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GRAPHICAL ABSTRACT

ABSTRACT

The slow kinetics of water oxidation has become a challenge for photoelectrochemical
hydrogen production. Here, a novel organic-inorganic integrated photoanode system was
constructed by using MIL-53(Fe) formed during the in-situ etching process as a cocatalyst to
modify Ti—Fe,0s. The photocurrent density of Ti—Fe,0s/MIL-53(Fe) reaches 2.5 mA/cm?, 10
times that of bare Ti—Fe,03 at 1.23 V vs. RHE, and the water oxidation photocurrent onset
potential shifts 105 mV negatively. Ti—Fe,03/MIL-53(Fe) reaches 52% at 390 nm for IPCE.
The excellent photoelectrochemical performance is due to iron oxide clusters boost charge
separation and transfer, in-situ etching exposes more reactive sites, and the tight
connection reduces interfacial resistance, which greatly accelerates the surface kinetics of
Ti—Fe,05. The in-depth understanding is provided for in-situ modification of photoanodes
by metal organic frameworks in this work.
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Introduction

Photochemical (PEC) water splitting, as a means of producing
hydrogen, is considered as a potential way to solve the cur-
rent energy problem [1-3]. In the whole reaction, the oxygen
evolution semireaction (OER) has become the rate-control
step of water splitting because its Gibbs free energy is
greater than zero and the reaction rate is relatively slow [4].
Therefore, it is very important to find a photoanode material
with high photoelectric conversion efficiency. Among many
materials, «-Fe,03; has become one of the most attractive
photoanodes, such as narrow band gap (~2.1 eV), low cost,
etc [5]. Its surface unfavorable water oxidation kinetics and
carriers recombination, however, limit the further applica-
tion of a-Fe,0s.

In view of the above shortcomings, many excellent oxy-
gen evolution catalysts are used to modify Fe,Os, such as
FeOOH [6], Co-Pi [7], NiFe-LDHs [8], etc. Generally speaking,
oxygen evolution catalysts mainly play the role of extracting
holes from semiconductors, passivating surface states,
increasing active sites and accelerating the kinetics of water
oxidation [9,10]. In recent years, metal organic frameworks
(MOFs) are increasingly used in oxygen evolution reaction
due to their huge specific surface area and controllable metal
active centers. In various MOFs, MIL-53(Fe) with simple
synthesis method, small band gap and excellent photo-
catalytic performance, with the molecular formula of
Fe''(OH){0,C—CsH,—CO,}, has attracted wide attention [11].
Yang et al. synthesized MIL-53(Fe)/metal phenolic network
(Ni, Co and Mn) nanostructures, which exhibited good OER
performance. The presence of MIL-53(Fe) enhanced the
adsorption capacity of OH™ in the nanostructures [12]. Qiu
et al. developed a spindle shaped MIL-53(Fe)—NH,@ZnIn 5S4
photocatalyst with a Z-scheme heterostructure for photo-
catalytic oxidation of aromatic alcohols in air under visible
light [13]. Bi et al. proved that MIL-53(Fe) can be used as an
effective hole transfer cocatalyst, which significantly
improved the PEC performance of 2% Mo: BiVO, photoanode
for water oxidation under solar irradiation [14]. Jiang et al.
reported a novel composite of Ni3S,/MIL-53(Fe) nanosheet
arrays, which achieves high conductivity to promote charge
transfer, and has rich coordination unsaturated centers to
provide a large number of active sites, exhibiting excellent
OER performance [15]. The close connection between MOF
and semiconductor is necessary for excellent photoanode.
Few studies, however, have explored the PEC performance
and photogenerated charge behavior of MIL-53(Fe) coating on
FeZO3.

In this work, we synthesized closely bound MIL-53(Fe) on
Ti—Fe,03 through in situ etching process. As a cocatalyst,
MIL-53(Fe) exposes abundant unsaturated Fe sites, greatly
speeds up the surface kinetics of Ti—Fe,03;, and promotes
the separation of charges. Thus, Ti—Fe,0s/MIL-53(Fe) ex-
hibits a significantly enhanced photocurrent density and
incident photon-to-current conversion efficiency (IPCE). This
study opens up an effective way to significantly improve
the solar-energy efficiency of Ti—Fe,03
photoanode.

conversion

Experimental section
Sample preparation

Synthesis of Ti—Fe,03

Ti—Fe,0; arrays were prepared by simple hydrothermal
method [16]. In terms of details, 3 mmol FeCl;.6H,0 and
20 mmol NaNO3; were dissolved in 20 ml deionized water in
turn, and 30 pL titanium tetrachloride ethanol solution with
volume ratio of 0.05% is injected into above solution. The so-
lution is then poured in autoclave containing FTO and heated
for 10 h at 100 °C. Take out the yellow FeOOH/FTO in the
reactor after the reaction, wash it with deionized water, and
dry it naturally. Finally, put the yellow film into a muffle
furnace and heat it for 2 h at 550 °C, the obtained sample is
named Ti—Fe,0s;.

Synthesis of Ti—Fe,03/MIL-53(Fe)

Ti—Fe,04/MIL-53(Fe) is synthesized by two-step method. First,
a three electrode system is used to deposit iron base hydrox-
ide on Ti—Fe,03 by electrodeposition. In the three electrode
system, platinum wire is the counter electrode, the electrolyte
is 0.05 M FeS0,4.7H,0, the application potentialis —0.1V vs. Ag/
AgCl, and deposited for 30 s. After deposition, wash it with
deionized water and dry overnight. The obtained photoanode
is named Ti—Fe;03/Fe(OH)y.

Second, the obtained Ti—Fe,0s/Fe(OH)y is etched by sol-
vothermal method to obtain Ti—Fe,03/MIL-53(Fe). In detalil,
0.08 M terephthalic acid is dissolved in 40 ml DMF and stirred
evenly to become transparent. Then transfer the solution to
the reactor containing Ti—Fe,03/Fe(OH)y, and put it into the
electric blast drying oven for heating for 9 h at 150 °C. Take out
the sample after cooling and wash it with DMF and anhydrous
ethanol for three times in turn, vacuum drying at 60 °C for 6 h,
and the final sample is named Ti—Fe,03/MIL-53(Fe).

Characterization

The crystal phase structure of photoanodes between 5 and 50°
was studied by X-ray diffraction (XRD). The morphology of
photoanodes was studied by field emission scanning electron
microscopy (FE-SEM). The element states of photoanodes
were investigated by X-ray photoelectron spectroscopy (XPS),
and C1s peak was used for correction. Transmission electron
microscopy (TEM) was used to study the specific nano-
structures of photoanodes. The optical characteristics of
photoanodes were characterized by UV/vis DRS.

Phase locked surface photovoltage spectroscopy (SPV) was
used to study the separation and transfer of photogenerated
charges. The SPV test was completed between 300 and
800 nm, 24 Hz, including the lock-in amplifier (SB830-DPS),
optical chopper (SR540), data processor, 500 W Xe-lamp (CHF-
XM-500 W) and monochromator (ZLolix SBP500).

PEC measurements

The electrochemical station (CHI-660 E) equipped with a
standard three electrode system is used for the
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photoelectrochemical test under AM 1.5 G, 100 mW/cm?in 1M
KOH (pH = 13.6), in which Ag/AgCl as the reference electrode
and platinum wire as counter electrode, the reaction area is
0.283 square centimeters. The Nyquist plots are conducted in
the frequency range of 5 x 102-10° Hz and a 20 mV amplitude
perturbation under AM 1.5 G illumination at 1.0 V vs. RHE.
Mott-Schottky plots were measured using an AC signal (fre-
quency of 1 kHz) in the dark.

Results and discussions
Synthesis and characterization
Scheme 1 is the synthesis process of Ti—Fe,03/MIL-53(Fe). The

layered iron hydroxide is first deposited on Ti—Fe,03 by elec-
trodeposition, and then in-situ etched by solvothermal
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Scheme 1 — The synthesis process of Ti—Fe,0s/MIL-53(Fe)
photoanode.

method. The Fe(OH)y is gradually dissolved by H* from ter-
ephthalic acid, and exposed Fe®* sites are unsaturated coor-
dinated by ligands to form MIL-53(Fe).

From SEM images, it can be seen that Ti—Fe,03 is composed
of nanorods arrays with a diameter of about 50 nm in Figs.
S1-S2 and Fig. 1a. After potentiostatic electrodeposition, it is
found that the nanorod array is covered with layered iron
hydroxide (Fig. 1b). Finally, the hydroxide disappears after
solvothermal etching (Fig. 1c). The nanostructure morphology
of Ti—Fe,03/MIL-53(Fe) was further studied by TEM in Fig. 1d. It
was clearly observed that Ti—Fe,O; nanorods were tightly
wrapped by an 6 nm amorphous layer (Fig. 1le). The 0.22 nm
lattice stripe in the HR-TEM image Fig. 1f corresponds to the
(113) plane of a-Fe,03, which proves the successful synthesis
of Ti—Fe,O;3 [17]. In the transmission electron microscope
energy spectrum scanning, C, Fe, O, Ti and other elements
were found to be uniformly distributed on Ti—Fe,Os/MIL-
S53(Fe) (Fig. 2), which indirectly proved the synthesis of
Ti—Fe,03/MIL-53(Fe) photoanode.

In Fig. 3a, the XRD diffraction peaks of all photoanodes at
33.6° and 40.8° correspond to a-Fe,O3 (JCPDS, No. 33—0664),
while the diffraction peaks at 24.5°, 35.6° and 37.7° are from
the FTO glass substrate [18]. When Fe(OH)y is deposited on
Ti—Fe,03, no additional diffraction peaks are found, which
was related to its amorphous structure. When Fe(OH)y is in-
situ etched by terephthalic acid and converted to Fe-based
MOF, a new diffraction peak (9.1°) appears in Fig. 3b, which
is consistent with the MIL-53(Fe) simulated XRD model and
the report on MIL-53(Fe) in the literature, directly confirming
the successful growth of MIL-53(Fe) on Ti—Fe,03 [19,20]. To
further verify the existence of MIL-53(Fe) on Ti—Fe,03, the
characteristic functional groups were detected by FT-IR. The
absorption peak at 3441 cm ' in Fig. 3¢, which can be assigned
to the —OH group or H,0 [21]. The characteristic peaks at 1641
and 1386 cm ! are the symmetric vibration of C=0 and C—O
groups, respectively, and the characteristic peaks at 1544
and 1462 cm ™! are confirmed to be the vibration of —COOH

“wlpm

Fe;,04(113)
d=0.22 nm

Fig. 1 — SEM images of (a) Ti—Fe,03, (b) Ti—Fe,03/Fe(OH)y, (c) Ti—Fe,03/MIL-53(Fe). (d) TEM image of Ti—Fe,03/MIL-53(Fe). ()

and (f) HR-TEM image of Ti—Fe,03/MIL-53(Fe).
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Fig. 2 — EDS elemental mapping of C, Fe, O, Ti of Ti—Fe,0,/MIL-53(Fe).
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Fig. 3 — (a) XRD patterns, (b) enlarged XRD patterns, (c) FTIR spectra, (d) Raman spectra of Ti—Fe,0,, Ti—Fe,03/Fe(OH)y,

Ti—Fe,03/MIL-53(Fe).

groups [22]. Combined with XRD results, it is proved that
Fe(OH), was successfully etched in situ and finally formed
MIL-53(Fe) on Ti—Fe,0;. The Raman spectrum analyzed the
local structure of all photoanodes in Fig. 3d. Ti—Fe,Os/MIL-
53(Fe) showed a positive shift at the main peak of 1318.4 cm™*
compared with Ti—Fe,0s, indicating the successful synthesis
of MIL-53(Fe) and its influence on the local crystal structure of
Ti—Fe,05 [23].

To further study the element composition of Ti—Fe,05/
MIL-53(Fe), the chemical information of photoanodes surface
was analyzed by XPS. In O 1s (Fig. 4a), the peak at 529.9 eV is
related to the metal oxygen bond, and peaks at 532.5 eV and
531.5 eV are related to the carbon oxygen double bond (C=0)
and the hydroxyl oxygen adsorbed on the surface (—OH),
respectively [24]. Compared with bare Ti—Fe,0Os, the binding
energy of O 1s in Ti—Fe,0s/MIL-53(Fe) has a significant positive
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shift, and the binding energy of Fe 2p moves to a higher value
(Fig. 4b), manifesting that the electron transfers from MIL-
53(Fe) to Ti—Fe,05 [25]. The peaks at 724.4 eV and 711.2 eV
correspond to Fe 2p,/, and Fe 2ps, respectively [26]. The peaks
at 284.8 eV and 288.6 eV in the XPS spectrum of C 1s belong to
C=C attributed to phenyl group and C=O attributed to
carboxyl group, respectively (Fig. 4c) [27]. The surface of
Ti—Fe,03 is covered by MIL-53(Fe) layer, the characteristic
peak of Ti*' is relatively weak, appearing at 458 eV and
463.6 eV in Fig. 4d [28]. According to the above XPS results,

MIL-53(Fe) layer is successfully covered on Ti—Fe,O; nano-
rods, and there is electronic coupling on the interface between
Ti—Fe,05 and MIL-53(Fe), which is conducive to promoting the
transfer of charges.

In Fig. 5a, the absorption edge of Ti—Fe,05 is located at
590 nm, and the band gap calculated is about 2.1 eV (Fig. 5b)
[29]. It is worth noting that after MIL-53(Fe) layer is modified,
the absorption intensity of Ti—Fe,03/MIL-53(Fe) photoanode
increases at 400 nm, which may be due to the transition (6A1g
= > %A + *E4(G)) in Fe (III) of MIL-53(Fe) [30,31].
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Fig. 5 — (a) UV—vis spectra, (b) Tauc plot of Ti—Fe,03, Ti—Fe,03/Fe(OH),, Ti—Fe,03/MIL-53(Fe).
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Fig. 6 — (a) Linear voltammetric sweep curves under AM 1.5 G illumination, (b) IPCE values at 1.23 V vs. RHE, (c) ABPE values
of Ti—Fe,03, Ti—Fe,03/Fe(OH)y, Ti—Fe,03/MIL-53(Fe). (d) Photostability measurement of Ti—Fe,03/MIL-53(Fe).

PEC properties of Ti—Fe,03/MIL-53(Fe) photoanodes

The photoelectrochemistry performance of Ti—Fe,Os/MIL-
53(Fe) was measured by linear scanning voltammetry (LSV) in
1 M potassium hydroxide (Fig. 6a). The photocurrent density
of Ti—Fe,0s/MIL-53(Fe) photoanode reaches 2.5 mA/cm?
about 10 times that of bare Ti—Fe,03 (0.25 mA/cmZ) at1.23 Vv
vs. RHE, and the water oxidation photocurrent onset poten-
tial shifts 105 mV negatively. In addition, Ti—Fe,03/Fe(OH)x
shows more significant cathodic shift, indicating that Fe(OH)x
has excellent electrocatalytic performance. The optimal
deposition time and etching time are 30 s and 9 h (Figs. S3
and S4), respectively. From Table S1, Ti—Fe,0s/MIL-53(Fe)
shows excellent performance. The maximum ABPE value of
Ti—Fe,04/MIL-53(Fe) is 0.29% in Fig. 6b, which is much higher
than that of Ti—Fe,O; and Ti—Fe,03/Fe(OH),. Moreover, the
IPCE value of Ti—Fe,03/MIL-53(Fe) at 390 nm is 52%, about 6
times that of Ti—Fe,03, efficiently improving the photoelec-
tric conversion efficiency of Ti—Fe,05 (Fig. 6¢), which is due to
that the Fe—O clusters in MIL-53(Fe) promote hole electron
pair separation under the excitation of light [32]. During the
stability test, Ti—Fe,03/MIL-53(Fe) can still maintain 75% of
the initial photocurrent density under 10 h of continuous
light (Fig. 6d), which shows that Ti—Fe,0s/MIL-53(Fe) has
good durability.

Separation and transfer of photogenerated charge carriers

To further clarify the effect of MIL-53(Fe) layer on the photo-
generated charge behavior of composite photoanode, the
charge separation efficiency (nsep) is first measured by adding
H,0, as the hole scavenger in KOH [33]. In Fig. 7a, ngep Of
Ti—Fe,05/MIL-53(Fe) performs better than Ti—Fe,O; and
Ti—Fe,0s/Fe(OH)x. Specifically, nsep of Ti—Fe,03/MIL-53(Fe) is
29%, which is 1.3 times and 1.2 times of Ti—Fe,05 (21%) and
Ti—Fe,05/Fe(OH)x (22%), respectively. Subsequently, we char-
acterize the separation performance of the generated charge
at the interface by open circuit photovoltage when photo-
anode contacts with the electrolyte in Fig. 7b [34]. The open
circuit photovoltage (OCPV) is obtained by the difference value
of the photoanode open circuit voltage (Vo) in the light and
dark states. V. in the dark usually reflects the degree of up-
ward band bending when photoanode and electrolyte balance,
and the more positive indicates the more obvious upward
band bending, which may be related to the passivation of the
surface state of Fe,O3 to unlock Fermi energy level pinning
[35]. The calculated open circuit photovoltage values are 0.15V
(Ti—Fe,03), 0.17 V (Ti—Fe,03/Fe(OH),) and 0.2 V (Ti—Fe,04/MIL-
53(Fe)), respectively, which proves that after the introduction
of MIL-53(Fe) and Fe(OH)y, due to the increase of the upward
band bending, a stronger interfacial electric field is formed


https://doi.org/10.1016/j.ijhydene.2023.04.092
https://doi.org/10.1016/j.ijhydene.2023.04.092

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 28747—28757

28753

b

o

0.9 100
a1 Ti-Fe,0,/MIL-53(Fe) b = Dark : : C —— Ti-Fe,0,/MIL-53(Fe)
2 604 Ti-Fe,0,/Fe(OH), = Light | H _ Ti-Fe,0/Fe(OH),
S 1 — 1iFe0, = X , . £ 80— TiFe,0,
7 &8 | 1 ps
g @ . 02V g
4 < ! : 5 601
e -~ : 2
E S ) 047V ) £
s — 0.7 4 1 1
2 E 7 oasv i | g 401
= = =
: : ! ! i
=z 4 ) : ' £ 201
] 20-_____,_..—-—-'/ & 0.6 1 1
1 1
1 1 0
1.0 1.1 1.2 1.3 1.4 1.5 1.0 1.1 1.2 1.3 1.4 1.5
- Ti-Fe,0, Ti-Fe,0/MIL-53(Fe A
d4 Potential(V) vs. RHE e s €203 Recy £ 12 Potential(V) vs. RHE
= Ti-Fe,OyMIL-53(Fe) ¢ Ti-Fe,0,/MIL-53(Fe) f - Ti-Fe,0,\MIL-53(Fe)
o TR e;04/E(OH); Ti-Fe,0,/Fe(OH), Ti-Fe,0,\Fe(OH),
£ THEROs A Ti-Fe,0, CPEl  CPE2 - —a— Ti-Fe,0,
=2 31 <
£ —21 = £ 0.8
S s
5 g RS Ros  Ra e
= D ~ A A ~
2 S . A A °
g N A =
3 ' A‘ A e
£ 11 s 23; 0.44
- &
i { s = WY
+ 0
0

260

Time (s)

0 100 300 400

2
z' (ko)

0.0 . MM

0.4 0.6 0.8 1.0 1.2 14
Potential(V)vs. RHE

Fig. 7 — (a) nsep, (b) OCPV in 1 M KOH electrolyte, (c) ninj, (d) J-t curves under chopped light illumination, (e) Nyquist plots
under AM 1.5 G illumination, (f) Mott-Schottky plots in dark of Ti—Fe,03/MIL-53(Fe), Ti—Fe,0;/Fe(OH), and Ti—Fe,0;

photoanodes.

Table 1 — EIS fitting results of Ti—Fe,03/MIL-53(Fe), Ti—Fe,05/Fe(OH), and Ti—Fe,03; photoanodes.

Photoanode Rs(Q) Rbulk (Q) CPE1(F.cm ?) Re: (Q) CPE2(F.cm )
Ti—Fe,03 32.54 207.3 6.706x107° 3695 1.475x107*
Ti—Fe,04s/Fe(OH)y 40.13 154.8 6.929%10°° 2957 2.291x10™*
Ti—Fe,04/MIL-53(Fe) 61.01 63.23 1.321x10°> 1029 2.442x10°*

between the solid-liquid interface, resulting in the separation
of carriers [36].

To explore the influence of cocatalyst MIL-53(Fe) on
Ti—Fe,05; water oxidation kinetics, we obtained the charge
injection efficiency (nin) by using the ratio of hydrogen
peroxide hole scavenger and hole free scavenger's photocur-
rent density value [37]. The linear voltammetric scan curves
obtained in an electrolyte containing a hole scavenger (H,0,)
are shown in Figs. S5—57. The n,; of bare Ti—Fe,0; photoanode
is 14% at 1.23 V vs. RHE (Fig. 7c), when MIL-53(Fe) is added, the
Ninj reaches 69%, which may be the good dispersion of metal
oxygen clusters that makes the carriers generated by photons
easier to contact the reactants, significantly promotes the ki-
netics of water oxidation. At the same time, the J-t test under
chopped light (Fig. 7d) reveals photoanodes have good
response to light. The transient anodic current peak of
Ti—Fe,05/MIL-53(Fe) is significantly smaller than that of
Ti—Fe,03, indicating that the charge transfer at the photo-
anode/electrolyte interface is more smooth and the charge
surface recombination is suppressed.

The charge transfer characteristics of photoanodes were
further characterized by the Nyquist plots at 1.0 V vs. RHE
under AM 1.5 G illumination, as shown in Fig. 7e. The arc in
the low frequency region is related to the charge transfer
resistance at the solid-liquid interface, and the smaller the
arc, the smaller the resistance [38]. Obviously, the arc of
Ti—Fe,03/MIL-53(Fe) is smaller than that of Ti—Fe,03/Fe(OH)y,

and much smaller than that of Ti—Fe,Os;, indicating MIL-
53(Fe) significantly accelerates holes injection to electrolyte.
The fitting value obtained by using the typical equivalent
circuit model is shown in Table 1, where Ry, is related to
the charge-transfer resistance in bulk photoanodes and R
corresponds to transport resistance at the interface of pho-
toanode and electrolyte [39]. The Ti—Fe,03/MIL-53(Fe) dis-
plays the smallest Ry, among all photoanodes, indicating
the lowest charge-transport resistance and the highest
charge-transfer efficiency in the bulk, as shown in Table 1
and Fig. S8. The R value of Ti—Fe,Os/MIL-53(Fe) photo-
anode is 151.6 Q, which is less than that of Ti—Fe,05/Fe(OH)x
(243.2.2 Q) and bare Ti—Fe,03 (776.1 Q) photoanode, resulting
in more favorable charge transfer at solid-liquid interface.
This result is consistent with the above PEC measurement,
Ninj and msep Observations. Mott Schottky diagrams of all
photoanodes are recorded in the dark (Fig. 7f). All curves
have a positive slope, indicating that these photoanodes have
the property of n-type semiconductor [40]. Compared with
bare Ti—Fe,03; photoanode, the flat band potential (Eg) of
Ti—Fe,03/MIL-53(Fe) shows a negative shift, indicating that
the bending of the band edge increases, thus effectively
promoting charges separation [41]. We can calculate the
donor concentration (Ng) by the M — S equation. Interest-
ingly, the Ny of Ti—Fe,03/MIL-53(Fe) is 4.8 times that of bare
Ti—Fe,03, indicating that MIL-53(Fe) can increase the con-
ductivity of Ti—Fe,03, as shown in Table S2.
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Fig. 8 — (a) SPV signals when illuminating from MIL-53(Fe) side, (b) SPV signals when illuminating from Ti—Fe,0; side, (c) PL
spectras of Ti—Fe,05/MIL-53(Fe), Ti—Fe,03/Fe(OH), and Ti—Fe,03 photoanodes.

In order to deeply understand the charges behavior after the
composite photoanode was successfully constructed, we
conducted a steady-state surface photovoltage spectroscopy
(SPV) test. According to previous reports, positive signals
represent the migration and accumulation of holes to the
sample surface, while negative signal indicates electron
accumulation to the sample surface, where the response in-
tensity is proportional to the charge separation efficiency
[42,43]. In Fig. 8a, the SPV spectrum (MIL-53(Fe) side lighting) of

Ti—Fe,03/MIL-53(Fe) photoanode shows significantly strong

er

positive signal than that of bare Ti—Fe,03, indicating that after
Ti—Fe,03is excited, holes on the valence band under the effect
of the interface electric field migrate and accumulate to the
HOMO level of MOFs [44]. Then, we change the illumination
mode to deeply explore the migration direction of interface
charges. In short, the illumination direction is conducted from

a " Ti-Fe,04/MIL-53(Fe)
3. Ti-Fe,0,/Fe(OH),
. = Ti-Fe,0, X
Q Cy=27.9mF cm~
£
S
£ 2 .
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4
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-0.40
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the Ti—Fe,03 side, and the measured photovoltage signal is the
Ti—Fe,05 side. In Fig. 8b, the SPV response (Ti—Fe,O5; side
lighting) of Ti—Fe,0s/MIL-53(Fe) shows a more negative signal
in the response range. That is because more electrons on the
LUMO energy level of MOFs are transferred to the conduction
band of Ti—Fe,05 on the illumination side, as shown in XPS
analysis, thus showing a more negative signal. In addition,
compared with the bare Ti—Fe,0s, the PL intensity of the
composite photoanode is further enhanced (Fig. 8c), indicating
that the surface states are passivated after covering the
Ti—Fe,05; surface with MIL-53(Fe), and the non radiative
recombination of charges is highly inhibited, which enhances
charge transfer and separation [45].

In addition, electrochemical double-layer capacitance (Cq))
can evaluate the number of catalytic active sites [46]. Fig. 9a
shows that the Cg; of Ti—Fe,03/MIL-53(Fe) is 27.9 mF cm?,

;o1
009VS™ TiFe,0,/MIL-53 (Fe)
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.40 -0.30
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Fig. 9 — (a) Linear fitting of current difference and scanning rate. (b), (c) and (d) CV curves of all photoanodes.
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Scheme 2 — Schematic band diagram of Ti—Fe,03/MIL-53(Fe).

significantly higher than that of Ti—Fe,0s/Fe(OH)y
(21.8 mF cm~?) and Ti—Fe,03 (19.8 mF cm~?), indicating that the
etched Ti—Fe,03/MIL-53(Fe) has more OER active sites
(Fig. 9b—d), which is crucial to accelerate the kinetics of water
oxidation [47].

In addition, we further evaluated the morphology/compo-
sition of Ti—Fe,04/MIL-53(Fe) after 10 h testing to explore the
stability of MOF. As shown in Figs. S9a and S9b, Ti—Fe,03/MIL-
53(Fe) nanorod is slightly rough, but the overall morphology
has not changed much. After the stability test, the symmet-
rical vibrations of the C=0 and C—O groups can still be clearly
observed through FTIR characterization of Ti—Fe,O3/MIL-
53(Fe) in Fig. S10 [21], and a characteristic peak of the carbon
oxygen double bond was observed at 532.5 eV in O 1s
(Fig. S11a) [23], while the characteristic peak at 288.6 eVin C 1s
corresponds to O—C=0 (Fig. S11b) [26]. The above results
indicate that Ti—Fe,03/MIL-53(Fe) has good stability.

On the basis of above discussion, combined with the results
of XPS and steady-state photovoltage, we further propose the
charge transfer mechanism on Ti—Fe,03/MIL-53(Fe) during
water oxidation in Scheme 2. Both Ti—Fe,03 and MIL-53(Fe) can
be excited to generate electron-hole pairs under illumination,
electrons will transfer from the LUMO level of MIL-53(Fe) to the
conduction band of Ti—Fe,0;. Meanwhile, holes migrate from
the valence band of Ti—Fe,03 to the HOMO level of MIL-53(Fe)
and accumulate, thus effectively separating the hole-electron
pairs in Ti—Fe,03/MIL-53(Fe), further improving the PEC per-
formance of water oxidation. In addition, the ultrathin MIL-
53(Fe) layer formed on the Ti—Fe,0O; surface by in-situ
etching not only exposes abundant Fe(Ill) active sites, but
also can consume the captured photogenerated holes faster,
greatly accelerating the surface reaction kinetics. Therefore,
Ti—Fe,03/MIL-53(Fe) system is important to significantly
improve the catalytic activity of PEC water oxidation.

Conclusions

In summary, we successfully synthesized Ti—Fe,03/MIL-
53(Fe) photoanode by electrochemical deposition and sol-
vothermal reaction. The photocurrent density of Ti—Fe,0s/

MIL-53(Fe) reaches 2.5 mA/cm?, 10 times that of bare Ti—Fe,03
at 1.23 V vs. RHE, and the water oxidation photocurrent onset
potential shifts 105 mV negatively. Furthermore, enhanced
Nsep and nip; as well as excellent stability are observed. The
outstanding catalytic activity is due to the following charac-
teristics: (I) solvothermal in-situ etching can provide a good
connection between Ti—Fe,O3; photoanode and MIL-53(Fe)
coating; (II) the iron oxide clusters in MIL-53(Fe) can effec-
tively promote charge transfer and inhibit surface charge
recombination. In addition, MIL-53(Fe) formed by in-situ
etching can provide more active sites, thereby significantly
improving the catalytic activity of PEC water oxidation. The
in-depth understanding is provided for charge transfer in
inorganic-organic hybrid systems in this work.
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