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Abstract

The pH-differential membraneless architectuceuld enhance the thermodynamic property and
raise the eldcochemical performancef a dual electrolyte microfluidic reactor (DEMRQr
electrochemical conversion of GOFreed from hindrances of membrane structure and
thermodynamic limitation, DEMR demonstratée possibility of altering anolyte and catholyte
pHs to achieve higher reactivity rates and efficiende8erent operation conditioparameters

of a microfluidic network would affect the reactor performance to a certain extentsraining
further mprovement Therefore, weconductedexperimental analysis to study theechanisms
and intrinsic correlationef catalyst to Nafion ratio, microchannel thickness, electrolyte flow rate
and CQ supplyfor an optimized outcomeA comprehensive investigatiom ¢dhe cell durability
was also carried out in the way of repetitiveness and long period openagarding both
reactivity and efficiencylt was found thathe catalystto Nafionratio affects the performanae

a parabolic relatiorand there exists optal values ofelectrolyteflow rate and microfluidic

channel thicknest®r maximized cell performanc&he influence ofliereactant C@supply rate

! The short version of the paper was presented at CUE2015 on Nd¥, E&izhou, China. This

paper is a substantial extension of the short version.
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is not significant above a certain lewehere kinetics limitation is not dominafithe parametric
study provides an operational point of view on the dual electrolyte microfluidic reactor and

serves as a tool f@EMR optimization design

Highlights
1 pH-differential techniquenoves electrode potentials closer to equilibrium status
1 Key desgn parameters and operation conditions are optimized

1 High reactivity and Faradaic efficiency are obtained
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1. Introduction

Since the industrial revolutiomegan the equilibrium state of carbon cycle, providing the habitat

for all residents on earth, has been brokeis a consensus that the emission explosion of i€O

the primary greenhouse gas source and immediate measures should be carried out to address this
issue. At present, the mainstream technique is carbon capture and sequestration (CCS), majorly
involved in CQ capture from centralized power plants. the same timethe concept of C®

utilization and conversiorlso become attractive as GQ@ould play multirole as a working
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fluid[1], a storage medium of renewable gy2], and a feedstock for chemidd@s4]. Amongst
these, electrochemical conversion of O@to usable fuels offers a more sustainable prospect
regarding the md operation conditions, high controllability, and advantageous industrial
practicability. On top of this, any stantaneous surplus enerdgr(example renewable energy
with intermittent and unpredictable nature) can be effectively stored by conducting
electrochemical reduction of GGn an electrolyzer and producing fuel. The fuel produced can
be subsequently converted into electricity via fuel cell platform when power supply is needed.

From the masbalance point of view, no carbon emission is generiatehis cycle because
CO, presents as amtermediateproduct, revealing a new solution towards JGfiitigation and
renewablesnergyutilization. This carbomeutral energy supply system can be incorporated into
future urban energy network.

Amongst various possible products, formic acid earns credits with regard to commercial
profitability, energy storage capability and required energy inpommercialization ofCO, to
formic acid conversion isonsidered to b&easible due to the broad matkand wide application
range. Value analyses conducted by some industrial bodies have concluded that this process is
most likely to be profitable compared to its competitors such as methanol, CO arthéomg
hydrocarbonb-7]. Formic acid is also a useful energy storage medium storing 4.35 wt%
hydrogen. Formate, the anion derived from formic acid, could be oxidized at similar potentials as
hydrogen indicating itself as a viable energpurcg8, 9]. On top of this,renewable energy
sourcescan be effectively stored in the form of formic acid by conducting electrochemical
reduction of CQproduced from fossil sources.

However, most relevant researches on electrochemicalé&tiDction have been designed and

developed on conventional membrane stru¢li@43], whose restrictions include high
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membrane cost, water management, cathode flooding, fuel crossover, membradatbegr
and so onTo address this problem, microfluidetectrolysiscells have been proposgdi-16]
based on the fact that two microfluidic laminar flows would interact primarily through diffusion
and form a limited mixing zone. Having a microfluidic architecture, the cell could utilize the
laminarflow interface to separate the streams of redox couple and allow high ionic conductivity
without the need of a membrane.

Another limitation is on thermodynamics, which restricted the lowering of the applied voltage,
and hence the efficiencies. Taelution to this issue is to utilize ptfferential technique, which
alters the electrolyte pHs and reduces individual electrode potentials. With these concepts, not
only several membraress related benefits could be achieved including low cost, simple
assembly, reduced fuel crossover, wide pH adaptability and easy water management, the
thermodynamic property is also improved. Previous studies afesearclgroup havendicated
that catholyte pH=2 and anolyte pH=14 output the optimal whole cell pafare. In a dual
electrolyte system, the reactivity was raised for ~3 times compared with a single neutral
electrolyte arrangement and the peak Faradaic efficiency was improved from 81.6% to 95.6%,
demonstrating the promise to achieve high reactivity disasd-aradaic efficiency

Most experimental or numericaksearches oparametric optimizizon were conducted for
membranebased electrolyzgrl7-19]. However, there exists a gafor microfluidic systems
especially when incorporated with phfferential technigque.The reaction kinetics and
mechanism, along witthe selectivity for the generation of formic acid, can be influenced by a
variety of factorssuch as channel size, reactant concentration, and electrolyte supply.

In this manuscript, we report a dual electrolyte microfluidic reactor with high reactindy

efficiency for electrochemical reduction of gQvhich represents a significant advance of the
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stateof-the-art in electrical energy storage. Different from most existing researches on the
development of electrode materials, this study focuses on ibgeélke limitation of water

window and obtaining thermodynamically favored electrode potentials based on microfluidics.
Aiming at enhancing the cell design and operation condition, it is the first systematic
investigation and parametric analysis on theirozation of catalyst composition, channel
thickness, electrolyte and gaseous reactant flow rates to achieve high reactivity and efficiency.
Besidesthese investigations with respect to operation repetitiveness andtéong durability
werecarriedout,e veal i ng the designds pot erssdaeanergyof f uf
conversion networks. Electrochemical conversion ot 6&% long been a concern for the whole

research community, and also a hot topit¢hi@energy industryThe method and optization
technique developed in this sitngengrgyfcanversiend dr e s
issuesthat is,CQO, utilization and renewable energy storage believed to benefit researchers

from multiple research disciplingscluding engineerig, material science and chemical sciences,

thereby attractive tgroups withdiverseinterests

2. Experiment

2.1 Cell fabrication

A microfluidic electrolysis cell was constructed with anode and cathode made of
Polytetrafluoroethylen¢PTFE)}hydrophobizedcarbon paper (HCP120, Hesen) with 5 mg/cm
PtRu and Pb, respectively. The two electrodes were housed betwee@®@®ym-Bhick PVC
plates with a 0.2 cm (W) x 0.5 cm (L) window cut out to define the reactive area.O0yh3D,

300, 500, 1000 or 2000 m-thick PVC plates were used to separate the electrodes and create

identical anolyte and catholyte channels of 0.2 cm (W) x 7.5 cm (L), between which another
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100t m-thick PVC sheet with a 0.2 cm (W) x 0.5 cm (L) window was sandwiched to form the
electrolye contact area. A5 cm (L) xcdn (W) x 0.5 cm (H) PVC chamberasfabricated as
COe reservoir supplying Cé&Xo the cathode side. All layered components were fabricated using
a carbon dioxide laser ablation system (VLS 2.30, Universal Laser System) amgedla
together by binder clips (Highmark).

Prior to the experiments, the cell was immersed into a beaker filled with water for tightness
test, to ensure no leakage for gas or liquid.
2.2 Catalyst preparation
Commercially available carbesupported Pb andtRu (Johson Mattey Fuel Cells) were used as
the electrode catalyst and Nafion solution (DuPont) as the catalyst binder. The electrode was
manufactured by Hesen Electric Co., Ltd. Catalyst ink was prepared by sonicating the mixture of
Pb/PtRu powder and asired amount of 5 wt.% Nafion solution with dispersant for 1 hour to
achieve 50:1, 40:1, 30:1, 20:1 and 10:1 catalyst to Nafion ratios. The ink was then sprayed onto
the carbon side of a 2.5 cm (L)1.1 cm (W) PTFEhydrophobized gas diffusion carbon pape
The final catalyst loading is 5 mg/ém
2.3 Electrochemistry
All the electrochemical tests were performed under ambient conditions using an
electrochemistical station(CHIGO0E, CHInstruments, Ihc Results were obtained by
chronoamperometry techniques under potentiostatic control. Each data point was collected by
averaging the integration of a ¥8cond steadgtate data aftea 100-second stabilization
period. Potentials of each individual electe were recorded with digital muhieters (Fluke)
connected between each electrode and an external Ag/AgCI reference electrode in the exit

electrolyte stream. The recorded current data were normalized to the geometric surface area of
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electrodesthat is 0.1 cnf). A duakchannelsyringe pump (LSPG2B, Longer Pump) was used

for electrolyte supply. The gaseous£00 99. 5% puri ty, Linde) was
reservoir at a flow rate of 50 mL/min controlled by a mass flow controller (GFC17, Aalborg

2.4 Product determination

The method proposed by Sleat ef24)] wasimplemented in this work to determine the amount

of formic acid dissolved in electrolytes. A nenzymatic reaction would form a red color with

an absorption maximum at 510 nm when formate and several chemicals were mixed. On basis of
this phenomenon, exelectrolyte streams were collected during each set of experiment for 100
second under steady state condition. The sample was prepared by diluting thee2&@cted
solution with 250t , deionized water. Meanwhile, 50 mg citric acid was mixed with If g o
acetamide followed by ultrasonic dispersion in 10 mr@anol.Then,500t, of this mixture,
together with 50Q, of the sample were dissolved in a mixture of{2530% w/v sodium
acetate and 1.75mL acetic anhydride mixed for 1.5 hr. The absorbatiee swlution mixture

was obtained by a spectrophotometer (6105 U.V./Vis. Jenway) to determine the formate
concentrationThe alibration was conducted by quantitatively determining corresponding color
formation in the presence of quantified amount of faena 2.5, 5, 7.5, 10, 12.5, 15, 17.5 and 20
mmol/L.

2.5 Reynolds number calculation

The Reynolds number is given ByA —, wheremis the density of the fluid5is the

characteristic velocity, isthe Hydraulic diametemlandt is the viscosity of the fluid

Hence,

2 A (1)

o)

Where FR is flow rate (mL/min), CW is channel width (mm), and Gchannel thickness (mm).

7
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2.7 Efficiency calculation

Faradaic efficiency (FE), defined as the fraction of the electrons used for formic acid formation,
evaluats t he systemobs ability of transferring t
conversion from C@to formic acid. Its correlatedactor, energetic efficiencyreflecs the

portion of energy convertezhdstored in formic acid.

By definition,
& % pTTP 2)
whereA andA  denote number of electrons used for generating desired pramhutts

total electrons passing through the reaction sites, respectiveyndmerator can be obtained by

the measured current and the denominator is based on the detected amount of formic acid. The

amount of detectable # / /is calculated by the equatier—— mol/s; hence, the amount

of electrons transferred to produce formic acidHs———— mol/s. On the other hand, the

number of electrons delivered to the electrode isD A Op&t 1 p m molls, giving Faradaic

efficiency as shown ind 3.

& % 3 prtmp 3)

whereA and | are the concentration ©f# / /and current density, respectively.

As for energetic efficiencygonsidering voltage losses, the determination equation is:
%l A OQAREEN AT &R (4)
where% ands denote standard electrode potential and overpotential, respectively.
2.8 Catalyst morphology characterization

Scanning electron microscopy (SEM) images were acquired by Hita#80@ microscope with

an accelerating voltage of 5 kV.

h
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3. Results and Discusions

3.1 Catalyst to Nafion ratio

The catalyst composition of cathode usually includes N&ffon higher proton conductivity.
However, active sites within the catalyst layer might be blocked in case of excessive Nafion and
hence limiting the mass transport and redox reactions. To optimize catalyst performance, we
prepared cathodes with differenatalyst to Nafion ratidq21, 22] and conducted whole cell
operation in 0.5 mol/L aqueous80; solution for comparison.

Theoretically, at elevated current densities, the Faradaic efficiency would be lowered by CO
concentration polarizatigrand its coupled higher overpotentials would deptbssenergetic
efficiency. However, the dependence of reactivity and efficiencies on current densities has been
reported by contradictory literatures, such as parabolic relationship of Faradaic efficiency on
current densityon some metallic catalyd®3, 24]. To solve hese contradictionthat mightbe
cawsed bythe rate determining step in the kinetics of the formic acid generation reapipdied
voltages were varied to identifize intrinsic relationship in a microfluidic netwark

As can be found in the polarization curvéggy( 1a), for catalyst to Nafion ratios from 50:1 to
30:1, higher orset electrolysis voltages were observed with lower current densities at voltages
below 3.7 V. Foithe sameatios from 20:1 to 1:1, current densities dropped slower with lower
onset electrolysis vadiges. This trend conformed to the individual electrode polarization curves
in Fig. 1b. The curves demonstrated that different catalyst to Nafion ratios led to different
cathode performance but did not affect the anode side, verifying the two electraugsvbki

separated by the two flow streams.
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The final selection of optimal catalyst to Nafion ratio was based on Faradaic and energetic

efficiencies because selectivity is the key parameter to evaluate el€&@ochemical reduction

system and governs tiperity of formic acid produced. As shownhiig. 1cand 1d, a catalyst to

Nafion ratio of 30:1 gave the highest Faradaic and energetic efficiencies over others, with peak

figures being 80.7% and 41.2%, respectively, at 2;8¥0:1 and 20:1 showed similar

performance, which far exceeded that of 50:1, 10:1 and 1:1. It should be noted that the low

selectivity under the ratios of 50:1, 10:1 and 1:1 corroborates to active site blockage in case of

excessive Nafion and low proton conductivity on condition of fingaht Nafior{22]. Therefore,

30:1 was chosen as the optimal catalyst to Nafio for subsequent tests.
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Fig. 1. (a) Polarization curves, (b) the corresponding individual electrode polarization curves, (c)
Faradaic efficiencies, and (d) energetic efficiencies with different cathode catalyst to Nafion
ratios. Cathode catalyst nesial was Pb and anode was PtRu. Catholyte pH=2 and anolyte
pH=14 with a flow rate of 0.5 mL/min. GQupply rate is 50 sccm.

3.2 Flow rate effect

The electrolyte flow rate, as the most critical fluid dynamic factor, would atffecsolubility

and hencehte migration capacitgf gaseous C&through the cathode to the electrolyite 2006,

Li et al. have implied thafiormic acid generation reaction would be constrained by @@ss
transfer in case of low solubility in aqueous electrolytes (<70 mM at[33]P)

The higher the flow rate was,amarrower the acidlkaline mixing layer would be; hence, the
function of the mixing layer as an electrolyte separator could be enhanced. Besides, more ions
dissolved in electrolytes were transferred to the active sites in case of higher flow rates, raisi
the conductivity. This phenomenon was validated by the electrochemical experiment as
demonstrated irfrig. 2. The trendof increasing electrochemical performance with higher flow
rate could be observed from the polarization curveSign2a and2b. At a voltage of 4 Vihe
current density was raised from 270.2 mA?an100t, 71 E io as high as 345mA/cn? at 500
t, 7 E.TIt should be noted that at flow rates above 508 E,lthe current density became
stabilized and no further increase of reattiwcould be observed. Efficiencies follow the
tendency. As shown iRig. 2c and 2d, both Faradaic and energetic efficiencies remained close
with each other until the flow rate was below Q0 E.TAt 300t, 7l E,the Faradaic
efficiency dropped for morédnaan 10% compared with that of higher flow rates, and dipped to 54%
at an applied voltage of 4V. The values for 1Q@1 E Were even lower, with a peak Faradaic

efficiency of 46% at 2.8V and 21.6% at 4Vhe trend of reactivity and efficiencies could be

11
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more obviously observed in Fig. 2e and 2f, whéne reactivity differences become more
significant at higher applied voltages anch er e e x i s tfor afficiénciesat Re g8 f ect 0
that is,flow rate 0.5 mL/min.

Major cathode (Eqg5) and anode (Eg) reactions under dual electrolyte arrangement in a
DEMR are shown below

Cathode reaction (acid¥:. /  ¢( cAo(#/l N 5)
Anode reaction (alkalinef/ ( © -/ (/ cAs (6)

At low flow rates, besides the effect on aeitaline interface thickness and neutralization
loss, the ionssuch ag§ and/ ( were insufficiently supplied, limiting the kinetics for the
generabn of formic acid and oxygen. When reaching 5001 E,iwhere the ion concentration
and electrolyte conductivity were high enough to be kinetically favored, no more improvement
could be achieved. Further increase of the flow rate would lead to the defficieincies as the
reactant mass transfer constrain became dominant. In addition, electrolytes at higher flow rates
mean shorter residence time for £0 undergo electrochemical reaction. Possible turbulences
might also be introduced, influencing the O@igration rate from the gas reservoir to the active
siteg11]. Instability could also occur because of the liquid pressure and mixing layer

perturbation. Excessive waste electrolytes would cause uneconomical opgeration

12
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256 Fig. 2. (a) Polarization curves, (b) the corresponding individual electrode polarization curves, (c)
257 Faradaic efficiencies, (d) energetic efficiencies at different flow ré@surrent densities versus
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258 Re at different applied voltages, and (f) maximum Faradaieardthetic efficiencies versus Re

259 Cathode catalyst material was Pb and anode was PtRu. Catholyte pH=2 and anolyte pH=14. CO
260 supply rate is 50 sccm.

261 Narrowing of the mixing layer is possible by modifying the channel configuratsuth as

262 counterflow microfluidic networf26, 27]. It has been demonstrated that the optimization of
263 flow mechanism would achieve a good control rothee interface thickness at low electrolyte

264 flow rate operation. Higher limiting current and power output could also be ohtéaeds to

265 the improved reactant separation performance. For DEMR, this innovative design would help
266 reduce neutralization and hence heat loss.

267 It should be noted that the catholyte was prepared by adjusting 0.5 m@&@Ms Kith 0.5

268 mol/L H.SQu. K™ was sedcted as the cation because it could shift the cathode potential of formic
269 acid generation reaction to more positive values over hydrogen evolution reaction. ,Gatbns

270 as Na and Li* were also found to have similar effect, but less significant compeitbdK[28].

271 In terms of anions, there is a controversy that some researchers pointed &ut thaand

272 ( # would favor the electrochemical reduction of £Z3, 29 whilst some insistedn an

273 independent relationship. The complexity is that in its slight base condition, there exists inter
274  convergon amongs# / ,( #/ and# / A N2830]. High concentration of /  would be

275 beneficial to the chemical kinetics of the reactin #/ AN (/O ¢( #/ ,which

276  lowers the concentration #f/ A Nand competes with formic acid generaf@f). For thecase

277 of( #/ ,thereaction( #/ [ ( © #/ ( / would decrease the pH and hencesldre

278 hydrogen evolution reation (HERDther anions, such #sl," O, would bring in the risk of

279 electrolysis towards poisonous oxidants. Therefore, considering the stability of the cation and

280 anions, sulfuric acid and potassium hydroxide are used as thdjpstor.

14



281 3.3 Micro channel thickness

282 For conventional membrasf®ased reactor, the effect of membrane thickness on the cell
283 performance is critical due to its proton transfer resistance over electrodes and the consequential
284  potential losses. In anicrofluidic network, membrane is no longer a constraint; instead, the
285 resistance to proton transport across the microfluidic channel becomes the limiting factor.
286 Lowering the microchannel thickness would shorten the pathway traveled by protons, thus
287 limiting the resistance and potential loss. In addition, the laminar characteristic of the electrolyte
288 flow plays the key roles in a DEMR because it forms the-alkidline separator, hence should be

289 maintained at low values. As shown in the equation of thenéldy number, channel thickness

290 determines the hydraulic diameter of a DEMR; the higher the thickness is, the higher the Re
291 would be. In other words, the channel thickness has similar influence as the flow rate.

292 Six dimensions, @0, 150, 300, 500, 1000 and 2000t m, were applied during cell fabrication,

293 corresponding to Reynolds number from 7.9 to 4.2 at a constant flow rate pf HOE.TAs

294 shown inFig. 3a, electrochemical performance of the cell dropped gradually with increasing
295 channel thickness and tdecrease became significant at the channel thickne¥6fahd D00

296 {m. Under an applied voltage of 4 V, the current density decreased from 391.6 fra#t/cm

297 Re=7.9 to 312.5 mA/cfrat Re=6.7, followed by 215.2 mA/émat Re=5.6 and 126.6 mA/érat

298 Re=4.2. From individual electrode polarizatidtig( 3b), it can be seen that the fall of reactivity

299 was majorly due to anode performance degradation. The efficiencies demonstrated similar trend,
300 where the significant drop can be observed from Re=Ad @ward. The peak Faradaic

301 efficiency decreased from 94.7% at Re=7.9, to 50.7% at Re=4.2. This phenomenon indicates the
302 fact that the higher the channel thickness is, the wider theal@tine interface would be,

303 leading to more energy loss and weakkperformance.

15
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305 Fig. 3. (a) Polarization curves, (b) the corresponding individual electrode polarization curves, (c)
306 Faradaic efficiencies, (d) energetic efficiencies at matrannel thicknesses corresponding to
307 Reynolds numbers of 7.9, 7.8, 7.2, 6.7%,%4.2 (e) current densities versus Re at different
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applied voltages, and (f) maximum Faradaic and energetic efficiencies versuSafRede
catalyst material was Pb and anode was PtRu. Catholyte pH=2 and anolyte pH=14 with a flow
rate of 0.5 mL/min. C@supply rate is 50 sccm.

3.4 CQ flow rate effect

Gas diffusion electrodes (GDEs) were used as the cathode, whicld@Hattive thregphase
interfaces fogaseouseactants, electrodes and electrolytes, have been developed rapidly and are
regarded as an effective solution towards low. @@nsfer rate and poor cell performance. A
GDE usually comprises of a conventional catalyst layer, where carbon black is usitiadig to
support catalyst particles, and a gas diffusion layer. GDL is usually made from porous materials
and dense array of carbon fibers. Two common examples arevaw@n carbon paper and
woven fabric carbon clotfOn the cathode side, gaseous £fssses through the surface of the

gas diffusion electrode and reaches the active sites, where electrons are transported from the
current collector to the reaction sites through the electron conducting pawiftersgaseous

CO; is adsorbed asCOp(ad), it undergoes electronation to yiekCO:° (ad) Subsequent
reactions ofCQO;° (ad) and HO form released O ions andadsorbedHCO,, which undergoes
further electronation to yielfbrmate ionsHCO® . As electrons are paired after electronation,
theHCO® species are desorbed from the electrode surface.

The effect of CQflow rate was shown ifig. 4. It can be observed that there was no obvious
difference until the C®flow rate was reduced to 10 mL/min. At this flow rate, the whole cell
and cathode polemation implied a water electrolysis process, with arsenvoltage of ~1.2 V.
However, the anode performance was not affected, corroborating the good separation function
contributed by microfluidics. The reason that no further improvement in cell percercould

be found when increasing ti&0, flow rate above 50 mL/min is th&O; transportation from
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332

333

334

335

336

337

338

339

340

341

the gas reservoir to the active site is limited by the @@ss transfer rate of the gas diffusion
layer on the cathode side. The mass transfer coulthpeved in case of thinner gas diffusion
layer with higher porosity because of the reduction i @@usion resistand@1]. Nevertheless,
high porosity would introducanadverse effect otheelectron transport through the solid matrix
pathway, increasing the contact resistance and onset current density of théramsyssrt
limitation[32]. The ohmic loss does not appear to be the major limiting factor because of the high
conductivityof the carbon fiber materials.

It should be noted that larg@O:; flow rates would introducaneconomical C®wastage and
excessive gas penetration into the catholyte channel, disturbing the laminar flow and causing

instability of the cell.
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Fig. 4. (a) Polarization curves, (b) the corresponding individual electrode polarization curves, (c)
Faradaic efficiencies, and (d) energetic efficiencies at i@ rates of 300, 200, 150, 100, 50,

10 mL/min. Cathode catalyst material was Pb and anode was PtRoly@affH=2 and anolyte
pH=14 with a flow rate of 0.5 mL/min.

3.5 Repetitiveness

To studythefeasibility of the future incorporation of a DEMR into an energy network, six sets of
repetitive experiment were carried out on one single cell to tegietti@ermancestability on one

single cell. Results, as plotted Fig. 5, indicated that both the reactivity and efficiencies
remainedsteady. The variation of current density was within 10% and the range of peak Faradaic

efficiency was 94.8% 0.7.
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