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Abstract

Surface modification with CoFe-based overlayers has been widely studied to improve the
performance of WO3/BiVO4 photoanodes for photoelectrochemical water oxidation, because such
overlayers can increase the photocurrent and shift the onset potential to more favorable values.
Herein, we present a transient absorption spectroscopic analysis of WO3/BiVO4 photoanodes
coated with cobalt iron oxide or cobalt iron Prussian blue overlayers, designed to establish the
underlying mechanisms for these enhancements on the picosecond to second timescale. The data
reveals that the overlayer suppresses recombination of trapped holes in BiVOs, with free and
trapped electrons, and accepts photogenerated holes. These results show that the observed boost
in efficiency for water oxidation can be explained by the dual role of the overlayer in inhibiting
charge recombination and enhancing charge extraction.
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The quest for efficient and sustainable energy conversion has prompted intensive efforts to
investigate photoelectrochemical (PEC) cells for water splitting, where the direct conversion of
solar energy into clean hydrogen fuel is an attractive prospect.! > Photoanodes are crucial for this
purpose, since the rate determining step of the whole process is the oxygen evolution reaction.*
Among the many semiconductors investigated as photoanodes, the heterojunction between
tungsten trioxide (WO3) and bismuth vanadate (BiVOas) has emerged as a promising candidate due
to its efficient light absorption across the UV-Vis spectral window, its ability to spatially separate
charges leading to low carrier recombination, and its noteworthy photochemical selectivity for
water oxidation.>¢ In order to further enhance the photoanode performance, surface modification
with cobalt-based overlayers has been intensively tested, in particular after the work of Nocera’s
group where cobalt phosphate (CoPi) emerged as an electrocatalyst for water oxidation in a neutral
medium.” Since then, CoPi deposited on the surface of photoanodes has been widely studied for
PEC water oxidation. However, CoP1’s ability to collect photogenerated holes and catalyze water
oxidation,®” rather than only slowing down recombination by assisting in charge separation'®!!
remains contentious. Cobalt has also been integrated onto BiVO4 surfaces in alternative forms,
such as cobalt iron oxide (CoFeOx)!'*!® or cobalt iron Prussian blue (CoFe-PB).%!* While the role
of Fe is still a matter of debate'>!S, both afford significant enhancement in charge separation,
leading to decreased surface recombination and improved overall efficiency. Understanding the
charge carrier dynamics is crucial when designing such complex systems that need to efficiently

separate charges across different interfaces.



Operando transient absorption spectroscopy (TAS) is a powerful tool to elucidate the intricate
charge carrier dynamics and interfacial processes that govern the performance of PEC systems.
The processes that limit the performance of the unmodified WO3/BiVOj4 heterojunction and the
beneficial effect of the two overlayers have been investigated on very different timescales and

17222 or on slow kinetics

usually focus only on ultrafast (from ps to us) electron-hole recombination
(from ms to s) where holes are transferred to the solution and the water oxidation reaction actively
occurs'#*25_ In this work, we report the first TAS analysis of WOs3/BiVOs heterojunctions
functionalized at the surface with CoFeOx and CoFe-PB. Moreover, this is the first kinetic study
that characterizes the reaction dynamics from charge carrier generation (fs-ps) to the subsequent
hole transfer reaction (ms) for PEC water splitting. Herein, we investigate the ultrafast electron-

hole recombination processes and directly correlate them to the long-lived charge carriers useful

for water oxidation, offering a unique perspective on the overall kinetics within the photoanode.

Our analysis and modelling provide a mechanistic description of the fate of photogenerated carriers
with a relatively low number of kinetic processes, while monitoring the decay of the population of
trapped holes in BiVOa. These findings underscore the importance of multiscale analysis of TAS
data to shed light on the interplay between charge carrier dynamics and surface processes within
modified photoanodes, paving the way for the design of more efficient photoanode materials for

sustainable energy conversion.
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Figure 1: a) Chopped linear sweep voltammetry on the indicated samples. Scan rate 50 mV s,
AM 1.5G illumination from FTO side in phosphate buffer 0.1M. b) Incident photon-to-current
conversion efficiency measurements at 0.8 VRHE.

The bulk WOs3 layer was prepared via a sol-gel technique that afforded a colloidal structure, with
the heterojunction formed by electrodeposition of BiVOa. The two overlayers were deposited with
different methods: CoFeOx through electrodeposition and CoFe-PB via surface ionic layer
adsorption and reaction (SILAR). Complete description of the synthetic methods is available in
the supporting information, together with morphological (Figure S1) and structural

characterization by X-ray Absorption Spectroscopy (XAS, Figures S2-S3).

The deposition of Co-Fe overlayers resulted in an enhancement of the photoelectrochemical
properties of WO3/BiVO4 heterojunctions. Figure 1a shows chopped linear sweep voltammetry
measurements under AM 1.5G illumination, where the modified photoanodes exhibited a slight
increase in photocurrent at the plateau and a remarkable shift of the photocurrent onset to more

cathodic potentials. The incident photon-to-current conversion efficiency (IPCE) measurements



shown in Figure 1b were performed at low anodic bias (0.8 Vrug) and show that the IPCE is about

20 times larger when overlayers of CoFeOx or CoFe-PB are deposited on the WO3/BiVOas.

Time-resolved spectral analysis. Figure 2 compares the ultrafast (1072 s to 10 s range) TA
spectra measured for the WO3/BiVO4 photoanodes with and without CoFe-based overlayers, in
the absence of an applied bias (open circuit potential, OCP). TA spectra collected at various
applied potentials are reported in Figure S5, displaying consistent spectral features. All TA spectra
display three main features in the UV-Vis-NIR, in agreement with previous studies on BiVO4 and
WOs3/BiVOs4 photoanodes: 1) a well-defined band centered at about 470 nm assigned to trapped
holes in BiVO4?® due to transitions from the valence band (VB) into intraband gap (IBG) states
emptied by ultrafast (= 1 ps) trapping of photoexcited holes;'”**%’ ii) a broad band between 550
nm and 700 nm (partly convoluted with modulations due to thin-film interference) assigned to
intraband transitions of free holes in the valence band;'’**?” and iii) a broad absorbance in the NIR

region assigned to intraband transitions of free conduction band (CB) electrons.?*#°
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Figure 2: TA spectra measured after pulsed 430 nm excitation (100 fs, 5 pJ/pulse, Imm? area) of
a) WO3/BiVO4, b) WO3/BiVO4/CoFeOx, and c) WO3/BiVO4/CoFe-PB at OCP in phosphate buffer
0.1M (pH 7) at the indicated time delays.



The same spectral features were observed until the ms range (Figure S6) for WO3/BiVO4/CoFeOx
and WOs3/BiVO4/CoFe-PB, while they gradually faded out for bare WO3/BiVO4. The decrease of
the peak centered at 470 nm upon addition of Na,SOs3 hole scavenger confirms its nature (Figure
S7). In fact, surface trapped holes can be rapidly filled by the electron donor, leading to a
significant drop of the 470 nm TA in the fast time scale, in agreement with previous reports.>?
Since these IBG states, responsible for hole trapping, are mainly located in proximity to the BiVO4
surface and are known to represent a crucial step for water oxidation,**?” we focus the analysis on
the main band at 470 nm by following its decay as a function of time. The TA kinetics at 0.8 Vrug
applied potential over three distinct time regimes are reported in Figures 3a (ps-ns), Figure 4a (ns—
us), and Figure 5a (ms—s). For each time domain, the best-fit parameters are summarized on the
side of the kinetic traces (panels b-¢). The dependence of TA kinetics on the applied potential are
summarized in Figure S8 on a double logarithmic scale to encompass the full ps-s time interval.
Here, the amplitude discontinuity from the ps—ns to the ns—us regime is due to the different fluence

of the excitation source, which is about 10 times lower in the ps-ns range (see also SI, figure S4).
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Figure 3: a) TA kinetics monitored at 470 nm on the ps to ns domain, upon 430 nm excitation (100
fs, 0.5 mJ/cm? pulses, 1 mm? area) of the indicated materials normalized at 1 ps (0.8 VruE in
phosphate buffer 0.1M, pH 7). Overlaid thick lines are fits to Equation 1. The best fit parameters
for non-normalized kinetics are reported in b-¢) as a function of the applied potential, respectively

power law amplitude after 1 ns delay (b) and exponent a4 (d), as well as exponential amplitude (c)
and time constant 7; (e).

Picosecond-to-nanosecond timescale. Figure 3a shows an overall stronger persistence of the 470
nm trapped holes signal in the presence of overlayers, in comparison with bare WO3/BiVOs. The

linear trend visible at =® 2 — 50 ps in the log-log plot (Figure S8a,d,g) suggests that the initial



decay follows a power law, while an additional decay develops at longer times; therefore, the TA

kinetics were fit according to Equation 1:
AA(E) = Byt~ + Ay exp (— ) (1)
1

Since the following discussion deeply correlates to the employed fitting model, it must be noted
that other viable models are available to fit the transient response of analogous systems, such as

130

the combination of power law and stretched exponential’®, or multiexponential fittings*>. A

representative comparison between the goodness of fit of the proposed model?’

and several options
reported in literature is reported in the SI (Figure S9). Equation 1 yields similar statistics to a triple
exponential model but uses significantly less parameters (4 vs 7), and performs much better than
the other models. Furthermore, it is directly applicable also to the extended time domain, as

discussed later on, thus allowing for a coherent interpretation of the experimental data.

Physically, the power law represents diffusion-limited recombination processes involving
localized carriers,**? which undergo relaxation within a broadened density of states.'*** Therefore,
it is reasonable to assign the power law decay to the non-ideal second-order recombination of holes
trapped at IBG states with shallowly trapped electrons. This dispersive process occurs at all time
scales and corresponds to the sum of exponential functions with a distribution of characteristic
times.** We depicted this using purple arrows in Scheme 1, which summarizes graphically the
charge recombination and transfer steps inferred from TAS. The exponent a; is significantly
reduced by the addition of CoFeOx and CoFe-PB overlayers. It ranged from 0.37 — 0.30 in the
bare photoanode, down to 0.26 — 0.21, whereas the applied bias has a small and non-monotonous
effect (Figure 3b). Typical values of the power law exponent in the literature are in the range 0.2 —
0.5, in good agreement with these ps results and those in the extended ns - s range (vide infra).'**"32
Since smaller a; values are associated with longer-lived transient signals (Figure S10), we infer
that the overlayers significantly reduce the dispersive recombination of trapped holes. In addition,
the power law exponent can be correlated to the energy distribution of the traps; for instance, the
average energy E, of an exponential tail above the VB obeys the relation Ey = k,T/a.*>*
Microscopically, this suggests that the overlayers shift the average energy of IBG states slightly
upward, making it more difficult for the holes to undergo thermally activated detrapping and

recombination.



The exponential decay with a characteristic time 7, describes a first-order kinetic process that has
been previously assigned to recombination of trapped holes with free electrons in the CB,* as
illustrated by the red arrows in Scheme 1. In support of this interpretation, a similar exponential
decay with amplitude A¢' ~ 0.8 mOD and time t¢' ~ 70 ps was extracted from the kinetic data
measured for the bare photoanode at 1000 nm, which is representative of free electrons (Figure
S11). The magnitude of both A; and A¢ strongly decreases with the addition of overlayers,
especially with CoFeOx, due to reduced probability of recombination for this specific pathway.
Consistently, the lifetime 71 (Figure 3e) increased with overlayer addition, from 50 — 70 ps in the
uncoated sample to 100 — 150 and 200 — 250 ps in the samples with CoFeOx and CoFe-PB,
respectively. Therefore, first-order recombination of trapped holes with CB electrons is hindered
after addition of CoFeOx and CoFe-PB overlayers. This observation as well as the decrease of a4
can be explained by the overlayer-induced passivation of surface IBG states, which leads to Fermi
level unpinning.’” In order to provide further evidence in this direction, we have performed
electrochemical impedance spectroscopy in the dark (EIS) and under illumination (PEIS), as
described in the SI. Figure S13 shows that the overlayers induce both a significant decrease of the
chemical capacitance associated with surface states and a cathodic shift of their distribution, the
latter being consistent with the decrease of the power-law exponent in presence of overlayers (vide
supra). The removal of surface IBG states is expected to enhance band bending in the space charge
region, facilitating photoexcited charge separation and leading to an anticipated photocurrent onset

in the J/V curves.

Nanosecond-to-millisecond timescale. The 10 ns — 0.1 ms TA kinetics are reported in Figures 4a
and S8b,e,h. Here, the linear trend in the log-log plot highlights again the presence of an underlying
power law decay; in addition, with increasing applied potential, an exponential decay with
characteristic time of 1-3 ps becomes more relevant. Accordingly, the kinetic data were fit to the

sum of a power law and an exponential decay:
- t
DA(E) = Byt ™2 + Az exp (— =) )
T2

Note that Equation 2 has the same functional form of Equation 1. By this time, the electrons
photoexcited in the CB either recombined with holes or are trapped. Indeed, Ravensbergen et al.

have identified a characteristic time of 2.5 ns for electronic transition into shallow traps of BiVO4.*



Since the first-order recombination time is short 7; < 1 ns (vide supra), only the dispersive
recombination channel remains active. The a, values reported in Figure 4c are close to 0.5, in
excellent agreement with the value of 0.49 reported by Ravensbergen et al. in a similar time
window.* The increase of a, compared to a; is mainly due to the 10x higher laser fluence, which
heavily affects the power law exponent.”” This is demonstrated by the comparison reported in
Figure S12 between TA kinetics recorded on bare WO3/BiVOy4 after pumping with fluences of 5
mJ/cm? and 0.5 mJ/cm?; a decrease from a, =~ 0.50 down to @, ~ 0.29 is observed, the latter
value being very close to @; = 0.34 measured at the same fluence in the ps-ns range. A slight
decrease with increasing time was expected because the average energy of filled traps shifts to

deeper values as the shallower traps are depopulated.
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Figure 4: a) TA kinetics monitored at 470 nm in the 10 ns to 0.1 ms domain, upon 355 nm
excitation (6 ns, 5 mJ/cm? pulses, 1 cm? area) of the indicated samples. The data was normalized
at 40 ns (0.8 Vrue in phosphate buffer 0.1M, pH 7). Overlaid thick lines are fits to Equation 2.
Best fit parameters for non-normalized data are reported in b-e) as a function of the applied
potential, respectively power law amplitude after 100 ps delay (b) and exponent a, (d), as well as
exponential amplitude (c) and time constant 7, (e).

We notice that a, decreases slightly with increasing applied potential and by the addition of the
overlayers (especially CoFeOx, Figure 4d); this translates into a higher density of trapped holes
that have survived recombination at a given time t*, as shown in Figure 4b by the value B, -
(t*)~*2 (proportional to the trapped hole density) for t* = 100 ps. The same conclusion can be
clearly drawn by comparison with the 100 ps TA spectra in Figure S6. Therefore, it appears that

the overlayers produce an effect similar to the applied potential in promoting the separation of free



or shallowly trapped electrons from the trapped holes. This observation corroborates the idea that

the overlayers enhance the built-in electric field via defect passivation and Fermi level unpinning.

An important difference between the ps and ns regimes emerges when examining the behavior of
the exponential component (Figure 4c): the characteristic time 7, at 0.6 — 1.0 Vrug drops
significantly from = 3 us for the uncoated photoanode down to 2.0 — 1.5 pus when an overlayer
was deposited (rather than increasing as t,) and a further decrease is observed with more anodic
applied potentials. Furthermore, the 4> amplitude rises significantly with increased potential above
1.0 Vrue. Therefore, this component describes a depopulation of trapped holes, which is enhanced
by both the overlayers and the potential, showing the same trend as the photocurrent displayed in
Figure 1. This similarity clearly indicates that this kinetic process is not representative of charge
losses due to recombination, but rather of the transfer of trapped holes towards intermediate charge
transfer (CT) states, from which water oxidation and Faradaic photocurrent occurs. We remark
that such intermediate transfer on a few ps scale, which is beneficial to the photoelectrochemical
performance, was not directly identified in previous ultrafast studies.'®* Clearly, this characteristic
time cannot be associated with direct injection into the electrolyte, which is known to occur on a
much longer timescale (vide infra). The intermediate CT state can be associated with oxidized
species adsorbed in proximity of surface oxygen vacancies in BiVO4,**° as well as with oxidized
metal centers in the overlayer.”* While Moss et al. reported complete hole transfer from BiVO4
IBG traps to CoFe-PB overlayer in this time regime,™ the lack of a specific spectral feature at
about 700 nm in our TA spectra and the presence of the CT process on pristine WO3/BiVOj4 leaves
both hypotheses open. However, regardless of the species involved, the improved kinetics towards
this intermediate CT state, with the addition of the overlayer, competes with the underlying power
law recombination, thus enhancing charge separation. The intermediate CT state is depicted just
outside the BiVO4 layer in Scheme 1 and the transfer of trapped holes active at 470 nm is
represented by the yellow arrows, that become thicker with applied potential and overlayer
addition. Since the two competing recombination and CT channels show opposite dependencies
on the presence of overlayers, the normalized kinetics of the bare photoanode display only a
slightly slower decay compared to those of the coated ones, as shown by the inset of Figure 4a.
This contrasts with the empirical observation in the ps-ns regime, where both recombinative

channels are suppressed by the overlayers, resulting in a slower decay and higher final AA value.



Millisecond-to-second timescale. We choose to analyze the TA kinetics collected from 1 ms to 1
s (Figures 5a and S8c,f,i) using the sum of a power law and a single stretched exponential

(Kohlrausch—Williams—Watts or KWW function) with g = 0.5 as a fit function, according to:
AA(t) = Bot™% + Az exp[—(t/73)"] 3)

where the parameters of the power-law decay have been fixed to those obtained in the previous
case (for every sample and potential value). This approach implicitly assumes that the electron-
hole recombination, described by the power law, is the same in the two different time windows,
which is reasonable since the intensity and excitation wavelength are the same and the populations
of trapped carriers relax slowly at this stage. The KWW decay describes hole injection into the
electrolyte, leading to water oxidation with the typical characteristic time of tens to hundreds ms
(Figure 5b and green arrow in Scheme 1).***? This assignment is corroborated by the increased
amplitude A3 with the applied potential (Figure 5b), i.e., in the same range where the photocurrent

rises significantly (Figure 1), with a particularly strong slope in the case of the CoFeOx overlayer.
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Figure 5: a) TA kinetics monitored at 470 nm on the ms to s time domain, upon 355 nm excitation
(6 ns, 5 mJ/cm? pulses, 1 cm? area) normalized at 2 ms (0.8 Vgrug in phosphate buffer 0.1 M, pH
7). Overlaid thick lines are fits to Equation 3. Since power law parameters are fixed to the ones
reported in Figure 4, only the exponential amplitude (b) and time constant 73 (c) are displayed.

We remark that TAS is not able to distinguish between hole transfer directly from the IBG states
and via intermediate CT states. In fact, CT states do not contribute to absorption change at 470
nm, but the transfer of a hole from a CT state to the electrolyte (on a several ms scale) can be

rapidly followed by hole transfer from IBG states into CT states on a ps time scale (yellow arrow



in Scheme 1), which is eventually detected as a decay in the absorption at 470 nm. In other words,
the kinetics of hole injection via intermediate CT states contributes to the decay of the trapped
holes through fast transfer between IBG and CT states. Overall, the KWW components describes
a distribution of different hole injection pathways, i.e., direct and via CT states, which explains the

need for a stretched rather than a simple exponential.

Interestingly, we notice that the overlayers extend the characteristic time 73 from 47 ms for
WO3/BiVOs4 to 380 ms with CoFe-PB and 600 ms with CoFeOx at 1 Vrye. Since the overlayers
have a beneficial impact on the photocurrent, especially in the 0.6 — 1.0 Vrug range, the increased
lifetime cannot reflect a slower injection into the electrolyte that would reduce the water oxidation
rate. In order to understand this result, we point out that 73 = (Kyec + ki) ™1, where k.o and k.,
are the rate constants for recombination and transfer.'*?” Therefore, the increased lifetime can be
ascribed to a decrease of k.. A similar explanation in terms of reduced recombination was also
proposed by Ma et al. to interpret the lifetime increase with increasing Vrue in photoanodes where
k¢, is potential-independent.? Furthermore, this view is fully supported by a recent investigation
carried out in our group using Intensity-Modulated Photocurrent Spectroscopy (IMPS),* which
revealed that the CoFe-PB overlayer reduces k,... compared to the bare photoanode, while k;,

remains unchanged.

Interestingly, no major difference is observed between CoFe-PB and CoFeOx, suggesting that
similar kinetics may result from in situ structural surface reconstruction under PEC operating
conditions. XAS at Co K-edge was performed after the TAS characterization to shed light on this
point. While X-ray fluorescence (Figure S14) shows an almost constant intensity, suggesting good
stability of the overlayer amount on the surface, XAS (Figure S15) reveals a significant alteration
after the TAS characterization. Remarkably, both the XANES and EXAFS of CoFeOx and CoFe-
PB become very similar to those reported for neutral pH operating CoP1i, credited to cluster-size
CoOQs octahedra bridged by oxo/hydroxo ligands* due to hydrous surface. This suggests that the
overlayers attain a similar structure upon operation, independently on their initial state. Similar
reconstruction processes were previously highlighted on Co-based catalysts, leading to pH-

dependent structural features.**
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Scheme 1: a) TA kinetics from 1 ps to 1 s overlaid by relative fits. Band diagram showing the
relevant detrapping processes under different conditions for b) WO3/BiVO4, ¢) WO3/BiVO4 at
higher potential, and d) WO3/BiVO4 with Co-Fe overlayer at low potential. Dashed arrows and
thicker arrows represent a decrease and an increase in amplitude, respectively. In a), ultrafast AA
data have been scaled to provide continuity with those in the ns range. See text for a detailed
explanation.

In conclusion, transient data measured over a time window spanning across twelve orders of
magnitude were fit by simple kinetic models, which require a small number of processes with few
fitting parameters and are able to provide a physical interpretation of photoexcited charge carrier
dynamics. Building upon prior knowledge garnered by previous pump-probe studies, valuable
understanding regarding the impact of CoFe-based overlayers on WO3/BiVO4 photoanodes were

acquired, as outlined below:



e Decrease of the power-law recombination rate on all timescales, as well as the exponential
recombination in the ps range, due to overlayer-induced passivation of surface states,
possibly leading to Fermi level unpinning, enhanced built-in electric field, and overall
improved charge separation efficiency;

e Opverlayer-boosted transfer of holes on the =~ 1 ps timescale from intra bandgap traps at
the BiVO4 surface to intermediate states, likely associated with oxidized sites in the
overlayer, from which charge transfer into the electrolyte can take place on longer times;

e Increased lifetime of the KWW decay, associated with water oxidation in the tens to
hundreds of ms timescale, indicating that the overlayers boost the photoelectrochemical
performance by collecting holes and suppressing surface recombination, rather than by

accelerating water oxidation kinetics.

Supporting Information

Experimental methods, structural characterization (SEM, XAS) of the samples before and after the

TAS experiments, EIS characterization and additional TAS data.
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