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ABSTRACT:In the electrochemical GQeduction reaction
(CO,RR), control over the binding of intermediates is ke
tuning product selectivity and catalytic activity. Here we repqillises ot TR \ C 2
use of reticular chemistry to control the binding ofREO Ho oH

intermediates on metal catalysts encapsulated inside _|—>
HO Ol OH

organic frameworks (MOFs), thereby allowing us to img
Organic Linker

Organic Linker

CO,RR electrocatalysis. By varying systematically both the g
linker and the metal node in a face-centered ¢ol)iMMOF, we
tune the adsorption of Gpore openness, and Lewis acidit
the MOFs. Usingperand&-ray absorption spectroscopy (XA
and in situRaman spectroscopy, we reveal that the MOF
stable under operating conditions and that this tuning plays the

Cobrldge

(e}

I}
.‘C“

role of optimizing theCO binding mode on the surface of Ag nanopatrticles incorporated inside the MOFs with the increase of local

CO, concentration. As a result, we improve the CO selectivity from 74% fdcuNgZF1,4-benzenedicarboxylic acid (BDC)
to 94% for Ag/ZfeuMOF-1,4-naphthalenedicarboxylic acid (NDC). The weits @ further avenue to utilize MOFs in the
pursuit of materials design for £8.

INTRODUCTION Also, the coordination number of Cu clusters formed from
HKUST-1 was engineered for highly selectiy¢, C
production’’ Despite these advances, the abundant reticular
chemistry of MOFs ered by their great chemioakibility of

aplath organic linkers and metal nodes has not been explored yet
In the electrochemical GRR.

The utilization of carbon dioxide (§@ gaining interest in
carbon capture and manageretithe electrochemical GO
reduction reaction (CBR) o ers a pathway to its eient
utilization as feedstock for renewable electricity storage
conversion.CO,RR suers from poor product selectivity and

. - Here, we apply isoreticular MOFs to control reaction
Egifﬁ;j5%?&%2?5?83%%a;gfgagoyﬁégg;@g?ﬁgiﬁ intermediate binding for eient CQRR with high product

8 910 - selectivity. By functionalizing organic linkers with amine
fi%gfﬁ)rg.)l’ and ethylene (Et.), widely reported in groups, directly changing the Iin_kers, and altering the metal
Control over the binding of GRR intermediates on the Eg\(/jv?;,a\évigitturc])?da tx}% d%?gf_?;gg?gén?;r: d Ocm&?;’: and

surface of an electrocatalyst can increase the Faraiggicye d | ty q iting i ton th K f A
(FE), and decrease the overpotential, toward a desirdf!d €valuated resuiting impact on sRECproperties of Ag
product. Alloyin? ** dopingt® metal/metal oxide inter- hanoparticles encgpsulated inside the MOF pores. We found
faces®'’ grain boundarié§,and facet§ have been used to that MOFs, chemically stable gomed byoperandX-ray
achieve this control. However, currently, th&kR@erform- absorption spectroscopy'(XAS), promote prodygt sglectlwty
ances such as selectivity to a desired product are still | nd decrease overpotential of thgRFOon Ag. Using situ
increasing cost for separation steps. | aman_spectrosqopy, we found that th_e pro_moted stronger
Metal organic frameworks (MOFs), composed of Organiénteractlon by amine and enhanced physisorption by pore size-

linkers and metal nodes, have porous structures with spatiahy
distributed metal atomic centers, and these intersiendy ~ Received: October 11, 2020
with gaseous species and can be applied to selective gas
adsorption/diusion/storagé’ **> For CORR electrocata-

lysts, the metal atomic centers in the MOFs have been applied

mostly as an active matetiaf® For example, Co-porphyrin-

based MOFs exhibited a high selectivity for CO prodtfttion.
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Figure 1.MOF design strategies to enhance thgrBQctivity of Ag nanoparticles. (a) On the basis of the basic matfoutM@F-BDC, the

MOFs are controlled by adding amine functional grdlid) to organic linker, changing the organic linker to naphthalenedicarboxylic acid, and
changing the element in metal node site from Zr to Y. The crystalline structures and functional groups in As-synthesized MOFs are investigated
XRD and FT-IR: (b, c) ZieuMOF-BDC, (d, e) ZfebtMOF-NH,BDC, (f, g) ZrfcuMOF-NDC, and (h, i) YeuMOF-NDC.

con nement of the MOFs can induce the promoted binding o§roup, which can provide stronger interaction with(Z1©

*CO in atop or bridge modes. Levering the gas-phase spedies MOF-NH,BDC). We changed 1,4-BDC to 1,4-
control in electrocatalysts with the aid of MOFs can help tpaphthalenedicarboxylic acid (1,4-NDC) to enhance CO
steer the CG@RR pathway toward desired products and add @apture via physisorption by decreasing the size of pore and
degree of freedom in the design of next-generationRRCO pore-aperture size (B+MOF-NDC). The eect of Lewis

cathodes. acidity on CGRR activity was studied by changing the Zr-ion
to a Y-ion in the hexanuclear clusteic(NAOF-NDC).
RESULTS AND DISCUSSION Although these four types of MOFs share the same motif

MOF Design Strategy and Fabrication. Zr-fcuMOF- structure fcuMOF), we simulated each MOF structure,

BDC (UiO-66), a starting material, is synthesized via reactigihich can quantify the pore-aperture size and cage diameter, to
between zirconium chloride (ZgCland 1,4-benzene- nd the eectof organic linker transition from 1,4-BDC to 1,4-

dicarboxylic acid (1,4-BDC). In the unit cell ofcBMOF- NDC on the pore size camement. Since the benzene rings of
BDC, Zr ion-based hexanuclear clusters, which act &s*BDC and 1,4-NDC can be rotatédgire S) the
secondary building unit (SBU), are located at the facdetrahedral and octahedral cage diameters were calculated by
centered cubic position of the MOFigure &). The  averaging the cage diameters in bbtlan@ 90 rotated
connection between the SBU and organic linkers forms thenzene ring positiorfSigures S2S5 Tables S1 and BZr-

pore sites at tetrahedral (blue) and octahedral (cyan) cages. faw-MOF-BDC exhibited the highest porosity. Through amine
enhance CQOcapture/interaction, the BDC organic linker of group functionalization (Ze-MOF-NH,BDC), the porosity
ZrfcuMOF-BDC was functionalized with an amine,(NH  decreased compared td@drMOF-BDC. When 1,4-BDC was
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Figure 2 Metal nanoparticle incorporation at the pore site of MOFs. (a) Schematic for Ag nanoparticle incorporated MOF structure. The structure
of encapsulated Ag nanoparticles in the pordafM©OF-BDC is corrmed by (b) FE-SEM, (c) STEM BF, (d) STEM HAADF, and (e) STEM

EDS images. Ag nanoparticles are incorporated by soakinfguhéQF-BDC with Agions and reducing with using NaBFhe material

status at each process is analyzed by (f) EPR, (g) FT-IR, and (h) XRD. .

substituted by 1,4-NDC (ZeerMOF-NDC), the maximum  NDC was corrmed by the relevant FT-IR peaksg(re
pore-aperture size and average tetrahedral, octahedral cagd>®
diameters were calculated as 5.0, 4.5, and 8.6 A, respectivelfictive Material Incorporation into MOF. Using the
which were lowest among the four MOF species. The porosigyectrochemical GOconversion to CO as a model to
of YfcuMOF-NDC was similar to that of €x4+MOF-NDC. understand the role of MOF supporter duringRE) we

The crystallinity and chemical status of organic linkers in tHabricated Ag-incorporated MOFgj(ire 2). We selected Ag
synthesized MOFs were vedi by X-ray draction (XRD) for the model study since it is known to produce CO with high
and Fourier transform infrared spectroscopy (FTHB)IE selectivity, and since it has weak binding*@i@\ enabling
1b i). The XRD patterns of the MOFs coincided with study of the eect of MOF on intermediate binding contfol.
previous reports and simulation results, thusnecimg the Ag is readily reduced selectively in MOFs that incorporate Ag
successful synthesis of each MOF in this’wéfkn the FT- compared to Zn. Ag nanoparticles were grown inside the pore
IR of ZrfcuMOF-BDC, we observed the major peaks aroundgites of MOFs by a solution impregnation (soaking the MOFs
1660, 1656, 1583, 1506, 1395, 745, and 664 winich with Adg containing solution, and then reducing tHewity
indicate the C=0 stretching vibration, carboxyl groupfNaBH,).*° We incorporated Ag nanoparticles in all MOFs
coordinated with 2f, O C O asymmetric stretching using the same methodology.
vibration, C=C vibration of benzene ringQ00O symmetric The size and distribution of incorporated Ag nanoparticles
stretching vibration, @1 vibration, and CH vibration in were analyzed witheld-emission scanning electron micro-
1,4-BDC ligands, respectiveRigre t)° Similarities  scope (FE-SEM) and transmission electron microscope
between ZfeuMOF-BDC and ZfeuMOF-NH,BDC were (TEM). The spatial distribution of uniformly sized Ag
veri ed by the XRD patterns and FT-IR peaks for 1,4-BDQanoparticles (6 nm) reveals the successful Ag incorporation
ligands. However, the C=N peak at 1257 and NH, peak because the nucleation and growth of Ag nuclei areedon
at 1618 cm' in the FT-IR of ZfcuMOF-NH,BDC by the dimensions of the MOF poreiglire B e). Ag
di erentiated it from ZcuUMOF-BDC Figure &)3%°’ The nanoparticles formed not only in the interior pores but also on
existence of 1,4-NDC in #&t+MOF-NDC and YeuMOF- the exterior surfaces of the MOFs. Ag nanoparticles on the

C https://dx.doi.org/10.1021/jacs.0c10774
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Figure 3.0perandXAS analysis to investigate the MOF status during the electrochepRBalAZGhe constant applied potential 20 V

versus Ag/AgCl in 0.5 M KHGCGhe Zr K-edge (a) XANES and (b) EXAFS of AggdMOF-BDC, and the Y K-edge (a) XANES and (b)

EXAFS of Ag/YeuMOF-NDC were analyzed according to the catalytic reaction time. Oxidation states and coordinative structure information,
investigated by XANES and EXAFS, reveal the stable MOF status duripBfhe CO

Figure 4.In situRaman spectroscopy to investigate the status of MOF functional group evot@iorbamting mode during GRR. Raman
spectra from 400 to 2200 dmeveals the stability of MOF functional groups in (a) AgidviOF-BDC, (b) Ag/ZricMOF-NH,BDC, and
(c) Ag/Zr-fcrMOF-NDC according to the reaction potentials. MagriRaman spectra from 1800 to 2200" stiow the CO intermediate
binding mode at the catalysts of (d) Ag&rMOF-BDC, (e) Ag/ZicuMOF-NH,BDC, and (f) Ag/ZrfcuMOF-NDC.

exterior surface ay contribute to enhance electrical (GDE)** The structures of the Ag nanoparticles were similar
conduction of the MOFs on the gasudion electrode in both Zr- and Y-based MORSdures S6S§. The MOF

D https://dx.doi.org/10.1021/jacs.0c10774
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Figure 5.CO,RR catalytic activity of Ag-incorporated MOFs. Electrochemi&dR @&@ducts of (a) Ag/AcuMOF-BDC, (b) Ag/Zrfcu
MOF-NH,BDC, (c) Ag/ZrictMOF-NDC, and (d) Ag/MeurMOF-NDC were investigated according to the potential inheell electrolyzer
with the electrolyte of 0.5 M KHGO

control will mainly aect the CORR behavior of the interior compared XANES spectra with standard metal and metal oxide
Ag nanoparticles that exhibit higher surface to volume rat{&igure S119,0Combined with the identical peak position of
and number of nanoparticles compared to exterior one. Thierivative normalized(i), these results indicated a constant
outer morphology of the MOFs that incorporate Ag wagr oxidation state, coordination number, and atomic distance
a ected by the type of organic linkefggre Sp** around the Zr atoms in Zr-based MOFs during the reaction
Furthermore, X-ray photoelectron spectroscopy (XPS) ekFigure S1R This trend was similar in the Y K-edge XANES
hibited identical oxidation states of Ag and other elements and EXAFS of Ag/ftuMOF-NDC (Figure 8,d). If MOFs
all MOFs studied hereifrigure S10 were changed by the reduction of metal node in SBU of MOFs
The reduction of Agand the material stability of MOF during CORR, there should be an increaseomdrando
during the fabrication were investigated using electroBXAFS peak intensity for metaktal bonding and a
paramagnetic resonance (EPR), FT-IR, and XRD. Unlike tiseippression odperanddEXAFS peak intensity for metal
bare MOF, Agsoaked ZfeuMOF-BDC exhibited a clear oxygen bonding. However, in this work, there was no
EPR signal. We camed the reduction of Atp metallic Ag remarkable increase dperandd&EXAFS peak intensity for
during solution impregnation by the increased EPR peaketal metal bonding and decreaseperand&XAFS peak
intensity Cigure §.” The major FT-IR peaks of ftu intensity for metabxygen bonding in Ag/ZetsMOF-BDC
MOF-BDC (C=0, OC O, C=C, O H, and C H) were and Ag/YfcuMOF-NDC (Figure S11b)d These observa-
maintained during the sequential” Agcorporation and  tions suggest that the Zr- and Y-based MOFs in this work are
reduction proces$igure 8). Additionally, the formation of stable during CRR.
Ag nanoparticles and the MOF stability during the fabrication Intermediates Binding Control by MOF. To identify the
have been comed through XRD, which indicates the function of the MOF supporter on the cathode, weinséd
existence of (111) main peak for Rgy(re B). Raman spectroscopy to track, in real time, the binding of
MOF Stability during CO,RR. We investigated the intermediates on the catalyst surfaicei(e 4. Raman spectra
stability of Ag-incorporated MOFs during®RR®byoperando  were collected before and during the reaction according to a
XAS at an applied potential &£.0 versus Ag/AgCF(gure 3 series of applied potentials. As the reference, the Raman
in 0.5 M KHCQ. We tracked the oxidation states and atomicspectra of ZieuMOF-BDC, ZfcuMOF-NH,BDC, Zrfcu
structures (coordination number and atomic distance) of thMMIOF-NDC, and YeuMOF-NDC were measured without Ag
elements in the metal node of MOFs with X-ray absorptiogpeciesKigure SI3 Matching it with the Raman spectra in
near edge structure (XANES) and extended X-ray absorptiéiigure &4 c, the Raman peaks from MOFs can be
ne structure (EXAFS). There was no observestedice distinguished with those from Ag species. In all cases, there
between thébefore reactiGrand“during reactidhstates in ~ was no dierence in the Raman peak according to the applied
both XANES and EXAFS of the Zr K-edge in AiglZFMOF- potential in 0.5 M KHC@ and this also supports the superior
BDC (Figure 3&,b). This was cormed clearly when we MOF stability during CRR.
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The clear dierence between MOF species was observed 84% and K FE decreased to 1%. This indicates higher CO
the Raman shift from 1800 to 2200 Grwhich corresponds  selectivity than that of Ag/faMOF-NH,BDC. Recently, it
to the*CO binding mode. In the bare AgfZt:-MOF-BDC, was reported that Ggeare inert and do not participate in
there was no peak in this ranigigre 4). This phenomenon the reaction, unlike C,;Qp47 The inertness of GQRyein Ag/
can be interpreted a€CO desorption during GRR** ZrfcuMOF-NDC may enhanced the CO selectivity in the
indeed, in general, the binding energy between Ag and COG©,RR of Ag active materials compared tQ i@ Ag/Zr-
low, and this has been observed gituRaman of Ag/Zfeu fcuMOF-NH,BDC. The dierence in CO binding modes,
MOF-BDC?*** However, in the Nifunctionalized Ag/Zr-  specically between CQ, and CQyq4 controlled by
fctMOF-NH,BDC, the broad peaks were observed in themodifying the MOF functional group and porosity, might
region around 2100 cf which indicates the CO a ect the CO selectivity of Ag nanoparticles located at the pore
stretching mode of G, moleculesKigure €)%’ In the site of the Zr-based MOFs. When the metal node was changed
in situ Raman of pore size-caed Ag/ZrfctuMOF-NDC, from Zr to Y, the C@RR performance of AgftuMOF-
narrow peaks were observed at 1958 which indicates the NDC was lower even in the similar pore structure with Ag/Zr-
C O stretching mode of GRgemoleculesKigure #.%%* fcuMOF-NDC (Figure ®). This is due to the decrease in
The existence 6fCO Raman peaks in both AgfZt-MOF- Lewis acidity and the change in the framework overall charge
NH,BDC and Ag/ZfcuMOF-NDC can be interpreted as the from neutral (ZfeuMOF-NDC) to cationic (¥euMOF-
increased local G@oncentration near active materials by theNDC).
NH,-functionalization and pore size cement of the MOF. The TEM images of MOFs that incorporate Ag indicate the
In the case of Ag/fcuMOF-NDC with decreased Lewis coexistence of Ag nanoparticles in the interior pores and on the
acidity compared to Zr-based MOFs, the Raman peaks for G@iterior surface of the MOFs. We observed more interior Ag
intermediates were not observ@dre S1¢ This shows that  than exterior Ag. The surface to volume ratio of interior Ag is
the binding mode control of the intermediatesistive when ~ higher in view of its size and number. Therefore, we expect
the Lewis acidity environment is well-prepared fgRR.O that the eect of MOFs will be dominated by thee@ of

As the local CQconcentration is increased via the action ofinterior Ag.
the MOFs, the local pH in KHG®an be decreasétlhere We investigated the structures of Ag nanoparticles in Ag-
is also a possibility that th€O binding mode can be incorporated MOFs by TEM after 1 h B8R at 2.4 V
controlled by the local pH change; the increase in local pH catgrsus Ag/AgCl. Ag/ZcuMOF-NH,BDC and Ag/Zrfcu
increase Cqge POpulation on Ni, Co, Pt, and Cu MOF-NDC exhibited good stability by suppressing HER
electrodeS. Reticular chemistry-base@O binding mode  (Figure SI7 We found that interior Ag nanoparticles
control can potentially be extended further by varyingnaintain their structure, anding we associate with the
electrolytes and active materials with systematic MOF desigan nement eect of the MOF pores. In the case of exterior

CORR of Active Material-Incorporated MOFs.The Ag nanoparticles, we found that reconstruction of Ag
electrochemical GRR performance of Ag nanoparticle- nanoparticles occurs during 88 (Figure S18
incorporated MOFs was investigated using a GDE where
CO, is supplied directly to the catalyst. The gaseous products CONCLUSION

were analyzed under chronoamperometric operation and ingge present a new approach to utilize MOF materials to
neutral electrolyte of 0.5 M KHg(Figure S16We conrm control the binding mode of GRR intermediates, thus
that Ag is the active material for 88 of Ag-incorporated  modulating the product selectivity and activity of the reaction.
MOFs becausejhivas major products upon using bare MOFsstarting from a material design with reticular chemistry, we
without Ag Figure S16 _ studied the eect of capturing COnear the active site and

In the bare MOF (Ag/ZfeuMOF-BDC), main C&RR  modifying Lewis acidity on GRR performance by utilizing
products were identid as CO and hydrogen jHas is  isoreticular MOFs as a support. This was enabled by adding
typical of Ag active materialSgure ). The CO FE was  amine functional group (fs+MOF-NH,BDC), and chang-
mostly lower than 74% ang FE increased from 13% to 29% mg the Organic linker (ZCU'MOF-NDC) and metal node (Y_
as the potential increased toward the range enabling highyMOF-NDC) from the bare ZcuMOF-BDC. The
current densities around 40 mAfciim the NH-function-  increase of local G@oncentration near the Ag nanoparticles
alized MOFs (Ag/ZfeuMOF-NH,BDC) and pore size- py MOF supporters enhanced 28 while it suppressed
con ned MOFs (Ag/ZifictMOF-NDC), the overall CBR  HER. Furthermore, we found that atop and bridge binding
activities were enhanced compared to the bare MOF. Thfiodes of CO intermediates can be modulated by the NH
overpotentials decreased, and thgR&Qvere more dominant  functionalized and pore size-c@mu MOF species; Gy
than the hydrogen evolution reaction (HER). In the AQ/Zr-COy,4,. control is crucial for determining the product
fctMOF-NH,BDC, the CO FE increased to over 80%, and H selectivity. Away from the conventional approach to control-
FE decreased to lower than 8%g(re 5). Especially, the;H  |ing the binding energy between active materials aRRCO
FE was extremely low in the potential range lower 1@V intermediates, this work paves the way for improvisRRCO
versus RHE. The amine group in AG&ZMOF-NH,BDC activity and product selectivity by directly interacting with the
can induce the formation of carbamate intermediateyaseous intermediates and controlling their binding mode.
promoting CGRR activity? The enhanced CO FE can be

explained by the increage of loca} Gidcentration and the EXPERIMENTAL SECTION
forrr]natlor:jcg CaFr{bam]:':ﬁ%. In th? Ag/ercu;MOF-NDC, the Synthesis of Isoreticular MOFs Synthesis of Zicu-MOF-BDC.
enhanced C{RR performance in terms of CO andH was ZrfckMOF-BDC was synthesized by dissolving, 4630053 g,

similar to that of Ag/ZfeuMOF-NHBDC (Figure §). In 0.227 mmol,) and 1,4-benzene-dicarboxylic ag&D(E) (0.034 g,
the potential range for GRR of Ag/ZricuMOF-NDC more  0.227 mmol) in 6 mL DMF at room temperature in a 15 mL glass
negative than 1.0 V versus RHE, the CO FE increased tovial. Then 1 mL of acetic acid was added to the resulting mixture, and
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it was placed in a preheated oven at°@for 24 h. After the  gaseous products duringB8 were analyzed in 1 mL volumes by a
reaction mixture was cooled in air to room temperature, the resultigggs chromatograph (PerkinElmer Clarus 600) with a thermal
solid was Itered, repeatedly washed with DMF, and dried at roonconductivity detector (TCD) and ame ionization detector (FID).
temperature. In SitWOperando Spectroscopy.XAS measurements at the Cu

Synthesis of Zieu-MOF-NEBDC. Synthesis of ZouMOF- K-edge were performed at 9-BM beamline of the Advanced Photon
NH,BDC was performed by dissolving Z{CI50 g, 6.4 mmol),  Source (APS, Argonne National laboratory, QperandoXAS
2-amino-1,4-benzenedicarboxylic acigN (BDC) (1.5 g, 6.4 measurements were performed by using a custocell in 0.5 M
mmol), and 5 mL of acetic acid in DMF (150 mL) at room KHCO; electrolyte with COgas owing from the backside of a gas
temperature in a 500 mL volumetask. The resulting mixture was di usion layer.OperandoXANES and EXAFS scan data were
placed in a preheated oven at°I2for 24 h. After the solution was collected during the cell operation mode of chronoamperometry at
cooled to room temperature in air, the resulting solidteszsl and the potential of 2.0 V versus Ag/AgCl, same with the,RFO
repeatedly washed with absolute hot ethait@l 1C) for 3 days. activity measurement conditibonsituRaman was carried out by a
The resulting yellow powder wiered and dried under vacuum at Renishaw inVia Raman Microscope (obsective leRse&:853nm
ambient temperature. laser) with the liquid-electrolyte gaw cell.

Synthesis of Zieu-MOF-NDCSynthesis of ZcuMOF-NDC
was performed by dissolving Zr(@.053 g, 0.227 mmol) and
naphthalene 1,4-dicarboxylic acid (50 mg, 0.231 mmol) mixed in %0

mL of DMF. Then 2 mL of acetic acid was added to the mixture an - . . .
heated for 24 h at 12C in a preheated oven. After that, the white q’he Supporting Information is available free of charge at

ppt was centrifuged and washed thrice with DMF and after 1 ddjftPS://pubs.acs.org/doi/10.1021/jacs.0c10774

three times with acetone. Then it was dried and used for the next  Detailed information on simulation of pore structures of
purpose. MOFs, structure investigation, XPS analysis, XAS
Synthesis of Yeu-MOF-NDCThe 1,4-HNDC (9.41 mg, 0.0435 analysis, Raman spectra, chronoamperometry, stability,

mmol), Y(NGQ)3-5H,0 (19.15 mg, 0.0515 mmol), @erobenzoic liqui ;
. quid product analysis for GRR performance
acid (48.7 mg, 0.348 mmol), DMF (2.2 mL)OHO0.5 mL), and measuremenPOR

HNO; (0.3 mL, 3.5 M in DMF) were combined in a 20 mL
scintillation vial, sealed, and heated t¢@¥6r 60 h and cooled to
room temperature. The polyhedral crystals were collected and air- AUTHOR INFORMATION
dried. The as-synthesized sample foeMOF-NDC was washed Corresponding Authors
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Material Characterization. Powder X-ray diaction (PXRD) kaust.edu.sa

measurements were carried out at room temperature on a PANaIyti&%Ithors
X'Pert PRO diractometer 45 kV, 40 mA for Cu K = 1.5418 A),
with a scan speed of°lrfin ! and a step size of 0208 2 . Also,
Rigaku MiniFlex 600 aactometer with Copper Kadiation ( =
1.5406 A) was applied for PXRD. FT-IR was carried out by Thermo
Scientic iS50 with the spectral range of 4@00cm?® XPS for
investigating the Ag, Zr, Y, and O oxidation status was carried out by
Thermo Scientc Al K source XPS system with a spot size of 400

m. SEM and TEM analyses for structure characterization were
carried out by a Hitachi FE-SEM S-5200 and Hitachi CFE-TEM
HF3300. The local atomic structure was measured by EPR. It was - SN
carried out by a Bruker ECS-EMX X-band EPR spectrometer at the 23955-6900, Kingdom of Saudi Araiacid.org/0000-
room temperature of 300 K. DPPH (2,2-diphenyl-1-picrylhydrazyl) 0003'1861'9226 .
was used for standardization of the peak position and intensity of EPRG€0ONhUI Lee Department of Electrical and Computer
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foam as an anode, and Ag/AgCl (3 M KCI) as a reference electrode.  Fynctional Materials Design, Discovery and Development
The cathode was made by spray coating the Ag-incorporated MOF  pasearch Group (FMD3), King Abdullah University of

containing ink (nan + methanol). In theow_cell, 0.5 M KHCQ Science and Technology (KAUST), Thuwal 23955-6900
electrolyte wasowed in cathode and anode independently separated Kingdom of Saudi Arabia ! ’

by anion exchange membrane, @3 owed with a rate of 50 sccm. . = . . . .
Chronoamperometry at the constant potential was performed by Ha0 Jiang Division of Physical Sciences and Engineering,
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electrochemical station (Autolab). The electrode potentials were ] | | i
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