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Abstract will dictate which of these system properties canchptured by
Localized pH measurements are important in vararess the different methods.
of electrochemistry, from corrosion to bio-electremistry and
electrocatalysis. Different techniques are avadlat perform 2. Scanning probetechniques: SECM, SICM, and SIET
these measurements and offer numerous possibilitiesrms of Scanning probe microscopy (SPM) techniques usegHo
spatial and temporal resolution, sensibility, amélcgsion. In this measurements usually consist of monitoring thetelebemical
brief review we present the recent progress madesammarize signal of a miniaturized tip (ultramicroelectrodenanoelectrode)
the main techniques available for localized pH meawents in while the tip is moved above a substrate. Highiapegsolution
electrochemistry such as scanning probe techni@&CM, can be achieved in three dimensions (XYZ) andnstéid by the
SICM, SIET), laser (confocal) fluorescence microgcaptating size and geometry of the tip, taking into accoum tradial
ring-disc electrode (RRDE) voltammetry, and infra-radiffusion profile towards ultramicroelectrodes (UB)E The
spectroscopy, among others. spatial resolution can be improved and the shigldian be
minimized by miniaturizing the pH sensor and thsuiating layer
Keywords: local pH, electrochemistry, SECM, fluorescencaround it. Temporal resolution, precision, selégtiv and

RRDE stability, on the other hand, are highly dependenthe nature of
the pH sensor. In the next sections we discussnthim SPM
1. Introduction techniques used to probe pH locally in electroclsemi namely:

The concept of pH as we know it today dates backdp9 Scanning Electrochemical Microscopy (SECM), Scanniog-
when Sgrensen introduced the pH scale as a waypiess the selective Electrode Technique (SIET) and Scannimg |
concentration of hydrogen ions.[1] In electrochergisthe local Conductive Microscopy (SICM).
concentration of protons in solution plays a sigaifit role in
reactions of different fields and is a function tbe substrate 2.1. SECM
geometry, current density, mass transport, andbtiffier capacity Among the different SPM techniques, SECM is thestmo
of the electrolyte. Corrosion via anodic oxidatiog usually employed to probe local pH. Normally, the tip isdeaf an inert
associated with metal dissolution and hydrolyskast locally or metallic material with a pH-sensitive electroatieal response,
producing protons.[2] Various biological processasse intra- or syrrounded by an insulator. A schematic representadf an
extracellular pH changes and the quantificationtidse pH SECM setup is shown in Figure 1a. pH measuremens been
changes can help to understand the associated nieeisa.[3] performed using either potentiometric or voltamisesensors.
Numerous electrocatalytic processes such a8v0lution or CQ potentiometric pH probes consist of substrates eiopen circuit
reduction, that consume or producé ¢t OH , generate a pH potential shows a Nernstian (59 mV/pH) or superrsgan (> 59
gradient between the working electrode (substrate) the bulk mv/pH) shift as a function of pH. They are mainlgsed on
of the electrolyte.[4] In all these applicationseasuring the pH metals, metal/metal oxides (TiCRUQ,, RhQ,, Ta0s, IrO,, PtO,,
locally and with high sensitivity is desired to teetunderstand theand zrQ)[6] or electrodeposited polymer films.[7] Amoncete,
electrochemical processes involved. IrO, is the most popular substrate. Tefashe et al. asedIrQ

Shortly after the invention of the glass pH eled&, probe to measure pH during localized corrosion G328
scientists started putting efforts towards its wmtimiization to magnesium alloy electrochemically coated with PR
perform what one could consider the first localizgtH ethylenedioxythiophene) (PEDOT).[8] The pH map ated after
measurement ever reported: pH of arterial bloodifig through 30 min immersion in 0.01 M NaCl can be seen in Figlb,
a small cannula in the cortex of a monkey.[5] Itswalready recorded with the pH probe positioned i from the surface.
concluded at that time, that producing miniaturipd?ﬂprobes “is Other metal Supports can also be used’ as sedmeimvark of
quite possible, with practice”. Since then, electiemists have Santos and co-workers[9], where pH above a coppdace
invested significant efforts to develop not onlyanprobes but quring nitrate reduction was measured with a Au/lpfobe.
also new techniques to measure pH locally with fsghtial and polymer films have also been used as potentiomsgrisors. The
temporal resolution. Here, we give an overview &bse most popular is polyaniline (PANI) due to its highnductivity
developments, together with a brief discussion ®irt and ease of synthesis. Recently Song et al. repteedse of a
advantages, drawbacks, and applicability. The tiecies can be pAN| coated Pt ultramicroelectrode to monitor theracellular
divided into direct and indirect methods to measpite namely pH of MCF-7 cells under electrical stimulation.[10]
techniques in which the signal monitored is the tqmo The main advantage of potentiometric pH sensams, i
concentration by measuring its electrochemical mit#e general, is their easy manufacturing, which famiéis their
(scanning probe microscopy, rotating ring-disc @) or minjaturization. However, the fact that the pH @sge comes
techniques that probe species, whose signal isietifin of the from the interaction of protons in solution witrsalid-state film,
proton concentration (fluorescence and infraredenisities). means that potentiometric pH sensors have a relgtilong
Localized pH measurements can help to elucidatetioga response time of usually a few seconds, which demge as a
mechanisms and assist in the deconvolution of decesf from function of pH.[11] The overall performance is albighly
other electrolyte or structural surface effectse Tate at which affected by the quality and thickness of the filthe synthesis of
the pH changes can also help understanding thelitytadf a potentiometric pH sensors usually does not invalomplicated
certain substrate, to probe mass transport pher®men steps and is often done via electrodeposition.chigh there is an
reactivity. Spatial resolution, temporal resolutiamd sensitivity extensive list of synthesis protocols reportedterature[12], the
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Figure 1. a) Schematic representation of a scarpriolge setup, b) pH map of uncoated and PERGdted AZ31B Mg alloy after 30 minutes in C
M NacCl, measured with a Pt/IrOx microprobe operated¢onstant height potentiometric mode of SECMap&d from [8].c) pH map durin
oxygen reduction on a L@dm diameter Pt disc recorded with a voltammetricnaiosensor made of a syringaldazine polymeric #daptedwith
permission from [15]. Copyright (2015) American @Gfieal Society.d) Image of the shifts in the reduction peak paérif a Pt nanoelectro
during oxygen reduction at a Ag-based gas diffusitacttrode. Each grid point was measured at 1 prautiface distance utilizing shear fc
constant distance mode SECM. Adapted with permissam [14]. Copyright (2018) WileyVCH Verlag GmbH & Co. KGaA. e) Bfering effec
during CQ reduction measured with a voltammetric pH sensased on a gold UME functionalized with a 4-NTP -ssl$emble
monolayer.(M.C.O. Monteiro et al. unpublished)Zfjlirectional pH profile recorded with a glass dlapy filled with an ionselective cocktail, froi
50 um above the S. mutans biofilm to 104t in the bulk solution after addition of 30 mM sose in artificial saliva (pH 6.0). Adaptedth
permission from [23]. Copyright (2017) American @fieal Society.

success rate, even when following a well-establistexipe, is For mapping pH with high resolution above a swtetrpH
known to be low. Potential drift can also preventect pH sensors must be positioned accurately in soluttoa @ontrolled
determination from the initial calibration curvedaoften requires distance from the surface of interest. Commonly uS&CM
recalibration.[13] Besides, the potential gradierdroas the approach techniqgues need a mediator or a diffugicired
interface being studied can potentially affect thygen circuit reaction taking place at the tip to determine tipetd-sample
potential recorded at the tip. The mentioned drakbaan lead distance. However, not all pH sensors allow forfugibn-
to strong deviations in the measurements (espgcowiien pH controlled feedback, as not always current canriaeval without
maps are being constructed) and require a systentitta destabilizing the tip response. The developmentdotible-
processing protocol. barrelled UMEs or dual probes overcomes positionsgues
Alternatively, SECM voltammetric pH sensors can ladlowing for diffusion-controlled feedback, using het
employed. They are based on the current-poterggdanse of a amperometric side of the tip, while carrying out pidasurements
certain redox reaction (upon cycling) and the plddétermined by with the other side.[18,19] Other (more refineddtaince control
the Nernstian shift of the reduction or oxidationidpeak feedback systems employ shear-force[20], introdubgdthe
potential. Voltammetric probes have the major athga that the group of Schuhmann, or alternating current-SECM (AC-
response time is only dependent on the time reduoaecord a SECM)[21]. We have also recently presented the egidin of a
cyclic voltammogram and can easily be tuned. Botd.aised the capacitive approach, performed in air, to deterntime tip-to-
PtO reduction voltammetry to successfully probe ghring surface distance without destabilizing the pH sefisg The
oxygen reduction (ORR) over a silver gas diffusioecbde as intricacies and applicability of commonly used diste control
can be seen in Figure 1d.[14] Although a Pt-UMEugable to methods are well discussed in the book of Bard amkin[22]
probe the high alkalinity developed during ORR, unfoately, it
cannot be easily applied to other systems, astthesponse is not 2.2. Scanning | on-selective Electrode (SIET)
excllusively sele(?tive to pH. Michqlak et al. haveogprobed pH giET is a technique very similar to SECM, albeit péoging
during ORR using a voltammetric pH nanosensor based oy tentiometric pH sensors that consist of a ligiaid-selective
syringaldazine film. The pH map obtained above &JME iS  memprane enclosed in a (pulled) micro/nanopipeBiéferent
shown in Figure 1c.[15] The same type of sensor &B® , qion selective cocktails have been reported amthymare
succgssfully applled. to monitor the extracellulhr.qn‘ adherently commercially available (Fluka, SelectopHdye Joshi et al.
growing ~mammalian  cells.[16] ~As syringaldazine igported the use of an'Kelective cocktail to map the pH of the
electropolymerized on a substrate, the influenc#lfthickness i-roenvironment produced by the lactate-produciagmutans
and stability on the pH response is still a concékfe have pqhim  Figure 1f shows a profile in z-directionf dhe pH
recently presented a pH sensor that overcomeslifiations, monitored 950 um across the diffusion layer.[23E Tdynamic
based on a self-assembled monolayer of 4-nitrokiopl (4- 1y range of these probes is usually limited so they mostly
NTP) on a Au-UME.[17] The sensor is extremely SBV&i ;seq for measurements in the physiologically refeysd range,
capturing differences as small as 0.1 pH units ianstable and 4, iq corrosion processes where the pH changesnaretoo

selective in diverse electrolytes and under differgaseous drastic.[24-26] The main drawbacks here are sinathose
atmospheres. This enables, for instance, pH meamnts during yiscussed for the potentiometric SECM probes, iew gime

CO, reduction on gold using SECM, as shown in Figure k&nonse (limiting the scanning speed that can s when
(M.C.O. Monteiro, unpublished).
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Figure 2. a) Schematic representation of the ojeraif double-barrel nanopipettes for simultane8ISM imaging and pH measurement dnd
fluorescence and SICM imaging of a group of lowferéd CD4£ ™ ""preast cancer MCF7 cells in estradieprived medium (-E2), together wit
high resolution pH map, all simultaneously obtaifren a single scan. Adapted from [28]. g)tldal micrograph of a calcite microcrystal compul
to a simultaneously recorded SICM topography imege pH map measured 100 nm from the microcrystdk (pH 6.85).Adapted with permissic
from [29]. Copyright (2013) American Chemical Sdgie

imaging pH), fouling, and damage to the ion-selectlectrode. or without positional feedback (depending on thabpfs size and
Additionally, manufacturing requires expertise. N&brication the nature of the substrate), positioning conteolintrinsic of
procedures have been reported to improve the resptime by SICM, which makes it, combined with other technigae SECM

decreasing the electrode resistance. However, te, d pH
measurements have been reported with these
probes.[27]

2.3. Scanning lon Conductive Microscopy (SICM)

SICM is another powerful technique that has beend use
perform pH measurements. In standard SICM, the scgmmobe
is a pulled nanopipette that is filled with an élelyte containing
a quasi-reference counter electrode (e.g. Ag/AgOistance
control is obtained by applying a potential betwé®ntip and an
external quasi-reference counter electrode placedhée bulk
electrolyte which generates an ionic conductancerent
(feedback signal). To perform pH measurements V@tEM,
double-barrel SICM-SECM npipettes are used, whiclovalfor
simultaneously controlling the position of the ¢tede with high
spatial resolution and measuring the pH locally.

A schematic representation of a SICM experimergtis

and fluorescence, a powerful tool for obtaining adet

improwvédrmation of the electrochemical interface. Samilto SIET,

fabrication of the probes requires expertise.

3. Rotating Ring-Disc Electrode

Measuring pH under well-defined mass transport itmms using
a Rotating Ring-Disc Electrode (RRDE) system was iniced

by Albery and Calvo[31] and since then mainly emplbyto

probe electrocatalytic reactions. The operationgipie is similar
to SECM in the sense that an electrode is used &sune pH. In
the RRDE system, a shaft is connected to a rotatbtrencross-
section of the shaft contains two working electsyda disc
electrode surrounded by a thin ring electrode. fiing is used to
probe the flux of species coming from the disc watlcertain
collection efficiency that will depend on the elece’s

dimensions (radius, spacing) and experimental d¢immdi

Initially, mainly bare Pt was used as ring materewever, that

is shown in Figure 2a. Here, a zwitterionic labelef nanoprobe limits the number of systems that can be investijass Pt is not a

was combined with SICM in a double-barrelled nanefi® to
probe the topography and pH of single living caresgls, with 50
nm spatial resolution.[28] Figure 2b shows the $iameously
obtained fluorescence image, SICM topography, and p3D
distributions of a group of low-buffered breast canMCF7 cells
in an estradiol-deprived medium. Despite the remialk results,
the zwitterionic pH probe response is only lingaainarrow pH
range between 5 and 8, making it mainly applicablbiological
systems. Other (more robust) pH sensing substratethe other

hand, allow for pH measurements in a wider pH rand®

very selective F sensor. In later work, the ring was modified
with a potentiometric pH sensing layer, as,lr@hich allows the
use of the technique to probe a larger variety ysftesns, as
shown in Figure 3a. With the electrode shown iruFég3a, Zimer
et al.[32] investigated the influence of rotati@ter on the steady-
state water reduction on copper. Results from Figbrehow the
pH measured by the ring as a function of the rotatate and
indicate that a steady-state is achieved at rotatites over 1200
rpm. RRDE has also been employed to study otherioeacts
drogen  oxidation[33], C©O reduction[34], oxygen

Nadappuram et al.[29] used nanoscale double-bedredipettes reduction[35], and ethanol oxidation[36]. The maivantage of
with IrO, for pH measurements and a SICM barrel for distark®ing Rotating Ring-Disc Electrode (RRDE) is that ibfie of the
control. The probe was used to map the topograplypai of a few techniques that allows for the measurement téf ymder
calcite microcrystal. The maps obtained with a 10 |ateral defined mass transport conditions. On the otherdhahe

resolution can be seen in Figure 2c, where theycanepared to Measurements are not spatially resolved in XY {(gsdbes the
an optical image of the microcrystal. Polymeric gehsors haveflux of species coming from the whole disc surfac&he

also been used in combination with SICM, as repdrteUe work resolution in Z is limited and is a function of thetation Speed. It
of Morris et al.[30], who used a Au/PANi barrelteeasure pH in can be obtained by modelling of the system. Adddity, the

porous membranes. While SECM pH probes are eraglayth



——pH40

ty
P

d) 50(? nm

[eANaN 0] pidY

=
)
=
S
[
m
o
S
S
o
5
8 zi::
rmalized fluorescence intensi
o o
PO

0, "
ring Glass coverslip

Glass tube

N
o
°

Scanning region
Objective

480 520 560 600 640 680

b) Mirror e) Wavelength (nm)
hold/ev
85
pH H
1“ K
2 s
X 0 X
=3
80 b A e
K- °
8 60 3 <
€ ss e
27 . = 80
E o S 15
w0 70
b s o ]
] Periscope arm . 65
! : ttached to LSCM > 30 3 !
300 600 900 1200 1500 1800 attached to 25 e 6 500 400 300 200 100 O .
20 Horizontal Distance (ym) Horizontal Distance (um)

Rotation rate (rpm)

Figure 3. a) Schematic representation of an RRDEg$or and)tmeasurements performed with it during water rédnmn copper at different rotati
rates. Adapted with permission from [32]. CopyridR015 Elsevier B.V. x Schematic representation of a single compartredadtrochemical ce
coupled with a laser scanning confocal microscapechemical structure of the LysoSensor Green DI¥D-dye together with its normaliz
fluorescence response in phosphate buffer from pdi7 ¢ pH distribution at the anode and cathode durlegtecoagulation, after a current densit
2 mA cni?is applied for 60 s. Figures ¢, d and e are adapbed [46]. Copyright (2019) Wiley VCH Verlag Gmb& Co. KGaA.

time resolution to fully capture the process takitare at the disc (Figure 3c). Two aluminium plates are used as cltend anode
is dependent on the time response of the pH sensets and a combination of pH-sensitive fluorescent dyitk different
pK, allows for pH detection in a range from 1.5 to 8/
example of the dye response upon a change in EHdsn in
Figure 3d for the LysoSensor Green DND-189 (LSG, pR).
4. Optical techniques pH maps under operando conditions were obtaineth ftbe
Various methods can be used to probe proton coratimt cathode and anode side and an example is showigimeF3e,
gradients locally by using the optical propertiesf @hich is an image taken after 60 seconds of patda. The
(electro)generated or consumed species, fluorescbeing the anodic reaction causes aluminium dissolution anusequently
most popular. In general, the measured optical gatgpcan be aluminium cation hydrolysis, leading to acidifieati near the
absorption or fluorescence intensity, decay timeflectance, €lectrode surface. On the cathode side, the wagduction
refractive index, light scattering, or light poleation.[37] We reaction generates a more alkaline pH near thacrfA setup
have selected fluorescence, infrared and Ramanrspespy to for performing time-resolved CLSM pH measurements aiso

briefly discuss here. been recently introduced by Pande et al.[48] Flsmei was used
as a pH-sensitive fluorophore, to study the diffasiayer during
4.1. Fluorescence microscopy ORR on platinum and the effect of sulfate bufferimgtbe pH

Fluorescence has been widely used to indirectlysareapH in profiles. The results of a time-dependent numeratlel give
electrochemical systems. The most employed stratetyy add a good agreement with the experimental data.

pH-sensitive fluorophore to the electrolyte. Thetpns or OH One of the main advantages of CLSM is that, diffdye
produced/consumed by an electrochemical processncatulate from SPM techniques, it enables one to probe arireent
the signal of the species in solution, which isteegnl using a macroscopic sample in real-time with high spatiesotution.
fluorescence microscope. The workable pH rangeeterchined Although pH maps can be obtained relatively quickie need of
by the pkK, of the fluorophores used. It is a versatile teghaj adding a fluorophore to the electrolyte is a draskbas it may
that can be adapted to numerous electrochemicérags The affect the electrochemical process being studiedyeneral, the
classic wide-field illumination setup allows for itu mappings resolution limit of pH measurements using fluoreseefalls into
of pH in X- and Y-directions.[38,39] Although it fideen used tothe diffraction limit of conventional light microspes (~ 250 nm,
record 2D pH images of different electrochemicabtems, its considering the wavelength of green light and a evical
well-known major drawback is the large signal citmition of aperture of 1), unless a super-resolution microg¢ephnique is
out-of-focus light. The use of confocal laser séagnmicroscopy used, e.g. Stimulated emission depletion (STED)erehpH
(CLSM) can overcome that by using a spatial pintwleliminate measurements in a living cell have been performeth &
the out-of-focus light contribution to the imagerrfmtion. It resolution down to 20 nm.[49] This and other sugselution
allows for mapping pH in 3D, by stacking 2D imagesjuired techniques have been mainly used to probe biolbgidastrates.
sequentially at different positions on the Z-axiBioneer Their application to other electrochemical systefss not
contributions were made by the group of Unwin, destating Straightforward and sometimes not possible dueheolack of
that 3D fluorescence maps can provide quantitdtiveging of stability of the pH sensing molecules.

pH profiles during water reduction on Pt-UMEs.[4],AZLSM

has been successfully applied to measure pH infighés of 4.2. Other optical techniques

bioelectrochemistry[42,43], electrosynthesis[44],

electrocatalysis[45,46], and the development of rayes for PH measurements at the electrochemical interfacngilCO,
expanding the workable pH range and stability cematben its reduction have recently been reported using swdat@nced
use even more.[47] Recently, the work of Fuladpahjefaghan infrared absorption spectroscopy (SEIRAS).[50-52F HEignal
et al.[46] presented an electrochemical cell calipléth a laser intensity of species that gompose a buffer syswmh as Cg
scanning confocal microscope able to perform qtative pH HCO; or H,PO,/HPOQ/PQ, is monitored. Using the
mapping under operando conditions during electrgatagion equilibrium equations, the average proton concéaotraat the



interface can be indirectly derived from the ratfothe signal of surface in the Z direction, averaged over a larggign of the

these species.
the species in solution only a few nanometers ftbenelectrode

Valuable information can be obdamegarding surface in XY. These measurements do not providatiadp

Table 1. Overview of techniques discussed in tlogkwo measure local pH in electrochemistry

Technique pH sensor Range Application Type Reference
SECM
Potentiometric IrOx/Au 2-11 Nitrate reduction direct [9]
Corrosion of 316L stainless stee .
IrOX/Pt 1-13 Corrosion of AZ31B Magnesium Alloy direct [8.,55.56]
Sh/ShO, 4-11 Corrosion of AZ63 magnesium alloy  direct [19]
Polyaniline/ Pt 4-8 extracellular pH direct [10]
Pt 1-8 Methanol oxidation, enzymatis direct 57]
processes
Voltammetric syringaldazine 2-12 Oxygen reduction, extracellular pH direct [15,16]
4-NTP monolayer on Au 1-12 Sc))lltgjrogen evolution, CQreduction on direct [17]
SICM zwitterion nano-membrane 4-9 Extracellular pH direct [28]
IrOx/C 2-10 Dissolution of a calcite microcrystal  direct [29]
Polyaniline/Au 2.5-12 Nano channels of a membrane direct [30]
SIET H*-selective cocktail 4-10 Microbial metabolism dire  [23]
Hydrogen ionophore | - . .
cocktail B (Selectophoft) 5-12.5 Corrosion of MA8 Mg alloy direct [26]
LSG + 5(6)-
FLUORESCENCE carboxynaphtho-fluoresceir 1.5-8.5  Electrocoagulation indirect  [46]
fluorescein 55.7 H,0 a_nd Q re_ductlon, _enzymatlc 0 indirect  [41,43,44]
reduction, coaxial flow micro-reactor
RRDE Pt 5-9 H evolution and oxidation direct [33]
IrO, 2.5-12.5 HO reduction direct [32]
Pt, IrQ, n.a. CQ reduction on gold direct [34]
INFRARED H,PO, /HPOZ /PO 5-13 CO, reduction on copper indirect  [52]
CO,/ HCO* n.a. CO, reduction on gold indirect  [50]
RAMAN 4-mercaptobenzoic gSg/AT 2-12 Aerosol microdroplets indirect  [54]

nanoparticle

resolution and require IR active species in the telgde.
Similarly to the dyes used in fluorescence, the, pK these
species in equilibrium will dictate the pH rangeatttcan be
measured. Raman Spectroscopy has also been useabtogH.
Wei et al. developed

pH nanoprobes based on plasmonic gold
functionalized with a pH-sensitive amine or carbaxgcid. The
nanoprobes were used to detect the intracellularopHPC-3
cancer cells[53] and the pH gradients within phasgtbuffered
aerosol microdroplets with a lateral resolution5ofim.[54] The
technique is powerful to investigate micro-envir@mts,
however, can only be applied to specific systemerahthe
addition of the signal enhancing pH-sensitive ptes is feasible.
Differently than in SPM, the resolution that candohieved in pH
measurements performed with optical techniquesfised by the
operating system and not by the size of the pHerob

5. Final considerations

Having discussed the main techniques that can éx tasmeasure
pH in electrochemistry, we have grouped a few exasin Table

1 to provide a general overview of the methodslakbd, the pH

range that can be measured, and the kind of sydteshsan be
investigated with each technique. To conclude, ghlight the

following:

e The main advantages of SPM for performing localipgt
measurements are the high spatial resolution in-X-that
can be achieved, and the versatility in terms ef shmple,
probes, and modes available, to be chosen accotdirige

application. A wide pH range can be studied witbedes of
established potentiometric and voltammetric sensors
Voltammetric sensors are especially interestingg thu the
high temporal resolution that can be achieved. Tian
disadvantage of SPM is shielding caused by the efs8]

nanoparticlesHowever, this can be significantly minimized by thge of

nanopipettes. Additionally, these contributions cdre
simulated and accounted for with finite element eisd

Optical methods have the great advantage of bemg n
invasive techniques, and the use of a confocalrlase
microscope allows for achieving spatial resolutions
comparable to SPM techniques. However, altering the
electrolyte composition by the addition of a fluphore is a
major drawback. Additionally, the operational pthga is
usually limited by the pKof the pH-sensitive species.

Infrared and Raman spectroscopy can be powerfuk ttml
probe small volumes of the electrochemical interfac
although the spatial resolution in Z cannot be tuaed the
XY resolution is limited by the beam size.

Combining SPM and optical techniques can be highly
effective to obtain detailed information about cdexp
electrochemical systems, see e.g. SECM-SICM[29], SECM-
fluorescence[59], SECM-infrared[60].

RRDE pH measurements are especially interesting for
mechanistic studies as the defined mass transpattat of

the system allows for precise modeling of the iieact
interface. On the other hand, the measurementsnate
spatially resolved and represent an average respohshe
whole working electrode.
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measuring pH in electrochemistry lately. Knowinggsely the Franzen, T. Turek, W. Schuhmann,ocal Activities of
research questions that need answers is key forimgfthe most Hydroxide and Water Determine the Operation of Silver-
suitable technique to investigate a given systera.balieve the Based Oxygen Depolarized Cathodes, Angew. Chemie - Int. Ed.
combined knowledge obtained through the differachhniques 57 (2018) 12285-12289.
discussed here, can enable a deeper understantliogmplex i maps above a silver gas diffusion electrode werestructed
electrochemical systems. during oxygen reduction using SECM. A platinum ndecizode

is used as pH sensor and shear-force is usedsiande control.
*[15] M. Michalak, M. Kurel, J. Jedraszko, D. Toatgwska, G.

Wittstock, M. Opallo, W. Nogala, Voltammetric pH
Nanosensor, Anal. Chem. 87 (2015) 11641-11645.
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