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ABSTRACT: Cobalt phthalocyanine (CoPc) is an active electro-
catalyst for the sequential electrochemical reductions of CO2-to-CO
and CO-to-methanol (CH3OH), and it has been shown to be active
for the conversion of CO2-to-CH3OH through a cascade catalysis
reaction. However, in gas-fed flow electrolyzers equipped with gas
diffusion electrodes (GDEs), the reduction of CO2 by CoPc
selectively produces CO with minimal CH3OH formation. Herein,
we show that the limited performance of the CO2−CO−CH3OH
cascade reactions by CoPc is primarily due to the competitive binding
between the CO2 and CO species. Through microkinetic analyses, we
determine that the effective equilibrium constant for CO2 binding is
three times higher than that for CO binding. The stronger CO2 binding suppresses the CO-to-CH3OH reaction even at moderate
local CO2 concentrations. Because the GDE configuration enhances the CO2 mass transport, gas-fed flow electrolyzers exacerbate
this suppression of CH3OH formation from the CO2RR. In contrast, CH3OH formation is observed when the local concentration of
the CO2 is low, compared to the local CO concentration. To promote methanol formation via CO2 reduction, we propose applying
modifications to the coordination environments of CoPc to strengthen the binding of CO and regulate the transport of CO2.
KEYWORDS: Electrochemical CO2 reduction, methanol synthesis, cobalt phthalocyanine, competitive CO2 and CO binding,
DFT calculations

■ INTRODUCTION
The electrochemical CO2 reduction reaction (CO2RR) to
produce value-added chemicals holds great promise for carbon
recycling and energy storage.1−3 CO2RR to highly reduced
products like methanol (CH3OH) is of particular interest,
because CH3OH is a critical chemical building block and
promising energy storage molecule.4,5 However, designing
catalyst systems for the selective CO2RR to products that
require more than two-electron transfers is challenging due to
the complexity of reaction pathways and the limited under-
standing of the reaction mechanisms.6−9 Therefore, the six-
electron reduction of CO2 to CH3OH often suffers from
sluggish reaction kinetics and poor selectivity.9

Using immobilized molecular catalysts (IMCs) that are
adsorbed or grafted on conductive carbon supports provides
promising model systems to understand reaction mechanisms
and control the kinetics and selectivity. IMCs not only provide
single-atom active sites that suppress competitive C−C
coupling reactions,10,11 but also offer precise control over
catalytic performance at a mechanistic level due to their
tunable electronic properties and microenvironments.8,12−15

Early examples of molecular transition-metal complexes for
CO2-to-CH3OH reactions include Co-, Fe-, Ni-, and Cr-based
molecular catalysts that are aided by heterogeneous and

homogeneous co-catalysts to facilitate the production of
CH3OH in organic solvents.16,17 However, perhaps the most
prevalent examples of the CO-to-CH3OH by IMCs in aqueous
electrolyte emerged in 2019. Robert and co-workers18,19 and
Wang and co-workers20 independently reported that cobalt
phthalocyanine immobilized on multi-walled carbon nanotubes
(CoPc/MWCNT), which is a catalyst known for its selectivity
for the CO2-to-CO reaction, exhibited activity in an aqueous
H-type cell (H-cell) for the reduction of CO2 to CH3OH.
CH3OH formation is proposed to occur through a CO2−CO−
CH3OH cascade reaction with CO acting as the intermedi-
ate.18−21 Further studies have demonstrated that formaldehyde
is a likely intermediate for the CO-to-CH3OH reaction19 and
higher Faradaic efficiencies for CH3OH (FECHd3OH) are
achieved from the four-electron CO-to-CH3OH reaction
than the six-electron CO2-to-CH3OH reaction.18
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Although CoPc/MWCNT can catalyze the CO2−CO−
CH3OH cascade reaction, the rates and CH3OH selectivity
remain low, compared to state-of-the-art solid-state CO2−
CH3OH electrocatalysts.22−24 Moreover, incorporating the
CoPc/MWCNT into gas-fed flow electrolyzers makes this
CO2−CO−CH3OH performance even worse, compared with
the equivalent systems studied in aqueous H-cells. For
example, Wang and co-workers reported an average CO2−
CO−CH3OH current density (jCH3OH) of <10 mA/cm2 and a
FECH3OH value of ∼40% in H-cell configuration.20 However,
CoPc-based gas-diffusion electrodes (GDEs) have shown CO2-
to-CO current densities (jCO) of hundreds of mA/cm2 and
almost 100% CO Faradaic efficiency (FECO),

11,25−29 but
CH3OH has rarely been detected in the numerous flow
electrolyzer studies published in recent years. One recent
exception has been reported by Ye and co-workers, in which
they achieved jCH3OH > 60 mA/cm2 under >30% FECH3OH in a
GDE by engineering the strain effects of single-walled carbon
nanotubes.30 In contrast to the low CH3OH production from
CO2 in GDEs, the direct CO reduction reaction (CORR) by
CoPc is active and selective for CH3OH production. Multiple
reports demonstrate CORR performance with 20−90 mA/cm2

jCH3OH and >65% FECH3OH in zero-gap flow electrolyzers.30,31

The contrast in CH3OH production by CoPc under the
CO2RR and CORR conditions suggests that CO-to-CH3OH is
largely suppressed by the presence of CO2. The suppression is
closely related to the relative binding strength of CO and CO2
to CoPc.31 In more recent studies, Wang and co-workers
pointed out that the bound CO species (*CO) is labile on
CoPc sites and high *CO concentration in the microenviron-
ment is necessary to compete with CO2 in order to facilitate
CH3OH formation.32 However, a gap in the literature is a
quantitative understanding of CO and CO2 binding and how
the difference in binding influences the formation of CH3OH
on CoPc. This knowledge gap may hinder future optimization
studies aiming at scaling up CH3OH production.33 Therefore,
the objective of this study is to quantify binding of CO and
CO2 to CoPc and elucidate how the relative CO2/CO binding
impacts the CO2−CO−CH3OH reaction by CoPc/MWCNT
catalysts in gas-fed flow electrolyzers.

■ COMPARING CO2 AND CO BINDING CONSTANTS
TO COPC/MWCNT CATALYST

To quantitatively compare the relative binding for CO and
CO2 to CoPc/MWCNT, we measured the CORR and CO2RR
activity of CoPc/MWCNTs in our gas-fed flow electrolyzer
where the feed gas stream had different partial pressures of CO
(PCO) and CO2 (PCO2), respectively, balanced by N2. The
results of these experiments were fitted to a microkinetic
reaction model to determine the equilibrium binding constants
for CO and CO2 to CoPc (denoted as KCO and KCO2,
respectively). Details of the flow electrolyzer and reaction
methods are provided in Section 1 in the Supporting
Information and Figure S1 in the Supporting Information. In
addition to the flow electrolyzer studies, we conducted H-cell
electrolysis for CO2RR and CORR with CoPc/MWCNT to
determine whether our catalyst is comparable with the
reported state-of-the-art performance in aqueous non-flowing
H-cells. The experimental methods are detailed in Section 1 in
the Supporting Information, and the results of electrolysis are
shown in Figure S2 in the Supporting Information. For the
CO2RR, we saw an onset of CH3OH formation at
approximately − 0.70 V vs RHE with 1.4% FECH3OH. Under

a more negative potential of −0.85 V vs RHE FECH3OH reaches
11.7%. For the CORR, 7.4% and 24.1% FECH3OH is achieved at
the aforementioned potentials. When taking the difference of
reactor and reaction conditions into consideration, the
CH3OH production in our sealed H-cell is qualitatively
comparable with the state-of-the-art performance reported
with CoPc/MWCNT catalysts under similar reaction con-
ditions.20,30

To determine KCO, we studied the CORR by CoPc/
MWCNT at different inlet PCO values. First, we determined
the optimal operating potential for CH3OH formation from
the CORR on a CoPc/MWCNT GDE with 1 atm of CO in
our gas-fed flow electrolyzer. We observe that CH3OH
formation commences at a potential of approximately −0.44
V vs RHE and reaches its peak at approximately −0.77 V
(Figures S3 and S4 in the Supporting Information). At this
peak potential, jCH3OH = −44.7 mA/cm2. CH3OH is most
selectively generated at −0.70 V vs RHE with FECH3OH > 80%.
We therefore used the potential of −0.70 V vs RHE to measure
jCH3OH as a function of PCO for the CORR. As shown in Figure
1a and Figure S5, jCH3OH increases with CO partial pressure
until it plateaus at PCO = 1 atm, and we attribute this plateau to
saturated CO binding. Using microkinetic analyses detailed in
Section 2 in the Supporting Information, we determined that
the rate-determining step (RDS) for the conversion of CORR
to methanol to be the protonation of [CO-CoPc]−, which

Figure 1. Current density to specified product as a function of inlet
partial pressure of reactant for (a) CO-to-methanol (jCHd3OH, mA/cm2)
and (b) CO2-to-CO (jCO, mA/cm2) using CoPc/CNT catalyst. All
electrochemical measurements are conducted in a flow electrolyzer
under −0.7 V vs RHE with 0.5 M KHCO3 electrolyte (pH ∼8.5).
Both the CO and CO2 gases are balanced by N2 to 1 atm with total
gas flow rate controlled at 15 mL/min. Experimental results are
shown by data points from three repetitions, fitting is shown by a solid
line. The numerical fitting was done by using the equation shown and
derived in Section 2 in the Supporting Information. The effective
equilibrium constants for CO (KCO) and CO2 (KCO2) binding to
CoPc are obtained from the fitted results.
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represents the CO-bound, singly reduced CoPc molecule. The
RDS determined from our microkinetic analysis is in
agreement with the recent kinetic studies in aqueous H-cell
by Wang and co-workers.34 Using this RDS, we derived a rate
law for CH3OH production from CO shown in eq 1.

i
k
jjjjj

y
{
zzzzz=

+
j k

K P
K P1CH3OH CO

CO CO

CO CO (1)

kCO refers to an effective rate constant for the CORR to
CH3OH as defined in Section 2 in the Supporting Information
and KCO is the apparent equilibrium binding constant to the
CoPc/MWCNT catalyst. By numerically fitting the exper-
imental jCH3OH data in Figure 1a to eq 1, we determined KCO =
3.4 atm−1.
We conducted analogous studies of the CO2RR by CoPc/

MWCNT at different PCO2 to determine KCO2 at −0.7 V vs
RHE. The primary products for the CO2RR with CoPc catalyst
are CO and H2, with minimal CH3OH produced. The
relationship between jCO from the CO2RR as a function of
PCO2 is shown in Figure 1b. jCO increases with increasing CO2
partial pressure until it plateaus at PCO2 ≈ 0.8−1.0 atm,
qualitatively similar to the relationship between jCH3OH and
PCO in Figure 1a. We applied a similar microkinetic analysis to
derive a rate law for CO production from CO2 assuming
protonation of the [CO2−CoPc]− species is the RDS shown in
eq 2.

i
k
jjjjj

y
{
zzzzz=

+
j k

K P
K P1CO CO2

CO2 CO2

CO2 CO2 (2)

Similarly, kCO2 refers to an effective rate constant for the
CO2RR to CO and KCO2 is the apparent equilibrium binding
constant to the CoPc/MWCNT catalyst. By fitting the jCO data
in Figure 1b to eq 2, we determined KCO2 = 11.1 atm−1.
Note that the various assumptions used in these micro-

kinetic models and data fitting are described in Section 2 in the
Supporting Information, and the MATLAB code used for
fitting and the statistical significance of the fitted results are
shown in Section 3 in the Supporting Information. The j−P
relationships shown in Figures 1a and b demonstrate a
correlation between the current density and the bulk
concentration of reactants, while it is the local concentration
that intrinsically determines the reaction rate. By fitting our
rate laws derived from microkinetic analysis to P-dependent
experimental trends to derive equilibrium binding constants for
the purpose of comparing relative binding strengths for CO
and CO2, we are implicitly assuming that (1) the local CO or
CO2 concentration is a regular function of the measured PCO
and PCO2 pressures, and (2) equilibrium of CO and CO2
binding is rapidly achieved at any given PCO and PCO2. If valid,
then these assumptions mean that these apparent KCO and
KCO2 values provide important insights into the relative ability
of CoPc/MWCNTs to bind CO2 and CO.
The ratio of the equilibrium binding constants extracted

from kinetic fitting is KCO2/KCO = 3.3, implying that binding of
CO2 to the CoPc catalyst is stronger, compared to that of CO
binding. This insight provides a thermodynamic explanation
for the inefficient CH3OH formation on CoPc/MWCNTs
during the CO2RR. Under most conditions, as CO2 is
converted to CO, the CO is preferentially displaced by a
CO2 molecule before the CO can be further protonated to
produce CH3OH. In other words, we postulate that CH3OH

formation is suppressed by the presence of CO2 through
competitive binding of CO2 at the catalyst active sites.

■ COMPUTATIONAL STUDIES OF CO AND CO2
BINDING AT COPC

To understand better the atomistic behavior of the CO and
CO2 binding, we performed density functional theory (DFT)
calculations using quantum mechanics/molecular mechanics
models of CoPc and explicit solvent, as detailed in Section 4 in
the Supporting Information. The CORR and CO2RR pathways
investigated by DFT are shown in Figure 2a. The binding of

CO2 to singly reduced CoPc, i.e., [CO2−CoPc]−, has a more
favorable Gibbs free energy (ΔGCOd2

= −7.6 kcal/mol, Figure
2b, Intermediate III) than its CO-bound counterpart ([CO-
CoPc]−, ΔGCO = −7.0 kcal/mol, Figure 2b, Intermediate VII).
This difference between ΔGCO2 and ΔGCO equates to a ratio of
equilibrium binding constants of KCO2

calc /KCO
calc = 3.0 (see Section

3 in the Supporting Information), which agrees well with the
experimentally obtained KCO2)/KCO = 3.3.

Figure 2. (a) Proposed reaction mechanism for CO2-to-CO and CO-
to-CH3OH on CoPc/CNT under −0.7 V vs RHE applied potential.
(b) Calculated Gibbs free energy for the binding of CO and CO2 on
singly reduced Co(I)Pc intermediate. (c) Calculated Gibbs free
energy for the CO2−CO reduction reaction on CoPc catalyst. All
electron reduction events are referenced to the experimentally applied
−0.7 V vs RHE potential. Structures show graphical representations of
the optimized [CO2−CoPc]− (Intermediate III) and [CO-CoPc]−

(Intermediate VII) systems. [Legend: pink sphere = Co, blue sphere
= N, gray sphere = C and white sphere = H.]
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Having computational support for the preferential binding of
CO2 over CO, we studied the key reaction intermediates for
the reduction of CO2 to CO under the applied potential of
−0.7 V vs RHE (Figure 2c). After binding of CO2 to the singly
reduced CoPc active site, protonation of the CO2 adduct is
uphill by 4.1 kcal/mol (Figure 2c, III → IV). The protonated
CO2 adduct, however, can be reduced by proton-coupled
electron transfer (Figure 2c, IV → VI) that generates CO
bound to neutral CoPc and is downhill from the IV ion by
−9.1 kcal/mol. While direct desorption of the CO adduct from
VI is highly unfavorable thermodynamic (33.8 kcal/mol;
Figure 2c, VI → I), the reduction of the [CO-CoPc]
intermediate at −0.7 V vs RHE is favorable (VI → VII). The
singly reduced CoPc species releases CO at a cost of only 7.0
kcal/mol (Figure 2c, Step VII → II). This suggests that
desorption of the CO adduct is enabled by reduction of the
neutral [CO-CoPc] intermediate (Figure 2c, VII), which
regenerates the singly reduced CoPc species. (Figure 2c, II) It
is worth noting that further protonation of [CO-CoPc]− to
form [HCO-CoPc] is possible, but our microkinetic analysis as
well as recent studies reveal the protonation of [CO-CoPc]− is
a likely RDS for CH3OH formation,32,35 therefore making this
route difficult to compete with CO2 replacement. Altogether,
these results suggest that the stronger binding of CO2,
compared to that of CO on singly reduced CoPc, is responsible
for the reduced methanol activity observed in the experiment.

■ STUDYING THE COMPETITIVE INHIBITION OF
CORR BY CO2

Our studies above provided experimental and computational
evidence that CoPc/MWCNT has a stronger binding affinity
for CO2 compared to CO, and computational mechanistic
analysis suggested that this stronger binding affinity for CO2
inhibits CH3OH formation during the CO2RR. To verify this
competitive inhibition by CO2, we studied the activity of
CoPc/MWCNT for CH3OH production in a series of CO/
CO2 cofeeding experiments in a gas-fed flow electrolyzer. Here,
we varied PCO while balancing by PCO2 to achieve a total inlet
pressure of 1 atm. The results of these experiments are shown
in Figures 3a and 3b, and Figure S5. Importantly, CH3OH is
detected as a product only when PCO ≥ 0.9 atm (PCO2 ≤ 0.1
atm). At all partial pressures of PCO < 0.9 atm and
corresponding PCO2 > 0.1 atm, CO is the only C-containing
product. This result is quantitatively consistent with similar
studies by Liu and co-workers conducted in a non-flow
aqueous H-cell.31 We interpret this result to mean that the
partial pressure of CO must be sufficiently high relative to CO2
for CO to bind to the catalyst and react to form CH3OH. In
comparison, when CO2 was substituted with N2, CH3OH
forms at a much lower PCO of 0.02 atm (Figure 1a)�N2 does
not competitively inhibit CH3OH, whereas CO2 does.
Moreover, at any given PCO, jCH3OH and FECH3OH are much
higher in the CO/N2 mixture than in the CO/CO2 mixture
(see Figures 3a and b, as well as Figure S6 in the Supporting
Information). The difference in jCH3OH achieved in the CO/N2
and CO/CO2 mixtures diminishes when PCO approaches 1
atm.
We conducted further verification of the suppression of

CH3OH by CO2 on CoPc/MWCNT with 13C isotope labeling
experiments. We hypothesize that the 13CO2 has weaker
binding to CoPc, compared to its 12C isotopologue, resulting
in less-severe suppression on methanol formation via CORR.
This hypothesis is supported by the carbon isotope

discrimination phenomenon observed in photosynthesis,
where the 13C/12C ratios in the products are lower than that
of CO2 in nature.36 This phenomenon has been identified in
CO2RR.

37 We performed 13C-labeled CO2RR and CORR. We
observed noticeable decreases in jCO and jCH3OH when using 1
atm of 13CO2 and 13CO, compared with their 12C
isotopologues (see Figure 3c, as well as Figures S7 and S8 in
the Supporting Information). Note that 13CO2RR produces
only 13CO while 13CORR only generates 13CH3OH. We
further conducted cofeeding experiments with 12CO/13CO2
mixtures, and the jCH3OH and FECH3OH values for the
12CO/13CO2 mixtures are similar to the 12CO/N2 mixtures,
as shown in Figures 3a and b. This suggests the 13CO2 did not
suppress the CO-to-methanol reaction as much as its 12C
isotopologue, supporting our hypothesis that the more weakly
bound 13CO2 has less suppression of the CO-to-CH3OH
reaction. Note that the interpretation of the 13C isotope
labeling experiments is conducted under two key hypotheses:
(1) the 13C discrimination observed in electrochemical CO2
reduction applies to CoPc catalyst systems, and (2) the
binding strength of CO2 is positively correlated with the
CO2RR performance on CoPc. Both hypotheses are supported
by previous studies,13,15,37 but the slower kinetics of certain
13CO2RR and 13CORR reaction steps is a possible contributing
factor that cannot be completely ruled out.
While our results demonstrate the suppression of CH3OH

formation in the presence of CO2 at the catalyst active sites, we
show that CH3OH can still be produced via the CO2RR if the
local CO2 is sufficiently consumed. For the PCO2-dependent
CO2RR shown in Figures 4a and b, the performance of the
CO2RR declines due to limited CO2 mass transport. This trend
is more pronounced when PCO2 is between 0.02 and 0.1 atm,
where a linear correlation between jCO and PCO2 is observed,
indicating that the reaction rate is predominantly controlled by

Figure 3. (a) jCH3OH and (b) FECH3OH under different gas mixtures for
CoPc/MWCNT catalyst at −0.7 V vs RHE. The gas mixtures include
12CO balanced by N2 (red), 12CO balanced by 12CO2 (black), and
12CO balanced by 13CO2 (yellow). (c) Performance of CO2R (jCO,
orange) and CORR (jCH3OH, blue) using 12C and 13C isotopologues
with 1 atm CO2 or CO gases. (d) 1H NMR spectra for the liquid
products collected with 0.06 atm 13CO2 + 0.94 atm 12CO (upper
panel), and 0.06 atm 13CO2 + 0.94 atm N2 (lower panel) gas mixtures.
All electrochemical measurements are conducted in a flow electrolyzer
under −0.7 V vs RHE with 0.5 M KHCO3 electrolyte (pH ∼8.5).
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mass transport of CO2 rather than the intrinsic kinetics of the
catalyst. CH3OH is detected within the same PCOd2

range
(Figure 4c), suggesting that CH3OH formation is “switched
on” when the CO2RR is limited by the CO2 mass transport.
Additionally, we observe a strong correlation between the
single-pass conversion of CO2 (XCO2) and CH3OH formation.
The decrease in PCO2 results in higher XCO2, and higher XCO2
leads to the formation of CH3OH. A threshold of 30% XCO2 is
required in our case for methanol formation from the CO2−
CO-methanol route (Figure 3c). The high XCO2 value required
to generate methanol suggests the need to establish a CO2
“lean” or “depleted” local environment to minimize the CO2
competition (Figure 4d). Based on this rationale, we identify
the main reason for the absence of methanol formation via the
CO2RR in most flow electrolyzer studies using CoPc-based
catalysts. The use of pure or high partial pressure CO2 gas
enables a high CO2 volumetric flow rate that leads to low XCOd2

,
which, combined with fast CO2 transport, results in a high CO2
concentration near the catalyst active site. This high local CO2
concentration significantly suppresses the CO−methanol
pathway due to the preferential binding of CO2, compared
to CO.

■ CONCLUSIONS
In conclusion, we study the relative binding strength of CO2
and CO to CoPc and its influence on CH3OH formation
through the CO2RR. We find that CO2 exhibits stronger
binding to CoPc than CO, leading to the suppression of the
CO−CH3OH reaction during the CO2−CO−CH3OH cas-
cade. We determine that the effective equilibrium constant for
CO2 binding (KCO2, 11.1 atm−1) is more than 3 times higher

than that for CO binding (KCO, 3.4 atm−1), resulting in an
unfavorable CO−CH3OH reaction when CO2 is present near
the catalyst at appreciable concentrations. The use of flow
electrolyzers exacerbates the suppression of CH3OH due to the
significantly improved CO2 mass transport, which maintains
high local CO2 concentrations. To enhance CH3OH formation
via the CO2RR, future studies can target catalyst design and
control of the catalyst microenvironment. Catalyst design
should aim at addressing the weaker binding of CO. Rational
ligand modifications on CoPc should be investigated to
enhance the level of binding of CO, with a specific emphasis
on decreasing the KCO2/KCO ratio. Additionally, control of
local concentrations (i.e., the relative ratio of CO2 and CO
concentrations near the catalyst) can be achieved through the
construction of catalyst−polymer composites, where the
polymers effectively modulate the local CO2 concentration in
the microenvironment.12,28,38 Successful implementation of
these strategies could effectively improve CH3OH production
via the CO2−CO−CH3OH route with CoPc-based catalysts.
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Figure 4. (a) Current densities and (b) Faradaic efficiencies to CO and H2, as a function of PCO2. (c) CH3OH current density (jCH3OH) and CO2
single pass conversion (XCO2, %) as a function of PCO2. CO2 conversion of >30% coincides with CH3OH formation. CO2 gas is balanced by N2 to 1
atm with total gas flow rate controlled at 15 mL/min. All reactions were conducted in a flow electrolyzer under chronoamperometry mode with
−0.7 V vs RHE applied potential. (d) Schematic illustration of the relationship among PCO2, XCO2, and CH3OH formation. When high PCO2 is fed
(left side image), there is low XCO2 and high CO2 concentration within catalyst layer, and no methanol is formed. When low PCO2 is fed (right side
image), a higher fraction of CO2 is converted and the CO/CO2 ratio becomes sufficiently high at the catalyst layer to produce CH3OH.
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