreactor made of white LEDs (Cree
XLamp XT-E White LEDs, LEDsupply.com) with a light intensity of 280
mW c¢cm~2 (measured using an Optical Power Meter PM100D with Op-
tical Sensor S120VC from Thorlabs). Each vial was suspended on top of
a LED and was continuously stirred at 400 rpm during the irradiation. Af-
ter illumination, 0.6 mL of the mixture were removed from the vial and
passed through a 13 mm syringe filter with 0.2 um PTFE membrane be-
fore analysis by UV—vis spectroscopy. UV-vis absorption spectra in MilliQ
water were recorded on an Shimadzu UV-2600i using a 1 cm quartz
cuvette.

Electron Paramagnetic Resonance Spectroscopy (EPR): EPR spectra
were recorded with a Bruker Elexsys580 spectrometer at X-band (9-
10 GHz), using an ER4118X-MD5 dielectric ring resonator, inserted into
an ER 4118CF cryostat for low-temperature measurements. All the con-
ventional (continuous wave) spectra have been recorded at the tempera-
ture of 290 K or 80 K, using the following parameters: microwave power
1 mW, field modulation amplitude 1 Gauss, 4 scans. Pulsed EPR spec-
tra (echo-detected EPR) were recorded using a z/2-7-7-7-echo microwave
pulse sequence with and echo time = of 200 ns and microwave pulses
of 16-32 ns. For the spin trap experiments, 5,5-dimethyl-1-pyrroline N-
oxide (25 mM DMPO, Merck 92688) was introduced together with the
dispersed sample (1 mg mL™") and irradiated for 60 s, before measur-
ing the EPR signal (20 mW microwave power and 0.028 mT modulation,
60 s sweep time) on a Bruker ESR5000 operating at a microwave frequency
of 9.4 GHz.

Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES):
Iron concentration in the powders was analyzed with a PerkinElmer Op-
tima 4200 DV ICP-OES equipped with 2D CCD array; the plasma source
is dual-view RFgenerator, i.e., it can be viewed both axially and radi-
ally. The calibration curve was performed before each series of anal-
yses. Prior to analysis, the sample powders were accurately weighted
and mineralized in a mixture of acid composed as follows: 1 mL HF
(48% wt), 2 mL HCl (37% wt), 5 mL HNO; (69% wt). The mix-
ture has been heated at 100 °C for 2 h, until complete dissolution
of the powders, then diluted to 50 mL with MilliQ Water and paper
filtered.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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