
Ultrafast Electronic and Structural Dynamics in Oxygen Evolution Reac-
tion Catalysts 
Emily Sprague-Klein,ʆǂ Brian T. Phelan,ʆ Michael Mara,ʆǂ  Jin Yu,ǁ  Matt Drummer,ƍ Xiang He,ʆ Ksenija 
Glusac, ʆƍ Sungsik Lee,ǁ Benjamin Reinhart,ǁ Xiaoyi Zhang,ǁ David M. Tiede,ʆ Lin X. Chen ʆǂ* 

ʆ Chemical Sciences and Engineering Division, Argonne National Laboratory, Lemont IL 60439. 
ǂ Department of Chemistry, Northwestern University, Evanston IL 60201 USA. 
ƍ Department of Chemistry, University of Illinois Chicago IL 60607 USA. 
ǁ X-ray Science Division, Argonne National Laboratory, Lemont IL 60439.  

*Corresponding author.  Email: l-chen@northwestern.edu 

ABSTRACT: We investigate the ultrafast electronic and thermal properties of the bulk amorphous cobalt oxide water oxidation 
catalysts cobalt-phosphate (CoPi) and cobalt-borate (CoBi) using optical pump/X-ray probe correlated with in situ electrochemical 
transient absorption spectroscopy.  The electronic signature of a light generated intermediate species is compared to steady-state in 
situ heating X-ray absorption spectroscopy (XAS) suggestive of non-thermal contributions to charge transfer formation on ultrafast 
timescales.  With Co K-edge transient absorption spectroscopy, we observe a net photoreduction following 400 nm excitation that 
also initiates a potential-dependent increase in the excited-state fraction of trapped charge carriers that persists on nanosecond to 
microsecond timescales and is identified as a potential precursor state to oxygen evolving reactions (OER).  Distinctly, the formation 
of excited-state species cannot be fully explained by photothermal reaction dynamics alone with potential contributions from elec-
tronic motion acting in concert with macroscopic redox activity.  The results have significant potential to influence the design of 
water-splitting catalytic materials for tuning dimensionality, confinement, and charge delocalization across structures.    

INTRODUCTION 
     Surface catalysis that utilizes inexpensive earth-abundant 
materials and easily scalable fabrication techniques is of vital 
importance to our global economy.1-4  Recent fundamental re-
search has identified transition metal oxides as robust sunlight 
absorbers, capable of efficiently converting light into useful 
forms of energy such as electricity or heat.5-10  Amorphous co-
balt oxides show great promise for undergoing artificial photo-
synthesis, mimicking the functionality of plants and microor-
ganisms that split water into hydrogen and oxygen.11-16  Both 
amorphous cobalt oxide films and cobalt oxo clusters are of fun-
damental interest and are widely investigated as models for the 
oxygen-evolving catalyst (OEC) in photosynthesis. These com-
pounds act as earth-abundant electrocatalysts for water-splitting 
and bio-inspired light-harvesting systems.17-26  Whereas previ-
ous artificial leaf devices have relied on relatively rare and ex-
pensive materials such as platinum, these amorphous cobalt ox-
ides with oxyanions are cheap and can be easily grown through 
anodic electrochemical deposition with water-based buffer so-
lutions in the presence of phosphate and borate for cobalt-phos-
phate (CoPi) and cobalt-borate (CoBi) respectively, while ex-
hibiting remarkable OER performance.24, 25, 27, 28  CoPi and CoBi 
both share a similar cobalt domain structure that makes them 
among the most robust electrocatalysts for water-splitting reac-
tions.27-31 
     Currently, a major challenge is to elucidate the interplay be-
tween cobalt catalytic sites and bulk charge transport properties 

across the metal oxide surface to fully understand the CoPi ma-
terial’s electronic structure and potential for artificial leaf appli-
cations.  To date, many studies have focused on the material’s 
ground-state electronic properties and electrocatalytic func-
tion.23, 25, 28, 32-34  Synchrotron-based X-ray absorption spectros-
copy and scattering characterization on the CoPi material has 
been extensive owing to its robust physical and chemical prop-
erties.23, 25, 27, 28, 32, 35  Previous studies have elucidated the elec-
trochemical and ground-state electronic properties of amor-
phous cobalt oxides through in situ/ex situ extended X-ray ab-
sorption fine structure (EXAFS).23, 32  Under electrochemical bi-
asing, these studies suggest an oxidation state of greater than 3 
for the onset of catalysis that is influenced by the molecular di-
mensions of the cobalt clusters.  Additional Co L3 X-ray Ab-
sorption Spectroscopy (XAS) and Co Kβ Resonant Inelastic X-
ray Spectroscopy (RIXS) concluded that the ground state con-
sists of a mixture of two coordination geometries and spin states 
with 43.5% in a low-spin octahedral Co(III) and the remaining 
56.5% in a high-spin octahedral or tetrahedral Co(II) state.28, 36  
In situ high-energy X-ray scattering and pair distribution anal-
ysis have been used to confirm domain size and the degree of 
sample crystallinity by looking at the length of oscillation co-
herence across large q space.27  Conclusions from these studies 
indicate that catalysis occurs primarily at terminal oxo domain 
sites due to impeded inter-domain electron hopping and that the 
oxygen centers can facilitate orbital hybridization between 
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cobalt centers thus enabling charge delocalization and hole mo-
bility in well-ordered thin films.28   
     Little is known about CoPi’s excited-state photocatalytic 
properties and how the CoPi material interacts with visible light 
excitation.  Recent studies suggest wavelength-dependent elec-
trochemical photocurrent behavior indicative of photoanodic 
and photocathodic responses.22  In this report, we investigate the 
early charge transport properties of the CoPi material and of re-
lated cobalt oxide complexes (CoBi) to understand the interplay 
between excited state photocatalytic properties and ultrafast 
carrier delocalization across the bulk material.  X-ray Absorp-
tion Near-Edge Structure (XANES) is element-specific and 
contains redox and local structure information of the absorbing 
element, allowing for investigation of catalytic species as it re-
lates to the domain size and inherent surface-to-bulk site ratio.  
Using this transient technique, we can observe the extent of 
charge renormalization and electron mobility at metal-metal or 
metal-ligand sites following intense pulsed photoexcitation.  
Pump-probe XANES is used to elucidate the oxidation state of 
the excited-state species that is correlated to optical transient 
absorption results where we track how the coordination geom-
etry changes due to hole delocalization. We also employ optical 
transient absorption spectroscopy that identifies the presence of 
a long-lived electron ‘trap’ state persisting out to the microsec-
onds timescale allowing for the discernment of restricted charge 
localization in the CoPi film compared with CoBi.  Previous 
findings in Co L3 XAS and Co Kβ RIXS studies have demon-
strated an intense off-diagonal emission peak at Etr∼ 61.5 eV 
for Ei = 7711.5 eV originating from nonlocal dipole transitions 
for Co-O-Co intersite hybridization between Co 4p and neigh-
boring Co 3d orbital states with the presence of oxygen 2p in 
Oh Co(III) oxides.28  Inherent material properties such as 
charge-transfer localization and electron mobility both under 
ambient and high temperature conditions are examined to de-
termine the extent of thermal contributions to the photoexcited-
state intermediate.  These results will allow for the design of 
more effective cobalt-based OECs that require optimization of 
both individual cobalt catalytic centers and their electronic in-
teractions with surrounding Co(II) or Co(III) metal centers and 
their oxo-ligands.  By examining the impacts of bias potential, 
we can directly probe how shifting the Fermi level position37 of 
CoPi/CoBi leads to changes in electron-hole recombination 
rates and surface charge transfers, and thereby develop a more 
nuanced picture of electronic information.  We elucidate the na-
ture of valence band hole localization and charge separation 
across metal-ligand bonds.  The findings are generally applica-
ble to the important fields of heterogeneous and interfacial ca-
talysis, as well as the optimized design of functional metal ox-
ides.  

 
EXPERIMENTAL METHODS 
     Electrosynthesis of CoPi and CoBi. Electrosynthesis of 
thin films was carried out using a standard three-electrode elec-
trochemical cell and a previously established procedure.18, 22-25  
For fabrication of the phosphate cobalt oxide (CoPi), a potas-
sium phosphate (KPi) aqueous buffer electrolyte is combined 
with 0.5 mM cobalt(II) nitrate, then titrated to pH 7.0 using an 
aqueous solution of potassium hydroxide (KOH).  Under bulk 
electrolysis bipotentiostat settings (CH Instruments, Inc.) the 
thin film electrodeposits at +1.34 V vs NHE onto the working 
electrode that consists of indium tin oxide (ITO) coated glass.  
A 2 mm pseudo-Ag/AgCl electrode was used as a reference, 
and the auxiliary electrode consisted of a 0.5 mm gauge 

platinum wire.  For fabrication of the borate cobalt oxide 
(CoBi), a borate potassium aqueous buffer electrolyte is com-
bined with 0.5 mM cobalt(II) nitrate, then titrated to pH 9.0 us-
ing an aqueous solution of potassium hydroxide (KOH).  For 
bulk-electrolysis thin-film deposition settings, the same elec-
trode configuration is used only with a set potential of +1.14 V 
for electrodeposition.   
     Nanoscale particle formation. Wet colloidal ball milling 
was undertaken to prepare the CoPi and CoBi samples for liquid 
jet X-ray transient absorption (XTA) spectroscopy measure-
ments.  Because prior high-energy X-ray measurements demon-
strated a domain size of 13-14 atoms for CoPi and 40-50 atoms 
for CoBi,27, 28 wet colloidal ball milling was utilized to create 
nanoscale particulates of the deposited material while still 
maintaining chemical and structural integrity.38-40  Furthermore, 
dimethylformamide (DMF) was chosen as a suitable solvent 
due to its high flash point and ability to act as an efficient ther-
mal dissipator when irradiated with intense high-energy X-rays 
and pulsed optical beams.  Thin films were grown according to 
the above procedure followed by drying under an N2 environ-
ment.  Following film growth, redox cycling (+0.5 V to +1.55 
V) of both the CoPi thin film in a KPi aqueous buffer and the 
CoBi thin film in a KBi aqueous buffer without the Co(II) pre-
cursor salt served to activate metal sites and remove the thin 
passivation layer.  Without this step, the thin films do not ex-
hibit robust photo-electrochemical behavior.22  Following N2 
drying of the CoPi / ITO / glass electrode, the CoPi thin film 
was dispersed and dissolved into clusters (Figure S3) using 
DMF into an aluminum oxide (Al2O3) ceramic jar with 1 mm 
zirconia beads.  The ceramic jar was then sealed with parafilm 
and clamped shut in a planetary ball mill that underwent 300 
revolutions per minute for 2 hours total, with 30-minute seg-
ments at four changes of rotation directionality (PM 400 Retsch 
GmbH).  Following wet colloidal milling, the liquid suspension 
was siphoned off using a glass Pasteur-pipette and stored tem-
porarily in glass vials before characterization by the techniques 
listed below.  The Al2O3 ceramic jar and zirconia beads were 
thoroughly rinsed and cleaned with DMF in between each use, 
then sonicated in a deionized water bath for 60 minutes and 
dried.   
     X-ray transient absorption measurements. Liquid jet so-
lution phase measurements were carried out at the 11-ID-D 
beamline of the Advanced Photon Source41, 42 using a high en-
ergy X-ray probe (Co K-edge 7.71 keV) in 24 bunch mode with 
a focused femtosecond optical pump (400 nm) which was the 
second harmonic generated output from a Coherent Ti:Sapphire 
regenerative amplifier system with an 800 nm fundamental op-
erating at a 10 kHz repetition rate. The high flux monochro-
matic X-ray beam size was reduced from a typical beam size of 
80 µm (v) x 550 µm (h) fwhm to a more focused beam size of 
about 100 µm (v) x 275 µm (h) to cover the entire jet on its 
horizontal position and to increase the overall excited state 
yield. Calculations indicate between a 0.94 to 8.7 percent ex-
cited-state fraction per laser pulse at 400 nm excitation (Sup-
porting Information).  Fluence studies were carried out on opti-
cal transient absorption setups prior to beamtime to determine 
the threshold fluence for two photon or multiphoton absorption 
effects at 400 nm excitation.  Measurements at 11-ID-D were 
performed at these laser fluence values (1.6 nJ pulse-1 µm-2) at 
400 nm; additional laser pump fluence studies (80 nJ to 70 µJ) 
were performed at 11-ID-D to ensure this remained in the linear 
absorption regime. Time overlap between the X-ray probe and 
optical pump pulses were found using a 5 mM solution of 
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Ni(TMP) in toluene at the Ni K-edge (Figure S2).  Following 
successful time overlap, the X-ray energy was tuned to the Co 
K-edge for all subsequent measurements.  After wet colloidal 
milling, the CoPi and CoBi samples were loaded individually 
into a 20 mL cell held under constant N2 atmosphere.  A peri-
staltic pump (Masterflex L/S) with PTFE tubing was used to 
maintain a constant sample stream velocity in the X-ray 
probe/optical pump overlap region for good jet quality, and to 
refresh the sample between laser shots.  Soller slits and Z-1 fil-
ters were prepared and refreshed after each sample batch where 
a total of five 20 mL sample batches were used at 60 mM con-
centration to increase the excited state fraction based on our cal-
culations at a standard concentration of 20 mM.  Two avalanche 
photodiode detectors (APDs) were mounted on either side of 
the liquid jet sample region at a 90 ° angle to the X-ray probe 
beam path laser optical pump.  Step sizes for X-ray absorption 
near edge structure (XANES) experiments with both laser on 
and laser off sampling were drawn from previous experi-
ments.41-45   
     In situ X-ray absorption spectroscopy under heating con-
ditions. A Linkam THMS 600 sample stage was used for heat-
ing measurements at 12-BM of the Advanced Photon Source.46, 

47  Both CoPi and CoBi thin films were grown according to the 
procedure described above, redox cycled, and dried under N2 
before being placed inside the X-ray sample chamber.  Once 
inside the chamber, the thin films were purged with a N2 min-
eral oil bubbler, and X-ray absorption studies were done under 
a N2 atmosphere.  Kapton tape was placed over the sample ap-
erture to allow for fluorescence mode detection of X-ray ab-
sorption spectroscopy (XAS) studies at the Co K-edge (7.71 
keV).  A heating rate of 10 ℃/min was used with stability of < 
0.1 ℃ over a range of 25 to 125 ℃.  Data processing was per-
formed in Athena 0.9.26 from the IFEFFIT package.48 
     Femtosecond transient absorption spectroscopy of in situ 
electrochemical dynamics. Optical transient absorption stud-
ies were performed using a 3D printed chemically resistant cell 
that is detailed in previous studies involving water-splitting 
CoPi thin films.22, 49  Both front- and back-facing windows are 
made of 0.5 mm thick indium tin oxide (ITO) coated quartz 
glass (10-20 ohms, Delta Technologies, LTD) machined to size.  
The front-facing quartz glass window became the working elec-
trode by connecting thin conductive copper tape to the surface 
with a layer of clear epoxy to coat the point of contact only.  
CoPi and CoBi thin films were grown ex situ on front-facing 
windows and epoxied with the film side facing inward.  A phos-
phate aqueous electrolyte and a borate aqueous electrolyte were 
used for the CoPi and CoBi in situ studies, respectively.  A 
PTFE Teflon lid was machined to hold the 2 mm pseudo 
Ag/AgCl wire reference electrode,22 the 0.5 mm platinum wire 
auxiliary electrode, a 1/16” outer diameter PTFE Teflon tubing 
for a constant N2 purge, and another 1/16” opening functioning 
as a gas outlet.  A valve connected to a syringe pump was in-
corporated to reduce O2 bubble accumulation at the thin film 
surface.  The electrochemical cell was fastened to a 2D raster 
scan stage (Zaber Technologies, X-NA08A25) where the sam-
ple was translated vertically and horizontally in between each 
scan to sample new areas on the thin film electrode.  The output 
of a Spectra-Physics MaiTai Ti:Sapphire oscillator was used to 
seed a Spitfire regenerative amplifier cavity pumped by a high-
energy Q-switched Empower laser.  The output of the regener-
ative amplifier consists of an 830 nm fundamental with a 100-
fs pulse duration at a 1 kHz repetition rate and 2.75 W of aver-
age power.44, 50-53  About one quarter of the fundamental was 

used for second harmonic generation (415 nm) in an LBO-I 
crystal, white light continuum generation to seed optical para-
metric amplification, and generation of the white light contin-
uum probe inside the spectrometer.  The portion of the funda-
mental that is reflected off a thin film polarizer is used to gen-
erate white light in a sapphire crystal that then seeds a two-stage 
home-built optical parametric amplifier54  tuned to 600 nm.  
Both the OPA signal (600 nm) and the portion of the SHG sig-
nal (415 nm) unused for parametric amplification were sent into 
a transient absorption spectrometer (Helios, Ultrafast Systems).  
The portion of the fundamental that transmitted through the thin 
film polarizer was also directed into the spectrometer for white 
light continuum generation in a sapphire crystal (3 mm thick).  
An optical chopper operating at half the repetition rate (500 Hz) 
allows for shot-to-shot pump-on and pump-off acquisition of 
the transient absorption signal detected using a complementary 
metal-oxide semiconductor (CMOS) line scan detector inter-
faced with data acquisition software (Ultrafast Systems).  The 
pulse duration of the fundamental was measured as 135 fs at the 
sample stage using a single-shot autocorrelator (Delta Single 
Shot, Minioptic Technology Inc.) and oscilloscope (Tektronix 
Inc). The width of instrument response function (IRF) for both 
ambient thin films and aqueous electrolyte cell conditions was 
determined to be 243 fs for the 600 nm optical pump and 545 fs 
for the 415 nm optical pump. 
     UV-Vis spectrophotometry and spectro-electrochemical 
characterization. The absorption spectra of the CoPi and CoBi 
thin films were collected using a Beckman-Coulter DU800 
Spectrophotometer in transmission mode, baselined to thin ITO 
glass.  Spectro-electrochemical characterization was carried out 
using a 2 mm quartz cuvette with a machined PTFE Teflon top 
to hold the thin film working electrode, pseudo Ag/AgCl wire 
reference electrode,22 and platinum auxiliary electrode in place 
following purging with N2.  Bulk electrolysis mode in a CH In-
struments 700E bipotentiostat was used and the oxidation state 
of the thin films were allowed to equilibrate for at least 30 
minutes before spectra were taken.  For colloidal samples, ab-
sorption spectra were taken immediately after wet solution 
phase processing in DMF.   
     Nanosecond transient absorption spectroscopy.  Using a 
previously reported setup (Figure S4),50, 53, 55 the transient signal 
response was recorded using a 1 kHz Ekspla PL2210 Nd:YAG 
diode-pumped mode-locked laser with a fwhm pulse duration 
of 25 ps where the third harmonic output was used to pump an 
Ekspla PG403 optical parametric generator (OPG) with output 
range of 410-1000 nm to form the pump excitation pulse for 
transient absorption measurements at a 0.5 kHz repetition rate 
using the pulse picker modality to allow for successive pump 
on/pump off spectra.  The probe pulse was formed using the 
output of a ~1 m length photonic crystal fiber coupled to a 1 
kHz Leukos STM-1-UV supercontinuum 600 picosecond fwhm 
pulsed source.  The master clock from the Ekspla Nd:YAG laser 
was used to synchronize the probe (Leukos) with the pump 
(OPG) to find time zero overlap electronically using transistor-
transistor logic (TTL) additive and subtractive combinations, 
and to delay the probe relative to the pump on nanosecond time-
scales with a temporal measurement window of -10 ns to 950 
µs.  A probe spot size of ~100 µm in diameter was achieved at 
the sample where the signal was collected in the same direction 
as the probe and focused using a f-matched 150 mm focal length 
lens into a SP-2150i Acton Series spectrograph with a turret 
grating set to 150 g/mm blazed at 800 nm dispersing the signal 
onto a Teledyne DALSA Spyder3 SG-14 CCD camera.  Data 
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was collected using LabVIEW 2014 software with an instru-
ment response time of ~1 ns.  The pump was tuned to 415 nm 
with pulse energies ranging between 350 nJ to 13 µJ per pulse, 
and a probing window of 400 to 800 nm. 
     Near-ultraviolet region femtosecond transient absorp-
tion spectroscopy. A mode-locked Ti:sapphire laser and regen-
erative amplifier (Astrella, Coherent Inc.) was used to probe 
near-ultraviolet spectral dynamics in thin films on the femtosec-
ond timescale.  The system consists of a 1 kHz repetition rate 
laser with an 800 nm fundamental beam and temporal width of 
100 fs full-width-half-max.56, 57  A portion of the output was sent 
to generate the pump beam through optical parametric amplifi-
cation (OPerA Solo, Coherent Inc.) tuned to 400 nm at 800 
nJ/pulse with the remainder focused onto a 4 mm CaF2 crystal 
to generate a broadband continuum in the 350-750 nm wave-
length range.  The polarization between pump and probe beams 
was set to the magic angle of 54.7° with data acquired using a 
CCD spectrometer (Ocean Optics, Flame-S-UV-vis-ES) and 
LabVIEW (National Instruments) software with continuous N2 
flowed over the thin film surface.   
     Oxygen evolving measurements with photo-electrochem-
istry.  In situ studies of the catalytic behavior of CoPi and CoBi 
thin films were performed according to a previously described 
procedure and setup.22  Briefly, a Clark-type nanosensor 
(Unisense OPTO-3000) was used with a MicroOptode Uniamp 
single-channel detector for sensing dissolved O2 in liquid elec-
trolytes.  The sensor system was calibrated to 100% saturation 
by purging the liquid electrolyte cell vigorously with com-
pressed air and calibrated to 0% saturation using a zero-oxygen 
calibrant solution (Unisense).  Corresponding electrochemical 
measurements were performed using a three-electrode bipoten-
tiostat system described above (CH instruments, Inc).   
     Scanning electron microscopy. Thin film surfaces and drop 
casted colloidal samples were imaged using a JSM-6010LA 
JEOL analytical scanning electron microscope at a beam volt-
age of 20 kV.  Prior to imaging, samples were sputter coated 
with a 5-angstrom layer of gold for enhanced conductivity using 
a vacuum thin film deposition chamber (Denton Desk V).   
 
RESULTS AND DISCUSSION 
     Dimensionality and Structural Ordering of CoPi and 
CoBi: Following the electrosynthesis of the compounds in Fig-
ure 1 as previously described above, the thin films and na-
noscale colloidal suspensions were characterized by UV-Vis 
spectrophotometry.  Scanning electron microscopy (SEM) im-
ages of both types of samples can be found in Figure S3.  The 
CoPi thin film surface is shown in Figure S3a with domains 
consisting of 13-14 cobalt atoms as determined by high-energy 
x-ray scattering and computational simulations.27, 28, 31  Follow-
ing solution processing and drop casting onto silicon wafers 
coated with a 5-angstrom layer of gold for imaging, the SEM 
micrographs depict a typical structure with size less than one 
micron for CoPi (Figure S3b) and CoBi (Figure S3c) that were 
flowed through the liquid jet assembly following additional sy-
ringe filtration. The ground-state absorption spectra were nor-
malized to the highest intensity feature. As shown in Figures 1c 
and 1d, the optical absorption of CoPi and CoBi respectively 
show distinct spectral peaks and features in the ultraviolet to 
visible region that are dissimilar from the known absorbance 
properties of cobalt oxides films (e.g. Co3O4, cobalt oxyhydrox-
ides, etc).11, 58-61  Due to their long-range crystal structure and 
periodicity, traditional cobalt oxides exhibit featureless and un-
remarkable optical properties in the ultraviolet-to-visible light 

region.25, 27, 28  Consequently, the observation of these discrete 
electronic transitions in the CoPi and CoBi optical spectra is a 
striking departure from the more conventional compounds like 
Co3O4 and amorphous cobalt catalysts generally.58, 59  In Figure 
1c, the optical spectrum of CoPi displays peaks near 290 nm, 
400 nm, and 670 nm.   
     The features have been previously assigned as photo-reduc-
tive (400 nm) and photo-oxidative (670 nm) transitions accord-
ing to wavelength-dependent studies performed under in situ 
electrochemical conditions also known as photoelectrochemis-
try.22  Similarly, the optical spectrum of CoBi (Figure 1d) shows 
low-intensity peaks at 300 nm and 400 nm with broadened fea-
tures in the near-infrared region from 600-700 nm.  Further-
more, a change in dimensionality is observed in going from the 
thin film optical properties of CoPi to those of CoBi, as evi-
denced by the gradual loss in sharpness of discrete electronic 
transitions in favor of vibrationally broadened and less intense 
spectral features.  A comparison within the same compound 
shows that peaks observed in the optical spectrum of thin films 
are essentially retained in the nanoscale colloidal suspensions.  
As shown in Figure 1c, the same transitions near 290 nm, 400 
nm, and 670 nm also appear in the CoPi colloidal suspensions 
in DMF as they do in the CoPi thin films.  Likewise Figure 1d 
shows similar transitions near 300 nm and 400 nm for both the 
CoBi colloidal suspensions in DMF and in the CoBi thin films.  
These similarities allow for the direct comparison between X-
ray transient absorption measurements (XTA) of colloidal sus-
pensions with those of thin-film sample configurations under in 
situ heating and electrochemical conditions using optical pump-
probe spectroscopy.   

 
FIG 1.  (a) CoPi domain size with phosphate anions (b) CoBi domain 
size with borate anions (c) ground state absorption characteristics of the 
CoPi thin film (blue) and the CoPi colloids (red) in dimethylformamide 
(d) ground state absorption characteristics of the CoBi thin film (blue) 
and the CoBi colloids (red) in dimethylformamide.  Elements are color-
coded as follows: cobalt (blue), oxygen (red), phosphorous (orange), bo-
ron (pink).  The vertical grey lines represent optical pump excitation 
wavelengths. 

 
     Net Photoreduction and Enhanced Reversibility with 
Greater Interlayer Electron Delocalization: Colloidal sus-
pensions in DMF were studied by x-ray transient absorption 
spectroscopy in a liquid jet assembly under 400 nm pulsed  

https://doi.org/10.26434/chemrxiv-2024-vznhc ORCID: https://orcid.org/0000-0002-1179-397X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-vznhc
https://orcid.org/0000-0002-1179-397X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 optical illumination in an N2 atmosphere.  A pump power de-
pendence study was performed on CoPi thin films at fluences  
ranging from 350 nJ to 13 µJ with a beam waist spot size of 
~250 µm (Figure S5).  Spectra in Figure S5a indicate the linear 
absorption regime.  Pump power was sequentially increased un-
til sudden multi-photon absorption effects were observed that 
include differences in relative peak intensities in the 400 – 580 
nm region along with a large featureless background between 
600 – 800 nm  (Figure S5b) establishing the threshold fluence 
of about 1 nJ pulse-1 µm-2 for the initial onset of pronounced 
differences in nonlinear spectral features through time. At flu-
ences within the linear absorption regime (Figure S5c and S5d), 
the excited-state population is seen to fully relax back to the 
ground state by 100 µs, but with the majority of signal decayed 
within 10 µs, which ensures the 10 kHz repetition rate laser used 
in the XTA beamline measurements will not re-excite the sam-
ple.  A fluence of 1.6 nJ pulse-1 µm-2 at 400 nm was chosen for 
all XTA measurements shown below to maximize transient dif-
ference signal counts at the beamline while also remaining in a 
comparable flux regime to our optical nano- and femtosecond 
TA measurements.  Both CoPi and CoBi colloidal suspensions 
were first characterized at the Co K-edge (7.71 keV) in the X-
ray absorption near edge structure (XANES) region and com-
pared to steady-state measurements of the thin film surface.  
Figure S6a and S6b show agreement in the XANES spectra of 
CoPi and CoBi in both colloidal and thin film sample forms.  A 
slight edge shift (< 1 eV) is observed between the films and col-
loidal suspensions where the source of that shift is either due to 
fragmentation of the counter anions (potassium phosphate and 
borate phosphate groups) and reassembly with the metal-oxo 
colloidal domains.  Following ground-state XANES character-
ization at the Co K-edge, the colloidal suspensions were photo-
excited with 400 nm and the ground-state XANES spectra 
(‘pump off’) were monitored in between each photoexcited scan 
(‘pump on’).  Figures 2a and 2e show a shift to lower energies 
of the edge feature for both the CoPi and CoBi compounds fol-
lowing prolonged irradiation.  The same can be seen in the in-
flection point of the normalized first derivative µ(E) when com-
paring between photo-induced behavior of CoPi and CoBi 

(Figure 2a (inset) and 2e (inset), Figure S7).  Additionally, the 
pre-edge in CoPi is observed to be stronger than CoBi due to 
smaller domains and more unsaturated bonds at domain edges 
which give enhanced 3d-4p mixing.  The rate of change in the 
edge feature is quantified in Figures 2b and 2f which can be 
correlated to the dimensionality of the material.27, 28, 31  Previous 
resonant inelastic X-ray scattering (RIXS) measurements have 
demonstrated electron hopping between Co-O-Co bridged sites 
in CoBi, an effect that contributes to this compound’s very ro-
bust water-splitting properties under electrochemical condi-
tions.  This effect was attributed to rapid intralayer electron de-
localization in the excited state followed by slow interlayer hop-
ping electron transfer.28  Because of its smaller domain size, 
CoPi in contrast exhibited impeded inter-domain electron hop-
ping and thus less charge delocalization in general.  CoPi, with 
its smaller dimensionality and less charge delocalization, is 
slower to change its electronic behavior when experiencing pro-
longed irradiation with 400 nm.  In contrast, CoBi is faster to 
edge shift its XANES spectra due to its larger dimensionality 
and more charge delocalization.  Comparing Fig. 2b (CoPi) to 
Fig. 2f (CoBi), a pronounced energy shift of 3 eV is observed 
within the first 20 minutes of photo-illumination for CoBi 
whereas under identical conditions CoPi exhibits less than a 1 
eV shift to higher energy.  Similarly, a difference in dimension-
ality is also noticed in the recovery time of the XANES edge 
shift.  For CoPi, the edge is not observed to shift back towards 
higher energies after shuttering of the 400 nm optical laser (Fig-
ure 2c and 2d).  In contrast, the CoBi material is observed to 
shift back towards higher energies with a pre-edge absorption 
broadening (Figure 2g and 2h) at a rate and at a value greater 
than that of CoPi under the same conditions.  For CoBi, an en-
ergy shift of -3 eV is observed (Fig. 2h) whereas CoPi exhibits 
no energy shift or recovery following photo-illumination (Fig. 
2d).  Our observations demonstrate that CoPi displays a smaller 
total shift (< 1 eV) when compared to CoBi (3 eV) when pho-
toilluminated.  Afterwards, CoPi has little to no recovery 
whereas CoBi does exhibit strong recovery after photoillumina-
tion when the light is off.  Differences in domain size provide 
an explanation for this perceived difference with the average 
CoBi cluster being 3-4 nm in size with coherent interlayer 

 
FIG 2.  Co K-edge XANES as a function of 400 nm pulsed irradiation time for (a) CoPi and for (e) CoBi.  Time dependent drift of the peak of the first 
derivative of the Co K-edge feature for CoPi with laser on for (b) CoPi and for (f) CoBi.  Subsequent laser off scans of the ground state for (c) CoPi and for 
(g) CoBi.  Time dependent drift of the first derivative of pre-edge features for (d) CoPi and for (h) CoBi.   Ground state XANES measurements with laser on 
and laser off illumination were performed in the same configuration as excited state XANES measurements. 
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stacking structure, compared to the smaller and unstacked struc-
ture of CoPi.28, 62  Furthermore, the potassium phosphate coun-
ter anion structure is electron donating whereas the potassium 
borate counter anion structure is electron withdrawing, leading 
to further enhancement of charge back-transfer within layered 
sheets and greater electron mobility when photo-excited at 400 
nm (Fig. 2e).63   
     Previous studies on first row transition metal oxides as thin 
films, such as iron oxides (Fe2O3) and copper oxides (CuO), 
show that certain XTA signals can be explained by photoin-
duced lattice thermal effects.44, 64 Therefore, in situ heating 
measurements of the CoPi and CoBi thin films were carried out 
for comparison with the XTA signal of CoPi and CoBi colloidal 
suspensions in a thermally dissipative solvent (DMF).  Figure 
S8 shows the macroscopic effects of large temperature gradi-
ents across the CoPi and CoBi thin film surfaces under N2 at-
mosphere with pronounced changes in the peak intensity at the 
white line and in the fine-structure region.  As the CoPi thin film 
is heated from 25 °C to upwards of 225 °C, a change is observed 
in both the steady-state X-ray absorption near edge structure 
(XANES) and the extended X-ray absorption fine edge struc-
ture (EXAFS) regions (Figure S9).   

 

 
FIG 3.  In situ heating EXAFS of (a) CoPi thin film followed by the 
transient X-ray probe and optical pump difference signal at 100 ps com-
pared to (b) XAS heating difference signals and (c) simulated reductive 
difference signals.  In situ heating EXAFS of (d) CoBi thin film fol-
lowed by the transient X-ray probe and optical pump difference signal 
at 100 ps compared to (e) XAS heating difference signals and (f) simu-
lated reductive difference signals.  Heating begins at 25 °C to 125 °C to 
225 °C then back down to 30 °C.  XAS difference spectra were gener-
ated from data in Fig. S8 (Δ25 °C and Δ100 °C). 
 

The Fourier-transformed (FT) EXAFS spectra show a clear de-
crease in peak intensity with increasing macroscopic tempera-
ture gradients across the thin film surface.  As the temperature 
is cycled and the thin film is cooled back down to room temper-
ature, the EXAFS spectra do not recover completely in peak in-
tensity for both the CoPi and CoBi compounds (Figure 3a and 
3d), with CoBi showing a slight intensity increase in peak in-
tensity following cooling to 30 °C compared with the last 

heating spectra at a high-temperature point of 225 °C.  The same 
effect was not observed in CoPi.  A FEFF analysis for CoPi 
shows that sites are nominally octahedral geometry prior to 
heating, and that after heating there is a decrease in the SO2 
amplitude due to a degree of disorder within the system (Figure 
S9, Table S1).  Furthermore, a comparison of the XTA differ-
ence signal (pump on / pump off) with the heating XAS spectra 
shows that the photoexcited response cannot be completely ex-
plained by lattice thermal dissipation alone (Figure 3b and 3e).  
Here the transient signal at 100 ps time delay between the X-
ray probe and optical pump shows different features than those 
in in situ heating XAS measurements for temperature changes 
of 25 °C and 100 °C.  Similarly, the photoexcited state at 100 
ps was compared to a 3 eV and 6 eV reductive shift in the 
ground state XANES spectra for both CoPi (Fig. 3c) and CoBi 
(Fig. 3f).  A shift of magnitude 3 eV correlates to an oxidation 
state shift (e.g. Co(II) to Co(III)) as determined by redox titra-
tion XANES measurements at the Mn, Co, and Ni K-edges.36, 65  
Lower energy features in both CoPi and CoBi can be interpreted 
as resulting from a combination of thermal and reductive pro-
cesses.  For example, the XTA dual peak feature in the CoPi 
first-derivative spectra centered at 7.72 keV could be composed 
of contributions from thermal effects at energies of 7.76 keV or 
greater (Fig. 3b and 3e) and lower energy contributions from 
charge-transfer-coupled redox activity (Fig. 3c and 3f).  The 
first derivative of the ground state XANES also displays a dual-
peak feature, which corresponds to two edge absorption bands.  
Thus, the dual feature in the XTA results from the red-shifting 
of these two edge absorption bands.  Likewise, the 7.717 keV 
feature in CoBi can have contributions from both heating and 
photoreduction where we infer that absorption features in the 
XANES spectra relae to the local structure and electronic tran-
sitions in the metal through a combination of photothermal and 
photochemical deactivation pathways.  Whereas the observed 
photoexcited XTA spectra were mildly reversible, especially in 
CoBi samples, the heating XAS spectra were mostly irreversi-
ble.  Such results are suggestive of a chemically-driven process 
over a purely photophysical process and that the slow long-term 
process is, at most, mildly photodriven.  An implication of the 
findings suggests that the photoexcited changes are due to a 
mixture of electronic and thermal pathways, with the later being 
irreversible.   
     Fast Decay Rates with Increase in Trap States: Femtosec-
ond time-resolved optical kinetic studies were carried out under 
in situ electrochemical conditions for the identification of the 
photoexcited species at 415 nm from a time delay of -10 ps to 3 
ns.  These measurements are shown in Fig. 4 and Fig. 5 for CoPi 
and CoBi with extended time delay ranges and kinetic analysis 
in Fig. S14 through Fig. S22, Tables S2 – S6.  A detailed sche-
matic of the 3D printed electrochemical cell for femtosecond 
transient absorption spectroscopy can be found in Figure S10 
along with a schematic of the optical transient absorption setup 
for femtosecond timescale studies.  Additional studies were also 
performed using a 600 nm pump for wavelength-dependent 
comparison of the decay dynamics.  The beam size dimensions 
were comparable between experiments with the 415 nm spot 
having a diameter of 252-257 µm and the 600 nm spot having 
an elliptical shape with axes of 224 µm and 115 µm (Figure 
S11).  The white light continuum probe was approximately 111 
µm in diameter ensuring all species probed were in the electron-
ically excited-state since the pump spots are comparatively 
larger in diameter.  Prior to in situ electrochemical transient ab-
sorption measurements, the CoPi thin films were redox cycled 
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and their cyclic voltammograms were recorded (Figure S12) 
which were consistent with previous findings for a hetero-
genous ground state of Co(II)/Co(III) with high valency states 
of Co(IV) present at increasingly oxidative potentials.22, 66  Fig-
ures 4a and 4b show the femtosecond transient absorption spec-
tra for the CoPi and CoBi thin films biased at +0.9 V—still in 
the electrochemical ground state—while photoexcited by a 415 
nm optical pump.  Initially at 500 fs, stimulated Raman features, 
dip near 480 nm, are observed due to the presence of aqueous 
electrolyte and cross-phase modulation between the pump-
probe beams followed by the appearance of a peak at 500 nm in 
CoPi.  At 1 ps, the peak then shifts to higher energies centered 
at about 480 nm with the appearance of a secondary feature at 
580 nm and a low-intensity, broadened feature centered about 
the near infrared.  Between 1 ps and 50 ps, the spectra evolve 
such that the background diminishes, and the electronic features 
stabilize with a peak at 480 nm and a secondary peak at 700 nm.  
This spectral profile equilibrates and persists out to the micro-
second timescale regime as seen in the nanosecond transient ab-
sorption measurements (Fig. S5).  Figure 4b shows the electro-
chemical transient absorption spectra of CoBi biased at +0.9 V.  
A similar time evolution is observed for CoBi with increased 
intensity in the 575 nm to 725 nm region.  Like CoPi, the CoBi 
transient absorption spectrum displays a prominent peak at 500 
nm at early time delays (< 1 ps) with localization that occurs on 
timescales of 50 ps or greater.  For CoBi, a prominent secondary 
peak is observed at 10 ps centered at 700 nm.  According to 
prior studies on cobalt phosphate catalysts such as pakhomov-
skyite (Co3(PO4)2⋅8 H2O, Pak) and the phosphate-containing 
Co oxide (CoCat), we assign visible and ultraviolet transient 
absorption frequency-resolved features centered at 313 nm and 
700 nm to Co(II) following the UV-Vis absorption spectral fea-
tures of the thin film prior to redox poising.67  Features centered 
at 350 nm, 520 nm, and 790 nm can be attributed to Co(III) ac-
cording to the spectro-electrochemical absorption peaks that 
grow in from an applied bias of 1.35 V (vs NHE)67.  Higher 
oxidation states can be assigned using spectro-electrochemical 
studies on the Co4O4 molecular structure regarded as an elec-
tronically active subunit of CoPi/CoBi that contains Co(IV) fea-
tures centered at 550 nm.35   
     Considering these assignments, we can observe the follow-
ing trends in our spectral data with 415 nm excitation.  Whereas 
the time-resolved XANES measurements distinctly show a 
LMCT electronic transition (Fig. 2 and Fig. 3), the optical 
femtosecond TA can detect both ligand-to-metal charge transfer 
(LMCT) in Co2+ sites and metal-to-metal charge transfer 
(MMCT) transitions in adjacent Co3+ sites predicted by Co L3 
XAS and Co Kβ RIXS studies.27, 28   In the optical transient ab-
sorption data, we observe spectral signatures for the Co(IV) 
species that is formed pre- 500 fs given the absorption peak at 
550 nm.  This Co(IV) spectral peak localizes at 1 ps as seen by 
the appearance of a well-defined absorptive peak centered be-
tween 550 to 580 nm and later equilibrates on timescales of 10 
ps or longer due to vibrational cooling.  From 500 fs to 10 ps, 
the 550 nm Co(IV) species decays while the 520 nm Co(III) and 
the > 750 nm Co(III) features persist past 10 ps and decay to-
gether on longer timescales.  The Co(III) feature localizes on 
the 1 ps timescale with a prominent peak at 520 nm and greater 
than 750 nm.  We can infer that the photo reductive transition, 
or ligand-to-metal charge transfer (LMCT), and the metal-to-
metal charge transfer (MMCT) take place on timescales < 500 
fs because of increased Co(IV) signatures at early timescales 
that then dissipate after 10 ps yielding Co(III) and Co(II) 

spectral absorption peaks.  Additionally, using a calcium fluo-
ride (CaF2) crystal for white light continuum generation, a spec-
tral  

 

 
 
Figure 4.  In situ electrochemical optical transient absorption of (a) CoPi 
and (b) CoBi in the electrochemical ground state (potential = +0.9 V).  
Kinetic traces probed at (c) 520 nm and (d) 700 nm for both CoPi and 
CoBi electrodes photoexcited with a 415 nm optical pulse.  Experi-
mental data is shown overlayed with a fitting function that incorporates 
a multiexponential decay convoluted with a gaussian instrumental re-
sponse.   
 

signature for Co(III) was observed at 350 nm (Figure S13) on 
early timescales of 500 fs consistent with our assignments 
above.  When comparing electrochemical transient absorption 
spectra between the CoPi and CoBi electrodes, we notice an in-
creased absorptive signal in the 600 nm to 725 nm spectral re-
gion corresponding to a greater population of photo-generated 
Co(II) species in CoBi due to a combined LMCT/MMCT tran-
sition with enhanced inter-domain electronic motion that pro-
longs the lifetimes of the LMCT/MMCT excited states.22  Like-
wise, the CoBi electrode displays increased vibrational cooling 
of the electronic resonances at timescales of  > 10 ps due to 
enhanced charge transfer between layers.  This is due to the 
longer range ordering of CoBi thus being more structurally co-
herent and similar to a CoO(OH) layered structure with 3-4 nm 
cluster coherent domains in contrast to CoPi that consists of 
much smaller domain clusters with no coherent stacking or in-
terlayer effects.27, 28, 62, 63 Figure 4c shows kinetic decay traces 
probed at 520 nm for both the CoPi and CoBi electrodes and 
probed at 700 nm (Fig. 4d) in aqueous electrolyte at a redox 
potential of +0.9 V.  The CoBi electrode shows a slower rate of 
decay on the < 5 ps timescale compared to the CoPi electrode.  
Additionally, the normalized CoBi electrode shows a greater 
excited-state fraction of trapped charge carriers when compared 
to CoPi, as seen by the increased amplitude of the decay kinetic 
shelf feature.  This difference is more pronounced when probed 
at bluer wavelengths (520 nm) or at higher energies (Fig. 4c), 
than at redder wavelengths (700 nm) or at lower energies (Fig. 
4d).   
     When observing the decay kinetics across varying electro-
chemical potentials, we notice that the excited-state fraction of 
trapped charge carriers increases with increasing set potentials. 
As seen in Figure 5 the long-lived trapped charge carriers are 
redox potential dependent.  An increase in oxidative potential 
causes a pronounced increase in the ∆A signal of the CoPi elec-
trode when pumped with 415 nm.  The extent of this kinetic 

https://doi.org/10.26434/chemrxiv-2024-vznhc ORCID: https://orcid.org/0000-0002-1179-397X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-vznhc
https://orcid.org/0000-0002-1179-397X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

shelf increases with applied potential and the trapped charge 
carriers persist out to the tens of microseconds timescale (Fig. 
S5).  This effect is not seen with 600 nm excitation (Fig. 5b).   

The potential dependence under 415 nm illumination can be in-
terpreted within the context of our previous photoelectrochem-
istry measurements22 where blue light excitation is associated 
with an LMCT resonance from (hydr)oxo-Co(III) centers in the 
domain that when located at edge sites act to formally cause a 
reduction of the Co(III) to Co(II) while creating a larger popu-
lation of trap states within the optical gap.63  Kinetic analysis at 
three wavelengths (520 nm, 625 nm, and 700 nm) shows differ-
ing decay dynamics with the presence of several lifetimes (Fig-
ure S15, Table S2).  A multiexponential decay function con-
volved with a Gaussian instrument response was used in fitting 
the first-order kinetics of the transient spectra, similar to previ-
ous studies.46, 52, 53, 57, 68, 69  Following transient absorption stud-
ies both in ambient conditions (air) and in an electrolyte cell 
with redox biasing at voltages corresponding to cobalt oxidation 
state set points, the data was analyzed and the time constants 
were interpreted within the context of existing metal oxide lit-
erature compared with the excited state lifetimes in hematite (a-
Fe2O3).34, 44, 70-74  At 520 nm, the CoPi electrode under 415 nm 
illumination is seen to exhibit four decay lifetimes44 in air cor-
responding to hot carrier formation (503.2 fs ± 174.6 fs, < IRF) 
followed by carrier thermalization via lattice dissipation or the 
relaxation of hot carriers (1.539 ps ± 0.5023 ps).  Free carrier 
absorption and fast recombination then occurs (10.68 ps ± 5.665 
ps) with incomplete lattice cooling (1.307 ns ± 305.1 ps) and 
the persistence of a long-lived charge trapped state past the de-
tection window of the instrument.  When the set potential of the 
CoPi electrode is at +0.9 V in an aqueous electrolyte, the inter-
mediate lifetime that corresponds to fast recombination is 
quenched.  Instead, a fast lifetime for hot carrier formation is 
observed within the instrument response function limit (τ1 < 
IRF) followed by standard lattice dissipation (1.432 ps ± 0.1138 
ps).  The long lifetime or τ4 is also observed to increase.  A 
normalized plot of the kinetic decay traces shows the highest 
concentration of trapped charge carriers localized near 520 nm 
which is especially apparent at a high oxidation potential of 
+1.3 V (Fig. S15d) with Co(III) and Co(IV) sites.    
     A kinetic analysis was also performed on the CoBi electrode 
under 415 nm illumination (Fig. S16, Fig. S17, and Table S3).  
Similar lifetime assignments to CoPi can be made for CoBi in 

air when probed at 520 nm such as hot carrier formation that is 
within the instrument response function limit, carrier thermali-
zation (2.319 ps), free carrier recombination (52.33 ps) and in-

complete lattice cooling with the formation of a long-lived 
charge carrier trap state (903.7 ps).  In CoBi, the hot carrier life-
time, the carrier thermalization lifetime, and the recombination 
lifetime are all seen to decrease with increasing oxidation po-
tential while the long-lived lifetime corresponding to incom-
plete lattice cooling and charge carrier trapping is seen to in-
crease.  As seen with CoPi, the CoBi electrode shows a greater 
population of long-lived trapped charge carriers when probed at 
520 nm compared to probing at 625 nm or 700 nm (Fig. S17, 
Fig. S20).  This difference is quantitatively most pronounced at 
high oxidation potentials, such as +1.3 V (Fig. S17d).  When 
the CoPi electrode is excited using a 600 nm pump, a Co(IV) 
feature is unobserved (Fig. S18) unlike the CoPi spectrum with 
415 nm pump at 1 ps time delay (Fig. 4a).  A kinetic analysis 
probed at 520 nm for CoPi with 600 nm pump shows lifetimes 
that can also be assigned to hot carrier formation, carrier ther-
malization, and recombination (Table S4) with an absence of 
the long-lived species.  Using a 415 nm optical pump, a power 
titration was performed at a voltage bias of +1.3 V to observe 
the impact of increased photon absorption on kinetic decay 
rates.  For CoPi, all fast lifetimes were observed to increase with 
increasing fluence (Fig. S21, Table S5) with a greater portion 
of the transient absorption signal being dominated by early pro-
cesses such as hot carrier formation that is within the IRF of the 
measurement, rather than vibrational cooling picosecond time-
cales.  Differing dynamics were observed for CoBi where a de-
crease was observed in the relative contributions of hot carrier 
formation to the overall signal with increasing pump fluence 
(Table S6).  For CoBi, the transient absorption decay kinetics 
has a greater contribution from later processes (τ2, τ3) such as 
lattice dissipation dynamics and recombination likely due to the 
interlayer stacking structure of the electrode material and in-
crease in dimensionality that is also linked to the increased life-
time (Fig. 4c) as a potential precursor state to water-splitting 
catalysis.73, 75  A higher fraction of trap states was observed for 
CoBi than CoPi implying dimensionality, charge delocaliza-
tion, and the relative proportion of surface states plays a role in 
water-splitting reactions.   
     Implications for oxygen-evolving reactions: We investi-
gate electronic and thermal changes in CoPi and CoBi oxygen-

 

 
Figure 5.  In situ electrochemical optical transient absorption of the CoPi electrode in aqueous electrolyte pH 7.0 probed at 520 nm under (a) 415 nm 
excitation and (b) 600 nm excitation.  Redox potentials are swept from low oxidation states +0.9 V to high oxidation states +1.3 V.   
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evolving catalysts to better understand how structural compo-
nents such as domain size and interlayer coherence play a role 
in charge transport and trapped states within the material  

following photoexcitation. Figure 6 shows implications for ox-
ygen evolving reactions (OER) where the solvated O2 is moni-
tored during successive cyclic voltammograms with the set 

potential swept from +0.71 V to +1.51 V.  For both the CoPi 
and CoBi anodic electrode, a rise in the O2 concentration starts 
to increase during the backward (reductive) scan as indicated by 

the grey dotted line.  As the electrochemical current decreases, 
the percent O2 saturation increases rapidly followed by a sec-
ondary more gradual rise in solvated oxygen concentration that 

Table 1.  CoPi in situ electrochemical transient absorption decay lifetimes. 

Metal oxidation state 
CoPi anode 

Spectral absorption  
(wavelength, nm) 

Ambient conditions  
(air, open circuit voltage) 

Electrolyte conditions  
(aqueous buffer, +1.3 V) 

 
 

Co(II) 

 
 

313, 7001 

τ1: < IRF 
τ2: 1.364 ps ± 0.240 ps 
τ3: --  
τ4: -- 

τ1: < IRF 
τ2: 1.298 ps ± 0.123 ps 
τ3: 15.66 ps ± 2.989 ps 
τ4: 828.7 ps ± 142.9 ps 

 
 

Co(III) 

 
 

350, 520, 7901 

τ1: < IRF 
τ2: 1.539 ps ± 0.50 ps 
τ3: 10.68 ps ± 5.66 ps 
τ4: 1.307 ns ± 305. ps 

τ1: < IRF 
τ2: 2.353 ps ± 0.315 ps 
τ3: 49.89 ps ± 11.10 ps 
τ4: 1.113 ns ± 172.7 ps 

 
 

Co(IV) 

 
 

5502 (fitted 625) 

τ1: < IRF 
τ2: 4.346 ps ± 1.767 ps 
τ3: -- 
τ4: -- 

τ1: < IRF 
τ2: 1.931 ps ± 0.184 ps 
τ3: 37.92 ps ± 8.847 ps 
τ4: 2.471 ns ± 1.426 ns 

1 Reference 57. 2 Reference 35.  Fitted decay lifetimes correspond to hot carrier formation (τ1), carrier thermalization via lattice dissipation (τ2), free carrier 
absorption and fast recombination (τ3), lattice cooling and long-lived charge trap states (τ4), References 34, 42, 64-68.  τ1 is within the IRF of the measurement. 

Table 2. CoBi in situ electrochemical transient absorption decay lifetimes. 

Metal oxidation state 
CoBi anode 

Spectral absorption  
(wavelength, nm) 

Ambient conditions  
(air, open circuit voltage) 

Electrolyte conditions  
(aqueous buffer, +1.3 V) 

 
 

Co(II) 

 
 

313, 7001 

τ1: 687.7 fs ± 312.0 fs 
τ2: -- 
τ3: 16.14 ps ± 15.39 ps 
τ4: 917.1 ps ± 1150 ps 

τ1: 545.1 fs ± 194.5 fs 
τ2: 2.304 ps ± 0.694 ps 
τ3: 19.64 ps ± 5.984 ps 
τ4: 590.2 ps ± 98.61 ps 

 
 

Co(III) 

 
 

350, 520, 7901 

τ1: < IRF  
τ2: 2.319 ps ± 0.547 ps 
τ3: 52.33 ps ± 19.70 ps 
τ4: 903.7 ns ± 123.5 ps 

τ1: -- 
τ2: 1.481 ps ± 0.111 ps 
τ3: 17.95 ps ± 3.536 ps 
τ4: 946.0 ps ± 83.49 ps 

 
 

Co(IV) 

 
 

5502 (fitted 625) 

τ1: < IRF 
τ2: 10.39 ps ± 8.239 ps 
τ3: 522.7 ps ± 246.6 ps 
τ4: -- 

τ1: < IRF 
τ2: 1.535 ps ± 0.283 ps 
τ3: 11.78 ps ± 5.787 ps 
τ4: 1.021 ns ± 292.1 ps 

 

1 Reference 57. 2 Reference 35.  Fitted decay lifetimes correspond to hot carrier formation (τ1), carrier thermalization via lattice dissipation (τ2), free carrier 
absorption and fast recombination (τ3), lattice cooling and long-lived charge trap states (τ4), References 34, 42, 64-68.  τ1 is within the IRF of the measurement.   
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remains at a constant value until the next increase in electro-
chemical current.  We observe that O2 release is a rate limiting 
step, and that O2 is released on the reductive wave from pre-
sumably Co(IV) sites.  A direct comparison of OER catalytic 
activity shows that CoBi performs slightly better than CoPi af-
ter three successive cyclic voltammograms with an O2 reading 
of 19% as opposed to 17% although the CoBi anodic electrode 
exhibited a peak oxygen reading of 27%.  Such results were re-
produced with CoBi consistently outperforming CoPi in solv-
ated oxygen trials.  When correlated with the ultrafast electronic 
and structural properties of the material, we can infer qualitative 
trends that have implications for OER catalytic activity.  Table 
1 revisits the oxidation state assignments for the CoPi anodic 
electrode with fitted excited state decay lifetimes under ambient 
conditions (open circuit voltage, air) and under a high bias volt-
age (+1.3 V, aqueous electrolyte).  It is evident that while there 
is a modest change in the decay lifetimes for the Co(III) state, 
both the Co(II) and Co(IV) states demonstrate the appearance 
of additional decay lifetimes with the application of an external 
bias voltage. These lifetimes are assigned to fast carrier recom-
bination, lattice cooling, and the formation of long-lived charge 
trap states.  Additionally, the Co(IV) state shows a pronounced 
decrease in the fast decay lifetimes corresponding to hot carrier 
formation and carrier thermalization via lattice dissipation.  Ta-
ble 2 also revisits oxidation state assignments for the CoBi an-
odic electrode that exhibits behavior different from that of the 
CoPi anodic electrode.  Overall, the lifetimes for the Co(II), 
Co(III), and Co(IV) states are observed to decrease with the ap-
plication of an external bias voltage with the exception of an 
increase in the decay lifetime for lattice cooling and long-lived 
charge trap states for both the Co(III) and drastically for the 
Co(IV) state.  Notably, CoBi does not exhibit an intermediate 
lifetime in the Co(II) state under ambient conditions that corre-
sponds to lattice dissipation dynamics; however, this t2 lifetime 
grows in under +1.3 V bias voltage and contributes to 35.3% of 
the overall amplitude under electrolytic conditions.  Likewise, 
the Co(III) fast decay lifetime τ1 initially makes up 84.5% of the 
overall amplitude under ambient non-electrolytic conditions; 
however, under electrolytic conditions this decay pathway dis-
appears.  The Co(IV) fast decay lifetime also undergoes a no-
ticeable change with a drastic decrease from ambient non-elec-
trolytic conditions to aqueous electrolytic conditions under an 
applied voltage of +1.3 V.  Taken together, we can infer that 
changes in long timescale dynamics namely free carrier absorp-
tion and fast recombination as well as lattice cooling and trap 
states are more pronounced in the CoPi anodic electrode when 
the material is redox poised.  These longer timescale dynamics 
concern the Co(II) and Co(IV) sites more so than Co(III) sites.  
As with hematite,37, 74 we observe that a positive voltage results 
in a change in the free carrier absorption that is more prevalent 
in CoPi than in the CoBi material due to a decrease in back-
ground electron density and a decrease in recombination dy-
namics with longer-lived photoholes.  On the other hand, CoBi 
exhibits a pronounced change in fast decay lifetimes namely hot 
carrier formation and carrier thermalization via lattice dissipa-
tion when the material is likewise redox poised.  Here, the most 
pronounced changes in CoBi on fast timescales occur within the 
Co(II) and Co(III) spectral regions with the appearance of an 
additional long-lived lifetime in the Co(IV) state that parallels 
the behavior observed in CoPi.  We can also correlate these fast 
decay dynamics with CoBi’s long-range order and relatively 
more Oh Co(III) sites that favor charge migration through inter-
layer material sheets resulting in a reduction of hole-trapping 

behavior.  Because both CoPi and CoBi exhibit a pronounced 
increase in the Co(IV) trap state lifetime with the application of 
external bias voltage, we cannot assume that the trap states par-
ticipate directly in catalysis or that this is the primary reason 
behind why CoBi performs OER slightly better than CoPi.  In-
stead, we can surmise that the fast timescale dynamics (< 100 
ps) could be linked to enhanced catalytic OER behavior that 
provides convenient pathways within the electronic structure 
landscape for inter-domain charge hopping and lattice relaxa-
tion following LMCT excitation.  Such findings are also con-
sistent with our transient XANES measurements that show cu-
mulative photoreductive changes at 400 nm illumination fol-
lowed by back-electron transfer that is both transient (100 ps) 
and also long-lived in the CoBi material with only mild changes 
in the CoPi material.   

 
Figure 6.  In situ electrochemical measurement of dissolved oxygen as 
a function of cyclic voltammogram scans between +0.71 V (solid verti-
cal lines) to +1.51 V (vertical dotted lines) with an Ag/AgCl reference, 
Pt counter, and (a) CoPi anodic electrode in aqueous KPi electrolyte pH 
= 7.0 or (b) CoBi anodic electrode in aqueous KBi electrolyte pH = 9.0 
with a scan rate of 5 mV/s.   

 
     In contrast to hematite and other crystalline photoanode ma-
terials, CoPi/CoBi consist of more disordered structures confer-
ring greater sites for trap states with enhanced density and se-
lectivity.  Following oxidation, the photoanode surface be-
comes electron depleted.  Whereas hematite contains trap states 
directly below the conduction band, our pump wavelength de-
pendent TA results suggest the existence of deep trap states in 
the middle of the conduction-valence band gap that play a role 
in charge migration.  These deep hole traps have been observed 
in other amorphous oxides such as silicon dioxide (SiO2), alu-
minum oxide (Al2O3), and titanium dioxide (TiO2).76  When 
comparing the rate of rapid decay (Fig. 4c and 4d) within the 
first 5 ps, the pronounced difference in hot carrier formation and 
relaxation lifetimes can be correlated with the degree of struc-
tural disorder in the material.  CoPi has a faster decay rate 
within the first 5 ps when compared with CoBi due to its small 
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domain size and relatively disordered long range material struc-
ture.  This also leads to a higher density of trap states conferring 
faster lifetimes for nonradiative relaxation of hot carriers.  Pho-
toexcitation resonant to the band gap in semiconductors and 
metals has been known to induce band bending and photo-in-
duced phase transitions that initially populate the conduction 
band leading to hole trapping at surface defect sites.  The initial 
delocalization of charge occurs on timescales < 100 ps with lo-
calization of charge in surface defect states occurring on time-
scales of 200 ps or greater in metal oxides.77, 78  Such observa-
tions can also aid in elucidating the transient XANES signal that 
consists of a significant non-thermal spectral signature where 
the 400 nm excitation in our studies is photoreductive and 
drives both electronic and thermal changes.   
     Our results are consistent with previous water oxidation 
studies on metal oxide photoanodes such as tungsten trioxide 
(WO3), titanium dioxide (TiO2), bismuth vanadate (BiVO4), and 
hematite (α-Fe2O3).15, 73, 79  Briefly, it has been proposed that 
high-energetic oxo species are directly linked to oxygen evolu-
tion reactions, and that kinetic models of these metal oxide pho-
toanodes suggest competition between electron-hole recombi-
nation with long-lived holes, and that of the seconds to minutes 
timescales of water-splitting.  More specifically, an increase by 
two orders of magnitude is observed in kinetic decay lifetimes 
when the photoanodes are oxidized from a set potential of +0.7 
to +1.5 V (vs RHE) with the water-splitting reaction rate de-
pending primarily on surface hole density.15, 34, 37, 70-74, 79  This 
reinforces the importance of surface states and interlayer charge 
migration for facilitating water-splitting catalysis as previously 
observed with hematite and the photogenerated flux of holes 
needed to propagate through the bulk towards the surface or 
solid-liquid interface.  The findings parallel oxygen evolution 
reactions in photosystem II where equilibrium is achieved 
through surface hole states and metal(OH)-O-metal(OH) sites 
and have far-reaching implications for water-splitting electro-
catalytic and photo-electrocatalytic complexes in general. 
 
CONCLUSIONS 
     We observe a net photoreduction reaction when CoPi and 
CoBi materials are excited with blue wavelengths (400 nm).  
Differing decay dynamics occur with varying degrees of dimen-
sionality and charge delocalization due to inherent electronic 
and structural differences in the CoPi and CoBi anodic elec-
trodes respectively.  We observe that slightly increased dimen-
sionality and greater charge delocalization within a 1D quantum 
confined layered structure leads to enhanced production of 
trapped charge carriers with reduced fast decay lifetimes corre-
sponding to hot carriers and lattice dissipation dynamics that are 
a defining feature in CoBi.  We note that such differences can 
have profound implications as a potential precursor state to wa-
ter-splitting catalysis.  Under redox poised conditions, we ob-
serve a potential dependence in the excited-state fraction of 
trapped charge carriers that is pump wavelength dependent sug-
gestive of deep-trap states within the material and consistent 
with spectral signatures for the rapid decay in Co(IV) states pre-
dominantly on the 10 ps timescale leaving mostly Co(III) and 
Co(II) valency species.  The observed reaction dynamics cannot 
be fully explained by photothermal effects alone, but rather are 
a combination of potentially competing or complementary pro-
cesses that involve photoexcited charge transfer resonances, in-
ter-domain electron hopping, and lattice relaxation dynamics as 
important features in the design of future water-splitting cata-
lytic materials.  The work has important applications for 

rationale design of water-splitting catalytic materials and con-
siderations for electronic-structure relationships for photo-
chemical redox activity.   
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