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Abstract. The easeby which hydrogenis absorbed into a metal can b&her advantageousr
deleterious depending on the materiahd applicationin question. Foinstance in metals such as
palladium(Pd), rapidabsorption kinetics are seen as a beneficial propertyfdrogen purification and
storageapplications whereas thecontrary is true for structural metals such as steel, which are
susceptible to mechanical degradation in a prokess/nas hydrogen embrittlemerit.follows that
understanding howhemicrostructue of metalg(i.e., grains and grain boundar)esfluences adsorption
andabsorption kinetics would be extremely powerful to rationally design mategajs &lloys) with
eithera high affinity forhydrogenor resistance to hydrogen embrittlement. To this end, scanning
electrochemical cell microscopy (SECCM) is deployeteinto studysurfacestructuredependent
electrochemicahydrogen bsorption across the surfaceflaime annealegolycrystallinePdin agueous
sufuric acid (considered the modsistentor the study of hydrogen absorption). Correlating spatially
resolved cyclic voltammetric dafeom SECCMwith co-locatedstructural information from electron
backscatter diffraction (EBSD¥vealsa clearelationship between the crystal orientation and the rate
of hydrogeradsorptiorabsorption Grains thaareclosest to the lovindex orientationgi.e., the{ 100,
{101}, and{111} facets,facecenteredcubic (fcc) system]facilitate the lowest rates ofiydrogen
absorption, whereas grains lufjh-index orientatione.g, {411}) promoted higher rateé\pparently
enhancedineticsarealsoseerat grain boundariesyhich is thought to arise from physical deformation
of the Pd surfaceadjacent to th&oundaryresulting fromthe flame annealing and quenching process.
As voltammetric measurements are made across a wide potential range, these studies also reveal
palladium oxide formation and stripping to be surface structapendent processes, and Hert
highlight the power of combined SECCGEBSD for structurectivity measurements in

electrochemical science.



Hydrogen absorption into metals is of wide interest, whether for hydrogen storage in metals such as
palladium (Pd), or where #&dversely affestthe mechanical properties structural materials such as
steel [1]. During the absorptionprocess, surfaceadsorbedhydrogen atoms originating from
dissociative chemisorption ofidas or electrweduction of H from solution (.e., the cathodic process
during corrosion)diffuse into the bulk metal, occupying interstitial sites within the crystal Ig@ice
This can reduce the ductility afmetal, making it brittle and at risk from cracking when subjected to
stress, in a procedsmown as hydrogen embrittlemen8, 4]. Due to thesocietal andindustrial
implicationsof hydrogen embrittlementhe absorption of hydrogémto steels has attracted significant
researchattention[5-7]. One particular area of interest has involved modifying the microstructure of
steels to reduce the affigito hydrogenwhich has involvedheengineering of grain boundaries &od
manipulation of texturéi.e., grain structure)Forinstance steels with higher gin boundary densities
have been shown to promote the diffusion of hydroffgn whilst varying levels of hydrogen

permeatiorhave been measuredtieen different crystal phasigs.

Palladium(Pd)is consideredo bea model metal to study hydrogen absorptidoeto high
intrinsic hydrogersolubility and rapid entry kinetidd 0, 11] It also possegsdesirablepropertiedor
hydrogen storageas Pd formshydrides, a relativelysafe form of stored hydroge underambient
conditiong12]. As suchthere has beetonsiderable effort to understand and engineecahgposition
and structure of Pd (nano)materitds fast hydrogen uptake and rele@bg]. For instance, numerous
studies havdocusedon the shape (facet) dependent hydrestemage properties of Rthnoparticles
(PANPs) [14-16]. Despite being the subject of many investigations, electrochemical hydrogen
absorption into Pd hdargelybeen studié at themacroscopidevel with electrochemical techniques,

predominantly on polycrystalline electrod@sg, thin films and bulk metalj10, 11, 17] making it



difficult to unambguously resolvéhe (micro)structural controls curface activityf18]. Furthermore,
the limited number of studies atructurallywell-defined electrodesuch asinglecrystals[19] have
focused exclusively on the lowndex facetsile., the {100}, {101}, and{111} facetsof the face
centeredtubic (fcc) systemland thus do not consider timeportantroles of highenergy surfaces, such

as the higkindex facets andrain boundarief20, 21]

Scanning electrochemical cell microscopy (SECCJ2, 23] a recent addition to the
electrochemical droplet cell (EDC) familig proving tobe avery powerful technique for probing the
spatiallydependent electrochemistrpf complex electrode surfacefl8, 24] In SECCM,
electrochemical measurements are performed stasistically largenumber (typically hundreds to
thousands) of small areas of a surface, defined by a droplet (meniscus) cell created between a nanopipet
probe filled with electrolyte solution and substrate (working electrode) sutfgben applied to
polycrystalline electrodes, BEXCM electrochemically interrogates thidividual grains and mgin
boundaries that constitute the surface, whichoigelated to cdocated structural information from
el ectron backscatter di ffraction ( EHiReG&Y gnd t o0 re
unambiguously Indeed, thigpseudo singlerystal approach25] has previously been employed to
investigate the graiand grain boundangdependent electrochemistry of polycrystalline platirf@g
28], gold[29], borontdoped diamon{B0] andlow carbon sted31-33]. Building on this body of work,
herein we enploy SECCM in tandem wh colocated EBSD to investigate graiependent
electrochemical proton reduction coupledyairogenadsorptiorabsorptioninto polycrystalline Pd in
aqueous stliric acid.Apparently enhancedlectrochemicakinetics are identified atrgins ofhigh-

index orientatior{e.g, {411}) and grain boundaries relative to the grains ofiogex orientatior{i.e.,



{10G, {101} and{111}), indicating these higkenergy surfaces as important sité®lectrochemical

hydrogenabsorption apolycrystalline Pd.



Experimental Methods

Electrode materials and chemical®d foil of 0.6 mm thickness and witHimensionsof 10x10 mm
(Goodfellow, U.K., 99.95% was polished on a polishing cloth (TexMat C, Buehler, U.S.A) with a
polishing machine AutoMet 3000 Pro. Buehler, U.S.Ausing 9 um, 3 um, and fum polishing
suspensions (MetaDi upreme Diamond, Buehler, U.S)A respectively The final polish was
performed on a different cloth (ChemoMet, Buehler, U.Buith a 0.05 pum polishing suspension
(MatePrep Alumna, Buehler, U.S.A)The polishedPd foil was washed with soapy water and
subsequentlyleionizedwater to remove contamination fraime polishing suspensiondefore being
blown dry.Immediately prior to use as a working electrotie, Pd foilwasflame annealeth abutane
torch flameandquenched irdeionizedwater(r e si sti vity = 18.2 MY.cm at
U.K.). This enlarged the average grain size (tens of micron saale,infrg) andensured that the Pd
surface was pristinei.€, free from airborne contaminantgyior to SECCM scanningBetween

experiments, the Pidil substratevas stored in a vacuuat room temperature (22°C)

Sulfuric acid (H:SQy, Merck, 96%) was used as supplied and diluted détionizedvater.The
Ag/AgCl quasi reference counter electrode (QRCE) was prepareshdnizing0.25 mm diameter
annealed Ag wirdGoodfellow, U.K., 99.99%)n saturated KC{Honeywell, 99.5%)solution The
Ag/AgCl QRCE possessed a stable potentiatanf0.23 V versus acommercial Ag/AgCI reference

electrode (3.4 M KCI, ET072, eDAQ, Australia), in agreement withevious reporf34].

Surfacecharacterization Scanning electron microscopy (SEM) and EBSD was performed with a Zeiss
SUPRA FESEM (Zeiss, Germany), equipped with a NordBBSD detector (Oxford Ingimens,

U.K.). EBSD mapping was carried out with acceleation voltage of 20 keMwvith the sample tilted



70° to the detector. The EBSD data was processed ubsmglKL CHANNELS software (Tango,

Oxford Instruments, U.K.)

In order tovisualize the surfacestructuredependentlectrochemicaladsorptiorabsorption)

kinetics plots ofgrain surface currer(isus) versus crystallographic orientatioglative to the low index

orientationgi.e., {10G, {101}, and{111}) werecreated.To achieve thisthe Euler angle, 0 ,05)

that define the orientation of a plarfmeasured with EBSD)werefirst used to calculate thigliller

indices hkl} for each grain
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Using thecalculatedMiller indices, thedeviation(d) of the orientation of eacplane{hkl} from any

otherplane{h’k’I'} was calculateds follows

o ™M G ol (4)
Al © — .
m Q a Mo O d

In the present contexth’K’l’} refersto each of the lowndex orientations{ 100}, {101} and{111},
allowing each grain to be plotted in a three dimensional (3D) space, where eaghyadi€¢rresponds
to the deviation angled] from each lowindex planej.e., (doos, th11, di11). When plotted in 3D space,
all points (orientationslay on ahyperbolic plangdue to the fact thdlhe x, yandz coordinatesare not
linearly independenti.e., doo1, do11 and dh11 were calculatedrom the same two variables 0 G n d
Whenprojectednto atwo-dimensional D) plare (representedly two arbitrary Cartesian coordinates
x andy), all grains lay in a section delimited by the funcéogpresenting the following three families

of planes {0 n 1}//ND, {n 1 1}//ND ard {nn 1}//ND, with0OnO 1, a s Scheme 1y below n



Finally, each point representing a grain wakredbased on average. measured on that graing,

from SECCM scanning) adopting an independent color bar scale, allowing the electrochemical

hydrogen absorption activity as a function of grain structure to be readily visualized.

{001} {111}

Scheme 1Two-dimensional projection of grain orientations in adabic crystal system, represented in arbitrary
coordinates. The black lines delineate the space that contains all possible grain orientations (given the symmetry

of the cubic system). In the above projectioigs any real number between 0 and 1.

Electrochemical systems andneasurementsMacroscopic gclic voltammetry wagerformedin a
conventional threelectrode format onreBFAS2 Femtostat (Gamry, U.S.A.), with a Rde working
electrode (length 1.7cm  di a me t e rGoadfellow, 0.R.,D9.95%)Ag/AgCl wire reference
electrode and Pt wire (diameter = 0.5 mm, Goodfelloa)nterelectrode All other electrochemical
experiments werperformedin the SECCMformat on a homéuilt scanning electrochemical probe

microscopy (SEPM) workstatidB5, 36}



SECCMwas operated in the voltammetric hopping mode with a sicligg@neled nanopipet
shown schematically in Figureal37, 38] In brief, a nanopipet laser pulled from borosilicate
capillaies (GC120F10, Harvard Apparatus, U.S.Aas filled with 0.5 M HSQ, and fitted with an
Ag/AgCl QRCE During operationthe nan@ipet probewas mounted ol z-piezoelectric positioner
(P-753.2 LISA Physikinstrumente, Germany) and positioned above@dteil substrateThe substrate
was mounted on @ xy-piezoelectric positioner (B21.2 PIHera, Physikinstrument&ach axis was
also equipped with micropositioner for coarse movement. During scanning, the nanopipet probe was
approached to the surface of interest while applying a potenial, at the Ag/AgCl QRCE within
the probe, such that a curremd,r, would flow upon meniscus contadte(, upon closing the
electrochemical circuit). This was used as a feedback signal to halt the apprthechanopipetAfter
meniscussurface ontact was establishedhultiple iterations ofcyclic voltammetry vere performed
(e.g, potentialtime and currentime waveforms shown in Figuréb)lwithin the confinedmeniscus
electrochemical cell. After the cyclic voltammetric measurement was contpketfaobe was retracted
and moved to a new scanning site located within appygrammed grid, building up dynamic
el ectrochemical fNote thal oxygén (& wasexcRided fsom thé SECE@M droplet
cell through the use of an argporgedenvironmental cell (argon flow rate of 60 ¥min), as
previously reportef9].

The entire SEPM set up was situatenl a vibration isolation platform (BA, Minus K,
U.S.A)), located within amluminumfaraday cage equipped with heat sinks and acoustic foam. This
configuration has previouslyelen shown to minimize electrical noise, thermal drift and mechanical
vibration[38, 40] The QRCE potential was controlled, with respect to grpand the current flowing

at the Pd foil working electrodé€., isu), held at a common ground, was measured using a-baitte

electrometerisut was measured ewy 4 us, which was averaged 2ides to give a afa acquisition



rate of 4 x (256 + 1) = 1028s (note that one extra iteration is used to transfer the data to the host
computer). Data acquisition and instrumental control was canieasing an FPGA card (PCI852R)
controlled by a LabVIEW 2016 (National Instruments, U.S.A.) interface, running the Warwick

Electrochemical Scanning Probe Microscopy (WE&RM, www.warwick.ac.ulelectrochemistry

software.
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Figure 1. (a) Schematic of theroltammetric hoppingnode SECCM configurationused in this study. The red

arrows indicate the path taken by ttemopipeprobe duringscanning The nanopipet was filled with 0.5 MEO:

and equipped with a Ag/AgCl QRCE. (b) Plots of the applied potentidap, and surface currentsus, as a

function of timeduring the meniscus ur f ace contact period from£Durngi ngle 6
scanning, a cyclic voltammetric waweefn was applied, sweeping the potential betwese® . 95 and 1T0. 45 V
Ag/AgCI at a voltammetric scan ratg) ©f 2 V $1, for a total of 6 potential cycles each meniscus contact
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Results and Discussion

Cyclic voltammetry on Pd: macroscale vs nhanosale. The macroscopic voltammetri@urrent
voltage,iT E) response of polycrystalline Rdas initially investigatedn de-aerated 0.5 M b8Qy; a
typical cyclic voltammogram (CV) ishownin Figure 2a. Oxidative processes attributable to palladium
oxide (PdQ) formation are observedt potentialsaboveca. 0.2 V vs Ag/AgCl wire on the anodic
sweep with the corespondingsymmetrical reductivePdQ, strippingpeak alsocenered aound0.2

V on cathodic sweeBoth of these processes develop wittential cycling, indicating that the Pd wire
undergoeslynamicsurface restructuring and/or roughening within this potential radygeontrast, the
rate of thenydrogenadsorptiorabsorption reaction, occurring at potentials negativeaof 0.15 Vvs
Ag/AgCl, does not change significantly with potential cycling. Note tha to thehigh intrinsic
hydrogen solubility and rapid entry kinetics in [, 11] as well as the fact that thgplied potentials
are positive ofthe expected onset of theydrogen evolution reactio(HER) on Pd(i.e.,, 0 V vsthe
reversible hydrogen electrode, RHE, correspondingatol 0.47 V vs Ag/AgCI, herein) [41], the
measured currentnust arise solely from net hydrogen adsorptiorabsorption.The voltammetric
behaviorof Pdin Figure lais consistent with previous studies the bulk material[11, 17] and
contrastswith studies performed on nanomateripdg] and/or thin films[10, 11} wheredue to the
finite volume of Pdthe hydrogen adsorption {d and hydrogen absorption {§§ processesan be
distinguished voltammetricallyi.¢., wherethe Pd substrateecomedully saturated with Hson the

voltammetric timescale).

For comparativeurposes, the voltammetric response of Pd was subsequently investigated at
the nanoscale the SECCM format; the CV is showmFigure 2bThe CV obtained at the nanoscale
is superficially similar to that obtained at the macroscale, with processes correspondingcto PdO
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formation, Pd@stripping and hydrogen adsorptiabsorptioroccurring at potentials aboea.0.6V,
aroundca. 0.2 V andbelow ca. 1 0.15 V vs Ag/AgCl, respectively. It is interesting to noat the
nanoscalePdQ formation occurs in a single process.( single peak ata.0.7 VvsAg/AgCl, Figure
2b), compared to multiple processes at the macrosoalerfultiple peaks ata.0.35, 0.5 and 0.65 V

vsAg/AgCl, Figure 2a). This can be understood by considering that the grain size of annealed Pd (10s

to 100s

diameter), medng Figure 2b is effectively single crystal measuremej@s], whereas a multitude of
grains of different crystallographic orientation are prolédultaneouslyduring the macroscopic
measurerant in Figure 2aConsidering the hydrogesmdsorptiorabsorption process, as the working

electrode area (defined by the meniscus cell) is very small compared to the totalafdlueraectrode,

the Pd

intrinsic hydrogen solubility and rapid entry kinet{d®, 11, 42] any structural influence on the rate
of electrochemical hydran absorption will béheresult of graindependent electremansferkinetics

for the hydrogen adsorption procégile infra).
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Figure 2. Cyclic voltammograms (CVs) obtained at tf@® macroscale, with an annealed Pd wire working
electrode in the standarde®ectrode format (electrode ardaa 0 . 1, violtasmetric scan ratg,= 0.5 V $1)
and(b) nanoscalgwith an annealed Pd foil working electrode in the SECCM fordat 6 x 10°cn?, =@V
s'1). (a) and (b) were carried out in-derated 0.5 M pSQy, againsta Ag/AgCl reference electrodgRCE for

(b)] for a total of 10 voltammetric cycles.

Grain-dependent electrochemistry of PdThe graindependent electrochemistry of PdOtb M

H.SQy was investigated using the voltammetric hopgimgde of SECCM43], in which the potential

was cycledrom 0.95t 0 0.475 V at voltammetric scan rag @ V <1 for a total of 5 cycles to create

a CV-SECCM movie, as shown in the Supporting Information, Movie S1. The movie depicts the
spatiallyresolvedi E behaviorof a200 x 175 pri(41 x 35 pixel) area of an annealg@alycrystalline

Pd surfacefor whichSEM and EBSD images are shown in Figure 3a and b, respeciitielindividual

meniscus cells wet@rcular surfacarea ofca. 800 nmdiameter(evident from thendividual droplet

i f oot phownnntFguwe 3a), independent of the underlying grain struofutee surfacgFigure

3b). As the individual grains are largee(, onthel 0 s t o 100s em scal e, Figur
hopping distance of 5 & m awgaamswere intérrogated irya singlee d t o

scanningexperiment.

Spatiallyresolved equipotential images taken from Movie S1 at potenti@lg @ . 2, and 1T 0. ¢
V vsAg/AgCl are shown in Figure 3c, d angrespectivelyComparison of thesmatiallyresolved sur
maps with the EBSDnap in Figure 3b reveals that Bd©Ormation (0.7 V, Figure 3c), Pd@tripping
(0.2 V, Figure 3d) and hydrogexdsorptora b s or pti on (710. 45 V, Figure 3
processesNote that although theurrent associated with the Pd@rmation/stripping processes
increases with cycling (Figure 2b), the relative trends between the individual grains do not, evident

from Movie S1Although not the focus of this study, itafsointeresting to note thatgins that possess
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only subtly differentcrystallographic orientation®/g, grains 1 and 11 in Figure 3b) can have very

different PdQ formation/stripping behaviorss alluded to abov&imilar trends are also seen in the

case of the hydrogen absorpti@action, explored in greater detail below.

(a) SEM image (b) EBSD Map
2 7’" : 3

50um

50um

(c) igys @ 0.7 V vs Ag/AgCl

100
_— (d) igys @ 0.2 V vs Ag/AgCl

-10pA

8pA -35pA

(f) isys @ -0.45 V vs grain orientation
-20pA {101}

w
[

(z-wo yw) #°f

-55pA

Figure 3. (a) SEM image andb) correspondingEBSD mapof an annealed polycrystalline Pd surfaater an

SECCM scan. Spatialsesolved equipotential images extracted from th@dtential cycle of Movie S1, taken
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at potentials ofc) 0.7 V, (d) 10.2 V, and(e) T 0.45 V vs Ag/AgCl. The scan covers a 200 x 175 juanea
comprisedof 41 x 35 (1435 total) individual scanning sites (pixels), with a hopping distance of 5 um. The
nanopifet probe contained 0.5 M483Otand wet t e d6>alf’car(ie.dsur®f BO Qourqf 26.74
mA.cn? for the footprint size of 6 x 18cn¥). (f) Plot of thejsurras a function of the orientation deviation of each
grain labelled in (h)relative to the lowindex orientationgi.e., {103}, {101} and{111}). The scale bars in @

e) indicate 50 &m.

Crystallographic dependence of the hydrogemdsorption-absorption reaction. As detailed in the
Experimental Section, in order to visualize the grain dependency of the hyddsgaptiorabsorption
reaction, a graphicaépresentation of the deviatibetween the orientations of the grains numbered in
Figure 3b and each of the landex planegi.e., {100, {101}, and{111}) was constructed, as shown

in Figure 3f. The color of each point represents the average surface current flgndity €ach grain

a t 0.45 VvsAg/AgCl (normalized to the probed area of the meniscus cell to enable comparison with
other scansyide infrg, which is taken as an indicator of the relative hydrogen absorption kjnetics
herein Evidently, grains with orientations close to {00 plane (apparing red in colorshowthe
lowest rates of hydrogen absorption. For instance, grain 3, which is the closegtlifdGherientation,

ata deviation of 1.8, is in fact the least active gwithin this scan area. Interestingly, while grain 11
is closein orientation to grains 1 and the formerfacilitates significantly higherhydrogen absorption
rateghan the latter two, demonstratitigatevensmall changes in orientation can have a major influence

onthe affinity to hydrogen of givensurface.

Additional scans were carried out on other areas of the annealed polycrystalline Pd surface;
examples are shown in Figures 4 anbtlte that due to differences in the SECCM probe size, the raw
isurf Values vary significantly from scetn-scan. Nonethelesas the area wetted by the meniscus cell
(i.e., working electrode aremj)asmeasured accurately by SEM imaging (example shown in Figure 3a),

comparisons between different scan areas have been made in terms of current.@ensity Figure
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4a compises 7 unique grains, each of which possess different electrochemical behayi®dQ
formation/stripping and hydrogen absorption), as shown in the Supporting Information, Moye S2.
spatially-resolved equipotential image taken from Moviedd2 potentiabf 1 0.45 Vvs Ag/AgCl is
shown in Figure 4b, from whictdata were used to construct the gra@tveragejsur versus
crystallographic orientation plot in Figure 4&rain 4, which possessesa@ientation close to thigd11}
high-index planejs by far the most activd.€., gave rise to thenost negativehydrogen absorption
current af 0.45 VvsAg/AgCl). Incidentally, grain 4 is similar in orientation to grain 8 in Figug
which was also relatively active for hydrogen absorption. Grain 5 igaélsé active in Figurd, which

has an orientation close to the kindex{ 101} plane a deviation of 3.17his is consistent with Figure
3f, wherethe least active grasnwereaso thoseclosest tathe lowindex orientatiors (i.e., {10G} in

Figure 3 and 101} in Figure 4.

Figure 5a comprises 8 unique grains, each of which posse#éerent electrochemical
behavior, as shown in the Supporting Information, Movie S3alially-resolved equipotential image
taken from Movie S3 at a potentialioD.45 V vs Ag/AgCl is shown in Figure 5b, data from which was
used to construct the gratveraggsu versus crystallographic orientation plot in Figure 5c. Grains 1
and 7 possss orientations close to the higidex{411} orientation, and exhibit the highest activity,
consistent with grain 4 in Figure 5. Conversely, grain 5, which has an orientation close toitiebow
{111} plane, a deviation of 4.8°, is the least acthgain, this is consistent with the results from Figures
3 and 4, where the grains with the lowest hydroggsorptiorabsorption activity were those close to

the lowindex{10G and{101} grains, respectively.

The hydrogen absorption propertiestbé different crystal facets on Pd is most frequently

studied on shapengineered?dNPg[44]. While it is generally accepted that the shape of PANPs does

16



influence the hydrogen uptake ratee precis relationship between crystallographic structure and

function (.e, absorption kinetics) is not well establishgth, 16] Our results indicate that

eledrochemical hydrogeabsorptionis a strongly graifdependent process, occurringshieeadilyon

grains of highindex orientatior(e.g, grains close to thpd11} plane compared to those of leimdex

orientation (e.g, grains close to thg100, {101 or {111} plane$. Limited macroscopic

electrochemical studies on Pd singlgstal electrodes also repostrongly structurelependent

voltammetric behavior (i.e,, PdQ formation/stripping and/or hydrogen absorptioajthough such

studies only consider thew-index plane$19]. Indeed, two major advantages of the SEC@dudo

singlecrystal approach25] are that it avoids the difficult preparation process required for single

crystal electrode and additionally allowsigh-energy surfees such as higimdex grains and grain

boundaries\ide infrg to be interrogated in a singdeanningexperiment.
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Figure 4. (a) EBSD map of an annealed polycrystalline Pd surfaftey anSECCM scan(b) Spatiallyresolved

equipotential image extracted fromthHegot ent i al cycl e 045 VMAYAQEl TBe2scant a k e n

covers a 138 x 63 um area comprising of 45 x 20 (900 total) individual scanning sites (pixels), with a hopping
distance of 3um. The nanopipet probe contained 0.5 MBBkrand wet t e d3 xal®cr(i.e,auraf f
100 psssof 82 mA-cm? for the footprint size of 3 x 18 cn?). (c) Plot of thejsur as a function of the

a
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orientation deviation of each grdabelled in (a)relative to the lowindex orientations. The scale bars in (a) and

(b) indicate 50 &m.

(a) EBSD Map
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Figure 5. (a) EBSD map of an annealed polycrystalline Pd surfaftey anSECCM scan(b) Spatiallyresolved
equipotential image extracted fromthHegot ent i al

cycl e 045 VMAYAQEl TBescant aken
covers a 200 x 180 um area comprising of 41 x 37 (1517 total) individual scanning sites (pixels), with a hopping
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distance of 5 umThe nanopipet probe contained 0.5 ¥MS@&ra nd wet t e d6 xal@®cé(i.e,quad f A
100 psof 4.6 mA-cn? for the footprint size 06 x 108 cn¥). (c) Plot of thejsut as a function of the
orientation deviation of each grain labelled in (a)ative to the lowindexorientations. The scale bars in (a) and
(b) indicate 50 &m.

Hydrogen absorption at grain boundaries Alluded to above, in addition to presenting a collection of
grains of different orientatiorpolycrystalline metals also possess grain boundar&sthe interface
betweenneighboringcrystallites), which have been shown to dlectrochemical (electrocatalytic)
hotspotsfor some electrochemical reactiomsprevious SECCM studig25, 29, 32] Comparing the
CV-SECCM movies in the Supporting Information, Movies S4 and S5, with the corresponding EBSD
maps in Figuréai and 6aii, it is clear that specific areas of the annealed polycrystalline Pd possess
highly active grain boundarie€onsideringthe gatially-resolved equipotential images taken from
Movies S4 and S5 at potentiabf1 0.4V vsAg/AgCl, shown in Figure 6lband 6bii, respectively, it

is clear that grain boundaries of certain orientations give rise to apparently accelerategtrhydro
absorption rates. This observation is consistent with previous reports of accelerated hydrogen diffusion

at the grain boundaries of metals such apiBy Ni [46] and Al[47].

Although the data presemntén Movie S4, Movie S5 and Figuresbiggest enhancdd/drogen
absorption at grain boundariesth specific geometrigst is important to consider the morphology
(topology) of the Pd surface, adjacent to the bounddiigure 7 presents a detailed examiioat of a
grain boundary wherelevatechydrogen absorptioourrents werealetected. A section of the.s map
(originally presented in Figuréb-i), accompanied by elmcated SEM images dghefiact i vie si t es
shown in Figure & The SEM images reveal that the flame annealing process has induced a degree of
deformation at the grain boundayrfacetermination. While the formation of a more defective surface

could certainly influence electrochemigalectrocatalyticpctivity (vide infrg), surface deformation is
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also expected to increase the surface roughness, locally increasing the electrochemically active surface
area(ECSA). Indeed, CVs extracted from the active sites (numbered in Figure 7a), presented in Figure

7b, demonstita that the isys arising from Pd® formation/stripping, as well as from double layer
capacitancasal so | arger at t h e aifiiaccetseds ECEAomiributes toghe s u g g e

el evated hydrogen absorption. current at the fdact

It is also worth noting that atoms with ldattice coordination numbers present at surface
defects such as grain boundaries postulated to serve as the active sites for (electro)catalytic
processes, due to an enhanced ability to bind reactantsteaidform covalent borsd18, 48, 49] For
instance, it has previously been reported thatrétte of hydrogen absorption is higher for shape
controlled PdNPs containing a higher number of vertipggemoted by palladiurhydride phase
nucleation at these undercoordinated g§it&. Due to the surface deformation shown in Figtyri is
plausible that there is an increased density of surface defects in the mgjiginsoringt he fAact i v e (
grain boundary. For example, many of the scanning points (pixels) ¢hglt@wn to be aiek in Figure
7a (.9, points 1 and 2), do not lie on the boundary itself, but rather are situated in deformed areas
adjacent to the boundargonsistent with a previous SECCM study on electrochemicalr€idction
at polycrystalline Au[29]. Thus, while SECCM alone cannot unambiguousligtinguish betwen
increasedECSA versusenhanced activityas the source of the local enhancementin this study
highlightst hat careful analysis of the dropl eadboufif oot pr

the intrinsic activity ofmicroscopicsurfa® features such as grain boundaries.
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(a-i) EBSD Map (b-i) iy,¢ @ -0.4 V vs Ag/AgCl
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Figure 6. (a) EBSD maps of an annealed polycrystalline Pd surfaite; SECCM scangb) Spatiallyresolved
equipotential images extracted from the gbtential cycle of Moviegi) S4 and(ii) S5 , t albd¥Wvsat
Ag/AgCI. The scans consist ¢if) 30 x 29 sites (870 total) covering 116 x 112 um, Gd36 x 36 sites (1296
total) covering 140 x 140 um. Both scans employed a hopping distance of thgmanopipeprobe contained
0.5 M H:SOs and wetted anrae a 1o flO®&n? (i.e,isuf0 f 1 O Qsur gf A5 meA-c2 for the footprint

sizeoft x108%cnm?) . Al |l scale bars indicate 50 &m.
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Figure 7. (a) isur map recorded with SECCM at0.4V vsAg/AgCl, onan i a gain boendary bannealed
polycrystalline Pd (taken from Figure 6accompaniedy colocatedSEM images of the boxed aredhe
distance between pixels€., hopping distance) is 4 unfb) CVs of the scanning points indicated in (ahe
nanopipet probe contained 0.5 M3y andwe t t ed an x 80°f @a(i.epifirod 10 Qsur@ A5 A
mA.cn? for the footprint size of x 108 cn). Note thaemployed electrometer only measurgdvalues within

the+100 pArange.
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