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Abstract

Steady-state and time-resolved spectroelectrochemical optical absorption techniques were used to
investigate photoexcited states of amorphous cobalt-phosphate oxyhydroxide (CoPi) and cobalt-
borate oxyhydroxide (CoBi) oxygen evolution catalysts. These materials revealed concurrent
spectroelectrochemical intensity changes in their ground state and photoexcited visible spectra,
providing insights into the dynamics of defect states attributable to trapped holes. Notably, long-
lived photoexcited states, assignable to hole-based defects persisting beyond 10 ms in H>O, were
observed in CoPi and CoBi for the first time. Both thin films exhibited distinct dynamics, however,
highlighting differences in their structural and electronic properties despite strong similarities in
absorption spectral profiles. These results provide further insight into the differences between the
electronic properties and dynamics of CoPi and CoBi, which have been challenging to structurally

and electronically characterize due to their amorphous nature.

1. Introduction

Materials and devices that harvest photon energy and convert H,O into fuel in the form of H»
provide a promising avenue to an alternative renewable energy infrastructure.'” The oxygen
evolution reaction (OER) is a key bottleneck to the water-splitting process, with many historically
successful catalysts being comprised of expensive, non-earth-abundant metals.* Amorphous
cobalt-phosphate oxyhydroxide (CoPi) is a self-healing oxygen-evolving catalyst with a low
overpotential at neutral pH.>% It has been integrated with a variety of semiconductor-based light-
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harvesting materials and is a key component of the °Artificial Leaf’, a triple-junction
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amorphous silicon photovoltaic with a ternary alloy and CoPi interfaced on either side for the
hydrogen and oxygen evolution half-reactions, respectively.” This device proved to be extremely
robust, operating in natural water conditions for days with no decline in activity.

Until recently, the photophysical properties of CoPi have not been considered in detail.
Sprague-Klein et al. demonstrated direct photochemical effects on the OER through wavelength-
dependent electrochemical responses with either 415 nm or 623 nm LED irradiation.'> With 415
nm excitation, the overpotential increased, while the opposite effect was observed for 623 nm
excitation. These effects were attributed to photoinduced redistributions of electron density within
Co—O bonds, with shifts toward oxygen improving the surface oxo reactivity previously implicated
in the mechanism of O-O bond formation.%!6-1°

In addition to CoP1i, electrodeposited thin films from borate buffer (CoBi) have provided
comparative insights into thin film formation and stability.?° Cyclic voltammograms of thin films
in their respective buffers show Co(II)/Co(III) quasi-reversible redox features at 1.05 V vs. NHE
(CoPi) and 0.88 V vs. NHE (CoBi) (Figure 1).2! There also exists a Co(IlI)/Co(IV) redox feature
near the onset of the OER catalytic wave, with Co(IV) formation representing a mechanistic
prerequisite for catalysis. Interestingly, Costentin et al. have also correlated the presence of high
valent Co(IV) to a semiconductor-type charge transport in the thin film. Relatedly, it was further
observed that the proton-electron conductivity increases with applied anodic potential and is higher
for CoBi than CoPi.?!

These electrochemical and conductivity differences have been related to the distinct
morphologies of CoPi and CoBi.'?'?> Co K-edge extended X-ray absorption fine structure
(EXAFS) data suggested both films are comprised of edge-sharing MOg clusters of molecular
dimensions.'%?324 Pair distribution function (PDF) analysis further revealed that the intermediate-
range structure differs substantially between CoPi and CoBi: CoBi is more structurally coherent,
resembling a layered structure similar to CoO(OH) with 3 — 4 nm clusters making up coherent
domains, while CoPi consists of smaller clusters that are not coherently stacked.??> A combination
of X-ray spectroscopies and model compounds have also been used to propose that CoPi is
comprised of 44% On Co(III), 39% On Co(1l) and 17% Tq Co(1I), while CoBi is comprised of 65%
On Co(IIT) and 35% On Co(11).2> The T4 Co(II) uniquely present in CoPi was proposed to exist at
edge atom sites (Figure 1).° Along with the established morphological differences, the presence

of distinct coordination sites may play important roles for charge transport and catalysis.
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Figure 1. Graphical qualitative depictions of CoPi and CoBi domains with overview of morphological and
voltametric differences under pH 7.0 and pH 9.2 buffered conditions, respectively.

To gain further fundamental insight into the structural and electronic differences between
CoP1i and CoB4i, and to explore their photophysical properties, we carried out steady state and time-
resolved optical spectroscopic studies of the two thin films. Upon 380 nm excitation, we observed,
for the first time, distinct differences in photophysical behavior between the two materials, along
with relaxation processes attributable to hole-based defect sites that persist beyond 10 ms. Ground-
and excited-state spectroelectrochemistry further revealed insights about the band structure of
CoP1i and CoBi. Thus, this study provides new spectroscopic signatures that may be related to their

differences in charge transport and oxygen evolution reactivity.
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2. Results

2.1. Steady-state and ultrafast transient absorption spectra of CoPi and CoBi films
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Figure 2. Steady state and time-resolved electronic absorption spectra of CoPi and CoBi thin films. (A)
Background-subtracted (FTO + buffer) UV-vis absorption spectra of CoPi and CoBi films of varying
thickness. Two-dimensional transient absorption spectra of 96 mC/cm* CoPi (B) and 48 mC/cm?* CoBi (C)
thin films collected with 380 nm pump excitation in their respective buffers.

Thin films of CoPi and CoBi electrodeposited on fluorine-doped tin oxide (FTO) both exhibit a
relatively intense electronic absorption band at ~400 nm, with lower intensity absorption at
wavelengths > 500 nm (Figure 2A), the latter of which are more intense for CoBi films. The
background FTO absorption spectrum exhibits oscillations due to thin film interference (Figure
S1). However, interference contributions are minimized with increasing CoPi/CoBi film thickness,

which is proportional to the amount of charge passed during electrodeposition (mC/cm?). Films
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were between ~100 nm and ~1 pum, as determined separately through profilometry (Table S1).
Band energies do not change with film thickness.

In addition to ground-state spectra, transient absorption measurements were carried out to
probe the excited-state dynamics and to gain additional insight into the electronic structural
differences between CoPi and CoBi. Optical transient absorption spectra of CoPi (Figure 2B) and
CoBi (Figure 2C) in H>O excited with a 380 nm, ~120 fs pump pulse exhibit broad excited state
absorption (ESA) features that appear immediately after excitation. Power titrations ensured pump
pulse energies were within the linear response regime (Figures S5, S6). Also, film thickness
affects the overall excited-state population, but not the corresponding kinetics or spectral profiles
(Figure S13). Spectral traces at characteristic time points reveal an ESA at ~500 nm, along with a
broad, less intense ESA at ~600 — 720 nm (Figure 3). ESA band energies are similar between
CoPi and CoBi, suggesting excited-state spectra do not reflect changes in intermediate-range
structure or film morphology. While there is some variability in the relative intensity of the 600 —
720 nm region between films (Figures S11, S12), in all cases the ~500 nm feature blue shifts with
time, while the lower energy region red shifts. The early time dynamics differ significantly
between CoPi and CoBi. At time delays of 1 ns and below, the CoPi excited state signal decays

much faster than CoBi (Figure 4, top panel).
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Figure 3. Spectral traces of (A) 96 mC/cm* CoPi and (B) 48 mC/cm? CoBi in H,O at characteristic time
delays.

2.2. pus and ms timescale excited state dynamics of CoPi and CoBi thin films

Using a tunable Nd:YAG laser, 380 nm pump, single wavelength probe (500 nm) measurements
were used to quantify excited-state dynamics on longer, pus and ms time scales. A 10 ns pulse width
excitation relative to ~120 fs (vide supra) increases the pulse energy by three orders of magnitude
while maintaining a similar average power, allowing for the collection of weaker transient
absorption signals out to significantly longer times. Indeed, ESA signals for CoPi and CoBi films
in water persisted beyond 10 ms, with comparative traces for a 500 nm probe across multiple time
regimes given in Figure 4. Despite relaxing more rapidly on the ultrafast time scale, the overall
CoPi transient absorption signal decays more slowly than CoBi (Figure 4, middle and bottom
panels). Note higher pulse powers resulted in a rapid photodissolution of the thin film, limiting the
number of usable laser shots before the excited portion of the film became optically transparent
(Figure S7). Despite this, there were no apparent changes in decay kinetics as the films dissolved
upon irradiation. Nevertheless, the thickness of the film was not conserved over the course of a

measurement. It was further shown that this long-lived ESA is not due to heating, as temperature-
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dependent steady state absorption spectra give rise to a distinct difference signal relative to the

observed ESA (Figure S10).
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Figure 4. Comparative decay traces (380 nm pump, 500 nm probe) of CoPi (red) and CoBi (blue) in H,O
spanning nearly 10 orders of magnitude of time decay from sub-ps to 10 ms. Top row: 7 ns range decay
with an ~120 fs pulse width ultrafast laser. Second and third rows correspond to time ranges of 10 us and
10 ms, respectively, with a 10 ns pulse width Nd:YAG laser. Traces correspond to the average normalized
decay of multiple films; error bars correspond to the standard deviation.

The long-lived excited-state decay was investigated in the presence of various solvents to
determine whether hydrogen bonding, polarity, and/or electron/hole scavenging influenced the

dynamics. Only MeOH, a hole scavenger, had a substantial effect (Figure S32). Averaged decay
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curves obtained for both CoPi and CoBi in H>O vs MeOH probed at 500 nm are shown in Figure

5, while individual constituent decay curves are shown in Figures S23 — S29.
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Figure 5. Comparison between the excited-state decay of (A) CoPi films immersed in neat H,O vs MeOH
and (B) CoBi films immersed in neat H,O vs MeOH. Error bars represent standard deviations.

2.3. Spectroelectrochemistry in the ground- and photo-excited states
Distinct steady state and time-resolved spectral changes are observed for CoPi and CoBi thin films
upon application of an electrochemical potential (Figure 6). When the potential is scanned
anodically from the open circuit potential (OCP), the ground-state absorption intensity increases
over the whole spectral range for both CoPi and CoBi (Figures 6A and 6B, respectively). This
spectral intensity change is reversible to a certain extent for both thin films when a reducing
potential is applied to the oxidized films. Without actively reducing the films, they remain at a
more oxidized state, possibly due to an electrochemically induced phase transition. The increase
in visible absorption is evident even upon visual inspection of two films, one of which has been
held under anodic bias (Figure S17). Note there is some variability in the shapes of the difference
spectra (Figures S18, S19). However, the general observation is that for both CoPi and CoBi films,
the change in spectral intensity is nearly uniform across the UV-vis region, with greater change
occurring in the UV region.

To compare ground-state spectroelectrochemical changes to dynamics in the excited state,

we further carried out spectroelectrochemical optical transient absorption spectroscopy (Figure
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5C, 5D). In contrast to the increase in ground state absorption intensity with anodic bias, the ESA

intensity decreased with anodic bias for all time delays up to 7 ns (Figures S19, S20).
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Figure 6. Steady state absorption spectra of (A) 96 mC/cm? CoPi and (B) 48 mC/cm? CoBi at varying
applied potentials. Corresponding transient absorption spectral traces (time delay of 1.0 ns) of (C) 96
mC/cm? CoPi and (D) 48 mC/cm? CoBi are shown. For panels (C) and (D), a linear averaging function over
15 adjacent points was applied for visual separation of the spectral traces.

In order to gain further experimental insight into the origin of the observed
spectroelectrochemical absorption changes, similar experiments were carried out in acetonitrile
with 0.1 M TBAPFs supporting electrolyte. The same trends of increasing ground-state intensity

and decreasing excited-state intensity were observed with increased oxidizing potential. No
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substantial difference in absorption intensity changes were observed when titrating in buffered
H>O (Figure S18), despite an increase in current as apparent through cyclic voltammograms

(Figure S16).

3. Discussion

3.1 Nature of photoexcited states in amorphous cobalt oxide films

Through the measurements described above, there are three complementary experimental
observations to suggest that the long-lived photoexcited states in CoPi and CoBi films are
attributable to trapped holes. These will be detailed below and consist of the following: 1) the
increase in ground-state electronic absorption intensity with anodic bias, 2) the decrease of ESA
intensity when excited with 380 nm light and monitored spectroelectrochemically under anodic

bias, and 3) the quenching of decay kinetics in the presence of MeOH.

3.1.1 Ground-state absorption intensity increases under applied anodic bias

The ground-state absorption spectra of CoPi and CoBi exhibit higher intensity in the UV region.
This spectral intensity can be attributed to ligand-to-metal charge transfer (LMCT) transitions,
while the moderate intensity in the lower energy range can be attributed to ligand field (d-d)
transitions and intervalence charge transfer (IVCT) bands. Similar band assignments have been
made for Co304.2° The broad rising absorption profile complicates the picture of a straightforward
band structure as observed in many undoped crystalline metal oxides, in which the onset of
absorbance appears clearly at the energy of the band gap.?” The increasing ground-state absorption
intensity with anodic bias is observed both in aqueous buffers and in acetonitrile with 0.1 M
TBAPFs (Figure 6). The spectral shape in both the ground state and photoexcited states does not
change appreciably in acetonitrile relative to native buffers (Figure S31). As would be expected
for water oxidation, the current response is significantly less when oxidation occurs in acetonitrile
as opposed to aqueous buffer (Figure S16). However, the non-negligible presence of faradaic
current in acetonitrile suggests that oxidation events are taking place on the film, likely largely due
to the conversion of Co(II) to Co(III). Similar behavior of the spectroelectrochemical difference
spectrum in the UV-vis region of CoPi had been observed previously and attributed to increasing

Co(III) character by Durrant and coworkers.'?
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3.1.2 The photoexcited state absorption intensity decreases under applied anodic bias

The ESA profile upon 380 nm excitation is similar to that of other metal oxides that host trapped
hole or electron states upon photoexcitation. Similar UV-pumped excited-state spectra were
observed for anatase TiO2 nanoparticles (10 — 15 nm diameter)?® and nitrogen-doped anatase TiOa
powder.?’ In hematite, a us — ms long-lived ESA band at 580 nm was attributed to hole absorption,
whereas the long-lived ESA band in our study appears closer to 510 nm, with lifetimes in a
comparable range (on the order of us, with a generous stretching parameter in the case of stretched
exponential fits as shown in Table 1).3%3! The photoinduced holes in hematite were quenched by
MeOH, as was observed in the case of CoPi and CoBi and detailed in the following section. Similar
assignments in the visible probe region were made for several other systems, including 1) Cu,O
(transient absorption maxima at > 475 nm, quenched by Na,S03),3? 2) WOs (transient absorption
maxima at 430 — 500 nm, quenched by methanol),**3” and 3) colloidal CdS (transient absorption
maxima at 470 — 500 nm, quenched by Nal and thiophenol).3¥#* The use of exogenous electron
donors and the resulting quenching effects supported the assignment of the transient absorption to
photoinduced holes. The long-lived ESA observed here for CoPi and CoBi is, thus, consistent with
photoinduced trapped holes.*? As the film gets oxidized, the ground-state intensity increases from
the increased number of holes in the form of Co(IIl) in the material. Consequently, the ESA
intensity decreases as the trapped holes are filled with increasing applied potential, resulting in

fewer holes to be generated by photoexcitation.

3.1.3 Photoexcited state decay Kinetics are quenched in the presence of MeOH

When considering the band structure formalism, both the steady state and transient absorption
spectra are consistent with the abundance of mid-gap states in amorphous cobalt oxide films.
Similar to other metal oxides, such defect states can host either trapped holes or trapped electrons.
To further characterize the nature of the trapped state, both electron and hole scavengers were
added to monitor which quenches the excited state.** Both CoPi and CoBi excited states were
found to be quenched in the presence of MeOH, a known hole scavenger (Figure 5).#* A CoPi
film was tested in the presence of H,O, D>O, phosphate buffer, MeOH (hole scavenger), 1.0 M
Na>SOs (electron scavenger), 1.0 M AgNOs (electron scavenger), and acetonitrile (Figure S32).
Only MeOH resulted in a quenching effect, further suggesting the long-lived excited state is a

11
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trapped hole state. A similar quenching effect in the presence of MeOH was observed in

microcrystalline hematite films.?°

3.2. Differences between the photoexcited spectra and the spectroelectrochemical difference
spectra

As shown in Figure 7, the electrochemical difference spectra representing the additional intensity
from injected holes under applied anodic bias and the transient absorption excited-state spectrum
at long time intervals do not overlay or show much similarity, other than covering a broad region.
The differences in the spectra observed in amorphous cobalt oxide upon photoexcitation versus
electrochemical oxidation can be attributed to several factors rooted in the material's electronic
structure and the nature of the excitation processes. Photoexcitation excites electrons across the
bandgap, creating electron-hole pairs. The specific excitation energies involved can selectively
populate certain trap states, leading to distinct spectral features. Electrochemical oxidation, on the
other hand, alters the Fermi level leading to a broader range of accessible electronic transitions,
including those involving defect states or surface states that are not directly accessed by photon
absorption. The spectrum under pulsed laser excitation is influenced by the dynamics of electron-
hole pairs and their interaction with intraband trap states.

Such differences were considered previously in microcrystalline hematite by Durrant and
coworkers.’® Under anodic bias, these trapped states become oxidized (electron-depleted),
affecting how electrons and holes recombine and thus altering the spectral features. The lifetime
of the photoexcited trapped holes was extended up the order of seconds under applied anodic bias,
while the amplitude of the long-lived signal decreased.’® In contrast to nanocrystalline hematite,
amorphous materials typically have a more disordered structure than crystalline materials, leading
to a higher density and different distribution of trap states. In CoPi and CoBi, we similarly observe
a decrease in the amplitude of the excited-state signal upon application of anodic bias. We did not
observe significant changes to the decay rate at a ps — ns timescale under applied anodic bias,
though this does not rule out an effect on the us — ms timescale. As such, it remains unclear whether
there is a long-time component of the excited state decay that is sensitive to anodic bias. The
trapped hole feature observed at ~510 nm for bandgap excitation of CoPi and CoBi suggests the
presence of specific trap states that are effectively participating in hole trapping under

photoexcitation conditions. Electrochemical oxidation of the ground state results in a broad,
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featureless increase in intensity, indicating a more uniform distribution of trap states or a lack of
specific spectral features associated with these states. In contrast to hematite, where specific trap
states below the conduction band play a significant role, the behavior in CoPi and CoBi suggests
a different mechanism or a more homogenous distribution of states within the bandgap. This is
consistent with the disparities observed for the transient absorption spectra and

spectroelectrochemical difference spectra profiles of CoPi and CoBi films.
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Figure 7. Comparisons between photoexcited ESA spectra with 7 ns pump-probe delay and the
electrochemical difference spectra for CoPi (A) and CoBi (B) films in their respective buffered solutions.
The spectroelectrochemical difference spectrum is the subtraction between the 1.4 V vs. NHE (OER
overpotential of 0.58 V) spectrum and the open-circuit potential spectrum for CoPi, and the subtraction
between 1.2 V vs. NHE (OER overpotential of 0.51 V) with the open-circuit potential spectrum for CoBi.
Regions around 585 nm and 690 nm of the SEC difference spectrum have been omitted and replaced with
a connecting straight line as the spectrometer lamp exhibited saturating artifacts at those wavelengths.

3.3 Implications of long-lived excited states for the oxygen evolution reaction (OER)

The excited-state spectral shapes and decay kinetics of CoPi and CoBi films were not significantly
affected by solvent conditions, except for MeOH (Figure S32). This suggests that the long-lived
excited states would more likely correspond to deep traps in the middle of the band gap, rather
than shallow traps, which would be shorter-lived and more sensitive to external perturbations.*
Furthermore, it has been postulated that deep hole trapping should be common to amorphous
oxides and has been observed in materials such as a-Si0», a-Al>Os and a-Ti0,.%¢ Applied bias does
not have a marked effect on any of the decay features (Figure S19). This is unlike observations

for hematite photoanodes, where applied bias was found to have a significant retarding effect on
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the electron-hole recombination rates.** Furthermore, the observation of similar change in
absorption intensity upon applying anodic bias without the presence of H,O suggests that H,O
itself is not necessary to stabilize the trap states. Therefore, there is nothing to suggest that the
long-lived trapped hole states play a role in the OER. Nevertheless, the trapped hole states may
still play a role in charge transport through the film and highlight the complicated electronic
structural nature of the catalytic films. Future photoconductivity measurements may elucidate the

potential role of these trapped states in charge transport.

3.4 Long-lived hole trap decay kinetics in CoPi and CoBi films

While the intermediate-range structure of the two films are known to differ, both the steady-state
and time-resolved optical spectra of the films in the UV-vis do not show dramatic differences.
Therefore, the differences in decay kinetics can be potentially tied to differences in the films’
properties that would otherwise be undetectable from steady state methods. Due to the complicated
electronic structure and amorphous nature of the materials, it is unsurprising that the kinetics of
CoP1i and CoBi films could not be fit to a simple multi-exponential model (Figures S33, S34).
Instead, both CoP1 and CoBi decays are best fit by a sum of two stretched exponentials of the form
AA = a (e *1)B1 + a, (e *2)P2. Stretched exponentials are commonly used to fit relaxation
processes in disordered materials and semiconductor trap states, where the stretching term can be
used as a metric for disorder within the films.*’*° The fitted parameters are presented in Table 1.
The low f,and S, values may reflect the amorphous nature of the films. The long-lived excited-
state decays of CoPi and CoBi are characterized here for the first time, with CoPi ultimately having

a longer lifetime than CoBi despite CoPi having a much faster decay in the first 10 ps (Figure 4).
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Table 1. Average fitted values for a phenomenological stretched biexponential model of decay.

CoP1 CoBi
Normalized a; coefficient (%) | 80% 29%
ki 2.0x 107 ¢! 1.9 x 106!
7, = 1/ki 50 ns 0.5 us
B1 0.23 0.13
Normalized a> coefficient (%) | 20% 71%
ko 6.1 x 103 5! 1.7 x 108 7!
T, = 1/k2 1.6 us 0.6 us
B, 0.11 0.47

Conclusion

Dynamics from sub-picosecond to millisecond timescales were probed for the first time in CoPi
and CoBi thin films using transient absorption spectroscopy, revealing structurally distinct
photophysics and long-lived relaxation dynamics persisting beyond 10 ms. By applying
spectroelectrochemistry in the ground- and photo-excited states, along with the observed excited-
state quenching by a hole scavenger, these relaxation dynamics can be attributed to deep hole traps
reminiscent of other metal oxides. Based on solvent-dependent transient absorption measurements,
it is unclear whether the optically probed trap states are important for the OER. However, they
could potentially play a role in charge transport and offer new electronic structural insights into

the amorphous films.
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