Applied Surface Science Advances 34 (2026) 100999

Contents lists available at ScienceDirect

Applied Surface Science Advances

journal homepage: www.sciencedirect.com/journal/applied-surface-science-advances

ELSEVIER

Photoelectrochemical performance and charge dynamics of supersonic
cluster beam deposited CuFe;O4 thin films

Michele Vergari®, Skerxho Osmani “®, Ermanno Pierobon b Enrico Scattolin ",
Andrea Basagni”®, Alberto Gasparotto "“®, Chiara Maurizio ®, Gian Andrea Rizzi ™ ©,
Luca Gavioli®

2 Interdisciplinary Laboratories for Advanced Materials Physics (i-LAMP) & Dipartimento di Matematica e Fisica, Universita Cattolica del Sacro Cuore, Via della Garzetta
46, 25131 Brescia, Italy

b Department of Chemical Sciences, Padova University, Via Marzolo 1, 35131 Padova, Italy

¢ CNR-ICMATE and INSTM, Department of Chemical Sciences, Padova University, Via Marzolo 1, 35131 Padova, Italy

d Department of Physiscs and Astronomy, Padova University, Via Marzolo 8, 35131 Padova, Italy

ARTICLE INFO ABSTRACT

Keywords: Developing efficient and stable photoelectrodes is a major challenge in photoelectrochemical energy conversion
Copper ferrite films technologies. Although CuFe;0y4 is a promising p-type semiconductor, its implementation as a photocathode has
Photocathode

been limited by the difficulty of synthesizing uniform and stable films and by the scarce investigation of its
charge-transfer kinetics. In this work, a 70 nm thick CuFe,O4 layer was fabricated for the first time by supersonic
cluster beam deposition, enabling the direct growth of a homogeneous and nanogranular film on a FTO substrate.
After air annealing at 400 °C, compositional and structural characterizations revealed the formation of a poly-
crystalline tetragonal spinel-type CuFe204 film, with a Cu,O segregation at the surface. Despite its low thickness,
the electrode displayed strong visible light absorption and a p-type photoelectrochemical activity in neutral
electrolyte (0.1 M NaySO4), with a good electrochemical stability. Interestingly, below 0.4 V vs. RHE applied bias,
the charge injection kinetic constant drop corresponds to the reduction of Cu?* surface species to Cut. The
absorbed photon to current conversion efficiency spectra revealed a peak efficiency at 2.8 eV and confirmed a

IMPS, SCBD, HER

bias-dependent feature associated with the CuxO interfacial layer.

1. Introduction

Harnessing solar energy through photoelectrochemical (PEC) pro-
cesses demands systems that combine stability, efficiency, and elemental
abundance. Copper ferrite (CuFe304), a spinel-type ternary oxide [1]
composed of earth-abundant elements, has emerged as a viable photo-
cathode material for solar-driven hydrogen production [2], CO2 [3,4]
and nitrates reduction [5]. Its moderate band gap (1.6-2.8 eV), high
chemical stability, and visible-light absorption, make it particularly
suitable for integration into PEC cells [6].

Since CuFey04 is a highly promising material, several synthesis
routes have been explored, each presenting specific drawbacks in terms
of processing complexity, thermal requirements, or film quality. Stan-
dard solid-state routes require high calcination temperatures (600900
°C [71), whereas chemical methods, such as sol-gel combustion [8] and
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electrospinning [9] might require long reaction times and often yields
powders rather than uniform films [4,10] complicating their integration
into PEC devices. Furthermore, wet-chemical routes depend on auxiliary
reagents that necessitate post-synthesis washing and may introduce
residual impurities [4,10], often requiring also a final calcination step
[7-9].

It is also essential understanding the CuFe;O4 interfacial charge
transfer kinetics, since its PEC performances are often limited by surface
recombination and inefficient charge injection into the electrolyte. In-
tensity modulated photocurrent spectroscopy (IMPS) provides critical
insights into the dynamic response of photocathodes under modulated
illumination [11,12]. By probing the frequency-dependent photocurrent
behaviour, IMPS enables separation of bulk charge transport kinetics
from surface charge transfer processes. This technique has already been
used to investigate CuFe204 behaviour as photoanode [13,14], however
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reports regarding its implementation as photocathode are missing.

In this work, CuFep04 thin films were prepared using a pulsed
microplasma cluster source coupled with a supersonic cluster beam
deposition (PMCS-SCBD, hereafter SCBD for the sake of clarity) appa-
ratus, a method that allows direct fabrication of homogeneous and
nanostructured films with tuneable morphology and stoichiometry
[15-18]. In addition, SCBD does not involve chemical precursors,
ensuring that no extrinsic contaminants are introduced during
deposition.

A deep structural, chemical, morphological and optical character-
ization revealed that, upon air annealing at a temperature as low as 400
°C, 708 nm thick polycrystalline CuFe04 films with a CuyO ultrathin
surface layer are formed, showing a strong visible-light absorption. PEC
measurements, carried out in a neutral and non-corrosive electrolyte
(0.1 M NaySO4), unlike most reports relying on highly concentrated
alkaline solutions [2,19,20], revealed promising photocurrent densities
of 0.1 mA/cm? at 0.35 V vs. RHE. These values are comparable to the
best performances reported in neutral electrolytes [2], yet with a film
thickness much lower than those typically reported in the literature
(hundreds of nanometres or microns) [19,20].

Under chopped visible-light illumination, the photocurrent
decreased by just 20 % in more than two hours, a substantial improve-
ment over the hundreds of seconds stability windows commonly re-
ported [2,20]. The IMPS analysis provided the bias dependent charge
kinetic constants and revealed the role of the Cu,O surface layer on
charge injection into the electrolyte. Overall, the present results provide
novel fundamental insight on the behaviour of CuFe;O4 photoelectrodes
and a possible efficient route for their synthesis.

2. Experimental procedures
2.1. Synthesis

A supersonic beam of nanoparticles (NPs) is generated via 50 bar
helium plasma spark ablation of a CuFe; metal rod, see Figure S1 of the
Supplementary Material (SM). A synchronized 750 V pulse is applied to
the rod at 3 Hz frequency, generating a NPs-gas mixture that is extracted
from the ablation chamber through a nozzle. The beam is subsequently
focused by a set of aerodynamic lenses, and a skimmer is used to select
its central section to reduce NPs size distribution. The NPs are simul-
taneously deposited at 10~ mbar directly on FTO-coated glass (Sigma
Aldrich, FTO thickness = 550 nm; surface resistivity ~7Q/square; glass
thickness = 2 mm) and on single crystalline Si(111) substrates (Siltronix,
thickness 0.5 mm). The electrodes are obtained directly by exposing
substrates to the NPs beam while monitoring in real time the film
thickness by a quartz microbalance. The samples deposited on FTO were
subsequently annealed at 400 °C in air for two hours and used for the
structural, optical, compositional and electrochemical characterization,
while Si-supported samples were used to measure film thickness by
atomic force microscopy (AFM).

2.2. Physical characterization

X-ray diffraction (XRD) measurements were performed in a glancing
incidence mode (8; = 1.0°) using a Bruker AXS D8 Advance Plus
diffractometer, equipped with a Gobel mirror and a CuK, X-ray source (A
=1.54051 [o\). Patterns were collected in the 15-65° 26 range with a step
size of 0.06° and an acquisition time of 5 s/step.

Raman spectra were collected with a Renishaw-Invia system,
equipped with a 532 nm laser source and an 1800 lines/mm grating. The
laser with an 8 mW power was focused onto the sample with a 100 x
objective.

The morphology and microstructure of the samples were character-
ized by transmission electron microscopy (TEM) and high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
using a TEM JEOL F200 instrument operated at 200 kV. Elemental
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analysis and mapping were performed using a JEOL 100 mm? silicon
drift energy dispersive X-ray (EDX) spectrometer. Samples for TEM
observation were prepared scratching out the deposits from the FTO
substrate, mixing with ethanol and depositing the obtained suspension
on carbon-supported gold grids (400 mesh size).

AFM data (2 x 2 pm? area at 1024 x 1024 pixels) were acquired with
a Park NX10 instrument, operating in noncontact mode employing PPP-
NCHR tips (NanoAndMore GMBH) for CuFe;O4 layers onto FTO. The
images were processed with Gwyddion software. The film roughness
was determined as the root mean square (RMS) deviation of the pixel
height distribution. The deposited film thickness (d) was measured on
the Si(111) substrate by 10 x 2 pm? images on scratched areas. Kelvin
probe force microscopy (KPFM) measurements were performed with the
same instrument employing PPP-CONTSC Pt tips to acquire the work
function (@) of the film onto FTO. A —2.4 V sample bias and a 1.9 V drive
voltage were applied. The tip used was calibrated by setting, in the same
operating condition, the HOPG work function at 4.6 eV. The calibration
has been checked measuring a ¢ of 5.05 eV for a 35 nm thick Au film.

Scanning electron microscopy (SEM) analysis was performed with a
Zeiss Sigma HD microscope, equipped with a Schottky FEG source, one
detector for backscattered electrons and two detectors for secondary
electrons (InLens and Everhart Thornley). A low acceleration voltage of
5 kV was used in order to accurately delineate fine surface features. The
microscope is coupled to an EDX detector (from Oxford Instruments, x-
act PentaFET Precision) for X-rays microanalysis, working in energy
dispersive mode. All the spectroscopic measurements were performed at
10 kV. The AZtec software (from Oxford Instruments) was used to collect
and process X-ray spectra.

Film composition was investigated by X-ray photoemission spec-
troscopy (XPS) using a non-monochromatic Mg X-ray source (incident
photon energy 1253.6 eV) and a Phoibos 100 SPECS analyzer at 20 eV
pass energy. Data were acquired with 0.1 eV/step for the CuFeyO4
electrodes deposited onto FTO substrates. The data were analyzed using
CasaXPS software and XPST Igor plugin. Due to the presence of over-
lapping signals from Auger lines, intense satellite structures, and the
enhanced inelastic scattering contribution arising from the intrinsic
porosity of the films, we adopted an active background approach,
following ref [21]. The background, constituted by combined Shirley,
linear, and Tougaard contributions, was included in the fitting proced-
ure and optimized together with the peak parameters to preserve
physically meaningful constraints, such as literature branching ratios
and spin—orbit splitting values. The peak components were fitted using a
Gaussian-Lorentzian product function with a GL(50) lineshape. During
the fitting procedure, the spin—orbit doublet was constrained by fixing
the area ratio to 0.51, consistent with the expected branching ratio [22,
23]. All spectra were corrected for charging by assigning a binding en-
ergy (BE) of 284.8 eV to the main component of C 1 s peak.

Optical data were acquired in 250-2500 nm range with a Perkin-
Elmer Lambda950 spectrophotometer equipped with an integrating
sphere. The optical absorption coefficient («) was calculated from
transmittance (T) and specular reflectance (R) spectra, using the
following relation to account also for multiple internal reflections [24,
25]:

A-»?, Ja-w*

2
T T2 +R (@8]

a(hv) = %ln

where hv is the incident photon energy. The T, R and absorbance (A)
spectra for the bare FTO substrate are reported in Figure S2 of the SM.

2.3. PEC characterization

Photoelectrocatalytic activity tests were performed at room tem-
perature by an integrated system consisting of a Zennium-PRO and a
PP212 unit from Zahner GmbH, coupled with an optical bench equipped
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with a Zahner photoelectrochemical cell. A Pt wire and a standard Ag/
AgCl electrode [V = 0.21 V vs. reference hydrogen electrode (RHE)]
were used as counter and reference electrodes respectively, whereas the
FTO-supported CuFe;04 sample was used as working electrode. The
electrical contact was made by sticking a stripe of copper tape on the
edge of FTO conductive face.

Linear sweep voltammetry (LSV) measurements were performed in a
No-deaerated NaySO4 0.1 M aqueous solution (pH = 6) using a scan rate
of 5 mV/s. The light source was a AM 1.5 solar simulator (incident
power = 100 mW/cm?). IMPS analyses were carried out applying a LED
frequency between 5000 and 1 Hz with a 15 % of light intensity mod-
ulation. The white light intensity was set at 50 mW/cm?. Electro-
chemical impedance spectroscopy (EIS) data were acquired from 100
mHz to 10 kHz with a 5 mV potential modulation.

Mott-Schottky (MS) plots were obtained recording EIS spectra be-
tween 0.50 to 0.26 V vs. RHE, with 0.05 V steps. Capacitance of the
semiconductor (Cs.) was obtained from the EIS spectra fitted with a R
(RQ) circuit shown in Figure S3 of SM, while the flat band potential
(Vpp) was obtained by fitting the linear part of the 1/C2. vs. potential plot
and finding the intercept with the voltage axis, using the equation [26,
271:

1 2 ks T
& = e (VY ) @

sC
where ¢ is the permittivity of free space, ¢, the relative permittivity of
the target material, e the electron charge, Np the concentration of ma-
jority charge carriers, kg the Boltzmann constant, and T the absolute
temperature. In this model, it was assumed that the Helmholtz capaci-
tance Cy is >> Cgc and so the total capacitance C is ~ Cs, since Cy and
Cs are in series with each other.
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The incident photon-to-current conversion efficiency (IPCE) is a
measure of the ratio of the photocurrent (converted to an electron
transfer rate) vs. the rate of incident photons (converted from the cali-
brated power of a light source) as a function of wavelength [28]. The
IPCE ( %) considers the efficiencies for photon absorption/charge
excitation and separation (1e/1), charge transport within the solid to the
solid-liquid interface (1), and interfacial charge transfer across the
solid-liquid interface (ncr). The IPCE was measured in the potential
interval 0.6 to 0.35 V vs. RHE, and the values were calculated as follows:

(1240 xj)

® x 7 x 100 3

IPCE(%) =

where j is the photocurrent density (mA/cmz), A is the incident light
wavelength (nm), and P is the incident light power density for each
wavelength (mW/cm?). Measurements were obtained by using fourteen
different LED light sources with wavelengths between 365 and 810 nm.
The LEDs wavelength separation is ranging from 20 to 65 nm (from 0.06
to 0.33 eV) see Table S1. Each source light intensity was measured in
real time by a photodiode during LSV acquisition. The absorbed photon
to current conversion efficiency (APCE) was calculated from the
absorbance A = 1-R-T using the following equation [29]:

APCE(%) = ? 4

3. Results and discussion
3.1. Structural and chemical characterization

Fig. 1a shows a representative 2 x 2 pmz AFM image of sparse NPs on
Si(111) surface before the annealing. CuFe NPs are the bright spots

Data  ==Fit
4 - = (1.9%1.6)nm
1 == (3.8+1.1)nm

80 nm

40

Fig. 1. (a) 2 x 2 pm? AFM images of sparse CuFe NPs (bright spots) deposited on Si(111) surface, (b) CuFe NPs height distribution. 2 x 2 pm? AFM images of 65 nm

CuFe NPs layer on FTO substrate before (c) and after (d) the annealing.
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emerging from the dark substrate. The NPs height (zy,.x) Was extracted
from several AFM images. The height, unlike the in-plane dimensions, is
unaffected by tip convolution effects and reliably reflects NPs size. The
height distribution (blue bars) of NPs obtained from a set of 910 values is
reported in Fig. 1b. The fit (purple curve) reveals a double lognormal
distribution, with the first peak (green dashed curve) centred at 1.9 +
1.6 nm and the latter (red dashed curve) at 3.8 4+ 1.1 nm. A multimodal
lognormal distribution of the NPs size is typical of the SCBD deposition
method, in particular when NPs composed of multiple elements are
obtained [16,30-32].

Fig. 1c reports a 2 x 2 pm? AFM image of the film deposited on FTO
before the thermal treatment. As reported in Figure S4 of the SM, the
film exhibits an estimated thickness of 65+6 nm. An average RMS
roughness of 14 nm was measured, comparable to the one of the bare
FTO substrate, suggesting a conformal growth and a homogeneous
coating. NPs assemble into larger aggregates consistently with the bal-
listic aggregation growth process [33], but the presence of distinct in-
dividual NPs remains evident in Fig. 1c.

Fig. 1d instead reports a 2 x 2 pm? AFM acquisition after the
annealing step in air. Individual as-deposited NPs can no longer be
distinguished, as they have merged into larger nanostructures. This
coalescence phenomenon leads to a smoother surface, with the RMS
roughness decreasing to 11 nm. For the same specimen, cross-sectional
SEM imaging evidenced a well-adherent deposit with a uniform thick-
ness of 70+8 nm (Figure S5). According to EDX analysis, the film
featured a Fe/Cu overall ratio of 2.0 £ 0.2, in good agreement with TEM
results (see below).

The XRD pattern (red curve) of the FTO-supported annealed sample
is reported in Fig. 2a. As can be observed, besides reflections due to the
substrate marked with symbol * (for comparison, XRD spectrum of a
bare FTO substrate is also displayed (black curve)), two additional peaks
at 29 = 35.5 and 43.3° can be discerned, attributed respectively to the
(211) and (220) crystallographic planes of the CuFe;04 tetragonal spinel
phase (space group 141/amd, PDF 00-34-0425). The average crystallite
size, estimated through the Scherrer equation, turned out to be 15+3
nm.

Fig. 2b shows the Raman spectra acquired under 532 nm excitation
in the 190-800 cm ! range. The peaks at 219, 286, 337, 450, 520, 633
and 685 cm ! match the vibrational fingerprints expected for tetragonal
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CuFe04 [34,35]. In particular, the strong Ajg stretching modes over
600 cm~! are fully consistent with the distortions induced by the
Jahn-Teller active Cu®' ions in octahedral sites, which stabilize the
tetragonal phase [34].

In this regard, important complementary insights were provided by
TEM analyses. A fragment of the film is shown in Fig. 3a. The selected
area electron diffraction (SAED) pattern reported in Fig. 3b is consistent
with the tetragonal CuFe;O4 phase, as the main diffraction rings ex-
pected from reference card PDF 00-034-0425 can be identified. Specif-
ically, the measured interplanar spacings can be assigned to (112),
(103)/(211), (202), (220), (312), (105)/(303), and (321) family of
planes. The pattern exhibits diffuse yet complete Debye rings, indicating
a polycrystalline material with small crystallite size, together with a few
isolated bright spots, typically associated with the presence of some
larger crystallites.

High-resolution TEM (HR-TEM) images further confirm the poly-
crystalline nature of the material (see Figure S6 in SM). Several over-
lapping crystallites can be observed, while isolated grains are only
occasionally visible. The average size, estimated over 21 crystallites, is
8.1 nm, in good agreement with the value of 15 nm obtained from X-ray
diffraction, considering that the XRD signal tends to be dominated by
larger crystals.

Although the SAED pattern reveals the predominance of the CuFe304
phase, the local compositional analysis performed by STEM-EDX in-
dicates a non-uniform distribution of the constituent metals, as can be
observed in Fig. 3c. In particular, the average Cu:Fe atomic ratio over
the entire aggregate is 1:1.77, suggesting a slight copper excess
compared to the expected stoichiometric ratio of 1:2. In some regions of
the sample (Fig. 4a), a gradual variation of the Cu:Fe ratio can be
observed, ranging from the stoichiometric 1:2 value in the more ho-
mogeneous areas to Cu-enriched zones with ratios up to 81:1. HR-TEM
images collected from these Cu-rich regions reveal crystallites with
interplanar spacings of 0.26 nm and 0.18 nm, consistent with the pres-
ence of the CuO phase (PDF 01-080-0076; Fig. 4b and c). These obser-
vations, combined with the XPS analysis below, indicate that, while
CuFey0y is the dominant phase, a partial CuO formation occurs within
the film, possibly resulting from non-uniform metal distribution during
the thermal treatment.

Fig. 5 compares the Cu 2p and Fe 2p XPS and the Cu LMM Auger

(a) " —— FTO-supported CuFe
— FTO

(311)

Intensity (arb. units)

2 (400) .

. :
%

(b)

685

633

219 286

LI L L L LB LB L

30 40 50 60
20 (degrees)
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Fig. 2. XRD (a) and Raman (b) spectra of FTO-supported CuFe layer after thermal treatment in air at 400 °C (red and green spectra respectively). For comparison, the

XRD spectrum of a bare FTO substrate is also displayed (black curve).
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CuKa Fe Ka

Fig. 3. (a) Low-magnification bright-field TEM image of the CuFe;O4 sample. (b) Corresponding SAED pattern, in which the white semicircles highlight the
experimental diffraction rings. The measured interplanar spacings are consistent with the tetragonal CuFe;04 phase, as reported in PDF 00-034-0425. (c) STEM-EDX
elemental map showing the spatial distribution of copper and iron within the aggregate. The average Cu:Fe atomic ratio is also indicated.

Fig. 4. (a) STEM-EDX elemental mapping illustrating the presence of a Cu rich area. The Cu:Fe atomic ratio calculated in the area highlighted in yellow is also
reported. (b) Bright-field TEM image of the same area analyzed in (a); (¢) HR-TEM image of the copper rich area.

spectra for the FTO-supported electrodes before and after annealing. The
details of the deconvolution results for the XPS spectra, including the
O1s and C1s signals (displayed in Figure S7), are reported in Table S2
and S3.

Fig. 5a shows the Cu 2p spectrum before the thermal treatment,
together with the peak deconvolution performed according to the work
of Torres et al [22]. The two components reproducing the 2ps,» peak
(blue curves) may be attributed to contribution from both cu® and
Cu*[22]. Since the Cu’ and Cu™ binding energies are too close to be
distinguished [22], the presence of both species becomes evident from
the Auger spectrum shown in Fig. 5b. The L3Mys5Mys5 Auger transition
exhibits two distinct peaks as already observed for copper alloys exposed
to air [36]: one at 918.6 eV kinetic energy, attributed to the metallic Cu
[22,23] and another at 916.1 eV attributable to the CuToxidation state
[37]. The Cu™ presence can be attributed both to the deposition method,
as trace amounts of oxygen may be present in the chamber where the
plasma is generated, and to air exposure during the sample transfer to
the XPS chamber.

After the thermal treatment the presence of shake-up satellites in the
Cu 2p spectrum (Fig. 5d) suggests the appearance of a Cu?" oxidation
state [22]. However, the intensity ratio between the satellite features
and the main peak of this state rules out a complete oxidation of the
sample to Cu?*. The Cu?* contribution as deduced from the green curve
deconvolution is 54 % of the Cu 2p signal, while the Cu" peak (blue
curve) accounts for the 46 % of the signal. The Cu(LgM45M45) Auger
lineshape reported in Fig. Se is centred at 917.6 eV in agreement with
the presence of CuO [23].

Fig. 5c reports the Fe 2p spectrum before annealing. Due to the
presence of the O(KLL) Auger transition peaked at 742 eV [38], an
additional artificial component (light grey curve) was included in the fit

to account for its contribution. Therefore, given the complexity of the
background, the XPS quantification is affected by relatively large un-
certainty margins. Switching to the Al Ka excitation worsens this issue,
as the Fe 2p region then overlaps with the Cu L3M3Ms3 Auger emission
[39]. According to the literature peak assignment [40], the Fe 2p
spectrum shows no evidence of metallic Fe before the thermal treatment,
but only Fe?t and Fe** components (orange and blue curves, respec-
tively) with a relative ratio Fe?*:Fe3* of ~1:2.

The annealing results in a substantial decrease of the surface Fe
signal, further compromised by the presence of the O(KLL) Auger tran-
sition as shown in Fig. 5f. The Fe 2p is dominated by the Fe>* component
[41] although, due to the high noise level and the complex background,
a minor contribution of Fe?* cannot be completely excluded. A decrease
in iron content is clearly reflected in the Cu:Fe ratio, which shifts from
1:2.8 in the as-deposited film to 30:1 upon annealing. It should be noted
that the decrease in iron content refers only to the near-surface region
probed by XPS. This observation, consistent with the TEM and
STEM-EDX results, suggests the formation of a CuyO-rich region at the
surface during thermal treatment, as already observed in other studies
[6].

The optical absorption in semiconductors can be described by the
relation:

o' =B(hw — E) )

where B is a proportionality constant and Eg represents the band gap
energy [25]. The exponent n depends on the nature of the electronic
transition, taking a value of 1/2 for indirect transitions and 2 for direct
transitions.

Fig. 6a displays the experimental data (orange dots) employing eq. 5
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Fig. 6. (a) Experimental data (orange dots) plotted as a'/? vs. the photon energy in the 1.4-3.8 eV range. The red solid line represents the linear fit to extract Eg value.
(b) 1 x 1 pm? KPFM image representing the work function of CuFe film.
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with the o'/ vs. hv scale. The linear fit (red curve) suggests that the
indirect band gap is 1.55 + 0.1 eV, in good agreement with literature
values for CuFe,04 [42,43]. Determining the direct band gap is on the
other hand challenging, due to the extended Urbach tail [44]. As
detailed in the SM section 8 (Figure S9), the o? fit yields a value of 2.8 +
0.2 eV.

Fig. 6b shows the work function (¢) map obtained through KPFM on
a1l x 1 pm? film region. The mean ¢ value is approximately 5 eV with
respect to the vacuum level. This value falls within the 4.5-5.2 eV range
reported for CuFeyO4 films deposited by other methods [14,45].
Notably, the narrow spread of the local ¢ values suggests a limited de-
gree of electronic inhomogeneity across the probed area, indicating
uniform grain composition and a well-defined surface stoichiometry.

3.2. Photoelectrochemical characterization of CuFe;04 electrodes

The CuFey04 electrode demonstrates promising PEC properties, as
illustrated in Fig. 7a. LSV scans under chopped light (green curve), in the
dark (blue curve), and under continuous illumination (red curve) were
recorded in a 0.1 M NazSO4 solution, previously deaerated with nitrogen
for 20 min. A constant nitrogen flow was maintained throughout the
measurements. The yellow curve in the same figure represents the
photocurrent obtained under identical conditions but illuminating the
sample by a solar simulator with an intensity of 100 mW/cm?. As ex-
pected, the photocurrent density nearly doubles, indicating that the
electrode operates in a photon-limited regime with no significant in-
jection or recombination bottlenecks under the experimental conditions.

The electrode exhibits p-type behaviour, with a photocurrent onset
for the HER at approximately 0.6 V vs. RHE, indicating efficient pho-
toactivity. This onset potential aligns with values reported by other re-
searchers [2,46,47] (see Table S4 in SM for a comparison of PEC
performances of Cu-based ferrites reported in the literature). The dark
current remains stable up to 0.4 V vs. RHE, beyond which a slight in-
crease suggests a reduction process, likely involving the CuO at the
surface, which is reduced to Cus0 [48]. This behaviour is also observed
in the chopped chronoamperometry, where the dark current slightly
shifts up from —0.006 to —0.004 mA/cm? over the scan duration
(Fig. 7b). Despite this, the electrode maintains good stability during two
hours of continuous PEC operation, with only a 20 % decrease in
photocurrent, underscoring its reliability and performance.

Fig. 8a presents the MS plot for the CuFe;04 electrode in a nitrogen-
deaerated 0.1 M NaySO4 solution. The negative slope of 1/C? confirms
the expected p-type behaviour. The flat band potential (Vgg) is
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approximately 0.5 V vs. RHE (4.95 V vs. Vacuum), and in line with the
KPFM measurements of Fig. 6b. We attribute the higher position of Vg if
compared with values reported in the literature to the presence of Cu™
surface species (see XPS results above) [2,49]. Notably, the high con-
stant values of 1/C? at potentials above Vg correspond to a rather low
double-layer capacitance, suggesting a relatively flat film morphology
(see AFM data in Fig. 1).

These findings, combined with the optical band gaps derived from
Tauc plots (Fig. 6), support a proposed junction scheme involving a thin
CuO/Cuy0 overlayer surrounding CuFe;O4 particles. This junction is
known to have a positive effect on the photocurrent density [47].
Depending on the position of the CuO valence band edge [2,50], either a
Z-scheme or a type II junction may form (Fig. 8b). In the latter case,
electron injection occurs into CuO crystallites, whereas in the Z-scheme,
the electrolyte directly contacts the CuFe;O4 surface.

Fig. 9a displays normalized IMPS Nyquist plots recorded at
increasing bias potentials in 0.1 M NaySO4. These plots enable rapid
extraction of pseudo-kinetic constants: the injection rate constant (ki)
and the recombination rate constant (kre.) [11,51]. Key features include
the high-frequency intercept (HFI) on the right, the low-frequency
intercept (LFI) on the left, and the peak frequency (wmax). These pa-
rameters allow calculation of kinetic constants using the following
relations:

w = kinj + krec (6)
LFI King
ninj B ﬁ - kinj + krec (7)

The Nyquist plots in Fig. 9a reflect charge transfer processes at low
frequencies from the photoactive surface to the electrolyte. Moving from
higher potential (V = 0.53 V) towards lower values (V = 0.38 V), i.e.,
towards a cathodic regime, the analysis shows that ki,; increases (red
squares) while k. decreases (green dots) as shown in Fig. 9b. This is
consistent with the progressive increase of the photocurrent intensity,
due to the charge transfer from the photocathode towards the solution,
during HER. It is interesting to note that a sharp drop in kj,; occurs when
the potential is decreased below 0.4 V vs. RHE, coinciding with Cuy0
formation, which has unfavourable band edge positions and impairs
injection kinetics (Fig. 9¢) [50]. At the same time, this strongly suggests
that the photocurrent measured in the range of higher potential values
(0.4-0.6 V) arises from HER and ORR, and not from CuO reduction.
Indeed, if Cuy0 formation begins as the photocurrent develops (0.6 V),
no increase in kiyj should be observed with decreasing bias. Moreover,
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the presence of an electron scavenger like O, enhances the photocurr

ent,

as shown by the difference curve (purple curve) between the aerated

(yellow curve) and the deaerated (blue curve) electrolyte solutions in
Fig. 9d, confirming electron injection into the electrolyte for O,
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reduction.

Fig. 10 presents the APCE, which quantifies the conversion of
absorbed photons into electrical current across wavelengths. The APCE
curves (Fig. 10a) show efficiency maxima close to the 0.35 V bias vs.
RHE with different intensities. A peak efficiency of 0.43 % is obtained at
the 405 nm wavelength LED, corresponding to ~3 eV, quite close to the
estimated direct band gap of 2.8 eV, thus indicating optimal perfor-
mance in the lower visible range. A second maximum observed near 550
nm may be attributed to the copper oxides present at the surface.
Interestingly, the APCE intensity curve obtained from the 405 nm LED
(Fig. 10b, blue curve) starts decreasing below 0.4 V vs. RHE, whereas the
curve obtained from the 550 nm LED (Fig. 10b, red curve) continues to
increase. This behaviour may be rationalized considering a partial
reduction of Cu?>" to Cu™ under cathodic bias on the CuFe,04 surface,
which suppresses the charge injection into the copper oxides surface and
thus decreases the APCE intensity. The third weak APCE maximum
visible in the near infrared region (Fig. 10a) is consistent with the fact
that the excited electrons, as shown in Fig. 8b, do not acquire enough
energy to access the CuO conduction band at the surface. They rather
undergo the indirect excitation within the bulk CuFe50y4, thus resulting
in a suppressed contribution to the photocurrent at 700-800 nm.

Overall, the SCBD overcomes many of the limitations associated with
the current CuFe,O4 deposition methods, as the kinetic energy of the
clusters and the non-equilibrium nature of the process allow crystallinity
control at relatively low substrate temperatures, with the nanogranular
structure of the film minimizing the thermal budget for phase evolution,
thus obtaining an efficient photoelectrode.

4. Conclusions

A 7048 nm thin CuFe204 film was successfully deposited on FTO via
SCBD for the first time. The photoelectrode is predominantly composed
of the tetragonal CuFe;O4—spinel phase. Although the average Cu:Fe
atomic ratio before thermal treatment indicates a slight iron excess, after
air annealing at 400 °C, XPS analysis indicates a Cu segregation on the
surface due to the formation of a thin CuO/Cuy0 overlayer. This picture
is confirmed by STEM-EDX analysis which reveals nanoscale composi-
tional inhomogeneity with local gradients ranging from the expected 1:2
stoichiometry to highly Cu-rich regions (up to 81:1) at the particle
surfaces. Interestingly, the formation of tetragonal CuFe;O4 phase at
unusually low temperatures is likely due to the nanogranular nature of
the metallic precursor obtained by SCBD.

0.35

0.4

0.3

0.2

0.1
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The electrode exhibits strong visible-light absorption, and very good
photocurrent values considering its low thickness and roughness, with a
photocurrent onset in NaySO4 electrolyte at 0.6 V vs. RHE. The electrode
maintains good stability over extended illumination, a behaviour which
is also due to the strong adhesion of SCBD films. In addition, its
compositional stability is further confirmed by XPS and Raman analyses
after PEC work. However, the application of a bias below 0.35 V vs. RHE
induces the reduction of CuO to Cu,O at the electrode surface. This effect
determines a reduction of the kiy; constant as suggested by IMPS anal-
ysis, although the charge injection efficiency remains high because of
low recombination. This indicates a narrow operational bias window
(0.6-0.3 V vs. RHE) for stable PEC activity. APCE shows a conversion
efficiency peak around 405 nm, consistent with the direct transitions
observed from the Tauc plot at 2.8 eV. Furthermore, APCE spectral
features support the evolution of interfacial Cu,O species under bias.
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