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Metal oxides are widely used in different fields, including photoelectrocatalysis, photocatalysis, dye-
sensitized solar cells, photoinduced superhydrophilicity and so on. It is well-known that there are
intrinsic hydrated layers on the surfaces of metal oxides in ambient air or the electrolyte. Generally,
interface layers between metal oxides and solutions have significant effects on the performances in
these applications. However, the exact roles of the intrinsic hydrated layers are still unclear. In this study,
taking TiO, and Fe,Os as model materials, we propose a mild heat treatment to increase the hydroxyl
concentration in the hydrated surface layers of the oxides, which improves their photoelectrochemical

performance remarkably. Moreover, we find that the heat-requlated hydrated layer plays the role of
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Accepted 3rd June 2020 a hole transfer mediator between oxides and the electrolyte, which can accelerate both interface charge
collection and oxygen evolution reaction kinetics in acidic solution. The new insights into the intrinsic

DOI: 10.1035/d0sc01052a hydrated interface layer on oxides can offer guidance not only in photoelectrocatalysis, but also in the
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1 Introduction

Metal oxides are widely used in different fields, including
photoelectrocatalysis," photocatalysis,> dye-sensitized solar
cells,®> photoinduced superhydrophilicity* and so on. In these
applications, the interface charge transfer between metal
oxides/solution has significant effects on the performance.>”
For example, in previous studies, some intermediate layers,
such as Ni(OH), and CoPi, were introduced at the interface
between oxides and the electrolyte to improve the photo-
electrocatalytic performance.*® These intermediate layers
include variable valence metal ions. When the semiconductor
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other applications mentioned above.

photoanodes are excited under illumination, the metal ions in
the intermediate layers will be oxidized by photo-generated
holes very fast, and simultaneously release protons into the
electrolyte to maintain electrical neutrality. This process is also
reversible by controlling the applied potential, which is a fara-
daic reaction.' Therefore, the intermediate layers can be
considered as extrinsic faradaic layers." The faradaic layers can
accelerate both interface charge collection and oxygen evolution
reaction (OER) kinetics and improve the performance of
a photoelectrode.***

Moreover, some recent studies have suggested that there is
an intrinsic hydrated layer on the surface of metal oxide in
ambient air or an electrolyte,*'*** which also has significant
effects on interface charge separation and transfer.”*?* Is it
possible that the intrinsic hydrated layer plays the same role
with an extrinsic faradaic layer? In fact, the effects of the
intrinsic hydrated layer on photoelectrochemical performance
are controversial. Some results suggest that the hydrated
interface layer passivates the surface states or provides a new
charge transfer pathway to improve the performance.”**
However, other studies argue that the hydrated layer acts as
recombination centers, which decreases the photo-
electrochemical performance.”®>* These inconsistent results
possibly come from harsh post-treatment methods on photo-
electrodes used in previous studies, which change not only the
hydrated interface layer but also the bulk of photoelectrodes. In
order to understand the real role of a hydrated interface layer, it
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is desirable to develop a new method that only changes the
intrinsic hydrated interface layer of metal oxide.

In this work, taking TiO, and Fe,O; as model materials, we
proposed a facile low-temperature heat treatment (200 °C) to
regulate the hydrated surface layers of the two metal oxides. The
low-temperature heat treatment only changed the hydrated
surface layer, not the bulk, because the heat treatment condi-
tions were much milder than the previous ones.”® Moreover,
TiO, and Fe,O; were used as photoanodes for solar water
splitting and their performance increased significantly after the
heat treatment. Our study suggests that the regulated hydrated
layer played the same role as the extrinsic faradaic layer
mentioned above. Therefore, the hydrated interface layer can
also be considered an intrinsic faradaic layer. Different from
previous studies, we propose new insights into the role of
a hydrated interface layer, which are significant for mechanistic
study and performance improvement. Moreover, many reports
suggest that there are also (hydro)oxide surface layers on non-
oxides in ambient air or aqueous solution.>**” Therefore, this
study can also offer guidance to improve the performance of
a non-oxide photoelectrode.

2 Results and discussion

TiO, and Fe,O; films were deposited on FTO substrates,
prepared by the hydrothermal method and calcined at 450 °C
and 675 °C in air, respectively.”®* In order to investigate the
effect of heat-treatment temperatures on the surface layer, the
samples were further calcined in air at different temperatures
(100 °C, 200 °C and 400 °C) for 30 min. The SEM images of TiO,
samples before and after the heat treatment are shown in
Fig. 1a-d, respectively. A sample before heat treatment is
denoted as pristine. The SEM images of Fe,O; are also shown in
Fig. S1.F TiO, shows a dispersed nanorod array with an average
diameter of about 150 nm. After the heat treatment, the
morphologies of TiO, and Fe,O; do not change obviously.
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Fig. 1e indicates the XRD patterns of the TiO, samples. The
strongest peak corresponds to the (101) plane of rutile TiO,
(JCPDS 21-1276). From the XRD patterns, no phase changes or
other new phases are observed after the heat treatment. Raman
spectroscopy is more sensitive to the surface of materials.
Therefore, Raman spectroscopy is also used to investigate the
samples and the results are shown in Fig. 1f. The characteristic
peaks of rutile TiO, (236, 444 and 610 cm ™~ ') are observed.* The
Raman peaks do not change after the heat treatment, which is
in good agreement with the XRD results. The SEM (Fig. S11),
XRD and Raman results (Fig. S2) of Fe,O; also suggest that the
morphologies and phases of Fe,O3 do not change after the heat
treatment either.

A transmission electron microscope (TEM) can be used to
investigate microcosmic changes of materials. Therefore, a TEM
is also used to further characterize the TiO, samples before and
after the heat treatment and the results are shown in Fig. 2.
Lattice spacings of 0.32 nm and 0.29 nm are assigned to the
(110) and (001) of rutile TiO,, respectively. Clear electron
diffraction (ED) patterns are observed for the sample before and
after heat treatment, which suggests that TiO, samples are
single crystal nanorods. A second ED pattern is observed in the
sample before the heat treatment, which possibly comes from
some overlapping grains. The ED patterns of all the samples
after heat treatment are the same, which further confirms that
the bulk of TiO, does not change after the heat treatment. From
the TEM images, the surface of TiO, nanorods does not change
obviously after the heat treatment at different temperatures.
Irregular morphologies and agglomerated grains are observed
on the Fe,O; samples (see Fig. S31). It is difficult to obtain
useful information by comparing the TEM images of the Fe,0;
before and after the heat treatment. Therefore, the TEM images
of Fe,O; calcined at different temperatures are not shown.
According to the above results and analysis, the bulk properties
of TiO, and Fe,O; samples do not change after the heat
treatment.
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Fig.1 Scanning electron microscopy (SEM) images of TiO, before (a) and after heat treatment in air at 100 °C (b), 200 °C (c) and 400 °C (d); X-ray
diffraction (XRD) patterns (e) and Raman spectra (f) of TiO, before and after heat treatment at different temperatures.
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Fig.2 Transmission electron microscope (TEM) images of TiO, before (a) and after heat treatment in air at 100 °C (b), 200 °C (c), and 400 °C (d)
and the corresponding electron diffraction (ED) patterns (inset); X-ray photoelectron spectroscopy (XPS) results of O 1s on the surface (e) and in
the bulk (3 nm depth) (f) of TiO, before and after heat treatment at different temperatures. The red, blue and yellow peaks are assigned to lattice
027, lattice OH™ and adsorbed H,O molecules, respectively; a table of the XPS ratio of lattice OH™ and chemically adsorbed H-O to lattice O~

on the surface and in the bulk (3 nm depth) of TiO5 (q).

In order to analyze the composition of the surface layer, X-ray
photoelectron spectroscopy (XPS) is used to characterize the
TiO, and Fe,0j; thin films before and after the heat treatment.
Fig. 2e and S471 indicate the binding energies of O 1s and Ti 2p
of the surface of TiO,, respectively. Only Ti*" and not Ti*" peaks
are observed on the surfaces of the samples after the heat
treatment. Three binding energies of O 1s (529.6 eV, 530.9 and
532.1 eV) are observed on the surfaces of TiO, samples before
heat treatment (see Fig. 2e), which are assigned to the lattice
07, lattice OH ™~ and adsorbed H,O molecules, respectively.*-33
A partially hydrated surface layer is observed, which is in good
agreement with some previous studies.** The surface layer is
hydroxylated, which comes from the reaction between the
surface of oxides and water in ambient air. Moreover, some H,O
molecules are chemically adsorbed on the hydroxylated surface
layer. The binding energies of bulk O 1s are also measured for
the samples at a depth of 3 nm by Ar* etching and the results are
shown in Fig. 2f; no adsorbed H,0 molecules are observed in
the bulk of TiO,.

The ratios of the three O species on the surface change
remarkably after the heat treatment, but do not in the bulk. The
quantitative ratios of lattice OH ™ and adsorbed H,O molecules
to lattice O~ on the surface and in the bulk of TiO, are calcu-
lated and the results are shown in Fig. 2g. After the heat treat-
ment at 100 °C, the ratio of OH™ to O*" on the surface of the
TiO, sample decreases from 0.28 to 0.25, but remarkably
increases to 0.61 on the sample at 200 °C, and then decreases to
0.31 when the temperature is further increased to 400 °C. The
ratio of adsorbed H,O to O>~ on the surface increases from 0.16
to 0.33 when increasing the heat-treatment temperature to
200 °C and then decreases to 0.29 when further increasing the
temperature to 400 °C. However, the ratio of OH™ to O°~ in the
bulk TiO, increases from 0.29 to 0.33 after the treatment. The
contents of surface OH™ and adsorbed H,O are the highest on

This journal is © The Royal Society of Chemistry 2020

the sample at 200 °C. The bulk shows much less change than
the surface. The XPS peak of O 1s in carbonate is usually near
that of lattice OH™, which would affect the hydroxylation
coverage analysis. In order to exclude the effects of carbonate,
the XPS spectrum of C 1s in TiO, is shown in Fig. S5.f The
results suggest that the C 1s peak (288.5 eV) for carbonate does
not change obviously after the heat treatment at 200 °C.*>*®
Therefore, the change of the O 1s peak comes from OH™
concentration variation in the surface hydrated layer, and not
from the carbonate. The binding energy shift of the samples
after heat treatment is not discussed here since the calibration
method of binding energy is controversial.’” The heat-treatment
process is also examined by TGA analysis (Fig. S6t). The first
mass loss stage of TiO, that extends from room temperature to
300 °C can be ascribed to the desorption of physically and
chemically adsorbed water. The second distinct mass loss from
300 °C to 350 °C possibly comes from the removal of surface
hydroxyl groups.®®*° For Fe,0O;, the three mass loss stages are
ascribed to the desorption of physically and chemically adsor-
bed water and hydroxyl, respectively.** From the TGA results of
TiO, and Fe,O3, the desorption of hydroxyl occurs at a temper-
ature over 200 °C, and the OH™ content decreases after heat
treatment at higher temperature (400 °C). Therefore, it is
reasonable that the sample after heat treatment at 200 °C has
the highest OH™ content. Both the XPS and TGA results suggest
that the surface changes come from the reaction of the oxide
samples with water. Therefore, the heat treatment leads to the
increase of lattice OH™ and adsorbed H,O in the hydrated
surface layer of TiO, Moreover, we also characterize the surface
changes of TiO, by the contact angle method and the results are
shown in Fig. S7.7 After the heat treatment at 200 °C, the contact
angle of TiO, decreases, which further supports the increase of
the surface hydroxyl concentration after 200 °C heat treat-
ment.*>* Moreover, the ratios of OH™ to O>~ on the surface and

Chem. Sci., 2020, 11, 6297-6304 | 6299
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Fig. 3 Photocurrent ratio of TiO, at different heat-treatment temperatures to a pristine sample at 1.23 Vg (a); /¢ is the photocurrent of the
samples after heat treatment and /g is the photocurrent of the pristine sample; photocurrent—potential curves of TiO, (b) and Fe,Os (c) before
and after heat treatment at 200 °C in electrolytes with different pHs, 1 M KOH (pH ~ 13.6) and 0.1 M HClO4 (pH ~ 1), respectively; the solid line
and dashed line correspond to the photocurrent and dark current, respectively; photocurrent—potential curves of TiO, before and after the heat
treatment at 200 °C in 1 M KOH with 0.5 M Na,SOs as the hole sacrificial agent (d); photoluminescence (PL) spectra of the TiO, before and after

the heat treatment at 200 °C (e).

in the bulk of Fe,O; indicate similar changes to those in TiO,
after heat treatment (see Fig. S87). Therefore, the heat treatment
increases the hydration degree of the surface layer on the metal
oxides.

In order to investigate the effects of the heat-treated hydrated
layer of TiO, and Fe,O; on the photoelectrochemical perfor-
mance, TiO, and Fe,O; before and after heat treatment at
different temperatures are used as photoanodes and the
photocurrents @1.23 Vgyg are measured in 1 M KOH (pH ~
13.6). The ratios of the photocurrent of TiO, after to before the
heat treatment are calculated and shown in Fig. 3a. The sample
at 100 °C indicates similar photocurrent to that of the pristine
sample. The photocurrent increases by 30% at 200 °C, but the
increase is only 9% at 400 °C. The TiO, sample at 200 °C shows
the highest photocurrent among these samples. Fig. S9t indi-
cates the photocurrent stability of the sample at 200 °C at 1.23
Vrug, Which suggests that the photocurrent increase is stable
after the heat treatment. A similar photocurrent variation trend
is observed on an Fe,O3 photoanode (see Fig. S10at). The heat
treatment changes both lattice OH™ and adsorbed H,O mole-
cules on the surface (see Fig. S8at). However, the photocurrent
only shows a similar variation trend for OH™, and not the
adsorbed H,O molecules on the surface of Fe,O;. Therefore, the
change of the surface OH ™ and not the adsorbed H,O molecules
contributes to the improved photoelectrochemical perfor-
mance. The surface OH™ concentration is higher, and the
photocurrent density is higher. Fig. 3b displays the CV curves of
TiO, at 200 °C in aqueous solution with different pHs in the

6300 | Chem. Sci, 2020, N, 6297-6304

dark and under illumination. The sample exhibits a much lower
photocurrent and more positive onset potential in the acidic
electrolyte than in the basic electrolyte. Similar results have also
been reported in previous studies.”® After the heat treatment at
200 °C, the photocurrent of TiO, increases by 75% in the acidic
solution, much higher than the increase in the basic solution
(30%). The results are further verified from the incident-photon-
to-current-conversion efficiency (IPCE) spectra (Fig. S117). A
more obvious effect of pH on the photocurrent increase is
observed on Fe,0; (see Fig. 3c): the photocurrent at 1.5 Vrpg
increases by 253% in the acidic solution, which is also much
higher than that in the basic solution (50%).

In order to investigate the mechanism of the improved
performance after the heat treatment, the CV curves for the
electrolyte with the hole sacrificial agent Na,SO; were measured
and the results are shown in Fig. 3d. The photocurrent at 1.23
Vrue on TiO, in the electrolyte with the hole sacrificial agent
increases by 23% after the heat treatment at 200 °C. The SO;>~
ions can consume photo-generated holes very fast, which
suggests that all the holes that reach the hydrated interface
layer can be injected into the electrolyte to oxidize SO;> .**
Therefore, the photocurrent in the hole sacrificial agent only
depends on the density and separation efficiency of photo-
generated 446 The optical absorption spectra
(Fig. S121) of TiO, samples before and after the heat treatment
at 200 °C were measured. The absorption at 300-400 nm
contributes to the photocurrent of TiO,, which does not change
obviously after the heat treatment at 200 °C. The effect of the

carriers.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 A slab model of the rutile TiO, (110) surface with H,O adsorbed on Ti atoms. Grey and red spheres represent the oxygen and titanium
atoms from TiO,, respectively. Blue and green spheres represent hydrogen and oxygen from H,O, respectively. The initial and final states of the
first H,O molecule dissociated on the TiO; (110) surface (a) and the corresponding reaction path (b); the initial and final states of the second H,O
molecule dissociated on the TiO; (110) surface with the dissociated H,O molecule (c) and the corresponding reaction path (d); the initial and final
states of the second H,O molecule dissociated on the TiO; (110) surface with non-dissociated H,O (e) and the corresponding reaction path (f).

heat treatment on the density of photo-generated carriers is
negligible. Therefore, the higher photocurrent of TiO, after
treatment in the electrolyte with Na,SO; mainly comes from the
improved separation efficiency, which is further confirmed
using the PL spectra (Fig. 3e). The PL decreases after the heat
treatment at 200 °C. The XPS data (Fig. S4t) suggest that there
are no oxygen vacancies on the surface. According to the liter-
ature, it is possible that the PL peak comes from carrier
recombination in the bulk or subsurface oxygen vacancies.>****
The surface hydrated layer decreases carrier recombination in
the bulk/subsurface by transferring the carriers from the bulk to
the hydrated interface layer very fast. The photocurrent increase
(23%) in the electrolyte with the hole sacrificial agent is similar
to that (30%) in the basic solution, so the photocurrent increase
in the basic solution mainly comes from improved interface
charge collection by decreasing carrier recombination. More-
over, the photocurrent increase in the acidic solution is 75% at
1.23 Vrug, much higher than the increase in the basic solution.
It is likely that the photocurrent increase in the acidic solution
does not arise only from the improved interface charge collec-
tion. There are still other reasons for the improved performance
in the acidic electrolyte. Some previous studies suggested that

This journal is © The Royal Society of Chemistry 2020

the pH of the electrolyte can influence the oxygen evolution
reaction kinetics.* Therefore, it is possible that the surface
hydroxylation can also promote OER kinetics in the acidic
solution.

Different from that in the basic solution, H,O molecules and
not OH ™ are adsorbed on the surface of the oxides in the acidic
solution. In order to investigate the effect of the surface
hydroxylation on OER kinetics in the acidic solution, the water
molecule dissociation process on the surface of TiO, is simu-
lated by DFT calculation and the results are shown in Fig. 4.
H,0 molecules are chemically adsorbed on the surface of bare
TiO, as the initial state, with water dissociation as the final state
(see Fig. 4a and b). Though the water dissociation reaction is
exothermic, there is an energy barrier height of about 0.153 eV,
which suggests that activation energy is necessary to dissociate
H,0 molecules on the surface of TiO,. The results can explain
the OH™ content increase after heat treatment only at temper-
atures higher than 100 °C (see Fig. 2). The reaction of water and
the TiO, surface occurs following the equation TiO, + xH,0 —
TiO,_(OH),,. The low-temperature heat treatment can increase
the content of OH™ in the hydrated surface layer by activating
the water dissociation reaction. In previous studies, an

Chem. Sci., 2020, 11, 6297-6304 | 6301
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electrochemical method (treatment energy of about 1 eV) was
usually used to treat a TiO, photoelectrode to achieve surface
hydroxylation,>*** which caused decreased photocurrent near
the onset potential. However, no decreased photocurrent near
the onset potential is observed after the heat treatment, possibly
because the heat treatment is mild and does not change the
bulk. On the surface with the first water dissociation, the
dissociation of the second adsorbed water molecule is also
exothermic (see Fig. 4c and d). There are two important varia-
tions in this case: the first is a decrease in the largest energy
barrier from 0.153 to 0.118 eV, indicating that water molecules
dissociate more easily; the second is that the reaction energy
increases from 0.022 to 0.035 eV, indicating that the dissocia-
tion state is more stable and the reverse reaction of water
decomposition occurs with more difficulty. However, if the first
adsorbed water molecule on the surface of TiO, is not dissoci-
ated, the dissociation of the second adsorbed water molecule is
more difficult, because of the higher energy barrier (0.202 eV)
(see Fig. 4e and f). Most importantly, the dissociation of the
second water molecule turns into an endothermic reaction,
indicating that the dissociation state is relatively unstable and
the reverse reaction of water decomposition easily occurs. In the
acidic solution, H,O reacting with the surface of oxides is the
first step of water oxidation, which is significant for OER
kinetics.*® Therefore, the heat treatment can dissociate water
molecules and accelerate OER kinetics.

According to the above results and analysis, a possible
mechanism for the improved performance after the heat treat-
ment is proposed in Fig. 5. After the heat treatment, some H,O
molecules are dissociated on the surface of TiO,, which leads to
a higher OH™ content in the hydrated surface layer. When TiO,

(a) Basic solution

& &

mmmm TiO,
Ti0,(OH),

Heat-treatment

Pristine hydrated layer:

View Article Online
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is immersed into the electrolyte for photoelectrocatalytic water
splitting, a two-step successive interface charge transfer process
will occur (see Fig. 5). The first step is the collection of photo-
generated holes by the hydrated interface layer from the bulk
of TiO,, according to the following reaction:**-*2 Ti**0,_,(OH)2x
+h"+H,0 = Ti™0 '0;_,(OH),,1 + H'. The second step is the
transfer of holes from the oxidized hydrated interface layer to
H,0 or OH  to produce oxygen. In the first step, when the
hydrated interface layer is oxidized by the photo-generated
holes, it simultaneously releases H' into the electrolyte to
maintain the electrical neutrality. The coupled electron and ion
transfer process is fast and reversible and is called a faradaic
reaction.' For an extrinsic faradaic layer (Ni(OH), or CoPi) on
a photoanode, metal ions are usually oxidized and their valence
states become higher under illumination.>® However, herein,
the valence state of Ti*" in the hydrated interface layer does not
change, but the valence state of 0>~ becomes higher (Ti"*-0~ "
species). And for Fe,03, a faradaic reaction, Fe"> 00H + h* =
Fe™0, + H', occurs through the oxidation of Fe*" in the
hydrated layer to Fe**.5*5 In the faradaic reaction, the transfer
rate of ions is much slower than that of electrons. Therefore, the
ion transfer is a rate-limiting step in the faradaic reaction.*®
After the heat treatment, the OH ™ in the hydrated interface layer
becomes higher, which can make ions permeate more easily
and improve the collection efficiency of photo-generated holes
from the bulk of TiO,.'**” Therefore, the heat-regulated inter-
face layer can improve the first step of interface charge transfer,
which is independent of the pH of the electrolyte. For the
second step of interface charge transfer, different OER kinetics
processes occur in the basic and acidic solutions, respectively.
In the basic solution, OH™ is oxidized (see Fig. 5a), which is

Heat-treated hydrated layer:
TiO2.4(OH) .5

[ Faradaic reaction:Ti*40,_,(OH),,+h*+H,0 == Ti**0"- 0, (0H)2x+1+H*]

Fig. 5 A possible mechanism of improved performance of an oxide photoelectrode after the heat treatment in basic (a) and acidic solutions (b),

respectively.
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favorable kinetically.’® Therefore, the heat treatment mainly
improves the first and not the second step of interface charge
transfer in the basic solution. However, in the acidic solution,
the H,O molecule is oxidized (see Fig. 5b), which is slow and
should be initiated by water dissociation (see Fig. 4). The heat-
treated interface layer with higher OH™ can lower the activation
energy of water dissociation and accelerate OER Kkinetics.
Therefore, the heat treatment enhances both the first (interface
charge separation) and the second step (OER kinetics) of the
interface charge transfer in the acidic solution, just like the role
of an extrinsic faradaic layer."> Therefore, the photocurrent
increase in the acidic solution is much higher than that in the
basic solution.

3 Conclusions

We propose a mild heat-treatment method to regulate the
intrinsic hydrated layer of TiO, and Fe,O; and improve their
photoelectrochemical performance remarkably. The heat
treatment does not change the bulk, but increases the OH™
content in the hydrated layer on the surface of the oxide
samples. Moreover, the effects of the intrinsic hydrated layer on
the photoelectrochemical properties are investigated in basic
and acidic solutions. In the basic solution, the regulated
hydrated layer only increases the interface charge collection.
However, in the acidic solution, the regulated hydrated layer
improves both interface charge collection and OER kinetics.
The regulated hydrated layer plays a role as a hole mediator
between the oxide and electrolyte, just like an extrinsic faradaic
layer. Therefore, we propose a new concept of an intrinsic
faradaic layer on the surface of oxides. The hydrated layers exist
on the surfaces of not only oxides, but also non-oxides. There-
fore, the new insights into the intrinsic faradaic layer can also
offer guidance to improve the performance of non-oxide pho-
toelectrodes. Moreover, the concept of the intrinsic hydrated
layer possibly has significant effects on interface charge transfer
in other fields, such as photocatalysis, dye-sensitized solar cells,
photoinduced superhydrophilicity and so on.
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