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Nanostructured bismuth vanadate/tungsten oxide
photoanode for chlorine production with hydrogen
generation at the dark cathode
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Abdulsattar H. Ghanim1, Gary A. Aurand1, Chung Soo Kim2, Woon Ik Park2, Hyunsung Jung2 & Syed Mubeen1

Photoelectrooxidation of chloride ions to chlorine with co-production of hydrogen by water

reduction has been proposed as a means of decreasing the net solar hydrogen production

cost. So far, however, most such solar-to-chlorine production systems use cost-prohibitive

materials and/or show rather small faradaic yield or stability. Here we report the develop-

ment of earth-abundant, nanostructured bismuth vanadate/tungsten oxide (BiVO4/WO3)

photoanode assemblies that operate in acidic sodium chloride solution (pH 1; 4 M) to pro-

duce chlorine while generating hydrogen at the dark cathode. We show that electrodeposi-

tion of 20 nm WO3 coating protects BiVO4 from harsh pH and oxidative environments while

being catalytically active for chlorine evolution. The heterostructured BiVO4/WO3 photo-

anodes yield average photocurrent densities of 2.5 ± 0.3 mA cm−2 at 1.42 VRHE (Reversible

Hydrogen Electrode) under 1 sun illumination. After two hours of continuous illumination, the

best performing devices demonstrate faradaic efficiencies of 85% for chlorine production and

~100% for hydrogen production.
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Hydrogen is an important industrial chemical and
fuel with worldwide production capacity of approxi-
mately 50 MMT yr−1 1. Photoelectrochemical (PEC)

water splitting offers the potential to produce H2 sustainably
from sunlight and water. In the past few decades, revolutionary
advances have been made in developing PEC water splitting
systems that can produce H2 with solar-to-H2 (STH) effi-
ciencies exceeding 10%2,3. While efforts to lower the H2 pro-
duction cost using low-cost materials have been extensively
pursued, a key technical and economic challenge to solar water
splitting processes is the 4 electron oxidation of water which is
slow kinetically and results in the production of limited eco-
nomic value O2 (Eq. 1)4–7.

2H2O ! O2 þ 4Hþ þ 4e�Eo ¼ 1:23VRHE ð1Þ
Identifying cost-effective reactions for photoelectrooxidation

could open up new pathways to lower the net solar H2 production
cost. Photoelectrooxidation of chloride ions to chlorine (Eq. 2)
accompanied by water reduction at the cathode to produce H2,
could provide an attractive, cost-effective alternative to water
oxidation8–10.

2Cl� ! Cl2 þ 2e�Eo ¼ 1:42VRHE ð2Þ
Today chlorine has a market value of $12.7 billion ($240

ton−1) and yearly production rates of 53 MMT11. For this pro-
cess, each kg of hydrogen produced could potentially yield 35 kg
of chlorine which could be sold to offset the cost of the overall
process. Furthermore, 2 electron oxidation of chloride ions is
kinetically and energetically more favorable compared to 4 elec-
tron water oxidation and can be carried out efficiently using non-
platinum group metals6,11.

Recently, a few reports have explored the possibility of producing
chlorine photoelectrochemically, however, all attempts have been
hindered by: (1) low chlorine yield12, and/or (2) expensive and
unstable systems13,14. To obtain high chlorine yields, the light
absorber should be stabilized in an acidic environment to mitigate
the production of oxygen through either (1) catalytic conversion of
H2O to O2 using photogenerated holes (Eqs. 1) decomposition of
dissolved chlorine to form O2 (Eqs. 3 and 4).

Cl2 þ H2O ! HClOþ Cl� þHþ ð3Þ

HClO ! Hþ þ Cl� þ 1
2
O2 ð4Þ

The latter has been shown to be the predominant reaction
pathway in neutral to basic solutions12,14. Furthermore, for large
scale application, these electrodes should be made of earth
abundant elements.

The focus of the current work is to carry out chloride oxi-
dation in acidic conditions (pH 1) using earth-abundant
nanoporous bismuth vanadate (BiVO4) as the light absorber,
and use electrons provided from the oxidation step to generate
hydrogen at the dark cathode. BiVO4 has recently emerged as a
promising low-cost photoanode for solar water oxidation due to
its favorable band gap (Eg= 2.4 eV) and conduction band (CB)
edge location (0.1V vs. Reversible Hydrogen Electrode
(VRHE))15,16. BiVO4 is chemically stable in neutral or slightly
basic pH conditions17,18, however, for chlorine production it
should be stabilized in an acidic environment6,11. Here we show
that electrodeposition of amorphous tungsten oxide (WO3)
provides conformal coatings on nonporous crystalline BiVO4

and prevents photocorrosion in the acidic environment.
Amorphous WO3 was selected as stabilization element because
of its: (i) large band gap (>3eV; thereby transmitting most of
the incident light to BiVO4)19; (ii) good chemical and electro-
chemical stability under acidic conditions20,21; (iii) selective

electrocatalytic activity for Cl− oxidation over H2O
oxidation22,23; and, (iv) ability to transfer holes through gap
states in its band structure24. A WO3 film of thickness 20 nm is
sufficient to prevent BiVO4 corrosion while being thin enough
to transmit most of the incident light to BiVO4. The best-
performing BiVO4/WO3 photoelectrode assemblies achieve a
limiting photocurrent density of 2.8 mAcm−2 and operate
sustainably for more than three hours with faradaic efficiencies
of 85% for Cl− oxidation. To the best of our knowledge, it is the
highest reported so far for this material5.

Results
Synthesis and characterization. Details of the fabrication of
BiVO4/WO3 photoanodes are provided in the methods section.
Briefly, the BiVO4/WO3 nanostructured films were deposited on
conductive fluorine-doped tin oxide (FTO) coated glass substrate
using a two-step process. The first step is the fabrication of
crystalline BiVO4 light absorber unit following previously
reported methods17, where electrodeposited bismuth oxyiodide
(BiOI) is used as a precursor to form BiVO4. (Fig. 1a, c) shows a
top view and cross-sectional scanning electron microscopy (SEM)
images of the bare BiVO4 electrode. The SEM images displayed a
nanoporous architecture for BiVO4 with interconnected particles
of approximately 90 nm in diameter. A nanoporous architecture
with minority carrier diffusion lengths on the order of 100 nm (as
determined by the particle diameter) has been shown to enhance
charge separation efficiency while providing a large contact sur-
face area at the BiVO4/electrolyte interface17,18.

The WO3 layer (~20 nm thick) was subsequently electrode-
posited on BiVO4 (Fig. 1b) using a peroxytungstic acid solution20.
It is to be noted that the tungsten oxide deposition was carried in
dark at pH 2 under cathodic conditions to prevent photooxidative
corrosion of BiVO4

25–27. We did not observe any chemical and/
or electrochemical corrosion of the BiVO4 for the deposition
durations investigated in this study. Remarkably, a conformal
deposition of WO3 on the BiVO4 electrode was observed down to
the base of the particle while preserving the nanoporous
architecture for efficient carrier extraction (Fig. 1d). The thickness
of the WO3 layers was tuned by adjusting the charge passed
during electrodeposition (Supplementary Fig. 1). The optimum
thickness was probed by comparing their photoelectrochemical
behavior (Supplementary Fig. 2). Under the optimized condition,
passing 100 mC cm−2 of charge at −0.5V vs. silver/silver chloride
(Ag/AgCl) electrode yielded WO3 thickness of ~20 nm. As shown
later, a 20 nm thick WO3 film was sufficient to stabilize BiVO4 in
acidic pH conditions while transmitting most of the incident light
to BiVO4 (Supplementary Fig. 3). Thicker films were not found to
increase sample stability with the only observable effect being a
decrease in limiting current density likely as a result of parasitic
light absorption or carrier recombination through the WO3 film.
The overall thickness of the BiVO4/WO3 films as measured by the
cross-sectional SEM images was about 600 nm (Fig. 1c, d). This
thickness was selected based on prior reports which showed
enhanced light absorption for 600 nm thick BiVO4 nanostruc-
tures with minimal charge recombination losses16.

The nanostructured BiVO4/WO3 films were further character-
ized using high resolution transmission electron microscopy
(HRTEM), energy-dispersive x-ray spectroscopy (EDS) and x-ray
photoelectron spectroscopy (XPS). (Fig. 1e, f) shows HRTEM
images and fast Fourier transform (FFT) patterns (Fig. 1e, f, inset)
of both bare BiVO4 particle and BiVO4 coated with WO3. Low-
magnification images are provided in the supplementary
information (Supplementary Fig. 4). The HRTEM image revealed
a crystalline structure for bare BiVO4 (Fig. 1e) with a lattice
spacing of 0.307 nm, corresponding to the (112) planes of BiVO4
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(JCPDS file no. 14-0688). HRTEM images of the coated samples
(Fig. 1f) showed a clear interface between the BiVO4 core and
WO3 shell with WO3 film coated along the surface of the BiVO4

particle with a uniform thickness of 20 nm. The FFT pattern
indicated that the deposited WO3 film was amorphous in nature
(Fig. 1f, inset). EDS elemental mapping (Fig. 1g) revealed the
compositional variation of the BiVO4/WO3 particle. The W signal
was recorded from the entire area, supporting the conformal
coating geometry. Strong Bi and V signals were obtained from the
center region further indicating the existence of the core–shell
architecture of the BiVO4/WO3 particle. No W signal was
detected from the bare BiVO4 films (Supplementary Fig. 5). The
chemical nature of the BiVO4/WO3 electrode was investigated
using XPS (Supplementary Fig. 6). The characteristic Bi 4f and V
2p peaks were identified in the survey spectra of the bare BiVO4

sample. For the tungsten coated particles symmetric W 4f peaks
were identified at 37.7 eV and 35.6 eV indicative of the trioxide
species (Supplementary Fig. 7)24.

PEC characterization. The PEC properties of the BiVO4/WO3

photoanodes were characterized in a three-electrode configura-
tion with BiVO4/WO3 as working electrode, and Ag/AgCl refer-
ence electrode and Pt as counter electrode separated using a glass
frit. Photoelectrooxidation of chloride ions using BiVO4/WO3

photoanode assembly can be explained conceptually by referring

to (Fig. 2a, b). Upon illumination, photogenerated holes in BiVO4

are carried away to the surface through amorphous WO3 films
where it oxidizes chloride ions to chlorine (Fig. 2b). The electrons
provided from the oxidation step are transferred through an
external circuit to a dark Pt cathode for hydrogen production.

To confirm that the amorphous WO3 layer does not interfere
with the photogenerated carrier transport properties of underlying
BiVO4 films, the PEC performance of BiVO4/WO3 photoanode
was first investigated in a phosphate buffer solution containing
sodium sulfite as a hole scavenger. Prior studies have shown that
sulfite oxidation is kinetically and thermodynamically favorable on
BiVO4 electrodes and can be used as a benchmark electrolyte to
decouple charge separation efficiency from kinetic losses16–18.
Figure 2c shows the typical photocurrent densities obtained
for sulfite oxidation as a function of the applied potential under
1 sun illumination (AM 1.5G; 100mWcm−2). All potentials
are referenced to reversible hydrogen electrode [VRHE; VRHE=
VAg/AgCl+ 0.197 V+ 0.059 pH] and all PEC results shown here
are average values obtained from three samples. An average
photocurrent density of 3 mA cm−2 was achieved for BiVO4/WO3

films at 1.2 VRHE. Photocurrent densities of BiVO4/WO3 were
within ±0.1mAcm−2 (±3%) compared to the bare BiVO4 electrode
surface (Fig. 2c, green trace) indicating that the amorphous WO3

prepared via electrodeposition technique functions efficiently as a
hole transport layer with minimal resistive losses.
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Fig. 1 Structural characterization of BiVO4 and BiVO4/WO3. Top view scanning electron microscopy (SEM) images of a bare BiVO4 and b BiVO4 electrode
coated with 20 nm thick WO3 (scale bar - 1 µm) with inset showing high magnification SEM images (scale bar - 200 nm). Cross sectional SEM images of
c bare BiVO4 and d BIVO4/WO3 (scale bar - 500 nm). High resolution transmission electron microscopy (HRTEM) images of e bare BiVO4 (scale bar –
5 nm) and f BIVO4/WO3 (scale bar - 10 nm) with inset showing fast Fourier transform (FFT) pattern. g Energy dispersive x-ray spectroscopy (EDS)
elemental mapping of the core shell BiVO4/WO3 (scale bar - 75 nm)
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The PEC performance of BiVO4/WO3 films for chloride
oxidation was characterized in 4M NaCl solution with pH
adjusted to 1 using HCl. Figure 2d shows photocurrent
density–potential plots for bare BiVO4 and BiVO4/WO3 photo-
anodes after 10 sweeps. All plots are average of three different
samples and the depicted data are from the 10th linear sweep
voltammetric cycle (Fig. 2d). All 10 sweeps for a given BiVO4 and
BiVO4/WO3 sample can be found in Supplementary Fig. 8. Each
cycle was scanned at a rate of 20 mVs−1, followed by a rest period
of 30 s. In the absence of light, negligible anodic current densities
(i < 10μAcm−2) were observed for bare BiVO4 and BiVO4/WO3

samples (Fig. 2d, dashed lines). Upon illumination, the BiVO4/
WO3 photoanode assembly showed a limiting photocurrent
density of 2.8 mAcm−2 at 1.6VRHE. The limiting photocurrent
densities obtained were only slightly lower (≤0.2mAcm−2) than
those observed for the same electrodes in contact with the sulfite
solution indicating that the chloride oxidation could be carried out
efficiently using holes transported to the surface of amorphous
WO3 layer without the need for an additional catalyst.

We also conducted incident photon to current efficiency
(IPCE) measurements of the WO3 coated samples at 1.42 VRHE

(Supplementary Fig. 9). Integrating the IPCE values yielded a
photocurrent density of 2.61 mA cm−2 which is within 5% of the
measured photocurrent obtained under simulated sunlight
experiments (Fig. 2d, magenta trace). The onset potential –
defined as the potential at which anodic photocurrent density
reaches 20 µAcm−2 – was 0.67 VRHE for the BiVO4/WO3 sample.

This resulted in an estimated photovoltage of 0.75 V after
subtracting the thermodynamic potential requirement for chlor-
ine production (1.42 VRHE). For the bare BiVO4 sample, the
photocurrents decreased with cycle number with the 10th cycle
showing a maximum photocurrent density of 0.75 mAcm−2 at1.6
VRHE. The as deposited WO3 film themselves were found to have
negligible photoactivity which supports their primary role in
facilitating charge transport as opposed to electron hole pair
generation (Supplementary Fig. 10).

Stability and product analysis. The durability of the photo-
anodes for chloride oxidation was assessed by measuring the
photocurrent density as a function of time at a constant external
bias of 1.42 VRHE (Fig. 3a). Bare BiVO4 demonstrated higher
initial photocurrents compared to WO3 coated samples however
the current rapidly declined over the first few minutes indicating
the high activity is due to the rapid photo-corrosion process as
seen by the complete disappearance of the film after 15 min
(Supplementary Fig. 11). Prior studies have shown that BiVO4

when operated in chloride electrolytes below pH 3 oxidizes to
BiOCl with the dissolution of vanadium resulting in material
degradation25–28. On the contrary, BiVO4 samples with WO3

layer as thin as 20 nm exhibited enhanced stability maintaining
>95% of initial photocurrent density after 3 h of continuous
illumination (the duration of these stability tests).

Analysis of the BiVO4/WO3 electrodes post PEC operation by
HRTEM-EDS revealed that the BiVO4 core layer was intact after
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PEC operation with W signal present throughout and more
pronounced at the edge of the particles (Fig. 3b). Furthermore, no
change in chemical environment of the WO3 layer was observed
post operation via XPS (Fig. 3c). To obtain chemical information
of the underlying BiVO4 layer post-operation, the WO3 layer after
PEC operation was removed by soaking it in sodium hydroxide
solution for 15 min. Within this time frame, the NaOH only
etches WO3 layer without affecting the underlying BiVO4. Core
level XPS scans of the Bi 4f and V 2p scans showed peaks
identical to that of the bare BiVO4 electrode (Fig. 3c). The above
results unequivocally demonstrate that the electrodeposited
amorphous WO3 layer could potentially offer a simple and
scalable route to protect the underlying nanostructured BiVO4

when operated in acidic media, while still allowing for efficient
transport of holes between the solution and the BiVO4 electrode.
Although WO3 coated BIVO4 samples remain visibly intact for
longer duration stability runs (~12 h), a linear decrease in
photocurrent (~10% normalized photocurrent h−1) was observed
after three hours. We attribute this drop-in performance due to
deactivation of WO3 due to accumulation of peroxo species at the
surface as reported previously22,29,30.

After 2 h of constant potential (1.42 VRHE) PEC runs, the
collected products were analyzed to determine the faradaic
efficiency of the process (Fig. 4). H2 and O2 were investigated
using gas chromatography. Chlorine was swept from the
electrolyte solution by a slow helium (He) purge into a potassium
iodide solution, and the amount of dissolved chlorine was then

measured by Iodometric titration31. Prior to the stability tests, the
system was purged with a pure He stream for two hours. Near
unity faradaic efficiency was observed for H2 production for all
samples. The faradaic efficiency values for Cl2 production for five
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different BiVO4/WO3 samples are provided in Supplementary
Table 1. For the best performing BiVO4/WO3 electrode, a
photocurrent-to-Cl2 faradaic efficiency of 85% was observed, with
an average faradaic efficiency of 74%, the highest reported to date
for a stable low-cost system utilizing earth abundant materials
(Supplementary Table 2). The absence of measurable O2 in the
anode compartment indicates that the sub-100% (74% averaged
over 5 BiVO4/WO3 electrodes) faradaic efficiency obtained for
Cl2 production is likely due to the manual sampling method. This
was further corroborated by measuring faradaic efficiency of the
process in dark using Pt as the working electrode. Under similar
operating conditions (i.e. at pH 1 NaCl at 2 mAcm−2), the Pt
electrodes yielded an average faradaic efficiency of 76% for
chlorine production nearly identical to that of the BiVO4/WO3

photoanodes (Supplementary Table 1).

Discussion
We have reported a facile approach to photoelectrochemically
generate Cl2 using nanostructured BiVO4/WO3 photoanodes. We
demonstrated that the electrodeposited amorphous WO3 layer
could protect the BiVO4 from corrosion in acidic chloride media
while facilitating efficient transport of holes to the electrolyte for
chloride oxidation. A high photocurrent-to-Cl2 faradaic efficiency
of 85% was observed for the best device with a photocurrent
density of 2.8 mAcm−2 and a photovoltage of 750 mV. This work
demonstrates that simple scalable process can be utilized to
produce Cl2 and H2 using sustainable light absorber and stabili-
zation materials. Exploration of this and other PEC systems could
open up a new avenue for a more economically competitive
means of solar H2 production.

Methods
Material list. Florine doped tin oxide (FTO, 7Ω sq), Acetone (HPLC grade),
Methanol (HPLC grade), Isopropanol (HPLC grade), Sodium sulfite (ACS reagent
grade), Potassium phosphate monobasic (>99%), nitric acid (HNO3, 69%), and
sodium hydroxide (NaOH, 98.8%) were ordered from Fisher scientific. Bismuth
nitrate pentahydrate (BiNO3 5H2O, 99.99), p-benzoquinone (99.5%), vanadium
acetylacetonate (98% Sigma), Tungsten powder (99.9%), peroxide (30%), hydro-
chloric acid (37%) sodium thiosulfate pentahydrate (99.5% acs reagent grade),
Iodine (>99.8%), were ordered from Sigma-Aldrich. Anhydrous ethanol was pur-
chased from Decon labs. Peroxide test strips were ordered from EMD Millipore. All
solutions were prepared using 18MΩ water.

Bismuth vanadate synthesis. The bismuth vanadate photo anodes were synthe-
sized following a previously published procedure17. The pH of a 50mL 0.4M KI
solution was adjusted to 1.7 using dilute HNO3. BiNO3 5H2O was added to make a
0.04 mM solution. A 10mL solution of 0.23M p-benzoquinone dissolved in
anhydrous ethanol was added and stirred for 30min. Prior to electrodeposition FTO
was cleaned by ultrasonication in acetone, methanol, and isopropanol and dried
with a stream of nitrogen. Electrodeposition of BiOI on the FTO working electrode
was carried out using a VSP-300 Biologic multichannel potentiostat. A Pt coil and
saturated Ag/AgCl were used as counter and reference electrodes respectively. The
deposition was conducted by applying a bias of −0.1 V vs the reference electrode
until 130mC;cm−2 of charge was passed. After rinsing with water the samples were
dried with N2 and then placed in a muffle furnace. 150 µL of 0.2M vanadium
acetylacetonate dissolved in DMSO was drop casted on each film. The samples were
then annealed at 450 °C for 2 h with a temperature ramp of 2 °C min−1. Excess
vanadium oxide was removed via gentle stirring in 1M NaOH for 15min.

Tungsten oxide deposition. Tungsten oxide was electrochemically deposited
based on previously published process20. The WO3 electrodeposition solution was
prepared by dissolving 0.93 g of tungsten powder in 10 mL of 30% peroxide. After
dissolution, platinum coils were used to decompose excess peroxide which was
confirmed with peroxide test strips. The stock solution was subsequently diluted to
100 mL using 65:35 H2O IPA solution, allowed to age for one week while stored in
a fridge. The deposition was carried using a BiVO4 WE, Pt coil CE and saturated
Ag/AgCl reference electrode. A bias of −0.5 V vs Ag/AgCl was applied until the
desired charge density was passed. The samples were then rinsed with IPA then
H2O then dried in a muffle furnace at 275 °C for 10 min.

Photoelectrochemical characterization. All photoelectrochemical measurements
were carried out in a 2-compartment quartz cell. The BiVO4 WE and Ag/AgCl RE

were separated from the Pt coil CE by a glass frit. The BiVO4 active area of
0.12 cm−2 was masked off using 3M electrodeposition tape and the area was
confirmed using imagej software.

For J–V and stability measurements BiVO4 was illuminated through the FTO
back contact via simulated sunlight from a 300W Xenon arc lamp fitted with an IR
and AM 1.5 filter. A NIST certified Newport 919P-03-10 thermopile detector was
used to confirm a final light intensity of 100 mWcm−2. J–V plots were constructed
by sweeping from the open circuit potential at a rate of 20 mVs−1. For repeated
sweeps a rest period of 30 s was taken between sweeps before returning to the open
circuit voltage. Baseline measurements were performed in 1 M sodium sulfite hole
scavenger with 0.5 M phosphate buffer with a pH adjusted to 7.4. Chlorine
oxidation was carried out in a 4M NaCl solution with its pH adjusted to 1 using
hydrochloric acid. Results were plotted in comparison to the reversible hydrogen
electrode using the following equation:VRHE ¼ VAgAgcl þ 0:197V þ 0:059V pH:

IPCE measurements were carried out using Oriel 69052 Spectral Luminator to
provide monochromatic light ± 10 nm in intervals of 10 nm from 400 to 550 nm.
The intensity at each wavelength was measured using a silicon photodiode. Current
density was measured at a constant bias of 1.42 VRHE in 4M NaCl pH 1 solution.

Stability and product analysis. Stability tests were conducted by applying a
constant bias of 1.42 VRHE (standard redox potential for chlorine evolution). Each
compartment of the quartz cell was purged with helium for 1 h prior to mea-
surements. Hydrogen and oxygen were measured by extracting 250 uL of head-
space and injecting it into an SRI 8610C GC with a Mol Sieve5A column equipped
with a helium ionization detector. After the experiment the compartment housing
the bismuth vanadate working electrode was gently purged with helium which
passed through a potassium iodide trap solution in order to collect chlorine which
was quantitatively measured via iodometric titration with sodium thiosulfate using
starch as an indicator31.

Sample characterization. Structural characterization was carried out using Hita-
chi S-4800 SEM. UV–vis measurements were carried out using a thermo scientific
evolution 300 UV–vis spectrophotometer. XPS analysis was carried out using
ULVAC-PHI PHI 5000 VersaProbe II with concentric hemispherical electron
energy analyzers combined with the established multi-channel detector (MCD).
The incident radiation monochromatic Al Kα X-ray (1486.6 eV) at 150W (accel-
erating voltage 15 kV, emission current 10 mA) was projected 45° to the sample
surface and the photoelectron data was collected at takeoff angle of θ= 90°. The
spectra were calibrated using adventitious carbon C 1s peak at 284.8 eV. The base
pressure in the analysis chamber was maintained at 1.0 × 10−7torr. Low energy
electrons were used for charge compensation to neutralize the sample. Survey scans
were taken at pass energy of 117.4 eV, and carried out over 1200 eV ~−0eV
binding energy range with 0.3 eV steps and a dwell time of 30 ms. High resolution
scans of Bi 4f, V 2p, W 4f and O 1 s were taken at pass energy of 25.3 eV with 0.05
eV steps and a dwell time of 30 ms. TEM and EDS analyses were performed using
FEI Titan Themis Z instrument equipped with image-and probe-forming spherical
aberration (Cs) corrector. TEM samples were sonicated in ethanol and then
dropped onto holey carbon TEM grids for analysis. HRTEM images were acquired
at an accelerating voltage of 300 kV. EDS collection was conducted using a four-
quadrant FEI Super-X detector. (30mm2 each).

Data availability
The data presented in this work is available upon request from the corresponding author.
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