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A B S T R A C T

Platinum electrodes are of key importance in electrocatalysis due to their high activity for the hydrogen evo
lution and oxygen reduction reactions. Industrially-relevant Pt electrodes typically exhibit significant surface 
heterogeneity (i.e., poly-/nanocrystallinity), complicating the establishment of clear relationships between 
structure and electrochemical properties. To unravel the influence of surface structure on interfacial properties at 
a fundamental level, two key electrochemical parameters are studied here: the potential of zero total charge 
(Epztc) and the “double-layer” capacity (Cdl). Using a combination of cyclic voltammetry, electrochemical 
impedance spectroscopy, and ex situ electron backscatter diffraction, the electrochemical responses of three 
different polycrystalline Pt electrodes are compared and correlated with their respective facet orientation dis
tributions. We show that, despite significant surface complexity, the Epztc and Cdl remain highly sensitive to local 
facet orientations, mirroring trends previously observed for model stepped single-crystal Pt surfaces. In partic
ular, (100)-type sites dominate the capacitance response in the so-called “double-layer” region (between 0.40 – 
0.60 VRHE), due to pseudocapacitive contributions resulting from a potential-dependent OHads coverage. These 
findings confirm that the structure-sensitivity of electrochemical properties previously identified for model 
systems can be predictably extended to polycrystalline Pt electrodes and provides a fundamental insight into 
macroscopic electrochemical behavior based on microscopic surface features.

1. Introduction

Platinum electrodes are of significant interest due to their excep
tional catalytic activity, particularly for the hydrogen evolution (HER) 
and oxygen reduction (ORR) reactions. However, industrially-relevant 
poly-/nanocrystalline Pt electrodes are inherently heterogeneous, 
comprising a mixture of crystallographic facet orientations, defect sites, 
and grain boundaries. This structural complexity convolutes structure- 
activity relationships, such that a precise fundamental understanding 
of the factors that govern the catalytic activity of Pt electrodes is difficult 
to establish [1–3].

A key step towards addressing this challenge is gaining a detailed 
understanding of the electrode-electrolyte interface (EEI), which has 
proven elusive even for model Pt electrodes. A critical parameter in this 
context is the potential of zero total charge, Epztc, [4,5] which is defined 
as the potential at which double-layer charging exactly counterbalances 
the residual charge arising from chemisorbed species, i.e., chemisorption 

is implicitly accounted for [6,7]. Previous studies employing model 
single-crystal electrodes and high-resolution techniques such as scan
ning electrochemical cell microscopy (SECCM) have revealed a direct, 
structure-sensitive correlation between ORR/HER activity and the Epztc, 
highlighting the importance of this parameter [2,8–10]. However, these 
measurements were limited to complex, highly-specialised experimental 
setups, or microscopic Pt electrodes. Therefore, it would be of significant 
interest to investigate the influence of surface structure on the Epztc of 
poly-/nanocrystalline Pt electrodes at a macroscopic scale. In this 
context, Feliu et al. pioneered the CO displacement method to determine 
the Epztc for Pt electrodes [11,12]. Their work demonstrated that the 
Epztc values of shape-controlled Pt nanoparticles directly correlates with 
their respective facet orientation distributions, where these distributions 
are directly reflected in the characteristic features of their corresponding 
blank voltammograms, in turn serving as structural “fingerprints” [1]. 
Therefore, this suggests that knowledge of the surface structure of the 
electrode and the corresponding Epztc values of the Pt basal planes may 
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be sufficient to accurately predict the overall Epztc of higher index Pt 
surfaces, in spite of significant surface heterogeneity. We will investigate 
this hypothesis here.

In addition to the Epztc, another key parameter for probing interfacial 
properties is the double-layer capacitance, Cdl, which, under ideally 
polarisable conditions, quantifies the potential-dependent ion arrange
ment at the EEI, in turn providing a direct insight into the electrical 
double-layer (EDL) structure [13]. It is well-established that Pt(111) is 
the only Pt facet for which a true double-layer window exists in the 
non-specifically adsorbing HClO4 electrolyte (0.40 – 0.60 VRHE) where 
the surface remains free of adsorbates [14]. This double-layer window is 
bordered by pseudocapacitive regions associated with the electro
sorption of dissociated H2O species, i.e., hydrogen (Hupd region, 0.05 – 
0.40 VRHE) and hydroxyl species (OHads region, 0.60 – 0.85 VRHE) [1]. 
Importantly, within the double-layer window, the 
Gouy-Chapman-predicted capacitance minimum at the potential of zero 
(free) charge can be directly observed for Pt(111), but only in extremely 
dilute electrolyte (i.e., 0.1 mM HClO4, pH 4, 0.54 VRHE) [15,16].

In contrast to Pt(111), lower-coordinated Pt facets (i.e., (110) and 
(100)) exhibit a greater affinity for H2O dissociation such that, as 
hydrogen species are desorbed from the surface, hydroxyl species are 
simultaneously adsorbed and vice versa [17–19]. The result is that for all 
Pt surfaces other than Pt(111) in the double-layer window, no 
adsorbate-free potential window exists, i.e., there is always some 
coverage of Hads and/or OHads, and as a result the interface is pseudo
capacitive. Therefore, we argue that for all Pt surfaces other than Pt 
(111), including polycrystalline Pt electrodes, [20] it would be more 
appropriate to refer to the double-layer window (i.e., between 0.40 – 
0.60 VRHE) as the low capacitance region (LCR).

Understanding the potential-dependencies of this adsorbate ex
change/coverage in a given potential window on Pt surfaces has 
important ramifications for interpreting the capacitance measured. 
Recently, we studied the EDL structure at model stepped single crystal Pt 
electrodes, where the effect of surface heterogeneity and the influence of 
different Pt facets was investigated systematically by introducing 
different densities of monoatomic (110)-/(100)-steps to a (111)-terraced 
surface [21]. This work revealed that the capacitance measured in the 
LCR of stepped Pt single crystal electrodes is extremely 
structure-sensitive: increasing with (100)-step density, but decreasing 
for (110)-type steps. The increase in capacitance in the LCR region for 
(100)-stepped surfaces was explained to result from a 
potential-dependent adsorbate coverage at the (100)-sites, in turn 
contributing an additional pseudo-(adsorption) capacitance that domi
nates the capacitance measured. Such a pseudo-(adsorption) capaci
tance is not observed for the (110)-stepped series as the OHads coverage 
on (110)-type steps in the LCR region is likely potential-independent. 
Importantly, it was therefore hypothesised that the large pseu
do-(adsorption) capacitance associated with (100)-sites should gener
ally dominate the total capacitance response in the LCR of Pt electrodes 
[21].

While stepped Pt single crystals serve as valuable model systems for 
probing structure-capacitance relationships, it remains essential to 
assess whether such insights extend beyond model systems to more 
industrially-relevant, heterogeneous surfaces. To this end, we investi
gate three polycrystalline Pt electrodes using cyclic voltammetry (CV), 
electrochemical impedance spectroscopy (EIS) and ex situ electron 
backscatter diffraction (EBSD, a scanning electron microscopy method), 
as complementary techniques for surface characterisation and the 
determination of their respective electrochemical properties. Despite 
structural complexity, we demonstrate a clear correlation between facet 
orientation distribution and fundamental electrochemical properties for 
these polycrystalline Pt electrodes: specifically, the “double-layer” ca
pacity and Epztc. These findings show that insights established from 
model single-crystal Pt surfaces remain applicable to more realistic, 
polycrystalline systems, thereby bridging the gap between fundamental 
studies and practical electrocatalytic applications.

2. Methods

2.1. Electrochemical measurement and cleaning procedure methods

The electrochemical cleaning of glassware, cyclic voltammetry (CV), 
electrochemical impedance spectroscopy (EIS) measurements and 
Ohmic drop compensation method employed in this study were per
formed following procedures outlined previously [16,22]. Three 
different polycrystalline Pt discs (poly_1 (dia. 3 mm), poly_2 (dia. 10 
mm) and poly_3 (dia. 10 mm)) and single crystal Pt(111) (dia. 3 mm, 
MaTeck, 99.999 %), Pt(110) (dia. 4 mm, MaTeck, 99.999 %) and Pt 
(100) (dia. 4 mm, MaTeck, 99.999 %) were used as the working elec
trodes. All potentials in this manuscript are reported versus the reversible 
hydrogen electrode (RHE) scale and Ohmic drop-corrected appropri
ately. For additional information and justification of the parameters 
used in the CV and EIS measurements, see ref. 16. Diluted HClO4 (60 % 
Merck Suprapur®) and H2SO4 (96 %, Suprapur®) electrolytes were 
pre-purged with Ar gas (Linde 5.0, ≥99.999 %) through polytetra
fluoroethylene (PTFE) gas tubing to prevent O2 permeation prior to 
electrochemical measurements. The CO displacement measurements 
were carried out in accordance with the method reported by Feliu et al. 
[11,12].

2.2. Electrode preparation procedure prior to electrochemical 
measurement

In the literature, a clean, reproducible polycrystalline Pt surface is 
typically prepared by electrochemical “activation” after mechanical 
polishing. This electrochemical “activation” involves oxida
tion–reduction cycling (ORCs) in H2SO4 electrolyte, which, in turn, 
eventually leads to a steady-state distribution of the different Pt facets, 
reflected in a stable “benchmark” CV [13,23]. However, this leads to 
significant surface roughening due to Pt oxidation and consequent 
structural transformations to the Pt surface which remain relatively 
unknown [24]. A clean Pt surface can also be prepared using the 
Clavilier method for Pt single crystals, [25,26] which involves first 
annealing and then cooling the electrode in a reductive atmosphere 
(typically either H2, or CO). It should be noted that the annealing tem
perature is well below the melting point of Pt, meaning that the inherent 
polycrystalline nature of the Pt surface is not changed (i.e., annealing in 
this context does not remove the grain boundaries intrinsic to the 
respective polycrystalline Pt electrode). Previous reports have suggested 
that annealing can have an effect on grain boundary size, but the 
reproducibility in the blank CVs between different annealing cycles 
suggests that this effect is negligibly small in this context [27]. More
over, this single crystal preparation method results in a reproducible, 
clean Pt surface, as well as avoiding the need for electrochemical 
oxidative potentials (>0.6 VRHE), such that no unknown structural 
transformations take place [20,24]. This method of surface preparation 
is also frequently used to avoid the formation of surface oxides and/or 
favour certain reconstructions in the case of the (110) facet and can also 
be employed in the case of these polycrystalline Pt electrodes [25,26,28, 
29]. Using this latter surface preparation method therefore allows for a 
better elucidation of the structure-activity relationships exhibited by 
these surfaces which are already complex due to surface heterogeneity, 
without the additional complication of surface restructuring. Therefore, 
all electrochemical measurements of these polycrystalline Pt electrodes 
(and of the single crystal Pt basal plane electrodes) were carried out after 
cooling in a H2:Ar atmosphere as according to the Clavilier method [25,
26] for preparing single crystal Pt electrodes and oxidative potentials 
were always avoided (i.e., the upper vertex potential was limited to 0.60 
VRHE).

2.3. Electron backscatter diffraction (EBSD) measurement

The EBSD measurements were performed at the Department of 
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Geology at Lund University using an Oxford Instruments Symmetry S2 
detector linked to a high-resolution field emission scanning electron 
microscope (FE-SEM; Tescan Mira3). The data was collected using Ox
ford Instruments AZtec software. The sample stage tilt relative to the 
detector was 70◦. The scans were carried out using an accelerating 
voltage of 20 kV and 30 µm step size. The grain orientations were 
defined as the average orientation of a grain.

3. Results & discussion

Polycrystalline Pt electrodes are inherently heterogeneous, consist
ing of any proportion of defect and kink sites, grain boundaries, and 
grains terminated by different ratios of (111), (110) and (100) Pt facets 
(SI Fig. 1) [1]. To understand the correlation between surface structure 
and electrochemical properties, we determine the respective facet dis
tributions of three different polycrystalline Pt electrodes (arbitrarily 
denoted as poly_1/2/3, respectively). Cyclic voltammetry (CV) carried 
out in H2SO4 electrolyte is commonly used for such (approximate) 

surface characterisation purposes, as the strong anion adsorption leads 
to three sharp, well-defined peaks in the hydrogen adsorption region, 
Hads, at 0.13, 0.28 and 0.39 V. These peaks are typically attributed to 
adsorption on (110)-steps, (100)-steps and (100)-terraces, respectively, 
where the latter site ((100)-terraces) display an additional broad peak 
contribution (ca. 0.32 – 0.38 V, Fig. 1a) [30,31]. Contrastingly, 
hydrogen ad-/desorption on (111)-terraces results in a broad peak be
tween 0 – 0.40 V, but remains obscured by the pseudocapacitance 
associated with the lower-coordinated (110)- and (100)-facets and 
non-trivialises the deconvolution of the charges in the Hupd region. 
Nevertheless, the relative charge under the pseudocapacitive peaks 
associated with (110)- and (100)-facets can be readily obtained and 
directly correlated to the proportion of these different Pt sites on a given 
polycrystalline Pt electrode [1,20].

It is also important to note that surface preparation and electro
chemical treatment have a marked impact the resulting blank CV. In 
particular, the typical oxidation–reduction cycling (ORCs) treatment to 
clean polycrystalline Pt electrodes prior to electrochemical 

Fig. 1. (a) Positive-going Hads region of CVs of three different polycrystalline Pt electrodes in 0.5 M H2SO4 when scanning between 0.07 – 0.60 V, v = 50 mV s− 1 (see 
SI Fig. 2 for full CVs); (b) Proportion of (110)-step, (100)-step and (100)-terrace sites obtained by integral of fitted peaks in blank CVs of these corresponding 
polycrystalline Pt electrodes measured in 0.5 M H2SO4 using respective Lorentzian distribution functions. Note that these percentage facet distributions are 
approximate as an accurate estimation of the proportion of (111)-terrace sites cannot be obtained for polycrystalline Pt (see SI Fig. 3 for individual fits and 
further details).
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measurement induce significant structural transformations, which are 
often ignored [13,23,24]. To avoid such complications, the poly
crystalline Pt electrodes used here were prepared as according to the 
Clavilier method for single crystal Pt electrodes (annealing and cooling 
in a reductive atmosphere) [25,26] to achieve surface cleanliness 
without changing the surface structure inherent to the electrode and 
oxidative potentials were avoided (see Methods section for more 
details).

As shown in Fig. 1a, the hydrogen desorption region of the blank CVs 
of the three polycrystalline Pt electrodes differ markedly from one 
another (we note that these peaks do not involve only hydrogen 
desorption, but for convenience we sometimes refer to them as 
“hydrogen peaks”) [18,19]. More specifically, the peaks at 0.13, 0.28 
and 0.39 V – associated with (110)-steps, (100)-steps and (100)-terraces, 
respectively – arise from competitive anion and hydrogen ad- and 
desorption, reflected in a full-width at half maximum of < 90 mV [32]. 
Therefore, these peaks are most appropriately fitted with Lorentzian 
distribution functions (SI Fig. 3), enabling a quantitative assessment of 
the relative proportion of these lower-coordinated facets (Fig. 1b). It 
should be noted that the (100)-terrace peak was fitted with two 
respective Lorentzian distribution functions: one for the broader peak at 
more negative potentials (i.e., between ca. 0.32 – 0.38 V), and one for 
the sharper peak at ~0.39 V (SI Fig. 3). Previous work on basal plane Pt 
(100) has strongly suggested that the former, broader (100)-terrace peak 

is related to the concurrent exchange of Hads and OHads on 
two-dimensional (100)-sites, whereas the latter, sharper (100)-terrace 
peak is related to the exchange of OHads and the strongly-specifically 
adsorbing sulphate anion [33].

Consistent with the qualitative differences observed in the blank CVs 
(Fig. 1a), the quantitative peak fitting analysis (Fig. 1b) reveals that 
poly_1 and poly_3 contain greater proportions of (100)-sites (~65 and 
85 %, respectively), although the ratio of (100)-step to (100)-terrace is 
much larger for poly_1 compared to poly_3. On the other hand, poly_2 is 
primarily constituted of (110)-steps (~70 %). However, as mentioned 
previously, the accurate quantification of the proportion of (111)- 
terrace sites using such a peak fitting analysis is challenging for poly
crystalline Pt electrodes because the charge associated with hydrogen 
desorption on (111)-terrace sites remains convoluted underneath the 
large pseudocapacitance contributed by the lower-coordinated facets in 
the same potential window [32,34]. To address this, we used ex situ 
electron backscatter diffraction (EBSD) as a complementary, 
surface-sensitive technique that enables the determination of the facet 
orientation of each grain (Fig. 2). In turn, EBSD allows for a more 
complete overview of the facet distributions present on these three 
polycrystalline Pt electrodes (including those of (111)-nature) compared 
to CV analysis.

As shown in Fig. 2, very few of the grains are perfectly (111), (110), 
or (100) in nature; most grains display varying degrees of micro-faceting 

Fig. 2. Electron backscatter diffraction (EBSD) images of (a) poly_1, (b) poly_2 and (c) poly_3 with scale bars shown, where (d) is the corresponding legend consisting 
of a stereographic triangle colour-coded [35] according to the Pt basal planes: (111) blue, (110) green and (100) red; the overlayed black lines represent the 
approximate sections the stereographic triangle was divided into for assignment of the major orientation of each grain. See SI Fig. 4 for histograms of according facet 
distribution normalised with respect to grain size.
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instead, specifically in the form of steps (following the edge of the ste
reographic triangle) and kinks (interior of the stereographic triangle, i. 
e., not following the edges). Nevertheless, the EBSD measurements 
(Fig. 2) confirm the respective facet distributions obtained from the 
blank CV analysis (Fig. 1, SI Fig. 5), revealing that poly_1 and poly_3 are 
predominantly composed of (100)-orientated grains, whereas poly_2 is 
primarily (110) in nature (Fig. 2, SI Fig. 4). It should be noted, however, 
that the disadvantage of EBSD relative to CV in this context is that only 
the grain orientation can be identified easily, not the differentiation 
between step and terrace sites (although the step density and configu
ration of the steps can be calculated from EBSD maps, according to the 
method developed by Rupprechter et al. [36]). That is to say, where the 
peaks at 0.28 and 0.39 V in the blank CV of a polycrystalline Pt electrode 
(Fig. 1a) can be attributed to (100)-steps and (100)-terraces, respec
tively, the nature of the (100)-site cannot readily be distinguished using 
EBSD without further analysis. Therefore, a comprehensive under
standing of surface structure (including both facet orientation and local 
coordination environment) is most readily achieved in this context by 
using EBSD and CV in tandem with one another.

Moreover, EBSD reveals that all three polycrystalline Pt electrodes 
contain only a very small proportion of (111) sites (Fig. 2), meaning that 
the surfaces of these electrodes are dominated by lower-coordinated 
facets (i.e., (110) and (100)). As discussed in the introduction, this 
structural composition significantly complicates the interpretation of 
the capacitance response in the LCR. In particular, as only the (111)- 
facet is truly adsorbate-free in this potential window, the predominance 
of lower-coordinated facets implies that the majority of these electrode 
surfaces are covered with adsorbates in the LCR. Importantly, the 
different propensity for H2O dissociation displayed by the different 
facets has important implications for the corresponding potential- 
dependent adsorbate nature, and therefore the influence on the associ
ated capacitance response, in the LCR. More specifically, previous re
sults suggest that the pseudo-(adsorption) capacitance associated with a 
potential-dependent adsorbate coverage on the (100) facet dominates 
the capacitance response in the LCR for stepped Pt electrodes, where 
only a free-charge capacitance is measured for the (111)-terraces and 
(110)-steps [21]. Therefore, the question remains: can we correlate the 
fundamental electrochemical properties (specifically the capacitance 
measured in the LCR region and the Epztc) of these polycrystalline Pt 
electrodes to their respective facet distributions in spite of significant 

surface heterogeneity? Does our understanding of the EDL structure at 
model stepped Pt single crystals extend to polycrystalline Pt electrodes?

In order to determine whether this is indeed the case, the capacitance 
in the LCR of the three polycrystalline Pt electrodes was measured in the 
same 0.1 mM HClO4 electrolyte for which the Epzfc can be observed for Pt 
(111) using electrochemical impedance spectroscopy (EIS) (Fig. 3) [15,
37].

In accordance with previous findings, [3,16] the impedance response 
of the capacitance in the double-layer window of the three poly
crystalline Pt electrodes displays constant phase element (CPE, Q) 
behaviour, such that a serial RQ electric equivalent circuit (EEC, where 
RQ refers to the solution resistance, Rs, and the double-layer capaci
tance, Q, respectively, connected in series with one another) was 
deemed more appropriate than a serial RC EEC (where C refers to an 
ideal capacitor) which is only appropriate for an ideally capacitive 
interface. Nevertheless, the deviation from ideal capacitive behaviour 
remained small (as quantified by the corresponding CPE exponent, α, 
values, SI Fig. 6, where 0.85 < α < 0.95), meaning that these Q values 
are close to those obtained using a perfect capacitor (where α = 1) 
and/or the capacitance extracted using CV.

Regardless of the presence of CPE behaviour, significant differences 
in the capacitance values obtained for these respective polycrystalline Pt 
electrodes in the LCR region can be observed (Fig. 3). Comparing the 
capacitance values obtained at 0.5 V (Q0.5 V), the largest value (Q0.5 V =

280 µF cm− 2 sα− 1) is measured for poly_3, which also contains the largest 
proportion of (100)-sites (Fig. 1b and 2). Poly_1, which contains a 
slightly smaller proportion of (100) sites, also has a correspondingly 
smaller Q0.5 V value (240 µF cm− 2 sα− 1), whereas poly_2, which is 
majorly constituted of (110)-steps, has the smallest Q0.5 V (110 µF cm− 2 

sα− 1). Therefore, these measurements reveal that a greater proportion of 
(100)-facets results in a correspondingly greater capacitance in the LCR 
for polycrystalline Pt electrodes, suggesting that the pseudo-(adsorp
tion) capacitance associated with (100) facets indeed dominates. These 
results also agree with the idea of the capacitance of individual facets 
being approximately additive (therefore that the overall capacitance is a 
weighted average of the capacitance of each of the individual grains) as 
modelled previously by Müller et al. for polycrystalline surfaces [38].

The marked differences in the capacitance measured in the LCR 
depending on the surface composition has important ramifications for 
the validity of the commonly used method to obtain the electrochemical 

Fig. 3. Capacitance (Q) values extracted from fitting EIS data of the three polycrystalline Pt electrodes measured in 0.1 mM HClO4 with a serial RQ EEC (electric 
equivalent circuit consisting of a resistor to model the solution resistance, Rs, and a constant phase element, Q, for the capacitance, connected in series with one 
another), respectively, plotted as a function of potential (ΔE = 5 mV, 10 kHz – 0.5 Hz). See SI Fig. 6 for corresponding α values. Error bars (calculated as according to 
SI Note 1) shown as shaded region.
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surface area (ECSA) of polycrystalline Pt electrodes. Typically, the 
minimum in capacitance in the LCR is used as a correction factor to 
obtain the charge associated only with adsorption in the Hads region, i.e., 
to correct for double-layer charging effects [39]. However, as shown 

here and previously alluded to by Feliu et al., [1] the capacitance 
measured in the LCR does not correspond to a pure double-layer 
charging current due to the presence of pseudo-(adsorption) capaci
tance in the same potential window, meaning that the determination of 

Fig. 4. (a) Hupd region of Pt(111) CVs in 0.1 mM HClO4 after carrying out oxidation–reduction cycling (ORCs, 0.06 – 1.35 V, v = 20 mV s− 1, see SI Fig. 7 for full CVs) 
as a function of ORC number, showing the changing proportion of (110)-type step edge (referring to pure (110)-steps as well as to (110)-steps formed along a 
direction equivalent to [110] due to step-edge roughening) and (100)-microfacets (referring to (100)-steps at small vacancies (holes) formed in the (111) terrace and 
at the edges of dendritic islands) [24,41]. Inset shows the change in capacitance in the double-layer window (0.40 – 0.60 V) as a function of ORC number; (b) 
Integrated peak charges of the (110)-type step edge sites (black squares), (100)-microfacets (red triangles) and (111)-terrace sites (blue circles) in the Hupd region 
(obtained by peak fitting analysis carried out as according to SI Note 2; see also SI Fig. 8 for the total fit curves for exemplary ORCs), respectively, plotted as a 
function of ORC number; (c) Correlation plot of the integrated peak charges of (110)-type step edges and (100)-microfacets (as obtained by the peak fitting analysis, 
SI Note 2, SI Fig. 8) versus the minimum in capacitance in the double-layer window, Cd,min, obtained from inset in (a).
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the ECSA using this method is likely not without error.
Furthermore, in order to confirm the relation between the density of 

(100)-sites and the capacitance measured in the LCR in a more sys
tematic way, we also carried out oxidation–reduction cycling (ORCs) on 
a Pt(111) single crystal electrode. This procedure allows for the 
controllable formation of heterogeneous, lower-coordinated (110)- and 
(100)-sites that are also present on polycrystalline Pt electrodes by 
electrochemically roughening the Pt(111) surface [24,40]. Jacobse et al. 
previously quantified the structural transformations that occur during 
ORCs on Pt(111) using in situ electrochemical scanning tunnelling mi
croscopy [24]. Of course, despite similarities in the blank voltammetry, 
a roughened Pt(111) surface prepared in this way cannot be considered 
equivalent to a polycrystalline Pt electrode surface, not only because the 
(110)- and (100)-defect sites conform to the edges of ad-atom and va
cancy islands grown during ORCs (which differs from polycrystalline Pt 
in that these sites are intrinsic to the grains themselves), but also because 
a roughened Pt(111) surface does not contain grain boundaries which 
may be chemically active too. Nevertheless, carrying out ORCs on a Pt 
(111) surface does allow for the elucidation of a quantitative capaci
tance trend in the LCR as a function of different proportions of (110)- 
and (100)-type sites, particularly because the specific case in which the 
GC-capacitance minimum at the potential of zero charge, Cd,min, can be 
observed (0.1 mM HClO4, pH 4, Fig. 4a), can be directly studied [15,37].

In agreement with the work of Jacobse et al., [24] carrying out ORCs 
on Pt(111) leads to marked changes in the blank voltammogram 
(Fig. 4a, see SI Fig. 7 for full CVs). In particular, two major changes can 
be observed: (i) The growth of a peak at ~0.13 V, and (ii) the initial 
growth and then diminution of a peak at ~0.32 V. The peak at 0.13 V 
was previously attributed to the growth of pure (110)-steps as well as 
(110)-steps formed along a direction equivalent to [110] due to 
step-edge roughening effects, agreeing well with the potential of 
(110)-steps observed in the blank voltammogram of a polycrystalline Pt 
electrode. Therefore, we refer to this peak at ~0.13 V as the formation of 
(110)-type step edges. The peak at more positive potentials (0.32 V) was 
previously attributed primarily to the growth of (100)-type steps formed 
at small vacancies (holes) on (111)-terrace sites, as well as at the edges 
of dendritic islands. The potential of this peak agrees well with the 
(100)-step peak potential on polycrystalline Pt (~0.28 V) and we will 
refer to it here as the formation of (100)-microfacets [24,41]. Therefore, 
given the close agreement with the potentials of the (110)- and 
(100)-step peaks for polycrystalline Pt, the (110)-type step edge and 
(100)-microfacet peaks present on a Pt(111) surface that has undergone 
ORCs can be thought of as inherently similar, which will be assumed for 
the following discussion.

To quantify the changing proportion of the (110)-step edge sites with 
respect to the (100)-microfacets (as well as the proportion of (111)- 
terrace sites) as a function of ORCs, we carried out a peak fitting analysis 
on the Hupd region (see SI Note 2 for more details and SI Fig. 8 for 
corresponding exemplary fits). From this peak fitting analysis, the 
charge associated with adsorption on each of these respective sites (i.e., 
the proportion of different sites with respect to one another) could be 
obtained as a function of ORC number (Fig. 4b), revealing that, with 
increasing ORCs the proportion of (110)-type step edge sites grows 
continuously as a function of ORCs, oppositely mirroring the proportion 
of (111)-terrace sites. Contrastingly, the proportion of (100)-microfacets 
initially grows very rapidly, but decreases again after ~3 ORCs due to 
the growth and eventual coalescence of small vacancies. Therefore, after 
~10 ORCs, (100)-microfacets are no longer observed (Fig. 4b).

To establish whether the proportion of the (110)-type step edge sites 
and (100)-microfacets are correlated to the capacitance measured in the 
LCR (as was found for the polycrystalline Pt electrodes), a correlation 
plot of the charge associated with these sites is shown in Fig. 4c as a 
function of Cd,min (i.e., the minimum in capacitance in the LCR, which is 
taken as a representative value). This analysis reveals that a larger 
proportion of (100)-microfacets leads to a larger Cd,min value, which 
agrees well with the trends observed for the respective polycrystalline Pt 

electrodes (Fig. 3): A larger proportion of (100)-sites leads to a larger 
capacitance in the LCR. The sensitivity of Cd,min to surface structural 
transformations further highlights the importance of considering this 
effect (see SI Fig. 9 for the changes in Cd,min as a function of ORCs).

Furthermore, the potential of Cd,min, Ed,min, also changes markedly as 
a function of ORCs (Fig. 4a, SI Fig. 10a). As discussed previously, Cd,min 
only corresponds to a true GC-capacitance minimum (i.e., a capacitance 
minimum observed at the potential of zero charge, or Ed,min in this case) 
for Pt(111) measured in these electrolyte conditions (at 0.54 VRHE in 0.1 
mM HClO4) [15,37]. As soon as ORCs are carried out, or other surface 
heterogeneities are introduced, this is no longer the case due to pseu
docapacitive surface sites, and the interpretation of the potential of this 
capacitance minimum, Ed,min, becomes non-trivial [42]. Importantly, 
however, a capacitance minimum is almost always observed in Pt 
electrochemistry, owing to the fact that the LCR is bordered by pseu
docapacitive regions, but is often wrongly assigned to a “fundamental” 
Cd,min, as observed for Pt(111), i.e., a measure of the Epzfc. The 
complexity in gaining meaningful information from Ed,min is further 
corroborated by the fact that Ed,min, just as Cd,min, is sensitive to struc
tural transformations, changing significantly with ORCs carried out on 
Pt(111) (SI Fig. 10a). Therefore, the fundamental interpretation of Ed,min 
is highly non-trivial in the presence of surface heterogeneities. A similar 
correlation plot of the proportion of (100)-microfacets to (110)-type step 
edges (in terms of their respective charges obtained by peak fitting in the 
Hupd region, Fig. 4b) with respect to Ed,min (SI Fig. 10b), however, re
veals a similar trend observed for Cd,min, i.e., more (100)-sites leads to an 
increase in Ed,min (albeit that this Ed,min is always negative of the Epzfc of 
Pt(111), in agreement with previous results on stepped Pt single crystals 
[21]), suggesting that there is an inherent correlation between surface 
structure and Ed,min.

Another key fundamental quantity pertaining to understanding the 
electrochemistry exhibited by heterogeneous polycrystalline Pt surfaces 
is the potential of zero total charge (Epztc), as this reveals information 
about the electrosorption properties of an electrode, i.e., the affinity for 
anion/cation adsorption as a function of potential [6]. The Epztc then, by 
definition, should also be correlated with the facet distributions on these 
polycrystalline Pt surfaces as the adsorbate nature will differ depending 
on the facet orientation distributions as each facet itself has a different 
propensity for H2O dissociation. In order to determine whether this is 
the case, the Epztc values for the Pt basal planes in the same electrolyte 
conditions (0.1 mM HClO4) were determined using the CO displacement 
technique developed by Feliu et al. [11,12] These measurements 
revealed significant differences in the Epztc value for each Pt basal plane: 
Pt(110) 0.26 V < Pt(111) 0.38 V < Pt(100) 0.44 V (SI Fig. 11), 
corroborating the marked influence of Pt surface structure on the elec
trosorption properties of the respective electrode [1]. The Epztc values 
for the three polycrystalline Pt electrodes were then obtained using the 
same procedure (Fig. 5).

Fig. 5 reveals that the Epztc values of the three polycrystalline Pt 
electrodes differ markedly from one another. Plotting these Epztc values 
in direct comparison to those obtained for the single crystal Pt basal 
planes in Fig. 5d reveals a direct correlation with the facet orientation 
distribution (obtained using CV and EBSD) and the Epztc values of the 
respective polycrystalline Pt electrodes. More specifically, poly_2, which 
is primarily constituted of (110) facets (Fig. 1/2) has the most negative 
Epztc (0.33 V, Fig. 5b), closest to the Epztc of the Pt(110) basal plane (0.26 
V, Fig. 5d). On the other hand, poly_1 and poly_3 (primarily (100) in 
nature, Fig. 1/2) have more positive Epztc values of 0.39 (Fig. 5a) and 
0.41 V (Fig. 5c), respectively, where poly_3 contains more (100) than 
poly_2 such that these Epztc values are much closer to that of the Pt(100) 
basal plane (0.44 V, Fig. 5d). Moreover, the Epztc can be roughly esti
mated from the weighted average of the measured relative facet distri
butions of each respective polycrystalline electrode [9] (in this case, 
obtained from EBSD data, Fig. 2, SI Fig. 4) in combination with the Epztc 
values obtained for the Pt basal planes (SI Fig. 11, see SI Note 3/SI 
Table 1 for the details of this calculation). From such an analysis, the 
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Fig. 5. CVs of three different polycrystalline Pt electrodes (a) poly_1, (b) poly_2, (c) poly_3 in 0.1 mM HClO4 (v = 5 mV s− 1). The charge-density curve (obtained by 
CV integration) is shown as the coloured line (poly_1: light blue; poly_2: navy; poly_3: red) with experimental values obtained for the total charge using CO 
displacement plotted as markers with error bars shown (individual current transients shown in SI Fig. 13); (d) comparison of Epztc values obtained for three poly
crystalline Pt electrodes compared to basal plane single crystal Pt electrodes.

N.L. Fröhlich et al.                                                                                                                                                                                                                              Electrochimica Acta 548 (2026) 147977 

8 



Epztc values for poly_1, 2 and 3 are predicted to be 0.38, 0.29 and 0.39 V, 
respectively, in relatively close agreement with the experimentally ob
tained Epztc values of 0.39, 0.33 and 0.41 V, respectively. Therefore, 
knowledge of the facet distributions as well as the Epztc values of the Pt 
basal planes is sufficient to predict the Epztc values of a polycrystalline Pt 
surface. Interestingly, similar results were reported by Feliu et al. for a 
poly-oriented single crystal Pt bead (which we define here as the case 
where platinum is melted and allowed to recrystallise such that no grain 
boundaries are formed), finding that the Epztc was dictated by the facet 
orientations present on the surface [1]. The close agreement with the 
results presented in this work for polycrystalline Pt electrodes in terms of 
the intrinsic link between the Epztc and the respective facet distributions 
suggests that the grain boundaries themselves are negligible in their 
contribution to the overall electrochemical signal (as this is the main 
difference in surface structure between a poly-oriented single crystal 
bead compared to a polycrystalline electrode).

4. Conclusion

By comparing three different polycrystalline Pt electrodes, we 
demonstrate, using a combination of EBSD and CV as surface charac
terisation techniques, that facet orientation distributions can differ 
markedly between electrodes. As there are significant differences in the 
electrochemical properties of each of the different Pt facets in terms of 
propensity for H2O dissociation and catalytic activity, this work forms 
an imperative step towards gaining a better understanding of observed 
structure-capacitance relationships at a fundamental level.

Moreover, we argue that the commonly coined “double-layer” region 
between 0.40 – 0.60 VRHE in HClO4 electrolyte for Pt electrodes is 
misleading terminology due to a non-trivial adsorbate coverage for all Pt 
facets other than Pt(111) in this potential window. Instead, we propose 
the term “low capacitance region” (LCR). Importantly, we show that a 
larger proportion of (100)-facets on the polycrystalline Pt surface leads 
to a significant increase in capacitance in the LCR, consistent with the 
trends observed previously for (100)-stepped Pt single crystal elec
trodes. This suggests that the pseudo-(adsorption) capacitance associ
ated with a potential-dependent changing adsorbate coverage on (100)- 
sites indeed dominates the capacitance response in the LCR. These 
trends were corroborated more systematically by carrying out ORCs on 
Pt(111), where the structural transformations have been well 
elucidated.

Furthermore, we reveal that the Epztc value obtained by CO 
displacement agrees well with the predicted value calculated from the 
weighted average of the respective facet orientation distribution, in turn 
suggesting that the fundamental electrochemical properties of a poly
crystalline Pt electrode can be predicted in spite of a complex surface 
structure and the presence of grain boundaries (see SI Fig. 14 where the 
interdependence between facet distributions and the capacitance in the 
LCR/Epztc can be observed).

In conclusion, our findings establish a direct correlation between the 
surface structure (facet orientation distribution) of polycrystalline Pt 
electrodes and their fundamental electrochemical properties, particu
larly the capacitance in the LCR and potential of zero total charge. These 
insights extend our novel understanding of the structure-sensitivity of 
the double-layer properties observed for model stepped single crystal Pt 
electrodes to more complex polycrystalline surfaces.
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