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ABSTRACT:The local pH near the surface of a @luction
electrocatalyst strongly impacts catalytic selectivity and activity:
Here, confocal uorescence microscopy was used to map the®
electrolyte pH near a copper gasiglon electrode during GO
reduction with micron spatial resolution in three dimensions. W
observed that the local pH increased from pH 6.8 to greater t
pH 10 as the current density was increased from 0 to 28 m
in a 100 mM KHCQelectrolyte. Variations in the pH across
surface indicate areas of locally increased activity. Withi
trenches of the active layer, the local pH increases as trench width

decreases. Computational modelsroothese experimental results and also showed that the catalyst found within narrow trenches
is more active than that found at the surface of the electrode. This study suggests that the overpotential required to perform select
CO, reduction can be reduced by increasing the density of narrow trench regions in the microporous layer.

INTRODUCTION activity*> *® Therefore, it is important to distinguish the
While the cost of renewable electricity has declined markeoJ cal pH near the electrode s_urface from the PH in _the bulk
éctrolyte. Although challenging to determine experimentally,

selective, energy-@ent synthesis of storable chemical fuels i local OH the electrod ” hould b 4
necessary to enable widespread adoption of sustainable en Fgg ocal pri near the electrode surface should beé measure

One approach is to transform solar energy into chemical fudidder operating conqmons to prowde_ t.he necessary insight
and fuel precursors via aii@l photosynthesis. Recently, required to further improve the activity, selectivity, and

- ; : bility of these fuel-forming devices.

signi cant advances have been made in the design of g%{ d . .

di usion electrodes (GDEs) for electrochemical carborg) %ln this tsrglljdé/ \\;\i/e focr:urs]itonturndﬁrst?:drmg thdetEH mrfG?nsSn
dioxide (CQ) reduction at high current densities. While ceause this device architecure nas increased the pertormance

o : ; : CG, reduction electrodes by an order of magnitude due to
promising, GDEs have not yet achieved their full potential f f{ ; i ) .
product selectivity and energyiency due to the complexity éj eir abllity to deliver COIn the gas phase, thereby

of the electrocatalytic reactions involved in making fuels fropy Sreoming the mass transport I\l}r]%nanons encountgred n
CO, reduction. more traditional electrocatalytic devicékt only does this

: o ... architecture allow for higher current densities, but also
Many parameters may lience the selectivity and activity improved product selectivity in Caduction® 2 In CO,

. . . . |
?rf ;hceag%értegd:rfgO;p:)el}iaegﬂggié:ﬁﬁrﬁgzitd%b&)#ftﬁ;gehw Oarereduction devices where the,@dissolved directly into the

critical parameters, GDE system gorations (ow through e:ﬁzctrolyte, the maX|mum'cu'rrent density is less B0amA/

vs. ow by)® local electrolyte viscositgoncentration and ST due to low C@solubility in aqueous electrolytes (around
identity of cations in the electrof/tsalt deposition on the [34hmM] at .m‘?‘x'(;‘”'“m?- The hmam challlengg of the GDE
GDE? membrane structure and composifiobicarbonate architecture is in developing the appropriate device structure to

and carbonate formation in the electrolygdrophobicity of mﬁ:nlt:|rérwgfate;zcrt?(f)(lartreedcgoatasy;ﬁétegatcacl)ngtgn. Eﬂgé awater
the GDE}? and other factors can have a sigmit in uence Y y y P

on device performance.

Of particular interest in this work is the local pH establishefeceived: July 14, 2021 Al
at the electrode surface during fuel synthesis. Electrochemfggplished: September 17, 2021 T
solar fuel-forming reactions create hydroxide ions) @H s
the catalyst surface during the reaction when in alkaline i
electrolyte, which alters the local pH near the catfidde,
thus strongly impacting Iotproduct selectivity and
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Figure 1.0Overview of a Cu gas dsion electrode (GDE) for G@duction studies. (a) Cross-sectional diagram of the custom electrochemical

cell designed to enable in situ confasatescence microscopy experiments. (b) Schematic of a typical Cu GDE, not to scale. (c, d) Scanning
electron microscopy (SEM) images of the 300 nm thick Cu catalyst layer. (e, f) SEM images of an uncoated microporous layer. (g, h) SEM imag
of the gas dusion layer.

molecules while simultaneously allowing for rapid dissoluti@lectrochemical environment created by the triple phase
of CO, through the electrolyte to avoid mass transportboundary at the catalyst surface. We therefore seek to directly
limitations. If the water layer coating the catalyst is too thickpeasure the local pH near an operating GDE and
then the catalyst becomemded and its operation is more experimentally validate the results of these prior simulations.
similar to a bulk aqueous electrolyte, @@uction device. There are various techniques that can be used to probe the
Alternatively, if there is no electrolyte, the catalyst has Hocal pH, such asuorescence microscdpy, >* scanning
access to water molecules and no reaction can occur. €ctrochemical cell microscopy (SE , surface-en-
achieve this wetted condition, the GDE is composed of a ghanced Raman spectroscopy (SERS) surface-enhanced
di usion layer, microporous layer, and catalyst Fgerg infrared absorption spectroscopy (SEIRA®reviously,
1). The microporous layer is perhaps the most critical becauSERS has been used to measure the local pH in, a CO
the concentration of poly(tettroethylene) (PTFE) allows reduction GDE with a 1 M KOH electrolyte (pH 14). It was
the wetting to be tunéd”> Tailored GDE architectures have found that the local pH was near 7 in the absence of any
demonstrated current densities greater than 12Atom  current ow, and as the current density increased to 100 mA/
multicarbon products. cn?, the local pH increased to 10. It is interesting to note that
It is vital to understand the local pH within GDEs due to theeven with an electrolyte with a bulk pH of 14, the electrode
high CQ ow rates and high current densities at which thessurface remained in the range pH range b for a wide
devices operate. Interestingly, these two characteristics heargge of current densities. However, this measurement did not
opposing e=cts on the local pH near the electrode surfaceprovide any resolution along the plane of the electrode surface.
High current densities result in the creation of multipleSECM studies comm that the local pH increases during
hydroxide ions per unit time, thus rapidly increasing the pHievice operatiofi.*’ While SECM allows for better spatial
while any unreacted GQwill acidify the electrolyte via resolution than confocalorescence microscopy, it is unable
reaction with OHto form HCQ, and H ions. If the pH is  to probe the pH within the trenches of the GBg\(re &,f).
increased locally, then the activity of the hydrogen evolutid@ur study builds on previous work by mapping the pH both
reaction (HER) decreasesbstantially, while the GO on the surface and within the heterogeneous reaction
reduction reaction becomes relatively more favdrable. environments encountered in GDEs. This experimental
While both reactions consume water molecules, the rate of Epproach therefore allows us to correlate the width of trenches
evolution has been shown to be far more dependent on tlwe GDEs to the local pH.
local pH than the rate of G@eductior.”*® In addition to Here, we use confocal microscopy and a pH-sensitive two-
suppressing the HER, the local pH alageimces which color uorescent dye to probe tbperanddocal pH of a
reduction pathways are most energetically fav6réble. copper (Cu) GDE under GOreduction conditions with
Alkaline conditions in particular promote the formation ofmicron-scale resolution in all three spatial dimensions [within
multicarbon products ¢ such as ethanol, propanol, acetate,the plane of the electrodg, §) and perpendicular to its
etc?%?%?® Theoretical models have been developed to simulagrface 4)]. This approach @rs new insight into how GO
the local pH near operating £@duction GDES>"?® reduction aects the local electrolyte pH near the Cu catalyst.
however, it is dicult to accurately represent the complexinterestingly, our study indicates that at low overpotentials, the
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Figure 2.Electrocatalytic characterization of a GDE composed of carbon paper coated with 300 nm of Cu on top of the microporous layer. (a)

Faradaic eciency and (b) partial current densitffpr each product as a function of electrode pot&nfidle gure legend applies to both
panels (a) and (b).

pH varies widely across the electrode surface.c8lhecin the pH is independent of the concentration of DHPDS in the
narrow trenches throughout the electrode, the pH isolution*> Figure Sahows the absorbance vs wavelength of
signi cantly elevated compared to the surroundings. OUDHPDS in dierent standard solutions of known pH. At the
ndings highlight the electrocatalytic heterogeneity in GDHwrost acidic pH of 4.6, the peak absorbance is cented@d at
and strongly suggest that these regions of locally high pH amm; at pH 8.5, the peak absorbance igab nm; and at pH
the most active parts of the electrode foy i€@Quction. 11.7, the peak absorbance shifts tow488 nm. We focused
A Cu-based GDE was investigated owing to the uniqueur studies on near-neutral to basic pH conditions based on
ability of Cu to produce,Cproducts (e.g., ethandf’ Figure  the results of previous wétk> which reported that these
1 shows a schematic of the GDE and experimental setup useohditions are most favorable for,@uction. We therefore
as well as scanning electron microscopy (SEM) and opticsdquentially excite the dye line by line with a 458 gin (
bright- eld microscopy images ofadient layers of the device. and 488 nm (.9 laser to achieve the resolution over the
The GDE used here and in many other dévicés™ is widest range of relevant pH values. Tuwrescence signal
composed of three layers: (1) a gasisibn layer, (2) a from both 4, and ., is collected individually from 515 to
microporous layer, and (3) a catalyst laygu(e b). The 700 nm. InFigure S2pthe ratio of the uorescence intensity
CO, rst di uses through the gasusion layer, composed of from ,;and ., is plotted versus solution pH. These data
carbon bers Figure g,h), and then through the microporous demonstrate that the DHPDS dye is sensitive to changes in
layer, which is made of carbon black coated in hydrophobsolution pH from pH 6 to 10 under the aforementioned

PTFE to regulate local electrolyte availabiityue &,f). excitation conditions. Afteting the calibration curve, wed

After di usion through the microporous layer, €@nes into  that the error in pH is 0.3 pH units.

contact with the electrolyte at the catalyst laygure t,d), A CO,saturated solution of 100 mM KHQOWIth a bulk
where it can then undergo reduction to yield a variety gbH of 6.8 was used as the electrolyte in our experiments,
chemical products. ensuring that the bulk pH will be at the lower-sensitivity limit

Some CQreacts at the catalyst surface into products sucbf the DHPDS. The DHPDS dye is electrochemically stable
as CO, HCOOH, or CKH The remaining unreacted portion of under CQ reduction reaction conditionsidures S2c and
the CQO then passes into the electrolyte and increases 3. In Figure S2cthe currentvoltage characteristics of the
acidity’® While several reports quaeti the one pass GO electrode are nearly identical with or without the ratiometric
utilization e ciency'* the vast majority of the G@duction dye. Upon addition of the dye, HER activity slightly increased
experiments did not seek to optimize the utilization g@f CO but left the CQ reduction reaction activity remains largely
The competition between these two proces3€s acid- unchangedRigure SB Based on these control experiments,
i cation and hydroxide ion generati@an be investigatei the DHPDS dye is relatively inert with regard to GDE
measurement of the local pH at the catadettrolyte operating conditions.
interface.

RESULTS AND DISCUSSION

METHODS We rst characterized the electrochemical performance of our
We used confocaluorescence microscopy to measure theCu-based GDE prior to imaging the local solution pH. For
local pH due to its high spatial resolution relative to theletails on electrode fabrication and cell setup, see the Methods
dimensions of interest in the systéigure & shows a  section in theSupporting InformatiorChronoamperometry
schematic of the experimental setup,Fande Sishows a  experiments were performed across a range of applied
more detailed schematic, as well as photos of the cell. Thetentials, and the products were measured via gas
technical resolution of this system is 280 nm iy and 560 chromatography and high-performance liquid chromatography
nm inz. However, due to noise from the electrolyte pump andFigure 2. All applied potentialsE( are reported vs the
di usion, the resolution is on the order of a micron under oureversible hydrogen electroBeg¢ RHE). As shown ifigure
conditions. A laser is used to excite a ratiometric two-color pRa, at potentials more positive than0 V vs RHE, the Cu
sensitive uorescent dye, 6,8-dihydroxy-1,3-pyrenedisulfoni@DE produced primarily,Hvith some ¢and G products.
acid (DHPDS) in the electrolyteThis approach ensures that Consistent with prior observations from Cu GDEss the
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Figure 3.0perando mapping of solution pH in three dimensions over a Cu GDE. Maps are obtained at the same location on the electrode a
di erent heights above the electrode surface andrantlicurrent densities. From top to bottom, each row of maps correspondsdab@e,

0 m (at the surface), 15n below, and 30m below the electrocatalyst surface. From left to right, each column of maps were obtained at 0 mA/
cn? (no reaction under open-circuit conditiond),6, 3.4, 14.7, and 28.0 mA/cri. The pH color scale and the scale bar in the bottom right

corner apply to all images.

dominant product at low overpotentials, while higher ovemre shown irfFigures S551Q0 and each set of images took
potentials favor CQreductior**® Cu requires higher approximately 30 min to collect.
overpotentials to perform the C coupling reactions In the rst column ofigure 3at 0 mA/cr, the solution
necessary to synthesizep@ducts® At 1.0 V vs RHE, pH is uniform throughout thedirection. The second row of
we begin to observe many Q@duction products, with the pH maps at 0m de nes the surface of the electrode; as the
largest fraction consisting ep@ducts, ethylene and ethanol. €lectrode is notat, the highest point of the electrode in the
Higher overpotentials were not evaluated because the limit&gage area was chosen as the Beight. Black regions in the
pH sensitivity range of the DHPDS dye is not suited for highdtH map indicate areas where nmorescence was observed
current densities. We therefore restricted our electrocatalyigd therefore no electrolyte was present. The bottom row of
characterization to those conditions that could be directifH maps irFigure 3hows the solution pH within a trench in
examined with confocal microscopy. e microporous layer. As the current density increases from
For the confocal microscopy experiments, an eIectrdﬁ,ﬂ to right along a row, the_ local solution pH increases both
chemical compression cell similar to the one used for tH’é(i'th'” the trench of the microporous layer and above the
electrocatalytic characterizatigfig@res a and SJ) was electrode surface. It is particularly interesting to note that the
employed. We note that the cell membrane was removed Rb! is not completely uniform over the electrode surface, which

accommodate the short focal length (1.7 mm) of the objectiv%""n be most _easily seen inr%he O &l m height maps ata
so that it could be positioned close to the Cathodecurrent density of 3.4 mA/cm. We are only able to observe

Additionally, the cell was rotated 8 accommodate the (Ml inhomogeneity at low current density where the pH
adient built up is not large. As the current density is further

eometry of the confocal microscope. The choice and desiﬁlr
9 y pe. reased and all catalyst particles become electrochemically

of the electrochemical cell are further discussed in tha‘e ; ; ;
. . ctive, we are no longer able to disentangle the pH gradient
Supporting Informationthe DHPDS dye (100M) was . oqiion from individual locations along the catalyst. bts e

dissolved in the electrolyte, and the electrolyte was repla s repeatedly observed at multiple locations across the
between every experiment to ensure that the initial conditioRg, trode surface, as showAigure S11We observe much
were standardized to keep tbe of hydroxide ions constant gmajier local variations at.6 mA/crn because the applied
between experiments. The electrode was stable betwgg§hs is smaller.

experiments with minimal changes in the potential of the \ye can use pH as a proxy for the total current density, as
working electrode after 5 miiqure Syt For each current  each electron catalyzing either the HER or ther€@iDction
density that was tested, a series of images were taken 3 reaction corresponds to the creation of one hydroxide ion in
apart in thez-direction (perpendicular to the electrode the electrolyte. Hence, higher pH regions are indicative of
surface).Figure 3shows two-dimensionat, () maps of  higher activity. As the current density was further increased,
solution pH obtained from a single location on the cathodéhe uorescent signal from the dye eventually saturates. To
surface at varying distances from the electrode surface (witgn rm that only electrochemically active areas of the
a column) and at dérent current densities (along a row). The electrode were responsible for locally increasing the solution
color scale in each map from blue to yellow denotes the logai, a map was obtainedr® above the electrode surface over
solution pH from pH = 710. The complete set of pH images a region that was only partially covered withFQuie SI2
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Figure 4In uence of physical carement on C@reduction performance. (a) Low-maggtion SEM image of a Cu gasigiion electrode. (b)
High-magnication SEM image of a Cu gasisiion electrode with an overlay of the Cu signal obtained from an EDS map; red shading indicates
Cu covered regions. (¢) Measured pH as a function of trench width. The orange data points denote the average trench width. The error bars in t
abscissa axis indicate the variation in trench width with the smallest and largest end points denoting the thinnest and widest poins along the trer
respectively. The error bars in the ordinate axis represent the standard deviation of pH values within the trench. (d, e) pH maps obtained from tv
representative trenches witredent widths located at drent regions on the electrode at a distanceroft&low the electrode surface while

operating at a current density &4 mA/cm.

The electrolyte owed left to right across the electrode, andselectivity toward, (roducts while decreasing the selectivity
the current density was set d4.7 mA/cmi. As shown in  toward the HER.
Figure S1&, the left-hand side of the map has a pHvhich Finally, we explore the local pH within trenches in the
was obtained above a region of the catalyst without Cu, whiricroporous layer, as shownFigure 4 The trenches are
the right-hand side of the map has a Hwhich was taken randomly distributed throughout the electrode and have an
from above a region coated in Cu. It is clear from this map thaverage width of 18:88 m (Figure 4). Figure # shows a
regions of locally high pH only occur near regions of thBigher-magncation SEM image of a crack, with an overlay of
electrode where hydroxide ions are being created v@ energy-dispersive spectroscopy (EDS) map indicating
electrocatalysis. In addition, we measured the pH under thggions that contain Cu (red shadiigyures S13 and S14
same conditions as the back edge of the electfalytee(  SnoW more EDS maps of Cu, F, and C frorelit trenches.
S1d). From these data, we found that Cu is coated not only on top of
When the average pH at the surface of the electrode is beld§f Microporous layer but also at the bottom and on the sides
pH 9.5 < 14.7 mA/cr, or applied potentials less negative0 the trenches, suggesting that, Geduction can be
than 0.7 V vs RHE), the electrode mostly produces Cperformed within these cored regions of the electrode.

products and K In contrast, many,@roducts were observed These trenches within the microporous layer @n
when the solution pH at the surface of the electrode was ab ipgeresting opportunity for studying theugmce of physical

o) . . .
oH 10 0> 28.0 mA/crA, or at 1.0 V vs RHE). Potentials ¥Sh nement on the CoOreduction process in a GDE device.

. Accordingly, we employed our pH mapping techniques to
greater than 0.9 V vs RHE are required to produce theseyeqe regions of the electrode to see how the reduced
higher current densities angp@bducts, but the local pH also  gimensions of the devicedrnce the local solution pH near

plays a r%g in suppressing the HER and promoting CQpe active Cu electrocatalyst. At a current densigomA/
reduction.”® The activity of C@reduction is independent, cn?, we found that the solution pH within a narrow trench
whereas the HER activity is greatly dependent on the 32 m wide) was pH 9.5. We emphasize that this local pH
hydroxide ion concentratibhFor CO reduction on Cu, was much higher than the pH of 7.3 within a comparatively
locally high pH conditions reduce the free energy required ffider trench (16.2 m wide). Interestingly, even at this
important steps along the reaction pathway to yigld Crelatively low current density 34 mA/cnd), the more
products such as ethaffblareas of locally high pH may con ned electrochemically active region produces a higher
also reduce the free energy fop @@uction pathways. Thus, local pH than more open regions, which serves to suppress the
our results indicate that a highly alkaline local pH increases tHER without substantially impeding,G€ductior.”*® We
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Figure 5.Simulations of local pH within and around trenches of various dimensions in the GDE. (a) Schematic of the model used for simulations
indicating regions of GOux (white), current density (orange), concentration boundary conditions (green), and elesti(blyte). pH map

inthex zplane at a uniform current density 8f4 mA/c for a trench with a depth of 56 and widths of (b) 20m and (d) 5 m. (c) pH

map in thex  z plane for a trench [50 degps  m wide] with an average current density3# mA/cn3, where the current density in the

trench is twice as high as the current density on the surface.,Thi @&@onstant through all surfaces, and boundary conditions are kept the
same for all simulations. The pH scale bar applies to all pés fh) (d).

also note that the pH within a narrow trench is higher than th&#'om the electrode surface due to convection andiah
surrounding surface of the electroégure S1H We within the bulk electrolyte. There was a dip in the pHepro
proceeded to map to elucidate the trend of local pH vsabove the trench because more, €@mes through the
trench width, as shown kigure 4. While we nd that the electrode at this point and acédi the electrolyte close to the
electrolyte ow is very small between the objective and thdrench. Additionally, there is increased QR here because
catalyst in our COMSOLow model Figure S1% we only CO, is able to diuse not only through the bottom of the
measured the pH within trenches that were perpendicular ttench but also through the sidewalls. This feature was also
the electrolyteow to ensure that theow dynamics are as Observed experimentally, as shown in the pH niraguire 3
comparable as possible. We observed that as the trench with 3.4 mA/cnrdat 15 m andFigure S7We note that the
decreased, the local solution pH within the trench increase@fd gradient is nearly symmetric above the crack because the
This observation is consistent with prior electrochemicalectrolyte velocity is low. At higher current densities, we
studie§”*” and has important implications for the design ofobserved that pH increases in the trench and on the surface of
more active GDEs capable of performing selectiye C@he electrode as expectédg(re S _
reduction at lower overpotentials with improved energy ComparingFigure b,d, it is clear that the pH is
e ciency. considerably lower in the wider trenches than the narrower
We additionally conm the experimentally measured pH tre_nches, Whlc_h is in agreement with experl_mental results
within the trenches for various widths and current densities §§'9ure €). InFigure 8, we simulated a trench with the same
simulating the solution pH using the charge transfer and b ensions as the trench showifrigure 8. However, we
reactions in a two-dimensional COMSOL mddglite 5.*° modeled a nonuniform catalyst activity where the activity in

For the modelRigure &), we assumed a constant of CQ the trench is twice as high as it is on the electrode surface,

of 1 mol/(cm? s) through the planar electrode surface, thewhile maintaining the same average current density over the

trench walls, and trench bottom (seeShfor details). We whole electrode. We observed that in this case, the pH within
used the experimental current density3of mA/cni at the (e {rench is higher than the pH above the surface of the
same boundaries because SEM and EDS images of our san? rode, which we did not observe in experimeriti(see

a

show that copper coats the surface, trench sidewalls, : .Th's discrepancy Ieads to t_he conclusion that the
trench bottom (se&igures S13 and 314Ve assume a experimentally observed higher pH in narrow trenches cannot

boundary layer thickness of 60 where a concentration glnslg Bg gﬁzl?gnﬁ]dcgyag; %%?2;6?; gr:tﬁ?/ﬁ trv%ﬂﬁ?n ?hué {?gr?ct:h
boundary condition matching the concentration of- CO vt y '

saturated 100 mM KHGQCelectrolyte was applied. The
electrolyte ow from left to right was also taken into CONCLUSIONS
consideration in the model. The appropriate velocity is In conclusion, we have employed confoualescence
determined with a three-dimensional COMSOL model of thenicroscopy to elucidate how thgerandéocal pH changes
ow in the electrochemical cefligure S16 For further with current density as a function of distance above and below
discussion of the model setup, refer to Sheporting the surface of a Cu-based GDE. It is clear from the
Information experimentally obtained pH maps that there are nonuniform
As we expected, the pH was increased close to the electréagspots of locally high pH across the catalyst even at relatively
surface and inside the trench due to charge transfer reactidms overpotentials. Through experimental resultsroanh by
locally creating hydroxide ions. The pH decreased further awsignulations, we show that the catalyst within narrow trenches
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is more active than catalyst at the surface of the electrode. We California Institute of Technology, Pasadena, California
also observed that the pH was higher in narrow trenches as 91125, United States

opposed to wider trenches, and werooad this result with Joseph S. DuCheneDepartment of Chemistry, University of
COMSOL simulations. Further work must be performed to  Massachusetts, Amherst, Massachusetts 01003, United
understand why catalyst in narrow trenches performs better States;» orcid.org/0000-0002-7145-323X

than catalyst in wider trenches, and this will be the subject of Chengxiang Xiang Liquid Sunlight Alliance, California
ongoing studies. Nevertheless, the ability to locally image the Institute of Technology, Pasadena, California 91125, United
solution pH in three dimensions ¥, andz) with micron States;» orcid.org/0000-0002-1698-6754

spatial resolution is an important tool for understanding anéomplete contact information is available at:

identifying which part of the catalyst is most productive u”d?{ttpS'//pubs acs.org/10.1021/acs.jpcc. 1c06265
real operating conditions. Our results have therefore = R ' e

demonstrated that the overpotential required to perfornygies

selective CO reduction can be reduced within narrow The authors declare no competingncial interest.
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