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Flash Joule heating technique as an innovative and promising strategy has been extensively utilized to synthesize
various functionalized nanomaterials within a very short time. This work describes a facile synthesis of an
oxidized carbon overlayer-mediated hematite photoanode through a simple NaH2PO,-immersion followed by a
flash Joule heating treatment. It discloses that on account of the high conductivity and abundant oxygen-
functionalized carbon groups of carbon overlayer, the surface charge transfer of as-resulted photoanode is
greatly facilitated and meanwhile the adsorption strength of water oxidation intermediates on Fe sites is
improved. Moreover, the oxidized carbon overlayer could confine sufficient P atoms into the hematite nano-
structure to realize P-doping to dramatically promote the bulk charge behaviors. Consequently, benefiting from
these multiple effects, an enhanced photocurrent density of 2.07 mA em~2 at 1.23 V vs. RHE is achieved for the
as-resulted photoanode. Further, a comparable photocurrent density of 2.37 mA em~2 at 1.23 V vs. RHE is
yielded after the loading of FeNiOOH cocatalyst. This study, for the first time, demonstrates the flash Joule
heating strategy for the post-treatment of hematite photoanode, which opens up a novel and facile avenue for the

development of efficient photoelectrodes.

1. Introduction

Photoelectrochemical (PEC) water splitting has been regarded as one
of the most promising routes to convert solar energy into clean hydrogen
[1,2]. Among various photoanode candidates, hematite has shown great
potential owing to its favorable bandgap (~2.0 eV) for strong visible
light absorption, superior stability in the alkaline electrolyte solution,
low cost, and abundance [3-6]. Notably, the theoretical
solar-to-hydrogen (STH) conversion efficiency of hematite could reach
up to ~16.8%, outperforming other commonly-used metal oxide pho-
toanodes [3,5]. However, the STH efficiencies of state-of-art hematite
photoanodes are still far below the requirement of large-scale applica-
tions (STH>10%). Such a discrepancy can be mainly attributed to the
intrinsic drawbacks of hematite involving poor electronic conductivity,
short charge carriers’ diffusion length, very short lifetime of photoex-
cited holes, and sluggish oxygen evolution reaction (OER) kinetics,
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which severely limits the PEC water oxidation performance [3-6].

To solve those issues to boost the conversion efficiency of hematite,
considerable efforts have been devoted in past decades and numerous
strategies including nanostructuring, element doping, heterojunction
building, and surface engineering have been developed [3-10]. Therein,
the incorporation of alien atoms (Ti, Sn, Zr, Si, and so on) in hematite
nanostructures has turned out to be the most effective one [10-13].
Especially, nonmetallic phosphorus (P) doping has received extensive
interest since it can avoid the generation of deep electron trapping sites
to render greater promotions on charge mobility [14,15]. Likewise, due
to the excellent conductivity and high stability, the decorating of carbon
materials (e.g., graphene, carbon quantum dots, organic materials, etc.)
onto the surface of hematite photoanode has also been proven viable in
greatly boosting photoactivity [16-20]. Recently, surface depositing the
element-doped carbon materials with rich active sites towards more
efficient hematite photoanodes has acquired significant popularity [21,
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22]. For instance, Kong et al. reported a nitrogen-doped carbon layer
coated hematite photoanode through a hydrothermal procedure fol-
lowed by a thermal treatment in Argon atmosphere [21]. And owing to
the facilitated charge carrier transfer in the bulk and at the electro-
de/electrolyte interface as well as the accelerated OER kinetics, the
as-fabricated photoanode showed an increased photocurrent density of
1.76 mA cm ™2 at 1.23 V versus reversible hydrogen electrode (vs. RHE)
[21]. Also, a cobalt (Co) doped carbon layer on hematite photoanode
with a promoted PEC activity has been recently reported, in which the
Co-doping carbon overlayer played a triple functional role in improving
the surface conductivity, suppressing the surface recombination, and
accelerating the OER kinetics [22].

Similar to element-doped carbon materials, surface-oxidized nano-
carbon not only preserves the high conductivity but also possesses
abundant active sites (oxygen-containing groups) for the strong
adsorption of water oxidation intermediates, emerging as a novel and
highly active OER electrocatalyst [23-26]. Therefore, it is expected to
remarkably enhance the PEC activity of hematite by integrating
P-doping and surface treatment of oxidized carbon. However, it’s
important to note that the construction of such hematite photoanodes in
a simple and cost-effective method is still a challenge. In this respect,
flash Joule heating provides a feasible route since its rapid heating and
cooling rates could render the synthesis process more facile and more
efficient [27]. Practically, flash Joule heating as an innovative and
promising technique has been extensively applied to fabricate various
functionalized nanocarbon materials (e.g., graphene) within a very short
time [28,29].

Inspired by these ideas, herein, an oxidized carbon overlayer
confined P-doping hematite (defined as P-Fe;Os-Joule) photoanode is
fabricated through a simple NaH;POo-immersion followed by a high-
temperature-shock treatment using the flash Joule heating technique.
It demonstrates that during the high-temperature-shock processes, the
carbon atoms could be detached from the graphite paper substrate to
form a thin carbon layer on the surface of NaH;POs-soaked hematite
nanostructure. Further characterizations find that the carbon overlayer
contains abundant oxygen-functionalized carbon groups (carbonyl, hy-
droxyl, and carboxylic groups), which not only enables a better elec-
trolyte affinity for improving the surface charge transfer but also
enhances the adsorption strength of *O, *OH, and *OOH intermediates
on Fe sites for promoting the OER kinetics. Moreover, it has been dis-
closed that the high temperature of Joule-heating treatment could
stimulate the decomposition of NaH,PO5 precursor and then dope P
atoms into the hematite lattice due to the confinement of outer carbon
layer. As a result, compared to the P-doping photoanode prepared by
conventional muffle-sintering (defined as P-FeyO3-Muffle), the
P-Fe;03-Joule photoanode exhibits a drastically increased carrier den-
sity, resulting in a promoted bulk charge behavior. Eventually, owing to
these multiple effects, the P-Fe;Os-Joule photoanode yields an
increased photocurrent density of 2.07 mA cm™2 at 1.23 V vs. RHE,
which is about 2.4 and 1.7 times higher than those of pristine Fe;O3 and
P-Fe,03-Muffle films, respectively. Furthermore, after the loading of
FeNiOOH cocatalyst, a comparable photocurrent density of 2.37 mA
cm~2at 1.23 V vs. RHE is achieved. This study first demonstrates a novel
post-treatment strategy for hematite photoanode through the flash Joule
heating technique, which opens a facile and effective avenue toward the
development of efficient photoelectrodes.

2. Experimental section
2.1. Synthesis of hematite photoanodes

The pristine Fe,O3 photoanode was synthesized through a modified
hydrothermal method [9,30]. First, an aqueous solution for the growth
of FeOOH film was prepared by dissolving 75 mM iron chloride hexa-
hydrate (FeCl3-6H30, Sinopharm Chemical ReagentCo., Ltd) and 50 mM
glucose (CgH1206, Sinopharm Chemical ReagentCo., Ltd) in 80 mL
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deionized water. Subsequently, the mixed solution was transferred in a
100 mL Teflon-lined stainless-steel autoclave, and then a piece of
cleaned fluorine-doped tin oxide glass (FTO, 50 mm x 30 mm x 1.6 mm,
< 15-Q sq !, Solar Energy Technology Co., Ltd, Wuhan Jinge, China)
was placed in the autoclave. After that, the hydrothermal reaction was
performed at 100 °C for 4 h in an oven. After cooling down to room
temperature, the FeOOH film grew on the FTO substrate was taken out
and rinsed with deionized water, and then sintered at 550 °C for 2 h and
750 °C for additional 15 min to obtain the pristine Fe,O3 photoanode.

For the fabrication of P-Fe;Os-Joule photoanode, the as-obtained
pristine FeoO3 was first soaked in a 50 mL NaH;PO» aqueous solution
(concentration from 0.4 to 6 mg/mL) and sonicated for 5 min. Then,
after drying at room temperature (~30 min), the NaH;PO,-treated
FeyO3 photoanode was placed face down into two layers of graphite
papers (100 mm in length, 25 mm in width, and 0.2 mm in thickness).
Afterward, these graphite papers were connected to the electrical con-
tacts of Joule heating equipment (Hefei in-situ technology Co., Ltd.,
China) and then sintered under continuous vacuum pumping. During
this procedure, the set temperature of Joule heating was achieved by
adjusting the output electric current from 60 to 80 A, while the sintering
time was realized by regulating the cycles of high-temperature-shock
treatment. After the sintering, the photoanode was thoroughly rinsed
with deionized water. For the comparison, the P-Fe;O3-Muffle photo-
anode was synthesized by sintering the NaH,PO solution-soaked Fe;03
photoanode in a muffle at 750 °C for 15 min (ramp rate: 10 °C min’l),
the solution concentration and treatment-time for the NaHoPO; soaking
are the same as those of P-Fe;Os-Joule photoanode. Also, the FeyOs-
Joule photoanode has been prepared through the same procedures as
those of the P-Fe;Os-Joule photoanode except that without the pre-
soaking of NaH,PO, solution.

For the deposition of FeNiOOH cocatalyst, a facile electrodeposition
method reported in our previous work was adopted [31].

2.2. Structural characterizations

Scanning Electron Microscope (SEM, FEI Quanta FEG 250) and high-
resolution Transmission Electron Microscopy (HRTEM, JEOL 2100F)
were employed to acquire the morphologies of as-fabricated photo-
anodes. The HRTEM samples were prepared by mechanically scraping
from the surface of as-fabricated photoanodes with a blade, and then
transferring directly onto a carbon-film-supported copper grid. The
phase structure and crystallinity of as-fabricated photoanodes were
examined by X-ray Diffraction (XRD, Shimadzu XRD-6000). FTIR mea-
surements were performed on Thermo Scientific Nicolet iS20. The
electronic structures and components of all photoanodes were charac-
terized by X-ray Photoelectron Spectrometer (XPS, SHIMADZU AXIS-
Ultra DLD) and X-ray absorption spectroscopy (XAS, Beijing Synchro-
tron Radiation Facility (Beamline 4B9B)) measurements.

2.3. PEC measurements

The PEC performance of as-fabricated hematite photoanodes was
evaluated in a three-electrode cell with a linear sweep voltammetry
(LSV) method at the scan rate of 50 mV s~.. The photoanode covered by
non-conductive hysol epoxy was used as the working electrode, Pt wire
as the counter electrode, and Ag/AgCl electrode as the reference elec-
trode. The NaOH aqueous solution (1 M, pH = 13.6) was used as the
electrolyte. The LSV curves were recorded by CHI 660E electrochemical
workstation under 100 mW cm™2 light irradiation (fixed by Thorlabs
PM100D power meter) provided by a 300 W Xenon lamp (PLS-
FX300HU, Beijing Perfectlight Technology Co., Ltd.) equipped with AM
1.5G filter. Mott-Schottky (M — S) plots were collected with a voltage of
5mV at a frequency of 1 kHz under dark conditions. Intensity modulated
photocurrent spectroscopy (IMPS) measurements were performed using
Zahner PP 211 CIMPS (Zahner-Elektrik) Gmbh & Co.KG, Kronach,
Germany) at different potentials from 0.9 V to 1.6 V vs. RHE. The spectra
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were recorded under irradiation with monochromatic light with a
wavelength of 561 nm and a fixed intensity of 100 mW cm™2. A mod-
ulation of 10% in light intensity was applied, over a frequency range
from 100 kHz to 0.1 Hz. Electrochemical Impedance Spectra (EIS) ex-
periments were conducted using CHI 660E electrochemical workstation
at 1.23 V vs. RHE under illumination with an AC amplitude of 50 mV
and a frequency that ranged from 100 kHz to 0.1 Hz. Tafel plots were
obtained from polarization LSV data measured at a scan rate of 1 mV s~}
and the potential was iR compensated (the solution resistance was
determined from electrochemical impedance data).

3. Results and discussion

Fig. 1 illustrates the preparation of P-Fe;Os-Joule photoanode
through the flash Joule-heating technique. It is clear that upon applying
a current to the graphite paper substrate, temperatures as high as 800 °C
could be reached in a very short time (~2 s). Under this circumstance,
the carbon atoms could be etched and detached from the graphite paper
substrate and then deposited to the surface of NaH,PO,-soaked hematite
photoanode to form an oxidized carbon overlayer. Meanwhile, the high
temperature acquired also offers sufficient energy to decompose the
NaH,PO, precursor to generate phosphine (PH3) gas around the he-
matite film (Fig. 1c). During this procedure, the confinement of outer
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carbon layer incorporates sufficient P atoms in the hematite nano-
structure to realize P-doping. By contrast, for the P-Fe,O3-Muffle pho-
toanode, the NaH,PO, precursor will be directly oxidized to form
phosphate groups on the surface due to the lack of confinement and
protection in the conventional Muffle synthesis, as displayed in Fig. 1c.

Fig. S1 displays the X-ray diffraction (XRD) patterns of as-prepared
photoanodes, wherein all photoanodes exhibit typical crystalline struc-
tures of a-Fe,O3 (JCPDS No. 33-0664), confirming the successful for-
mation of hematite phase. Additionally, after subtracting the XRD peaks
derived from the FTO substrate, no diffraction peaks belonging to car-
bon phases are observed for the P-Fe;Os-Joule photoanode, which
might associate with the ultrathin and amorphous features of oxidized
carbon overlayer. Fig. 2a, b, and c present the scanning electron mi-
croscopy (SEM) images of pristine Fe;O3, P-FeoO3-Muffle, and P-FeOs-
Joule photoanodes, respectively. All the photoanodes exhibit the
resembling worm-like nanostructures, manifesting that the post-
annealing treatments via flash Joule-heating and conventional muffle-
sintering don’t alter the morphologies and gran sizes of hematite
nanostructures. High-resolution transmission electron microscopy
(HRTEM) characterizations have also been conducted to investigate the
subtle structure of the P-Fe;Os-Joule photoanode. As demonstrated in
Fig. 2d and e, an apparent carbon layer compactly coated on the surface
of hematite nanoparticle is found, and the clear lattice spacings of 0.25
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Fig. 1. (a) Schematic illustration for the fabrication of P-Fe;03-Joule photoanode, (b) temperature-time curves of high-temperature-shock treatments, (c) reaction
procedure comparison between flash Joule heating technique (P-Fe;O3-Joule) and conventional muffle syntheses (P-Fe,O3-Muffle). (A colour version of this figure

can be viewed online.)
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Fig. 2. SEM images of (a) pristine Fe;O3, (b) P-Fe;03-Mulffle, and (c) P-Fe,O3-Joule photoanodes, and (d, €) HRTEM images and (f) element mappings of P-Fe;O3-
Joule photoanode. (A colour version of this figure can be viewed online.)

nm also match well with the (110) plane of hematite. Fig. 2f displays the temperature-shock treatment based on the flash Joule heating tech-

HRTEM element mappings of the P-Fe;O3-Joule photoanode, in which nique, a carbon overlayer-coated and P-doped hematite photoanode was
the homogeneous distributions of C, O, Fe, and P elements further successfully synthesized. More notable, considering the high conduc-
confirm the coating of carbon overlayer and the incorporation of P tivity of carbon overlayer and the improved charge mobility originating
atoms. Overall, above analyses demonstrate that through the high- from P-doping, the charge transfer in the bulk and surface of the

(b) P 2p
—— P-Fe,O5-Muffle

—— P-Fe,05-Joule iy

7 133.6 eV w 132.7 eV

Intensity (a.u.)
Intensity (a.u.)

| P-Fe,0,-Muffle

290 288 286 282 140 138 136 134 132 130 128

Binding energy (eV) Binding energy (eV)
(c) C K-edge (d) Pristine Fe,O, O K-edge
—— P-Fe,0,-Muffle B1
C=0/COOH R ]l ——P-Fe,0,-Joule B2 B3
CCo

A2

Intensity (a.u.)
Intensity (a.u.)

Pristine Fe,O,
—— P-Fe,0;-Muffle ———
—— P-Fe,03-Joule

528 530 532 534
. Photon energy (V)
T

284 286 288 200 202 204 206 298 300 525 530 535 540 545 550
Photon energy (eV) Photon energy (eV)

Fig. 3. High-resolution C 1s XPS (a) and P 2p XPS spectra (b), and XAS spectra at C K-edge (c) and O K-edge (d) of pristine Fe;03, P-Fe;03-Muffle, and P-Fe,03-Joule
photoanodes. (A colour version of this figure can be viewed online.)
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P-Fe;03-Joule photoanode will be significantly facilitated, contributing
to an enhanced PEC water oxidation performance.

To provide more compelling evidence on the deposition of oxidized
carbon overlayer and the incorporation of P atoms, X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) charac-
terizations of as-fabricated photoanodes were carried out. As shown in
the survey XPS spectra in Fig. S2a, obvious C, O, Fe, and Sn signals are
observed in the pristine Fe;O3, P-FeyO3-Muffle, and P-Fe;O3-Joule
photoanodes, suggesting the successful formation of hematite phase in
all photoanodes. In addition, two strong P 2p and P 2s peaks are detected
in P-Feo03-Muffle and P-Fey03-Joule photoanodes while they are not
found in the pristine FezOs film, indicating the introduction of P species
in both samples. Fig. 3a shows the high-resolution C 1s XPS spectra of as-
fabricated hematite photoanodes, in which four deconvoluted peaks
corresponding to C-C/C—C groups, C-OH groups, C—=0/C-O-C groups,
and n-n* shake-up satellites are observed [32,33]. Relative to pristine
Fe;03 and P-Fe;03-Joule photoanodes, P-Fe;Os-Joule photoanode ex-
hibits higher contents of C-OH and C—=0/C-0O-C species, implying that
there are more oxygen-functionalized carbon groups in the
P-Fe;03-Joule photoanode. Fig. 3b displays the high-resolution P 2p
XPS spectra of P-FeyOs-Joule and P-Fe;Os-Muffle photoanodes, in
which the P-Fe;Os3-Joule photoanode exhibits a single P 2p peak
centered at ~133.6 eV, matching well with those of FePOy in literature
[34,35]. But for the P-Fe;0O3-Muffle photoanode, a lower P 2p binding
energy of ~132.7 eV is found and which is consistent with the values for
phosphates (132.1-132.9 eV, such as NaH;PO4) [34]. This difference
suggests that on account of the confinement of carbon overlayer, suffi-
cient P atoms were incorporated in hematite nanostructures to generate
the Fe-O-P like components in P-Fe;O3-Joule photoanode, whereas
most of the NaH;PO5 precursor would be directly oxidized to form the
phosphate species on the surface of P-Fe;O3-Muffle photoanode due to
the lack of protection in the sintering process [36]. This finding is further
evidenced by high-resolution O 1s and Fe 2p XPS spectra. As shown in
Fig. S2b, the O 1s XPS spectra demonstrate that relative to pristine Fe;O3
film, there is an obvious shift in the binding energy of lattice 0%~ peak
(corresponding to Fe-O bond) of P-Fe;03-Joule photoanode and which
can be ascribed to the higher electronegativity of P atoms in P-O bonds
than that of Fe atoms in Fe-O bonds [35]. In comparison, an 0%~ peak
located at the same binding energy as that of pristine FeyO3 film is
observed in the spectrum of P-Fe;O3-Muffle photoanode. Additionally, a
strong peak centered at 531.4 eV corresponding to PO}~ group also
appears in the P-Fe;O3-Muffle photoanode [37,38]. These observations
further indicate that P atoms mostly exist as surface phosphate species
for P-Fe;03-Muffle photoanode but P-doping for P-Fe;O3-Joule film.
Fig. S2c shows the high-resolution Fe 2p XPS spectra of as-fabricated
hematite photoanodes. Since P-incorporation could induce larger
charge accumulation on P than on Fe due to the higher electronegativity
of P atom (2.19) than Fe atom (1.83), the P-Fe;0O3-Joule photoanode
exhibits higher binding energies of Fe 2p3,» and Fe 2p;,» peaks than
those of the pristine FeyOs3 film [39,40]. On the contrary, no obvious
changes in the binding energies of Fe 2p peaks of P-Fe;O3-Muffle pho-
toanode are observed because P atoms mainly exist as surface phos-
phates groups.

XAS characterizations have also been carried out to further probe the
electronic structures of as-fabricated photoanodes. As displayed in C K-
edge XAS spectra in Fig. 3¢, two pronounced features are corresponding
to C-C n* (285.6 eV) and C-C 6* (293.3 eV) bonds from the carbon ring
structure in P-Fe,03-Joule photoanode, implying the presence of sp?
carbon structure [22,41]. In contrast, for pristine Fe;O3 and
P-Fe,03-Muffle photoanodes, the disappearance of typical C-C n* peak
is indicative of amorphous structure and those less-originated carbon
species due to the surface adsorption from the atmosphere. Also, it can
be seen that there are additional features located between 287 eV and
290 eV in the C K-edge XAS of P-FeyOs-Joule photoanode, which
generally originate from different oxygen functionalized carbon groups:
C-O-C at 287.8 eV, carboxyl carbon (C=0/COOH) at 288.8 eV, and
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C-OH at 289.7 eV [41,42]. These features are indicative of the successful
formation of an oxidized carbon overlayer in the P-Fe;Os-Joule pho-
toanode. Fig. 3d shows the O K-edge XAS spectra of the pristine Fe;Os,
P-Fey03-Joule, and P-FeyO3-Muffle photoanodes, wherein the
pre-peaks located at ~530 eV (labeled as Al and A2) could be ascribed
to the transitions from O 1s state to the hybridized O 2p-Fe 3d state
while the main feature B1 at ~540 eV is originated from the hybridi-
zation of O 2p and Fe 4sp states [5,43]. In addition, there is a broad peak
B2 (~537 eV) in the spectra of P-Fe;O3-Muffle and P-Fe,Os-Joule
photoanodes, and which could be assigned to the P-O bands from the
surface phosphate groups and P-doping (Fe-O-P), respectively [44].
Moreover, for the P-Fe;Os-Joule photoanode, there is an increased
shoulder A3 at ~531.7 eV (insert in Fig. 3d) and a new peak B3 at ~539
eV in the O K-edge XAS spectrum, which can be ascribed to COOH (or
C=O0 7*) and C-O groups, respectively [41]. In addition, the O K-edge
XAS spectra also show that the P-Fe;O3-Muffle photoanode exhibits
reduced pre-peaks (A1l and A2) compared with pristine FeyO3 film,
which can be assigned to the formation of surface phosphates groups to
donate electrons to the O 2p orbital [45,46]. More notable, since there
are sufficient P atoms in the hematite lattice, the O 2p-Fe 3d hybridized
orbitals of P-FeyOs-Joule photoanode are more strongly modulated,
resulting in the lowest intensities of pre-peaks [45,46]. Fig. S3 shows the
P L-edge XAS spectra of as-obtained photoanodes, where several distinct
peaks are observed. Peak A at the low energy side corresponds to the
transitions from spin-orbit split P 2p electrons into the first unoccupied
3 s-like antibonding state. Broad peak B at higher energy could be
ascribed to 2p to 3d transitions in elemental P, and it is known as a shape
resonance peak [47,48]. Peaks C and D develop from a second-order C
K-edge radiation, probably originating from beamline and sample
contamination [49,50]. It is clear that there are no P-C bonds in the P
L-edge XAS of the P-Fep03-Joule photoanode, eliminating the possibil-
ity of P doping in the carbon overlayer. Moreover, it has been found that
peak B appears at ~146.8 eV for P-Fe,O3-Muffle while it locates at
~147.4 eV for P-Fe;03-Joule, which is consistent with that of sodium
phosphates and FePOy, respectively [51]. It further reveals that P atoms
are incorporated in hematite in P-Fe;03-Joule photoanode whereas they
mainly exist as phosphates species in the surface of P-Fe;O3-Muffle
photoanode.

Fourier-transform infrared (FTIR) spectroscopy has also been per-
formed to further explore the components of as-fabricated hematite
photoanodes. As shown in Fig. 4, an FTIR peak centered at 1127 cm ™
corresponding to the P-O bond is observed in the P-Fe;O3-Muffle pho-
toanode, which can be attributed to the formation of surface phosphates
groups [52]. For the P-Fe;O3-Joule photoanode, an FTIR peak at 1370
cm ™! originating from the stretching vibration of -COOH group is found,
further confirming the deposition of oxidized carbon overlayer [53,54].
Overall, XPS, XAS, and FTIR results are indicative of the existence of an
oxidized carbon overlayer with sp? carbon structure in the
P-Fe;03-Joule photoanode. Meanwhile, owing to the confinement of
oxidized carbon overlayer, sufficient P atoms are incorporated in the
hematite lattice to realize P-doping. By comparison, due to the lack of
confinement and protection in the synthesis, P atoms in the
P-Fe;03-Muffle photoanode mainly exist as phosphates groups on the
surface of hematite.

To investigate the oxidized carbon overlayer deposition and P-
doping on the PEC performance of hematite, the photocurrent density-
applied bias (J-V) plots of as-fabricated photoanodes were collected by
performing the linear sweep voltammetry (LSV) measurements in a
three-electrode cell. As shown in Fig. 4a, the pristine Fe;O3 photoanode
exhibits a photocurrent density of 0.86 mA cm™2 at 1.23 V vs. RHE.
While for the optimal P-FeyOs-Joule photoanode, an increased photo-
current density of 2.07 mA cm 2 at 1.23 vs. RHE is observed. This
photocurrent density is obviously higher than those of P-Fe;O3-muffle
(1.22 mA cm’z) and Fe;Os-Joule (1.42 mA cm’z, Fig. S5) photoanodes
at the same applied bias. To further improve the PEC performance of
P-Fe;03-Joule photoanode, a FeNiOOH cocatalyst was loaded through a
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Fig. 4. (a) J-V plots, (b) ABPE, (c) IPCE, and (d) transient photocurrent curves collected at 1.23 V vs. RHE for different photoanodes, (e) PEC stability tests of
P-Fe;03-Joule photoanode measured at 1.23 V vs. RHE. (A colour version of this figure can be viewed online.)

facile electrodeposition process [26]. As demonstrated in Fig. 4a, the
P-Fe;03-Joule/FeNiOOH photoanode yields a further increased photo-
current density of 2.37 mA cm 2 at 1.23 V vs. RHE and which can be
comparable with those of P-doping or carbon-coating hematite photo-
anodes in recent reports (Table S1).

Applied bias photon-to-current efficiency (ABPE) measurements
have also been carried out to evaluate the PEC performance of as-
fabricated photoanodes. As shown in Fig. 4b, the P-FesO3-Joule pho-
toanode exhibits a maximum ABPE of 0.21% at 1.04 V vs. RHE, which is
about 1.6 and 2.6 times larger than that of pristine Fe,O3 (0.08% at 1.04
V vs. RHE) and P-Fe;03-Muffle (0.13% at 1.04 V vs. RHE) photoanodes,
respectively. Further, the performance enhancement has been evident
from the incident photon-to-current efficiency (IPCE) measured at 1.23
V vs. RHE. As observed from Fig. 4c, a higher IPCE value than those of
the pristine Fe;O3 and P-FeyO3-Muffle samples is achieved for the
P-Fep03-Joule photoanode. Fig. 4d demonstrates the transient photo-
current curves measured at 1.23 V vs. RHE, in which the P-Fe;O3-Joule

photoanode achieves the increased initial and steady-state photocur-
rents, agreeing well with the results of LSV measurements. Further,
based on the transient photocurrent curves, the surface charge transfer
efficiency for each photoanode was estimated by calculating the ratio of
Is/1;, where [; is defined as the transient current density just as the light is
switched on and I refers to the steady current density just before the
illumination is turned off [55,56]. After the calculation, the values of
I/l of the pristine FeyO3, P-FeyOs3-Muffle, P-Fe;Os-Joule, and
P-Fey03-Joule/FeNiOOH photoanodes were determined to be 72%,
80%, 91%, and 92%, respectively. It is clear that the pristine Fe,O3
sample exhibits the lowest charge transfer efficiency and which could be
attributed to the severe charge recombination in the electro-
de/electrolyte interface [57]. In contrast, owing to the deposition of
carbon overlayer ~with high conductivity and abundant
oxygen-functionalized carbon groups, the surface charge transfer in
P-Fey03-Joule photoanode is expedited more efficiently and conse-
quently gains a higher Iy/I; value than those of the pristine Fe,O3 and
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P-Fe,03-Muffle films. In addition, the P-Fe;O3-Joule/FeNiOOH photo-
anode shows a nearly same value of I;/]; as that of P-FepO3-Joule film
and which might be ascribed to the weak effect of FeNiOOH cocatalyst
on boosting the kinetics of the charge transfer process [55,58]. Fig. 4e
depicts the i-t curve of P-Fe;0s-Joule photoanode tested at 1.23 V vs.
RHE under long-term light illumination. It shows that there is no
obvious decay in the photocurrent density during the 10 h’ illumination,
suggesting its remarkable PEC stability. Fig. S6 shows the chromatogram
of gas production of P-Fe;Os-Joule photoanode after the irradiation for
2 h at 1.23 V vs. RHE, where no CO composition from the possible
carbon gasification is detected and it rules out the possibility of the
increased photocurrent of the P-FepOs-Joule photoanode from the
oxidation of surface carbon layer [22].

To achieve the maximum photocurrent density, the experimental
conditions for the fabrication of P-Fe;O3-Joule photoanodes including
the concentration of NaH;PO, solution as well as the output electric
current and the cycles of high-temperature-shock treatment have been
optimized. As shown in Fig. S7, the J-V curves clearly indicate that the
optimal experimental conditions are 1.6 mg mL"! for NaH,PO, solution,
65 A for output current, and 10 cycles for treatment times. Also, the J-V
plots have illustrated that a larger concentration of NaH;PO3 solution,
higher output current, and more cycles could result in decreased
photocurrent densities, which might be attributed to the damage of
hematite nanostructure due to the strong etching of more P-species [59],
and the increased resistivity of FTO substrate due to the higher tem-
perature provided by larger output electrical current [60]. Overall, the
PEC measurements unveil that the high-temperature-shock treatment
based on the flash Joule heating technique is a feasible and effective
route for improving the performance of hematite photoanode.

It is well known that the PEC performance of hematite is mainly
determined by its light absorption capacity, charge separation effi-
ciency, and charge injection efficiency for surface reaction [61].
Therefore, to understand the underlying causes of performance
enhancement of P-Fe;03-Joule photoanode, the light absorption abili-
ties of as-fabricated hematite photoanodes were first investigated by
conducting UV-vis spectra measurements. As shown in Fig. S8, relative
to the pristine Fe;O3 sample, the P-Fe,O3-Muffle photoanode exhibits
an expand light absorption range and which could be attributed to the
significantly altered surface chemistry of hematite due to the presence of
surface phosphates groups [62]. In contrast, on account of P-incorpo-
ration and thin characteristic of carbon overlayer, there are no obvious
alters in the main absorption edges of the pristine Fe,O3 and
P-Fey03-Joule films, ruling out the possibility of light harvesting
improvement in enhancing the photoactivity of P-FeyOs-Joule
photoanode.

On the other hand, it is well known that alien atoms incorporation is
very beneficial for facilitating the charge transport in the bulk of he-
matite by improving the carrier density [10-12]. Therefore, to investi-
gate the effect of flash Joule heating in the bulk charge dynamic of
hematite, the carrier densities of as-fabricated photoanodes were
calculated by measuring Mott-Schottky (M — S) plots under dark con-
ditions. As shown in Fig. S9, the positive slopes of M — S plots indicate
that the pristine FeyOs3, FeyOs-Joule, P-FepO3- Muffle, and
P-Fe;03-Joule photoanodes exhibit n-type semiconducting behavior.
Moreover, through the calculation (the method has been described in
Supporting Information), the carrier densities of the pristine Fe,Os3,
FegOs-Joule, P-FeyO3-Muffle, and P-FeyOs-Joule photoanodes are
determined to be 2.98 x 10'° em~3, 2.74 x 10'® em~3, 3.18 x 10"
em 3, and 1.40 x 10%° cm 3, respectively. A one-order-of-magnitude
increase in the carrier density further confirms the P-doping for the
P-Fey03-Joule photoanode but the existence of surface phosphates
groups for the P-Fe;03-Mulffle sample. Further, the flat band potential of
the pristine Fe;03 and P-Fe;03-Joule photoanodes was estimated based
on the M — S plots. As shown in Fig. S9, the values of the flat band
potential for pristine FepOs3 and P-FeyOs-Joule photoanodes were
determined to be 0.65 and 0.69 V vs. RHE, respectively. This slight
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change rules out the passivation effect of carbon overlayer in sup-
pressing surface charge recombination [63,64].

Previous studies have demonstrated that the oxygen-functionalized
carbon groups (e.g., C-O-C, C=0/COOH, and C-OH) could effectively
improve the electrode hydrophilicity of carbon material [33,65], i.e.,
the surface charge transfer of P-Fe;O3-Joule photoanode can probably
be boosted via depositing an oxidized carbon overlayer. Therefore, to
verify this, the wettability of pristine FeoO3 and P-Fe»03-Joule photo-
anodes was first investigated by measuring the contact angle of water
droplets on both films. As shown in Fig. S10, the pristine Fe,O3 film
exhibits a contact angle of ~104°, however, after the deposition of
oxidized carbon overlayer, the P-Fe;Os-Joule photoanode shows hy-
drophilic surface properties with a smaller contact angle of ~77°,
coinciding with the expectation. Given the improved hydrophilicity and
the high conductivity of carbon overlayer, the surface charge behaviors
of P-Fey03-Joule photoanode could be thusly enhanced. The charge
injection efficiencies (7)) of as-fabricated photoanodes were thusly
evaluated by measuring the J-V scans in 1 M NaOH electrolyte with and
without 0.5 M Hz05 hole scavenger (Fig. S11). As shown in Fig. 5a, the
calculation results demonstrate that P-Fe;O3-Joule photoanode ach-
ieves an increased 7y of 79% at 1.23 V vs. RHE, relative to 57% of
pristine FeyO3 and 73% of P-FeyOs-Muffle photoanodes. This
enhancement implies that a larger proportion of photoexcited holes in
the P-FeyOs-Joule photoanode could be injected from the electrode into
the electrolyte [66]. And it could be assigned to the deposition of carbon
overlayer, its superior conductivity and abundant oxygen-functionalized
carbon groups for a better electrolyte affinity greatly facilitate the
interfacial charge transfer. Fig. 5b shows the 75, plots of pristine FezO3,
P-Fe;03-Muffle, and P-Fe;03-Joule photoanodes, which are calculated
based on the J-V scans with and without HyO» scavenger (Fig. S11) as
well as the integrated current densities (Fig. S12). It is clear that since P
atoms mostly exist as surface phosphates groups and have no significant
effects on the bulk properties of hematite, there is no obvious
improvement in the charge separation efficiencies of pristine Fe,O3 and
P-Fe;03-Muffle photoanodes. On the contrary, on account of the
remarkably increased carrier density from P-incorporation, the
P-Fe;O3-Joule photoanode achieves a higher value of #sp of 31% at
1.23 V vs. RHE than 19% of the pristine Fe,O3 sample.

To gain more insights into the working mechanism of the P-Fe;O3-
Joule photoanode, intensity modulated photocurrent spectroscopy
(IMPS) and electrochemical impedance spectroscopy (EIS) were con-
ducted to probe charge separation and transfer kinetics of as-obtained
photoanodes. Fig. S13 shows the IMPS results of pristine Fe;Os,
P-Fe,03-Muffle, and P-Fe;03-Joule photoanodes that were measured at
different biases. According to these spectra, the rate constants for charge
transfer (ki) and recombination (k) for these three samples were
calculated. As shown in Fig. 5c and d, there are small differences in the
values of ke, while the difference in k; is significant and the P-Fe;O3-
Joule photoanode has the largest ki values. This finding strongly sug-
gests that the improved surface charge-transfer efficiency rather than
the suppressed surface carrier recombination in the presence of carbon
overlayer is primarily responsible for the improved PEC performance of
P-Fe,03-Joule photoanode [67,68]. Fig. 5d displays the EIS spectra at
1.23 V vs. RHE under AM 1.5G illumination for pristine FeyOs,
P-Fe;03-Muffle, and P-FeyOs-Joule photoanodes, where the
P-Fe;03-Joule photoanode shows the smallest radius of Nyquist plot
than those of pristine FepO3 and P-Fe;O3-Muffle films, indicating the
fastest charge transfer. To probe the charge dynamics in more detail,
Nyquist plots are fitted using the equivalent circuit (EC) in Fig. S14. In
the EC model of pristine Fe;O3 and P-Fe;Os-Muffle photoanodes
(Fig. S14a), Ry represents the series resistance; Rrap and Cpyik stand for
the charge transport resistance from the bulk electrode to surface states
and the capacitance of the bulk electrode, respectively; while R and
Cirap correspond to the charge transfer resistance across electro-
de/electrolyte interface and the trap capacitance of the surface states,
respectively [9,13,69]. For the P-Fe;O3-Joule photoanode, since the
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Fig. 5. (a) Charge injection efficiencies (7iy;), (b) charge separation efficiencies (ijsep), (c) surface charge recombination rate constants (kre), (d) surface charge
transfer rate constants (ki), (e) Nyquist plots, and (f) fitting results for pristine Fe,O3, P-Fe,O3-Muffle, and P-Fe,O3-Joule photoanodes. (A colour version of this

figure can be viewed online.)

charge transfer takes place mainly through the carbon coating layer, an
EC model containing another RC unit that corresponds to the charge
dynamics in the carbon coating layer was adopted (Fig. S14b) [70].
Fig. 5d illustrates the fitting results of as-fabricated hematite photo-
anodes. It is clear that compared with the pristine FeyO3 film, the
P-Fe,03-Joule photoanode exhibits an increased Cpyx and a dramati-
cally reduced Ryap, indicating a facilitated charge transport in the bulk
electrode. Given the P-doping confined by carbon overlayer, the
improved bulk charge dynamic of the P-Fe;O3-Joule photoanode can be
attributed to the enhanced bulk charge transport and separation owing
to the greatly increased carrier density [13,69]. By contrast, since the P
atoms mainly exist as the phosphate groups on the hematite surface, the
bulk charge behaviors of the P-Fe;O3-Muffle photoanode don’t alter
essentially. Also, the P-Fe;Os-Joule photoanode exhibits a much lower
R value of 18.59 Q than 382.8 Q of pristine Fe;O3 and 171.8 Q of
P-Fe,03-Muffle samples, manifesting the significantly reduced charge
transfer resistance at electrode/electrolyte interface [9,13,69]. Mean-
while, the largest Cyap than those of pristine Fe;03 and P-Fe;03-Joule
samples is also achieved for the P-Fe;03-Joule photoanode, indicating
more surface states for the accelerated PEC water oxidation process [9,
13,69]. In short, IMPS and EIS measurements reveal that for the
P-Fe;03-Joule photoanode, P-incorporation and carbon overlayer
deposition can not only facilitate surface/bulk charge dynamics but also
speed up surface water oxidation.

To rationalize the role of oxidized carbon overlayer in accelerating
surface water oxidation of hematite, the Tafel slopes of pristine Fe,O3
and P-Fe;03-Joule photoanodes were measured in the dark. For (photo)
electrocatalysts, Tafel plots are generally utilized to determine the sur-
face reaction kinetics of electrodes. As shown in Fig. S15, the pristine
FeyO3 and P-FeyOs-Joule photoanode exhibit identical Tafel slopes,
indicating that the oxidized carbon overlayer does not act as a cocatalyst
to alter the OER Kkinetics of hematite [71,72]. On the other hand, recent
studies have shown that the carbon coating layer could mediate the
adsorption energies of water oxidation intermediates on inner
metal-based electrocatalysts to boost the OER activity [73,74]. There-
fore, to deeply understand how the oxidized carbon overlayer enhances
the OER activity of P-Fe;03-Joule photoanode, the adsorption behaviors
of key intermediates (*O, *OH, and *OOH) of water oxidation on pris-
tine FepO3 and P-Fe;Os-Joule photoanodes were investigated by

performing density functional theory (DFT) calculations (the method is
reported in Supporting Information). As shown in Fig. 6, on the (110)
surface of pristine Fe;O3, the adsorption free energies of *O, *OH, and
*OOH are 2.98 eV, 0.77 eV, and 3.99 eV, respectively. While on the
(110) surface of P-FeyO3-Joule photoanode, the adsorption free energies
of *O, *OH, and *OOH turn into 2.5 eV, 0.54 eV, and 3.8 eV, respec-
tively. It is clear that adsorption free energies of *O, *OH, and *OOH
intermediates are lower on the P-Fe;03-Joule (110) surface than on the
pristine FeyO3 (110) surface, indicating that these intermediates are
much more strongly adsorbed on P-Fe;O3-Joule (110) surface [75]. It
also means that the oxidized carbon overlayer could enhance the
adsorption strength of water oxidation intermediates on the Fe sites. The
free energies of OER reaction steps of pristine Fe;O3 and P-Fe;O3-Joule
photoanodes have also been calculated. As shown in Fig. 6, the reaction
from *OH to *O is the rate-determining step in the pristine Fe;O3 and
P-Fe;03-Joule photoanodes and the corresponding theoretical over-
potential are 2.21 V and 1.96 V, respectively. This lower overpotential of
P-Fe;03-Joule photoanode manifests the accelerated OER kinetics and
which mainly results from the enhanced adsorption of water oxidation
intermediates on the surface.

Based on the above analyses, the performance enhancement of
P-Fe;03-Joule photoanode can be assigned to the following distinct
benefits (Fig. 7): (i) on account of the high conductivity and abundant
oxygen-functionalized carbon groups, the oxidized carbon overlayer
enables a better electrolyte affinity with facilitated interfacial charge
transfer; (ii) the oxygen-functionalized carbon groups are favorable for
promoting the surface water oxidation activity by mediating the
adsorption strength of water oxidation intermediates; (iii) owing to the
confinement of carbon overlayer, sufficient P atoms are incorporated in
the hematite to significantly improve the bulk charge transport and
separation via increasing the carrier density.

4. Conclusions

In summary, an oxidized carbon overlayer confined P-doping he-
matite photoanode is successfully synthesized through a facile high-
temperature-shock treatment based on a flash Joule heating tech-
nique. On account of the high conductivity and abundant oxygen-
functionalized carbon groups of carbon overlayer, surface charge
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Fig. 7. Illustration of the working mechanism of P-Fe;O3-Joule photoanode. (A colour version of this figure can be viewed online.)

transfer and the water oxidation activity of P-FesO3-Joule photoanode
are greatly facilitated. Moreover, owing to the confinement of carbon
overlayer, sufficient P atoms are incorporated in the hematite that
greatly promotes the bulk charge transport/separation via increasing
the carrier density. Consequently, owing to the multiple effects, an
enhanced photocurrent density of 2.07 mA cm 2 at 1.23 V vs. RHE is
obtained for the P-Fe;Os-Joule photoanode. This work offers a novel,
effective and facile strategy for the fabrication of efficient hematite
photoanodes.
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