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Key factors boosting the performance of planar ZnFe,0,
photoanodes for solar water oxidation
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Vittoria Dozzi?, Elena Selli* and Kevin Sivula®

aDipartimento di Chimica, Universita degli Studi di Milano, via Golgi 19, 1-20133 Milano, Italy
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Abstract

The performance of ZnFe,O4 photoanodes largely depends on their nanostructure, crystallinity and
n-type doping, though decoupling their impact on photoactivity remains a challenge. Herein, the
combined effects of the synthesis temperature and a reductive annealing post-treatment on the
photoelectrochemical performance of planar ZnFe,O, photoanodes are investigated in relation to a
comprehensive range of film thickness, enabled by an optimized sol-gel synthetic approach. By
eliminating the effects of nanostructure, a synergistic effect is revealed between the material
crystallinity, controlled by synthesis temperature, and the n-type doping triggered by the H,-
treatment, which is maximum for the thickest photoactive layers. Intensity modulated photocurrent
spectroscopy measurements performed in operando evidence the crucial impact of the synthesis
temperature and the reductive treatment in inducing an effective surface charge injection and
improved bulk charge transport, respectively, to enhance the photoelectrochemical performance of

planar ZnFe,Oy films.

1. Introduction

Capturing and storing sunlight, the most plentiful renewable energy source, as chemical fuels
in order to mitigate its intermittent and unpredictable nature, remains a key challenge towards
realizing a fossil fuel-free, sustainable energy society.' Hydrogen (H,) is a leading candidate as a

clean fuel since it can be produced from water by solar-driven electrolysis.*> A promising route in
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this regard is photoelectrochemical (PEC) water splitting where direct semiconductor—liquid
junctions (SCLJ) are used to drive the oxidation and reduction of water into O, and H,, on a
photoanode and a photocathode, respectively.®” In principle a PEC tandem cell, where two
complementary photoelectrodes are stacked to maximize the light harvesting efficiency, is a powerful
strategy to enable unassisted and high efficiency solar water splitting.81° However, realizing both
high solar-to-hydrogen conversion efficiencies and robust device performance with this configuration
has been limited by the development of semi-transparent semiconductor photoelectrodes with suitable
band gap energy, high PEC activity, and stable performance.®!!-13

Indeed, identifying semiconducting materials for photoanodes that are capable of oxidizing
water into oxygen with high efficiency and long-term stability is the major performance bottleneck
of these devices. Metal oxide-based photoanodes stand out as promising candidates towards this aim,
since they possess key requirements, such as low-cost, earth abundance, easily scalable
processability, long-lasting durability under operation conditions and sufficiently oxidizing valence
band maxima.!'!-'4-17 Several binary and ternary transition metal oxides, such as TiO,, WO3, BiVO,
and Fe,O;, have been extensively studied, but their relatively wide band gap and/or poor
semiconducting properties limit their practical application.!®-20 Therefore, the search for new ternary
and multinary oxides able to absorb a large fraction of the solar spectrum and efficiently drive the
oxygen evolution reaction (OER) remains an urgent need.'®

In this regard, the spinel ferrite phases formed by ternary oxide compounds of iron(IIl) and a
divalent metal (MFe,0,), have recently gained increasing interest for their excellent thermal and
chemical stability. Moreover, the possibility to tune their band gap energy (1.4-2.1 eV) by selecting
the divalent M cation (M = Zn, Mg, Cu, Ca, etc.) allows for controlling light harvesting in the visible
range.>! 24 Specifically, ZnFe,0,4 (ZFO) with a band gap energy of 2.0 eV has become a model system
of this class of materials, as it shares many advantages of the well-studied hematite (Fe,O3) in addition
to a 200 mV more negative photocurrent onset potential, which potentially allows for improved

operation of a tandem cell.!®>> However, the performance of ZFO photoanodes?>—3* remains far below
2
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that of benchmark set by Fe,03.333¢ Detailed investigations revealed that a strong bulk recombination
associated with a poor electron conductivity is a main issue with ZFQ.?3-3337-38 This limitation may
be related to the extremely high temperature required to crystallize this class of materials.?-27-3

A post-synthesis thermal treatment under mild reductive conditions (e.g. under H, gas at 200
°C) is known to improve the conductivity of ZFO photoelectrodes through the introduction of oxygen
vacancies acting as n-type dopants, thus increasing the majority carrier density of the
material 232728384041 The reductive treatment of nanostructured ZFO films with a nanorod (NR)
morphology led to a benchmark photocurrent density for solar water oxidation, and also pointed out
that cation-site disorder may enhance the majority carrier transport in these electrodes even more than
the film crystallinity, resulting in a superior separation of photogenerated charges.*® However,
although nanostructured architectures such as the NR morphology present many advantages for
increasing charge collection efficiency (e.g. the channelized electron transport and reduced distance
for minority charge carriers to reach the semiconductor/electrolyte interface), a detrimental light
scattering side-effect compromises their use as top-layer photoanodes in PEC tandem devices.!!
Moreover, the NR morphology complicates decoupling and understanding the effects of the
crystallinity and doping on the intrinsic material performance.

Accordingly, the development and optimization of ZFO films with a compact and planar
geometry that simplifies the interpretation of the performance, and, due to their translucency, could
also be more suitable in tandem cells is a recent research goal.!*! However, previous studies were
limited by small film thickness (under 100 nm) due to the synthetic method employed. For this reason,
in the present work we employ a modified sol-gel synthesis starting from a high precursor
concentration to prepare planar ZFO films with different thickness, up to ca. 300 nm, in one single
spin-coating deposition step. The PEC performance of these electrodes together with in operando
intensity modulated photocurrent spectroscopy (IMPS) provide critical insight into the influence of

the reductive hydrogen treatment on the fate of the photogenerated charges as a function of both the
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film preparation temperature and the film thickness in the absence of morphological factors stemming

from a nanostructured architecture.

2. Experimental Section
2.1 Chemicals and materials

The following chemicals were employed: Zn(NOs),-6H,0 (ABCR), Fe(NO3)3-9H,0 (Acros
Organics), NaOH (Reactolab SA) and Na,SO; (Sigma-Aldrich). F-doped tin oxide (FTO) coated

aluminoborosilicate glass (Solaronix) was used as conducting substrate.

2.2 Photoelectrode preparation

Thin ZnFe,0,4 films with different thickness were prepared through the single-step spin-
coating deposition of aqueous solutions containing different precursor concentrations, followed by a
two-step heating procedure. The employed concentrations of the two metal nitrate precursors were
determined in preliminary solubility tests, aiming at maximizing them while employing a suitable
stoichiometry to obtain the desired phase. In this way, up to 40-fold higher nominal precursor
concentrations were obtained with respect to those previously employed (i.e., 0.25 M in Fe and 0.125
M in Zn).!! All solutions were prepared with Millipore water (18.2 MQ).

Prior to deposition, the FTO coated glass was thoroughly cleaned by sonication cycles in a
soap/water mixture, acetone, ethanol, and finally in distilled water (15 min each) before plasma
cleaning for 15 min. A static spin coating technique was used to deposit the precursor solution (150
puL) on the cleaned substrates, which were then spun at 500 rpm for 45 s. After spin coating, the films
were first dried at 400 °C in air for 1 h, and then annealed in a tubular furnace preheated at 600 °C or
800 °C (for 20 min), followed by natural cooling to room temperature after switching the furnace off.
Finally, the electrodes underwent a post-synthesis reductive treatment at 200 °C under a H,
atmosphere for 1 h or 4 h. Powder samples for X-ray diffraction (XRD) analysis and Rietveld
refinements (see next section) were prepared by annealing the precursor solutions at different

temperature (600 °C, 700 °C and 800 °C) for 2 h.
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2.3 Structural, morphological and optical characterizations

XRD data were collected using a Panalytical Empyrean system (Bragg-Brentano, 240 mm)
equipped with a PIXcel-1D detector, a hybrid monochromator, and parallel beam optics. Raman
spectra were recorded with a confocal Raman spectrometer (HORIBA Jobin Yvon XploRA PLUS)
using a 532 nm wavelength laser for excitation. Powder X-ray diffraction (PXRD) analysis on the
powder samples was conducted in a Bruker D8 Discover diffractometer using a non-
monochromatized Cu-source, a Nickel filter and a LYNXEYE-XE energy-dispersive detector, which
was set to filter Fe-fluorescence. Presented results were extracted from Rietveld refinements.
Scanning electron microscope (SEM) data were collected using a Zeiss Gemini 300 scanning electron
microscope in High Vacuum (HV) mode.

Transmittance and reflectance data were collected using a UV-3600 (Shimadzu) spectrometer
equipped with an integrating sphere. The thickness of all synthesized films (reported in Table 1) was

estimated using UV-Vis absorption and the estimated absorption coefficient « at the corresponding

synthesis temperature. « values were calculated using the following equation:#>43
1 T%
a=—= ln(—) #(1)
0

where / is the thickness (ca. 220-240 nm) of the reference sample for each synthesis temperature
estimated from the cross-section SEM images (Figure 1d), 7% and R% are the percent transmittance
and reflectance values, respectively, of the same electrode at a selected wavelength. By comparing
the linear regression plots, shown in Figure S1, of the absorbance at selected wavelengths vs. the
estimated film thickness, A =400 nm was identified as the most suitable wavelength for « evaluation.
The o values obtained according to Eq. 1 for the two synthesis temperatures are @g0(400 nm) =

0.0085 nm™! and agpo(400 nm) = 0.0093 nm™".

2.4 Photoelectrochemical measurements

PEC measurements were carried out with a BioLogic SP-500 potentiostat connected to a

cappuccino-type PEC cell (0.25 cm? active geometric area for the working electrode), in a three-
5
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electrode configuration where a Ag/AgCl KCI (sat.) electrode and a Pt wire were used as reference
and counter electrode, respectively. The light source was a 1000 W Xe arc lamp (Newport Oriel)
calibrated using a Si photodiode to provide a photon flux corresponding to the AM 1.5 G spectrum
(spectrally matched for hv > 2.0 eV). Intermittent-illumination linear sweep voltammetry (LSV) scans
were acquired with a 20 mV s! scan rate by irradiating the electrode in both back (through the
substrate-side) and front (through the electrolyte-side) configurations. The applied potentials acquired
vs. Ag/AgCl in all measurements were converted to the reversible hydrogen electrode (RHE) using
the equation: Erpg = Eagcr +0.059 pH + 0.210. LSV measurements were performed in eithera 1.0 M
NaOH aqueous electrolyte solution at pH 14, or in a 1.0 M NaOH solution containing also 0.5 M
Na,SOs.

Photoelectrochemical impedance spectroscopy (PEIS) measurements were carried outina 1.0
M NaOH electrolyte solution (pH 14) using a Bio-Logic SP-500 potentiostat coupled with the EC-
Lab (V11.12) electrochemical platform. During each PEIS scan, the potential modulation frequency
was scanned between 160 Hz and 50 mHz. A custom program written in the Python programming

language was used to process and fit the PEIS data.

2.5 IMPS measurements and data analysis

IMPS tests were performed using a blue LED light generated by a customized light
modulation system with 4 Cree XLamp MC-E LEDs. The sinusoidal modulation of the light intensity
was controlled by a function generator (Tektronix AFG3021C), with a modulation depth of 10% and
a frequency range from 80 kHz to 0.5 Hz. A three-electrode cappuccino-type cell was used, similar
to that employed in the other PEC measurements. A Thompson Electrochem potentiostat (model 251)
was used to control the applied potential on the working electrode and the photocurrent response was
recorded by a digital oscilloscope (Tektronix DPO7254C) via a 50 Q resistor (Velleman E6/E12) in
series with a platinum counter electrode. IMPS data were processed and fitted using a custom program

written in Igor Pro (WaveMetrics) and Origin Pro (OriginLab).
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3. Results

To gain insight into the effect of the ZFO preparation temperature and the reductive hydrogen
treatment on the photogenerated carrier transport and transfer, a series of planar ZFO electrodes was
prepared using 8 different precursor concentrations, as reported in Table 1. The films obtained by
spin coating the different precursor solutions were annealed at 600 °C or at 800 °C. Similar thickness
values, determined by UV-vis absorption measurements (see Section 2.3), were obtained for the as-

prepared ZFO films, independently of the synthesis temperature, as shown in Table 1.

Table 1. Adopted precursor solution concentrations and corresponding films thickness after heating at 600 or
800 °C.

3 o 3 o
[Fe™] /M (Zn*]/ M Thickness @ 600 °C Thickness @ 800 °C
/ nm / nm
0.5 0.25 60 50
1.0 0.5 70 70
1.5 0.75 80 90
2.0 1.0 100 100
2.5 1.25 140 120
5.0 2.5 160 160
7.5 3.75 220 240
10 5.0 240 310

Annealed films were directly employed in PEC measurements (coded as “pristine” samples)
or underwent a further hydrogen treatment for 1 h or 4 h at 200 °C, to increase their carrier
conductivity. All investigated ZFO electrodes are labelled as ZFO_X@Y, with X indicating the film

thickness in nm, Y the annealing temperature in Celsius.

3.1 Structural, morphological and optical characterization

The phase composition and crystal structure of the as-prepared ZFO films were evaluated
using XRD and Raman spectroscopy. Results obtained for the 160 nm-thick films annealed at 600 °C

or 800 °C, are reported in Figure 1. The XRD patterns in Figure 1a only display the reflections
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typical of cubic spinel ZnFe,O4 (JCPDS: 01-089-1010) and the diffraction peaks of SnO, associated
to the FTO substrate (marked by asterisks). No signals for other segregated phases can be discerned.
The peaks at about 26 = 30°, 35.2°, 43°, 53° and 56.6° are indicative of the (220), (311), (400), (422)
and (511) crystal planes, respectively, of the pure ZnFe,O,4 phase, which crystallizes with a Fd3m
space group.?>26-38 The intensity of these reflections increases when the annealing temperature passes
from 600 °C to 800 °C, which is an indication of the enhanced crystallinity of the films, in line with
previous results on ZFO NR films.*® Also, as established for ZFO NR films, the mild post-synthesis
hydrogen treatment does not change the crystal structure.?3-26-27

The Raman spectra over a wide range (100-1800 cm™) reported in Figure 1b further confirm
the crystal phase and the absence of parasitic phases in the thin films prepared at 600 °C or 800 °C.
In both cases, the weak feature appearing at 245 cm! and the three bands centred at 352, 506 and 629
cm! can be identified as the E,, F>, (two modes) and 4, first-order Raman active modes typical of
ZF0.* Also the broad weak feature at around 1120 cm™! can be assigned to ZFO,* despite its
similarity with the Raman signature of magnetite (Fe30,4).4¢*7 More importantly, the absence of the

characteristic intense signal of a-Fe,O3 at 1320 cm™! and of the broad band above 1400 cm™! typical

of y-Fe,O3 confirms the absence of undesired hematite*®#° or maghemite,*° respectively.
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Figure 1. (a) XRD patterns and (b) Raman spectra of representative ZFO films annealed at 600 °C and 800
°C; (c) trends in the spinel inversion degree ¢ for our planar ZFO films (purple circles) and for ZFO NR
electrodes (cyan stars, reproduced from ref. 38) and in the estimated crystalline domain size d (orange
diamonds) vs. the synthesis temperature; (d) cross section SEM images of the (i) ca. 220 nm and (ii) ca. 240
nm-thick films annealed at 600 °C (Mag = 25.62 K X) and 800 °C (Mag = 20.55 K X)), respectively, employed

for the a evaluation reported in Section 2.3.

Despite the apparent phase purity of our ZFO thin films, additional investigation of the
crystallinity of the material prepared via our sol-gel route is valuable considering the crystal structure
of ZnFe,0,4, which can exist in normal and inverted configurations. Indeed, typically ZFO possesses
an almost normal spinel crystal structure composed of a cubic closed-packed array of oxygen atoms
with the Zn?" and Fe?* ions located at the tetrahedral and octahedral sites, respectively.’! However,
cation inversion can occur and the degree of inversion (J), defined as the fraction of tetrahedral sites

occupied by Fe** ions, is known to mainly affect the magnetic behaviour of spinel ferrites.>>33
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According to Thota et al.’® the 4;, mode in Raman spectra (Figure 1b), which is
representative of the symmetric stretching of tetrahedral units, may split into two separate peaks
associated with the lattice vibrations in the tetrahedral positions of both Zn and Fe cations, in the
presence of an inversion degree. Based on this, the only slight 4,, mode split detectable in the peaks
at 648 and 680 cm™! of both Raman spectra shown in Figure 1b may indicate a partial inversion
degree in the synthesized films.

Note that 0 was suggested to influence the PEC properties of ZFO samples with NR
morphology even more than their crystallinity degree.*® Accordingly, we next estimated the
crystalline domain size and cation inversion as a function of the synthesis temperature via the Rietveld
refinement of PXRD patterns (Figure S2) of ZFO powders prepared at 600 °C, 700 °C and 800 °C
using a procedure similar to that employed to prepare our thin films. In Figure 1c¢ we display the
values of d, and the crystalline domain size (estimated by the integral breadth), d, as a function of the
synthesis temperature. The same inverse behaviour for J and d is observed with increasing preparation
temperature as for ZFO NR samples,*® although with a significantly different relative variation degree
of these two parameters. In particular, while d monotonically increases by ca. 50% when rising the
preparation temperature from 600 °C to 800 °C, the cation disorder ¢ exhibits only a minor decrease,
from 0.15 to 0.14, for the same synthesis temperature increase. A much higher decrease in cation
disorder was found for the ZFO NR electrodes within the same temperature range, with ¢ dropping
from ca. 0.20 to 0.13 (data reproduced in Figure 1c¢ for comparison).** Moreover, the maximum &
value of 0.15 achieved in the case of the planar ZFO films is far below 0 = 1 expected for a totally
inverted spinel structure, suggesting that our as-prepared planar ZFO films primarily exhibit the
normal spinel phase. The difference in the trend of 6 between the planar films and the NR films is
likely due to the synthesis method, where for the NR morphology an intermediate goethite phase of
FeOOH is used. On the other hand, with respect to the crystal domain size, the remarkable increase

(ca. 50%) of d from 35 to 65 nm (Figure 1c¢) in the planar films, which is comparable with the ca.

10
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70% increase observed in NR films,** indicates a significant enhancement in crystallinity upon rising
the synthesis temperature, in agreement with other reports.*3

The morphology of the ZFO films was next examined by electron microscopy. Figure 1d
shows representative cross-section SEM images of films prepared starting from the 7.5 M in [Fe3']
and 3.75 M in [Zn?"] ZFO precursor solution and prepared at either 600 °C (Figure 1d i) or 800 °C
(Figure 1d ii). A planar film geometry is observed with dense and compact layers composed of
interconnected nanoparticles with comparable thickness in the 220-240 nm range, regardless of the

synthesis temperature.

3.2 Photoelectrochemical performance

Typical current density vs. applied potential (J-V) curves were collected under standard water
oxidation conditions (intermittent 1-Sun illumination, 1.0 M NaOH electrolyte), to investigate how
the different parameters (i.e. the synthesis temperature, film thickness, and hydrogen treatment) affect
the PEC performance. Figure 2 summarizes the J-V results in a plot of the photocurrent density at
1.5 V vs. RHE as a function of the film thickness, recorded under both back (substrate-side) and front
(electrolyte-side) illumination of either the pristine or the hydrogen-treated electrodes prepared at 600
or 800 °C. The reported values are averaged over 5 electrodes prepared in the same conditions (see
Figure S3). The relatively small error bars underline the reproducibility of the adopted synthesis
method and post-synthesis hydrogen treatment. The results shown in Figure 2 for hydrogen-treated
electrodes refer to a 1 h-long exposure to H, flux, as prolonging the reductive treatment up to 4 h did
not produce any further PEC performance improvement, as shown in Figure S4. This suggests that
the film composition equilibrium in terms of oxygen vacancies was already reached after 1 h-long

reductive treatment.

11
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Figure 2. Photocurrent density (/) values as a function of the film thickness recorded with (a) the 600 °C and
(b) the 800 °C electrodes at 1.5 V vs. RHE, before (pristine, green and blue) and after 1 h-long H,-treatment
(orange). Reported J values are the average of linear sweep voltammetry measurements with different samples
in 1.0 M NaOH solution under either back (full circles) or front side (void circles) irradiation.

A clearly different behaviour for the pristine and the H, treated electrodes depending on the
synthesis temperature is revealed by the data in Figure 2. Focusing on pristine films, the electrodes
prepared at 600 °C (Figure 2a, green markers) exhibit a low photocurrent (below 40 uA cm2) that
is insensitive to film thickness. In view of the relatively low crystallinity of the pristine 600 °C films,
as evidenced by the d values reported in Figure 1c, the poor performance is consistent with a
limitation in photogenerated charge transport. In contrast, the higher crystallinity of the films prepared
at 800 °C, and likely the diffusion of Sn** dopant from the FTO substrate??, correlated to a higher
activity of the pristine electrodes, with a bell-shaped trend of the photocurrent vs. the film thickness
and a maximum of 130 pA cm around 160 nm, followed by a decrease for thicker films (Figure 2b,
blue markers). This behaviour is also consistent with a limitation in photogenerated charge transport
in films with thickness greater than 160 nm and the lower performance of the thicker films from the
front side illumination points to a limitation in the transport of the majority charge carriers.

After H,-treatment, the overall PEC performance increased but to a very different extent
depending on the film thickness and preparation temperature. Indeed, while among the hydrogen-

treated less crystalline (600 °C) electrodes the maximum photocurrent was recorded at a low thickness

12
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(70 nm), followed by a drop with increasing thickness (Figure 2a, orange markers), the reduction
treatment applied to more crystalline films (800 °C) induced a progressive enhancement in PEC
performance with increasing film thickness, up to a plateau at 240 nm (Figure 2b, orange markers).
The behaviour here observed for electrodes of thickness smaller than 100 nm is consistent with our
previous results on ZFO planar films with similar thickness (under 100 nm),*! while a much larger
increase in performance after hydrogenation can be observed for the more crystalline (800 °C)
electrodes series at the highest film thicknesses. For both preparation temperatures a maximum 4-
fold enhancement in photocurrent was obtained upon H,-treatment, though largely different absolute
photocurrent values were attained in the two cases. In fact, the maximum photocurrent density of the
hydrogen-treated electrodes initially prepared at 600 °C was only 160 uA cm=2, while the combination
of a higher (800 °C) preparation temperature and a subsequent hydrogen treatment boosted the
photocurrent density of thicker photoactive layers up to 260 uA cm2, the maximum value attained in
the present study.

To highlight the effects of Hp-treatment on films with different thickness prepared at the two
temperatures, we focused on the results obtained with the 70 nm- and the 240 nm-thick films of each
series. Figure 3 shows the complete J-V curves recorded with these electrodes, either before or after
H,-treatment, under back side illumination. These curves exhibit typical n-type photoanode
behaviour, with a photocurrent onset around 0.8 V vs. RHE, in agreement with previous
studies,!23-394! and sharp transient photocurrent spikes at low bias, indicative of relatively high
interfacial recombination, until a higher bias is attained where charges are extracted without
accumulation and recombination. The transient spikes are more pronounced in the case of less
crystalline films prepared at 600 °C. Moreover, the hydrogen treatment has a different impact on the
shape of the J-V curve, depending on the thickness and preparation temperature. In fact, a higher
saturation photocurrent (at high bias, e.g. 1.5 V vs. RHE) and an improved photocurrent onset in the
low applied potential region were achieved upon H,-treatment of optimal ZFO_70@600 (Figure 3a)

and ZFO_240@800 (Figure 3d). In contrast, only a minor performance increase was attained upon
13
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hydrogen treatment of ZFO_240@600 (Figure 3b), while treatment of ZFO_70@800 induced a
performance decrease with a later photocurrent onset potential and a lower fill factor, compared to

the pristine film (Figure 3c¢).
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Figure 3. LSV plots recorded in 1.0 M NaOH electrolyte solution under back side irradiation, with 70 nm-
and 240 nm-thick films prepared at (a,b) 600 °C or (c,d) 800 °C, before and after 1 h-long H, treatment.
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The photocurrent onset potential of water oxidation is very sensitive to the presence of defects
that cause surface recombination, due to the narrow width of the space charge layer in the low applied
potential region.>* Indeed, an increased surface defect concentration can cause Fermi-level pinning
which may be reflected by a delay of the photocurrent onset potential with respect to the flatband
potential.>>*> Thus, the delayed photocurrent onset potential of the Hj-treated ZFO 70@800

electrode compared to the pristine one may indicate that the hydrogen treatment has a detrimental
14
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effect on the surface properties of this sample, e.g. by introducing oxygen vacancies acting as surface
trap states.?’-3333

To shed light onto the origin of the different impact of the H, treatment onto the PEC
performance of ZFO films, depending on both their thickness and synthesis temperature, the bulk
charge separation and the surface charge injection contributions to the overall photocurrent were
decoupled by using sacrificial conditions’® (Na,SOs hole scavenger, see Figure S5) to extract the
photogenerated charge separation efficiency (#,) and the minority charge carrier injection efficiency
(Minj)- Indeed, the water oxidation photocurrent density can be expressed as Jiyo = Jabs #sep inj» Where
Japs 18 the theoretical maximum photocurrent density considering the light absorbed by each film,
calculated from the integration of the product between the standard AM 1.5 G solar spectrum and the
absorption spectrum of the electrode, over the proper absorption wavelengths range. Analogously, by
assuming a 100% charge injection efficiency for Na,SO; oxidation (7, = 1),°® the photocurrent of
sulfite oxidation (Jnayso3) 1s such that Jyaps03 = Jabs #sep, from which 7, can be simply obtained by
dividing the photocurrent measured in the presence of the Na,SO; hole scavenger by J,,s. From the
combination of the two photocurrent expressions (in the presence and absence of hole scavenger) one
can finally calculate #;,;, which is equal to the ratio between Ji,0 and Jnaps03-

The calculated efficiencies for the thinnest and thickest films of the two investigated electrode
series are reported in Figure 4 as a function of the applied potential. In all cases, 7, values are much
lower than 7, values, indicating that the photocurrent response of our planar ZFO photoanodes is
ultimately governed by a severe bulk recombination, possibly due to either a very low mobility and
diffusion length of the carriers (e.g. due to polaron formation) or a high density of bulk defects. The
bulk charge separation efficiency of the pristine samples typically increases gradually with increasing
bias, due to the progressive widening of the depletion region adjacent to the electrode/electrolyte
interface,>® though it remains below 4% in all cases. These low 75, values are in line with those
reported for nanostructured ZFO?326-2857 and decrease when moving from the thinner (Figure 4a,c)

to the thicker films (Figure 4b,d) within each electrodes series, likely due to the increased probability
15
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of bulk recombination with increasing thickness. A slight increase in charge separation can be

observed when moving from samples annealed at 600 °C to those at 800 °C when considering the

same thickness (Figure 4). This evidences the minor impact of the synthesis temperature on 7.

Moreover, the H, treatment induces a conspicuous improvement of the charge separation efficiency

compared to that of the pristine films, up to a maximum 3-fold enhancement at 1.5 V vs. RHE (Figure

4c¢); only for the poorly crystalline thicker film, exhibiting an intrinsically low 7, this remains low

also after Hp-treatment (Figure 4b). This can be reasonably explained by the larger amount of charge

carriers that should be produced by a thicker film and that, in case of poor crystallinity, may lead to

an increased charge accumulation at the SCLJ,?326:27:33.35.58 which can be responsible for the lack of

improvement in 7, besides #;,; after H,-treatment.
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Figure 4. Charge injection (77,,;, green) and charge separation (77, blue) efficiencies of the 70 nm-
and 240 nm-thick films prepared at either (a,b) 600 °C or (c,d ) 800 °C, before (continuous lines) and
after 1 h-long H,-treatment (dashed lines).
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In contrast to its minor effects in the bulk charge separation efficiencies, the synthesis
temperature has a great impact on the charge transfer efficiencies at the SCLJ interface. In fact,
focusing on pristine samples, the more crystalline films prepared at 800 °C (Figure 4c¢,d) exhibit a
Ninj close to 80% already at 1.4 V vs. RHE, which is double than that shown by the less crystalline
electrodes annealed at 600 °C (Figure 4a,b). Moreover, for the electrodes annealed at 800 °C, this
plateau value is achieved with a steeper #;,; increase at the photocurrent onset potential compared to
the electrodes prepared at 600 °C, which indicates an efficient mitigation of surface recombination
with increasing band bending.?>%¢ A similar #;,; behaviour, independent of the film thickness, was
observed with ZFO electrodes with NR morphology?®4° annealed at similar temperatures.

On the other hand, the impact of the H, treatment on the surface injection strictly depends on
both the film thickness and the preparation temperature, inducing a slight improvement for best
performing ZFO 70@600 and ZFO 240@800 in the high potential region. This indicates that the

hydrogen treatment has a little impact on the surface injection properties of planar ZFO samples.

3.3 Intensity Modulated Photocurrent Spectroscopy

PEC analyses conducted in the presence of sacrificial agents might not be representative of
true water oxidation conditions since either the space charge properties (e.g. band-bending) or the
charge accumulation at the photoanode surface can be influenced by the nature of the redox species
involved in the electrochemical reaction at the film/electrolyte interface.> Therefore, caution should
be taken in evaluating 7., and #;,; for water oxidation, which is affected by a large surface kinetics
bottleneck, from measurements carried out under sacrificial conditions, i.e. under the assumption that
no charge accumulation occurs at the SCLJ. In fact, especially in the presence of a significant charge
accumulation at the SCLJ under sluggish oxidation conditions, #, and 7;,; values estimated from
sacrificial measurements may considerably differ from the real ones. For this reason and aiming at
validating the results obtained from PEC measurements in the presence of Na;SOs3, 775, and #i,; were
also evaluated in operando by means of IMPS measurements, conducted under water photo-oxidation

conditions in 1.0 M NaOH electrolyte. IMPS has indeed proved to be a powerful frequency domain
17
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tool to unequivocally decouple the bulk and surface contributions of photoanodes by their respective
time constants. 06!

The IMPS response for the same eight investigated electrodes shown in Figure 4 is shown in
Figure 5 as Nyquist plots of the complex photocurrent at 1.5 V vs. RHE, which can be directly

compared to the J at the same bias reported in Figure 2.
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Figure 5. IMPS analyses at 1.5 V vs. RHE for the 70 nm- and 240 nm-thick films prepared at either

600 °C or 800 °C. The represented raw data (circles) and fitted model (lines) were obtained upon
normalization to the electron current recorded at the IMPS setup.

All Nyquist plots are composed of two semicircles: the negative semicircle located in the
lower quadrant and representative of the higher frequency process (shorter time constant),
corresponding to charge transport in the bulk, and the positive semicircle located in the upper
quadrant and associated with surface recombination occurring at lower frequencies (longer time
constant).®?> Specifically, the amplitudes of the negative and positive semicircles are directly
indicative of the flux of holes arriving to the SCLJ that are available for water oxidation (J,) and the
flux of holes that are lost by surface recombination (J;), respectively. Therefore, the significantly

smaller surface recombination semicircle in comparison with the bulk transport semicircle observable
18
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in all reported cases (in Figure 5) indicates that a large steady state photocurrent is available for water
oxidation at the surface of our planar ZFO photoanodes, in analogy with other metal oxide
photoanodes.®3%* All details about the IMPS model fitting and the extracted parameters, i.e. two
photocurrent amplitudes (J,, and J;) and the corresponding time constants for bulk hole current (ty,)
and surface recombination (t,), are reported in the Supporting Info, Figure S6. On the basis of model
employed for the IMPS analysis,%? an accurate estimate of the 7, and #;, parameters in operando
can be pursued by simply calculating them as 7, = Jp/Japs (Where Jyps 1s the maximum photocurrent
expected for each ZFO film based on its absorbance spectrum) and 7y = (Jn — J;)/Jh. Figure 6 shows

the comparison of these quantities extracted at 1.5 V vs. RHE for all investigated electrodes.
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Figure 6. (a) Charge injection (77,j) and (b) charge separation (77.p) efficiencies calculated from IMPS

data at 1.5 V vs. RHE, for the 70 nm- and 240 nm-thick films prepared at either 600 °C or 800 °C,
before and after 1 h-long H,-treatment.

The results of IMPS measurements conducted in operando confirm the trends of 7, and #iy;
obtained from PEC measurements in the presence of a sacrificial agent. The huge discrepancy
between the surface injection and the bulk separation efficiencies is even more marked in this case,
with maximum values of 95% (i) and 5% (#sp), respectively, and accounts for bulk charge

separation as main performance limiting issue. The already-assessed effects of both synthesis
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temperature and H, treatment on the two decoupled contributions, in relation to the film thickness,
are confirmed. While the charge injection efficiency doubles from ca. 40% to ca. 80% in pristine
samples prepared at higher temperature, regardless of the film thickness, H,-treatment does not
markedly influence the charge transfer efficiency at the photoanode surface, except for one case
(Figure 6a). In fact, beyond the highest increase in #;,; detected for the hydrogen-treated thinner film
prepared at 600 °C compared to its pristine form, a slight improvement of the surface injection
properties occurs after H,-treatment also for the thicker electrode prepared at 800 °C, likely induced
by the passivation of surface states affecting the performance of the pristine samples.

On the other hand, the calculated charge separation efficiencies (Figure 6b) appear very
sensitive to both the film thickness and the reductive treatment. In agreement with the results obtained
under sacrificial conditions, the 7, values of the pristine films decrease with increasing film
thickness, for both synthesis temperatures. Consequently, the modest improvement in charge
separation induced by the higher synthesis temperature can be appreciated only for the thinner film
of the series.

In this picture, H, treatment plays a crucial role by inducing a remarkable improvement of the
bulk charge separation in almost all cases, up to a maximum 4-fold enhancement observed with best
performing ZFO_70@600 and ZFO _240@800. Moreover, as a result of the higher H,-treatment
efficiency observed with the thicker film within the 800 °C series, its 7, attains the same value as
the reduced form of the thinner film, despite the two electrodes exhibit significantly different
efficiencies prior to H,-treatment. A different extent of 7, increase upon H,-treatment can be
observed within the 800 °C electrodes series, with the highest 7, relative increase attained with the
thickest ZFO_240@800 electrode. This can be explained by considering the different strength of the
electric field resulting from polarizing the two samples (especially at a potential as high as 1.5 V vs.
RHE), depending on their thickness and doping density, which in turn influence the width of the space
charge region. In fact, a stronger electric field, responsible for the better charge separation observed

among the pristine electrodes, is expected in the thinner with respect to the thicker electrode, since a
20
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similar voltage drop occurs over a smaller distance. On the other hand, after H,-treatment any relevant
further gain in electric field under polarization of the thinner ZFO_70@3800 film is prevented by the
narrowing of the depletion region caused by the increase in donor density, according to PEIS analyses
(see Section 3.4).

Therefore, H, treatment performed on the more crystalline films prepared at 800 °C enhances
their bulk charge separation up to a maximum value regardless of the film thickness, beyond which
the performance of the electrodes is ultimately governed by their photon absorption capability. A
different behaviour is observed for the less crystalline samples calcined at 600 °C, with an increase

in 74, upon H, treatment for the thinner film of the series only.

3.4 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy experiments were conducted under standard water
oxidation conditions (1-Sun illumination, 1.0 M NaOH electrolyte) in back-side configuration, on the
ZFO_70@600 and ZFO_160@800 films, in both pristine and hydrogen-treated forms. The PEIS data
were fitted to a modified Randles circuit, consisting of a series resistance Rg, a bulk capacitance Cyy
such that Cy ' = Csc ! + Cy !, where Cgc is the space charge layer capacitance and Cy the Helmholtz
capacitance, a parallel resistance of hole trapping to surface states Ry.p, a surface state capacitance
Css and a charge transfer resistance from surface states to oxidize water Ry ss. The Mott-Schottky
(M-S) plots for the investigated electrodes, constructed with the values of Cgc plotted as a function
of the applied potential, are shown in Figure S7.

The fitting parameters, i.e. the donor density values Np and the flatband potential Egg
calculated from the slope and extrapolated from the abscissa-intercept of each M-S plot, respectively,
are reported in Table 2, together with the space charge layer width (W) at 1.5 V vs. RHE, calculated

according to the following equation:®

2¢€¢€

W= |—I|E — Epg| #(2
N FBl #(2)
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where ¢ is the dielectric constant of ZFO, ¢, is vacuum permittivity and ¢ is elementary charge. Data
relative to both pristine ZFO_70@600 and hydrogen-treated H, ZFO 70@600 are omitted in Table
2 since the M-S model could not be applied to these films (illogical values were obtained for the M-

S plot reported in Figure S7a).

Table 2. Flatband potential, Erg, and donor density, Np, values calculated from M-S analyses and space charge
width, W, calculated from equation (2).

Sample EFB / VRHE N]) / cm>3 W @ 1.5 VRHE / nm
ZFO _160@800 0.80 1.7-1018 70
H, ZFO_160@800 0.80 2.7-10" 17

The extrapolated flatband potential is in good accordance with the photocurrent onset
potentials of the J-V plots reported in Figure 3. The one order of magnitude Np increase attained
upon H,-treatment of the more crystalline ZFO_160@800 film compared to its pristine form clearly
suggests that an increase in donor density is provided by H,-treatment, demonstrating its n-type
character, able to enhance the electron conductivity of the films.

From the measured donor density values, a reduction of the space charge layer width from 70
to 17 nm can be detected upon H,-treatment of the ZFO 160@800 sample, according to Eq. 2.
Although the estimation of W for the pristine ZFO_70@600 film is not possible, it is reasonable to

guess that a decrease in W might have occurred also upon H,-treatment of the less crystalline sample.

4. Discussion

Merging the results obtained through PEC measurements in the presence of the sacrificial
agent with those of IMPS analyses conducted in operando, allows to interpret the photocurrent trends
at 1.5 V vs. RHE reported in Figure 2 in light of the obtained 7., and #;,; trends.

The poor crystallinity induced by the lower preparation temperature clearly results in the
presence of a large amount of both bulk and surface defects responsible for the low bulk charge
separation and surface charge injection efficiencies of the less crystalline films annealed at 600 °C,
in turn leading to their almost flat trend in photocurrent as a function of the film thickness (Figure

22
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2a). Preparing the ZFO at higher temperature (800 °C) mainly improves the charge injection
efficiency at the ZFO photoanode/electrolyte interface for any film thickness, likely through the
deactivation of surface trapping states at this interface, as a consequence of the gain in film
crystallinity according to PXRD analysis (Figure S2).5

While the same #;,; behaviour was observed for ZFO NR electrodes,*’ the charge transport in
planar ZFO films should be primarily governed by the crystallinity of the material® rather than by
the cation disorder, at difference with respect to ZFO NR as supported by the trends in d and 6 shown
in Figure 1c. A minor enhancement in charge separation with rising the synthesis temperature can be
observed at low thickness only (Figure 6b), resulting in the photocurrent drop observed among the
pristine electrodes prepared at 800 °C after the optimal 160 nm thickness (Figure 2b). This behaviour
can be reasonably ascribed to the progressive increase in bulk resistance to charge transport and/or to
the decreased effect of the built-in electric field generated in the space charge region with increasing
thickness.

On the other hand, hydrogen treatment exerts its main impact on the charge separation
efficiency, which underwent up to a 4-fold enhancement with best performing ZFO 240@800 after
H,-treatment (Figure 6b). This reflects the well-established doping effect of H,-treatment, known to
enhance the performance of metal oxide photoanodes through the introduction of oxygen vacancies
acting as electron donors.?*?73367 In this way, charge separation across the bulk of the film could
benefit from the enhanced majority carrier density, since that will increase the built-in electric field
across the space charge region® and enhance the film conductivity, both contributing to an improved
electron transport.?7->3-67

Hydrogen treatment improves charge separation at the various film thicknesses to a largely
different extent depending on the initial ZFO synthesis temperature, being much more beneficial to
the more crystalline films prepared at 800 °C (Figure 2b). Among them, a higher H,-treatment
efficiency in terms of a larger improvement in 7, is attained when moving towards the thicker film

of the series (Figure 6b), where the optimization of the charge separation in the thicker photoactive
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layer combined with its superior absorption capability allows for the actual exploitation of a larger
amount of photogenerated couples.

The reductive treatment applied on the poorly crystalline films induces a significant 7,
increase in the thinner electrode only, while a negligible improvement is observed with the hydrogen-
treated thicker film compared to its pristine form (Figure 6b). This behaviour can be ascribed to the
very poor crystallinity imparted by the lower preparation temperature, which hampers charge
transport over thick films.

Minor effects, strongly dependent on both film thickness and synthesis temperature, were
produced by H,-treatment on the charge injection properties at the photoanode surface, as ascertained
through both PEC measurements in the presence of the sacrificial agent and IMPS analyses.

The combined use of the higher 800 °C preparation temperature for effective surface charge
injection and of hydrogen doping for an improved bulk charge transport is essential to maximize the

performance of our planar ZFO films.

5. Conclusions

The interplay between synthesis temperature, film thickness and reductive H,-treatment
treatment onto the PEC performance of optically transparent planar ZFO photoanodes for water
oxidation has been here elucidated. IMPS measurements performed in operando allowed to identify
the role of the preparation temperature and hydrogen treatment separately onto the surface charge
injection and bulk charge separation processes, as a function of the film thickness. The superior
crystallinity of the electrodes prepared at higher temperature increases the performance of our ZFO
pristine films and ensures an enhanced bulk charge separation upon H,-treatment, though remaining
below ca. 10% due to the intrinsic poor electronic conductivity of zinc ferrite material associated with
a strong bulk recombination. The complementary roles played by the here-optimized synthesis
parameters should be exploited to construct efficient ZFO photoanodes to be implemented in PEC

tandem cells where planar geometry is an important requirement for high optical film transparency.
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The interplay between a high film crystallinity and n-type doping in enhancing the performance of
ZnFe,0, photoanodes has been revealed in flat films with high optical transparency. Maximum
benefit was achieved for the thickest photoactive layers with superior photon harvesting capability.



Journal of Materials Chemistry A Page 30 of 69

Journal of Materials Chemistry A
Manuscript ID: TA-ART-09-2021-007499

" Key factors boosting the performance of planar ZnFe;O4 photoanodes for solar
water oxidation "

Authors: Polo, Annalisa; Boudoire, Florent; Lhermitte, Charles; Liu, Yongpeng; Guijarro,
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Response to Reviewers’ comments and list of changes

Reviewer: 1

Comments to the Author

The manuscript from Sivula and coworkers examines planar ZnFe;O4 photoanodes fabricated via sol-
gel processing for solar water oxidation. The group has published now a few papers on spinel ferrite
photoelectrodes, including another study examining improvement of charge transport using post-
synthetic H» treatment of planar ZnFe>Os4 films fabricated via a different approach (doi:
doi:10.3390/surfaces3010009). The present manuscript applies similar methodology to the article
mentioned above, but with a different synthesis procedure and with the addition of intensity
modulated photocurrent spectroscopy (IMPS) characterization. By moving to a sol-gel based
approach, the authors are able to grow a wider range of film thicknesses that was not possible with
their previous growth method. With this in mind, the authors examine the relationship between film
thickness, H> treatment, and PEC performance, focusing on charge separation and charge injection
efficiency.

Overall, the manuscript is not particularly novel, given the authors previously examined the effect of
H2 treatment on planar ZnFe,O4 photoanodes. However, extending such measurements to additional
film thicknesses has given some additional insight into the factors affecting ZnFe;Os PEC
performance. The methodology and conclusions appear to be generally sound, and the work could be
useful for other researchers working in the field. Therefore, I recommend publication if a few points
can be addressed satisfactorily:

Authors’ reply
We thank Reviewer 1 for having carefully evaluated our manuscript and for recognizing the new

insights of the present study compared to previous one.

1) The authors should plot and include the linear voltammograms measured in hole scavenger
(Na2S03) solutions (in the dark and under illumination or alternatively with chopped light).

Authors’ reply

The LSV plots recorded in a 1.0 M NaOH solution containing 0.5 M Na;SO3 under steady
illumination and in the dark, shown below, are now included also in Figure S5 of the ESI file.
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Linear Sweep Voltammetry (LSV) plots recorded in 1.0 M NaOH electrolyte solution containing 0.5
M Na>SOs3 under back-side steady irradiation for the 70 nm and 240 nm-thick films annealed at either
600 °C or 800 °C, either before (a) or (b) after 1 h-long H>-treatment.

2) Why is a peak observed in the charge injection efficiency at ~0.8 Vrue for all the samples? [ would
expect charge injection efficiency only to increase with potential

Authors’ reply

We thank Reviewer 1 for his/her insightful comment. The peak at 0.8 Vrug, present in all 7y plots
regardless of the annealing temperature and the application of the post-synthesis treatment in H>
atmosphere, is due to a non-zero capacitive current at the open circuit potential in our J-V curves
recorded at a 20 mV s scan rate. The charge injection efficiency plots, obtained by taking into
account this contribution, are now reported in the new Figure 4 of the revised manuscript.
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Charge injection (77j, green) and charge separation (75sep, blue) efficiencies of the 70 nm and 240 nm-
thick films prepared at either (a,b) 600 °C or (c,d ) 800 °C, before (continuous lines) and after 1 h-
long Hp-treatment (dashed lines).

3) Can the authors comment on the stability of the photoelectrodes?

Authors’ reply

ZFO photoanodes and, more generally, spinel ferrites class to which this material belongs, stand out
for the long-term photostability as well as for the remarkable thermal and chemical stability. In line
with this, the ZFO planar photoelectrodes presented in this work exhibit outstanding stability as
demonstrated by the good reproducibility of the tests carried out after several months. An example is
reported below:
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Comparison between LSV plots recorded with ZFO 240@800 in 1.0 M NaOH under back-side

irradiation, at different times.

However, since this data is beyond the scope of the current report we do not include the above figure
in the revised manuscript. Indeed, stability has been addressed in other works.

4) Given the high temperature heat treatment, has Sn diffusion from the FTO substrate been
considered?

Authors’ reply

Yes, annealing treatment at around 800 °C can trigger the diffusion of Sn*" from the FTO substrate
in hematite photoanodes, thus improving its activity for water oxidation (J. Mater. Chem., 2012, 22,
23232-23239, doi: 10.1039/c2jm34639g). Thus, a beneficial n-doping effect of Sn*" on the
performance of our planar ZFO photoanodes annealed at the higher 800 °C temperature cannot be
discarded, in line with what was already observed for ZFO NR photoanodes undergoing the same
annealing treatment (Sustainable Energy Fuels, 2018, 2, 103—117, doi: 10.1039/C7SE00448F). This
effect, which, together with the higher crystallinity, is already represented in the performance of
pristine films (prior to H> treatment, see Figure 2b vs Figure 2a). The pristine films have much less
photocurrent than the H» treated films. So, while the effect of the diffusion of Sn*" cannot be
completely discarded and likely has a small effect on the performance, it is negligible compared to
effect of the Hy treatment. To be clear to the reader about this, we have modified the main text to read
“the higher crystallinity of the films prepared at 800 °C, and likely the diffusion of Sn** dopant from
the FTO substrate?®, correlated to a higher activity of the pristine electrodes,” on Page 12.

5) The authors should discuss how their results compare with the major result from the previous
manuscript mentioned above, in which it was found that H; treatment improves the photoanode
performance for films pre-annealed at lower temperatures, but not at higher temperatures. This
appears to be consistent with 70@600 and 70@800 photoanodes in this work, but should be
compared.

Authors’ reply

We thank Reviewer 1 for this comment. The results presented in our previous paper (doi:

doi:10.3390/surfaces3010009) refer to ca. 100 nm electrodes and are consistent with the actual ones

obtained with electrodes of similar thickness, i.e. < 100 nm. A different efficiency of hydrogen

treatment in films pre-annealed at the two temperatures is here observed for higher film thicknesses.
4



Journal of Materials Chemistry A Page 34 of 69

This behavior is strictly correlated to our finding that charge transport in planar ZFO films is primarily
governed by the crystallinity of the material. According to our discussion on page 12-13 of the
manuscript, the thicker films of the more crystalline series benefit from the enhanced majority carrier
density upon H»-treatment, leading to the largest improvement in charge separation across the bulk
of the film, as main effect of H» treatment. In contrast, the lower increase in nsep exhibited by films
thinner than 100 nm within the 800 °C electrodes series should be ascribed to the lack of a consistent
gain in electric field when polarizing the thinner films after hydrogenation, due to the narrowing of
the depletion region caused by the increased donor density. On the other hand, the very poor
crystallinity imparted by the lower 600 °C pre-annealing temperature prevents charge transport in
films thicker than 100 nm from benefiting from the reductive treatment.

A comparison with the results of our previous paper has been now added on page 13 of the revised
manuscript, lines 4-7.

Reviewer: 2

Comments to the Author

In this manuscript, the authors report the key factors boosting the performance of planar ZFO
photoanodes for solar water oxidation, i.e. the film preparation temperature and post-treatment in
reductive environment. They have comprehensively investigated and compared the effect of sample
preparation temperature, film thickness, and H» treatment on the photocurrent density, onset, charge
inject efficiency and charge separation efficiency, providing insights into the correlation between
PEC performance and sample preparation conditions. The reviewer would like to recommend the
Editor to accept the manuscript for publication after minor revisions as noted below:

Authors’ reply

We thank Reviewer 2 for having appreciated the exhaustivity of our investigation.

1. There are some diffraction peaks in Figure 1a that can be indexed as neither FTO nor ZFO. Can
authors clarify where they are from?

Authors’ reply

A more complete indexing, also reported in the ZFO diffractogram below, is now shown in Figure 1a
of the new version of the manuscript, where the peaks at 20 ~ 43° and 53°, indicative of the (400)
and (422) crystal planes of the pure ZnFe,O4 phase, respectively, have been added. The presence of
any other peak cannot be distinguished from background noise.
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2. Abbreviations should be written out when they appear the first time in the manuscript, e.g. XRD,
SEM, HV, SCLJ.

Authors’ reply

We thank Reviewer 2 for his/her suggestion. Abbreviations have been now added where cited for the
first time in the revised manuscript.

3. Can authors clarify why intermittent irradiation, instead of steady one, was used to record J-V?

Authors’ reply

“Chopped light” photocurrent—voltage plots, where light and dark intervals are alternated, were
recorded under intermittent irradiation as alternative to comparing the J-V curves acquired under
continuous light illumination with those performed in the dark. Intermittent LSV plots point out even
small differences between the dark current and the photocurrent, thus helping in determining the
photocurrent onset potential accurately. This is common practice in the field.

4. Samples with ZFO thickness of 70 and 240 nm were used for LSV and IMPS measurements, but
for EIS, sample series of ZFO 160 were used. Is there a special reason for using samples with
different thickness?

Authors’ reply

Samples with thickness of 70 nm and 240 nm—at the extremes of the investigated range—were
employed both in IMPS and in the photocurrent density measurements using sacrificial conditions in
order to compare the surface charge injection and charge separation efficiencies calculated through
the two different methods (reported in Figures 4 and 6 of the manuscript), with the final aim of
clarifying the observed trends in performance as a function of the film thickness (Figure 2). EIS data
were instead presented for the sole purpose of evaluating the impact of hydrogenation on the flat-
band potential, electron donor density, and space charge layer width values of our ZFO material.
Therefore, an intermediate 160 nm thickness, already providing a significant effect of hydrogenation
on the performance of the more crystalline series (see Figure 2b), was chosen as exemplary sample.

6
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5. There are some minor grammatical errors to be corrected. For example,

1) Abstract: it should be “... combined effect ... are investigated”. In addition, please write out
“PEC”.

2) the first sentence, section 3.3: it should be “might not be”

Authors’ reply

We thank Reviewer 2 for his/her observation. The minor grammatical errors have now been corrected
in the revised manuscript.

Finally, we thank the Editor and both Reviewers for their positive comments. We hope that the revised
version of the manuscript may now be accepted for publication in Journal of Materials Chemistry A.
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Figure S1. Absorbance at selected wavelengths vs. the film thickness for (a) the 600 °C and (b) the
800 °C films series. Absorbance (A4) has been calculated as 4 = 2 - log(7%) with 7% referring to the
percent transmittance. The best linearity was found for A = 400 nm in both cases, with absorption

coefficient values a00 = 0.0085 nm™' and ogoo=0.0093 nm™.



Journal of Materials Chemistry A Page 38 of 69

——800°C
\ A . lll N A
= 700°C
®
~~
>
=
= ALJJ—L—ALA—A)\A——-L
C
g il Ll
< ———600°C

20 40 60 80 100 120
20 / degree

Figure S2. Rietveld refinement on PXRD of ZFO samples prepared at different temperatures. The
coloured trace is the experimental pattern, the superimposed black trace is the fit Rietveld refinement
and the grey trace below each pattern is the corresponding residual.
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Figure S3. J-V curves reproducibility for representative samples of the two series, the 80 nm- and
160 nm-thick films calcined at 600 °C or 800 °C, respectively. The LSV plots were recorded with the
two films (a,d) in their pristine form, (b,e) after 1 h-long hydrogenation and (c,f) after 4 h-long
hydrogenation, in 1.0 M NaOH electrolyte solution under back-side irradiation.
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Figure S4. Photocurrent density (J) values at 1.5 V vs. RHE recorded with the films prepared at (a)
600 °C and (b) 800 °C after 1 h- (orange) and 4 h-long hydrogen treatment (violet), vs. the film
thickness. J values were collected in 1.0 M NaOH solution under either back- (full circles) or front-
side (void circles) irradiation.
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Figure S5. J-V curves recorded in 1.0 M NaOH electrolyte solution containing 0.5 M Na,SO3 under
back-side irradiation for the 70 nm and 240 nm-thick films annealed at either 600 °C or 800 °C, either
before (a) or (b) after 1 h-long H»-treatment.

Intensity modulated photocurrent spectroscopy measurements

1’1,2

The IMPS response was fit to a phenomenological model,!? according of the following equation:

]h _ ]r (Sl)
1+ (iwtp)* 1+ (iwt, )%

J(w) =

From the aforementioned fit model, the following parameters can be extrapolated: the bulk hole
available for water oxidation (Ji) and the photocurrent losses due to surface recombination (J;), and
two time constants for bulk hole current (1) and for surface recombination (t;). The non-ideality
factor indicated as a1 and @, used to describe the deformation of the semicircles due to frequency
dependence dielectric constant, were selected to be close to 1.

The so derived parameters at 1.5 V vs. RHE, for each of the 8§ compared films, are shown in Figure

S6.
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Figure S6. Extracted IMPS fit model parameters at 1.5 V vs. RHE for the 70 nm- and 240 nm-thick
films calcined at either 600 °C or 800 °C: (a) bulk photocurrent available for water oxidation (Jn), (b)
photocurrent losses due to surface recombination (J;) and time constants for (c¢) bulk hole current (t1)
and (d) for surface recombination (t).
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Figure S7. Mott-Schottky plots obtained with (a,b) ZFO_70@600 and (c,d) ZFO 160@800 films in
their (a,c) pure and (b,d) hydrogenated forms, from PEIS measurements carried out in 1.0 M NaOH
under AM 1.5 G solar simulated irradiation.
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Abstract

The performance of ZnFe,O4 photoanodes largely depends on their nanostructure, crystallinity and
n-type doping, though decoupling their impact on photoactivity remains a challenge. Herein, the
combined effects of the synthesis temperature and a reductive annealing post-treatment on the
photoelectrochemical performance of planar ZnFe,O,4 photoanodes are investigated in relation to a
comprehensive range of film thickness, enabled by an optimized sol-gel synthetic approach. By
eliminating the effects of nanostructure, a synergistic effect is revealed between the material
crystallinity, controlled by synthesis temperature, and the n-type doping triggered by the H,-
treatment, which is maximum for the thickest photoactive layers. Intensity modulated photocurrent
spectroscopy measurements performed in operando evidence the crucial impact of the synthesis
temperature and the reductive treatment in inducing an effective surface charge injection and
improved bulk charge transport, respectively, to enhance the photoelectrochemical performance of

planar ZnFe,Oy films.

1. Introduction

Capturing and storing sunlight, the most plentiful renewable energy source, as chemical fuels
in order to mitigate its intermittent and unpredictable nature, remains a key challenge towards
realizing a fossil fuel-free, sustainable energy society.' Hydrogen (H,) is a leading candidate as a

clean fuel since it can be produced from water by solar-driven electrolysis.*> A promising route in
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this regard is photoelectrochemical (PEC) water splitting where direct semiconductor—liquid
junctions (SCLJ) are used to drive the oxidation and reduction of water into O, and H,, on a
photoanode and a photocathode, respectively.®’ In principle a PEC tandem cell, where two
complementary photoelectrodes are stacked to maximize the light harvesting efficiency, is a powerful
strategy to enable unassisted and high efficiency solar water splitting.®-1° However, realizing both
high solar-to-hydrogen conversion efficiencies and robust device performance with this configuration
has been limited by the development of semi-transparent semiconductor photoelectrodes with suitable
band gap energy, high PEC activity, and stable performance.®!!-13

Indeed, identifying semiconducting materials for photoanodes that are capable of oxidizing
water into oxygen with high efficiency and long-term stability is the major performance bottleneck
of these devices. Metal oxide-based photoanodes stand out as promising candidates towards this aim,
since they possess key requirements, such as low-cost, earth abundance, easily scalable
processability, long-lasting durability under operation conditions and sufficiently oxidizing valence
band maxima.!'!-'4-17 Several binary and ternary transition metal oxides, such as TiO,, WO3, BiVO,
and Fe,O;, have been extensively studied, but their relatively wide band gap and/or poor
semiconducting properties limit their practical application.!®-20 Therefore, the search for new ternary
and multinary oxides able to absorb a large fraction of the solar spectrum and efficiently drive the
oxygen evolution reaction (OER) remains an urgent need.'®

In this regard, the spinel ferrite phases formed by ternary oxide compounds of iron(Il) and a
divalent metal (MFe,0,), have recently gained increasing interest for their excellent thermal and
chemical stability. Moreover, the possibility to tune their band gap energy (1.4-2.1 eV) by selecting
the divalent M cation (M = Zn, Mg, Cu, Ca, etc.) allows for controlling light harvesting in the visible
range.>! 24 Specifically, ZnFe,0,4 (ZFO) with a band gap energy of 2.0 eV has become a model system
of this class of materials, as it shares many advantages of the well-studied hematite (Fe,O3) in addition
to a 200 mV more negative photocurrent onset potential, which potentially allows for improved

operation of a tandem cell.!*>> However, the performance of ZFO photoanodes?>—3* remains far below
2
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that of benchmark set by Fe,03.333¢ Detailed investigations revealed that a strong bulk recombination
associated with a poor electron conductivity is a main issue with ZFQ.?3-3337-38 This limitation may
be related to the extremely high temperature required to crystallize this class of materials.?-27-3

A post-synthesis thermal treatment under mild reductive conditions (e.g. under H, gas at 200
°C) is known to improve the conductivity of ZFO photoelectrodes through the introduction of oxygen
vacancies acting as n-type dopants, thus increasing the majority carrier density of the
material 232728384041 The reductive treatment of nanostructured ZFO films with a nanorod (NR)
morphology led to a benchmark photocurrent density for solar water oxidation, and also pointed out
that cation-site disorder may enhance the majority carrier transport in these electrodes even more than
the film crystallinity, resulting in a superior separation of photogenerated charges.*® However,
although nanostructured architectures such as the NR morphology present many advantages for
increasing charge collection efficiency (e.g. the channelized electron transport and reduced distance
for minority charge carriers to reach the semiconductor/electrolyte interface), a detrimental light
scattering side-effect compromises their use as top-layer photoanodes in PEC tandem devices.!!
Moreover, the NR morphology complicates decoupling and understanding the effects of the
crystallinity and doping on the intrinsic material performance.

Accordingly, the development and optimization of ZFO films with a compact and planar
geometry that simplifies the interpretation of the performance, and, due to their translucency, could
also be more suitable in tandem cells is a recent research goal.!*! However, previous studies were
limited by small film thickness (under 100 nm) due to the synthetic method employed. For this reason,
in the present work we employ a modified sol-gel synthesis starting from a high precursor
concentration to prepare planar ZFO films with different thickness, up to ca. 300 nm, in one single
spin-coating deposition step. The PEC performance of these electrodes together with in operando
intensity modulated photocurrent spectroscopy (IMPS) provide critical insight into the influence of

the reductive hydrogen treatment on the fate of the photogenerated charges as a function of both the
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film preparation temperature and the film thickness in the absence of morphological factors stemming

from a nanostructured architecture.

2. Experimental Section
2.1 Chemicals and materials

The following chemicals were employed: Zn(NOs),-6H,0 (ABCR), Fe(NO3)3-9H,0 (Acros
Organics), NaOH (Reactolab SA) and Na,SO; (Sigma-Aldrich). F-doped tin oxide (FTO) coated

aluminoborosilicate glass (Solaronix) was used as conducting substrate.

2.2 Photoelectrode preparation

Thin ZnFe,0,4 films with different thickness were prepared through the single-step spin-
coating deposition of aqueous solutions containing different precursor concentrations, followed by a
two-step heating procedure. The employed concentrations of the two metal nitrate precursors were
determined in preliminary solubility tests, aiming at maximizing them while employing a suitable
stoichiometry to obtain the desired phase. In this way, up to 40-fold higher nominal precursor
concentrations were obtained with respect to those previously employed (i.e., 0.25 M in Fe and 0.125
M in Zn).!! All solutions were prepared with Millipore water (18.2 MQ).

Prior to deposition, the FTO coated glass was thoroughly cleaned by sonication cycles in a
soap/water mixture, acetone, ethanol, and finally in distilled water (15 min each) before plasma
cleaning for 15 min. A static spin coating technique was used to deposit the precursor solution (150
puL) on the cleaned substrates, which were then spun at 500 rpm for 45 s. After spin coating, the films
were first dried at 400 °C in air for 1 h, and then annealed in a tubular furnace preheated at 600 °C or
800 °C (for 20 min), followed by natural cooling to room temperature after switching the furnace off.
Finally, the electrodes underwent a post-synthesis reductive treatment at 200 °C under a H,
atmosphere for 1 h or 4 h. Powder samples for X-ray diffraction (XRD) analysis and Rietveld
refinements (see next section) were prepared by annealing the precursor solutions at different

temperature (600 °C, 700 °C and 800 °C) for 2 h.
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2.3 Structural, morphological and optical characterizations

XRD data were collected using a Panalytical Empyrean system (Bragg-Brentano, 240 mm)
equipped with a PIXcel-1D detector, a hybrid monochromator, and parallel beam optics. Raman
spectra were recorded with a confocal Raman spectrometer (HORIBA Jobin Yvon XploRA PLUS)
using a 532 nm wavelength laser for excitation. Powder X-ray diffraction (PXRD) analysis on the
powder samples was conducted in a Bruker D8 Discover diffractometer using a non-
monochromatized Cu-source, a Nickel filter and a LYNXEYE-XE energy-dispersive detector, which
was set to filter Fe-fluorescence. Presented results were extracted from Rietveld refinements.
Scanning electron microscope (SEM) data were collected using a Zeiss Gemini 300 scanning electron
microscope in High Vacuum (HV) mode.

Transmittance and reflectance data were collected using a UV-3600 (Shimadzu) spectrometer
equipped with an integrating sphere. The thickness of all synthesized films (reported in Table 1) was

estimated using UV-Vis absorption and the estimated absorption coefficient « at the corresponding

synthesis temperature. « values were calculated using the following equation:#>43
1 T%
a=—= ln(—) #(1)
0

where / is the thickness (ca. 220-240 nm) of the reference sample for each synthesis temperature
estimated from the cross-section SEM images (Figure 1d), 7% and R% are the percent transmittance
and reflectance values, respectively, of the same electrode at a selected wavelength. By comparing
the linear regression plots, shown in Figure S1, of the absorbance at selected wavelengths vs. the
estimated film thickness, A =400 nm was identified as the most suitable wavelength for « evaluation.
The o values obtained according to Eq. 1 for the two synthesis temperatures are @g0(400 nm) =

0.0085 nm™! and agpo(400 nm) = 0.0093 nm™".

2.4 Photoelectrochemical measurements

PEC measurements were carried out with a BioLogic SP-500 potentiostat connected to a

cappuccino-type PEC cell (0.25 cm? active geometric area for the working electrode), in a three-
5
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electrode configuration where a Ag/AgCl KCI (sat.) electrode and a Pt wire were used as reference
and counter electrode, respectively. The light source was a 1000 W Xe arc lamp (Newport Oriel)
calibrated using a Si photodiode to provide a photon flux corresponding to the AM 1.5 G spectrum
(spectrally matched for hv > 2.0 eV). Intermittent-illumination linear sweep voltammetry (LSV) scans
were acquired with a 20 mV s! scan rate by irradiating the electrode in both back (through the
substrate-side) and front (through the electrolyte-side) configurations. The applied potentials acquired
vs. Ag/AgCl in all measurements were converted to the reversible hydrogen electrode (RHE) using
the equation: Erpg = Eagcr +0.059 pH + 0.210. LSV measurements were performed in eithera 1.0 M
NaOH aqueous electrolyte solution at pH 14, or in a 1.0 M NaOH solution containing also 0.5 M
Na,SOs.

Photoelectrochemical impedance spectroscopy (PEIS) measurements were carried outina 1.0
M NaOH electrolyte solution (pH 14) using a Bio-Logic SP-500 potentiostat coupled with the EC-
Lab (V11.12) electrochemical platform. During each PEIS scan, the potential modulation frequency
was scanned between 160 Hz and 50 mHz. A custom program written in the Python programming

language was used to process and fit the PEIS data.

2.5 IMPS measurements and data analysis

IMPS tests were performed using a blue LED light generated by a customized light
modulation system with 4 Cree XLamp MC-E LEDs. The sinusoidal modulation of the light intensity
was controlled by a function generator (Tektronix AFG3021C), with a modulation depth of 10% and
a frequency range from 80 kHz to 0.5 Hz. A three-electrode cappuccino-type cell was used, similar
to that employed in the other PEC measurements. A Thompson Electrochem potentiostat (model 251)
was used to control the applied potential on the working electrode and the photocurrent response was
recorded by a digital oscilloscope (Tektronix DPO7254C) via a 50 Q resistor (Velleman E6/E12) in
series with a platinum counter electrode. IMPS data were processed and fitted using a custom program

written in Igor Pro (WaveMetrics) and Origin Pro (OriginLab).
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3. Results

To gain insight into the effect of the ZFO preparation temperature and the reductive hydrogen
treatment on the photogenerated carrier transport and transfer, a series of planar ZFO electrodes was
prepared using 8 different precursor concentrations, as reported in Table 1. The films obtained by
spin coating the different precursor solutions were annealed at 600 °C or at 800 °C. Similar thickness
values, determined by UV-vis absorption measurements (see Section 2.3), were obtained for the as-

prepared ZFO films, independently of the synthesis temperature, as shown in Table 1.

Table 1. Adopted precursor solution concentrations and corresponding films thickness after heating at 600 or

800 °C.
[Fe™] /M (Zn*]/ M Thickness @ 600 °C Thickness @ 800 °C
/ nm / nm
0.5 0.25 60 50
1.0 0.5 70 70
1.5 0.75 80 90
2.0 1.0 100 100
2.5 1.25 140 120
5.0 2.5 160 160
7.5 3.75 220 240
10 5.0 240 310

Annealed films were directly employed in PEC measurements (coded as “pristine” samples)
or underwent a further hydrogen treatment for 1 h or 4 h at 200 °C, to increase their carrier
conductivity. All investigated ZFO electrodes are labelled as ZFO_X@Y, with X indicating the film

thickness in nm, Y the annealing temperature in Celsius.

3.1 Structural, morphological and optical characterization

The phase composition and crystal structure of the as-prepared ZFO films were evaluated
using XRD and Raman spectroscopy. Results obtained for the 160 nm-thick films annealed at 600 °C

or 800 °C, are reported in Figure 1. The XRD patterns in Figure 1a only display the reflections
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typical of cubic spinel ZnFe,O4 (JCPDS: 01-089-1010) and the diffraction peaks of SnO, associated
to the FTO substrate (marked by asterisks). No signals for other segregated phases can be discerned.
The peaks at about 26 = 30°, 35.2°, 43°, 53° and 56.6° are indicative of the (220), (311), (400), (422)
and (511) crystal planes, respectively, of the pure ZnFe,O, phase, which crystallizes with a Fd3m
space group.?>26-38 The intensity of these reflections increases when the annealing temperature passes
from 600 °C to 800 °C, which is an indication of the enhanced crystallinity of the films, in line with
previous results on ZFO NR films.*® Also, as established for ZFO NR films, the mild post-synthesis
hydrogen treatment does not change the crystal structure.?3-26-27

The Raman spectra over a wide range (100-1800 cm™) reported in Figure 1b further confirm
the crystal phase and the absence of parasitic phases in the thin films prepared at 600 °C or 800 °C.
In both cases, the weak feature appearing at 245 cm! and the three bands centred at 352, 506 and 629
cm ! can be identified as the Eg, F>, (two modes) and 4, first-order Raman active modes typical of
ZF0.* Also the broad weak feature at around 1120 cm™! can be assigned to ZFO,* despite its
similarity with the Raman signature of magnetite (Fe304).4¢*7 More importantly, the absence of the

characteristic intense signal of a-Fe,O3 at 1320 cm™! and of the broad band above 1400 cm™! typical

of y-Fe,O3 confirms the absence of undesired hematite*®#° or maghemite,*° respectively.
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Figure 1. (a) XRD patterns and (b) Raman spectra of representative ZFO films annealed at 600 °C and 800
°C; (c) trends in the spinel inversion degree ¢ for our planar ZFO films (purple circles) and for ZFO NR
electrodes (cyan stars, reproduced from ref. 38) and in the estimated crystalline domain size d (orange
diamonds) vs. the synthesis temperature; (d) cross section SEM images of the (i) ca. 220 nm and (ii) ca. 240
nm-thick films annealed at 600 °C (Mag = 25.62 K X) and 800 °C (Mag = 20.55 K X)), respectively, employed

for the a evaluation reported in Section 2.3.

Despite the apparent phase purity of our ZFO thin films, additional investigation of the
crystallinity of the material prepared via our sol-gel route is valuable considering the crystal structure
of ZnFe,0,4, which can exist in normal and inverted configurations. Indeed, typically ZFO possesses
an almost normal spinel crystal structure composed of a cubic closed-packed array of oxygen atoms
with the Zn?" and Fe?* ions located at the tetrahedral and octahedral sites, respectively.’! However,
cation inversion can occur and the degree of inversion (J), defined as the fraction of tetrahedral sites

occupied by Fe** ions, is known to mainly affect the magnetic behaviour of spinel ferrites.>>33
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According to Thota et al.’® the 4;, mode in Raman spectra (Figure 1b), which is
representative of the symmetric stretching of tetrahedral units, may split into two separate peaks
associated with the lattice vibrations in the tetrahedral positions of both Zn and Fe cations, in the
presence of an inversion degree. Based on this, the only slight 4,, mode split detectable in the peaks
at 648 and 680 cm™! of both Raman spectra shown in Figure 1b may indicate a partial inversion
degree in the synthesized films.

Note that 0 was suggested to influence the PEC properties of ZFO samples with NR
morphology even more than their crystallinity degree.*® Accordingly, we next estimated the
crystalline domain size and cation inversion as a function of the synthesis temperature via the Rietveld
refinement of PXRD patterns (Figure S2) of ZFO powders prepared at 600 °C, 700 °C and 800 °C
using a procedure similar to that employed to prepare our thin films. In Figure 1c¢ we display the
values of d, and the crystalline domain size (estimated by the integral breadth), d, as a function of the
synthesis temperature. The same inverse behaviour for J and d is observed with increasing preparation
temperature as for ZFO NR samples,*® although with a significantly different relative variation degree
of these two parameters. In particular, while d monotonically increases by ca. 50% when rising the
preparation temperature from 600 °C to 800 °C, the cation disorder ¢ exhibits only a minor decrease,
from 0.15 to 0.14, for the same synthesis temperature increase. A much higher decrease in cation
disorder was found for the ZFO NR electrodes within the same temperature range, with ¢ dropping
from ca. 0.20 to 0.13 (data reproduced in Figure 1c¢ for comparison).** Moreover, the maximum &
value of 0.15 achieved in the case of the planar ZFO films is far below 0 = 1 expected for a totally
inverted spinel structure, suggesting that our as-prepared planar ZFO films primarily exhibit the
normal spinel phase. The difference in the trend of 6 between the planar films and the NR films is
likely due to the synthesis method, where for the NR morphology an intermediate goethite phase of
FeOOH is used. On the other hand, with respect to the crystal domain size, the remarkable increase

(ca. 50%) of d from 35 to 65 nm (Figure 1c¢) in the planar films, which is comparable with the ca.

10
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70% increase observed in NR films,** indicates a significant enhancement in crystallinity upon rising
the synthesis temperature, in agreement with other reports.*3

The morphology of the ZFO films was next examined by electron microscopy. Figure 1d
shows representative cross-section SEM images of films prepared starting from the 7.5 M in [Fe3']
and 3.75 M in [Zn?"] ZFO precursor solution and prepared at either 600 °C (Figure 1d i) or 800 °C
(Figure 1d ii). A planar film geometry is observed with dense and compact layers composed of
interconnected nanoparticles with comparable thickness in the 220-240 nm range, regardless of the

synthesis temperature.

3.2 Photoelectrochemical performance

Typical current density vs. applied potential (J-V) curves were collected under standard water
oxidation conditions (intermittent 1-Sun illumination, 1.0 M NaOH electrolyte), to investigate how
the different parameters (i.e. the synthesis temperature, film thickness, and hydrogen treatment) affect
the PEC performance. Figure 2 summarizes the J-V results in a plot of the photocurrent density at
1.5 V vs. RHE as a function of the film thickness, recorded under both back (substrate-side) and front
(electrolyte-side) illumination of either the pristine or the hydrogen-treated electrodes prepared at 600
or 800 °C. The reported values are averaged over 5 electrodes prepared in the same conditions (see
Figure S3). The relatively small error bars underline the reproducibility of the adopted synthesis
method and post-synthesis hydrogen treatment. The results shown in Figure 2 for hydrogen-treated
electrodes refer to a 1 h-long exposure to H, flux, as prolonging the reductive treatment up to 4 h did
not produce any further PEC performance improvement, as shown in Figure S4. This suggests that
the film composition equilibrium in terms of oxygen vacancies was already reached after 1 h-long

reductive treatment.

11
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Figure 2. Photocurrent density (/) values as a function of the film thickness recorded with (a) the 600 °C and
(b) the 800 °C electrodes at 1.5 V vs. RHE, before (pristine, green and blue) and after 1 h-long H,-treatment
(orange). Reported J values are the average of linear sweep voltammetry measurements with different samples
in 1.0 M NaOH solution under either back (full circles) or front side (void circles) irradiation.

A clearly different behaviour for the pristine and the H, treated electrodes depending on the
synthesis temperature is revealed by the data in Figure 2. Focusing on pristine films, the electrodes
prepared at 600 °C (Figure 2a, green markers) exhibit a low photocurrent (below 40 uA cm2) that
is insensitive to film thickness. In view of the relatively low crystallinity of the pristine 600 °C films,
as evidenced by the d values reported in Figure 1c, the poor performance is consistent with a
limitation in photogenerated charge transport. In contrast, the higher crystallinity of the films prepared
at 800 °C, and likely the diffusion of Sn** dopant from the FTO substrate?®, correlated to a higher
activity of the pristine electrodes, with a bell-shaped trend of the photocurrent vs. the film thickness
and a maximum of 130 pA cm around 160 nm, followed by a decrease for thicker films (Figure 2b,
blue markers). This behaviour is also consistent with a limitation in photogenerated charge transport
in films with thickness greater than 160 nm and the lower performance of the thicker films from the
front side illumination points to a limitation in the transport of the majority charge carriers.

After H,-treatment, the overall PEC performance increased but to a very different extent
depending on the film thickness and preparation temperature. Indeed, while among the hydrogen-

treated less crystalline (600 °C) electrodes the maximum photocurrent was recorded at a low thickness

12



Page 55 of 69 Journal of Materials Chemistry A

(70 nm), followed by a drop with increasing thickness (Figure 2a, orange markers), the reduction
treatment applied to more crystalline films (800 °C) induced a progressive enhancement in PEC
performance with increasing film thickness, up to a plateau at 240 nm (Figure 2b, orange markers).
The behaviour here observed for electrodes of thickness smaller than 100 nm is consistent with our
previous results on ZFO planar films with similar thickness (under 100 nm),*! while a much larger
increase in performance after hydrogenation can be observed for the more crystalline (800 °C)
electrodes series at the highest film thicknesses. For both preparation temperatures a maximum 4-
fold enhancement in photocurrent was obtained upon H,-treatment, though largely different absolute
photocurrent values were attained in the two cases. In fact, the maximum photocurrent density of the
hydrogen-treated electrodes initially prepared at 600 °C was only 160 uA cm2, while the combination
of a higher (800 °C) preparation temperature and a subsequent hydrogen treatment boosted the
photocurrent density of thicker photoactive layers up to 260 uA cm2, the maximum value attained in
the present study.

To highlight the effects of Hp-treatment on films with different thickness prepared at the two
temperatures, we focused on the results obtained with the 70 nm- and the 240 nm-thick films of each
series. Figure 3 shows the complete J-V curves recorded with these electrodes, either before or after
H,-treatment, under back side illumination. These curves exhibit typical n-type photoanode
behaviour, with a photocurrent onset around 0.8 V vs. RHE, in agreement with previous
studies,!!23-394! and sharp transient photocurrent spikes at low bias, indicative of relatively high
interfacial recombination, until a higher bias is attained where charges are extracted without
accumulation and recombination. The transient spikes are more pronounced in the case of less
crystalline films prepared at 600 °C. Moreover, the hydrogen treatment has a different impact on the
shape of the J-V curve, depending on the thickness and preparation temperature. In fact, a higher
saturation photocurrent (at high bias, e.g. 1.5 V vs. RHE) and an improved photocurrent onset in the
low applied potential region were achieved upon H,-treatment of optimal ZFO_70@600 (Figure 3a)

and ZFO_240@800 (Figure 3d). In contrast, only a minor performance increase was attained upon
13
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hydrogen treatment of ZFO_240@600 (Figure 3b), while treatment of ZFO_70@800 induced a

performance decrease with a later photocurrent onset potential and a lower fill factor, compared to

the pristine film (Figure 3c¢).
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Figure 3. LSV plots recorded in 1.0 M NaOH electrolyte solution under back side irradiation, with 70 nm-
and 240 nm-thick films prepared at (a,b) 600 °C or (c,d) 800 °C, before and after 1 h-long H, treatment.

The photocurrent onset potential of water oxidation is very sensitive to the presence of defects

that cause surface recombination, due to the narrow width of the space charge layer in the low applied

potential region.>* Indeed, an increased surface defect concentration can cause Fermi-level pinning

which may be reflected by a delay of the photocurrent onset potential with respect to the flatband

potential.>>*> Thus, the delayed photocurrent onset potential of the Hj-treated ZFO 70@800

electrode compared to the pristine one may indicate that the hydrogen treatment has a detrimental
14
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effect on the surface properties of this sample, e.g. by introducing oxygen vacancies acting as surface
trap states.?’-3333

To shed light onto the origin of the different impact of the H, treatment onto the PEC
performance of ZFO films, depending on both their thickness and synthesis temperature, the bulk
charge separation and the surface charge injection contributions to the overall photocurrent were
decoupled by using sacrificial conditions’® (Na,SOs hole scavenger, see Figure S5) to extract the
photogenerated charge separation efficiency (#s,) and the minority charge carrier injection efficiency
(Minj)- Indeed, the water oxidation photocurrent density can be expressed as Jiyo = Jabs #sep inj» Where
Japs 18 the theoretical maximum photocurrent density considering the light absorbed by each film,
calculated from the integration of the product between the standard AM 1.5 G solar spectrum and the
absorption spectrum of the electrode, over the proper absorption wavelengths range. Analogously, by
assuming a 100% charge injection efficiency for Na,SO; oxidation (i, = 1),°® the photocurrent of
sulfite oxidation (Jnayso3) 1s such that Jyaps03 = Jabs #sep, from which 7, can be simply obtained by
dividing the photocurrent measured in the presence of the Na,SO; hole scavenger by J,,s. From the
combination of the two photocurrent expressions (in the presence and absence of hole scavenger) one
can finally calculate #;,;, which is equal to the ratio between Ji,0 and Jnaps03-

The calculated efficiencies for the thinnest and thickest films of the two investigated electrode
series are reported in Figure 4 as a function of the applied potential. In all cases, 7, values are much
lower than #;,; values, indicating that the photocurrent response of our planar ZFO photoanodes is
ultimately governed by a severe bulk recombination, possibly due to either a very low mobility and
diffusion length of the carriers (e.g. due to polaron formation) or a high density of bulk defects. The
bulk charge separation efficiency of the pristine samples typically increases gradually with increasing
bias, due to the progressive widening of the depletion region adjacent to the electrode/electrolyte
interface,>® though it remains below 4% in all cases. These low 75, values are in line with those
reported for nanostructured ZFO?326-2857 and decrease when moving from the thinner (Figure 4a,c)

to the thicker films (Figure 4b,d) within each electrodes series, likely due to the increased probability
15
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of bulk recombination with increasing thickness. A slight increase in charge separation can be

observed when moving from samples annealed at 600 °C to those at 800 °C when considering the

same thickness (Figure 4). This evidences the minor impact of the synthesis temperature on 7.

Moreover, the H, treatment induces a conspicuous improvement of the charge separation efficiency

compared to that of the pristine films, up to a maximum 3-fold enhancement at 1.5 V vs. RHE (Figure

4c¢); only for the poorly crystalline thicker film, exhibiting an intrinsically low 7, this remains low

also after Hp-treatment (Figure 4b). This can be reasonably explained by the larger amount of charge

carriers that should be produced by a thicker film and that, in case of poor crystallinity, may lead to

an increased charge accumulation at the SCLJ,?326:27:33.35.58 which can be responsible for the lack of

improvement in 7, besides #;,; after H,-treatment.
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Figure 4. Charge injection (77,,j, green) and charge separation (77, blue) efficiencies of the 70 nm-
and 240 nm-thick films prepared at either (a,b) 600 °C or (c,d ) 800 °C, before (continuous lines) and
after 1 h-long H,-treatment (dashed lines).
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In contrast to its minor effects in the bulk charge separation efficiencies, the synthesis
temperature has a great impact on the charge transfer efficiencies at the SCLJ interface. In fact,
focusing on pristine samples, the more crystalline films prepared at 800 °C (Figure 4c¢,d) exhibit a
Ninj close to 80% already at 1.4 V vs. RHE, which is double than that shown by the less crystalline
electrodes annealed at 600 °C (Figure 4a,b). Moreover, for the electrodes annealed at 800 °C, this
plateau value is achieved with a steeper #;,; increase at the photocurrent onset potential compared to
the electrodes prepared at 600 °C, which indicates an efficient mitigation of surface recombination
with increasing band bending.?>%¢ A similar #;,; behaviour, independent of the film thickness, was
observed with ZFO electrodes with NR morphology?®4° annealed at similar temperatures.

On the other hand, the impact of the H, treatment on the surface injection strictly depends on
both the film thickness and the preparation temperature, inducing a slight improvement for best
performing ZFO 70@600 and ZFO 240@800 in the high potential region. This indicates that the

hydrogen treatment has a little impact on the surface injection properties of planar ZFO samples.

3.3 Intensity Modulated Photocurrent Spectroscopy

PEC analyses conducted in the presence of sacrificial agents might not be representative of
true water oxidation conditions since either the space charge properties (e.g. band-bending) or the
charge accumulation at the photoanode surface can be influenced by the nature of the redox species
involved in the electrochemical reaction at the film/electrolyte interface.> Therefore, caution should
be taken in evaluating 7., and #;,; for water oxidation, which is affected by a large surface kinetics
bottleneck, from measurements carried out under sacrificial conditions, i.e. under the assumption that
no charge accumulation occurs at the SCLJ. In fact, especially in the presence of a significant charge
accumulation at the SCLJ under sluggish oxidation conditions, #, and 7i,; values estimated from
sacrificial measurements may considerably differ from the real ones. For this reason and aiming at
validating the results obtained from PEC measurements in the presence of Na;SOs3, 775, and #iy; were
also evaluated in operando by means of IMPS measurements, conducted under water photo-oxidation

conditions in 1.0 M NaOH electrolyte. IMPS has indeed proved to be a powerful frequency domain
17
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tool to unequivocally decouple the bulk and surface contributions of photoanodes by their respective
time constants. 06!

The IMPS response for the same eight investigated electrodes shown in Figure 4 is shown in
Figure 5 as Nyquist plots of the complex photocurrent at 1.5 V vs. RHE, which can be directly

compared to the J at the same bias reported in Figure 2.
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Figure 5. IMPS analyses at 1.5 V vs. RHE for the 70 nm- and 240 nm-thick films prepared at either

600 °C or 800 °C. The represented raw data (circles) and fitted model (lines) were obtained upon
normalization to the electron current recorded at the IMPS setup.

All Nyquist plots are composed of two semicircles: the negative semicircle located in the
lower quadrant and representative of the higher frequency process (shorter time constant),
corresponding to charge transport in the bulk, and the positive semicircle located in the upper
quadrant and associated with surface recombination occurring at lower frequencies (longer time
constant).®?> Specifically, the amplitudes of the negative and positive semicircles are directly
indicative of the flux of holes arriving to the SCLJ that are available for water oxidation (J,) and the
flux of holes that are lost by surface recombination (J;), respectively. Therefore, the significantly

smaller surface recombination semicircle in comparison with the bulk transport semicircle observable
18
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in all reported cases (in Figure 5) indicates that a large steady state photocurrent is available for water
oxidation at the surface of our planar ZFO photoanodes, in analogy with other metal oxide
photoanodes.®3%* All details about the IMPS model fitting and the extracted parameters, i.e. two
photocurrent amplitudes (J,, and J;) and the corresponding time constants for bulk hole current (ty,)
and surface recombination (t;), are reported in the Supporting Info, Figure S6. On the basis of model
employed for the IMPS analysis,%? an accurate estimate of the 7, and #;, parameters in operando
can be pursued by simply calculating them as #, = Jp/Japs (Where Jyps 1s the maximum photocurrent
expected for each ZFO film based on its absorbance spectrum) and #;y; = (Jn — J;)/Jh. Figure 6 shows

the comparison of these quantities extracted at 1.5 V vs. RHE for all investigated electrodes.
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Figure 6. (a) Charge injection (77,j) and (b) charge separation (77.p) efficiencies calculated from IMPS

data at 1.5 V vs. RHE, for the 70 nm- and 240 nm-thick films prepared at either 600 °C or 800 °C,
before and after 1 h-long H,-treatment.

The results of IMPS measurements conducted in operando confirm the trends of 7, and #iy;
obtained from PEC measurements in the presence of a sacrificial agent. The huge discrepancy
between the surface injection and the bulk separation efficiencies is even more marked in this case,
with maximum values of 95% (i) and 5% (#sp), respectively, and accounts for bulk charge

separation as main performance limiting issue. The already-assessed effects of both synthesis
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temperature and H, treatment on the two decoupled contributions, in relation to the film thickness,
are confirmed. While the charge injection efficiency doubles from ca. 40% to ca. 80% in pristine
samples prepared at higher temperature, regardless of the film thickness, H,-treatment does not
markedly influence the charge transfer efficiency at the photoanode surface, except for one case
(Figure 6a). In fact, beyond the highest increase in #;,; detected for the hydrogen-treated thinner film
prepared at 600 °C compared to its pristine form, a slight improvement of the surface injection
properties occurs after H,-treatment also for the thicker electrode prepared at 800 °C, likely induced
by the passivation of surface states affecting the performance of the pristine samples.

On the other hand, the calculated charge separation efficiencies (Figure 6b) appear very
sensitive to both the film thickness and the reductive treatment. In agreement with the results obtained
under sacrificial conditions, the 7, values of the pristine films decrease with increasing film
thickness, for both synthesis temperatures. Consequently, the modest improvement in charge
separation induced by the higher synthesis temperature can be appreciated only for the thinner film
of the series.

In this picture, H, treatment plays a crucial role by inducing a remarkable improvement of the
bulk charge separation in almost all cases, up to a maximum 4-fold enhancement observed with best
performing ZFO_70@600 and ZFO _240@800. Moreover, as a result of the higher H,-treatment
efficiency observed with the thicker film within the 800 °C series, its 7, attains the same value as
the reduced form of the thinner film, despite the two electrodes exhibit significantly different
efficiencies prior to H,-treatment. A different extent of 7, increase upon H,-treatment can be
observed within the 800 °C electrodes series, with the highest 7, relative increase attained with the
thickest ZFO_240@800 electrode. This can be explained by considering the different strength of the
electric field resulting from polarizing the two samples (especially at a potential as high as 1.5 V vs.
RHE), depending on their thickness and doping density, which in turn influence the width of the space
charge region. In fact, a stronger electric field, responsible for the better charge separation observed

among the pristine electrodes, is expected in the thinner with respect to the thicker electrode, since a
20
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similar voltage drop occurs over a smaller distance. On the other hand, after H,-treatment any relevant
further gain in electric field under polarization of the thinner ZFO_70@3800 film is prevented by the
narrowing of the depletion region caused by the increase in donor density, according to PEIS analyses
(see Section 3.4).

Therefore, H, treatment performed on the more crystalline films prepared at 800 °C enhances
their bulk charge separation up to a maximum value regardless of the film thickness, beyond which
the performance of the electrodes is ultimately governed by their photon absorption capability. A
different behaviour is observed for the less crystalline samples calcined at 600 °C, with an increase

in 7, upon H, treatment for the thinner film of the series only.

3.4 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy experiments were conducted under standard water
oxidation conditions (1-Sun illumination, 1.0 M NaOH electrolyte) in back-side configuration, on the
ZFO_70@600 and ZFO_160@800 films, in both pristine and hydrogen-treated forms. The PEIS data
were fitted to a modified Randles circuit, consisting of a series resistance Rg, a bulk capacitance Cyy
such that Cy ' = Csc ! + Cy 1, where Cgc is the space charge layer capacitance and Cy the Helmholtz
capacitance, a parallel resistance of hole trapping to surface states Ry.p, a surface state capacitance
Css and a charge transfer resistance from surface states to oxidize water Ry ss. The Mott-Schottky
(M-S) plots for the investigated electrodes, constructed with the values of Cgc plotted as a function
of the applied potential, are shown in Figure S7.

The fitting parameters, i.e. the donor density values Np and the flatband potential Egg
calculated from the slope and extrapolated from the abscissa-intercept of each M-S plot, respectively,
are reported in Table 2, together with the space charge layer width (W) at 1.5 V vs. RHE, calculated

according to the following equation:%

2¢€¢€

W= |—I|E — Epg| #(2
N FBl #(2)
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where ¢ is the dielectric constant of ZFO, ¢, is vacuum permittivity and ¢ is elementary charge. Data
relative to both pristine ZFO_70@600 and hydrogen-treated H, ZFO 70@600 are omitted in Table
2 since the M-S model could not be applied to these films (illogical values were obtained for the M-

S plot reported in Figure S7a).

Table 2. Flatband potential, Erg, and donor density, Np, values calculated from M-S analyses and space charge
width, W, calculated from equation (2).

Sample EFB / VRHE N]) / cm>3 W @ 1.5 VRHE / nm
ZFO _160@800 0.80 1.7-1018 70
H, ZFO_160@800 0.80 2.7-10" 17

The extrapolated flatband potential is in good accordance with the photocurrent onset
potentials of the J-V plots reported in Figure 3. The one order of magnitude Np increase attained
upon H,-treatment of the more crystalline ZFO_160@800 film compared to its pristine form clearly
suggests that an increase in donor density is provided by H,-treatment, demonstrating its n-type
character, able to enhance the electron conductivity of the films.

From the measured donor density values, a reduction of the space charge layer width from 70
to 17 nm can be detected upon H,-treatment of the ZFO 160@800 sample, according to Eq. 2.
Although the estimation of W for the pristine ZFO_70@600 film is not possible, it is reasonable to

guess that a decrease in W might have occurred also upon H,-treatment of the less crystalline sample.

4. Discussion

Merging the results obtained through PEC measurements in the presence of the sacrificial
agent with those of IMPS analyses conducted in operando, allows to interpret the photocurrent trends
at 1.5 V vs. RHE reported in Figure 2 in light of the obtained 7., and #;,; trends.

The poor crystallinity induced by the lower preparation temperature clearly results in the
presence of a large amount of both bulk and surface defects responsible for the low bulk charge
separation and surface charge injection efficiencies of the less crystalline films annealed at 600 °C,
in turn leading to their almost flat trend in photocurrent as a function of the film thickness (Figure
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2a). Preparing the ZFO at higher temperature (800 °C) mainly improves the charge injection
efficiency at the ZFO photoanode/electrolyte interface for any film thickness, likely through the
deactivation of surface trapping states at this interface, as a consequence of the gain in film
crystallinity according to PXRD analysis (Figure S2).5

While the same #;,; behaviour was observed for ZFO NR electrodes,*’ the charge transport in
planar ZFO films should be primarily governed by the crystallinity of the material® rather than by
the cation disorder, at difference with respect to ZFO NR as supported by the trends in d and 6 shown
in Figure 1c. A minor enhancement in charge separation with rising the synthesis temperature can be
observed at low thickness only (Figure 6b), resulting in the photocurrent drop observed among the
pristine electrodes prepared at 800 °C after the optimal 160 nm thickness (Figure 2b). This behaviour
can be reasonably ascribed to the progressive increase in bulk resistance to charge transport and/or to
the decreased effect of the built-in electric field generated in the space charge region with increasing
thickness.

On the other hand, hydrogen treatment exerts its main impact on the charge separation
efficiency, which underwent up to a 4-fold enhancement with best performing ZFO 240@800 after
H,-treatment (Figure 6b). This reflects the well-established doping effect of H,-treatment, known to
enhance the performance of metal oxide photoanodes through the introduction of oxygen vacancies
acting as electron donors.?*?73367 In this way, charge separation across the bulk of the film could
benefit from the enhanced majority carrier density, since that will increase the built-in electric field
across the space charge region® and enhance the film conductivity, both contributing to an improved
electron transport.?7->3-67

Hydrogen treatment improves charge separation at the various film thicknesses to a largely
different extent depending on the initial ZFO synthesis temperature, being much more beneficial to
the more crystalline films prepared at 800 °C (Figure 2b). Among them, a higher H,-treatment
efficiency in terms of a larger improvement in 7, is attained when moving towards the thicker film

of the series (Figure 6b), where the optimization of the charge separation in the thicker photoactive
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layer combined with its superior absorption capability allows for the actual exploitation of a larger
amount of photogenerated couples.

The reductive treatment applied on the poorly crystalline films induces a significant 7,
increase in the thinner electrode only, while a negligible improvement is observed with the hydrogen-
treated thicker film compared to its pristine form (Figure 6b). This behaviour can be ascribed to the
very poor crystallinity imparted by the lower preparation temperature, which hampers charge
transport over thick films.

Minor effects, strongly dependent on both film thickness and synthesis temperature, were
produced by H,-treatment on the charge injection properties at the photoanode surface, as ascertained
through both PEC measurements in the presence of the sacrificial agent and IMPS analyses.

The combined use of the higher 800 °C preparation temperature for effective surface charge
injection and of hydrogen doping for an improved bulk charge transport is essential to maximize the

performance of our planar ZFO films.

5. Conclusions

The interplay between synthesis temperature, film thickness and reductive H,-treatment
treatment onto the PEC performance of optically transparent planar ZFO photoanodes for water
oxidation has been here elucidated. IMPS measurements performed in operando allowed to identify
the role of the preparation temperature and hydrogen treatment separately onto the surface charge
injection and bulk charge separation processes, as a function of the film thickness. The superior
crystallinity of the electrodes prepared at higher temperature increases the performance of our ZFO
pristine films and ensures an enhanced bulk charge separation upon H,-treatment, though remaining
below ca. 10% due to the intrinsic poor electronic conductivity of zinc ferrite material associated with
a strong bulk recombination. The complementary roles played by the here-optimized synthesis
parameters should be exploited to construct efficient ZFO photoanodes to be implemented in PEC

tandem cells where planar geometry is an important requirement for high optical film transparency.
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