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ABSTRACT BiV0, has been regarded as a promising material for photoelectrochemical

water splitting, but it suffers from a major challenge on charge collection and utilization. In
order to meet this challenge, we design a nanoengineered three-dimensional (3D) ordered
macro-mesoporous architecture (a kind of inverse opal) of Mo:BiVO, through a controllable
colloidal crystal template method with the help of a sandwich solution infiltration method and
adjustable post-heating time. Within expectation, a superior photocurrent density is achieved in

return for this design. This enhancement originates primarily from effective charge collection

and utilization according to the analysis of electrochemical impedance spectroscopy and so on.

All the results highlight the great significance of the 3D ordered macro-mesoporous architecture as a promising photoelectrode model for the application in

solar conversion. The cooperating amplification effects of nanoengineering from composition regulation and morphology innovation are helpful for

creating more purpose-designed photoelectrodes with highly efficient performance.
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rawing inspiration from nature,

photoelectrochemical (PEC) water

splitting based on Fujishima—
Honda effect' has been demonstrated as a
feasible and cost-effective realization of
an artificial analogy to photosynthesis.~”
With the goal of solar energy harvesting and
storage, semiconductor photoelectrodes
hold great promise to be an attractive alter-
native to the naturally occurring photo-
systems. In spite of intense research efforts,
progress in this domain seems relatively
slow because it is hard to find an ideal
material that originates from the competing
nature of its intrinsic properties.® Among
all the widely investigated photocatalysts,
monoclinic scheelite BiVO, is a promising
candidate after striking a balance among
various intrinsic features due to its suitable
band gap, proper band location, great
stability, and environment friendliness.”™°
Despite these attractive characteristics,
BiVO, still suffers from several challenging
technical points for large-scale implementa-
tions. The primary one is a relatively low
mobility of photogenerated charges, which
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would naturally hinder the separation of
electron—hole pairs and consume some
solar conversion efficiency. Accordingly, even
from the viewpoint of a perfect bulk single-
crystalline BiVO,, both calculated and experi-
mental''"® results indicate that alleviating
charge migration problems, including surface
charge transfer and bulk charge transport,
shows a significant scope for improving the
performance of PEC water splitting.

In general, charge migration is strongly
affected by the crystal structural features
and the morphology of a photoelectrode.'*'*
To meet the challenge of low charge migra-
tion in BiVO, photoelectrodes, first, we
can regulate the composition by doping
to increase the electronic conductivity in-
trinsically. For example, incorporation of
Mo®" into the partial sites of V> in BiVO,
can change the crystal symmetry of BiVO,
and introduce some polarons, both of which
would benefit for higher charge carrier con-
centration.'® ?° Second, another efficient
way to improve charge migration is to re-
duce the charge recombination during drift,
diffusion, and surface transfer processes.”’

voL.8 = NO.7 = 7088-7098 = 2014 ACNANIC)

* Address correspondence to
yong.lei@tu-ilmenau.de,
yxie@ustc.edu.cn.

Received for review April 10, 2014
and accepted June 9, 2014.

Published online June 09, 2014
10.1021/nn501996a

©2014 American Chemical Society

=
WWwWWw.acsnano.org

7088



[

reducing interface contact resistance

More compact space occupation for i

H,OMH, [
CB, 22
0,H,0
1.
—
VB

Mo:BiVO, electrolyte Pt

for electron migration
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Scheme 2. Schematic illustration of the fabrication of Mo:BiVO, three-dimensional ordered macro-mesoporous architecture.

However, conventional BiVO, photoelectrodes are
prepared through metal—organic decomposition or
electrodeposition processes.>?~2* The disordered geo-
metrical structures would increase the distance that
charges must travel, and then charges would suffer
from more nonproductive consumption due to in-
creased chances of recombination. Fortunately, nano-
fabrication offers an opportunity for morphology
innovation, enabling high surface reactive junction
area and near-unity collection efficiencies. A three-
dimensional (3D) ordered macro-mesoporous archi-
tecture (a kind of inverse opal) can serve as an efficient
candidate for aforementioned requirements of im-
proved charge migration.>>~%’ By coincidence, inter-
connected periodic macroporous architectures can
provide long-range-ordered paths for electron trans-
port throughout the electrode.?’” Incorporating addi-
tional mesoscale pores can further increase the area of
electrode/electrolyte junction and electrode/current
collector junction. Utilization of holes and transport
of electrons can be therefore accelerated. Overall, as
shown in Scheme 1, an engineered 3D ordered macro-
mesoporous Mo:BiVO, architecture is expected as a
propitious model to meet the challenging point of low
charge migration and further optimize the PEC perfor-
mances of BiVO,.

Inspired by this concept, we realize an innovative
design of nanoengineered 3D macro-mesoporous
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Mo:BiVO, architecture through a controllable colloidal
crystal template method. As a return for this design,
superior photocurrent densities are achieved within
expectation. This enhancement originates primarily
from effective charge migration according to the
analysis of PEC performance and electrochemical im-
pedance spectroscopy. In this regard, the synergistic
effects of nanoengineering from composition regula-
tion and morphology innovation show great signifi-
cance of designing highly efficient photoelectrodes for
the application in solar conversion. Morphology inno-
vation is more advantageous for the photoelectrodes
with faster charge transport.

RESULTS AND DISCUSSION

The realization of this tentative idea needs feasible
and straightforward procedures. Being a technologi-
cally facile approach, colloidal crystal template method
is chosen here for fabricating the 3D ordered macro-
mesoporous scaffold. Scheme 2 outlines the typical
procedures of the general solution approach. First, a
large-scaled colloidal crystal template is assembled
using polystyrene spheres (PSs). Second, interstices in
colloidal crystal template are infiltrated with precursor
solution that solidifies in situ to form an intermediate
composite structure. Finally, the template is removed
through calcination. A 3D ordered macroporous
host scaffold can be obtained topologically from the
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Figure 1. (a) Typical SEM image of colloidal crystal template of 200 nm PSs. Characterizations of three-dimensional ordered
macro-mesoporous Mo:BiVO, architecture: (b) SEM image, (c) XRD pattern, (d) XPS data.

template with a high degree of periodicity in three
dimensions. Compared with single-metal oxide, the
principal difficulty for quaternary material is the choice
of precursors for infiltration. Some common infiltration
(e.g., atomic layer deposition, electrodeposition) pos-
sesses many limitations of complex precursors and
instruments. Solution infiltration approach offers the
possibility for promoting compositional controllability,
especially for quaternary materials. On the premise
that the wettability and homogeneity can be guaran-
teed, the precursor solution would be arbitrarily cho-
sen. From the viewpoint of developing an economical
route for quaternary material architectures, herein a
precursor solution consisting of low-cost metal salts is
utilized instead of metal alkoxide.

To verify aforementioned tentative steps, Figure 1b
shows the typical SEM image of the Mo:BiVO, 3D
ordered porous architecture, which is the replica trans-
lated from the periodic colloidal crystal template using
PSs with ~200 nm diameter (Figure 1a). When carefully
observing the SEM image, we find that geometrical
characteristics are mainly determined by two kinds
of pores: one is the macropores surrounded by the
skeletal walls with a diameter of ~180 nm; the other
is the pores between neighboring macropores with a
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diameter of 30—50 nm. Commonly, porous materials
are classified into several types by their diameters.
According to International Union of Pure and Applied
Chemistry (IUPAC) notation,”® a mesoporous material
contains pores with diameters between 2 and 50 nm,
and a macroporous material is the material that pos-
sesses pores with diameters greater than 50 nm. In this
sense, we realize the rational design of nanoengi-
neered 3D ordered macro-mesoporous architecture.
The XRD and XPS characterizations confirm the pure
phase of BiVO, after doping.” From XPS results, two
characteristic peaks located at 232.5 and 2355 eV
arising from 3ds/,, and 3ds/, signals are assigned to
the 46 oxidation state, suggesting that Mo cations are
mainly present as Mo®" into the lattice of the V places
in BivVO,.'®" '8

During all the steps, the colloidal crystal template is
always heated for several minutes before infiltration
at a temperature that is a little higher than its glass
transition temperature (Tg) so as to increase the struc-
tural stability and to prevent structural dispersion.?? 32
This process will also lead to the deformation of
neighboring PSs with different extent. Endowed with
these interconnected parts, another kind of pore can
be introduced into the macroporous host scaffold like a
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Figure 2. Typical SEM images of (a,b) deformation of the PS template for different time of post-heating treatment and (c,d)
corresponding Mo:BiVO, three-dimensional ordered macro-macroporous architectures.

window between each macropore because of topolo-
gical transition. The diameter of windows can be tuned
easily from macroscale to mesoscale by carefully con-
trolling the contact area between each sphere where
the precursor solution cannot reach as long as the
complete topological transition can be granted. Since
the common precursor solution is not viscid enough
to realize a high filling fraction, a key factor enabling
our design is the usage of a sandwich infiltration
method according to our previous work,?® as shown
in the Experimental Section. It is not necessary to heat
the template, and thus the diameter of windows
decreased. If the time of post-heating treatment is
increased from 0 to 3 min and finally to 10 min (as
illustrated in Figures 1a and 2a,b), the deformation
caused by heating leads to gradual contact evolution
between neighboring PSs from nearly no contact to
quasi-point contact to quasi-facet contact, associated
with the slightly reduced distance between neighbor-
ing spheres from 220 to 200 and 195 nm. The inter-
stices among the PSs become smaller and smaller
correspondingly. So after calcination, mesoscale pores
(Figure 1b) gradually enlarge to macropores (~90 nm)
and larger macropores (~120 nm) as shown in
Figure 2¢,d.

To quantify the solar water splitting activity of the
3D macro-mesoporous Mo:BiVO, architectures, we
employ PEC cells and measure photocurrent densities
of the cells. In order to demonstrate our hypothesis of
cooperative amplification from nanoengineering, we
analyze the PEC performances on various samples: (i)
macro-macroporous Mo:BiVO, that serves as the re-
ference sample for incorporating the mesoscale pores;
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(ii) disordered porous Mo:BiVO, to show the effects of
incorporating the macroporous skeleton and meso-
scale windows; (iii) macro-mesoporous BiVO, using as
a reference sample for composition regulation; (iv) dis-
ordered porous BiVO, to illustrate cooperative ampli-
fication from nanoengineering through composition
regulation and morphology innovation. All five archi-
tectures are directly fabricated on FTO glasses with
the similar calculated maximum photocurrent densi-
ties under 1 sun AM 1.5 sunlight."*?%33 Correspond-
ing characterizations are exhibited in Supporting
Information Figures S1—S5. The XRD patterns and
XPS peaks indicate that all the Mo-doped and non-
doped monoclinic phase BiVO, matrix have high crys-
tallinity and purity. All of the measurements here are
carried out following optimization of the concentration
of doping ions (Mo®") for photocurrent density. Since
higher or lower concentration will reduce the overall
performances, the value is set to 2 atom % at the
vanadium sites (BiVy 0sM0g 0,04) according to previous
literature'®2* and our experiments on optimizing the
photocurrent densities.

Successful implementation of our designed ap-
proach can produce a photoelectrode with excellent
PEC performance. Figure 3a shows linear sweep photo-
voltammetry measurements to determine the photo-
current density of the five kinds of photoelectrodes.
Analysis of the photocurrent densities on various
samples allows us to draw the following three conclu-
sions. (i) Upon introduction of molybdenum, photo-
current densities are enhanced significantly across
the entire potential range. (ii) All of the three 3D
ordered macroporous-based photoelectrodes achieve
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Figure 3. (a) Photocurrent density—potential curves (solid line) and dark-current density—potential curves (dashed line) of
various films (scan rate = 10 mV s~ ). (b) Photocurrent density stability of various films at 1.0 V vs Ag/AgCl. The films for
measurement are fresh and after illumination for 5 h, respectively. (c,d) IPCEs and APCEs of various films as a function of the

wavelength at 1.0 V vs Ag/AgCl.

photocurrent densities of a few mA cm™2 under light
illumination, which implies that the 3D ordered macro-
porous architecture is an appropriate model as a
photoelectrode for PEC water splitting. As shown in
Figure 3b, the superior photocurrent densities can also
be observed after illumination for 5 h, which originate
from the high stability of 3D ordered macroporous
skeletons for keeping such a high performance. (iii)
Compared to macro-macroporous photoelectrodes, our
macro-mesoporous photoelectrodes show obviously
enhanced photocurrent densities over the entire bias
range. Typically, at the bias of 1.0 V vs Ag/AgCl, the
photocurrent density of the macro-mesoporous photo-
electrode is 2.0 mA cm~2, which is 1.5-fold greater than
the photocurrent densities of the macro-macroporous
photoelectrode. It is expected that, since the macro-
scale sizes are identical to those photoelectrodes, the
smaller mesoscale pores would provide a higher area of
electrode/electrolyte junction and more contact area
between electrode and current collector. The incident
photon-to-electron efficiency (IPCE) mirrors the sub-
stantial enhancements of the photocurrent densities
across the entire functional wavelength (Figure 3c).
The IPCEs of the macro-mesoporous Mo:BiVO,
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photoelectrode reach a high value of ~40% at 1.0 V vs
Ag/AgCl. Considering the similar calculated maximum
photocurrent density of the five photoelectrodes
(i.e., similar absorbed photon flux), we assert that the
differences of the photocurrent densities among the
five samples can be fully ascribed to the differences
in their photon utilization behaviors, which depends on
the charge migration (including transfer and surface
reactions). To elucidate the detailed effects of incorpor-
ating macroporous scaffold/mesoscale windows and
doping for charge migration, the internal quantum
efficiency, also so-called absorbed photon-to-electron
conversion efficiency (APCE), is used to evaluate the
capability of actual utilization of the photons more
clearly in Figure 3d. These excellent APCE results confirm
the synergistic improvement of nanoengineering from
composition regulation and morphology innovation for
charge migration in PEC water splitting.

In order to explore the details for the enhancement,
at least two factors, composition regulation and mor-
phology innovation, should be considered for charge
migration carefully. As for composition regulation,
depending on the types and degrees of doping
(including the formation of solid solutions), changes
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Figure 4. Calculated (a) electronic band structure, (b) electronic density of states; charge density contour plots projected
along a (001) plane are shown for the two bands of (c) conduction band minimum and (d) valence band maximum at the
A point (plotted from —0.1 (blue) to 0.1 (red) e-A73). (e) Atomic supercell structures of monoclinic scheelite BiVO,, from
which the 2 x 1 x 2 tunneled structure and the interconnected VO, tetrahedra can be observed clearly. (f) Bode phase
plots of electrochemical impedance spectra of macro-mesoporous BiVO, before and after introduction of molybdenum.
(g) Mott—Schottky plots of macro-mesoporous BiVO, before and after introduction of molybdenum.

in charge migration can be expected. However, the
effects of doping may not always be favorable because
it will enhance electron—hole recombination, impede
charge transport by providing scattering centers,
and decrease the width of the depletion layer. There-
fore, identifying appropriate dopants and their con-
centrations are important to increase the overall
performances of the photoelectrodes. According to
previous literature, various ions'®'"'%'” have been
introduced into partial sites of V°* in BiVO,. Among
them, Mo®" ion has been demonstrated as an n-type
dopant to enhance BiVO, PEC performances, which
can be evidenced by the positive slope from
Mott—Schottky plots in Figure 4g.

As analyzed in density functional theory calculations
(Figure 4a—d), we find that the fundamental reasons
for low charge transfer are that the conduction band of
BiVO, mainly consists of V 3d orbitals. Unfortunately,
VO, tetrahedra in BiVO, are not connected with each
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other, as shown in Figure 4e3* So free electrons in
BiVO,4 have to hop between VO, tetrahedra, leading to
poor electron mobility. With the help of the substitu-
tional defect of V> being replaced by Mo®", the shift
of the (004) diffraction peak of BiVO, using FTO as the
internal standard indicates the extension of c-axis after
Mo doping (Figure S6a).>> 37 Besides, the crystalline
symmetry also changes from monoclinic to approxi-
mate tetragonal structure like the changes in W:BiVOy,,
evidenced by the (200) and (020) peaks which have
been shifted toward one another (Figure S6b).**
This crystal deformation caused by larger tetrahedral
jonic radii of Mo®" (tetrahedral ionic radii for V°* and
Mo®" are 0.35 and 0.41 A) may help to overcome poor
electron mobility in pure BiVO, intrinsically.'” Another
aspect is that Mo®" has one more valence electron
than the V> host atom; hence their substitution into
the host lattice can serve as electron donors.'” Excess
charge carriers may form small and/or large polarons
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(e.g., an electron with associated polarization field
extending short or long distance) involving a sizable
lattice distortion around the reduced V*' ion; the
former polarons localize at the atomic scale, and the
latter polarons are extended over several lattice sites.
For Mo-doped cases, the excess electron residing at
the V** site may undergo migration to an adjacent V>
(or Mo®") site, and a higher concentration of polarons
would lead to a larger overlap between them, thereby
lowering the activation energy for polaron hopping,
resulting in enhanced charge carrier mobility and
reduced resistance.

Outwardly, from the Bode phase plots for different
BiVO, photoelectrodes at the open-circuit voltage
(Voc) of the PEC cells, the characteristic maximum
frequency peaks (fax) decrease obviously after dop-
ing. Generally speaking, there is no current passing
through the external circuit at Voc; meanwhile, all the
electrons injected into the conduction band must
be the reacted electrode/electrolyte interface. Thus,
the lifetime of electrons for recombination with a time
constant (z,,) is correlated with f,,, as this equation:®

Tn = 1/(2-7Tfmax)

As presented in Figure 4f, the maximum frequency
value decreases with incorporating mesoscale pores
and doping from ~2.2 to ~1 Hz, indicating that Mo:
BiVO,4 possesses a 2-fold improved lifetime of electrons
than that of undoped BiVO,. Therefore, a low recom-
bination rate is highly desired to achieve high charge
collection efficiency, eventually leading to high solar
conversion efficiency. Additional evidence comes from
the slope of the linear part in the Mott—Schottky
curves in Figure 4g; we can obtain carrier density to
better validate the aforementioned two merits about
charge migration upon the introduction of Mo®™. Since
the incorporation of dopants does not affect the
morphology or the surface area of the electrode sig-
nificantly, as shown in Figures 1c and S4a, the slope can
be used to compare the relative carrier densities before
and after doping. Here, macro-mesoporous Mo:BiVO,
photoelectrode shows a lower slope and higher carrier
density of 093 x 10*' cm™3, whereas this value is
only 2.64 x 10" cm ™3 for macro-mesoporous BiVO,.
In general, the increase in charge carrier density is
associated with increased electrical conductivity (o) of
the photoelectrode as shown below:

o = enu

where e is the electronic charge, n is the concentration
of charge carriers, and u is the mobility of the charge
carriers. Increased mobility is highly favorable for im-
proving charge transport and charge separation pro-
cesses during PEC water splitting. Moreover, higher
carrier density will raise the Fermi level of Mo:BiVO,
toward its conduction band, which can create more
significant band bending in the space charge region
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than that of bare BiVO, due to a larger difference
between the Fermi level of Mo:BiVO, and the redox
potential of the electrolyte. The enhanced electric
field in the space charge layer facilitates the charge
separation and slows the charge recombination rate.
Although the doping mechanisms cannot be simply
concluded from this analysis, it is speculated that
the significant enhancement in photocurrent density
is credited to its increased charge migration because of
higher electrical conductivity and charge separation.
We are interested to see if the addition of Mo is
particularly useful to solve the key issues of poor
conductivity.

With the above understanding of composition reg-
ulation, we next seek to observe how the 3D macro-
mesoporous nanostructures behave upon enhanced
charge migration during PEC water splitting. For this
objective, we assess the dynamics of water oxidation
at the BiVO,/electrolyte interface and charge recombi-
nation by virtue of photocurrent transient decay. To
summarize, three samples with different morphology
(macro-mesoporous, macro-macroporous, and disor-
dered porous Mo:BiVO, films) are held at a bias of 1.0V
vs Ag/AgCl, while illumination is turned on and off. The
inset of Figure 5a shows an idealized photocurrent
transient profile of the photoelectrodes. When the
electrode is illuminated, the transient photoinduced
separation of photoinduced charge pairs shows up as
relatively large photocurrent spike (/;,). The spike then
decays as the charge carriers migrate from the interior
to the surface (electrons to the FTO and holes to the
electrolyte). A subsequent decrease in the photocur-
rent indicates that the recombination occurred within
the photoelectrode. A steady-state photocurrent (l,) is
achieved once the charge generation and recombina-
tion rates reach equilibrium. With all else being funda-
mentally equal, low recombination rates would give
rise to long transient decay times. To know more
details, we examine the transient decay time t via
a logarithmic plot of the parameter D, given by the
equation®%°

D = (It_ lst)/(lin - Ist)

where [, is the photocurrent at time t (s) and I is the
steady-state photocurrent. The transient time constant
(7) is defined as the time at which In D = —1.394° The
method allows a qualitative comparison of the electron
lifetime within these photoelectrodes. Figure 5a com-
pares the logarithmic plots of the photocurrent density
transient decay D and 7 of these photoelectrodes at
1.0 V vs Ag/AgCl. Both 3D macroporous-based photo-
electrodes possess longer 7 than disordered photo-
electrode (1.1 s), indicating that the 3D macroporous
skeleton plays a positive role in suppressing charge
recombination and improving charge migration. Looking
over the curves of normalized plots of photocurrent—
time dependence, we find that 7 has an obvious
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Figure 5. (a) Normalized plots of photocurrent density—time dependence of the nanowall-based films at 1.0 V vs Ag/AgCl.
The inset represents a typical photocurrent transient response. (b) Typical current—voltage (/I—V) characteristics with a

schematic view of the device inset of the films.

improvement to 3.0 s after introducing mesoscale
windows into the macropore skeleton. With a view to
the few influences originating from similar carrier
density and flat voltage, as shown in Figures 4g and
S7, the trend between t and morphology inspires us to
further examine the resistance of three films to obtain
more insight into charge transport within the films
and the electrical contact with the current collector.
As shown in Figure 5b, the resulting symmetrical
and linear appearance indicates the Ohmic contacts
between the film and the substrate.3”*° The macro-
mesoporous architecture possesses the smallest resis-
tance for charge transfer, resulting in facile charge
transport.

As seen from the photocurrent densities and the
electrochemical impedance measurements, 3D or-
dered macro-mesoporous Mo:BiVO, provides multiple
beneficial effects: First, interconnected 3D ordered
macroporous architectures can provide long-range-
ordered paths for electron transport throughout the
electrode. In common, photoactivity of BiVOy, is limited
by its rapid charge recombination upon excitation, the
suppression of which contributes to improving the
overall photocurrent generation and catalytic reaction.
Charge recombination is always promoted by the
existence of many grain boundaries among particles
as well as poor contact with the FTO surface. With
respect to macro-mesoporous architectures, it can be
imagined that the thick wall forms within the inter-
stitial spaces, which is not as fragile as macro-
macroporous architectures during the calcination pro-
cess. Hence, a more compact packing of Mo:BiVO,
grains contributes to easier charge transport and less
recombination centers. Meanwhile, intact interfacial
contact between materials and current collector mini-
mizes the contact resistance at this junction, thus facil-
itating charge migration and utilization throughout the
interconnected architectures. Second, there is a more
compact space occupation of materials through a larger
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interstitial space, which ensures high electrode/
electrolyte area to reduce the interface transfer resis-
tance. When in contact with the electrolyte, band
bending forms at the junction and extends to the
rest of the coating, giving rise to the depletion
region where charges yielded by incident photons
are separated. Photogenerated electrons are readily
transported away, and the photogenerated holes are
transferred to the electrolyte for chemical reactions.
Considering the fact that the surface reaction is directly
related to the surface area and the macro-mesoporous
structure possesses open-edge geometry plus a high
surface-to-volume ratio, the locations of active sites
can be maximized; in other words, the surface reaction
is accelerated. Moreover, the open-edge geometry is
beneficial forimproving the efficiency in elimination of
produced O, from the pores. A part of the O, gener-
ated in the disordered pores cannot eliminate from the
pore and consequently decreases the photocurrent.
This is more significant for photoelectrodes to
retain photocurrent after long-time illumination. Third,
partially substituting V> with Mo®" can increase the
charge carrier concentration for the host lattice intrin-
sically, leading to higher electrical conductivity than
bare BiVO, photoelectrodes. Overall, we can under-
stand the synergistic effects of composition regulation
and morphology innovation more clearly from the
enhancement factors of the solar-to-hydrogen conver-
sion efficiencies (7sty; see Figure S8 for details) and
IPCE in Figure 6, which are defined as the ratio of the
efficiencies of various BiVO,4-based films to that of
the BiVO,-disordered porous film. At the bias of 0.6 V
vs Ag/AgdCl, the nsty enhancement factor (Figure 6a)
for Mo:BiVO, macro-mesoporous film is 6.9, while the
factors for BiVO, macro-mesoporous film and Mo:BiVO,4-
disordered porous film are 3.4 and 1.7. The synergis-
tic effect is obviously larger than simple composition
regulation or simple morphology innovation. More-
over, the #sty enhancement factor between Mo:BiVO,
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Figure 6. Enhancement factors of (a) solar-to-hydrogen conversion efficiencies (#sty) and (b) IPCEs at 1.0 V vs Ag/AgCl, which
are defined as the ratio of the efficiencies of various BiVO,-based films to that of the BiVO,-disordered porous film.

macro-mesoporous film and Mo:BiVO,-disordered po-
rous film is 4.1, which is larger than the factor between
BiVO, macro-mesoporous BiVO,-disordered porous
film (3.4). The IPCE enhancement factors and #sty
enhancement factors at other biases all mirror the
substantial enhancement, indicating that the influ-
ences of morphology innovation are more advanta-
geous for the photoelectrodes with faster charge
transport.

CONCLUSION

In conclusion, three-dimensional ordered macro-
mesoporous Mo:BiVO, architectures are fabricated for
PEC water splitting. With the help of a modified solu-
tion infiltration method and adjustable post-heating
time, we can realize the incorporation of additional
mesoscale pores into a periodic macroporous host

EXPERIMENTAL SECTION

Fabrication of PS Colloidal Crystal Templates. FTO glass was
cleaned under sonication by sequentially immersing in
ethanol, acetone, and distilled water, and then treated with
the H,504/H,0,/H,0 (3:1:1, volume ratio) solution for a few
seconds to make them uniformly hydrophilic. The well-ordered
colloidal crystal templates comprising polystyrene spheres
(PSs) arranged on a face-centered cubic lattice were fabricated
using the methods of vertical deposition. The substrates were
immersed vertically in the 0.5 wt % polystyrene latex at 60 °C.
The drying of the sample at very low speed in the presence of
moisture prevented the occurrence of cracking on the sample.
Then the templates consisting of 200 nm PSs were heated at
110 °C for 0, 3, and 10 min.

Fabrication of Mo:BiV0, Films. In a typical procedure, Bi(NO3)s3+
5H,0 (0.5 mmol), (NH,;)sMo0;0,4:4H,0 (0.0014 mmol), and
NH,4VOs (0.49 mmol) were dissolved in 5 mL of nitric acid
and 5 mL of distilled water. Then the mixed solution was diluted
with 10 mL of ethanol. During the infiltration process, the lower
edge of whole sandwich-like integration was immersed into
the precursor solution vertically; hence, the solution could be
penetrated into the interstices of the template via capillary
force. After being dried at room temperature in vacuum, the
samples were annealed at 500 °C for 2 h with a ramping rate
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scaffold. Three-dimensional ordered macro-mesoporous
architecture possesses a more compact space occupa-
tion of materials through a larger interstitial space, which
minimizes the inner resistance of charge transport and
the contact resistance at the electrode/electrolyte and
electrode/current collector junction. The efficiency in
elimination of produced O, is also increased. Then the
approach of precursor infiltration facilitates the composi-
tion regulation, so we can further substitute V>* with
Mo®™ to further optimize the charge migration of BiVO,.
The superior PEC performances and the analysis of EIS
further prove that the charge migration is optimized. All
of the results highlight the synergistic effect of nano-
engineering from composition regulation and morphol-
ogy innovation. This approach is helpful for creating more
purpose-designed photoelectrodes with highly efficient
performance.

of 2 °C min~" to remove the PS template. For comparison, with
respect to BiVO, three-dimensional structure, all of the steps
were similar to Mo:BiVO, except precursor solution. In a typical
procedure, Bi(NO3)3-5H,0 (0.5 mmol) and NH,VOs3 (0.5 mmol)
were dissolved in 5 mL of nitric acid and 5 mL of distilled
water. Then the mixed solution was diluted with 10 mL of
ethanol. The disordered porous film was prepared by drop-
coating and calcination at 500 °C for 2 h with the ramping rate
of 2 °C min~". Bi(NO3);-5H,0/NH,VO; and Bi(NO;);-5H,0/
NH,4VO5/(NH;)sMo0,0,4+4H,0 were dissolved in distilled water
as the precursor solution using the same atomic ratio.

Characterization. The X-ray diffraction (XRD) patterns were
recorded by using a Philips XQPert Pro Super diffractometer
with Cu Kot radiation (A = 0.154178 nm). The field emission
scanning electron microscopy images were performed by a
JEOL JSM-6700F field emission scanning electron microscope
(15 kV). The solid-state current—voltage (/—V) measurements
in the dark were measured on an electrochemical station
(CHI660B, Shanghai Chenhua Limited, China). Silver paste was
used to make connections from the current—voltage testing
system to the bottom FTO substrate, and the top Mo:BiVO,
layer is in a double-probe configuration and set as voltage
bias mode. The distance between the electrodes and be-
tween electrode and the edge of the film were both kept
the same.

A NTARKN TS
VOL.8 = NO.7 = 7088-7098 = 2014 @L%N {\)

WWW.acsnano.org

7096



Photoelectrochemical Measurement. Photoelectrochemical test
systems were composed of a standard three-electrode config-
uration. The Mo:BiVO, films with a Pt counter electrode and
a Ag/AgCl reference electrode were immersed in a degassed
0.5 mol L~' Na,SO, buffer at pH 6.6, which had been purged
with nitrogen for 15 min prior to the measurement. The photo-
electrochemical characterizations, electrochemical impedance
measurements, and open-circuit voltage decay were measured
on an electrochemical station (CHI660B, Shanghai Chenhua
Limited, China) under illumination using a 300 W Xe lamp under
illumination from the back (glass) side of the film. The mono-
chromatic light was filtered by filter plates for different wave-
lengths with a bandwidth of 10 nm and transmittance of 80%,
and the monochromatic light power density was measured
by a UV—vis irradiatometer with an accuracy of 1 uW cm ™2 The
potential was swept at a sweep rate of 10 mV s~'. The measured
potentials vs Ag/AgCl were converted to the reversible hydro-
gen electrode (RHE) scale according to the Nernst equation:
Erne = Eag/agal + 0.0591pH + 0.1976. Absorbed photon-to-
electron conversion efficiency can be expressed as APCE =
IPCE/(1 — 107), where A is the absorption of the film at a
specific wavelength. The solar-to-hydrogen conversion efficien-
cies (ysth) are estimated from the Gibbs free energy, 7sty =J X
(Erev® — Vias)/l, which accounts for the thermodynamic losses
associated with application of an external anodic bias and
assumes 100% faradaic effciency. Vyias is the external anodic
bias; J is photocurrent density (MA cm™2) at Vs Erev® is the
standard reversible potential which is 1.23 V vs RHE; and / is the
light intensity of light source (mW cm™3).
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