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ABSTRACT: Oxygen evolution from water poses a significant
challenge in solar fuel production because it requires an
efficient catalyst to bridge the one-electron photon capture
process with the four-electron oxygen evolution reaction
(OER). Here, a new strategy was developed to synthesize
nonsupported ultrasmall cobalt oxide nanocubanes through an
in situ phase transformation mechanism using a layered
Co(OH)(OCH3) precursor. Under sonication, the precursor
was exfoliated and transformed into cobalt oxide nanocubanes
in the presence of NaHCO3−Na2SiF6 buffer solution. The
resulting cobalt catalyst with an average particle size less than 2
nm exhibited a turnover frequency of 0.023 per second per
cobalt in photocatalytic water oxidation. X-ray absorption
results suggested a unique nanocubane structure, where 13
cobalt atoms fully coordinated with oxygen in an octahedral arrangement to form 8 Co4O4 cubanes, which may be responsible for
the exceptionally high OER activity.

■ INTRODUCTION

A sustainable energy future heavily depends on the capability to
store energy in a cheap and efficient way, because of the
mismatch between energy demand and intermittent power
generation from renewable energy sources (e.g., solar panels,
biomass, wind, and wave energy). Liquid fuel is an ideal
medium for energy storage, because it can easily be stored and
used in the current energy infrastructure.1,2 In the past decades,
many approaches have been proposed and investigated for fuel
production from water and carbon dioxide through artificial
photosynthesis.3−7 Regardless of which approach is used,
catalytic oxygen evolution from water is the critical half
reaction, because it provides electrons and protons for solar fuel
production through either hydrogen evolution or proton-
assisted CO2 reduction to hydrocarbons.8−20 For solar fuel
production on a terawatt scale, visible-light driven water
oxidation is the only way that we can potentially produce
sufficient protons and electrons economically. However,
photocatalytic oxygen evolution reaction (OER) has slow
kinetics and requires large overpotentials, because oxygen
evolution from water is a four-electron reaction, while photon
capture is a single electron/hole process.3 Therefore, a
multielectron catalyst is essential for efficient visible-light-
driven water oxidation.

Cobalt-based OER catalysts, especially Co3O4 spinel, have
been intensively studied in photocatalytic systems because of
their superior properties, good stability, and high abun-
dance.4−6,21−26 There are two distinct cobalt sites in Co3O4
spinel: four-oxygen coordinated tetrahedral sites and six-oxygen
coordinated octahedral sites. The octahedral cobalt atoms and
neighboring oxygen atoms are in a Co4O4 cubane arrangement,
which has been suggested to be crucial for OER.27 In our
previous work, we have synthesized a series of metal-doped
Co3O4 nanoparticles and mesopores and investigated their
OER activity under visible light at near-neutral pH con-
ditions.28,29 The results agree well with the speculation that the
OER active site in spinel is the octahedral Co3+. Therefore, in
an ideal OER catalyst cobalt atoms have an average oxidation
state of 3+ and form Co4O4 cubanes. An extremely small
particle size is desired to ensure that most of cobalt atoms
sitting on the particle surface act as catalytic centers for oxygen
evolution, but at the same time the particles must remain stable
(ideally under near-neutral pH conditions). It is also important
for the catalyst to be freestanding without any inert support so
that it can be directly attached to semiconductors. However,
there are only very few catalysts that meet all the requirements.
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In a traditional solution synthesis, nanoparticles aggregate
easily during drying and redispersing processes, especially those
surfactant-free or support-free particles. Here, we report a new
strategy to synthesize freestanding, ultrasmall, and highly active
cobalt oxide nanocubanes with an average cobalt oxidation state
close to 3+ through an in situ phase transformation mechanism.
The new approach enables us to prepare freestanding ultrasmall
nanoparticles directly inside the reaction solution without the
presence of any surfactant or inert support. A new layered
cobalt compound, Co(OH)(OCH3), was first synthesized as
the precursor of the cobalt oxide nanocubane catalyst using a
solvothermal method. The precursor, upon sonication, was
exfoliated and transformed into cobalt oxide clusters in the
reaction buffer. X-ray absorption spectra for the postreaction
catalyst show that the cobalt catalyst under reaction conditions
contains multiple Co4O4 cubanes with an average cobalt
oxidation state of ∼2.8+. An exceptional turnover frequency
(TOF) of 0.023 per second per cobalt atom was observed for
the cobalt oxide nanocubanes, which represents the highest
TOF reported to date for nonprecious metal based OER
catalysts driven by visible light.

■ RESULTS
Synthesis and Characterization of Cobalt Catalyst.

The layered Co(OH)(OCH3) was obtained by treating a
cobalt(II) acetate tetrahydrate methanol solution in a sealed
hydrothermal bomb at 180 °C. A typical scanning electron
microscopy (SEM) image of the as-synthesized Co(OH)-
(OCH3) is shown in Figure 1a, in which a nanoflake-like
morphology is evident. The typical size of each flake is
approximately 0.5−2 μm in diameter and 20−50 nm in

thickness. A close examination of the as-made flake using high-
resolution transmission electron microscopy (HRTEM)
revealed its polycrystalline nature (Figure 1b). To identify the
crystal structure of Co(OH)(OCH3), the as-made cobalt
compound was examined using powder X-ray diffraction
(PXRD) and a few diffraction peaks were clearly observed
(Figure 1c). However, the PXRD pattern does not match any
existing compound in the Inorganic Crystal Structure Database
(ICSD), indicating that it may be an unknown crystal structure.
Because of its highly polycrystalline nature, it is not possible to
solve the crystal structure of Co(OH)(OCH3) using single
crystal X-ray diffraction. Previous work on Ni(OH)(OCH3)
and NixMg1−x(OH)(OCH3) (0 < x < 1) reported a very similar
layered structure, which provides us an opportunity to use it as
a model structure for the cobalt compound.30,31 Here, we used
the General Structure Analysis System (GSAS) software to
create a model of Co(OH)(OCH3) based on the crystal
structures of NixMg1−x(OH)(OCH3) and LiCoO2 with a space
group of R3 ̅m (more details in Supporting Information Table
S1). Interlayer atoms were excluded from the simulation due to
their highly disordered nature. As can be seen in Figure 1c, the
simulated PXRD pattern (red bars in Figure 1c) matches that
of as-made cobalt precursor very well, indicating that the
simulated structure is likely to be the actual crystal structure for
the cobalt precursor (a model structure shown in Figure 1c,
inset). There is one additional peak at ∼23° which does not
directly match the simulated PXRD pattern for Co(OH)-
(OCH3). This could be due to the scattering of interlayer
atoms or a small amount of unknown impurity. The
composition of Co(OH)(OCH3) was also confirmed by
thermogravimetric analysis (Supporting Information Figure
S1). A 25% weight loss was observed when the sample was
heated in air to 600 °C. This observed loss is consistent with
the expected value of the conversion of Co(OH)(OCH3) to
Co3O4 through thermal decomposition. The structure of
Co(OH)(OCH3) was further examined by Fourier transform
infrared spectroscopy (FTIR). The FTIR spectrum is almost
identical to that of NixMg1−x(OH)(OCH3), indicating that they
may share a similar structure. (Supporting Information Figure
S2).31,32 In situ transformation of the layered Co(OH)(OCH3)
precursor to the free-standing cobalt oxide nanocubane catalyst
was performed using a simple sonication treatment in the
presence of NaHCO3−Na2SiF6 buffer (pH = 5.8). It should be
noted that Co(OH)(OCH3) precursor (Figure 2a) is not
soluble in NaHCO3−Na2SiF6 buffer under magnetic stirring,
while a transparent pink solution can be formed using
ultrasonication (Figure 2a). Once it is transparent, the solution
was stable for days and no precipitation could be observed.
To determine the structure of in situ formed cobalt catalyst,

we first examined its morphology using electron microscopy
analysis. The SEM image in Figure 2b clearly shows that upon
sonication nanoflake like morphology disappeared and very
small clusters were formed. The large structures in the SEM
image correspond to dried components of the buffer solution.
To elucidate the formation mechanism of the cobalt oxide
nanocubanes, we performed a control experiment, in which
layered Co(OH)(OCH3) precursor was sonicated in water
instead of a NaHCO3−Na2SiF6 buffer solution. No nano-
cubanes can be observed and the nanoflake morphology of
precursor was preserved (Supporting Information Figure S3a).
Further examination of cobalt catalyst was performed in STEM.
Extremely small clusters were clearly observed for the sample
sonicated in buffer, visible as bright dots on the dried buffer

Figure 1. (a) A typical SEM image, (b) HRTEM image, and (c)
PXRD pattern for as-synthesized layered Co(OH)(OCH3) compound.
The red bars in (c) represent the expected diffraction peaks for the
simulated structure. The inset in (c) is the model structure of the
layered Co(OH)(OCH3) compound. Blue ball, Co; red ball, O; green
ball, H or CH3.
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salts (Figure 2c). The particle size distribution (Supporting
Information Figure S4) clearly confirms that the average size of
cobalt oxide nanocubanes is below 2 nm. However, the sample
treated in deionized water did not show any significant change
in morphology (Supporting Information Figure S3b). In
another control experiment, we sonicated the precursor in a
diluted HCl solution (pH = 5.8), which resulted in a partial
transformation of layered cobalt precursor to small clusters with
a broad size distribution. Both control experiments suggest that
a slightly acidic environment and the buffer itself played some
critical roles in the formation of cobalt oxide nanocubanes. The
overall in situ transformation process is summarized in Figure
2d for the cobalt oxide nanocubane formation. Identification of
the atomic structure of in situ formed cobalt oxide clusters will
be discussed later together with X-ray absorption results.
Catalyst Evaluation. Photocatalytic oxygen evolution from

water was performed using a well-established [Ru(bpy)3]
2+-

S2O8
2− (bpy = bipyridyl) system in an aqueous NaHCO3−

Na2SiF6 buffer (pH = 5.8). The details of the [Ru(bpy)3]
2+-

S2O8
2− photocatalytic cycle can be found in our previous

publications or other literature.28,33,34 In a typical reaction, a
mixture containing a certain amount of cobalt catalyst,
persulfate, sensitizer, and 2.2 mL of buffer was placed in a

Clark electrode reactor. After bubbling with helium gas for 5−
10 min, the reactor was exposed to a 300 Xe lamp equipped
with a 400 nm cutoff filter and the oxygen concentration in the
solution was recorded. To obtain the optimal result, we first
varied the cobalt catalyst loading and investigated catalyst
loading effects. A maximum TOF of 0.023 s−1 Co−1 was
observed at a cobalt loading of approximately 0.5 mmol/L
(Figure 3a). Then, we fixed the cobalt catalyst loading at 0.48
mmol/L and investigated how [Ru(bpy)3]

2+ sensitizer concen-
tration affects the TOF of oxygen evolution from water. On the
basis of the results shown in Figure 3b, the activity dependence
on sensitizer concentration is weak as long as a minimum
amount of sensitizer is present in the system. The optimal
sensitizer concentration is around 0.9 mmol/L. To demonstrate
the superior catalytic properties of in situ formed cobalt oxide
nanocubanes, we also synthesized Co3O4 nanoparticles with an
average particle size of 6 nm using a prior reported
hydrothermal route.26 The 6 nm Co3O4 nanoparticles were
tested at the identical conditions (cobalt loading of 0.48 mmol/
L and sensitizer concentration of 0.9 mmol/L). The results
(Figure 3c) clearly show that the TOF of in situ formed cobalt
oxide nanocubanes (∼0.023 s−1 Co−1) is more than ten times
higher than that of 6 nm Co3O4 nanoparticles (∼0.002 s−1

Figure 2. (a) Photographs of the Co(OH)(OCH3) precursor, buffer solution, and in situ formed cobalt oxide nanocubanes in buffer, from left to
right. (b) SEM and (c) STEM images for layered Co(OH)(OCH3) after sonication in buffer. The large structures in (b) and (c) are precipitates
from buffer components. (d) Schematic of the formation of cobalt oxide nanocubanes via sonication of the Co(OH)(OCH3) precursor in the buffer
solution.

Figure 3. (a) Cobalt oxide nanocubane catalyst loadings vs TOFs with a [Ru(bpy)3]Cl2 concentration of 0.9 mmol/L. (b) [Ru(bpy)3]Cl2
concentrations vs TOFs with a cobalt oxide nanocubane catalyst loading of 0.48 mmol/L. The red lines in (a) and (b) indicate the trends of TOF
change. (c) Oxygen evolution activities for cobalt oxide nanocubanes (black curve) and 6 nm Co3O4 nanoparticles (red curve). Experiment without
the presence of catalyst showed no oxygen generation (blue curve).
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Co−1), one of the state-of-the-art cobalt-based spinel catalysts.
For comparison, we have reviewed recent literature of cobalt-
based OER catalysts driven by visible light (Supporting
Information Table S2). The TOF of cobalt oxide nanocubane
is the highest value reported to date among all the nonprecious
metal based water oxidation catalysts driven by visible light.
Regarding catalyst stability, the current setup (i.e., Clark
electrode and [Ru(bpy)3]

2+ sensitizer) is not an ideal system to
study photocatalytic activity over a long period of time. Follow-
up work will be performed in a more robust semiconductor
based system.
Atomic Structure of Cobalt Catalyst. To elucidate the

origin of the exceptional OER activity for in situ formed cobalt
catalyst, it is crucial to identify its atomic structure. We first
attempted to separate the catalyst particles from the solution.
However, the nanocubanes are too small to be separated via a
traditional centrifuge method, making it not possible to
perform bulk structural characterizations, such as PXRD and
gas absorption. Therefore, we employed X-ray absorption
spectroscopy (XAS), a very useful tool to probe the structure of
small clusters,35 to extract structural information on the cobalt
oxidation state and coordination environment for in situ formed
catalyst. The X-ray absorption near-edge structure (XANES)
data for the Co K-edge in Figure 4 show a clear edge shift to
high energy for the layered Co(OH)(OCH3) after 1 min of
photolysis, while no further edge shift in the spectrum was

observed between the 1 and 10 min postreaction data (Figure
4a), indicating that the phase transformation from layered
precursor to cobalt oxide nanocubane was finished after
sonication in the buffer solution and within 1 min of visible
light radiation. On the basis of the edge positions of catalysts
and standards (Figure 4a), the estimated average oxidation
states of cobalt precursor and in situ formed catalyst are +2.2
and +2.8, respectively. The oxidation of Co2+ in the precursor
to a higher oxidation state is very likely due to the highly
oxidizing environment for photocatalytic oxygen evolution.
The atomic structure of cobalt oxide nanocubanes was

further investigated using extended X-ray absorption fine
structure (EXAFS). The as-made layered precursor showed
two well-defined peaks in R-space at 1.7 and 2.9 Å (all the
distances discussed here are apparent distances without phase
correction), corresponding to the cobalt−oxygen and cobalt−
cobalt distances in the cobalt oxide layer (Figure 4b). Because
of the polycrystalline nature of the layered compound, no
distinguishable peaks at long distances are observed. To explore
the atomic structure of catalyst in working conditions, we run
the photocatalytic OER reaction in a large batch type reactor
for more than 10 min. The EXAFS data for both 1 and 10 min
postreaction catalysts show almost identical characteristics in R-
space, with one major peak at 1.4 Å and the other at 2.4 Å,
suggesting that the cobalt nanocubanes were formed within the
first minute of reaction. The postreaction data also suggest a

Figure 4. (a) K-edge XANES spectra of as-made Co(OH)(OCH3) compound (blue line), the catalyst after 1 min reaction (black line), the catalyst
after 10 min reaction (red line) and two standards: CoO (magenta line) and Co3O4 (green line). (b) EXAFS spectra for the as-made (green line),
postreaction after 1 min (black line), and postreaction after 10 min (blue line) samples, and (c) result of fitting the first Co−O and Co−Co single-
scattering paths (red line). The proposed structure of the cobalt oxide nanocubane material generated in situ is shown in (d). The blue and red
spheres represent cobalt and oxygen atoms, respectively.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b01006
J. Am. Chem. Soc. 2015, 137, 4223−4229

4226

http://dx.doi.org/10.1021/jacs.5b01006


good stability of the in situ formed nanocubanes. The
contraction of Co−O and Co−Co bond distances is also
consistent with the observed oxidation state increase that
occurs during reaction.

■ DISCUSSION
Spinel-type cobalt oxides have been investigated as potential
OER catalysts in both photochemical and electrochemical
systems. In a typical Co3O4 spinel structure, octahedral cobalt
atoms and neighbor oxygen atoms form Co4O4 cubanes, which
are likely the activity sites for oxygen evolution in a manner
similar to the Mn4CaO5 catalytic site in nature’s photosystem
II.36 Therefore, it is important to check whether in situ formed
cobalt catalyst contains Co4O4 cubanes in its structure. Curve-
fitting was performed for the EXAFS spectrum of the 1 min
postreaction sample. The results are shown in Figure 4c and the
fitting details can be found in Supporting Information Table S3
and Figure S5. Assuming that Co atoms are fully coordinated
by O atoms with an octahedral arrangement, the Co−O
coordination number was fixed at 6 during the fitting. All other
parameters were allowed to vary within physically meaningful
ranges. By considering the first Co−O and Co−Co single-
scattering paths, we found a Co−Co coordination of 5.8 ± 0.6.
On the basis of the fitting, we propose a nanocubane structure
consisting of 13 cobalt atoms per cluster with a particle size of
∼1.1 nm (Figure 4d). Although we did not include any
hydrogen atoms in the model, it is possible that some of the
outer layer oxygen atoms are actually hydroxide groups. The
proposed nanocubane structure has a Co−Co coordination of
5.5, which is in agreement of the fitting result. Expanded
analysis of the next two features in R-space indicate that they
represent additional Co−O and Co−Co scattering at distances
consistent with the cluster of cobalt octahedra. The additional
peaks with low intensities may also result from long-range
ordering of some large clusters. It should be noted that distinct
from previous work on phosphate-derived Co-Pi catalysts and
Co3O4 spinels, the proposed structure contains a large number
of Co4O4 cubanes in a small cluster (8 Co4O4 with 13 Co
atoms).37,38 It is very likely that the unique biomimetic Co4O4
cubanes are responsible for the exceptional photocatalytic water
oxidation activity of cobalt oxide nanocubanes.
In a recent mechanistic study, water oxidation intermediates

have been observed using time-resolved FTIR technique.39 Frei
and his co-workers studied the behavior of Co3O4 nanoparticles
in the visible light driven [Ru(bpy)3]

2+-S2O8
2− system. They

proposed two distinct active sites, namely oxo-bridged
Co(III)OH binuclear site and single Co(III)OH sites. The
time-resolved FTIR results suggested that the presence of
adjacent CoOH groups coupled with an oxygen bridge could
lead to a fast reactive site with a TOF higher than 3 s−1, while
the single cobalt site exhibited a much slower TOF (∼0.02 s−1

per surface atom). In our cobalt oxide nanocubane catalyst, 12
out of 13 cobalt atoms are on the surface and all the cobalt
octahedra are interconnected with edge sharing, which, based
on Frei’s mechanism, should result in a much higher turnover
than what was observed in our experiments (0.023 s−1 Co−1). It
should be noted that the TOF observed for cobalt oxide
nanocubanes is at the same order of magnitude of that observed
for single site Co catalyst reported by Tilley and his co-workers
(∼0.014 s−1 Co−1).40 Therefore, we suspect that regardless of
the presence of a second Co(III)OH at the adjacent site, the
dominant reaction pathway for cobalt oxide catalyst may be the
single Co(III)OH site mechanism. There are several potential

reasons why a significantly higher TOF has not been observed
yet. For instance, hole injection from [Ru(bpy)3]

2+ sensitizer to
the adjacent Co(III)OH site could be difficult considering the
large size of [Ru(bpy)3]

2+ complex (∼11 Å) compared to the
Co−O−Co distance (∼2.8 Å). Additionally, charge transfer
from the sensitizer to the active site is a random process with
no control of directionality, which also reduces the chance for
the two neighboring cobalt atoms to be cooperative. A precise
control of charge transfer may be required to achieve a higher
TOF. Further investigation will be required to fully determine
the oxygen evolving reaction mechanism on the surface of
cobalt oxide nanocubanes.

■ CONCLUSION

In summary, we have successfully synthesized cobalt oxide
nanocubanes with a particle size less than 2 nm through an in
situ transformation process under a photocatalytic environment.
Each in situ formed nanocubane contains 13 cobalt atoms, fully
coordinated with oxygen atoms to form 8 Co4O4 cubanes. The
nanocubanes exhibited an order of magnitude higher TOF in
photocatalytic water oxidation activity compared to traditional
6 nm Co3O4 spinel nanoparticles. The performance of the
nanocubane catalyst represents the highest TOF that has been
reported to date among all nonprecious metal oxide OER
catalysts. The in situ formed cobalt nanocubanes are free-
standing and support-free, which may be implemented in a
wide range of photocatalytic systems.

■ METHODS
Material Synthesis. The synthetic procedure of Co(OH)(OCH3)

was modified from a previous report of Mg(OH)(OCH3).
41 In a

typical synthesis, 0.01 mol of cobalt acetate tetrahydrate was dissolved
in 100 mL of anhydrous methanol. The solution was then transferred
into a hydrothermal bomb (200 mL) and placed in an oven at 180 °C
for 24 h. After the solvothermal treatment, the bomb was cooled down
to room temperature. The sample was recovered by filtering, washed
with dry methanol, and dried in air.

The synthesis of 6 nm Co3O4 spinel nanoparticles was reported in
our previous study of metal-doped Co3O4 spinel nanoparticles.

29 In a
typical procedure, 0.50 g of Co(CH3COO)2·4H2O (2 mmol) was
mixed with 2 mL water and 23 mL ethanol in a 40 mL Teflon liner.
Then, a 2.5 mL of aqueous ammonia solution (wt. 25%) was added
under stirring. After stirring for 10 min, a brownish-gray slurry was
formed and the liner containing the suspension was carefully sealed in
an autoclave, which was treated at 150 °C for 3 h. After the autoclave
was cooled down to room temperature in air, the product was
collected by washing with deionized water, following by a drying
process at 60 °C.

Structural Characterizations. Powder X-ray diffraction (PXRD)
measurements were performed using a PANalytical X’Pert X-ray
diffractometer using Cu Kα radiation. FTIR spectrum was collected
using a Nicolet Nexus 470 FTIR instrument equipped with an MCT-A
detector. Scanning electron microscopy (SEM) images were collected
using a Zeiss Auriga-60. Transmission and scanning transmission
electron microscopy (TEM and STEM) imaging were conducted on a
JEOL JEM-2010F equipped with a high angle annular dark field
(HAADF) detector and operated at 200 kV.

Photocatalytic Activity Test. The detailed procedure of photo-
catalytic oxygen evolution from water has been reported in our
previous publication.29 In this work, a few modifications have been
made. In a typical preparation of cobalt oxide nanocubane catalyst,
cobalt precursor was dispersed in aqueous Na2SiF6−NaHCO3 buffer
with a pH value of 5.8 by sonication for 20 min prior to photolysis. In
a typical experiment, a certain amount of catalyst and Ru(bpy)3Cl2·
6H2O, 7.1 mg of Na2S2O8, and 21.5 mg of Na2SO4 were mixed in 2.2
mL of buffer, followed by purging with helium gas until oxygen
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concentration reached its minimum (recorded as the baseline). Then,
the Clark electrode system was exposed to a 300 W Xe research lamp
(UV fused silica, 1.3 in collimated, F/1, 1.5 in.) with a 400 nm cutoff
filter. During exposure to light, the oxygen concentration was
monitored for at least 1 min. Additionally, control experiments were
also performed to ensure that the photocatalytic water oxidation
driven by the cobalt catalysts is the oxygen source. Experiments
without either catalyst or Ru(bpy)3Cl2 sensitizer gave no oxygen
production.
XAS Measurement and Analysis. The samples were mixed with

amorphous SiO2 powder and sealed in polyimide tape for the XAS
measurements. We also collected XAS data for bulk CoO and Co3O4
standards under identical conditions for comparison. Co K-edge XAS
spectra were recorded on beamline X18A of the National Synchrotron
Light Source at Brookhaven National Laboratory. A Si(111) channel
cut monochromator was employed to sweep the incident X-ray energy
through the measurement range, and a rhodium-coated focusing
mirror was used to direct the beam into the measurement hutch. The
beamline resolution is approximately 5 × 10−4ΔE/E. Since the
postreaction materials were necessarily prepared with relatively low
concentration, data collection was optimized for fluorescence with a
PIPS detector. The free Demeter software package was used for all
data alignment, reduction, and postprocessing (Athena), as well as
EXAFS fitting analysis (Artemis).42 Energy measurements were
calibrated to the known edge position of a pure Co foil (7709 eV).
Simulated scattering paths were fit to the data via the EXAFS

equation:

∑χ δ= +
σ λ− −

k S
Ne e f k

kR
kR k( )

( )
sin[2 ( )]

j

j
k R k

j

j
j j0

2
2 (2 / ( ))

2

j j
2 2

where k is the wavenumber of the photoelectron, S0
2 is the amplitude

reduction factor, Nj is the coordination number for a particular path, σ
2

is the mean square displacement factor (disorder), Rj is the path
length, λ(k) is the mean free path of the photoelectron, f j(k) is the
scattering amplitude function, and δj(k) is the phase shift. For the
fitting results represented in Figure 4c and Supporting Information
Table S3, the following variables were parametrized and optimized: Nj
and S0

2 (inverse relationship), Rj, σ
2, and the energy deviation between

theory and experiment, ΔE0.
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