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ABSTRACT: Photoelectrochemical (PEC) water splitting is a promising energy
conversion and storage technology. The development requires highly active and
stable photoanodes to perform the oxygen evolution reaction (OER). Here, we
investigated the activity and stability of both pristine and hydrogen-treated
ZnFe,0,. Using an illuminated scanning flow cell setup, we monitored the activity
and dissolution rates of ZnFe,0, under operando PEC conditions. It was found
that under PEC water oxidation conditions, ZnFe,0, does not degrade in basic
pH. Moreover, thermally reduced ZnFe,O, shows expected higher OER activity
without compromising the stability compared to the pristine one. Dissolution of
ZnFe,0, was only observed once the applied potential was more cathodic than
—0.1 V vs reversible hydrogen electrode as the surface Fe’* is reduced regardless
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of illumination.
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Bl INTRODUCTION

Photoelectrochemical (PEC) water splitting is one of the most
attractive eco-friendly strategies for the conversion of renew-
able solar energy to chemical fuels."” However, despite the
demonstrated impressive conversion efficiency of PEC devices,
it is still challenging to develop economic, efficient, green, and
robust photoelectrode materials for achieving high perform-
ance and long-term stability under harsh PEC operating
conditions.”® Recently, ternary materials, especially spinel
ferrite with a chemical composition of MFe,0, (M = Fe, Co,
Zn, Mg, etc.), are drawing significant research interest, as they
possess suitable band gaps for light absorption, good chemical
and thermal stability, earth abundance, and low toxicity.* " In
particular, spinel ferrite ZnFe,O, with a band gap of around 2
eV has been widely studied.*”

Recently, it has been reported that hydrogen reduction can
modify the surface ratio of Zn to Fe and generate surface
oxygen vacancies, which significantly affect the charge
transport and transfer properties of ZnFe,O, and hence its
PEC performance.”"> These studies have also demonstrated a
steady photocurrent of ZnFe,0, during PEC operation for 16
and 3 h, respectively.”’®> Nevertheless, photocurrents are
usually limited by charge carrier transport through the depth of
photoelectrodes, and to ensure their long-term stability, it is
indispensable to study their dissolution behavior under PEC
conditions.”> Moreover, the stable operational range for
ZnFe,0, remains to be defined, as many electrodes are
prone to corrosion toward open-circuit and potential cycling
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conditions.””** Furthermore, most literature on ZnFe,O,
photoelectrodes focuses on their stability in alkaline con-
ditions,”'*"> while it is also important to examine their
stability toward neutral pH. In recent years, the operando
stability of many photoelectrodes has been characterized by
coupling an illuminated scanning flow cell (iSFC) with an
inductively coupled plasma mass spectrometer
(ICPMS).*»*~*" This technique is especially important to
investigate multinary electrodes as it can separate the
dissolution from different elements. For instance, it was
found that Bi and V of BiVO, were dissolved at different rates
when it was used as a photoanode.”” The operando
measurement is also an efficient way to screen for the stability
range of photoelectrodes in different operation conditions or
electrolytes.””

Herein, we studied the activity and dissolution behavior of
pristine and hydrogen-reduced ZnFe,O, under different
operando PEC conditions by iSFC—ICPMS for the first
time. It was confirmed that hydrogen reduction can improve
the PEC activity of the ZnFe,O, photoanode, resulting from
the oxygen defects induced during the hydrogen treatment at
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Figure 1. (a,b) Top-view SEM images and (c) XRD patterns of P-ZnFe,0, and H-ZnFe,0,; XP spectra in (d,f) Fe 2p and (e,g) O 1s regions of P-
ZnFe,0, and H-ZnFe,0,, respectively. The additional peak observed in (g) located at approximately 535 eV can be ascribed to Na KLL, which is a

residue from the washing process used in the synthesis.

the surface of ZnFe,0, photoanodes. More importantly, both
pristine and hydrogen-treated ZnFe,O, exhibit excellent
stability in near-neutral (borate buffer electrolyte) and basic
electrolyte (KOH) under operando PEC water oxidation
conditions. Notably, the dissolution of the hydrogen-reduced
ZnFe,0, was only found once the applied potential is more
cathodic than —0.1 VRHE (vs reversible hydrogen electrode,
RHE).

B RESULTS AND DISCUSSION

As shown in Figure la, pristine nanorod arrays of ZnFe,O,
(named P-ZnFe,0,) were successfully synthesized on the
fluorine-doped tin oxide (FTO) substrate according to a
modified conversion route.””' The obtained pristine sample
was later annealed under a pure H, atmosphere to introduce
oxygen deficiency (named H-ZnFe,0,). The scanning electron
microscope (SEM) micrographs of P-ZnFe,O, and H-
ZnFe,0, (Figure lab) show that hydrogen reduction did
not cause any obvious morphological change. Meanwhile, all of
the reflections observed in the acquired grazing incidence X-
ray diffraction (GIXRD) patterns of the pristine and hydrogen-
treated films (Figure 1c) can be assigned to ZnFe,0, (JCPDS
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22-1012),"* indicating that hydrogen reduction did not induce
notable structural variation to the synthesized ZnFe,O, film.
Moreover, the optical band gap energies calculated from the
Tauc plots (Figure S1) of P-ZnFe,O, and H-ZnFe,0, show
negligible differences, further confirming that H, treatment did
not cause changes to the bulk absorption properties of
ZnFe,0,.

To gain insight into the effect of H, treatment on the surface
of ZnFe,0,, X-ray photoelectron spectroscopy (XPS) analysis
was conducted. The ratio of Zn to Fe calculated from the XPS
measurement is around 1:2 and 1:3 for P-ZnFe,O, and H-
ZnFe,0, films, respectively, indicating that a leeching of Zn
was induced during the hydrogen treatment (Figure S2). For
both samples, their spectrum in the Fe 2p region (Figure 1d,f)
exhibits two strong and two weak peaks, corresponding to
2p32 2p1/» and their shakeup satellite peaks. It is noteworthy
that the components within the 2p;,, and 2p,,, regions were
fitted with a constrained area ratio of 2:1, and a doublet
separation of 13.9 eV was found, which is identical to that
observed for Fe;0,.”° To further reveal the differences
between the two samples, Fe 2p regions were deconvoluted

based on the peak shapes developed by Biesinger et al. for

https://doi.org/10.1021/acscatal.4c02186
ACS Catal. 2024, 14, 10789—-10795


https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c02186/suppl_file/cs4c02186_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c02186/suppl_file/cs4c02186_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02186?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02186?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02186?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02186?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c02186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(@) 600 (b) 409
H-ZnFe,O H-ZnFe,0,
o 2y P
! —— P-ZnFe,0 ) —— P-ZnFe,0,
g e E 300
< 400+ <
= A
z 2 2001
b= =
£ 200 2
% )
- = 1004
s =
ke )
= -
= 0 e Z 0 |
= 5 oA
&) &) —
-200 r v . -100 r : T
0.8 1.0 1.2 0.8 1.0 12 14
E (Veup) E (Vrur)

Figure 2. Chopped light voltammetry plots of P-ZnFe,O, and H-ZnFe,O, without cocatalysts for (a) substrate side illumination and (b)

electrolyte side illumination.
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Figure 3. XPS spectra in (a) Fe 2p and (b) the O 1s regions of H-ZnFe,O, acquired after the PEC test. The Na KLL is a residue from the washing

process used in the synthesis.

NiFe,0,.”” Notably, the deconvoluted peaks of P-ZnFe,O, fit
well to those of NiFe,O, except for the first peak located at
710.2 eV, which is 1.2 eV higher than that of NiFe,O,, but very
close to that of the Fe® species in Fe;0,.”° Regarding the
deconvolution of the Fe 2p;, peak of H-ZnFe,O, two
additional peaks located at 709.6 and 708.4 eV had to be added
to obtain a satisfactory peak fit. The one that sits at 709.6 eV is
very similar to Fe, O, indicating the existence of an oxidic Fe**
species, which also fits well with the Zn depletion. The other
one located at 708.4 eV, which is too small to be discerned, is
fitted to the FeO and Fe?* species in NiFe,0,.”” Accordingly,
we conclude that the H, treatment slightly reduces the surficial
Fe®". Moreover, the lattice oxygen (529.7 eV) and defective
oxygen (531.2 €V) peaks in the O 1s spectra of P-ZnFe,0, are
shifted to 529.2 and 530.9 eV after H, treatment (Figure le,g),
indicating a more electron-rich environment of H-ZnFe,O,,
which fits with the additional Fe*" species at lower binding
energies compared to P-ZnFe,O,. The defective/lattice oxygen
ratio increases from 0.27 (P-ZnFe,0,) to 0.41 (H-ZnFe,0,),
demonstrating that the H, treatment results in the formation of
additional defects.
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The PEC performance of P-ZnFe,0, and H-ZnFe,O, was
tested in a 1.0 M NaOH electrolyte to evaluate the effect of H,
treatment on the catalytic activities of ZnFe,0, (Figures 2 and
S3). As shown in Figure 2a, owing to its increased donor
intensity, the photocurrent of H-ZnFe,O, at 1.23 Vi for
substrate side illumination (SSI) is 181 yA/cm?, which is much
higher than that of P-ZnFe,0, (4.72 uA/cm?*). Meanwhile, the
photocurrent density for electrolyte side illumination (ESI) at
123 V of H-ZnFe,0, is 173 uA/cm* (Figure 2b), only
marginally reduced compared to SSI, resulting in an Igg/Igg
ratio of 0.95, which is significantly higher than that of P-
ZnFe,0, (0.14). This indicates that H-ZnFe, O, has enhanced
electrical conductivity.

The Mott—Schottky plots (Figure S4) also indicate that H-
ZnFe,0, has a higher carrier concentration (lower slope) than
P-ZnFe,0,. However, given the complexity of the nanowires
with nonuniform geometry (Figure 1ab), it is challenging to
evaluate the actual surface area of ZnFe,O, for proper
quantification. Using the geometric surface area of the
substrate to normalize, the donor density was evaluated to
be on the order of 10" cm™ (P-ZnFe,0,) to 10*° cm™ (H-
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Figure 4. Time profiles of applied potential (E), current density (), and dissolution rates (71) of Fe and Zn during the light-off and light-on CV
scans of H-ZnFe,O, in the (a) borate buffer solution (pH = 9.2) and the (b) KOH solution (pH = 12.0), respectively.
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Figure 5. Time profiles of applied potential (E), current density (j), and dissolution rates (#) of Fe and Zn during the light-off and light-on CV

scans of H-ZnFe,O, as a cathode in the borate buffer solution.

ZnFe,0,), which is too high to not consider correction for the
capacitance and voltage drop of the Helmholtz layer.””*!
Refraining from quantitative evaluation, we report only a
qualitative comparison between P-ZnFe,O, and H-ZnFe,O,,
as the H, treatment maintained the morphology of electrodes.

To understand the impact of PEC oxidation on the surface
of ZnFe,0,, XPS analysis (Figures 3 and SS) was conducted
on H-ZnFe,0, after the PEC tests. As can be seen, the surface
of H-ZnFe,O, was re-oxidized, which is evident from the
decrease in the percentage of peaks in the Fe 2p region.
Specifically, the peak at 708.4 eV dropped from 18.3% to
14.8%, and the peak at 709.6 eV decreased from 2.2% to 0.5%.
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Moreover, the defective/lattice oxygen ratio also decreased
from 0.41 to 0.3S.

Furthermore, operando iSFC—ICPMS measurements were
performed to characterize the stability of ZnFe,O, during PEC
water oxidation. As shown in Figure 4a, H-ZnFe,O, was first
put in contact with the borate buffer electrolyte (pH = 9.2)
without the application of potential and illumination, and no
dissolution was detected, indicating that it is stable in the
electrolyte. Then, the potential of H-ZnFe,O, was set to 0.6
Vgrue for 2 min without detectable dissolution and negligible
Faradaic current. Subsequently, the effect of potential and
illumination on the H-ZnFe,O, was studied (Figures 4a and

https://doi.org/10.1021/acscatal.4c02186
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S6) by performing cyclic voltammetry (CV) scans between 0.6
and 2.0 Vyyg in the dark and under illumination. An
electrocatalytic current of H-ZnFe,O, was observed in the
dark once the potential was higher than 1.67 Vyyg,
corresponding to the onset potential of electrocatalytic OER.
In contrast, in addition to the electrocatalytic current, a
photocurrent was observed while performing the CV scans
under illumination with an onset potential of 1.15 Vpyg.
However, it should be noted that even in the high anodic
potential range H-ZnFe,O, exhibits good stability without any
detectable dissolution under either electrocatalytic or PEC
conditions. Furthermore, H-ZnFe,O, demonstrated stable
PEC activity without any detectable dissolution (Figures 4b
and S7) and morphology changes (Figure S8) after testing in
the 0.01 M KOH solution (pH = 12.0). Notably, for
electrocatalytic OER and PEC in the KOH solution, the
onset potential of H-ZnFe,O, is 1.63 Vyyp and 1.06 Vyyp,
respectively.

It is noteworthy that under identical testing conditions in
both the borate buffer solution and the KOH solution, P-
ZnFe,0, exhibits similar electrocatalytic OER activity to that
of H-ZnFe,0, (Figures S9—S11). However, little photocurrent
was detected for P-ZnFe,0, in the whole scanning potential
range. This corresponds well to the lack of PEC activity for P-
ZnFe,0,, especially under ESI (Figure 2b). Notably, a
dissolution peak of Zn was observed as the potential was
initially set to 0.6 V in the borate buffer solution (Figure S9a).
Unlike many spikes, this peak integrates to ~135 pmol cm 2,
corresponding to ~0.057 nm of ZnFe,0,. Such an amount of
Zn loss, nevertheless, would cause only negligible change to
the surface stoichiometry of P-ZnFe,O,.

To further explore the stability of H-ZnFe,O,, we extended
the CV scan range from 0.6 Vyyp to —0.4 Vyyg in the borate
buffer electrolyte (Figures S and S12). The measured current
density is low at cathodic potentials, indicating that H-
ZnFe,0, is almost inert toward hydrogen evolution.
Furthermore, as an n-type semiconductor, H-ZnFe,0O, also
does not show a photocurrent at the cathodic potentials.
However, in contrast to its good stability as an anode, high
dissolution of Zn and Fe was observed when it was used as a
cathode. It can be seen that within each cycle, Fe starts to
dissolve at around —0.1 Vyyp and reaches a maximum at
around 0 Vpyp in the reverse anodic scan (Figure S12).
Meanwhile, the dissolution of Zn starts around —0.4 Vigyg
when the anodic scan starts and reaches its maximum at
around 0.2 Vi in the reverse anodic scans. Noticeably, in the
initial CV cycles, the dissolution rate of Fe is much higher,
which corresponds well to an initial Fe-rich surface of H-
ZnFe,0, (Figure 1). After several CV cycles, the dissolution
rate of Zn and Fe becomes more stable, as the surface
composition of ZnFe,O, evolves closer to the stoichiometric
ratio.

The above data indicate that ZnFe,O, is stable in basic
electrolytes while the applied potential is more anodic than
—0.1 Vyyg in near-neutral and alkaline electrolytes. However,
at more cathodic potentials, the dissolution of Fe and Zn could
be observed with onset potentials of —0.1 Vg and —0.4 Vi,
respectively. This can be understood by comparing the
Pourbaix diagrams of Fe and Zn.> At acidic pH, Fe and Zn
are most stable in the aqueous phase at their divalent states;
therefore, ZnFe,O, is unstable against dissolution. At neutral
and basic pH, Fe and Zn are both stable in solid phases. For
Fe, the thermodynamic equilibrium of the redox reaction

Fe;0, < Fe happens at —0.1 Vyyp. Note that Fe;O, and
ZnFe,0, both have the spinel structure, with the Ilatter
replacing the Fe®* site with Zn>*. Below —0.1 Vi, the driving
force to reduce surface Fe*" to Fe’ would change the local
coordination environment of Fe, which may lead to subsequent
dissolution, as was observed experimentally in this potential
range. Similarly, the reduction of Zn>" in the reaction ZnO <
Zn is spontaneous at potentials more cathodic than —0.4 Vg,
which coincides with the range of observed Zn dissolution
from ZnFe,0,. Hence, we have demonstrated that under basic
pH conditions, the stability of ZnFe,O, follows the same trend
as that of the unary Fe—H,0 and Zn—H,O systems. For
compound semiconductors, experimental verification of the
aqueous stability is necessary, and we have shown that unary
Pourbaix diagrams can serve well for initial estimation.

B CONCLUSIONS

In summary, to analyze the activity and stability of H-ZnFe,O,
and P-ZnFe,0, photoanodes under alkaline PEC conditions,
an iSFC—ICPMS setup was applied to monitor their dynamic
dissolution rates while measuring the catalytic performance.
While H-ZnFe,0, is more active than P-ZnFe,0,, neither Zn
nor Fe was detected in the basic electrolyte under PEC OER
conditions for both of them. This confirms that hydrogen
treatment can enhance the activity of ZnFe,O, without
compromising stability under alkaline PEC OER conditions.
Meanwhile, it was found that by biasing H-ZnFe,O, to
cathodic potentials, Fe and Zn dissolution can be triggered at
potentials more cathodic than —0.1 Vyyp and —0.4 Vyyg,
respectively. We hence conclude that at basic pH, H-ZnFe,O,
is stable in PEC operations at potentials more anodic than
—0.1 Vg

B MATERIALS AND METHODS

Materials. Iron(III) chloride hexahydrate (FeCly-6 H,0),
sodium nitrate (NaNOjy), zinc nitrate hexahydrate (Zn(NO;),
6 H,0), and potassium hydroxide were purchased from Sigma-
Aldrich, Griissing, and Carl Roth, respectively. All the
chemicals were used as received without any further
purification. FTO substrates (Pilkington TEC 8 glass with a
sheet resistance of 8 Q) were purchased from XOP-Glass.
Before usage, they were sequentially ultrasonicated in ethanol,
acetone, isopropyl alcohol, and ultrapure water for 20 min.

Preparation of P-ZnFe,0, and H-ZnFe,0,. The P-
ZnFe,0, thin film was prepared according to the previously
reported methods.*” First, a precursor solution of 0.15 M
FeCl;-6 H,0 and 1 M NaNO; in ultrapure water was prepared
in a glass bottle. Second, the cleansed FTO substrate was
placed in the bottle and kept in a preheated oven for 3 h at 100
°C. Afterward, the FTO substrate was taken out, thoroughly
rinsed with ultrapure water, and dried under a nitrogen stream.
The dried substrate was then placed on a 100 °C heating plate
and coated drop-by-drop with an aqueous 0.1 M Zn(NO;),
solution. Subsequently, the wetted substrate was transferred to
a preheated muftle furnace for 20 min at 600 °C. Then, to
remove the formed ZnO skin, the coated dry substrate was
kept soaking in a S M NaOH solution for 4 h. Finally, the
substrate was rinsed with ultrapure water and dried under a
nitrogen stream. For H-ZnFe,0,, the P-ZnFe,0, thin film was
placed in a tubular oven under pure hydrogen flow for 1 h. The
temperature of 200 °C and the hydrogen flow rate of 160 mL/
min were set according to the publication of Kim et al."”
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Characterization. SEM micrographs were taken at 5 kV on
a Scios 2 microscope by using the secondary electron detector.
X-ray diffraction (XRD) of the thin films was performed on a
Rigaku SmartLab diffractometer equipped with a rotating
copper anode at 200 mA and 45 kV. For the detection, a
HyPix-3000 2D detector was used. The data was recorded in
the range of 10 to 70° 26 with a scan rate of 3° min™" and a
step size of 0.016°, while the incidence angle @ was fixed at 0°.
XPS was performed with a VersaProbe III Scanning XPS
Microprobe (Physical Electronics PHI) using monochromatic
Al Ka radiation with a beam diameter of 200 ym. A step size of
0.4 eV and a pass energy of 224 eV were used for acquiring the
survey spectra. Regarding the high-resolution spectra, the step
size and pass energy were 0.1 and 26 eV, respectively. In both
cases, the step time was 50 ms. Sample charging was prevented
by using slow-moving Ar ions and an electron flood gun.
Sputter cleaning was not performed on the samples before
measurements to prevent sample reduction due to preferential
sputtering. The obtained XPS data were analyzed with
CasaXPS using Gaussian—Lorentzian (GL30) line shapes
and Shirley backgrounds. Moreover, for charge correction,
the CC/CH peaks of the C s spectra were set to 284.8 eV.
The ultraviolet—visible spectroscopy (UV—vis) tests were
performed on a PerkinElmer Lambda 750 spectrometer with a
100 mm integrating sphere equipped with an InGaAs detector.
The pseudoabsorption spectra were plotted after the Kubelka—
Munk theory. As a reference for high reflection, a BaSO, white
standard was used. An uncoated FTO substrate was used as a
reference for the measurements in transmission mode.

PEC Measurement. As shown in Figure S13, all PEC
measurements were conducted in a PEC cell consisting of an
Ag/AgCl (3 M NaCl), a platinum wire, and the studied film as
the reference, counter, and working electrodes, respectively.
For the preparation of the working electrode, copper wire was
stuck onto an uncoated part of the substrate with adhesive and
conductive copper tape. The illuminated area of the working
electrode is 10 mm®. The applied potentials against the Ag/
AgCl reference electrode were converted to the RHE scale via
the Nernst equation. The electrolyte used is 1 M NaOH
(measured pH = 13.256). The current densities were
calculated with regard to the geometric surface area of the
working electrodes, which is 10 mm? in PEC measurements
and 1 mm* in operando iSFC—ICPMS measurements. The
potentiostat used here is a Zahner Zennium CIMPS-PCS
system. The current densities were assessed based on the light
source is a Quantum Design LOT sun simulator with an AM
L.S G filter and a 300 W Xe lamp of an intensity of 100 mW/
cm? The illuminated area of the photoanode was 10 mm?.
Electrochemical impedance measurements were conducted
without illumination for a range of applied potentials with an
amplitude of 20 mV. The geometric area of the substrate was 1
cm?, The frequency was varied from 1 Hz to 100 kHz with ten
measuring points per decade, and the plotted data were taken
from 1 kHz values.

iSFC—ICPMS Measurement. PEC tests were performed
on a Reference600 potentiostat (Gamry) with a scanning flow
cell. P-ZnFe,O, and H-ZnFe,O, were used as the working
electrodes and the working area was confined to 1 mm? by the
iSFC. A Pt wire (0.5 mm) and an Ag/AgCl electrode in 3.0 M
KCl were used as the counter electrode and reference
electrode, respectively. A borate buffer prepared from
Na,B,0; (15 mM, Merck) with a pH value around 9.2 and
a KOH solution (prepared from KOH Suprapur, Merck) with

a pH value around 12 was used as the electrolyte, respectively.
A daily measurement of the electrolyte was performed on a
MultiLab540 pH meter to guarantee the accuracy of the
potential value on the RHE scale. ESI of the working electrode
was achieved using a Superlite S04 light (Lumatec), which was
filtered to 400—700 nm and calibrated to a power intensity of
100 mW/cm?* The dynamic time-resolved electrolyte analysis
was done on a NexION300X ICPMS (PerkinElmer) by
pumping the electrolyte through the iSFC with a flow rate of
3.4 pL/s. For quantitative analysis, the detected intensities
were analyzed with respect to an internal standard of "*Ge for
compensation of the physical interferences.
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