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ABSTRACT: We describe a new methodology that sheds light on the fundamental electronic processes that occur at the sub-surface
regions of inorganic solid photocatalysts. Three distinct kinds of microscopic imaging are used that yield spatial, temporal and energy-
resolved information. We also carefully consider the effect of photon-induced near-field electron microscopy (PINEM), first reported
by Zewalil et al. in 2009. The value of this methodology is illustrated by studying afresh a popular and viable photocatalyst, haematite,
a-Fe,0;, that exhibits most of the properties required in a practical application. By employing high-energy electron-loss signals (of
several hundred eV), coupled to femtosecond temporal resolution as well as ultrafast energy-filtered transmission electron microscopy
in 4D, we have, inter alia, identified Fe*" ions that have a lifetime of a few picoseconds, as well as associated photoinduced electronic

transitions and charge transfer processes.

INTRODUCTION

Electron energy loss spectroscopy (EELS) in transmission
electron microscopy (TEM) is a powerful nanoscale probe
providing a wealth of information including atomic composi-
tion, chemical bonding, valence state and spin state.' Energy-
filtered TEM (EFTEM), as a variant of EELS, combines the
chemical composition with the spatial information thus ena-
bling the location of specific elements characterized by specific
energy loss in sample at an atomic scale, and with sub eV reso-
lution in elemental mapping.2 However, its temporal resolution
has hitherto been limited by the speed of the acquisition time of
the detector, which usually takes seconds to obtain a reasonably
good elemental map in the high energy loss region.

With high resolution in space, time and energy associated
with 4D-EM, the dynamics of chemical bonding of nanoscale
graphite under photon excitation have been monitored in previ-
ous works using femtosecond EELS (FEELS) in the energy
range from 0 to 50 eV for the plasmon region,z'4 and around 300
eV for the carbon K-edge core-loss region.’ Since the cross-sec-
tion for inelastic scattering decays with increasing energy loss
in a power-law dependence of AE ", where A is a constant, E
the energy loss and r the inverse power law exponen‘[,l the dra-
matically weaker signals make it much more challenging to
measure the magnitude of the core-loss edge, when the energy
loss is high. However, for the first-row transition metals that are
of intense interest in photocatalysis, their L-edges correspond-
ing to the 2p — 3d transition are located in the range of 500 eV
to 1000 eV, and these edges are vital in the determination of
spin state, oxidation state and chemical environment. Therefore,
extending the FEELS to this region is of fundamental interest
for a deeper understanding of the photocatalytic processes in the
relevant materials.

A primary example is the splitting of water by a photoelec-
trochemical method using solar radiation, which is a viable
means of producing hydrogen, a clean and storable energy of
the future.”® Over the last two decades haematite (a-Fe,05) has
become one of the most popular and attractive photocatalysts
for photoelectrochemically splitting water by solar radiation
due to its suitable valence band position and visible light-active
bandgap (~ 2.1 eV), chemical stability, earth-abundance and en-
vironmental compatibility.(}‘m It has been found that the short
hole diffusion length is a main disadvantage, hampering the
photoelectrochemical performance of haematite.'' To date,
however, the nature of the photoinduced holes under visible
light excitations is still unclear owing to the lack of suitable
techniques which can capture these holes before they recombine
with electrons in a very short time.

Femtosecond transient absorption spectroscopy (TAS) has
been employed to study the photogenerated carrier dynam-
ics,"”" and the related technique14 of time-resolved X-ray ab-
sorption spectroscopy (XAS) has been employed to study the
photoinduced structural and electronic dynamics of a series of
transition metals including iron at K-, L- and M-edges.m’20 De-
spite its importance in providing moderate temporal and energy
resolution, XAS is not ideal for the in-situ study of a single na-
noparticle, due to the low interaction cross-section of X-rays
with matter in a very small specimen volume. Besides, none of
these techniques can provide in-sifu information, pertaining to
the local ultramicrostructures of the specimen.

In the present work, we report the in-situ studies of the tem-
poral change of the valence state of iron in nanoscale haematite
induced by an ultrashort 519 nm laser pulse using TEM-FEELS.
This temporal change of the valence state of iron on the scale of
femtoseconds to picoseconds has been further mapped out by
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iron selected imaging using the inelastic scattering of electrons
with an energy loss around 709.5 eV corresponding to the Fe
L;-edge. The unambiguous detection, by both spectroscopy and
elemental mapping, of charge transition from (Fe3+-Fe3+) to
(Fe**-Fe*") demonstrates a prototypical case for the develop-
ment of 4D elemental mapping, which can be regarded as an
important application of 4D electron microscopy.

RESULTS AND DISCUSSION

FEELS study of the change of iron oxidation-state in
haematite. The conventional wisdom for the photoexcitation
mechanism is that visible light absorption in haematite causes
the indirect Fe’" d-d transition, while the direct ligand to metal
(O 2p — Fe 3d) charge transfer occurs only when the photon
energy is higher than 3.2 eV,'>"" consistent with the hypothesis
of two types of photogenerated holes (Fe4+ and O") in the pho-
tooxidation of water.”"*> However, theoretical studies showed
that the lowest unoccupied energy states of haematite are mostly
made of Fe 3d, while the valence band is strongly hybridized
and mostly O 2p in character.””* resulting in a strong O 2p
characteristic highest occupied orbital. The ligand to metal tran-
sition is also expected to occur in the region 1.55-2.82 eV,
implying a possible significant O 2p — Fe 3d transition under
excitation by visible light. Although the photoholes play a vital
role in the photooxidation process, it has not hitherto proved
possible to settle the above controversy, owing to the inability
to distinguish the two types of photoholes Fe*" and O, as well
as the2r7e1ated charge transfer processes that are depicted in Fig-
ure 1.

The Fe L-edge core-loss EELS corresponds to the excitation
of an Fe 2p core electron in haematite to an unoccupied 3d or-
bital with an energy loss of over 700 eV (Figure le and 1f). Its
peak position and shape are extremely sensitive to the Fe oxi-
dation state. With FEELS using 4D-EM, it is possible to follow
the ultrafast change of iron oxidation state in photoexcited
haematite, and to identify the actual electron transfer process.
The haematite particles used have a feather-like shape and are
single crystals. This morphology ensures that all the branches
have a typical thickness of ~ 40 nm, but the whole particle size
is about several micrometers, therefore being quite stable under
electron beam irradiation (Figure la and lb).28 Ultrafast dynam-
ics of the Fe L-edge EELS with an energy loss of over 700 eV
was probed by femtosecond convergent electron pulses after an
ultrashort pumping with optical pulses (A = 519 nm; typically
12 mJ/em®). The probing size was about 400 nm. When single-
electron packets are used in the stroboscopic mode to avoid the
space-charge effect, an energy resolution as low as ~ 0.63 eV
has been reached,” but here, so as to allow for larger electron
counts and a better signal to noise ratio, the single-electron con-
dition was relaxed and all the measurements were taken at an
energy resolution of ~ 2 eV.

The temporal evolution of the FEELS for the core-loss spec-
tra of haematite is displayed in Figure 2. Known as “white
lines”,30 which usually show in the L, ; edge of transition metals
when the 2p core electrons are excited into well-defined unoc-
cupied d states instead of a broad continuum, the Fe L;-edge is
much sharper and stronger than the O K-edge as exhibited in
Figure 2¢ (with background subtracted). Analyzing the Fe Ls-
edge is obviously a better choice than the O K-edge for a higher
signal to noise ratio. As seen in Figure 2a and 2b, dramatic
broadening and lowering of the Fe L;-edge can be observed

within the first picosecond after the 519 nm femtosecond laser
pulse excitation (at time = 0 ps), accompanied by a near full
recovery in the next few picoseconds.
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Figure 1. (a) TEM image and (b) selected area electron diffraction
(SAED) pattern of the feather-like haematite single crystal. (c)
Schematics for the two possible Fe* - Fe** and Fe** - 0% charge
transfer centers. (d) Possible charge transfer processes in haematite
under 519 nm photoexcitation. (e,f) Fe L-edge EELS correspond-
ing to the excitation of a Fe 2p core electron of haematite to an
unoccupied 3d state with an energy change of over 700 eV.

It is noteworthy that the interaction between photons and the
probing electrons near the surface of the sample, known as the
foundation of photon-induced near field electron microscopy
(PINEM),”" ™ could be rather strong and hence leads to a sig-
nificant broadening in the energy domain of the zero-loss prob-
ing electrons between —1 and +1 picosecond (Figure S1). When
there are no intrinsic dynamics and the PINEM-electrons (the
probing electrons which exchanged energy with photons) are
uniformly distributed in space, convolution of the PINEM-
electron-broadened zero-loss spectrum (ZLP) with the intrinsic
Fe L3-edge would match the measured overall core-loss edge.
However, the probing area in this work contains a blank gap
area, where the average ratio of PINEM-electrons to the probing
electrons could be slightly higher than that over the haematite
particle probed (see Supporting Information). Since the ZLP is
broadened by the PINEM-electrons generated across the entire
probing area, and only the PINEM-electrons over the sample
area contribute to the broadening of the core-loss edge, convo-
Iution of the PINEM-electron affected ZLP with the intrinsic Fe
L3-edge could lead to a slight overestimation of the PINEM-
electron induced core-loss edge broadening. If an approxima-
tion is made with ignoring such deviation, a comparison of the
convolution of intrinsic Fe L3-edge before photoexcitation with
the PINEM-electron unaffected ZLP and with the ZLP at 0.15
ps with strong PINEM-electron effect would demonstrate the
broadening of the core-loss edge purely induced by PINEM-
electrons. Figure 3a shows that the PINEM-electron unaffected
spectrum (green curve) is relatively sharp and high in intensity,
and the simulation of the pure PINEM-electron effect results in
a broadening (blue curve). However, the experimentally ob-
served Fe L;-edge at 0.15 ps shows further broadening (red
curve), which implies that the PINEM-electrons cannot take the
full responsibility for the total broadening. Another intrinsic
broadening must be considered.
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Figure 2. (a) 3D intensity-energy-time dynamics of the overall Fe L-edge FEELS. (b) Intensity contour map of (a). (c) Top view of Fe L3-

edge (above 700 eV) and O K-edge (around 540 ¢V) FEELS.

The intrinsic Fe L;-edge before photoexcitation was then
used to convolute with the time varying ZLP, and a pseudo-
Voigt function was used to determine the peak position and full
width at half maximum (FWHM). The FWHM of the simulated
Fe L;-edges as a function of time was then compared with that
of the experimentally observed overall Fe L;-edges. As shown
in Figure 3b, the maximum PINEM-electron-induced broaden-
ing (FWHM from 4.5 to 6.5 eV) is roughly equal with the in-
trinsic broadening (FWHM from 6.5 to 8.3 eV). The FWHM of
Fe L;-edge exhibited femtosecond dynamics, while no reliable
temporal change for the peak position was detected.

The probing electron pulse has a width of about 500 fs,
and the recorded Fe L;-edges at a given time delay can be con-
sidered as the sum of many elementary Fe L;-edges created by
electrons passing through the sample in a series of time slices
divided from the entire electron pulse. When excited by a
shorter light pulse, these elementary Fe L;-edges can have dif-
ferent inherent spectra, as the deviation of the measurement
from the static PINEM-only simulation of the Fe L;-edge dis-
plays femtosecond dynamics. Moreover, since the PINEM ef-
fect occurs only during the light pulse, the corresponding tem-
poral slice of the evolving L;-edge will have relatively intense
PINEM-electrons, while other parts of the spectrum from other
time slices will have none. As a result, it is clear that it is not
generally possible to model the effect of PINEM on a dynami-
cally evolving spectrum by convolution with the ZLP.

In the present case, where the L;-edge displays excess broad-
ening without displacement, if we take the above approximation
of neglecting the error introduced by different PINEM-electron
distributions in the blank gap area and the sample area, a mod-
elled intrinsic edge at each delay can be obtained by fitting its
convolution with the corresponding ZLP to the overall core-loss

edge. This model edge should be no narrower than the elemen-
tary edge with least degree of broadening and no broader than
the elementary edge with largest degree of broadening within
the entire electron pulse, and might be considered qualitatively
as a convolution based average. It should be borne in mind,
however, that this procedure is limited in its application, and
approximate in nature even for this special case, neglecting as
it does the inhomogeneous distribution of PINEM electrons
within the electron time pulse.

With this convolution based average method, intrinsic Fe Ls-
edges within the PINEM-electron affected —1 to +1 picosecond
regime were approximately extracted. Convolution of these
with the PINEM-electron unaffected ZLP provides an approxi-
mation of the inherent dynamics of haematite. In this way, the
dynamics of the FWHM of the Fe L;-edge with PINEM-
electron effect removed is shown in Figure 3¢c. The error bar (£
0.2 eV) is the measurement uncertainty as the spectra were rec-
orded with an energy dispersion of 0.2 eV/channel. Additional
errors could be introduced while extracting the PINEM-electron
effect which might be even greater than the measurement error.
It should be noted that the time delays have a maximum possi-
ble uncertainty of £250 fs considering the multiple acquisitions
taken.* Generally, after the initial fast rise, the FWHM of Fe
L;-edge recovers within a few picoseconds.

The question now arises: what causes the femtosecond broad-
ening of the Fe L;-edge? The laser induced heating usually
starts to cool down at a time delay of nanosecond scale, which
finishes in a microsecond range. Therefore, the heating effect is
neglected.” An obvious answer is that the femtosecond dynam-
ics should reflect the ultrafast generation and recombination of
photoexcited carriers.
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Figure 3. (a) A comparison of the Fe L;-edge convoluted with the zero-loss spectra (ZLP) at negative time (no PINEM-electron effect, green
circles), and at 0.15 ps (strong PINEM-electron effect, blue circles), with the experimentally observed overall Fe L;-edge at 0.15 ps (red
circles). The solid lines are simulation fits using a pseudo-Voigt function to determine the peak position and FWHM. (b) Time dependent
FWHM of the observed overall Fe L;-edge and the Fe L;-edge before laser excitation, convoluted with the ZLP changing with time. In the
latter, the broadening of the edge is contributed only by the PINEM-electron effect within —1 to +1 ps regime. (c) Qualitative estimate of the
intrinsic femtosecond dynamics of the FWHM of Fe L;-edge. (d) The comparison of the experimentally obtained overall Fe L;-edge at 0.15

ps with fitted spectra on the assumption of a static specimen with 32% of Fe**

ions changed to equal amount of Fe®" and Fe*' jons, where

the Fe L;-edges for Fe cations with different oxidation states were convolved with the overall PINEM-electron-broadened zero loss spectrum

at 0.15 ps.

Previous XAS study’’ on the K-edge of vanadium oxide series
from VO to V,0s5 showed that the energy position shifted to
higher energy with increasing formal oxidation state of vana-
dium atom in a linear manner, following the so-called Kunzl’s
law.”® Recent EELS study37 on the L-edge of a wide range of V-
, Mn- and Fe-based oxides reported similar dependence of
chemical shift on oxidation state. The energy of Fe L;-edge is
known to shift from ~ 707.8 eV for Fe’” in FeO to ~ 709.5 eV
for Fe' in Fe,0,.%* Although no data for Fe*"in binary iron ox-
ides are available, it is reasonable to expect, according to
Kunz!’s law, a blue shift of ~ 1.7 eV from Fe*".

We next consider the two possible photoexcited charge trans-
fer processes illustrated in Figure 1. If the direct ligand to metal
(O 2p — Fe 3d) charge transfer transition dominates the 519 nm
photoexcitation of haematite, the Fe L;-edge will have a maxi-
mum broadening of ~ 1.0 eV in FWHM, and a red shift of ~ 0.7
eV when half of the Fe’* cations are being reduced to Fe** cati-
ons. However, in the present work, a maximum broadening of
over 1.8 eV was measured and no detectable red shift was rec-
orded throughout the experimental time scale. Therefore, it is
more likely that the Fe 3d to Fe 3d charge transfer process dom-
inates, and that the red shift of the Fe L;-edge induced by the
photogenerated Fe®' is offset by the same amount of Fe'" cre-
ated, thus only leading to a broadening of the Fe L;-edge. With
a penetration depth of ~ 50 nm in haematite’"* for the 519 nm
excitation, assuming a linear dependence of the photon absorp-
tion on the sample thickness, about 80% of the incident photons
were absorbed by the 40 nm-thick sample. The atomic density
of iron in haematite, (crystal structure: Trigonal space group Re,
a=5.038 A, ¢c=13.772 A), is ~ 0.0396 per A°. If each of the

absorbed photons creates one Fe’*-Fe*" electron-hole pair, the
519 nm optical pulse with a fluence of 12 mJ/cm”’, correspond-
ing to 3.135 photons per A%, will lead to the generation of Fe*
and Fe** cations with a ratio of Fe*" : Fe*" : Fe’* (remaining) =
0.16 : 0.16 : 0.68, which is well supported by the reasonable
match between the sum of fitting with the experimental data of
the Fe L;-edge at 0.15 ps (Figure 3d), (neglecting differences in
the inelastic scattering cross-section due to valence state and the
effect of temporal evolution of the populations during the elec-
tron pulse).

Since the spin and Laporte selection rules for the Fe d-d elec-
tronic transitions can be relaxed by the strong magnetic cou-
pling of electron spins of next-nearest neighboring Fe’* cations
and the hybridization between the Fe 3d and O 2p orbitals in
haematite,”‘40 the Fe 3d-3d transitions can take place with a
considerable probability. Two photoinduced electron transfer
processes might account for the generation of Fe*-Fe*" elec-
tron-hole pairs after the femtosecond 519 nm excitation, as il-
lustrated in Figure 4. First, both of the two magnetically-cou-
pled Fe’" cations can be simultaneously excited to the 4T1(4G)
state from the °A, ground state by the 519 nm pulse. Electron
transfer from one Fe" cation to the other can then happen in a
manner of superexchange or hopping via the bridge oxygen an-
ions. Also, the 3d-3d transition can happen only in a single cat-
ion of the pair. In this case, the energy of the pump photons is
high enough to draw electrons jumping from the valence band
to the conduction band. The excited electrons can also transfer
to the other Fe’* cation via the superexchange or hopping mech-

producmg Fe*"-Fe*" electron-hole pairs. In the liter-
“ the absorption of 519 nm by iron oxides was attributed



to the below-bandgap pair excitation of (Fe3+-Fe3+): A, + °A,
— 4T1(4G) +4T 1(4G), and the tail of across-bandgap 3d-3d tran-
sitions *A; — “E, A, (4G), as well as the ligand-to-metal charge
transfer. The experimental result from the present work, that the
photoholes are mainly Fe', implies that the pair excitation gen-
erating Fe’"-Fe*" electron-hole pairs plays a major role under
519 nm femtosecond pulses. Therefore, although the ligand-to-
metal charge transfer might be comparable to or even more sig-
nificant than the across-bandgap Fe 3d-3d transition, the domi-
nant photoholes detected in the experiment are Fe** cations.
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Figure 4. Schematics for the possible electron transfer processes
between a pair of magnetically coupled neighboring Fe’* cations
under 519 nm excitation, in case of (a) pair excitation with two be-
low-bandgap Fe 3d-3d transitions, and (b) single across-bandgap
Fe 3d-3d transition.

The FEELS study here is sensitive to the oxidation state of
iron cations and the photogenerated Fe’"-Fe*" electron-hole
pairs are revealed to be fully recombined in ~ 3 ps. In contrast,
in the previous TAS studies"”’ of haematite pumped by 400 nm
optical pulses, where the O 2p to Fe 3d ligand-to-metal charge
transfer process dominated,” the carrier recombination process
can take up to hundreds of picoseconds. We show here that, un-
der 519 nm excitation, the Fe d-d transitions dominate and the
electron back transfer process, from Fe*' cations to Fe*" cations,
is accomplished in ~ 3 ps, although the resulting Fe’* cations
might stay at mid-bandgap states or trap states for much longer
time before returning to the ground state (which would not be
reflected in our measurements). The much shorter lifetime and
the related shorter diffusion length of Fe* holes compared with
the O holes generated by 400 nm excitation can well explain
the much higher photocatalytic performance during the pho-
tooxidation of water by haematite under 400 nm than 519 nm
illumination in previous experimen‘[sfl‘22 despite the similar ab-
sorption coefficients of haematite for the two wavelengths.

Femtosecond nanoscale elemental and oxidation-state
mapping. The femtosecond broadening and lowering of the
amplitude of the Fe L;-edge, induced by the change of oxidation
state and by the PINEM-electron effect with roughly equal con-
tributions, make it possible to picture such transition on the
femtosecond scale using the atom-selected elemental mapping
by 4D-EFTEM, as illustrated in Figure S2.

Time-dependent iron mapping was performed by using a
three-window method with two pre-edge images and one post-
edge image, where the background contribution to the Fe post-
edge images was subtracted by extrapolating a power law func-
tion from the two pre-edge images (Figure 5a). To enable the
mapping of the oxidation state change, a very narrow energy slit

of 4 eV was used for each window, over 5 fold narrower than
the typical value of 20-50 eV used when no such high energy
resolution is needed. Such a narrow energy slit entails less elec-
tron counts, longer acquisition time and subsequent specimen
drifting. A CCD binning of 8 x 8 instead of 1 x 1 was used to
deposit more electron counts per pixel with the same acquisition
time, which allowed us to take an energy-filtered image with a
sufficiently high signal to noise ratio in ~ 5 min, thereby limit-
ing the possible specimen drift to < 2.5 nm in our 4D-EFTEM
system. This degree of specimen drifting does not have a pro-
nounced effect on the image quality at the working magnifica-
tion, where a single pixel covers over 10 nm in space. The en-
ergy window of the Fe post-edge was centred at 709.5 eV, the
peak energy loss of Fe'* L;-edge, which can maximize the tem-
poral change induced by the change of the Fe oxidation state
from 3+ to 2+ and 4+.

a FeL,

Selected electrons

bo -5 ps Fe L,
0+0.1ps

&F : » 0
Figure 5. (2) Electrons centred at 709.5, 699.5 and 689.5 eV
energy loss are selected by a slit window of 4 eV for the ele-
mental mapping and the jump-ratio images. (b) Time-dependent
EELS of Fe L;-edge with background subtracted. (c) Ultrafast
TEM image of a typical Fe,O; particle without energy filtering.
Temporal change of iron elemental mapping images (d-f) and
jump-ratio images (g-i) of the a-Fe,O; particle obtained by a
three-window method with two pre-edge (699.5 £ 2 eV, 689.5
+ 2 eV) and one post-edge (709.5 = 2 eV), and a two-window
method with one pre-edge (699.5 + 2 eV) and one post-edge
(709.5 + 2 eV), respectively.

Figure 5 shows the time-resolved iron elemental mapping of
a typical haematite particle as well as the ultrafast TEM image
without energy filtering. The post-edge image was taken using
inelastic electrons with energy loss of 709.5 + 2 eV, while the
two pre-edge images used electrons with energy loss centred at
699.5 and 689.5 eV respectively (Figure 5a). Consistent with
the femtosecond lowering of the Fe* L; peak at 709.5 eV re-
vealed by the ultrafast EELS, the Fe’' L, image shows a ~ 20%
decrease in electron counts at ~ 100 fs after the femtosecond
photoexcitation, which recovers within 6 ps (Figure 5b). Be-
sides, a two-window method dividing the post-edge image
(709.5 +£ 2 eV) by a pre-edge image (699.5 + 2 eV) was used to
create the so-called “jump-ratio” image, which shows a better
signal to noise ratio and better contrast than direct elemental
mapping. Similarly, the ultrafast decrease and recovery of the
sum of the jump-ratio value also mapped out the temporal
change of the Fe oxidation state induced by the femtosecond



519 nm excitation. The feather-like nanostructures of the haem-
atite particle are well resolved in all these images thanks to the
high spatial resolution of the 4D elemental mapping technique
that we have developed.

CONCLUSION

In summary, our ability to record high resolution (in energy,
space and time) 4D-elemental mapping based on FEELS makes
it possible to obtain both in-situ nanoscale elemental and oxida-
tion-state mapping by atom-selected imaging. Moreover, this is
done with unprecedented time resolution and eV energy resolu-
tion, covering the energy loss range of up to 730 eV. Compared
with previous report on the 4D visualization of charge transfer
in reciprocal space by ultrafast electron diffraction,”* the 4D-
elemental mapping technique developed here makes the imag-
ing of electronic transition and charge transfer with high spati-
otemporal resolution possible in real space.

Our studies of the photoexcitation of the binary transition-
metal oxide, haematite, by a femtosecond laser pulse at a wave-
length of 519 nm has enabled us to resolve the question of the
nature of the photoinduced electronic holes, thereby elucidating
the questions raised by prior theoretical calculations. As a result
of the unprecedented insights that we have been able to deploy,
we can distinguish two types of holes, i.e. Fe*"and O". The Fe*
cations are identified by EELS and are shown to exhibit a life-
time of a few picoseconds, much shorter than the life time of O~
holes generated by 400 nm excitation, and hence explain the
much better performance in photooxidation of water by haema-
tite photoanode under 400 nm illumination than under the green
lighting in previous reports. This work should open the way for
future investigations that entail ultrafast, atomic-scale visuali-
zation of charge transfer in real-space and atom-selective imag-
ing of a variety of elements in vitally important inorganic pho-
tocatalysts. It is conceivable that such new information as we
have uncovered here may also be accessed by a combination of
ultrafast laser spectroscopy and/or scanning ultrafast electron
microscopy.

EXPERIMENTAL SECTION

Sample preparation. Briefly, feather-like haematite parti-
cles were grown by the hydrolysis of [Fe(CN)6]3’ anions.
Firstly, K;Fe(CN)g was dissolved in deionized water with a con-
centration of 10 mM. Then the solution was subsequently sealed
in an autoclave, and maintained at 180 °C for 48 h, followed by
cooling down to room temperature gradually.”®

The particles were then dispersed in ethanol, and a small drop
of the suspension was deposited onto a graphene thin film
coated 2,000 mesh copper grid. When dried in air, it was ready
for the electron microscopic analysis. The sample was meas-
ured in the vacuum of EM, and was not in contact with a liquid
electrolyte.

Apparatus and data acquisition. Caltech’s second-genera-
tion ultrafast transmission electron microscope (UEM-2) was
used, the principle of which has been described elsewhere.”
Briefly, a 259-nm fs pulse was used to extract the probing pho-
toelectrons from the LaBg4 cathode, and a 519-nm fs pulse was
used as pump beam and guided onto the specimen by a series of
mirrors. The temporal delay between the electron-pulse and la-
ser excitation can be adjusted as needed by varying the optical
delay line between the two laser pulses. The equipped Gatan

post-column energy filter, GIF Tridiem, enables the capture of
EELS and EFTEM data.

A repetition rate of 500 KHz was used for the FEELS meas-
urement. Each core-loss spectrum was recorded with an energy
dispersion of 0.2 eV/channel, and was taken in a single acquisi-
tion with an integration time of ~10 min. The diameter of the
spectrometer entrance aperture was set at 5 mm. Since the sys-
tem instability can cause gradual energy drift up to several eV/h,
low-loss spectra including the zero-loss peak were recorded be-
fore and after each core-loss spectrum acquisition for energy
correction. Switching between the low-loss and core-loss en-
ergy windows was achieved by changing the drift-tube voltage,
which has a fast response without any hysteresis.

In the EFTEM measurement, the repetition rate was set as 1
MHz which produced more electrons with a given acquisition
time. Accordingly, the fluence of the excitation dropped from
12 mJ/em” at 500 KHz to about 5 mJ/cm”. The 4 eV energy slit
was chosen as a compromise between the energy resolution and
electron counts. Narrower energy slit has better energy resolu-
tion but the signal to noise ratio is too low, while a broader en-
ergy slit loses the energy resolution necessary to map out iron
oxidation-state change in haematite. The elemental mapping
and the jump-ratio images were processed using the Gatan Dig-
ital Micrograph software package.
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