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A B S T R A C T   

Trace impurities of nitrate and sulphate species have been detected as the cause for the charge quench of existing 
voltammetric peaks and the appearance of new voltammetric peaks in the blank voltammetry of Pt(111) in high- 
purity perchloric acid. Cyclic voltammetry of Pt(111) in high concentrations of HClO4 (1 M) electrolyte display 
anomalous reduction peaks at 0.5 and 0.32 VRHE. The reduction of nitrates to nitric oxide, resulting in the 
reduction peak at 0.32 VRHE, has been detected using in situ Fourier transform infrared spectroscopy. The peak at 
0.5 VRHE, previously assigned in the literature to specific adsorption of perchlorate anions catalytically disso
ciating to chloride anions, is consistent with sulphate desorption as elucidated by spiking HClO4 electrolyte with 
trace quantities (10 ppm) of sulphuric acid. The presence of kosmotropic sulphate anions was further confirmed 
by the positive onset potential shift of the sharp OHads butterfly peak at ~0.8 VRHE with increasing concentra
tions of HClO4 (0.01–1 M). Although commonly overlooked, we show here the marked deleterious impact these 
trace impurities have on the blank voltammetry of Pt(111), and provide recommendations for minimising this 
impact.   

1. Introduction 

Fundamental electrochemical studies on single-crystalline surfaces 
have great interest in electrochemistry as their surface structure is 
closely controlled on an atomic level and, therefore, they present an 
ideal system to study surface-sensitive reactions [1–5]. The cyclic vol
tammograms (CVs) of single crystal electrodes display features charac
teristic for each of the facets, varying as a function of the width of the 
terraces and the density and type of steps/defects on the single crystal 
surface [6]. Hence, cyclic voltammetry is often highly sensitive to both 
the local nanoscopic surface morphology of the single crystal surface 
and the surface density of adsorption sites and/or nature of adsorbed 
species from the electrolyte via the relative intensities of the corre
sponding voltammetric peaks. Any adsorption of electroactive species 
results in such a voltametric peak, where an increase in peak broadness 
reveals repulsive interactions between adsorbates [7]. The voltammo
gram of a particular single crystal surface then effectively becomes a 
characteristic fingerprint of the crystallographic structure, in a given 

electrolyte. Changes or irregularities in these profiles suggest a lack of 
surface order, changes in adsorbed species, the electrical double layer, 
and/or the possible presence of impurities. Hence, electrolyte cleanli
ness would impact specific adsorption and thus change the voltammetric 
response [8]. 

Perchloric acid is commonly used to characterise the surface of single 
crystals such as Au and Pt as, in principle, no specific adsorption of 
perchlorate anions occurs [9]. The only electrosorption that is assumed 
to occur in HClO4 electrolyte is that of hydrogen and hydroxide species 
(Hads/des, OHads/des) from H2O dissociation [10–16]. However, even with 
the establishment of Clavilier’s flame-annealing method for Pt single 
crystal surface preparation in 1980 [2,17], electrolyte cleanliness re
mains a significant concern, even in the highest purity electrolyte so
lutions commercially available. The presence of impurities can affect the 
voltammetric response in very subtle ways [18,19]. 

Pt(111) is the most compact Pt basal plane, is highly stable, and has a 
very characteristic voltammetric response. Firstly described by Clavilier 
[2,17], the CV of Pt(111) in HClO4 has been well-established in the 
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literature, with clearly defined regions: hydrogen under-potential 
deposition, Hupd (0.05–0.4 V vs. RHE); double-layer region (0.4–0.55 
V); and hydroxyl adsorption, OHads (0.55–0.85 V) [20]. Pt(111) single 
crystals are seldom devoid of defects, such that small voltammetric 
peaks are often visible at ~0.13 V and ~0.28 V, attributed to the 
co-adsorption of hydrogen and hydroxyl species at (110) and (100) 
defect sites, respectively [21,22]. 

The voltammetric feature in the OHads region, also known as the 
“butterfly” peak, is comprised of two regions: (i) a broad increase in 
voltammetric current similar to that of the Hupd; and (ii) a sharp peak at 
~0.8 V. The origin of the shape of the butterfly feature remains a source 
of debate in the literature. A number of groups argue that this sharp peak 
is related to a reorganisation of the OHads compact adlayer structure in 
terms of an order–disorder phase transition [23–26], while Feliu et al 
[5] attribute these two regions to the adsorption of two respective types 
of water forming OHads in the process. Regardless, the sharpness of the 
voltammetric features and the symmetry of the reversible adsorption 
states on Pt, i.e., H and/or OH adsorption/desorption processes, can be 
used as a proxy for surface and electrolyte cleanliness as specific 
adsorption and defects cause a concurrent decrease in the peak current 
density of the sharp peak [27–30]. Changes in the onset potential of the 
sharp peak at ~0.8 V have also been attributed to the presence of 
different types of anions in the electrolyte [5,31], which, in turn, change 
the local water structure by enhancing/inhibiting hydrogen bonding 
respectively, creating two classes of anion: (i) kosmotropic (structure 
ordering) anions such as sulphates, which cause a shift to more positive 
onset potentials, and (ii) chaotropic (structure breaking) anions such as 
chloride, which result in a shift to more negative onset potentials [5, 
32–34]. 

In the past, work by Watanabe et al [35,36] and Attard et al [31] 
have discussed the possibility of specific adsorption of ClO4

− anions on Pt 
{hkl} single crystal electrodes from HClO4 using a combination of cyclic 
voltammetry, quartz crystal microbalance and in situ infra-red spec
troscopy studies. Due to competitive adsorption for sites on Pt with Cl−

anions produced from the slow catalytic dissociation of specifically 
adsorbed ClO4

− anions, the adsorption of H and OH species becomes 
inhibited, where the inhibition of adsorption of OH species, in partic
ular, has been shown to reduce the efficiency of the oxygen reduction 
reaction (ORR) by an order of magnitude [19,37–40]. 

However, an often-overlooked aspect of perchloric acid is the pres
ence of trace impurities, particularly that of nitrates and sulphates at 
3–10 ppm concentrations in some of the highest-grade purity HClO4 
solutions available (60/70% Merck Suprapur®). The groups of Markovic 
[41] and Kocha [19] have previously highlighted the extreme sensitivity 
of ORR activity to trace levels of nitrates and chlorides. The effect of low 
concentrations of nitrate on the CV of Pt(110) was further elucidated in a 
patent released by Strmcnik et al [42], where a purification method for 
the removal of trace level impurities down to a concentration of 10− 8M 
was detailed. They showed that after purification, no detectable 
quenching of the charge density was observed in the CV of Pt(110) in 
10− 5M HClO4. However, the question of whether this same purification 
method would remain as effective and efficient for higher concentration 
HClO4 solutions remains. 

In this manuscript, we show that the non-negligible presence of these 
trace impurities, coupled with their high affinity for Pt, contribute to 
site-blocking effects, which, in turn, result in marked perturbations 
across the CV of Pt(111). In this sense, we thereby highlight the 
importance of considering the presence of impurities when carrying out 
experiment in this electrolyte, and by extension when studying any 
single crystal surface [19,43,44]. We will also elucidate and illustrate 
under which conditions these trace impurities can so significantly 
change the Pt(111) CV that the results may be easily misinterpreted. We 
believe that these conditions could be especially relevant for certain 
long-term in situ spectroscopic experiments carried out on Pt(111) (or, 
by extension, other Pt surfaces). 

2. Experimental 

2.1. Electrochemical 

All glassware was placed in a mixture of H2SO4 and KMnO4 at pH 1 
overnight and rinsed with a diluted mixture of H2SO4 and H2O2 at 10% 
in ultra-high purity water (Milli-Q, 18.2 MΩ cm) followed by repetitive 
rinsing and boiling with ultra-high purity water. Cyclic voltammetry 
measurements were carried out using a standard three-electrode cell 
assembly with a parallel shunt capacitor to the reference electrode at 
23 ◦C and a Bio-Logic VSP300 potentiostat. A Pt(111) disc-type elec
trode of 3.0 mm diameter purchased from MaTeck (99.999%) was used 
as the working electrode. A homemade reversible hydrogen electrode 
(RHE) was used as the reference electrode and Pt wires were used as the 
counter and additional shunt capacitor of 10 μF (connected with the 
RHE). All the potentials in this manuscript are reported versus the RHE 
scale. Pt(111) single-crystal electrode was prepared following the 
method reported by Clavilier [2,17]; flame annealed with a butane torch 
and then immediately brought into contact with an Ar:H2 (1:1) envi
ronment in order to obtain a well-ordered 111 structure. Once cooled to 
room temperature, the crystal surface was quenched with a Ar/H2-sa
turated drop of ultra-high purity water to avoid oxidation of the surface 
when transferred to the electrochemical cell. The Pt(111) single-crystal 
was brought into the hanging meniscus configuration under a controlled 
potential of 0.07 V. The quality of the crystal and cleanliness of the cell 
were checked by recording a blank voltammogram of the Pt(111) crystal 
in the chosen concentration of HClO4 electrolyte (60% Merck Supra
pur®) purged with Ar gas (Linde 5.0, ≥99.999%) through polytetra
fluoroethylene (PTFE) gas tubing preventing O2 permeation. The gas 
tubing was also regularly cleaned to prevent contamination using the 
same procedure detailed for the glassware above. Throughout the 
measurements, a constant Ar gas blanket above the electrolyte was 
maintained to prevent O2 from entering the cell. NaClO4.H₂O (≥ 99% 
Merck EMSURE®) was used for salt additions. 

2.2. FTIR 

In situ FTIR spectra were collected using a Bruker Vertex 80 V IR 
spectrometer equipped with a liquid nitrogen cooled MCT detector. 
Background spectrum was recorded before each spectral series at 0.50 V. 
This potential was chosen to minimise changes in the baseline of the 
spectra as it is included in the double layer region where, in principle, no 
specific adsorption is occurring. 

The collected spectra are presented in absorbence units (a.u.), ac
cording to − log (R/R0), where R corresponds to the reflectance of the 
sample and R0 to the reflectance of the background spectrum. The 
positive bands in the spectra correspond to the adsorption of species that 
were either absent or at lower concentrations at 0.50 V, while the 
negative bands in the spectra correspond to the desorption of species 
present at said potential. 

FTIR spectra were obtained between 2000–1000 cm− 1 by accumu
lating 100 interferograms per spectrum with a spectral resolution of 2 
cm− 1 in a three-electrode spectro-electrochemical cell with an IR- 
transparent CaF2 prism attached to the bottom of the cell. Details of 
the in situ FTIR cell have been given elsewhere [45]. 

3. Results and discussion 

In order to study the effect of HClO4 concentration on Pt(111), the 
CVs in 0.01, 0.1 and 1 M HClO4 electrolyte have been recorded (Fig. 1). 
Three well-defined regions: Hupd (0.07–0.4 V), double-layer (0.4–0.55 
V) and OHads (0.55–0.85 V), can be observed in the blank CVs of 0.01 
and 0.1 M HClO4, consistent with that of a clean Pt(111) surface re
ported in the literature [20]. However, we observe a decrease in the 
charge density of the OHads butterfly peak (0.55–0.85 V) at increased 
HClO4 concentrations, as well as a non-Nernstian shift to more positive 
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onset potentials of the sharp peak at ~0.8 V (peak I, Fig. 1). These ob
servations are consistent with the results previously reported by Attard 
et al [31], who attributed this behaviour to the slow catalytic dissocia
tion of specifically adsorbed ClO4

− onto the Pt surface into Cl− anions, 
contributing to a quenching of the charge density with increased con
centrations. The subsequent desorption of these Cl− anions was then 
argued to result in an electroreduction peak in the double-layer region at 
0.45 V. We also observe this electroreduction peak at 0.48 V (peak II, 
Fig. 1), albeit primarily in 1 M HClO4, as well as an additional reduction 
peak at 0.32 V (peak III, Fig. 1), both of which will be discussed in more 
detail later in this manuscript. 

The marked attenuation in charge density with increasing concen
trations of HClO4, particularly for the OHads region, indicates the pres
ence of a species that interact with the Pt surface resulting in an 
observable site-blocking effect [5,31]. In contrast to the work of Attard 
et al [31], Huang et al [25] argued on the basis of spectroscopic data that 
this attenuation would be related to the interaction of ClO4

− anions with 
the OH adlayer, “specific adsorption” in this context being a perturba
tion of the OH adlayer that also leads to marked changes in the vol
tammetric profile. 

The appearance of both reduction peaks II and III, as well as the 
extent of charge density quenching as a function of potential cycling was 
found to be dependent on the chosen potential window, which, for 
completely reversible electrochemical processes, should not be the case. 
Changing the lower vertex potential (LVP) from 0.5 down to 0.06 V in 
0.1 V steps revealed that the current density across the CV in both the 
Hupd and OHads regions could eventually be “recovered”, with this re
covery occurring quicker with a more negative LVP (SI Fig. 1). In 

particular, cycling with an LVP of 0.06 V (i.e., the normal potential 
window for Pt(111) in HClO4), “recovered” the charge density almost 
entirely across the CV after 30 cycles, showing that cycling regularly into 
the Hupd region expels the accumulated site-blocking species from the 
surface. This has particular ramifications for experiments in which po
tentials are held out of the Hupd region for long periods of time, such as 
during microscopy or spectroscopy experiments. 

To quantitively elucidate the effect of these site-blocking species on 
the charge density, 100 potential cycles between 0.3–0.85 V were 
further carried out in 0.01–1 M HClO4 solutions (Fig. 2). This potential 
window was chosen as there is no expected oxidation to the Pt single- 
crystal surface and a lower potential limit of 0.3 V allows the species 
that results in the reduction peak at 0.32 V (peak III) in 1 M HClO4 to 
form without cycling too far into the Hupd region, such that the charge 
density is “recovered” as described above (SI Fig. 1). This allows for an 
explicit assessment of the impact of the presence of the species resulting 
in reduction peaks II and III comparatively for the different concentra
tions of HClO4. 

As shown in Fig. 2, the current density across both (the onset of) the 
Hupd and OHads regions significantly decreases with cycling for all 
0.01–1 M HClO4 solutions. In particular, the OHads sharp peak (peak I) 
becomes markedly quenched as a function of cycling (SI Fig. 2). This 
effect is less noticeable for 0.01 M (Fig. 2a) as compared to 1 M (Fig. 2c), 
where the two OHads regions (i.e., the broader region between ~0.6–0.8 
V and the sharp peak I at ~0.8 V) are still distinct for 0.01 M after 100 
cycles. By contrast, the two OHads regions become convoluted under one 
broad peak in 0.1 M HClO4 after 100 cycles (Fig. 2b), whereas in 1 M 
HClO4, the OHads peak becomes very broad and low in intensity after 
cycling such that the current density has been quenched to the extent 
that it is now comparable to that in the double-layer region (Fig. 2c). 
Therefore, the majority of the current density can be attributed to 
double-layer charging as opposed to pseudocapacitance. By comparison, 
a relatively substantial pseudocapacitive contribution to the current 
other than pure double-layer capacitance can still be observed for both 
0.01 and 0.1 M HClO4 in the Hupd region (0.3–0.4 V) after 100 cycles. 
This suggests that the quenching of pseudocapacitance increases with 
HClO4 concentration, pointing to the presence of a species in solution 
that inhibits the adsorption of H and OH species, the concentration of 
which is directly correlated to electrolyte concentration. 

A corresponding charge density analysis (anodic charge divided by 
scan rate in the Hupd and OHads regions) (Fig. 3) was carried out on these 
potential cycling experiments between 0.3–0.85 V to establish this effect 
more quantitively. These values were then corrected for double-layer 
charging, i.e., taking the minimum j in the anodic scan in the double- 
layer region (between 0.4 and 0.6 V) and subtracting across this po
tential window. 

The quenching of the charge density in both the Hupd, qH, measured 
between 0.3 and 0.4 V (Fig. 3a) and OHads, qOH, (Fig. 3b) regions be
comes much more marked with increasing concentrations of HClO4. 
After an initial decrease in qH, a plateau region is reached in both 0.1 and 

Fig. 1. CV data for Pt(111) as a function of x M aqueous perchloric acid, where 
x = 0.01, 0.1 and 1. Scan rate = 50 mV s− 1. 

Fig. 2. CVs of cycle 1 and 100 for Pt(111) in (a) 0.01, (b) 0.1, and (c) 1 M HClO4 when carrying out 100 potential cycles between 0.3–0.85 V. Scan rate = 50 mV s− 1.  
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1 M HClO4 within 60 and 5 cycles, respectively. However, in 0.01 M 
HClO4, this plateau region never seems to be attained within the 100 
cycles, indicating that the quenching of qH is more marked at increasing 
concentrations of HClO4. The changes in qOH with cycle number for both 
0.01 and 0.1 M HClO4 (plateau reached within 40 cycles) show very 
similar behaviour to that of qH. By contrast, for 1 M HClO4, after an 
initial sharp decrease within 5 cycles, qOH continues to decrease with 
cycle number at a constant rate without reaching a plateau as for qH. 
This can be further quantified by correlation plots of qOH vs. qH as a 
function of HClO4 concentration with cycle number (Fig. 4a), which 
show clear linear correlations for 0.01 and 0.1 M HClO4. However, for 1 
M HClO4, there is some deviation from the linear regime at low cycle 
numbers, which can be related to the appearance of the electroreduction 
peak II in the double-layer region at 0.48 V at this concentration, the 
increased intensity of which mirrors the decrease in qOH with cycling 
shown with another correlation plot of qOH vs. qDL (Fig. 4b). 

These results suggest that there is a site-blocking effect caused by a 
species present in the HClO4 solution itself as both qH and qOH decrease 
to a greater extent as a function of increasing electrolyte concentration 
(assuming negligible pH effects on the RHE scale). This behaviour also 
discards the accumulation of adsorbed OH as a major cause of site- 
blocking as this would be expected to show the opposite trend in 
charge density with increasing HClO4 concentration [21,22]. 

Specific adsorption of ClO4
− anions has been argued in the literature 

to also induce site-blocking effects, which would be consistent with the 
behaviour we observe in terms of greater quenching of charge density 
across the CV at higher concentrations of HClO4 [5,46]. Attard et al [31] 
studied the possibility of this specific adsorption by recording the 

voltammetric response in 0.1–2 M HClO4 solutions, showing that the 
sharp peak I at ~0.8 V shifted to more positive onset potentials and 
became broader with increasing concentration, consistent with our re
sults (Fig. 1). To rule out the attribution of this behaviour to the presence 
of chaotropic chloride anions in the form of an impurity common in 
HClO4 [47], micromolar quantities of chloride anions in the form of KCl 
were introduced into solution resulting in a consequent shift of peak I to 
more negative onset potentials, opposite to the direction observed when 
increasing HClO4 concentrations. Instead, Attard et al [31] argued that 
the site-blocking effect observed with increasing HClO4 concentration 
was a result of the slow catalytic dissociation of specifically adsorbed 
ClO4

− anions to chloride anions, which would then result in the shift in 
peak I to more positive onset potentials with increasing HClO4 concen
trations. However, it should also be noted that they observed the same 
shift to more positive onset potentials when purposefully spiking HClO4 
solutions with micromolar quantities of sulphate [31]. 

In order to elucidate whether any specific adsorption effects of ClO4
−

were indeed present and to corroborate whether this slow catalytic 
dissociation to chloride anions could be taking place, we investigated 
the addition of various quantities of NaClO4 on the voltammetry of Pt 
(111) in 0.1 M HClO4, as shown in Fig. 5 

Additions of NaClO4 to 0.1 M HClO4 cause an increase in the current 
density of the butterfly peak and a shift to lower onset potentials of peak 
I (Fig. 5 This behaviour can also be explained partially by an increased 
affinity for OH adsorption caused by the non-specifically adsorbing Na+. 
However, cations have been shown to only minorly affect the OHads 
region in acidic media [25,48,49]. Therefore, greater concentrations of 
ClO4

− anions up to 0.2 M (0.1 M HClO4 + 0.1 M NaClO4) do not inhibit 

Fig. 3. Charge analysis of Pt(111) for (a) Hupd region (0.3–0.4 V) and (b) OHads region (0.55–0.85 V) vs. cycle number in 0.01, 0.1 and 1 M HClO4 with double-layer 
charge correction obtained from the CVs shown in Fig. 2. 

Fig. 4. Correlation plots of (a) qOH vs. qH for 0.01–1 M HClO4 and (b) qOH vs. qDL for 1 M HClO4 as a function of cycle number. qDL was taken to be the integral of j 
between 0.4–0.6 V for the cathodic scan without double-layer charge correction in 1 M HClO4. 
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the OHads and Hupd charge significantly. By contrast, simply increasing 
the concentration of HClO4 to 0.2 M results in a non-Nernstian shift of 
peak I to more positive onset potentials, as well as an attenuation of the 
charge density. As a reversible hydrogen electrode (RHE) reference was 
used, pH effects cannot be used to explain this behaviour. We therefore 
consider that the specific adsorption of ClO4

− anions is negligibly small 
for these concentrations. 

From the marked changes in the CV of Pt(111) as a function of HClO4 
concentrations, it is clear that a species is present in solution that in
duces site-blocking effects. However, this is unlikely due to the specific 
adsorption of ClO4

− anions as indicated by the shift in peak I towards less 
positive onset potentials with increasing background concentration of 
ClO4

− anions. Instead, we show that the effect is likely the result of other 
impurities that are present even in the high-grade purity HClO4 solutions 
typically used as electrolytes for Pt single crystal electrochemistry, 
which would be consistent with the appearance of anomalous reduction 
peaks at 0.32 (peak III) and 0.48 V (peak II, Fig. 1), as well as the more 
marked quenching of the charge density across the CV of Pt(111) as a 
function of increasing concentrations of HClO4 (Fig. 3) [19,31]. 

Specifically, for both 70 and 60% Merck Suprapur® HClO4, the most 
abundant impurities are nitrogen and sulphate in 3–10 ppm 

concentrations (SI Table 1) [50,51]. The specific adsorption of nitrate 
and sulphate species on Pt surfaces have previously been reported to 
have a deleterious impact on the charge density of Pt(111) voltammetry 
via site-blocking [5,46]. 

In order to mimic the effect of the highest concentration of con
taminants present, nitrates and sulfates were introduced in solution in 
the form of nitric acid and sulphuric acid in 10 ppm concentrations (60 
μM), respectively, such that their overall concentration was ~20 ppm in 
0.1 M HClO4, i.e., double the amount present in the pure supplied form. 
The resultant CV is shown in Fig. 6. 

As shown in Fig. 6, the additions of HNO3 and H2SO4 resulted in a 
marked attenuation of peak I, consistent with the presence of competing 
anions in solution with hydroxyl species for specific adsorption on Pt 
(111) terrace sites (see SI Fig. 3 for separate addition of 200 μM of HNO3 
to 0.1 M HClO4). Furthermore, the small voltammetric defect (110) 
peaks in the Hupd region are no longer visible, which additionally in
dicates site-blocking effects in the presence of these species. In partic
ular, upon spiking, two reduction peaks centred at 0.32 V and 0.51 V can 
be observed, consistent with the peaks III and II, respectively, observed 
in the blank CV of Pt(111) in 1 M HClO4 (Fig. 1). These could be 
attributed to nitrate reduction to NO [52,53] and sulphate desorption as 
the blank Pt(111) CV in 0.1 M H2SO4 contains a sharp peak at this po
tential (SI Fig. 4) [31,54], respectively. Importantly, both reduction 
peaks II and III are observable in the blank Pt(111)/HClO4 CVs reported 
in a number of publications, however, with no account of the signifi
cance of these peaks [14,44,55–57]. 

The results in Fig. 6 are also consistent with the work of Feliu et al 
[58], in which peak II was also found to appear when spiking a 0.1 M 
HClO4 solution with 2 μM of H2SO4. The irreversibility of this peak was 
discussed to be directly related to the time spent positive of the potential 
of zero charge (~0.3 V vs. NHE [59]), which, in turn, directly affects the 
amount of adsorbed bisulphate anions. 

The reason for the visible asymmetry in the double-layer reduction 
peak II (i.e., lack of visible oxidation peak) can also be explained by the 
fact that these contaminants are present in exceedingly low concentra
tions (<10− 4M) such that they would be subject to mass-transport 
limiting effects [5]. In particular, the corresponding oxidation peak is 
expected to appear at significantly higher potentials, such that the 
oxidative voltammetric peak would be convoluted under the OHads 
oxidation peak in the presence of sulphate anions, i.e., not directly 
visible in the CV. Indeed, the peak current, ip, depends linearly on the 
square-root of the scan rate, v (SI Fig. 5), in accordance with the 
Randles-Ševčík equation, signifying mass-transport limiting behaviour: 

Fig. 5. CV of Pt(111) in 0.1 M HClO4 with various additions of x mM NaClO4, 
where x = 0, 25, 50, 75 and 100, with blank CV in 0.2 M HClO4 shown for 
comparison. Scan rate = 50 mV s− 1. 

Fig. 6. CV of Pt(111) in 0.1 M HClO4 with 10 ppm (60 μM) additions of HNO3 and H2SO4 with insets showing zoomed-in portions of the graph at which the reduction 
peaks III and II at 0.32 and 0.51 V appear, respectively. Scan rate = 50 mV s− 1. 
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ip = 0.4463 n3/2 F3/2 A
D1/2c v1/2

(RT)1/2 (1)  

where n is the number of electrons involved; F is Faraday’s constant; A is 
the surface area of the working electrode; D is the diffusion coefficient; c 
is the redox species’ concentration; R is the gas constant; and T is tem
perature. The OHads peak (0.55–0.85 V) was also found to have a 
consistently higher charge for the anodic scan in the OHads region than 
for the cathodic scan by 0.4 μC cm− 2 in 1 M HClO4, which is the same 
charge (with double-layer correction) under the reduction peak II at 0.5 
V, further suggesting that the oxidation peak for the species specifically 
adsorbed on the Pt(111) is convoluted under this larger OHads peak, 
whereas the reduction peak is visible separately. 

While the presence of other impurities than sulphate such as chloride 
and phosphate would also give rise to a reduction peak at similar po
tentials to peak II, the shift of sharp peak I towards more positive onset 
potentials with increasing HClO4 concentrations discards chaotropic 
chloride anions as the major contaminant in this case as this would cause 
a consequent shift in peak I to more negative onset potentials [5,33]. The 
observed shift to positive onset potentials in peak I, however, could 
indeed be consistent with the presence of phosphate anions as both 
sulphate and phosphate anions are kosmotropic [31,46,60,61]. The 
higher concentrations of sulphate impurities in the supplied HClO4, 
however, suggest that this reduction peak is predominantly a result of 
sulphate desorption. 

The reduction peak III centred at 0.32 V was further investigated 
using in situ FTIR spectroscopy and the reduction of nitrate to nitric 
oxide, NO was confirmed (Fig. 7) [52]. The band that arises at 1650 
cm− 1 has been ascribed to the stretching vibration of on-top N–O and 
confirms the adsorption of NO on Pt [62]. An increase in the intensity of 
this band can be observed at potentials included in the Hupd region 
indicating a larger coverage of NO adsorbed on Pt(111) terraces (SI 
Fig. 6). More importantly, the oxidation of NO at potentials more posi
tive than 0.5 V can be observed and indicates the adsorption of impu
rities in the double-layer potential window. The reduction peak, 
however, appears at 0.32 V, indicating that some NO species are likely 
still present at slightly more positive potentials, i.e., not fully removed 
from the surface as a function of potential cycling. This same behaviour 

can be observed in a second band that arises at 2220 cm − 1 which we 
tentatively ascribe to the vibration of nitrous oxide (N2O) [63]. 

Busó-Rogero et al [64] also observed the appearance of the reduction 
peaks II and III when using highly concentrated HClO4 solutions (>1 M). 
In particular, peak III was visible in 3 M HClO4, however, they attributed 
this reduction peak to the formation of clathrate compounds due to the 
interaction of H2O with ClO4

− . They further investigated these solutions 
using FTIR spectroscopy and similarly observed a band at 1600–1750 
cm− 1 that increased in intensity with increasing HClO4 concentrations. 
They attributed this band to the bipolar O–H bending mode of H2O, 
discussing that higher HClO4 concentrations introduce more H-bonding 
inhibition as a function of cycling due to the interaction of perchlorate 
anions with interfacial water and subsequent clathrate formation. 
However, given that reduction peak III is highly irreversible in nature 
and our previous discussion of the negligible specific adsorption of 
perchlorate anions, it is unlikely that the sole reason for this behaviour 
are the formation of these clathrate compounds, particularly for the 
concentrations of HClO4 we have investigated. Instead, we suggest that 
it is more likely that this behaviour can be attributed to the presence of 
nitrate trace impurities. 

Unfortunately, resolution below 1400 cm− 1, where the sulphate 
stretching frequency would be observed was not sufficient with our FTIR 
spectroscopy setup, so we were not able to detect sulphate adsorption 
directly [65]. However, given that the reduction of nitrates to NO spe
cies has been detected using in situ FTIR spectroscopy and sulphates are 
present in the same range of concentrations in the supplied HClO4 (SI 
Table 1), peak II is most likely attributable to sulphates. 

In this FTIR configuration, only a thin layer of electrolyte is present 
between the electrode surface and the prism such that mass transport of 
species in the electrolyte becomes restricted. In this sense, we have 
focused the discussion of this manuscript on the qualitative detection of 
NO species in the electrolyte, as opposed to a direct quantitative anal
ysis. We also assume that pH effects are negligible as an RHE reference 
electrode has been used, however, this assumption could be challenged 
due to restricted proton transport in this thin-layer configuration. In 
order to validate this assumption, we carried out CVs before and after 
FTIR measurements, both of which showed no potential shifts. 

It should be noted that the presence of chloride anions has been 

Fig. 7. (a) In situ FTIR spectra as a function of potential of Pt(111) in 0.1 M HClO4 with bands corresponding to on-top N–O (blue) and N2O (red) vibrations. (b) 
Inset zoomed-in on second band between 2000–2300 cm− 1. The reference spectrum was collected at 0.5 V and the sample spectra were acquired every 10 mV. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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shown to have no inhibitive effect on the Hupd charge, and neither 
should sulphate impurities [66]. Instead, the inhibition of qH is likely to 
be a result of the nitrate/NO species present. The inhibitive site-blocking 
nature of these impurities for OHads also has potentially severe ramifi
cations for the efficiency of electrocatalytic processes such as the oxygen 
reduction reaction (ORR), as well as more fundamental studies in which 
it is often assumed that electrolyte effects are negligible in the case of 
perchloric acid. 

4. Conclusion 

The presence of trace impurities in high-grade purity aqueous 
perchloric acid solutions is non-negligible, its effect on the cyclic vol
tammetry of Pt(111) depending on the used electrolyte concentration 
and applied scan rate. In particular, we showed that marked attenua
tions are seen in the charge density across the CV of Pt(111) with HClO4 
concentrations up to 1 M that we attribute to a site-blocking effect from 
nitrate and sulphate impurities. 

While a shift of the OHads butterfly peak towards more positive po
tentials corresponding to site blocking effect of Pt active sites is observed 
for 0.2 M HClO4, the shift towards more negative onset potentials 
observed at 0.1 M HClO4 + 0.1 M NaClO4 rejects the slow catalytic 
dissociation of specifically adsorbed ClO4

− as a possible cause for the loss 
in charge density. However, the possibility of an interaction of ClO4

−

anions with the OH adlayer causing the marked changes in the Pt(111) 
CV as a function of potential cycling cannot be discarded, extending the 
meaning of the term “specific adsorption” to influencing the adsorption 
of other chemisorbates. 

Using in situ FTIR spectroscopy, we detected the reduction of nitrate 
species to NO even in low concentration 0.1 M HClO4, further detectable 
by the appearance of a reduction peak in the CV of Pt(111) centred at 
0.32 V. We suggest that the mass-transport limited electroreduction 
peak in the double-layer region centred at ~0.5 V arises from the spe
cific adsorption of sulphate, also present in low concentrations in HClO4 
high-purity solutions. Given the high affinity of Pt for both nitrate/nitric 
oxide and sulphate, the marked attenuations seen as a function of 
increasing HClO4 concentrations across the CV of Pt(111) and, by 
extension, other single crystal surfaces, can be attributed at least 
partially to the presence of these contaminants. This renders the 
assumption that HClO4 contains only non-specifically adsorbing species 
invalid under certain conditions. 

In particular, the presence of both nitrates and sulphates becomes 
problematic at high concentrations of HClO4 (>1 M). As shown, these 
impurities also contribute to a quenching of the charge density across 
the CV of Pt(111) if the Hupd potential region is avoided for too long, 
which has significant ramifications for in situ spectroscopy and/or mi
croscopy techniques where applied potentials are held for long periods 
of time outside of the Hupd window. 

While the observations reported here are not all new, we believe that 
we have collected here sufficient evidence in a single paper to clearly 
outline the conditions under which one must be careful with excluding 
the effect of trace impurities, and what their precise origin is. As a result, 
we suggest the following measures in order to limit the effect of these 
contaminants in HClO4 electrolyte for Pt(111) and, by extension, other 
Pt single crystal studies:  

1. Avoid using high concentration HClO4 solutions (>1 M).  
2. Cycle regularly into the Hupd region. 
3. Remove trace level impurities through previously reported purifi

cation methods [42].  
4. Avoid using a slow scan rate (< 10 mV s− 1). 
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[58] J.M. Feliu, R. Gómez, M.J. Llorca, A. Aldaz, Electrochemical behavior of 
irreversibly adsorbed selenium dosed from solution on Pt(h,k,l) single crystal 
electrodes in sulphuric and perchloric acid media, Surf. Sci. 289 (1993) 152–162. 

[59] R. Rizo, E. Sitta, E. Herrero, V. Climent, J.M. Feliu, Towards the understanding of 
the interfacial pH scale at Pt(111) electrodes, Electrochim. Acta 162 (2015) 
138–145. 

[60] I.Y. Zhang, G. Zwaschka, Z. Wang, M. Wolf, R.K. Campen, Y. Tong, Resolving the 
chemical identity of H2SO4 derived anions on Pt(111) electrodes: they’re sulfate, 
Phys. Chem. Chem. Phys. 21 (2019) 19147–19152. 

[61] Z. Su, V. Climent, J. Leitch, V. Zamlynny, J.M. Feliu, J. Lipkowski, Quantitative 
SNIFTIRS studies of (bi)sulfate adsorption at the Pt(111) electrode surface, Phys. 
Chem. Chem. Phys. 12 (2010) 15231–15239. 

[62] K. Nakata, A. Okubo, K. Shimazu, A. Yamakata, S. Ye, M. Osawa, Surface-enhanced 
infrared absorption spectroscopic studies of adsorbed nitrate, nitric oxide, and 
related compounds 1: reduction of adsorbed no on a platinum electrode, Langmuir 
24 (2008) 4352–4357. 

[63] G. Socrates, Infrared and Raman Characteristic Group Frequencies: Tables and 
Charts, Wiley, 2004. 
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