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ABSTRACT: Among the electrolyzers under development for eBatro-
reduction at practical reaction rates, gas-fed approaches that ussigas di
electrodes (GDEs) as cathodes are the most promising. However, theninsu
long-term stability of these technologies precludes their commercial deployment.
The structural deterioration of the catalyst material is one possible source of device
durability issues. Unfortunately, this issue has beeciémly studied in systems
using actual technical electrodes. Herein, we make use of a morphologically
tailored Ag-based model nanocatalyst [Ag nanocubes (NCs)] assembled on a zero-
gap GDE electrolyzer to establish correlations between catalyst structure
experimental environments, electrocatalytic performances, and morphologi
degradation mechanisms in highly alkaline media. The morphological evo&;&'on of
the AGNCs on the GDEs induced by the £&ctrochemical reduction reactior 2
(CO,RR), as well as the direct mechanical contact between the catalyst layer and
anion-exchange membrane, is analyzed by identical location and post-electrolysis scanning electron microscopy investigations
nd that at low and mild potentials positiv618 V versus Ag/AgCl, the@Cs undergo no apparent morphological alteration
induced by the CRR, and the device performance remains stable. At more stringent cathodic conditions, device failure
commences within minutes, and catalyst corrosion leads to slightly truncated cube morphologies and the appearance of smalle
nanoparticles. However, comparison with complementgRR @Rperiments performed in H-cell garations in a neutral
environment clearly proves that the system failure typically encountered in the gas-fed approaches does not stem solely from
catalyst morphological degradation. Instead, the obsenRE @€formance deterioration is mainly due to the local high
alkalinity that inevitably develops at high current densities in the zero-gap approach and leads to the massive precipitation
carbonates which is not observed in the aqueous environment (H-gethtion).

KEYWORDS:CO, electroreduction, gaesion electrodes, zero-gap electrolyzer, carbon monoxide,
exchange membrane electrode assembly
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INTRODUCTION Au-, and Zn-based catalysB0 is a particularly appealing

Powering the electrochemical reduction reaction of carbdif0duct because it can be used as a stockpile for subsequent
dioxide (CQRR) with renewable energy sources has emergdtgnsformation either in the Fis@mopsch procesr in

as a comlfelling alternative to other approaches fo CGequential electrochenii@aid fermentation methods.
valorization? toward meeting the increasing demand for Using catalyst screening methods based on H-cell experi-
commodity/platform chemicals and thereb% contributing tanents in which reactant ¢@as is usually dissolved in an

e orts to close the anthropogenic carbon tydierecent  aqueous bicarbonate-based electrolyte, @aigmiumber of
decades, sigeant progress has been made to understand thgorks have reported that AG:3 Au-24'® and Zn-baséf8

reactio_n mechanisms of this process thro_ugh the developmgg{hode materials provide excellent CO selectivity and
of cutting-edge catalyst materials that increase the activity

[partial current density (PCD) of generated products] ana _ —
selectivity (faradaic eiency, FE) of the process. Strong case&eceived: August 18, 2020 Catalysic
of commercial viability have been made for formate (§coo Revised: October 15, 2020 5,

and CO production, which require the transfer of only twd’ UPlished: October 27, 2020 29
electrons from the electrocatalyst to the, @&actant % é
moleculé® Formate is eciently formed on Sn-, Bi-, In-, - -

and Pb-based catalysts, whereas CO forms preferably on Ag-,
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Figure 1.Schematics of the reaction interfaces in (a) liquietell electrolyzer and (b) exchange membrane electrode assembly (MEA) or zero-

gap assembly. (c) Depiction and assembly of the zemwgall used in this work for the £RR. (d) Cross-sectional view of the assembled cell

with reference and counter electrodes (CE and RE, respectively) immersed in the anolyte compartment. MPL in panels (a,b) stands for the MF
on which the catalyst material 8\s) is embedded.

operational stability. Many works have also reported insighttnd anode and no liquid electrolyte layer between the catalyst
correlations between the use of a tailored catalyst nanostriayer and (an)ion-exchange membrane [indistinctively called
ture and electrocatalytic performarié@.In addition, exchange membrane electrode assemblies (MEASs) or cath-
diverging from the bicarbonate-based electrolyte that walste-free or zero-gap membrane assemblies;igsee
once used almost ubiquitously, it has been found that highlp]****® have been reported, enabling comparably reduced
concentrated (potassium) hydroxide-based catholyte solutiobismic overeotentials, enhanced stability, and excellent CO
suppress the parasitic hydrogen evolution reaction (HER) aselectivity>*“*® This zero-gap coguration not only @rds
improve the C@RR performance because>Qéhs exhibit  reduced ohmic losses but also attenuates complications that
excellent ionic conductivity and reduce the activation energyise from poor membrane hydration and electoading at
barriers for CQelectroreductiot’>>* Through these and  high current densities, which are otherwise problematic to fully
other improvements, theld has reached a sigaint level of  gas-fed electrolyZ&fS (note that exchange MEA electro-
maturity so that currently, the associated research is drivenlpgers may still sar from the parasitic uptake of Gid the
more ambitious endeavors, namely, scaling up f§RRCO interface of the cathode and anion-exchange membrane, thus
process to practical realizafidfr. Toward this end, facilitating the undesirable C@ischarge on the anode
experimental platforms have been developed to circumventrface}>***° Nonetheless, one persistent hurdle that
or attenuate the mass transport limitations that are intrinsic fwrecludes the commercial deployment of these technologies
traditional H-type cell measurem@nts and arise from the s insu cient long-term device stability, which continues to fall
low solubility of the dissolved C@eactant in aqueous short of the minimum target value of 80 h” E orts to
electrolytes. This pursuit opens a new avenue to #RRCO identify the factors that lead to process failure have been
and related elds because the insights extracted from H-celindertaken, and strategies to alleviate such failures have been
measurements with either stationary or rotating disk electrode®posed (e.g., appropriate selection of the reactor design,
do not necessarily hold for their gas-fed homologues and baifectrode production method and hydrodynanmemage-
approaches bear fundamental kinetarefices that must be ment of electrolyte percolation through the &BEand
addressed to approach process commerciafiZation. carbonation tolerance of the electf6dds

Among the various types of L@lectrolyzers under In this context, another aspect that may also be a source of
development, gas-fed approaches that use ga$ordi device durability issuesdamhat has been minimally
electrodes (GDEs) as cathodes and that are inspired loyestigated using actual technical electrodes on which very
polymer electrolyte fuel cell technologies are considered to laege current densities (>300 mA°nare enforced is the
the most promising:->**%3¢ Consequently, studies orSAg  structural deteriorationf the catalyst material’® In
GDEs in contact withowing alkaline electrolytésgure &) particular, studies of the catalyst morphological evolution of
have grown in popularity to achieve higherdg@bdd FEq Ag-based exchange MEAs induced by th&RK@eaction
values as well as lower, 88 onset potentials and to explore itself are lacking, as well as studies of thet ef direct
possible enhancements to performance longetitidow- mechanical contact between the catalyst layer and anion-
ever, electrolyzer designs that rely on this cefjuration are  exchange membran€&igure b). To shed light on this
not without shortcomings thateat device performance and unexplored aspect of g&R on AGGDESs, we make use of
stability, thereby overshadowing their intrinsic electrocatalyticorphologically tailored Ag-based model nanocatalysts [Ag
activity. These issues stem from (i) high ohmic losses owingnanocubes (ANCs)] assembled on zero-gap GDEs to
the electrolyte layer separating the electto@i@lectrolyte establish correlations between structure, environment, electro-
percolation through the microporous layer (MPL) of GDEscatalytic performance, and degradation mechanisms under the

and concomitant carbonate salt precipitationand (iii) abovementioned most favorable,RRO conditions (i.e., a

CO, crossover from the cathodic to the anodic compartmeriighly alkaline membrane adjacent to the catalyst layer). Sub-
upon CQ neutralization by OH ions to HCQ®/ monolayer surface coverages are purposely employed to
CO25 324445 unambiguously address possible structure degradation at the

Motivated by this, a few recent works on alternative celével of a single 8§/C. Besides investigation of the catalyst
designs with only an aqueous anolyte between the membraativity and selectivity, we devote particular attention to the
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time evolution of both the electrochemical performance of the sonication for 1 h yielding a homogeneous catalyst ink. For
process and the matésialanostructure induced upon,CO the sake of reproducibility and comparison, catalyst inks were
electrolysis at large current densities, as enforced on the moalsb prepared with commerciaBKGs (NanoXact, nano-
exchange AMEAs. We nd that our testbed enables among Composix) and used for complementaryREOexperiments.
the highest CO partial current densities and competiiye FE  Preparation of the AgSNCSGDEs.The model catalyst
values $625 mA cm? and 85%, respectively) even at the material in this work consists of cubic Ag nanopartics (Ag
applied sub-monolayer catalyst coverages. Two distifdCs) with an average edge length of (143.0.6) nm. The
electrode potential regimes were observed, each exhibitlhgSNCSGDEs for all electrochemical and characterization
signicantly dierent behaviors. At low and mild applied experiments were prepared as followsnadleircular area of
potentials E S 1.8 V vs Ag/AgCl), stability prevails across7.07x 10°2 cnt on the GDEshydrophobic surface (diameter
the PCRo and FEq, electrolyzer performance, and catalysiof 2 cm, Sigracet 39 BC, Fuel Cell Store) was eabbiy
structure. Conversely, at greater cathodic potentials, tleopcasting 50L of carbon-supported SC ink onto its
process selectivity and activity severely degrade, leadingidp surface. This catalyst solution was percolated through the
performance failure even though the catalyst morphologwrous body of the GDEs by a vaculiration system placed
undergoes sigmiantly less deterioration. Thus, this work on the backside of the electrode, and subsequent drying at
enables the deconvolution of catalyst structural stability froambient conditions was allowed for at least 30 min. Analysis by
system performance stability. Finally, a comparison withductively coupled plasémass spectrometry (ISRIS) of
standard H-type reference measurements reveals fR& CO freshly prepared samples was used to determine the catalyst
product selectivity is inenced by electrolyzer design and, mass loading, which amounted ol x 10°2 mg,, cr>.
therefore, that the knowledge developed using such batch-typ@ssembly of the Gas Flow CellThe assembly and main
approaches should not be regarded as directly transferabledmponents of the zero-gap gag-cell employed in this
gas-fed platforms. Overall, the results underscore that maverk to investigate correlations between the catalyst structure
e ort must be devoted to the understanding and optimizatioand process performance okRRto CO on AGNCSGDEs
of system design parametéesg., water management, are schematically depicted Figure &,d. This assembly
prevention of salt precipitation, COw rate, and electrolyte consists of a stainless-steel cell body with thevgabannels

ow rate) that have a more sigant impact on the product used to feed the G@rom the backside of the prepare8 Ag
spectrum and longevity of the exchange MEA electrolyzex€ SGDEs mounted on the outermost location of the central
than that of the structural degradation of the catalyst, which p®rtion. Other components incorporated into the cell include a

shown to be mild. current collector and a gas inlet and outlet to control the
supply of the C@reactant (99.999%, Carbagas, Switzerland)

EXPERIMENTAL SECTION and analysis of the gaseous products, respectively,RRI CO
Synthesis of AGSNCs.Silver NCs were synthesized using experiments were set up by placing a freshly prep&ed Ag

a previously reported method with minor nuadion>? 5 mL NCSGDE on top of the gaw channels, with its catalyst-

of ethylene glycol (EG, J. T. Baker) was added to a 250 ninodi ed surface facing upwarBubsequently, a clean
two-neck ask preheated to 16C. A light N ow was  hydroxide-functionalized Sustainion alkaline membrane (X37-
introduced just above the EG for thet 10 min, followed by 50 RT, Dioxide materials) and a poly(tetoaoethylene)
heating the solvent for another 50 min. Next, 3 mL EQPTFE) anolyte compartment were carefully placed on top of
solution of AgN@(94 mM) and 3 mL EG solution containing the AGNCSGDE. A clamp was then used to ensure cell
polyvinylpyrrolidone (PVRM,, = 55,000, 144 mM) and NaCl tightness and mechanical stability. KOH electrolyte-supporting
(0.22 mM) were simultaneously injected into dsé& at a rate ~ solution (10 mL, 2 M; pH: 14.3, Sigma-Aldrich) was added to
of 45 mL/h, with the solution observed to turn yellow duringthe anolyte compartment, and a Ag/AgCl (3 M KCI, double
this process. Under continuous stirring af@6€he solution  junction design, Metrohm) electrode and a Pt mesh (99.99%,
exhibited a color transition series from yellow to clear yelloW|aTeck) separated by a glass frit served as the reference and
brown, greenish, anchally ochre and opaque. The whole counter electrodes, respectively. Note that the PTFE anolyte
process required 16 h to 24 h for completion. After theompartment has a central cei (7.07x 10°2 cn?) in its
solution had turned opaque, the reaction was quenched bgpttom part that provides direct contact between the
adding 22 mL of acetone to the hot solution, followed byelectrolyte and the underlying anion-exchange membrane,
cooling in an ice-water bath. To purify the NCs, the solutiowhile the A§NCSGDE is prevented from establishing
was rst centrifuged at 20@9dor 30 min, and then, the physical contact with the supporting anolyte. During
precipitate was dispersed and centrifugeth 30 mL of electrolysis, a humidd CQ stream (16 mL mit) was
deionized water at 9@Pfor 10 min per run? The product continuously fed through the gaw channels of the stainless-
was nally dispersed in 5 mL of deionized water for future ussteel cell body adjacent to the prepar&NESGDES.
Preparation of AgSNC Catalyst Ink.To prepare the Electrochemical Reduction of CQ (CO:RR) Using A®
carbon-supported 8§C ink, 1.5 mg of the preparedSAg NCSGDESs.All electrolytes were prepared using chemicals of
NCs and 0.26 mg of carbon black (Vulcan XC 72R, Caboit least ACS reagent grade and deionized water (Millipore,
were separately dispersed in 10 mL of isopropanol (VL3B.2 M cm, 3 ppb toc). Both ECi-200 (Nordic electro-
Selectipur, BASF SE, Ludwigshafen, Germany) by 1 h dfiemistry) and Autolab PGSTAT128 N (Metrohm) potentio-
sonication. Both suspensions were intermixed, sonicated fostats were used to perform all electrochemical experiments.
h, and dried using a Rotary evaporator (Buchi R210, 85 Electrochemical impedance spectroscopy measurements were
mbar). The obtained carbon-supporte8M@s (85 wt % conducted before and after every €l€ctrolysis experiment,
AGSNC and 15 wt % C black) were then redispersed in 1 mland the results were considered to build the potential-
of isopropanol containing 50 of Na on (5 wt %, 1520% dependent product distributions and partial current densities
water, Sigma-Aldrich). The resulting suspension was subjectiésplayed and mentioned throughout the text. Potentiostatic
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BSD

Figure 2.Representative SEM images a&reint magntations showing the surface of an as- prep@dCAGDE cathode for CRR. (a,d)
AGSNC catalyst sub-monolayer coverage on the MPL of the GDE. (b,c) and (e,f) reveal theesvelldaie morphology of theSNCs.
Images (&c) were acquired using the BSD detector of the scanning electron micré&apetréspond to the same sample surface areas
shown in the upper panels but were recorded with the InLens SE detector.

CO, electrolysis experiments were carried out at selectguovide better morphological resolution of tHeN&g. The
applied electrode potentials for 1 h, during which time these of both imaging operational modes coupled to energy-
electrogenerated gaseous products were analyzed by onlinedgasersive X-ray analysis (EDX) analysis made it possible to
chromatography (SRI Instruments) in sequential intervals ofack morphological cétat changes induced by £O

10 min. The electrolyte was analyzed after the appliezlectrolysis and/or physical contact between the catalyst
electrolysis condition (post reaction) to quantify the producedhaterial and anion-exchange membrane on HBKC&g
formate by means of ion-exchange chromatography (Metrof®DEs used. Complementary identical locatiof SEM)

Ltd., Switzerland). For comparison, the performance of thexperiments were conducted orSM@SGDEs for which
ASNCSGDEs was also tested by dedicated referenceelected sample positions were imaged by the SEM instrument
measurements using 2 M KHC&3 the electrolyte in both before and after GRR experiments.

the gas-ow cell and the conventional H-cell gomations. AZtec 4.2 software (Oxford Instruments) was used to
For the H-cell measurements, a proton-exchange membrawguire EDX spectra and surface mappings of selegted Ag
(Na on 117, Sigma-Aldrich) separated the catholyte from thidCSGDESs. An acceleration voltage of 10 kV and a current of
anolyte, and the working electrode consisted of a rectangula® nA were applied at a working distance of 8.5 mm.

piece of carbon paper (& cm) prepared in the same way Catalyst Loading and Post-electrolysis Electrolyte

as the A§NCSGDEs for zero-gap measurements. The backnd AgSNCSGDE Analysis by ICBMS. Freshly prepared

side and the edges of these electrodes were masked with AgSNCSGDEs were immersed in 3 mL HN@BASF SE,
PTFE tape, thus leaving an uncovered geometric surface dradwigshafen, Germany) for 24 h to dissolve tB&@g

of 0.2 cr A single junction Ag/AgCl electrode (saturatedembedded on their surfaces. The resulting solutions were
KCI, Pine Research) and a Pt foil (2.9.8 cm, 99.99%, diluted with 3% HN@solution by a factor of 500 and were
MaTeck) were used as the reference and counter electrodémn fed into a NExION 2000 ISMIS instrument
respectively. All electrode potential values in this work are (RerkinElmer) to obtain the Ag mass loading of the electrodes.
reference to the standard Ag/AgCeference electrode. The To identify possible Pt dissolution from the employed Pt
data corresponding to the product selectivity and parti@ounter electrode during €€lectrolysis, the following IEP

current densities of all experiments are displayeol@s S2 MS and EDX control experiments were conducted. First, 10
S6 A thorough description of complementary experimentall of post-reaction anolyte (after B& at$2.0 V for 60 min
details is presented in a previous public&tion. in 2 M KOH) was diluted with 10 mL of 3% HMN&blution

Scanning Electron Microscopy and Energy-Disper-  for ICPSMS analysis. No Pt dissolution was detected in two
sive X-ray Spectroscopy CharacterizationMorphological independent measurements. Additionally, two post-electrolysis
characterization of the prepare$MGSGDEs and assess- AgSNCSGDEs were immersed in 3 mL aqua regia for 24 h
ment of the spatial distribution of theSANEs over the  and the solutions were diluted by factor 100 with 3%;HNO
samples was carried out with scanning electron microscoplye corresponding IGRS spectra showed no signal other
(SEM) imaging experiments. Imaging was performed befottean the background further coning the absence of Pt on
(for the as-prepared electrodes) and after having sustaintbe catalyst surface and supporting GDE. Finally, EDX analysis
de ned CQRR time intervals at selected applied electrodef a AGNCSGDE sample after being subjected to similar
potentials. The analysis was conducted sequentially withC&®,RR conditions also excluded the presence of any Pt
Zeiss Gemini 450 scanning electron microscope with botfeposited on the employed cathodesHgpee SB
InLens secondary electron and backscattered electronX-ray Di raction Catalyst Characterization. The
detectors (Inlens SE and BSD detectors, respectively). Anystallinity of the ARNCs was determined by means of X-
accelerating voltage of 5 kV and a current of 200 pA weray diraction (XRD) techniques (Bruker D8) using Cu K
applied at a working distance 0fS6.8 mm. The BSD radiation ( = 0.1540 nm, 40 mA) generated at 40 keV. Scans
detector enables clear ideration of the A§NCs along the  were recorded at inin>* for 2 values between 20 and °L00
surface of the GDEMPL because this technique is highly The samples were prepared by dropcastiig@gydispersed
sensitive to the atomic number of the elements being imagea.isopropanol on a graphite foil (0.13 mm, 99.8%, Alfa Aesar)
However, the images acquired with the InLens SE detectand then allowing the solution to dry under ambient
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Figure 3.Potential-dependent FEs (a) and PCDs (b) of the gaseous products obtainegRRmrBe gas-fed BYCSGDEs 10 min after

beginning CQelectrolysis. Time evolution of the &t (c) mild (51.5 V >E > $1.8 V) and (d) high applied potentiafl (83 V >E> $2.1

V). Corresponding time evolution of the RgBt mild (e) and high (f) applied potentials. All experiments were carried out using 2 M KOH in

the anolyte compartment. The solid lines in all panels are guides to the eye to better observe the trends. The experimental error was accountec
using+5% error bars.

conditions. The obtained XRD patterns were analyzed arféfigure 2Sf). Statistical analysis of more than 4GENGs
compared with JCPD (Joint Committee on Powderprovided an average edge length of #.3.0.6 nm, while

Di raction) for peak assignment. XRD characterization camed the high crystallinity of the
assembled AHCs (Figure S19,f Recent theoretical and
RESULTS AND DISCUSSION experimental studies in H-cell gurations have reported the

superior and stable catalytic performance of cubic Ag

shows representative SEM images of an as-pre[s@BAg nanoparticles compared to their octahedral and spherical

; - terparts*?°
GDE. We present data acquired sequentially at the sarfigdn . N
position with both the BSD and InLens SE detectors of th Electrocatalytic Performance of AgSNCSGDEs for

scanning electron microscope. Clear distinction between t QZRR in Zero-Gap Electrolyzer.Potentiostatic CARR

AGSNCs (bright) and the supporting GDE (dark) is provided experiments at selected applied potentials ranging between

by the BSD detector, which is sensitive to the atomic numbgrL-55 ands2.1 V versus Ag/AgCl were conducted for 1 h
of the analyzed materi&ligure 23c). We observe a highly USing & dedicated B§CSGDE as the cathode in a zero-gap

dispersed sub-monolayer c§N@ surface coverage built up 98s ow-cell conguration Eigure bSd) for every potential. A

by both single AANCs and sparse groups of the partidesfavorable alkaline react|r_1g environment was provu_jed by the 2
(Figure B,c). This observation implies that the electro-M KOH electrolyte used in the anolyte compartffigfigure
chemical performance of theSNGSGDEs will be partially ~ 3a displays the potential-dependent product distribution of the
determined by parasitic side reactions (e.g., HER) taking ple@@seous products obtained after 10 min gfeftrolysis.

also on catalyst-free regions. This is supported by tiResides the modest JgEobserved aE S 1.55 V, all
combined SEBEDX analysis of an as-prepareSNGS obtained FE, values at potentials more negative $1aé V

GDE sample displayedrigure S13d. The images acquired surpassed 65%, reaching a maximum value of approximately
using the InLens SE detectBiglre @Sf) o er improved  85% atS1.8 V. Diverging from previous reports in which an
morphological resolution of singleSNEs and their cubic  abrupt decay of EE was observed with progressively higher
shape, which is more easily observed at large catgns potentials/current densities, only a slight decrease of CO

Characterization of AgSNCSGDEs by SEMFigure 2
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After CO,RR m Before CO,RR

Before CO,RR After CO,RR

-1.84 V vs Ag/AgCl, 800 C cm™® -1.84 V vs Ag/AgCl, 1600 C cm?
Before CO,RR After CO,RR Before CO,RR After CO,RR

— 100.nm

-2.07 V vs Ag/AgCl, 800 C cm™® -2.07 V vs Ag/AgCl, 1600 C cm™®

Figure 4.Representative ISEM images of A)CSGDE cathode surfaces before and after having conducted dedicated g&Rfed CO
experiments &1.84 V for (a) 30 min (800 C &) and (b) 60 min (1600 C crd) and atS$2.07 V for (c) 13 min (800 C ctf) and (d) 32 min

(1600 C cri?) captured using both BSD and InLens SE detectors. (e) Elemental EDX mappings showing the spatial distribution of C (dark blue)
and Ag (yellow) corresponding to the sample location highlighted by the blue rectangle in {BRA&k@®iments were carried out using 2 M

KOH in the anolyte compartment.

selectivity was detected at the harshest applied cathodicFigure 3 The panels corresponding to applied potentials
conditions due to an emerging formate contribution. Howevethat sustained the above-described performance throughout
it should be noted that in those previous reports either &he duration of the experiments are highlighted by light gray
bipolar membrane or a 0.5 M KHCIu er layer was used rectanglesq1.5 V >E > S1.8 V). The panels highlighted in
between the cathode and proton-exchange merffdfane. darker gray stand for results derived from applied potentials
The e ciency of parasitic,t$tayed at RE levels 10% for that led to the decay of Kfand PCRg values from their
potentials more negative th&h.75 V. The corresponding initial levelsFigure 3panels ¢ and e show that both CO
dependence of the partial current densitieg &l PCL, selectivity and activity either improve or stay fairly stable across
on the enforced potentials is showrigure B. The PCR, the lifespan of the experiments, provided that the applied
increases steeply as the cathodic potential increases frpatential was always less negative Stk V. Conversely,
S1.54 to $S1.87 V reaching highly competitive levels atwhen the potential surpassed this value, both CO production
approximatelyS600 mA cm? (see Table S). Further gures decreased over time. This decline was initially mild but
cathodic polarization to approximaté®.1 V leads to a intensied abruptly after 30 min with an increase of the applied
slightly increased PgQreaching approximateh$25 mA potential Figure 3panels d and f).
cnr2. The PCIR, did not excee850 mA cm? at all applied Morphology Evolution of Ag SNC-Based Catalyst
potentials. These CO selectivities and partial current densitiesluced by CO,RR in Zero-Gap Flow Cell and H-Type
stand out considering that for the as-prepa@@§GDEsS, Cell. To determine whether the observed decay in device
a signicant portion of the three-phase boundary layer whengerformance during GRR at the speda time intervals and
the fed CQ, polymer electrolyte, and catalyst material meet iapplied potentials observed-igure 3panels d and f arises
constituted by the unmoeéd MPL of the support GDEs from morphological transformations of the cathodes (through
(Figure ). Clearly, an increase of the catalyst loading woulshorphological changes of th&KN@gs or through their local
lead to even better CO eiencies and activitiéddowever, it rearrangement along the GDE surface), we anal{¢@2\g
is important to remember that a low catalyst surface covera@®Es that were used for gR under those same conditions
on the GDEs was deliberately applied to successfully monittsingex situSEM imaging experiments. Note that in the
the morphological evolution of theSN§ catalyst at the present study, our BHC catalyst was subjected to
single nanoparticle level (see below). signi cantly harsher cathodic conditions as compared to
Distinct temporal evolution of bothdgE and PCBgs was those reported in refl reaching over two orders higher
found to depend on the magnitude of the applied potentialsurrent densities andt00 mV more cathodic potentials.
Based on the temporal stability that these values promoted)n the rst attempt, we employed the so-call&SEEM-
two apparent potential regimes were idshtior Fi5 and based techniqi&>’ This analysis is meant to provide the
PCD-o. These regimes are highlighted bgrdint color codes  structural evolution of electrocatalyst materials by comparing
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Figure 5 Representative SEM images 8NGSGDE cathode surfaces after having conducted dedicated ggRfedxpériments §1.84 V

for (a) 30 min (800 C crf) and (b) 60 min (1600 C crd) and atS2.07 V for (c) 13 min (800 C ¢if) and (d) 32 min (1600 C cr) captured

using both BSD and InLens SE detectors. (e) Elemental EDX mappings showing the spatial distribution of C (dark blue) and Ag (yellow) of the
sample location highlighted by the blue rectangle in (d). Red arrows identify Ag nanoparticles formed upon cathodic corgslan of the Ag
catalyst. All CERR experiments were carried out using 2 M KOH in the anolyte compartment.

their morphology at the same sample location before and aftar the proposed zero-gapw cell do not undergo
being subjected to electrolyS¥. We have previously morphological degradation upon.RR at all and that the
employed this strategy to successfully assess Staatiitg undermined catalytic performance observéddgime 3at
correlations caused by (RR on bare porous metal harsh cathodic conditions should originate from another failure
electrocatalyst§>® Herein, we monitored the structural source. However, an important aspect that did not need
evolution of ANCSGDEs by IISSEM for samples that consideration in our previously reporté8SEM structural
were subjected to high cathodic potential values at which COO,RR studies and that can be the source of SEM imaging
partial current densities reac8600 mA cr¥ and$S620 mA misinterpretation when studying colloidal nanocatalysts is the
cnr? (51.84 andS2.07 V, respectively). For each appliedin uence of surfactants that are left behind on their surfaces
potential, the electrolysis was carried out until charge densitiefowing their synthesis. Indeed, it has been shown that
of 800 and 1600 C ¢iwere passed on dedicate$NGS electron beam irradiation on nanomaterials synthesized by
GDEs. These selected condis are key for enabling additive-assisted colloidal methods can lead to their improved
insightful correlation between the SEM-based post-electrolysiructural stability through transformation of the adsorbed
studies and the data presenteBidure 8Sf. surfactants into dense carbonaceous “Shdlitseover, local
Figure 4Sd presents representativeSEEM images surface passivation induced by SEM imaging has been
corresponding to A)NCSGDEs that were subjected to identied on PVP-capped Ag NCs that hinderasitin of
such CORR conditions. Surprisingly, comparison of SEMAg surface ator$This suggests that35EM experiments
images acquired before and afteg €€ctrolysis show that might not accurately reveal the morphological evolution of
neither detachment nor degradation of tHéN@s seem to  colloidal catalyst materials as the initial electron irradiation
arise regardless of the speapplied potential, passed charge,conducted before the electrolysis step stabilizes and deactivates
or electrolysis duration. Post-electrolysis EDX mappings ¢ime scrutinized locations. Therefore, a second series of SEM
sample regions that were scrutinized 8gMM also hint at  imaging experiments were performed on the surfac8 of Ag
the absence of cathodic corrosion and redeposition phenoMCSGDEs that were subjected to the same,RERO
ena (comparé&igures é andS1b,). Furthermore, comple- conditions as shown kfigure 4but whose surfaces were not
mentary ISSEM experiments in whioke sequential GBR exposed to the electron beam of the SEM prior to the
cycles were applied to aSNCSGDE sample at the most  electrolysis.
stringent cathodic conditions are displayeéignre S2 Figure 3Sb displays representative images 8N&&
Although this sample was electrochemically stressed m@®Es after having been subjecté&llt84 V. The ASNCs in
severely (total cumulat€d= 13306 C ciif andt 4.5 h), panels a and b have undergone ins@mi morphological
the combined ISSEMSEDX analysis showed again no changes after either 30 or 60 min of electrolysis (8062C cm
apparent sample degradation. These results alone woaldd 1600 C cAi, respectively). Furthermore, the images
imply, at rst sight, that the developedSNESGDESs tested  acquired with the BSD detector revealed the absence of
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Figure 6.Potential-dependent FEs (a) and PCDs (b) obtained on #ORGDE in the H-cell comuration. Both variables were recorded 20
min after the CQ@electrolysis experiment was initialized. Time evolution of dgdcFand PCRg (d) at (S1.42V E S 1.94 V).
Representative SEM images of cathode surfaces after having conducted deRRarpe@ients §t..63 V for (e) 196 min (800 C ¢A)

and (f) 304 min (1600 C ctf). Complementary SEM images of cathode surfaces subj8dt€® t¢ are shown Figure S6These CGRR
experiments were carried out with an H-type cell using 2 M #44Qke electrolyte. The solid lines in panSk) @re guides to the eye to
better observe the trends. The experimental error was accounted £&%®ngr bars.

material removal from the3¥Cs that would be redeposited small (111) planes of truncated cube-like partidtes¢ Si3

in the form of smaller nanoparticles along the electrode surfatieus, it is clear that monitoring of the electrochemically
under the applied cathodic conditfrimportantly, excellent  induced morphological evolution of the colloidal catalyst is
electrochemical performangeres (PCBy, 300 mA cr¥ accurately described provided that the nanoparticles are not
and FE; 80%) are attained and sustained if the potentiapassivated by electron beam irradiation prior to electrolysis (as
remains just positive of this applied v&de8(V vs Ag/AgCl, s the case in RSEM investigations). We suggest, however,
seeFigure 3panels ¢ and e). Because of the morphologicahat the observed mild morphological alteration of Si@g
integrity of the actual catalyst observed under these conditionatalyst on the GDE surfaces alone cannot be the physical
it is reasonable to think that the purely electrochemicairigin for the signcantly aected PCBys and FEgs, as
performance of the BYCsSGDESs should be sustained over shown inFigure 3panels d and f, at potentials more negative
long electrolysis periods if the other system parameters do nbanS1.8 V.

lead to failure (e.g., salt precipitation, electrolyte penetrationTo elucidate whether this decay in performance originates
into the adjacent GDE, etc). However, diverging from whahstead from the high bulk pH valuel4) of the electrolyte

was observed in$ISEM analysis, the electrodes exposed taised, reference GRR electrochemical and SEM experiments
more demanding cathodic conditions revealed alteration of tenilar to those shown fingures @nd5 were carried out on
AGSNC structure that may be linked to the deterioration ofAGSNCSGDESs, employing a sigrantly less basic 2 M
PCD-os and FEgs observed iRigure Joanels d andFigure KHCO; electrolyte (pH 8). These results are displayed in

5c shows representative images ofSNE§GDE cathode  Figures S4 and $8llowing the same color code and image
that underwent CRR at$2.07 V for 13 min (800 C c¥). representation as bBigures &and>5. Figure S4a,shows the
Although the AgNCs maintained their overall cubic corresponding FEs and PCDs of the electrogenerated gaseous
appearance, the BS8EM images reveal smaller, randomlyproducts. Besides a slightly lower RC& most cathodic
distributed Ag nanoparticles (<5 nm) that arise from thesapplied potentialsS(.86 V. E S 2.14 V), all other

more stringent C{electrolysis conditions. The red arrows in displayed quantities (PGP FE.o, and FE,) exhibited the

the upper right image Bfgure § indicate the appearance of same qualitative potential- and time-dependent behaviors after
particles adsorbed on regions of the GDE that were ndit0 min CQ electrolysis, as discussed above, when the 2 M
covered by the AINC catalyst material prior to GRR. This KOH electrolyte was used (compaigure 85f with Figure
phenomenon was more evident on cathodes subjected to 82&f). The reduction in PCE, at high applied potentials

min (1600 C cr?) of electrolysisFigure 8 demonstrates might be related to the lower ionic conductivity of the fACO
that the particles formed near th&R@gs when treated with  ion in comparison to that of OHind its relative deiency to

these longer reaction times increased not only in di@e ( lower the CQ activation energy barrfér.Interestingly,

nm) but also in population along the formerly catalyst-fresuppression of the parasitic HER was equelljive when
substrate regions. This is also supported by the EDX mappiaging both supporting electrolytes. The fact that the temporal
shown inFigure ® acquired on the sample location dependence of Egand PCRg as the electrolysis proceeded
highlighted by the blue rectangle-igure @. Additionally, revealed again a stability bifurcation that depended on the
analysis of single 3Cs indicated that the material source potential window examineBigure S48f) but not on the

for these electrochemically formed particles stems mainly frapecic bulk pH is not surprising. Indeed, it has been predicted
the cubks vertices, eventually leading to the appearance thfat the local pH adjacent to the three-phase boundary layer of
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a gas-fed GDE at GRR reaction rates above 50 mA%cm water droplets on S@ICSGDES before and after being
becomes rather similar for both neutral and highly alkalirmibmitted to CGRR atS2.07 V for 32 min. The decrease of
electrolytes due to the driven cathode half reactions (bgth C@ontact angle indicates that the barrier properties of the MPL
and water reduction generate “Oa$ a byproductf The are to some extent undermined upon electrolysis. The
di erence in the local pH at the cathode between botltorresponding EDX spectra additionally show a clear decay
electrolyte solutions under SRR reacting conditions at of the F signal due to degradation of the hydrophobic PTFE
targetedi,. 200 mA cm? might actually be negligibfe.  coating of the MPL Higure S7c Moreover,Figure S8a
Similar to the experiments conducted in the 2 M KOHpresents optical images showing the typical appearance of the
electrolyte, as shownFiyure 5SEM analysis of a®§CS employed GDEs at drent experimental stages (as-received
GDE after 60 min CRR at mild applied potentidE & GDE, as-prepared YCSGDE and A§NCSGDE after
S§1.84 V, 1600 C ctf) in 2 M KHCO, showed minor  having sustained GRR atS2.07 V for 32 min and 1600 C
structural degradation of the SNCs (Figure SB This cnr?). The EDX spectra and mapping displayedigare

nding suggests that the performance decay in our gas-fe@b,c further support that, under these drastic cathodic
zero-gap ow cell at large CBR rates might be more conditions, carbonate/bicarbonate precipitation on the cata-
signi cantly inuenced by the increased local alkalinity rathetyst-modied GDE surface and its periphery takes place.
than the relatively minor structural degradation of te Ag Additionally,Figures S9 and S$how that these undesired
NCs and the original bulk pH. Furthermore, an increasinglgvents (ooding and precipitation) can even be observed on
high alkalinity at the three-boundary layer in GDEs has bedime backside of such electrodes, irrespectively of the employed
found to lead to issues related to electrolyte carbonatiorlectrolyte. We would like to emphasize that this kind of
electrolyte penetration through the GDE body (electrodenassive salt precipitation is only observed in the GDE
ooding), and salt precipitatitii®****** Electrolyte in-  approach, irrespective of the used electrolyte, but not in the
trusion beyond the MPL of the CSGDEs at high  H-type cell corguration where the partial current densities of
cathodic potentials also contributes to the decayiaRl CO formation are mass transport limited and remain stable
PCD-o, as observed iRigure 8,f and S4d,f due to an during electrolysis.
increase of the G@i usion length. This is in agreement with  Comparison of CQRR Product Distribution in Zero-
recently reported work by Leonard éf atho observed a Gap Flow Cell and H-Type CellFinally, another important
clear increase oboding propensity and loss of the nominal aspect that requires attention is the spectrum of products
MPL hydrophobicity under stringent SR reductive yielded from C@RR processes, which might also keted
conditions. by the spectities of the experimental approach employed

To further support this argument, we resorted to(cell design and environmertit)Along these lines, funda-
investigations performed in conventional H-celyocations mental dierences regarding the product selectivity were
in which none of these detrimental aspects woukhice the  observed between the gas-fed- and H-cell-based approaches. As
supply of dissolved G@ the cathode through the liquid illustrated inFigure S1l1formate was detected as a,CO
electrolyteFigure @,b summarizes these experimental resultglectrolysis product over a large potential window using
In comparison to the gas-fed experiments, cgigtly lower  alkaline as well as almost basic electrolytes when the zero-gap
PCDccs are observed in all of the inspected potential windotestbed was used. Thigling is in agreement with reports by
due to the dominant ect of the mass transport limitations of Sargent, Sinton et al. on increased formate productio8 on Ag
CO, dissolved in the used 2 M KHC@Iectrolyte. In  GDEs in highly alkaline aqueous environmegsré #):*°
addition, the use of this non-optiffaf”* almost neutral  These authors proposed that the enhanced formate production
electrolyte leads to larger RGP (as great as PGP when using highly alkaline environments adjacent toShe Ag
100mA cr¥) at high cathodic potentials relative to the valuesGDE might be due to the limited ability of a temporg® H
observed in the zero-gap experiments. The potential-depemnablecule that is believed to assist thieprotonation step of
ent product selectivity shows an increase & && the the adsorbedCOOH intermediate on the CO reaction
potential varied from low to mild applied val8ds4V E pathway> AccordinglyFigure S1shows that both FEog®

S 1.6 V), although in contrast to the observed trends for thand PCRcoo¢ Were more prominent when the hydroxide-
more technical approach, the COciency signcantly based solution was employed and peaked & 1.87 V,
decreases as the competing HER tsem@ more negative amounting to non-negligible values qfc:5& 20.1% and
values. Moreover, in contrast to the results from the zero-gBED,coc¢ 148 MA cr¥, respectively. This result agrees
experiments, neither fFnor PCQ.o decays from its initial ~ with a recent report by Seger et al. who idgghformate as a
value as the electrolysis reaction proceeds, regardless ofdigai cant CQRR side reaction using a zero-gap electrolyzer
applied potentiaF(gure 6,d). Considering that the 2gCs combined with a basic anolyte at high current den20@s
used in these H-cell experiments seem to have undergonena cn¥2.*° Conversely, our experiments in the H-cell yielded
similar degree of degradation and associated mechanisnomly a minor formate contribution at the highest applied
mild and high applied potentials relative to that of the zero-ggmtential (FEcoo® 2.6% and PCRog 7.5 mA cri¥).
counterpartsHigures €Sf andS6), it seems evident that the This result underlines the fact that the vast knowledge
system stability issues acting at high potentials and longiveloped through batch-type,RR experiments does not
electrolysis times in the gas-fed goration stem mainly from necessarily translate to more practical approaches aimed at
a sub-optimal reactor design and the high local alkalinity etdustrial CQ reduction. Therefore, moreoet must be
high current densities. Indeed, we found a clear correlatialevoted to understanding the particularities inherent to gas-fed
between the decayingd&Eand PCRy and occurrence of CO,RR platforms by going beyond a purely catalyst develop-
GDE ooding and salt precipitation, which cause devicenent-oriented approach and focusing more on rational
performance failure at high cathodic potentials in the gas-fetectrolyzer design, engimeg solutions, and process
approachFigure S7a,$hows typical contact angle images foroptimization to provide more robust and stabi§ligail
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interfaces. Precipitation anabding phenomena might, for precipitation. Thus, this work enables the deconvolution of
instance, be prevented through incorporation of applicatiosatalyst structural stability from system performance stability.
tailored microstructures and wettability into novel GDEAIthough the application of higher catalyst loadings on the
design§® Encouraging erts in this direction are being GDEs would probably alleviate these issues, a more robust,
made, for instance, by Schmid éf' aho have recently ong-lasting solution to the intrinsic challenges posed by gas-
addressed the importance of optimized operating modegd approaches must be proposed to near industg@RCO
electrolyzer design, and materials selection that enable ne@dployment. Finally, as stated by some other recent works, we
practical scale electrochemical-@AICO conversion. One  syggest that GAR studies should increasingly be performed
key nding of these investigations that enables stable and longing technical approaches because the conclusions extracted

term CORR operation &200 mA cri¥’ is the attenuation of  from H-type cell experiments might not be directly translatable
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