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Abstract: Spinel zinc ferrite (ZnFe,O,4, ZFO) is a potential photoanode material for photoelectrochemical
(PEC) water splitting because of its ideal bandgap (1.9-2.1 eV) and superior chemical stability in
aqueous solutions. However, the low charge collection efficiency significantly hinders the
improvement in PEC activity. Herein, we report an ultrafast and effective flame activation route to
enhance the charge collection properties of ZFO. First, high-temperature flame (> 1300 ‘C) facilitated
surface and grain boundary diffusions, increasing the grain size and connectivity of the ZFO
nanoparticles. Second, the reducing atmosphere of the flame enabled the formation of surface defects
(oxygen vacancy and Fe’"), thereby increasing the charge carrier density and surface adsorption sites.
Significantly, these two factors promoted charge transport and transfer kinetics, resulting in a 10-fold
increase in the photocurrent density over the unactivated ZFO. Furthermore, we deposited a thin
Al,O; overlayer to passivate the ZFO surface and then the NiFeO, oxygen evolution catalyst (OEC) to
expedite hole injection into the electrolyte. This surface passivation and OEC deposition led to a
remarkable photocurrent density of ~1 mA/cm? at 1.23 V versus the reversible hydrogen electrode,
which is the highest value among all reported ZFO photoanodes. Notably, the NiFeO,/Al,Os/F-ZFO
photoanode achieved excellent photocurrent stability over 55 h (96% retention) and superior faradaic
efficiency (FE > 94%). Our flame activation method is also effective in improving the photocurrent
densities of other spinel ferrites: CuFe,04 (93 times), MgFe,O4 (16 times), and NiFe,Oy4 (12 times).

Keywords: spinel ferrites; flame activation; defect-rich surface; charge collection; photoelectrochemical
(PEC); water splitting

(PEC) water splitting is an effective method to counter
current environmental and energy issues [3,4]. However,
the solar-to-hydrogen (STH) efficiencies of the current
PEC systems remain far below 10%, limiting the
commercial viability. The key obstacle is the lack of
efficient photoelectrodes [5,6].

Metal oxides have received significant attention as
photoelectrodes owing to their excellent durability,

1 Introduction

Solar radiation is the most prominent energy source on
the Earth. Hence, efficient utilization of sunlight is critical
for a sustainable, carbon-neutral, and global energy economy
[1,2]. Hydrogen production via photoelectrochemical
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and BiVOy, have been extensively investigated [7—16].
During the last decade, unprecedented rapid progress
has been made; however, their relatively wide bandgap
and poor charge collection (separation, transport, and
transfer) properties limit their practical applications [6].
Therefore, developing new oxides that can absorb a
large fraction of the solar spectrum and efficiently
drive water splitting is urgently required.

Spinel ferrites (MFe,O4, M = Zn, Ca, Mg, Cu) are
ternary oxide compounds formed by trivalent iron and
divalent metal ions that constitute tetrahedral and
octahedral sites [17], which have recently gained increasing
interest for PEC water splitting owing to their ideal
bandgap (1.9-2.1 eV), excellent thermal and chemical
stability, and abundance [18-26]. In particular, zinc
ferrite (ZnFe,O4, ZFO) is the most investigated
photoanode material [27,28] because of its suitable
valence band edge position and high theoretical STH
efficiency (~21%), which is substantially higher than
the values predicted for Fe,03 (~15%), BiVO,4 (~9%),
WO; (~6%), and TiO, (~2%). However, ZFO has
several intrinsic limitations [29-31]: (1) small light
absorption coefficients, (2) short minority carrier diffusion
length, (3) poor electron mobility owing to the hopping
mechanism of localized d-electrons in FeOg octahedra,
and (4) slow surface reaction kinetics. In addition,
from a synthesis point of view, the high crystallization
temperatures (above 1000 °C) limit their synthesis on
a heat-sensitive transparent conductive oxide substrate [32].

Several strategies have been considered to improve
the PEC performance of ZFO photoanodes. For instance,
Zhu et al. [20] investigated the influence of cation
disordering in ZFO nanorod arrays (NRs) on the charge
separation and injection efficiency, demonstrating a new
benchmark photocurrent density of approximately
1.0 mA/cm® at 1.23 V vs. the reversible hydrogen
electrode (1.23 Vgugg) [20]. Anushkkaran et al. [33]
construct a SiOy hole transport channel on ZFO, achieving
a 0.57 mA/cm’ photocurrent density at 1.23 Vgyg. Guo
et al. [34] introduced Ti'" doping into the ZFO
nanoparticle film to increase the charge carrier
concentration and promote charge transport, achieving
a photocurrent density of 0.35 mA/cm® at 1.23 VRHE-
Kim et al. [35,36] utilized a multiple modification
strategy (hybrid microwave annealing, insertion of a
TiO, underlayer, and Ti*" doping) to effectively
suppress charge-carrier recombination in ZFO NRs,
resulting in a 37-fold increase in the photocurrent
density. Recently, Polo et al. [37] showed that film

thickness, annealing temperature, and n-type doping
are the most crucial factors affecting the PEC performance
of ZFO, providing further insight into developing an
efficient ZFO photoanode. All these reports indicate
that simultaneous optimization in the charge transport
and transfer (i.e., charge collection) process should be
considered to improve the PEC activity effectively.

In this study, we demonstrate a flame activation
method using a ZFO nanoparticle film to effectively
improve the charge collection property without any
complex procedures or vacuum systems. Flame activation
strategy has been reported as a route to produce
oxygen vacancy in WO;, BiVO, [38-40]. However,
this work is the first time to apply the flame strategy on
the promising ZFO photoanode and study the flame
effect on the photoelectrochemical behavior. A high-
temperature flame with a reducing atmosphere
significantly influences the physicochemical properties,
such as grain size, connectivity, and defect formation
of ZFO nanoparticle films. In addition, rapid treatment
within 1 min minimizes substrate damage. Significantly,
the flame treatment effectively promoted charge transport
and transfer kinetics, allowing a large increase in the
water-splitting photocurrent density over untreated ZFO.
Moreover, we demonstrated a high FE (> 94%) and
excellent photocurrent stability (> 96% retention after
55 h) by combining an Al,0O5; overlayer and NiFeO,
OEC. Finally, we showed that the flame activation
method effectively improves the photocurrent densities
of other spinel ferrites (CuFe,O4, MgFe,04, and NiFe,Oy).

2 Experimental

2.1 Synthesis of ZnFe,0,4 (ZFO) nanoparticle film

The ZFO nanoparticle film was deposited using a sol—
gel spin-coating method. First, a 0.4 M precursor coating
solution was prepared by dissolving the 1.190 g
Zn(NOs),-6H,0 (98%; Alfa-Aesar, MA, USA) and
3.232 g Fe(NOs);-9H,0 (98.5%; Kanto Chemical, Tokyo,
Japan) in 10 mL 2-methoxyethanol (99.3%; Alfa-Aesar),
followed by ultrasonication for 10 min. Subsequently,
0.2 mL acetylacetone (99%; Sigma-Aldrich, MO, USA)
was added dropwise to the solution, and the ultrasonication
treatment was continued for 10 min, followed by aging
for 12 h with magnetic stirring at 25 “C. Notably, the
addition of acetylacetone led to the high stability of the
coating solution, thereby enabling uniform film coverage.
Next, the resultant coating solution was spun onto a
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pre-cleaned fluorine-doped tine oxide (FTO) substrate
at 2500 r/min for 1 min and then pre-annealed at
250 °C for 10 min on a hot plate. Finally, the obtained
film was annealed in a box furnace at 550 C for 2 h
at a 5 C/min ramping rate to synthesize a crystalline
ZFO nanoparticle film.

2.2 Flame activation method

The flame activation process was conducted using flame
surface processing equipment (IFLA-500, Applied
Plasma Inc., Gumi City, Republic of Korea). Liquefied
petroleum gas (LPG; 50% butane and 50% propane)
and compressed air from a Kolavo air compressor
(Seoul, Republic of Korea) were used as the fuel and
oxidizer, respectively. The fuel-to-oxygen equivalence
ratio (@) of the premixed flame was controlled by
varying the air flow rate. Notably, @ controls the flame
atmosphere: a flame with @ > 1 (fuel-rich condition)
produces a reducing environment, while a flame with
@ < 1 (fuel-lean condition) produces an oxidizing
environment [41,42]. The optimized LPG and air flow
rates were 5 and 130 mL/min, respectively, to generate
a reducing environment (@ = 1.05). Flame activation
of the ZFO photoanode was conducted inside the flame
for 30 s.

2.3 Deposition of Al,0; and NiFeO, layers

For the Al,O; and NiFeO, OEC layer deposition, the
aluminum nitrate nonahydrate (= 98%; Sigma-Aldrich,
MO, USA), nickel (IT) nitrate hexahydrate (= 98.5%;
Sigma-Aldrich, MO, USA), iron (III) nitrate nonahydrate,
and 2-methoxyethanol were used to prepare a 0.01 M
AlLO; and 0.02 M NiFeO, coating solution. The ZFO
photoanode was dipped into the Al,O; coating solution
for 5 s and withdrawn vertically at a constant speed,
then annealed at 200 ‘C for 10 min on the hotplate;
this process was repeated three times. The NiFeO, OEC
was deposited using a previously reported method [43].
Briefly, Ni(NOs),'3H,0 and Fe(NO;),-:3H,O were
dissolved in 2-methoxyethanol to produce a 0.02 M
precursor solution (Ni:Fe = 6:4). Next, the Al,O5/F-
ZFO samples were soaked in the mixed solution for
5 min. Finally, the samples were dried in an oven
(60 °C) for 10 min, and then rinsed with a 1 M KOH
solution for 10 s.

2.4 Material characterizations

The crystalline structures and phases of the samples
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were analyzed using the X-ray diffractometer (D/MAX-
Ultima III, Rigaku, Tokyo, Japan) and the Raman
spectroscope (alpha300 R, WITec, Ulm, Germany). A
532 nm excitation wavelength laser was used for Raman
spectroscopy. The morphology and thickness of the
samples were examined using the scanning electron
microscope (SEM; JSM-IT500HR, Jeol, Tokyo, Japan).
The samples’ surface compositions and oxygen vacancies
were investigated using X-ray photoelectron spectroscope
(XPS; ESCALAB 250, Thermo Fisher Scientific, MA,
USA) and electron paramagnetic resonance spectrometer
(JES-FA100, JEOL). EPR measurements were conducted
using a JES-FA100 (JEOL) system in the X band using
a frequency of 9.4 GHz with a power of 2 mW. The
optical properties of the samples were recorded using
an ultraviolet—visible—near infrared spectrophotometer
(UV-2600i1, Shimadzu Scientific, Kyoto, Japan) with an
integrating sphere. The photoluminescence (PL) and
time-resolved transient PL (TRPL) spectra of the
samples were measured using a Fluorolog-3
spectrophotofluorometer (HORIBA, Kyoto, Japan) with
a 374 nm excitation wavelength. The electrical conductivity
(Fig. S3 in the ESM) was measured by the Hall effect
measurement system (Ecopia, HMS-3000). Atomic
force microscopy (Asylum Research, MFP-3D SPM)
was used to study the flame effect on bare FTO (Fig.
S4 in the ESM).

2.5 (Photo)electrochemical measurements

PEC and electrochemical measurements of the samples
were performed using a potentiostat (SP-200, BioLogic,
Claix, France) in a three-electrode system with ZFO, a
platinum wire, and Ag/AgCl (3 M KCI) as the working,
counter, and reference electrodes, respectively. A solar
simulator (LCS-100, Newport, CA, USA) was used as
the illumination source. Before the measurement, the
solar simulator intensity (AM1.5G, 100 mW/cm®) was
calibrated using a reference cell (Mode 91150V,
Newport, CA, USA). A 1 M NaOH solution (pH =
13.6) was used as the electrolyte.

The photocurrent density—potential (J-V) curve was
obtained via linear sweep voltammetry measurements
at a 50 mV/s scan rate under dark and light conditions.
The reference electrode potential was converted to a
RHE scale using Eq. (1):

Vrie = Vagiagar +(0.059xpH) + Exgiager (1)

where Vy,/a0c1 18 the applied bias and E;g/AgCl is

the standard hydrogen electrode potential of the Ag/AgCl
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electrode at 298 K [40].

Electrochemical impedance spectroscopy (EIS) spectra
were recorded in the frequency range of 1 MHz-1 Hz
at an applied bias potential of 1.23 Vgyg under simulated
sunlight illumination. The electrochemical active
surface area (EASA) of the samples was evaluated by
measuring the cyclic voltammograms at scan rates of
100, 200, 300, 400, and 500 mV/s. Mott—Schottky
measurements were performed in the dark at a
frequency of 1 kHz and then plotted based on Eq. (2):

1 2 T
2 2 _[V_Vfb—k—J 2
C*  gye.A"eNp e

where C is the space charge capacitance, Np is the
donor density, ¢, is the permittivity of vacuum
(8.854 % 107" F/m), &, is the dielectric constant, 4 is
the surface area of the film (0.11 cm?), V is the applied
potential, ¥V, is the flat band potential, k is the
Boltzmann constant (1.381x10 > J/K), e is the electron
charge (1.602x10™" C), and T is the absolute
temperature. A dielectric constant of &, = 80 was used
for ZFO [44].

3 Results and discussion

3.1 Synthesis and flame activation of ZFO

The ZFO nanoparticle film was synthesized using a
sol-gel spin-coating method (Fig. S1 in the ESM).
First, the ZFO coating solution was spun onto FTO
substrates, followed by pre-annealing at 250 C to
allow evaporation of the solvent and decomposition of
the gel film. Subsequently, the pre-annealed film was
annealed at 550 ‘C to obtain a nanocrystalline ZFO
film. Finally, the flame treatment was conducted to
promote the PEC activity of ZFO. Figure 1(a) illustrates
the flame activation process. The ZFO film was rapidly
inserted into the stable flame zone (> 1300 °C) and
maintained for 30 s (Fig. S2 in the ESM). Notably, the
flame was produced under fuel-rich conditions
(equivalence ratio @ > 1) that created reducing gases
of CO and H,, which directly contacted the ZFO
surface and then reacted with lattice oxygen to
effectively generate oxygen vacancies [42].

The SEM images of ZFO and flame-activated ZFO
(F-ZFO) are shown in Figs. 1(b) and 1(c). Both ZFO
and F-ZFO exhibited approximately 600 nm thick
nanoparticle film with uniform coverage. In addition,
energy dispersive spectroscopy elemental mapping

analysis indicates that Zn and Fe have an approximate
1:2 stoichiometric ratio and uniform distributions
throughout the entire film (Fig. S5 in the ESM). The
average grain size of ZFO was determined to be ~40 nm
from the top-view SEM image. Notably, multiple voids
and pores were observed in the ZFO layer, which was
caused by the insufficient grain growth and fusion due
to the low annealing temperature (550 ‘C). In contrast,
F-ZFO exhibited two times larger (~82 nm) and
well-connected grains. The top-view SEM images
clearly revealed that the grain size and connectivity
increased. Furthermore, the voids and pores disappeared,
particularly in the vicinity of the F-ZFO and FTO
interface (Fig. 1(c)). Generally, high-temperature annealing
is beneficial for grain boundaries and surface diffusion,
hence facilitating grain growth and fusion [45,46].
Therefore, the high-temperature flame process induced
larger grains, high connectivity, and reduced porosity
in F-ZFO, which could improve the charge transport
properties (Fig. S6 in the ESM). Additionally, despite
the high-temperature treatment (> 1300 °C), the FTO
appeared undamaged, another benefit of the flame
activation method.

The phase compositions and crystal structures of
ZFO and F-ZFO were evaluated using X-ray diffraction
(XRD) and Raman spectroscopy, respectively. First,
XRD analysis (Fig. 1(d)) showed that both ZFO and
F-ZFO exhibited peaks centered at 29.92°, 35.26°,
36.86°, 42.84°, 53.11°, and 56.63°, which corresponded
to the (220), (311), (222), (400), (422), and (511)
crystal planes of spinel zinc ferrite (JCPDS Card No.
022-1012). In addition, the calculated crystallite size
(via the Scherrer equation [47]) of F-ZFO (17 nm) was
larger than that of ZFO (12 nm), which is consistent
with the SEM observations. Notably, F-ZFO retained a
single phase of spinel zinc ferrite even after high-
temperature flame treatment (reducing atmosphere). In
contrast, the flame treatment in an oxidizing atmosphere
resulted in phase separation into a-Fe,O5; and ZnO (Fig.
S7 in the ESM). This result indicates that a reducing
atmosphere is preferable for flame activation because
the oxidizing atmosphere decomposes ZFO.

Raman spectra (Fig. 1(e)) showed that the typical E,
F»g,and 4, modes were observed in ZFO and F-ZFO.
Additionally, no characteristic peaks of hematite
(a-Fe, 03, 1320 cmﬁl) or maghemite (y-Fe,Os, 1400 cmﬁl)
were observed, confirming a single phase of ZFO [31].
Notably, the absence of carbon peak (D-band at
1348 cm ' and G-band at 1603 cm ') indicates no carbon

(8) 77wt | Sci@pen

Tsinghua Univers



616

J Adv Ceram 2023, 12(3): 612-624

Flame activation

[
8

590
=
33
=
5,
5
]
E10
z

o
a 51 ﬂ|ﬁ
20 40 60 80 100 120

Grain size (nm) —

« High temperature (> 1300 °C)
* Reducing atmosphere (H; & CO gases)

200 nm %5730 60 &0

Grain size (nm) —

Grain size &
connectivity

Intensity (a.u.)

F-ZFO
ZFO

F;'
400 800 1200 1600
Raman shift (cm™)

200 nm

Fig. 1 Flame activation of the ZnFe,04 (ZFO) photoanode. (a) Flame activation and its impacts on grain size, connectivity, and
oxygen vacancy formation of ZFO. The high temperature and reducing flame promote grain fusion/growth and generate oxygen
vacancy. SEM images of (b) ZFO and (c) flame-activated ZFO (F-ZFO). (d) XRD pattern and (e) Raman spectra of ZFO and

F-ZFO.

species formation after flame activation (Fig. S8 in the
ESM). Interestingly, all peaks in F-ZFO exhibited a
slight negative shift (up to 5 cm ') compared to that of
ZFO, indicating a chemical structure change or defect
formation [39,42,48] due to flame activation.

3.2 Surface defects, electrochemical active surface
area, and carrier concentration analyses

Surface defects, electrochemical active surface area
(EASA), and carrier concentration, which are decisive
factors for PEC water splitting activity, are investigated.
First, X-ray photoelectron spectroscopy (XPS) analysis
was performed to investigate the effect of flame
activation on the formation of surface defects. The
XPS O 1s spectra (Fig. 2(a)) were deconvoluted into
three peaks centered at 529.5, 530.8, and 532.6 eV,
which represented lattice oxygen (O ), oxygen vacancy
(Ov), and surface hydroxyl species (Oop), respectively
[49]. Additionally, the Fe 2p spectra (Fig. 2(b)) were
deconvoluted into Fe*" and Fe’" peaks at 710.4 and
712.9 eV, respectively. As summarized in Fig. 2(c) and
Table S2 in the ESM, the relative amounts of oxygen

(B i #fusx | Sci@pen

~~" Tsinghun University Press

vacancies and Fe’" increased after flame activation. In
a typical spinel ZFO structure, Zn>" occupies tetrahedral
sites and is bonded to four oxygen atoms, whereas Fe**
occupies octahedral sites and is bonded to six oxygen
atoms. Accordingly, the increase in Fe’" indicates
more inversion of Fe** into Fe2+, that is, an increase in
Fe’’ at the tetrahedral sites. In this case, oxygen can
easily escape from the lattice structure owing to the
charge compensation effect [50], thus clarifying the
increase in oxygen vacancies. Moreover, the Zn 2p
spectra (Fig. S9 in the ESM) show a similar peak shift
after flame activation, which is also attributed to the
inversion of Fe'" and oxygen vacancy formation.
Furthermore, The EPR signal illustrates an isotropic
resonance band with g = 2.02 (Fig. S10 in the ESM). A
stronger paramagnetic signal of F-ZFO is observed
than that of ZFO, indicating increased oxygen vacancy
concentration after flame activation, which agrees with
the XPS results. The oxygen vacancy in metal oxide
photoanode is demonstrated to affect charge carrier
concentration and surface reactivity, thus improving
the PEC activity [42,44,51].
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Fig. 2 Surface defects, relative surface area, and carrier concentration analyses. XPS spectra of (a) O 1s and (b) Fe 2p.
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(MS) analysis of ZFO and F-ZFO.

The relative electrochemical active surface area
(EASA) of ZFO and F-ZFO were examined by measuring
the cyclic voltammetry curves at various scan rates
(Fig. 2(d) and Fig. S11 in the ESM). The EASA of the
F-ZFO was four times larger than that of the ZFO.
Therefore, the enhanced EASA of F-ZFO is attributed
to the oxygen vacancy (V,) and charged defect (Fe*")
formation on the surface, which induced more adsorption
and active sites, thereby strongly influencing surface
reactivity [52].

The charge carrier concentrations in ZFO and
F-ZFO were determined using the Mott—Schottky
measurement. As shown in Fig. 2(e), both ZFO and
F-ZFO exhibit positive slopes, indicating typical
n-type semiconducting behavior. In addition, the flat
band potential (V) was determined to be 0.85 V vs.
RHE, consistent with Ref. [23]. However, the F-ZFO
exhibited a considerably lower slope than ZFO, indicating
a significantly higher charge carrier concentration (Np).
The Np value of F-ZFO (22.6x10*' cm ™) was 25 times
higher than that of ZFO (0.9x10*' cm ), indicating an
improved n-type conductivity. In addition, the F-ZFO
shows a remarkably increased electrical conductivity
and decreased sheet resistivity compared to ZFO (Fig.
S12 in the ESM). Resultingly, flame activation
effectively generated oxygen vacancies in F-ZFO,
improving the active surface area and charge carrier
density.

3.3 Photoelectrochemical (PEC) activity

The photocurrent—potential (J-V) curves of ZFO and
F-ZFO were measured using a three-electrode system
ina 1 M NaOH (pH = 13.6) electrolyte under simulated
sunlight illumination (Fig. 3(a)). As shown in Fig. 3(b),
ZFO (before flame activation), exhibits a weak
photocurrent response (0.03 mA/cm?). In contrast, F-ZFO
exhibited a high photocurrent density (J,n) of
0.3 mA/cm’ at 1.23 VruE, ten times higher than ZFO
(Table S4 in the ESM). In particular, an impressive
photocurrent density of ~0.93 mA/cm” was obtained at
1.60 V vs. RHE, demonstrating that the flame activation
effectively improves the photocurrent density of ZFO.
However, the F-ZFO exhibits a higher onset potential
than ZFO. First, the high defect concentration at the
surface causes Fermi-level pining, which leads to the
delay of onset potential [37]. Second, the increased
charge carrier concentration induced by oxygen vacancy
decreases depletion layer width, leading to a deterioration
of charge transport at the low bias potential [53].

Next, the effect of the flame atmosphere on the PEC
activity was investigated (Fig. 3(c) and Fig. S13 in the
ESM). The results show that the reducing flame
(fuel-rich, @ >1) yields a substantially higher J;, value
than those of the neutral and oxidizing flames. Notably,
the reducing flame is more effective than the oxidizing
and neutral flame conditions in forming oxygen vacancies
in ZFO, which results from the generation of reducing

(8) 77wt | Sci@pen



618

J Adv Ceram 2023, 12(3): 612-624

10

| @123 Ve
LN,

N % §
o0 .
0 10 20

0 40
Flame activation time (s)

BB Relative O,

12

Potential (V)vs. RHE

0
| w_,_,,,,o 5.20
. . _ - =0
0 10 20 30

Flame activation time (s)

(€)oa
@1.23 Vg
—~ 0.2 Fuel-lean '
< T,
(oxidation) o
E = .
< 02
£ £
“’, Fuel-rich
=~ § (reduction)
Pristine ZFO
¥
14 186 08 09 1.0 1.1 1.2

Equivalence ratio, ¢
50

- T

@123V,

0

1 03

| 0.3
024 %

1 00 0.05
00l %%

RTA furnace H,-anneal flame

Relative O, (%)

Fig. 3 Photoelectrochemical (PEC) activity. (a) Schematic of PEC cell. (b) Representative photocurrent density—potential
(J=V) curves of ZFO and F-ZFO measured under simulated sunlight illumination (100 mW/cm?). (c) Effects of the flame
equivalence ratio on the photocurrent density (J,, values are extracted at 1.23 Vgyg from corresponding J-V curves). (d) Effects
of the flame activation time on the Jy,. (€) Variations of donor concentration (Np) and oxygen vacancy amount (Oy) as a
function of the flame activation time. (f) Comparison of various activation methods. Flame-activated ZFO shows the highest Jj;,
indicating the effectiveness of flame activation in improving the PEC activity of ZFO.

gases of CO and H; in the reducing flame. Notably, the
reducing flame at @ = 1.05 generates the highest
photocurrent density and enables good repeatability
(Fig. S14 in the ESM). Interestingly, the oxidizing and
neutral flame activations also improved the Jp, values
of pristine ZFO. This result indicates that increased
grain size and enhanced connectivity are crucial in
improving the PEC activity of ZFO (Fig. S15 in the
ESM). Once oxygen vacancies are introduced in these
large-grained and inter-connected ZFO, the PEC
activity will be improved further due to the synergistic
effect of the increase of active surface sites.

Figure 3(d) shows the J,, variation as a function of
flame activation time. The Jp;, of F-ZFO increased until
30 s and then decreased at 40 s (Fig. S16 in the ESM).
To elucidate this behavior, the oxygen vacancy
concentration (Oy) and donor concentration (Np) were
investigated as a function of flame activation time (Fig.
3(e) and Figs. S17 and S18 in the ESM). Both Np and
Oy are increased monotonically with the increase of
the flame activation time. Therefore, the increase in Jp,
until 30 s is well correlated to the increase of Np and
Oy, suggesting that the conductivity increase resulting
from the oxygen vacancy formation is responsible for
the J,n improvement. However, the excess amount of
oxygen vacancies due to prolonged flame activation
(> 30 s) leads to the formation of surface trap sites,
resulting in severe charge recombination, thereby
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deteriorating the J;, increase [54]. The optimal thickness
of F-ZFO was determined to be ~600 nm (Figs. S19
and S20 in the ESM). Because ZFO has a low light
absorption coefficient [29], the thicker film is required
to absorb sunlight effectively. Notably, further thickening
of ZFO above 600 nm diminishes J;,, caused by the
short hole diffusion length [30] and increased bulk
recombination at thicker ZFO.

To prove the effectiveness of our flame activation,
other frequently employed methods, such as RTA
(rapid thermal annealing), high-temperature furnace
annealing, and H, annealing, were tested using ZFO
nanoparticle films. The other methods’ optimal treatment
conditions were referred to in Refs. [37,42,51]. However,
the thickness of the ZFO is fixed at 600 nm for all
cases. As shown in Fig. 3(f) and Fig. S21 in the ESM,
the methods also improve Jy; however, our flame
activation produces the highest value. The RTA (heating
rate: 100 °C/s)-treated ZFO exhibited the lowest
improvement in Jy,, which is ascribed to the low heat
flux owing to the heat transport mechanism (conduction
through silicon—glass—FTO—ZFO layers) [42]. Similarly,
furnace activation at 800 ‘C also moderately improved
Jon. As shown in Fig. S22 in the ESM, J, increases
with the furnace annealing temperature. However,
high-temperature annealing of FTO substrates > 800 ‘C
is limited because of damage to the glass and FTO
layers [55].
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The most popular method, H, annealing, achieved
an enhanced J;, of 0.14 and 0.6 mA/cm” at 1.23 and
1.6 Vrug, respectively. According to Kim et al. [51]
and Polo er al. [31,37], H, annealing efficiently
generates oxygen vacancies via hydrogenation.
Nevertheless, the flame-activated ZFO exhibited the
highest Jy, of 0.3 and 0.93 mA/cm*at1.23 and 1.6 V vs.
RHE, respectively, demonstrating the effectiveness of
our flame activation method in improving the PEC
activity of ZFO.

Additionally, we tested the direct flame annealing
(i.e., flame treatment at 1300 C for 30 s without the
annealing at 550 ‘C) of ZFO (Fig. S23 in the ESM).
Interestingly, the direct flame-annealed ZFO exhibited
J=V curves similar to those of F-ZFO. Therefore, the
flame also can be utilized as an annealing tool instead
of conventional furnace annealing.

Consequently, the flame exerts two critical functions
to enhance the PEC activity of the ZFO. First, the
ultra-high temperature and rapid activation time
(<1 min) increase the grain size and improve grain
connectivity while preserving the delicate FTO substrate
from thermal damage. These characteristics are unattainable
by other methods such as furnaces and RTA. Second,
the reducing flame generates oxygen vacancies, which
are more effective than the H, annealing method in
terms of treatment time and controllability. Moreover,
our flame was facile, ultrafast, and scalable (Fig. S24
in the ESM).

3.4 Light absorption, charge transport, and transfer
kinetics studies

A series of characterizations and measurements were
performed to elucidate the impacts of the increased
grain size and oxygen vacancy formation in F-ZFO on
the charge collection (transport and transfer) properties.
The optical properties of ZFO and F-ZFO were
investigated (Fig. 4(a) and Fig. S25 in the ESM).
Interestingly, F-ZFO exhibited a slightly higher light
absorption (77%) than that of ZFO (73%). In particular,
light absorption in the longer wavelength region (500—
700 nm) was enhanced. This enhanced light absorption
of F-ZFO is partly attributed to the increased optical
density resulting from the larger grain size and
connectivity. The oxygen vacancy increase also
contributed to the enhanced light absorption of F-ZFO
[56]. According to Granone et al. [57], an increase in
the inversion degree (i.e., an increase in tetrahedrally
coordinated Fe®") improves visible light absorption,

producing a characteristic darkening of the sample.
Similarly, we observed a darker reddish-brown color of
F-ZFO compared to that of ZFO (Fig. 4(a)), suggesting
enhanced optical density.

For the IPCE spectra, F-ZFO exhibited substantially
higher values at the wavelength region of 350-550 nm
(Fig. 4(b)): the maximum IPCE values of F-ZFO and
ZFO were 17.2% and 2.7%, respectively. In addition,
the integrated photocurrent density matched the Jpu
value obtained from the J—V curves (Fig. 3(b)). However,
no IPCE improvement was observed in the 500—
600 nm wavelength region, where the light absorption
was enhanced. This result indicates that light
absorption has minimal impact on the improved
photocurrent density of F-ZFO.

Next, EIS analysis was conducted to identify the
charge transport and transfer characteristics of F-ZFO
and ZFO (Fig. 4(c)). Nyquist plots were fitted using an
equivalent circuit model (the inset in Fig. 4(c)). The
results are summarized in Table S5 in the ESM, where
Ry, Ry, and R; are the series, charge transport (in bulk
ZF0), and charge transfer (at the interface between
ZFO and the electrolyte) resistances, respectively; and
C; and C, are the capacitances of the space charge
region and Helmholtz layer, respectively. Notably,
F-ZFO exhibited considerably smaller R, and R; values
than those of ZFO, indicating its significantly
enhanced charge transport and transfer properties. To
confirm this, the charge transport (#uansport) and transfer
(Muanster) efficiencies were quantified using the hole
scavenger method (Figs. 4(d), 4(e), and Fig. S26 in the
ESM). First, the F-ZFO exhibited a #anster Of 20.8%,
which was approximately two times higher than that of
ZFO (12.4%). This enhanced #yanster 1S attributed to the
suitable number of oxygen vacancies on the F-ZFO
surface, which increased the surface area and active
sites [58,59]. In addition to the #uanster, F-ZFO
exhibited two times higher #uansport (9.3%) than that of
ZFO (4.5%). As shown in the SEM, XPS, and Mott—
Schottky analyses (Figs. 1 and 2), this enhancement in
Nuansport 18 ascribed to the reduced grain boundary
(increased grain size) and vastly increased charge
carrier concentration (via the formation of oxygen
vacancies), which suppress the surface and bulk
recombination of charge carriers.

The charge transport time constant (7) is a valuable
factor for evaluating charge transport kinetics because
it represents the speed at which the photogenerated
electrons reach the FTO substrate [60]. To confirm the
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Fig. 4 Optical property, spectral response, charge transport, and transfer kinetics analyses. (a) Light absorption spectra. The

inset image shows a photograph of ZFO and F-ZFO samples. (b)

Incident photon to current conversion efficiency (IPEC) spectra.

(c) Nyquist plot. (d) Charge transfer efficiency (#yanster) and (e) charge transport efficiency (#uansport). (f) Intensity-modulated
photocurrent spectroscopy (IMPS) spectra. (g) Photoluminescence (PL) spectra and (h) time-resolved photoluminescence (TRPL)
spectra of ZFO and F-ZFO under an excitation of 374 nm. (i) Impacts of flame activation on the improvement of the charge

carrier dynamics.

correlation between 7 and the improved J;, on F-ZFO,
IMPS analysis (Fig. 4(f)) was performed at an applied
potential of 1.23 Vgyg. The rvalues of ZFO and F-ZFO
were 0.6 and 0.12 ms, respectively. The five times smaller
7 value of F-ZFO indicates that the photogenerated
charges in F-ZFO were more efficiently collected on
the FTO substrate. Consequently, F-ZFO exhibited
diminished charge recombination in bulk, which
improves the charge transport and J,, for PEC water
splitting.

Photoluminescence (PL) and time-resolved PL (TRPL)
spectroscopy analyses were performed to investigate
the carrier dynamics. First, the PL intensity of F-ZFO
(Fig. 4(g)) was lower than that of ZFO, indicating
diminished charge recombination (enhanced charge-
separation properties) [61]. Furthermore, the TRPL
results (Fig. 4(h) and Table S6 in the ESM) show an
increased carrier lifetime (0.91 ps) in F-ZFO compared
to that of ZFO (0.76 ps), suggesting the fewer defects
(high crystal quality) in F-ZFO. Resultingly, as
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summarized in Fig. 4(i), the reduced grain boundaries,
improved connectivity, and oxygen vacancies played
crucial roles in the enhanced charge transport and
transfer kinetics of F-ZFO.

3.5 Further improvement of PEC activity

The PEC activity of F-ZFO was further improved by
deposition of the Al,O; passivation layer and NiFeO,
OEC. SEM-EDS and XPS analyses confirmed the
conformal and uniform coatings of NiFeO, and Al,O3
layers (Figs. S27 and S28 in the ESM). The ALO;
layer was deposited between the F-ZFO and OEC by
dip-coating to passivate surface defects that act as
charge recombination sites. This Al,O; layer promotes
holes to escape from the bulk region of F-ZFO and
then transfers them to the OEC layer without significant
loss [36]. As shown in Fig. 5(a), the Al,O3/F-ZFO exhibits
a higher photocurrent density than that of F-ZFO, and
the optimized photocurrent density (0.52 mA/cm?) was
obtained at three-cycle dip-coating (Fig. S29 in the ESM).
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Fig. 5 Further improvement of PEC performance via depositing Al,O; and NiFeO, layers. (a) J-V curves of F-ZFO,
Al,0,/F-ZFO, and NiFeO,/Al,0;/F-ZFO photoanodes. (b) Gas production measurements. A stoichiometric mole ratio of H, and
0, (Hy/O, = 2) was observed. (c) Faradaic efficiency (FE) measurement. (d) Long-term photocurrent stability test of the
NiFeO,/Al,O;3/F-ZFO photoanodes. The inset images show SEM images before and after the 55 h stability test.

After deposition of NiFeO, OEC, the fully modified
NiFeO,/Al,O03/F-ZFO exhibited an impressive J,, of
0.95 mA/cm?, which is over three times higher than
F-ZFO. Moreover, it exhibited a large onset potential
shift (-250 mV) from 1.0 to 0.75 V. These results
clearly show that the Al,O; layer and NiFeO, OEC
effectively improve the charge transfer efficiency and
thus PEC activity (Fig. S30 in the ESM). Notably, the
demonstrated J,, value of NiFeO,/Al,O3/F-ZFO was
the highest among all nanoparticle-based planar ZFO
photoanodes, even comparable with the state-of-art
performance of previously reported ZFO (Tables S7,
S8, and Fig. S31 in the ESM).

The water-splitting reaction was confirmed by
measuring the amount of gas produced (Fig. 5(b) and
Fig. S32 in the ESM). Both F-ZFO and NiFeO,/Al,05/
F-ZFO exhibited a mole ratio of 1:2 for O, and H, gas,
indicating the water-splitting reaction without any side
reactions. Notably, the faradaic efficiencies of F-ZFO
and NiFeO,/ALLO;/F-ZFO were 82% and 95%,
respectively. Remarkably, the NiFeO,/Al,O5/F-ZFO
exhibited excellent photocurrent stability (4% decrease)
after the 55 h stability test (Fig. 5(d)). The SEM images
before and after the stability test shows no changes in
grain size or morphology, indicating the excellent
durability of NiFeO,/Al,O3/F-ZFO.

3.6 Flame activation of other spinel ferrites

Finally, the flame activation was applied to other spinel

ferrites (MgFe,04, NiFe,O4, and CuFe,0,), which
have rarely been studied as photoelectrodes, and the
demonstrated photocurrent densities were very low
[24,62]. As demonstrated in Fig. S33 in the ESM, the
Jon values of these spinel ferrites are significantly
improved after flame activation: CuFe,O4 (93 times),
MgFe,04 (16 times), and NiFe,O4 (12 times). This
result shows that flame activation can effectively
improve the photocurrent densities of other spinel
ferrites. Furthermore, similar to F-ZFO, grain size and
connectivity improvements were observed in these
spinel ferrites after flame activation (Fig. S34 in the
ESM). In addition, no secondary phases were formed
after flame activation (Fig. S35 in the ESM). Moreover,
EASA analyses of the three spinel ferrites confirmed
that flame activation increased the electrochemically
active surface area (Fig. S36 in the ESM). As a result,
a flame activation method is a versatile tool for
enhancing the PEC performance of various spinel ferrites.

4 Conclusions

We developed a flame activation method for spinel
ZFO to improve its PEC performance. The treatment
of high-temperature flame (> 1300 ‘C) facilitated ZFO
grain growth and fusion, reducing grain boundaries
and improving grain connection without FTO damage.
Furthermore, reducing gases, such as CO and H,, in
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the flame generated a controllable number of oxygen
vacancies. These factors effectively increased the charge
carrier concentration and active surface sites, promoting
charge transport and transfer kinetics. Significantly, the
flame-activated ZFO photoanode exhibited a photocurrent
density that was 10-fold higher than that of the pristine
ZFO photoanode. Furthermore, we demonstrated the
highest photocurrent density of 0.95 mA/cm” by depositing
AlLO; passivation and NiFeO, oxygen evolution
catalyst layers, which is one of the highest values
among all reported ZFO photoanodes. We also
demonstrated that our flame activation method could
be applied to other spinel ferrites (MgFe,04, NiFe,;04,
and CuFe,0,) to improve their PEC activities.
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