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Abstract Improvements in the fundamental understand-

ing of electrocatalysis have started to revolutionize the

development of electrochemical interfaces for the efficient

conversion of chemical energy into electricity, as well as

for the utilization of electrons to produce new chemicals

that then can be re-used in energy conversion systems.

Here, some facets of the role of trace level of impurities

(from 10-7 to 10-6 M) in electrocatalysis of the oxygen

reduction reaction, hydrogen oxidation and evolution

reactions, and CO oxidation reactions are explored on well-

characterized platinum single crystal surfaces and high

surface area materials in alkaline and acidic environments.

Of particular interest is the effect of anions (e.g., Cl-,

NO�
3 ) and cations (i.e., Cu2?) present in the supporting

electrolytes as well as surface defects (i.e., ad-islands) that

are present on metal surfaces. The examples presented are

chosen to demonstrate that a small level of impurities may

play a crucial role in governing the reactivity of electro-

chemical interfaces.

Keywords Electrocatalysis � ORR � CO oxidation �
Impurity effect

1 Introduction

Advances in the field of electrocatalysis over the past

several decades have been driven by the technological

imperative to develop stable, active and cost-effective

materials for efficient energy storage and energy conver-

sion devices [1–5]. The term electrocatalysis has been

commonly used to describe studies where the rates of

electrochemical reactions have a strong dependence on the

nature of the electrode materials. Not surprisingly, virtually

every electrochemical reaction in which chemical bonds

are broken or formed relies on electrocatalysis in some

form, and the kinetics varies by many orders of magnitude

for different electrode materials. This is true for a wide

spectrum of electrochemical reactions, spanning from the

‘‘simple’’ hydrogen evolution reaction (HER) [6, 7] and

hydrogen oxidation reaction (HOR) [8–10] to the more

complex oxygen reduction reaction (ORR) [11] and oxygen

evolution reaction (OER) [5, 12, 13] all the way to multi-

electron processes that take place during the oxidation of

organic molecules and the formation of intermediate spe-

cies during such reactions [14–21]. In all cases, the

development of new materials for electrocatalytic pro-

cesses has been closely tied to the Sabatier Principle,

whereby the binding energy between the catalyst and

covalently-bonded reactants, intermediates and products

has to be optimized for the reaction to proceed effectively

[22].

Although an improved understanding and optimization

of the interactions between covalently-bonded reaction

intermediates is significant for future advances in electro-

catalysis, an even more exciting subject that is at the

frontier of current surface electrochemical knowledge

relates to how solvated, non-specifically adsorbed ions

located in the vicinity of the surface may influence the

chemistry of covalently-adsorbed reactive and spectator

species [9, 15, 23–28]. It has recently been shown that

these solvated ions can modify the surface in a variety of

ways; e.g., via direct energetic interaction with covalently-

adsorbed species or via the formation of non-specifically
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adsorbed patterns of ion/water complexes that selectively

control the reactivity of electrochemical interfaces. Current

understanding of the rich phase space of synergy between

covalent and non-covalent interactions at electrochemical

interfaces is still in its infancy; however, trends are

beginning to emerge that make it possible to make pre-

dictions about surface structure, the nature of double layer

and their corresponding reactivity towards electrochemical

processes in both alkaline and acid environments.

In addition to the clear role of covalent and non-covalent

interactions as two key energetic descriptors in electro-

catalysis, the importance of various types of impurities,

either in the form of surface defects or various levels of

anions and cations present in the supporting electrolytes,

has long been evident. For example, covalently-adsorbed

halides and bi-sulfate anions act as remarkable poison

(spectator) species in the electrochemical conversion of

hydrogen and oxygen in fuel cell reactions. Furthermore,

adsorbed foreign metal cations on metal surfaces—so-

called underpotentially deposited (UPD) ad-atoms [29–

35]—may catalyze or inhibit many electrocatalytic pro-

cesses on metal surfaces. The role of surface defects in

electrocatalysis is also widely recognized, especially the

role they play in the observed functional link between the

activity and stability of metal and non-metal oxide surfaces

during the OER [5, 12, 36, 37] or in the case of CO oxi-

dation reaction on platinum single crystals [24, 38, 39].

Although these studies have helped to develop a conceptual

understanding of the role of impurities in determining

interfacial reactivity, many key questions concerning these

relationships are still elusive, especially when the relevant

impurities are present in trace levels. In this semi-review

paper, we demonstrate that a small level of impurities, in

fact, has a big role in guiding electrocatalysis of three key

electrochemical reactions, e.g., the HER/HOR, ORR and

CO oxidation reaction.

2 Experimental Section

2.1 Electrode Preparations

Pt single crystal electrodes (6 mm disc electrodes) were

prepared by inductive heating for 15 min at *1100 K in

an argon hydrogen flow (3 % hydrogen). The electrode

behavior is known to be significantly influenced by the

preparation procedure, and specifically when prepared by

inductive heating leads to formation of defects such as ad-

islands on the surface. The annealed specimens were

cooled slowly to room temperature under an inert atmo-

sphere and immediately covered with a droplet of DI water.

The Pt nanoparticles obtained from Tanaka (TKK) was

mixed with water in the concentration of 1 mg/mL and

ultrasonically mixed for 1 h. Known volumes of the sus-

pensions were then added using a micro pipet onto the

glassy carbon disk electrode.

2.2 Chemicals

The chemical solutions were prepared from KOH (Sigma

Aldrich or JT Baker) and Milli-Q de-ionized (DI) water.

The acid electrolytes were all purchased from Sigma

Aldrich at highest purity levels available. Acid purification

was performed by simple electrolysis using separate Pt

mesh as working and counter electrodes, at constant

potential of ca. 0.35 V (Ag/AgCl) overnight. Copper and

chloride solutions (0.01 M) are made with DI water and,

after obtaining the results in ‘‘impurity-free’’ electrolytes,

small volumes (ranging from 10-7 to 10-6 M) are added to

the supporting electrolytes. All gases (Argon, Oxygen,

Hydrogen) were of 5N5 quality purchased from Airgas Inc.

2.3 Electrochemical Measurements

All electrodes were embedded into the rotating disk elec-

trode (RDE) and transferred into a standard three-com-

partment electrochemical cell containing 0.1 M

electrolytes. In each experiment, the electrode was

immersed at 0.05 V in a solution saturated with Ar. After

obtaining a stable cyclic voltammetry (CV) by potential

cycling (50 mV/s) between 0.05 and 0.7 V the electrolyte

was saturated with gasses following with recording the

polarization curves (50 mV/s) at 1600 rpm. All polariza-

tion curves were corrected for the iR contribution within

the cell. A typical three electrode FEP cell was used to

avoid contamination from glass components. Experiments

were controlled using an Autolab PGSTAT 302 N poten-

tiostat with built-in positive feedback for iR compensation.

In all experiments a Pt wire was used as counter electrode.

A Ag/AgCl reference electrode was used in all measure-

ments, however, all potentials are given on RHE scale.

2.4 Scanning Tunneling Microscopy (STM)

Measurements

For the as-prepared and the modified surfaces, the STM

images were acquired with a Digital Instruments Multi-

Mode Dimension STM controlled by a Nanoscope III

control station. During the measurement, the microscope

with the sample was enclosed in a pressurized cylinder

with a CO atmosphere. For further details see [40].
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3 Results and Discussion

3.1 The Role of Cl2/NO�
3 Anions: the ORR Case

We begin with a brief description of the role of trace levels

of anions—in particular Cl-—on the ORR, a cathodic half-

cell reaction in polymer electrolyte membrane (PEM) fuel

cells. We chose Cl- anions because they are commonly

present as an impurity in commercially-available HClO4 at

concentrations of at least 10-7 M [23]. We also note that in

addition to Cl-, NO�
3 ions are also present as a common

impurity in perchloric acid solutions [33]. Two types of

electrolytes are tested; 0.1 M HClO4 prepared from com-

mercially-available acid (denoted hereafter as ‘‘standard

acid’’) and 0.1 M HClO4 prepared by the purification

method described in the experimental section (hereafter

‘‘purified acid’’). It is well-established that the best method

for probing the effect of trace level of electrolyte impurities

is to study anion-induced changes in adsorption and cat-

alytic properties on single crystal electrodes. To enhance

the mass transport of anions present in the supporting

electrolyte, we utilize the RDE technique—a method that is

known to control mass transport to electrochemical inter-

faces [41]. We first compare CVs of Pt(111) in ‘‘standard’’

and ‘‘purified’’ 0.1 M HClO4, then we use the RDE to

record the polarization curves for the ORR and finally we

present chronoamperometric measurements in which tem-

poral variations (up to 1000 s) in anion-induced changes of

the activity (current density) were monitored at a constant

electrode potential (E = 0.92 V).

Figure 1a shows cyclic voltammograms of Pt(111) in

0.1 M HClO4, along with polarization curves for the ORR

in both ‘‘standard’’ and ‘‘purified’’ acid electrolytes. A

characteristic STM image of the as-prepared Pt(111) sur-

face is given in Fig. 1b. As well-established in previous

studies [33], the CVs of Pt(111) show three characteristic

potential regions: adsorption of hydrogen (H? ? e- = -

Hupd) between 0.05 and 0.4 V, followed first by double

layer charging and then by reversible adsorption of OHad

species (OH- = OH ad ? e-) in the potential range

0.65–0.85 V. Traditionally, the latter pseudocapacitive

feature is termed as the ‘‘butterfly’’ feature [33]. Previous

work has shown that at least part of this butterfly feature is

associated with Cl- adsorption, which is present as an

impurity in even the most meticulously prepared 0.1 M

HClO4 electrolytes [23]. Figure 1a shows that under our

experimental conditions the CVs and polarization curves

recorded in the ‘‘standard’’ and ‘‘purified’’ electrolytes are

almost identical; implying that commercially-available

perchloric acid is impurity free. The small differences

observed in the CV under the hydrogen adsorption peaks

recorded under the negative sweep directions are mainly

due to trace levels of NO3
- impurities [33]. However, the

current–time curves summarized in Fig. 1c reveal very

important differences between these two electrolytes. For

example, in contrast to purified solutions, significant

deactivation is observed in the ‘‘standard’’ electrolyte; e.g.,

the initial current density of*0.35 mA/cm2 monotonically

decreases so that after 900 s the activity approaches zero.

Therefore, from results in Fig. 1 we conclude that: (i) nei-

ther the voltammetry nor polarization curves for the ORR

recorded with fast sweep rates are capable of detecting

small levels of anion impurities in the supporting elec-

trolytes; (ii) even the purest commercially-available HClO4

contains sufficient levels of anion impurities (e.g., Cl- and

NO�
3 ) that inevitably affect the ORR activity; and (iii) as a

consequence, at least one part of the observed deactivation

of catalysts in the PEMFC is due to the slow but persistent

adsorption of trace levels of anions (and other impurities)

that affect the number of available sites for the adsorption

of O2 and reaction intermediates.

We sought to confirm the possible role of anion impu-

rities in the ORR on high surface area Pt materials by

means of chronoamperometry measurements, first in ‘‘pu-

rified’’ electrolytes and then in electrolytes with various

amounts of Cl- added intentionally. Figure 1d shows both a

characteristic CV for Pt nanoparticles in the ‘‘purified’’

perchloric acid solutions as well as the polarization curves

for the ORR. Figure 1e depicts a representative TEM

image of Pt nanoparticles with diameters *3–6 nm, which

are size scales relevant to commercial fuel cell materials.

The recorded CVs and polarization curves are found to be

stable during potential cycling, confirming that the role of

anions is rather small under these experimental conditions.

As in Fig. 1c, however, the transient current recorded in the

‘‘purified’’ solution shows small, yet clearly discernable,

deactivation after 200 s. As expected, the rate of deacti-

vation is strongly enhanced when Cl- is added to the

supporting electrolyte in concentrations of 10-7 to 10-6 M,

shown in Fig. 1f, again confirming that trace levels of Cl-

impurities indeed have a large effect on the ORR activity.

The significance of these results goes well beyond funda-

mental curiosity, in fact, they serve as persuasive motiva-

tion to explore and eventually understand differences

observed between the ORR recorded in the rotating disk

configuration and those established during testing of the

very same catalysts in real PEMFCs.

3.2 The Role of Cu Cations in Alkaline Solutions:

The CO Oxidation Reaction Case

Having established that a small level of anion impurities

present in the supporting electrolytes may have a big

impact on the ORR, we turn our attention towards the role
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of trace levels of cation impurities. Here, we present the

effect of Cu UPD (Cuupd) on the oxidation of CO in

alkaline solutions. In general, it has been found that Cuupd
has a strong inhibiting effect on the HOR, ORR and oxi-

dation of methanol in acidic media [30–32, 34, 42]. It was

suggested that the inhibiting effect of Cuupd arises due to

the Cuupd-induced adsorption of anions (Cl-, HSO�
4 , NO

�
3 )

on platinum sites that are adjacent to the Cu ad-atoms,

which results in a decrease in the availability of metal sites

that are required for the adsorption of reactants and inter-

mediates. Very recently, however, it has been found that

Cuupd on Pt may actually serve as a promoter in alkaline

solutions, improving the CO oxidation reaction [24]. Pre-

vious reports have established that the introduction of more

oxophilic sites can improve the CO oxidation reaction, by

making it possible for the adsorption of OH- to compete

with the CO adsorption from the bulk of electrolytes [33,

38, 43–45]. Such behavior may explain why Cuupd can

serve as a promoter, rather than an inhibitor, in alkaline

solutions.

We start to explore the effect of Cuupd on the CO oxi-

dation reaction by a brief description of CVs recorded on

Pt(111) and Pt(111) in the presence of 1 9 10-6 M Cu2?

in an alkaline supporting electrolyte. In Fig. 2a two char-

acteristics that represent the effect of Cuupd on the CV are

noteworthy. First is that the deposition and stripping of Cu

occurs as sharp peaks centered at *0.8 V, which overlaps

with the adsorption/desorption of OHad in the butterfly

region. As a result, OHad serves as a promoter for the

formation of Cu ad-atoms, an effect that was clearly

observed for the UPD of Cu in acid solutions but only in

the presence of halide ions [32, 34]. The second charac-

teristic we note is that the adsorption of hydrogen is

attenuated on surfaces covered by Cuupd, indicating that

Pt(111) is modified by Cuupd (ca. 0.15–0.2 ML) in the

hydrogen adsorption region. This is confirmed by analyz-

ing such Pt surfaces with STM (Fig. 2b), where we observe

a small number of Cu ad-islands with monoatomic heights.

Based on these results, we conclude that the pseudo-ca-

pacitance under the sharp peaks at ca. 0.8 V is due to an

attractive interaction between Cu and OHad, suggesting that

Cuupd acts as an effective OHad source even below 0.6 V.

As pointed out earlier, if OHad is an active intermediate, as

in the case of CO oxidation reaction, then one should
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Fig. 1 a Comparison of cyclic voltammograms and polarization

curves (recorded at 50 mV/s) for the ORR on Pt(111) in ‘‘standard’’

(red curves) and ‘‘purified’’ (black curves) 0.1 M HClO4 electrolytes;

b representative STM image of as-prepared Pt(111) electrode;

c chronoamperometric measurements of the ORR in ‘‘standard’’

(red curves) and ‘‘purified’’ (black curves) 0.1 M HClO4 electrolytes;

d comparison of cyclic voltammograms and polarization curves

(recorded at 50 mV/s) for the ORR on Pt nanoparticles supported on

glassy carbon disk electrode in ‘‘standard’’ (red curves) and

‘‘purified’’ (black curves) 0.1 M HClO4 electrolytes; e TEM image

of carbon supported Pt nanoparticles; f chronoamperometric mea-

surements of the ORR in ‘‘purified’’ 0.1 M HClO4 electrolytes

without and with various concentration of Cl- anions
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expect to see an improvement in the CO oxidation on the

Pt(111)-Cuupd surface in alkaline solutions, an effect we

discuss below.

Indeed Fig. 2c shows a substantial improvement in the

CO oxidation reaction on Pt(111) and Pt(100) covered by

Cu ad-atoms. We note that the onset of CO oxidation on

Cuupd-free Pt electrodes coincides with OHad formation at

*0.6 V. After reaching a maximum activity at around

0.9 V, CO oxidation sharply decreases, presumably due to

the formation of Pt oxide which is known to be inactive in

the CO oxidation reaction [24, 33, 43, 45]. Importantly, the

onset of CO oxidation on Pt(111) and Pt(100) covered by

Cuupd is observed as low as 0 V, highlighting that the

Pt(hkl)–Cuupd system is one of the best CO oxidation cat-

alysts in alkaline environments. Figure 2c also shows that

the CO oxidation reaction on Pt(100) modified by Cuupd is

more active than the corresponding Pt(111) surface. In

particular, on Pt(100) the reaction gradually increases

above 0.3 V, reaching a diffusion-limited plateau at 0.5 V,

which is followed by a sharp peak that coincides with the

stripping of Cuupd. At more positive potentials the currents

decreases sharply because the bulk oxide formation above

0.8 V blocks the sites required for CO adsorption. There-

fore, the catalytic role of Cuupd for CO oxidation reaction

in alkaline solutions is anticipated to arise through

enhancing the adsorption of OHad species below 0.6 V,

presumably by lowering the work function of neighboring

Pt atoms [24]. Overall, the effect of Cuupd on CO oxidation

reaction in alkaline solutions is significantly different than

that observed in acidic media [33]. However, it is important

to point out that by increasing the surface coverage by

Cuupd beyond 0.3 ML, the Pt–Cuupd electrodes behave

rather as an inhibitor than catalyst for the CO oxidation

reaction as is observed in acidic media. This behavior

further emphasizes our assertion that small levels of for-

eign metal ‘‘impurities’’ can have a big effect in the activity

of electrocatalytic processes.

3.3 The Role of Surface Defects: The HER/HOR

Case Effects

An interesting aspect of relationships between trace levels

of impurities and electrocatalysis concerns the role of

various levels of surface defects that, as demonstrated

recently, can be controlled either by removing inherently

present ad-islands on platinum single crystal surfaces by

the CO-annealing protocol [40], or to intentionally deposit

Pt ad-islands on Pt substrates [39]. To visualize the
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Fig. 2 a Comparison of cyclic voltammograms (recorded at 50 mV/

s) for Pt(111) in 0.1 M KOH without and with 1 9 10-6 M Cu2?

(dashed curve); b STM image of Pt(111) covered by Cuupd adatoms;

c comparison of polarization curves for CO oxidation reaction on

Pt(111), Pt(100), Pt(111)-Cuupd and Pt(100)-Cuupd electrodes in

0.1 M KOH (sweep rates 50 mV/s)
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of polarization curves for the HER/HOR on as-prepared Pt(111), CO-

annealed Pt(111) and Pt(111) modified by Pt ad-islands. HER/HOR

potential regions are shown for clarity. At potentials above 0.9 V

HOR deactivation occurs by surface oxide formation
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appearance or disappearance of Pt surface imperfections on

Pt(111), we use STM to compare the surface atomic

structures of CO-annealed surfaces (Fig. 3a) and Pt deco-

rated with 1–2 nm diameter, 2D islands with monatomic

height (Fig. 3b). Such well-defined surfaces offer a unique

opportunity to correlate the kinetic rates of the HER/HOR

with truly atomically-resolved densities of Pt ad-atom

‘‘impurities’’. In alkaline solutions, the HER is usually

assumed to proceed by an initial discharge of water and the

formation of Had in the so-called Volmer step (H2-

O ? e- ? M ¡ M–Had ? OH-); followed by either the

electrochemical Heyrovsky step (H2O ? M–Had ? -

e- ¡ M ? H2 ? OH-) or the chemical Tafel recombi-

nation step (2Had ¡ H2). The reaction pathway in acidic

solutions is similar except that Had is formed by discharge

of the hydronium ion (H3O
? ? M ? e- ¡ Had ? H2O).

As shown in Fig. 3c, there are characteristic trends in the

rate of the HER/HOR on Pt(111) pretreated by the CO-

annealing and the deposition protocol: the highest activity

is observed on Pt(111) modified with Pt islands, followed

by the as-prepared Pt(111) and finally with the CO-an-

nealed Pt(111). Clearly, Fig. 3c shows that the order in

activity correlates nicely with the density of surface

defects, confirming that small levels of surface defects

(impurities) play a pivotal role in hydrogen production and

its utilization. Although the thermodynamics of the HER

and HOR are the same, the role of surface defects is dif-

ferent for the HER than for the HOR. In particular, because

the hydrogen is discharged from water in the Volmer step

in alkaline solution, the large promoting effect of low-co-

ordinated atoms is due to more facile dissociative adsorp-

tion of water molecules at edge-step sites. On the other

hand, in the case of the HOR it has been suggested that Pt

ad-islands assist in the facile adsorption of OH- and the

formation of OHad. This behavior is important as these

OHad species both fulfil the stoichiometry of the reaction,

as well as play an active catalytic role in the HOR (for

more details see Ref. [8]). Unfortunately, given that the

current experimental methods are not capable of ‘‘seeing’’

OHad, it is impossible to unambiguously confirm the

existence of this species on any electrode surface. In order

to overcome these limitations, in our recent work we pro-

bed the role of surface coverage and energetics of OHad in

the HOR by establishing adsorption/catalytic trends that

are known to depend on the oxophilicity of the surface

atoms, which is a thermodynamic driving force to form an

oxide. It is found that the most active monometallic

material for the HOR is Ir—not Pt—simply because OHad

is neither too strongly nor too weakly adsorbed on this

electrode. Modifying Pt(111) with a small number of sur-

face defects (Fig. 3) greatly increases the rate of HOR so

that the activity of Pt(111) decorated with Pt islands

approaches the activity of Ir [8]. However, removing the

very same islands by the CO annealing, the Pt(111) activity

decreases significantly, confirming that small number of

surface defects can indeed play a big role in

electrocatalysis.

4 Conclusions

We conclude by positing that in addition to controlling

energetic parameters such as covalent and non-covalent

forces, electrocatalysis will only continue to expand if we

understand how trace levels of impurities may affect

chemical transformations at electrochemical interfaces.

The examples we used in this report are chosen to

demonstrate that trace levels of impurities play a tremen-

dous role in governing electrocatalysis of the reactions that

determine the efficiency of electrochemical devices. Such

studies, especially in conjunction with other information

such as the structure and the chemical nature of electro-

chemical interfaces, should lead to a deeper understanding

of the still mysterious role of impurities in electrocatalytic

processes.
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