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ABSTRACT: Due to its ~2.4 eV band gap, BiVO, is a very
promising photoanode material for harvesting the blue
portion of the solar light for photoelectrochemical (PEC)
water splitting applications. In WO,/BiVO, heterojunction
films, the electrons photoexcited in BiVO, are injected into
WO;, overcoming the lower charge carriers’ diffusion
properties limiting the PEC performance of BiVO, photo-
anodes. Here, we investigate by ultrafast transient
absorption spectroscopy the charge carrier interactions
occurring at the interface between the two oxides in
heterojunction systems to directly unveil their wavelength
dependence. Under selective BiVO, excitation, a favorable
electron transfer from photoexcited BiVO, to WO; occurs
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immediately after excitation and leads to an increase of the

trapped holes’ lifetime in BiVO,. However, a recombination channel opens when both oxides are simultaneously excited,
evidenced by a shorter lifetime of trapped holes in BiVO,. PEC measurements reveal the implication of these wavelength-
dependent ultrafast interactions on the performances of the WO,/BiVO, heterojunction.

light conversion into chemical energy stored in

hydrogen, in a fashion similar to the photosynthetic
processes occurring in natural systems. In recent years,
acceleration in the development of new photoactive materials
led to the design of PEC devices with high solar-to-hydrogen
conversion efficiencies, showing promise for large-scale
commercialization in the near future.

BiVO, (BV) has rapidly emerged as one of the most
promlsmlg photoanode materials for the oxygen evolution
reaction. ~ Films prepared with state of the art synthetic
procedures perform remarkably well with highly stable
photocurrent densities.*”” When BV is combined with WO,
in the WO,/BiVO, (WBV) heterojunction, the excellent visible
light harvesting properties of BV are combined with the
superior electron conductivity of WO;.*” Due to the favorable
type II band alignment between the two oxides, transfer of
photoexcited electrons from the conduction band (CB) of BV
to the CB of WO; may occur, followed by rapid diffusion to the
external circuit, fostered by the higher charge mobility of WO;.
Such semiconductor oxide sensitized photoanodes allow for

P hotoelectrochemical (PEC) water splitting allows solar
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better spatial charge separation, consequently lowering the
recombination rate of electron—hole pairs in excited BV*'°~"*
and leading to a beneficial increase of the charge carrier
lifetime.">'°

While band alignment of the WBV heterojunction and its
enhanced PEC performances when used as a photoanode
suggest a charge transfer interaction, a clear understanding of
the fast charge carrier dynamics following photon absorption is
still elusive. Recently, the complex processes occurring in BV
after band gap excitation have been investigated'’~*'
picosecond to microsecond time scale, but the intricate charge
carrier interactions occurring in heterojunction systems still
wait to be fully discerned.

Here, we demonstrate, through femtosecond transient
absorption (TA) measurements with tunable pump wavelength,
that the ultrafast charge transfer interactions between WO, and
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BV in the WBV coupled system are wavelength-dependent and
account for the wavelength-dependent PEC performance of the
WBYV heterojunction.

WO;, BV, and WBV photoanodes were prepared by spin-
coating the precursor on clean FTO, followed by annealing of
the films, as detailed in the Supporting Information. Side-view
FESEM images of the BV and WBYV films are shown in Figure
1A,B, respectively. The heterojunction WBV film exhibits a
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Figure 1. FESEM side-view images of (A) the BV and (B) the WBV
photoanodes, obtained by coating the FTO conductive glass
substrate with a BV layer or with a WO; layer and a BV layer,
respectively. The scale bar is 500 nm. (C) Absorption spectra of the
(1) WO, (180 nm thick), (2) BV (75 nm thick), and (3) WBV (180
nm thick WO; and 7S nm thick BV) films.

more uniform BV coating over the underlying WO; with
respect to the BV film directly coated on FTO because the

asperities of the FTO glass are completely overshadowed by the
mesoporous WO; layer, formed by the aggregation of small
grains with an average ~17 nm diameter.

The absorption spectra of the WO;, BV, and WBV films are
shown in Figure 1C. In the WBV coupled system, the extremely
transparent WOj; film is effectively sensitized up to 520 nm by
the BV coating. The procedure employed here to prepare BV
films through spin-coating deposition of several successive
layers is very reproducible, as testified by the similar absorption
profiles of the BV and WBV electrodes.

The thickness of the BV layer in the BV electrode was
determined from the SEM cross-sectional images shown in
Figure S2 by subtracting the thickness of the FTO layer from
the thickness of the overall FTO/BV. The BV coating was 75
nm thick in both BV and WBV films, which in fact exhibit
identical absorbance at 420 nm, the absorption maximum of
BV.

X-ray powder diffraction patterns recorded with the three
films are shown in Figure S3. The patterns fit well with
monoclinic (JCPDS 05-0363 for WO,)'"** and monoclinic
scheelite (JCPDS 75-1867 for BV)™® structures, respectively.

Figure 2A shows the TA spectra recorded 16 ps after
excitation of the BV film with a 387 nm laser pulse (20—120 yJ
cm™ pump fluence). A broad photoinduced absorption (PA,
AA > 0) band is observed, peaking at 470 nm and extending in
the whole visible range. This signal is attributed to trapped
holes in BV."”**** Ground-state depopulation due to photo-
excitation leads to a photobleaching (PB, AA < 0) band,
peaking at 420 nm, which overlaps with the PA band. As shown
in the inset of Figure 2A, the TA signal is linear with the pump
fluence over a range from 20 to 120 yJ cm™2 The same trend
holds also for PB tracked at 420 nm (see Figure S4).

Figure 2B shows the dynamics of the PA signal at 470 nm,
ascribed to trapped holes, as well as the fitting trace. On a 20 ps
time scale, the signal shows a fast buildup (inset of Figure 2B),
followed by a biexponential decay. The three processes were
ascribed to the charge carrier dynamics depicted in Figure $5."°
After charge carrier generation, first, holes diffuse and get
trapped at surface states, with a time constant 7; then, they
undergo a decay process, tentatively attributed to recombina-
tion with CB electrons (7;) or with trapped electrons ().

Thus, the AA data were fit to a biexponential decay model,
according to eq 1
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Figure 2. (A) TA spectra recorded under 387 nm excitation of the BV film with a (a) 20, (b) 40, (c) 60, (d) 80, and (e) 120 xJ cm™> pump
fluence. (Inset) Plot of the AA maxima at 470 nm vs the pump fluence. (B) Transient AA profile recorded at 470 nm at the highest pump
fluence (triangles) and the fitting trace according to eq 1 (solid line). (Inset) Signal buildup on the 20 ps time scale.
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AAgeeyy = AT 4 AR 4 AA, (1)
where 7, and 7, are the lifetimes of the faster and slower decay
processes, respectively, A; and A, are the weighted coefficients
representing the contribution of each of the two processes to
the overall decay, and AA, is an offset (set to zero in the
fitting). Because the time constant for hole trapping is
substantially fluence-independent in the studied range (see
the AA buildup in Figure S6) and it occurs at a much higher
rate than hole recombination, we fitted only the AA decay and
ignored the buildup of the TA signal.

The fitting parameters are reported in Table S1, while Figure
S7 shows an example of a fitting trace with the three processes
of hole trapping (7,,), followed by fast (7;) and slow (z,) AA
decay. Upon photoexcitation with a 20 yJ cm™ fluence, 34% of
the trapped holes recombine through the fast process, while for
higher fluences, the contribution of the fast decay decreases to
~26%. This variation might be related to a fluence-dependent
penetration depth of the pump. The time constants of both
processes are unaffected by the pump fluence and are 7; & 22
ps and 7, = 3 ns.

Then, we studied the charge carrier interactions between the
two oxides in the WBV coupled system and compared the TA
dynamics in BV electrodes with that observed with the WBV
heterojunction film. Because WOj electrodes do not give a
detectable TA signal over the studied time scale,”’ BV accounts
for the whole TA spectra in these two photoanode
configurations. We exploited pump pulse tunability in order
to excite BV selectively, or both semiconductors simulta-
neously, by tuning across the WO; band gap. We used pump
wavelengths of 500 and 387 nm, that is, with energies lower or
higher than the WO; band gap, and also at 460 nm, which is
close to the WOj; absorption edge. For each pump wavelength,
we adjusted the fluence according to the sample absorption in
order to obtain the same density of photoexcited carriers. The
normalized TA vs time decays at 470 nm obtained upon
exciting the two systems with the three pump wavelengths are
shown in Figure 3, while the parameters obtained by fitting the
decay traces according to eq 1 are reported in Table 1.

When the pump wavelength was tuned to 500 nm to
selectively excite BV (Figure 3A), the long component of the
trapped hole decay became significantly longer in the WBV
system. Excluding the fast decay process, which accounts for
~19% of the holes recombined over the investigated time scale,
the AA signal remains substantially unchanged in WBV and
only ~5% of the overall signal decays through the slow process.
Although such slow decay is almost beyond the limit of our
femtosecond TA time window, we estimate that the time
constant of the slow recombination process 7, increases from
~5 ns in BV to ~22 ns in WBV (Table 1). Thus, the overall
recombination between electrons and holes becomes slower
when BV is selectively excited in the coupled system because of
the injection of photoexcited electrons from the CB of BV into
the CB of WO;. Our femtosecond TA experiments thus
provide direct evidence for improved charge separation in the
WBYV heterojunction.

By tuning the excitation to a shorter wavelength, the lifetime
of trapped holes in the heterojunction film decreases. For 460
nm excitation (see Figure 3B), the BV and WBYV systems show
almost identical decay dynamics. Similar results are obtained
using a 450 nm pump, as shown in Figure S8. When the
excitation wavelength is tuned to 387 nm, both oxide layers get
excited and we observe that trapped holes in the WBV system
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Figure 3. Dependence on the pump wavelength of the normalized
TA signal recorded at 470 nm in BV and WBYV films (blue squares
and green diamonds, respectively). The three pump wavelengths
were (A) 500, (B) 460, and (C) 387 nm.

recombine faster than in BV alone, Figure 3C. The faster TA
decay suggests that a new recombination process dominates
when both oxides in the heterojunction are simultaneously
photoexcited.

Our femtosecond TA measurements demonstrate that the
lifetime of trapped holes in the WBV heterojunction system is
wavelength-dependent, as a consequence of the different
processes involved. The interfacial charge interactions occurring
between the two oxides in WBV heterojunction photoanodes
are sketched in Figure 4. In the coupled system, when BV is
selectively excited with a 500 nm pump, electron injection from
the CB of BV to the CB of WO, with a time constant indicated
as Ty, in Figure 4, leads to effective spatial charge separation
and to the increase of the trapped holes’ lifetime (Figure 3A).
However, 387 nm photons have energy greater than the band
gap of WOj; and excite both semiconductors. The shorter-lived
trapped holes found in the WBYV electrode after excitation at
387 nm indicate that a new recombination channel is active,
that is, the recombination between photoexcited electrons in
the WO, CB and photogenerated holes in BV (z, in Figure 4).
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Table 1. Fitting Parameters, According to Equations 1 and 2, of the AA Transient Decay Tracked at 470 nm upon Excitation of
the BV and WBYV Films at Different Wavelengths and Fluences”

BiVO, WO,/BiVO,
pump (nm) Ay 7, (ps) Ay 7, (ns) A 7 (ps) Ay 7, (ns) A 7, (ps)
500 0.22 16 +1 0.78 52+ 02 0.18 9+1 0.82 22 +2
460 0.31 18 +1 0.69 29 + 0.1 031 20+ 1 0.69 41+0.1
387 027 24 £2 0.73 3.06 + 0.13 0.26 24 0.56 3.06 0.18 190 + 20

“Fluences: 40, 250, and 5000 uJ cm™, respectively, for 387, 460, and SO0 nm pumps.
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Figure 4. Electron transfer pathways involving BV and WO; in the
heterojunction system. Processes occurring in BV: hole relaxation
and trapping (7,) and recombination between trapped holes and
CB electrons (7;) or trapped electrons (7). T, refers to the
injection of photoexcited electrons from the CB of BV to the CB of
WO;, 7, refers to recombination due to the interfacial electron
transfer from the CB of WO, to the valence band (VB) of BV.

An additional potential decay pathway is the backward
transfer to the valence band (VB) of BV of the electrons
injected from the CB of BV into the CB of WO;. This process
should take place in the coupled system also upon BV
excitation at 500 nm. However, the slower AA decay found in
WBV films (Figure 3A) evidences that the rate of such a decay
pathway is slow in comparison to that of the other charge
recombination paths. Therefore, in the coupled WBV system,
the main process accounting for the faster recombination
observed upon 387 nm excitation consists of the recombination
of electrons promoted in the CB of WO; with the holes in the
VB of BV (Figure 3C).

The contribution of this process to the overall recombination
can be quantified by fitting the normalized TA time trace
recorded upon excitation of the WBV system with the 387 nm
pump, according to eq 2

AAgeey = AT 4 AR 4 AT 4 AA, )

where 7, and 7, are the time constants of the fast and slow
decay processes typical of BV, respectively, and 7, accounts for
the new decay process introduced by the presence of WO3; A,
A,, and A, are the weighted contributions of each decay process
to the overall decay, and AA, is an offset (set to zero in the
fitting). Also in this case we fitted only the decay trace after the
end of the hole trapping process. The presence of a third decay
channel is evidenced by the TA dynamics of WBV in Figure 3C
(see also Figure S9), which cannot be fitted by a simple
biexponential decay.
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By assuming that the hole recombination processes occurring
in BV are not affected by the presence of WO;, when fitting the
AA data obtained with WBYV, we constrained the 7, and 7,
parameters to the values previously extracted from the kinetic
analysis performed with BV. The 7, and A, parameters
determined in this way are reported in Table 1. The newly
opened charge recombination channel accounts for ~20% of
the overall hole recombination in BV, and we obtain 7, = 190 +
20 ps, in between the 7, and 7, values, as expected from the AA
traces reported in Figure 3C.

Noteworthy, the results of the femtosecond TA experiments
are consistent with the overall PEC performance of the WBV
system. The photoanodes were characterized by performing
voltammetry measurements in 0.5 M Na,SO, solution (pH 7)
and recording the incident photon to current efficiency (IPCE)
spectra at 1.23 V vs RHE. Figure SA shows the current densities
of the WO;, BV, and WBV electrodes as a function of the
applied bias. The WBV electrode outperforms the two
individual materials as a consequence of the better charge
carrier extraction from the coupled system. The IPCEs of the
three electrodes, traces 1, 2, and 3 in Figure SB, confirm that
the higher photocurrents shown in Figure SA for the WBV
system are due to enhanced conversion efficiencies over the
entire BV absorption spectrum.

To investigate the link between the wavelength-dependent
lifetime of trapped holes in BV and the PEC performance of the
coupled system, in Figure 5B, we compare the IPCE values of
the heterojunction electrode to those obtained with the single
WOj; and BV photoanodes by means of the IPCE enhancement
factor calculated according to eq 3

IPCEenhancement = IPCEWO3 /BiVO,

— (IPCEyyq, + IPCE gy ) 3)

where IPCEyq,/pivo, is the IPCE measured with the coupled
system and IPCEyy and IPCEp;yq, are the IPCEs of the two

photoanodes recorded in separate experiments.

The coupled system clearly works significantly better than
the two separate materials, and the synergy between the two
oxides is maximized for wavelengths close or longer than the
WO; absorption edge (450 nm). On the other hand, the IPCE
enhancement is lower when the coupled system is photoexcited
at shorter wavelength, and upon excitation at wavelengths
below 350 nm, the WBYV electrode is even less efficient than the
two separate materials. This wavelength-dependent behavior
can easily be accounted for on the basis of the results of our
femtosecond TA experiments and of the charge carrier decay
pathways outlined in Figure 4.

Furthermore, by combining the IPCE values with the
absorption (A) spectra of the investigated films, we calculated

the internal quantum efficiency (IQE) as IQE = ; I_P(I:(])E_ -+, which
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Figure 5. (A) Linear sweep voltammetry of the (1) WBV, (2) BV, and (3) WO electrodes recorded with a scan rate of 10 mV s~ under 1 sun
AM 1.5G irradiation. (B) IPCE recorded under a 1.23 V vs RHE bias with the (1) WBYV, (2) BV, and (3) WO, electrodes. (4) Sum of IPCE
curves (2) and (3) (left axis). (5) IPCE enhancement factor of the WBV photoanode (right axis). Experiments were carried out in 0.5 M
Na,SO, aqueous electrolyte under back-side illumination. (C) Internal quantum efficiency (IQE) of the WBV electrode. (D) IQE as a function
of the applied potential calculated from the swept IPCE reported in Figure S10 and recorded under back-side illumination by biasing a WBV
photoanode from 0.6 to 1.6 V vs RHE under (a) 350 and (b) 450 nm irradiation.

accounts for the fraction of absorbed photons that actually
generate photocurrent and provides information on how charge
carrier recombination affects the overall performance of the
WBYV photoanode. Figure SC shows that the efficiency of the
coupled system in converting the charge carriers produced
upon photon absorption has a maximum at 440 nm, while
lower IQE values are obtained at shorter wavelengths. Indeed,
upon excitation at 440 nm, 45% of the photogenerated charge
carriers leads to photocurrent, which becomes only 35% for 350
nm photons. Thus, charge extraction in the WBV system
increases with increasing excitation wavelength, in line with the
results of our femtosecond TA investigation and of the IPCE
enhancement reported in Figure SB.

In order to understand if the applied bias in PEC
measurements affects the recombination process between
photoexcited electrons in the CB of WO; and photogenerated
holes in the VB of BV (Figure 4), we finally carried out IPCE
measurements with 350 and 450 nm irradiation by sweeping
the applied potential (Figure S10). These experiments extend
over a wider applied potential range of the IPCE measurements
shown in Figure 5B, which were recorded at 1.23 V vs RHE.
From these swept IPCE experiments, the corresponding swept
IQE were calculated (Figure SD). The IQE values at both
wavelengths increase with increasing external bias as a
consequence of the better charge separation due to band
bending and formation of a depletion layer.”> However, the
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IQE increase at 450 nm is larger, and the IQE at 1.6 V vs RHE
under 450 nm excitation is almost twice the value determined
under 350 nm excitation (Figure SD). Thus, in the coupled
system, upon excitation of both oxides at short wavelengths, the
WO; to BV electron transfer observed in bias-free femtosecond
TA experiments is active also under strong anodic polarization.

In conclusion, by exciting the WBV system at wavelengths
longer than the absorption edge of WO, the lifetime of the
holes photogenerated in BV increases because of effective
charge separation due to injection of electrons from BV to
WO;. On the other hand, upon excitation of both oxides at
wavelengths shorter than 450 nm, the lifetime of the holes in
BV decreases because of recombination with the electrons
photoexcited in WOj;. Accordingly, PEC measurements
demonstrate that photocurrent generation is limited by the
WOj; to BV electron transfer occurring at short wavelengths
even under a strong applied bias. This should be taken into
account in the design of efficient heterojunction systems,
particularly in devising photoanode architectures operating with
back-side irradiation; the detrimental WO; to BV back electron
transfer leading to recombination should be limited by
engineering an electron-acceptor material with a band gap
larger than that of WO, but having the same conductivity and
proper band gap alignment with BV.
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