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Direct electrocatalytic CCU routes to produce a myriad of valuable chemicals (e.g.,
methanol, acetic acid, ethylene, propanol, among others) will allow the chemical
industry to shift away from the conventional fossil-based production. Electrofuels need
to go beyond the current electroreduction of CO, to CO, and we will here demonstrate
the continuous flow electroreduction of syngas (ie., CO and H), which are the
products from CO,-to-CO, with enhanced product selectivity (~90% towards ethylene).
To overcome current drawbacks, including bicarbonate formation that resulted in low
CO, utilisation and low C,, product selectivity, the development of nanostructured
core—shell bi-metallic electrocatalysts for direct electrochemical reduction of syngas to
C,, is proposed. Electrosynthesis of ethylene is performed in a state-of-the-art
continuous flow three-compartment cell to produce ethylene (cathodic gas phase
product) and acetate (cathodic liquid phase product), simultaneously.

1. Introduction

Meeting the Paris Agreement* will require a wide range of mitigation and removal
strategies, among which carbon capture and utilization (CCU) is particularly
appealing as it can curb emissions while creating economic value. Notably,
according to estimates, the large-scale deployment of CCU could help to decar-
bonise industrial activities by saving up to 3.5 GtCO,q per year in 2030, that is, an
83% reduction compared with conventional fossil-based technologies.> Chemical
industry is one of the top three emitting industries and is among the most
difficult to decarbonise. The most effective way to decarbonise the chemical
industry is to reduce the reliance on fossil fuels and gas demand as the feedstocks
to the sector as the largest-volume chemicals to produce commodity chemicals to
satisfy global markets. In addition, fossil fuels are also used to provide heat and
pressure to drive those chemical reactions.
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Amongst the commodity chemicals, acetic acid, ethylene and ethylene glycol
(6.5, 164 and 30.2 Mt per year, respectively) are the most important chemicals for
the chemical and pharmaceutical sectors. Ethylene as the major platform
chemical has a global production increased from 185 Mt in 2018 to 214 Mt in 2021
and the average price of ethylene worldwide has increased to 1235 USD per ton.?
Unfortunately, it is produced via steam cracking of naphtha, currently the
predominant production route followed by the thermal cracking of ethane,* that
emits 1.51 kgCO,.q kg " of ethylene (cradle-to-gate),” resulting in 0.26 GtCO,q (in
order to satisfy the 2021 production volume) and accounting for 30% of the total
energy needs of the chemical industry.®

CO, electrochemical reduction (CO2RR) into value added products using
renewable energy offers a promising approach to reduce anthropogenic CO,
emissions and development of sustainable energy systems. Coupling the inter-
mittent electricity generated from solar and wind energy for CO2RR has been
explored extensively for storing renewable electricity in chemicals, such as
ethylene. CO2RR can produce carbon monoxide (CO), methane (CH,), methanol
(CH30H), formic acid (HCOOH), ethylene (C,H,) ethanol (CH;CH,OH) and
chemicals with longer chain hydrocarbons. However, implementations of this
technology for large-scale applications are challenging as the molecule is ther-
modynamically stable. Some other bottlenecks, including carbonate formation,
poor product selectivity, low carbon utilisation rate, competition of H, evolution
reaction at low potentials, and poor stability, need to be overcome to make low
temperature CO2RR competitive with other CO, conversion technologies or
chemical and energy production processes.”

Cu is the only electrocatalyst with acceptable activity and selectivity for C,.
products due to the unique property of binding *CO and *H.* However, CO2RR
requires a high bias (approx. —1.0 V vs. reversible hydrogen electrode, RHE).
Furthermore, under high biases (—0.9 to —1.1 V) up to 12 different C2 or C3
products can be identified at the Cu polycrystalline cathode.” To improve the
efficiency and selectivity of C,, products, the alkaline flow electrolyser has been
proposed because it is one of the best electrolysers with high faradaic efficiency
(90%) as well as superior single pass conversion efficiency (40%).'° However, the
electrolyser consumes a lot of the electrolyte due to reductive disproportionation
into CO and CO;>". As a result, the CO, utilisation rate is significantly limited,
and large voltage is required.” To date, the best performing electrolyser for CO, to
ethylene displayed a 15% energy efficiency, 2% carbon efficiency, 60 h of steady
state operation at 3.5 V and 500 mA cm ™ 2."

Addressing the carbonate formation is vital for this technology to make it
a viable option for renewable chemical and fuel production. To date, the best
reported CO production performance could be achieved at 3 Vwith approx. 4000 h
at steady state operation under 200 mA cm ™ > with 98% product selectivity.'> The
carbon efficiency reported is 43%. With this outstanding performance of CO
production, the production of C,, products in the sequential step needs to be
developed to produce more valuable products, such as ethylene and acetic acid,
which are ~$1200 and ~$800 per Mt in 2021. Furthermore, the electro-conversion
of these C,, products are among the potential commodity chemicals with high
revenue.’ Hence, the optimisation of the co-production of these commodity
chemicals is the aim of the first part of this study.
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The use of bimetallic electrocatalysts has been proposed previously to
enhance the product selectivity with low overpotential required. For instant,
Wang et al. reported that bimetallic Cu-Ag nanoflowers showed enhanced
product selectivity towards acetaldehyde (~70%) from CO at —0.536 V vs. RHE.*
Kuhn et al. also pointed out that a Cu-Ag bimetallic electrocatalyst had shown
enhanced product selectivity towards ethylene (43% at —0.75 V vs. RHE) due to
increased conductivity, stability and concentration of adsorbed CO when
compared to Ag and Cu single metallic electrocatalysts."* Furthermore, Gao
et al. demonstrated that the Cu-Co core-shell bimetallic electrocatalysts with
Co-rich samples were more selective towards hydrocarbons, whereas Cu-rich
samples were prone to produce oxygenated compounds from syngas.'
Herein, three types of core-shell bimetallic electrocatalysts were synthesized.
The syngas conversion performances of these electrocatalysts were analysed as
the second part of this study.

2. Experimental
2.1 Chemicals

Oleylamine (OAm, R&D grade); copper nanoparticles (Cuger,, 60-80 nm, =99.5%);
copper(u) acetylacetonate (Cufacac],, =99.9%); palladium(u) trifluoroacetate (Pd
[OCOCF;],, 97%); silver trifluoroacetate (AgOCOCF;, 98%); tetrahydrofuran (THF,
anhydrous =99.9%); isopropanol (IPA, ACS reagent =99.5%); Nafion™ (20 wt%)
and dimethyl sulfoxide (DMSO, =99.9%) were purchased from Sigma-Aldrich.
Potassium hydroxide (KOH, 85%) was purchased from Acros. Methanol (HPLC
grade =99.8%); hexane (HPLC grade =95%) and deuterated water (D,0) were
purchased from Fisher Chemical. Diphenyl ether (DPE) and cobalt(u) acetylacet-
onate (Co[acac],, =99.0%) were purchased from Merck. All chemicals were used
without further purification. Carbon gas diffusion layer (GDL) was Teflonated
Toray TGP-60 from Alfa Aesar GmbH & Co; nickel foam (Nanoshel, 99.9%). Milli Q
water (18 QM) was used throughout the study.

2.2 Methods

2.2.1 Synthesis of Cu nanoparticles (Cuor). The synthesis of Cu, followed
a previous published report.™ Briefly, the growth of the Cuc,. nanoparticles was
achieved in a single pot under a CO gas environment. 16 mg of Cu(acac), was
dissolved in OAm (9 mL) in a three-neck flask. Then, DPE (120 uM) was added into
the resulting turquoise-blue solution, which was placed in an oil bath at 25 °C
with continuous stirring throughout the following steps. A Schlenk line was
connected with N,, CO and a vacuum pump (KNF, Model: N86KT.18). Before
switching to N,, the line was held under vacuum for 5 min to remove the air from
the system. This process was repeated for 4 times. CO was then introduced into
the system at a flow rate of 5 mL min " throughout the following steps. Caution:
CO is toxic and should be handled with extra care in a well-vented chemical hood
equipped with a CO detector. The temperature was maintained at 30 °C for
30 min, followed by heating to 220 °C with a ramp rate of 1.6 °C min~ " using the
oil bath. The colour of the solution changed from transparent blue green to yellow
to reddish-brown during heating. The temperature of the solution was kept at
220 °C for 2 h before letting it cool down to 25 °C naturally.
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2.2.2 Synthesis of core-shell bi-metallic nanoparticles. The synthesis of bi-
metallic core-shell nanoparticles followed a previous published report.* Briefly,
an AgOCOCF;, Co[acac], or PA[OCOCF;], solution was prepared by adding pre-
determined amount of OAm (2 mg mL™") in a 10 mL vial. The vial was sonicated
for 30 min to ensure the salt was completely dissolved. A syringe pump (Kent
Scientific, Model: Genie Touch) was used to inject 5 mL of the resulted salt
solution into the three-neck flask that contained the suspension of Cucey. at 30 °C
while CO was flowing. The infusion rate of the metal (i.e., Ag, Co or Pd) precursor
was set at 0.5 mL h™" to ensure uniform growth of the shell layer. After 5 mL of the
metal precursor solution was added, the mixture was kept under stirring for
another 12 h while maintaining the temperature at 30 °C and a flowrate of CO gas
at 5 mL min~'. The formed NPs were collected by centrifuge (Eppendorf 5810) at
11 000 rpm for 3 min, followed by washing with hexane as the dispersing agent (3
mL) and methanol as the antisolvent (17 mL). The samples, labelled as Cu@Ag,
Cu@Co or Cu@Pd, were dispersed in hexane for further use.

2.2.3 Preparation of electrodes. The cathode catalysts were deposited via
hand-painting onto a carbon GDL. 2 mg of Cug.s, sSample was mixed with THF (200
uL), IPA (200 pL), and Nafion (5.2 pL). The solutions were sonicated for 1 h to
obtain a homogeneous ink. The ink was then hand-painted using an airbrush on
the GDL at a loading of 1.0 mg cm 2. This procedure was repeated for the Cucre,
Cu@Ag, Cu@Co and Cu@Pd electrocatalysts.

2.3 Electrocatalytic testing

The electroreduction of syngas (CO/H,) was tested using an alkaline flow cell
setup (Fig. 1). Gaseous CO/H, (varied with different ratio) was continuously
supplied to the back of the cathode at various rates controlled by a mass flow
control (Bronkhorst EL-Flow Select). A syringe pump continuously fed KOH (refer
to Table 1) as the catholyte and anolyte through two silicone rubber (SiloCell
White from Polymax, 9 mm thickness) electrolyte chambers separated by an
anion exchange membrane (AEM, AHA Membrane from Eurodia Ltd). The cell

Renewable

Electricity
Ref.
Electrode
/

Membrane

Fig.1 Schematic diagram of the alkaline flow cell setup.
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Table 1 Parameters manipulated in DOE using commercially manufactured Cu
nanoparticles

Run no. CO:H, Concentration KOH (M) Flowrate (mL min ")
1 1:0 0.1 0.54
2 1:1 0.1 0.41
3 1:0 0.1 1.07
4 1:1 0.1 1.07
5 1:0 2.0 0.54
6 1:1 2.0 0.41
7 1:0 2.0 1.07
8 1:1 2.0 1.07
9 1:1 1.0 0.78

potential was varied via a potentiostat (Autolab PGSTAT302N) and the corre-
sponding current density was continuously measured. Multimeters hooked up to
the flow cell were used to measure cathode and anode potentials against an Ag/
AgCl reference electrode (Ossila, C2015B1). For a typical procedure, the cell was
first hooked up to the CO and/or H, feed, electrolyte pump, potentiostat, multi-
meters, and gas chromatograph (GC, Agilent Technologies 7890B equipped with
TCD-FID detectors). Each experiment was begun with two successive linear
sweeps between —1.0 and —1.8 V versus Ag/AgCl to ensure proper functioning of
the cell. The linear sweeps were followed by a potentiostatic preconditioning step
at —1.0 V versus Ag/AgCl for 60 s. The cell was then stepped galvanostatically with
one potentiostat and the cathode potentials were measured versus the Ag/AgCl
reference electrode. Each galvanostatic step was 9 min in duration. Electro-
chemical impedance spectroscopy (EIS) measurements were conducted with the
frequency range from 100 kHz to 0.1 Hz with an amplitude of 0.1 mA. Ten points
were recorded per frequency decade.

2.4 Characterisation

The morphology of the synthesized products was examined using a field emission
scanning electron microscope (FE-SEM, Quanta 200 F FEI), a high-resolution
transmission electron microscope (HRTEM, FEI Titan Themis 200) equipped
with an energy-dispersive X-ray spectroscopy (EDX) detector operated at 200 kV.
To investigate the interior structures of the nanospheres, samples were embedded
in TAAB 812 resin and sliced into ~90 nm thick sections. The sliced sections were
mounted on the TEM Ni grid. Crystallinity and phase identification of the
synthesized products were conducted using powder X-ray diffraction XRD (Mal-
vern Panalytical Empyrean Diffractometer) equipped with Cu Ko radiation (4 =
1.5418 A) and compared with the ICDD-JCPDS powder diffraction file database.
Nuclear magnetic resonance spectroscopy (NMR, Bruker AVIII-400) was used to
analyse the liquid products. Typically, 100 puL of the catholyte sample was mixed
with 100 pL of DMSO standard solution and 400 uL of D,O in an NMR tube. The
DMSO standard solution was made by diluting the DMSO with D,O to obtain the
final concentration (1.262 mM). The samples were analyzed using "H NMR
equipped with solvent suppression. The spectra were integrated and compared
against a DMSO standard to quantify the concentrations of the liquid products.
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3. Results and discussion

The electroreduction of syngas parameters were optimised through a series of
experiments using design of experiment (DOE). A blank GDL was loaded onto the
Cu flow plate and the experiment was run following the procedure above. No
observable product was detected based on the GC and NMR results.

The parameters, including the concentration of electrolyte (i.e., 0.1, 1 and 2 M),
ratio of CO: H, and flow rate of syngas (Table 1), were manipulated to optimise
the parameters for the electrocatalytic process. Using the stepped galvanostatic
reduction method, the current applied was manipulated ranging from 1.0 to 4.5
mA. Each step (0.5 mA) was held for 9 min to allow sufficient time for sampling
into GC. The optimised current applied was determined with the highest ethylene
yielded from syngas. The experimental results were tabulated, and a Pareto chart
was used to visualise the most significant factor in the DOE (Fig. 2). The Pareto
chart revealed that the concentration of the electrolyte was the most significant
factor affecting ethylene production efficiency. Meanwhile, —2.5 mA was the
optimised applied current that resulted in the highest single pass production of
ethylene, which was ~2.5 mM cm 2.

Electronic impedance analysis was performed to justify the role of H, in the
electroreduction of CO to ethylene (Fig. 3a). The Nyquist plot was obtained for
commercial Cu being exposed to different gases, namely N,, CO-N,, CO-H, and
CO. In particular, the high frequency process was found to be not dependent on
electrode material and applied current; on the contrary the low frequency one was
different for the measurements under different gases and highly dependent on
the current applied. The former was attributed to the ionic migration toward the
reaction site, whereas the latter reflected the charge transfer due to the reduction
reaction.'® The charge transfer resistance (R..) was found to be decreasing in the
order of N, > CO > CO-N, > CO-H,. When CO and CO-N, were introduced into the
electrolyser, the reduction of R, was not significant. However, the exposure under
CO-H, largely decreased R This result was attributed to the strong reducing

Pareto Chart of the Standardized Effects
(response is Ethylene, o = 0.05)

Term 2776
E Factor Name
A CO:H2
B [KOH]
B C Flowrate
C
'
:
A 1
i
i
:
0 1 2 3 4

Standardized Effect

Fig. 2 Pareto chart of the standardized effects obtained for the factorial design optimi-
zation of the variables (A) CO : H,, (B) concentration of KOH, and (C) flowrate of syngas.
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Fig. 3 (a) Impedance (Nyquist plot) of the commercial Cu measured in the presence of N,
(black M), CO:N,=1:1(red @), CO:H,=1:1(magenta A), and CO only (blue ¥) under
—2.5 mA of applied current and a total flow rate of 0.78 mL min~2. (b) XRD pattern of
synthesized Cucgyre (black), Cu@Ag (red), Cu@Pd (blue) and Cu@Co (magenta). SEM images
of (c) Ag@Cu, (d) Pd@Cu and (e) Co@Cu. HRTEM of (h) synthesized Cucere and (i) Ag@Cu
with elemental mapping of (j) Ag and (k) Cu. (f) Single pass ethylene production rate using
commercial Cu, synthesized Cucore, Ag@Cu, Co@Cu and Pd@Cu. (g) Stability test of
Ag@Cu under 2.5 mA for 200 min.

power of CO and H,. When CO and/or H, were introduced into the electrolyser,
the oxidised Cu electrocatalyst was reduced to Cu. Being a stronger reducing
agent, H, tended to reduce more O, that adsorbed on the electrocatalyst
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compared to CO, providing more electrochemically active area, thus, enhancing
the conductance.” Furthermore, a recent study concluded that the adsorption of
H, would reconstruct the surface Cu atoms in the electroreduction conditions
based on the simulation, thus, reducing the potential barrier.*

The optimised experimental conditions, which were 1: 1 CO : H,, 1.0 M of KOH
and 0.78 mL min~ " of syngas, were applied for the following experiments using
different bi-metallic electrocatalysts. The flow of electrolyte was maintained at
0.15 mL min .

Three different types of bi-metallic electrocatalysts were synthesized using the
sol-gel method as detailed in the experimental procedure section 2.2.2. The
crystallinity of the synthesized electrocatalysts was evaluated using XRD (Fig. 3b).
The synthesized Cuq.e with metallic dark brownish colour showed a very weak
XRD signal probably due to the small nano-crystallite size. When Ag was loaded as
the shell layer, Ag metal produced a strong XRD pattern at 38.1, 44.2, 64.4 and
77.4°, which corresponded to (110), (200), (220) and (311) phases, respectively. Pd
and Co were also synthesized as the shell materials of Cucoe using the same
experimental conditions. Unfortunately, the XRD patterns of these metals were
very broad and poor compared to Ag although the Pd (111), Pd (200) and Co (111),
which were located at 42.3, 47.0 and 42.6°, respectively, were identified. This was
due to very small nanocrystallite size deposited on Cucere-

The morphology of the nanoparticles was characterised using SEM. The
synthesized samples appeared as very small nanoparticles. The synthesized Cu,ore
was hardly seen under SEM, thus, the TEM image of Cu,e was provided (Fig. 3h).
The highly crystallized Ag@Cu revealed the largest particle size (~25 nm, Fig. 3c)
among the bi-metallic electrocatalysts (i.e., ~15 and ~12 nm for Pd@Cu and
Co@Cu (Fig. 3d and e), respectively).

The synthesized electrocatalysts were used as the cathodic material in the
tailor-made alkaline flow cell using the optimised conditions. Each sample was
tested using the galvanostatic method as detailed in DOE experiments. The single
conversion efficiency of Ag@Cu was the highest among the samples, which was
~15.0 mM cm %, when 2.5 mA was applied. Meanwhile, Cucy. produced
~4.9mM cm >, followed by commercial Cu (~2.5 mM cm™?) and Pd@Cu (~2 mM
cm 2, Fig. 3f). Unfortunately, Co@Cu showed trace amount of ethylene produc-
tion. The underperforming of Co@Cu and Pd@Cu was due to the strong elec-
tronegativity of Ag compared to Co and Pd. In addition, the low crystallinity and
coverage of the Co and Pd compared to Ag@Cu led to unsatisfactory performance.

To further understand the morphology of the synthesized Cu.ye and Ag@Cu,
HRTEM was utilised to examine these electrocatalysts. The synthesized Cucore
exhibited a self-assembled nanosphere with diameter ~10 nm that was formed
from a group of nanoparticles (Fig. 3h). The elemental analysis on the electro-
catalysts was conducted using EDX-HRTEM. The shell layer of Ag (Fig. 3i and j)
exhibited a much stronger signal than Cu as the core material (Fig. 3k). This
suggested that Ag had formed a thick, solid layer over the Cu.

The best performing sample Ag@Cu was used to perform a stability test. The
current of —2.5 mA was supplied continuously to the cell, while the potential was
measured simultaneously with the gas sampling through the connected GC. The
production rate of ethylene was analysed and plotted (Fig. 3g, yellow bars). The
production rate increased immediately after the first 5 min from 1 to ~7.5 mM
cm™~? (10-30 min). The production rate was doubled after 40 min and stabilised at
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~22 mM cm > The maximum production rate achieved was 25 mM cm > at the
140" min before the measured potential started to descend. The potential
dropped quickly and approached —4.8 V vs. RHE after 140 min. This had also
resulted in the decrease of ethylene production concurrently and eventually
approached 0. The overall ethylene selectivity was 75% with ~15% of ethane
(Fig. 3g, green bars) and 10% of methanol (Fig. 3g, purple bars) based on the
gaseous product analysis using GC. The total production of ethylene in the single
pass conversion was calculated to be 0.5 M after 180 min, which was ~40%
efficiency.

To elucidate the liquid products from the cathode compartment, the catholyte,
which was flowing through the middle compartment throughout the experiment,
was analysed using NMR (Fig. 4). The catholyte obtained was analysed without
purification. The NMR spectrum revealed that acetate was the only product in the
catholyte. No other by-product was detected. The concentration of acetate was
estimated to be 2.65 g L.

The impedance of Ag@Cu before and after the stability test was recorded as
shown in the Nyquist plots (Fig. 5). The R of the post-run sample increased 5-6
times when compared to the fresh sample. In addition, the post-run electro-
catalyst revealed some white deposition on the GDE (inset of Fig. 5), which was
due to the accumulation of acetate. Hence, the increase in R .. was postulated to be
due to the accumulation of acetate that increased the potential barrier and
hindered the electrocatalytic sites. This explained the phenomenon of rapid
reduction in products obtained from the electroreduction process after 140 min.
The accumulation of acetate on the GDE over the time had also reduced and
constrained the adsorption of CO on the GDE that probably shifted the product
selectivity from methanol to ethylene as suggested by a recent study.*

The co-production of high selective ethylene from syngas in the gas
compartment and potassium acetate in the middle compartment exhibited the
advantage of the three-compartment electrolyser, in which the products in gas
and liquid phases were prohibited to cross-over, which prevented the oxidation of
reduced products. As a result, the product selectivity was promoted. Further
enhancement of the single pass conversion efficiency with high product selec-
tivity (i.e., avoid product purification/separation processes) would significantly
enhance the economic feasibility of the electrolyser for CCU applications.

L%

T T T T T T T T
6 5 4 3 2 1 0o -
W
5 &

Fig. 4 NMR spectrum of the solution obtained after a single pass conversion from the
middle compartment of the electrolyser.
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Fig.5 Impedance (Nyquist plot) of Ag@Cu measured before (#) and after () the stability
test.

4. Conclusions

A three-compartment alkaline flow-through electrolyser was successfully devel-
oped and the single pass conversion of syngas to ethylene achieved was 2.5 mM
cm 2 in the optimised conditions (i.e., 1:1 of CO:H,; 1.0 M of KOH and 0.78
mL min~" of total gas flow under —2.5 mA cm™?). The single pass conversion of
syngas to ethylene was dramatically enhanced when the fabricated core-shell
Cu@Ag sample (15 mM cm ?) was employed as the electrocatalyst, the co-
production of ethylene (~40%) and potassium acetate (2.65 g L") was obtained
as the gas and liquid products, respectively, with high purity (>70%). The
impedance measurements suggested that the shifting of product selectivity from
methanol to ethylene over the time and deterioration of ethylene production after
2 h were due to the accumulated acetate that hindered the electrocatalytic sites.
Further mechanistic study and optimisation are required to fully understand the
reaction pathways. Although the core-shell Cu-Ag bimetallic electrocatalyst
showed promising conversion efficiency, the stability of ethylene production
would need to be explored further.
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