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Abstract: This study examines the kinetics and mechanism of the oxygen reduction reaction (ORR)
on a polycrystalline rhodium electrode (Rh(poly)) in acidic and alkaline media, using rotating disc
electrode measurements. This study found that the ORR activity of the Rh(poly) electrode decreases
in the order of 0.1 M NaOH > 0.1 M HClO4 > 0.05 M H2SO4 concerning the half-wave potentials. The
Tafel slopes for ORR on Rh(poly) in the cathodic direction are 60 and 120 mV dec−1 at low and high
overpotentials, respectively, in perchloric acid and alkaline solutions. However, strongly adsorbed
sulfate anions hinder the ORR on Rh(poly) in sulfuric acid, leading to higher Tafel slopes. The
highest ORR activity of Rh(poly) in an alkaline media suggests the promoting role of the specifically
adsorbed OH− anions and RhOH. In all cases, ORR on Rh(poly) proceeds through the 4e-series
reaction pathway.

Keywords: polycrystalline rhodium; oxygen reduction; rotating disc; reaction mechanism

1. Introduction

The oxygen reduction reaction (ORR) is the main cathodic reaction in electrochemical
energy conversion devices, such as fuel cells. An understanding of fundamentals involving
reaction mechanisms and kinetics is of the utmost importance for the design of various
ORR electrocatalysts suitable for different applications [1–3]. In general, the reduction
of molecular oxygen can occur through direct or series reaction pathways, without or
with hydrogen peroxide as an intermediate, respectively. In a direct reaction pathway, the
ORR occurs with the exchange of four electrons, producing water in an acidic medium
or a hydroxyl anion in an alkaline medium. In a series reaction pathway, oxygen is either
reduced to hydrogen peroxide as a product with the exchange of two electrons (2e-series
pathway) or as an intermediate further reduced to water or a hydroxyl anion (4e-series
pathway). Among transition metals, Pt has the highest intrinsic activity for reducing
oxygen into water, exhibiting the smallest overpotential, followed by Pd, Ir, and Rh [4].

Rhodium (Rh) is a chemically inert transition metal with excellent catalytic properties
for various applications in electrocatalysis [5]. That also involves the application of Rh-
based catalysts for electrochemical energy conversion reactions [6–9], including oxygen
reduction [10,11]. However, since Rh is scarce and expensive, it is primarily used as a
catalyst component. Rh has high activity towards oxygen reduction, comparable to that of
platinum. One of the disadvantages of using platinum is that it tends to dissolve in strong
acids, which is not the case with Rh. This property makes Rh a good choice, especially for
long-term stability in strong acids, like sulfuric acid commonly used in fuel cells. With the
increasing use of Rh as a catalyst component for ORR, there is a need to understand the
electrocatalytic behavior of bare rhodium.

An in-depth study of Rh single crystals involved the electrochemical characterization
of low-index Rh(111), Rh(110), and Rh(100) single crystals [12–14]. However, there is
a lack of investigation of their electrocatalytic behavior due to the challenges in their
preparation [14]. The electrochemical characterization of polycrystalline rhodium (Rh(poly))
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was carried out through cyclic voltammetry (CV) in both acidic and alkaline media [15–19].
Unfortunately, the findings on the kinetics and mechanism of ORR on Rh(poly) were not
comprehensive and lacked a systematic approach. Steady-state measurements of ORR on
Rh(poly) [20] revealed that the reaction mechanism was identical in both acid and alkaline
solutions, with a Tafel slope of 60 at low and 120 mV dec−1 at high overpotentials. The
reaction order concerning molecular oxygen within the entire pH and potential range is
one. These data are consistent with those proposed for polycrystalline Pt obtained by
steady-state measurements [21].

The same or similar ORR kinetics apply to electrocatalysts based on supported
rhodium nanoparticles (Rh NPs), which have attracted significant attention due to their
excellent electrocatalytic performance. Kinetic studies of the oxygen reduction reaction
involved different supported rhodium catalysts in various solutions [22–24].

This work presents experimental results of cyclic voltammetry characterization and
ORR activity measurements on Rh(poly) in both acidic and alkaline media using a rotating
disc electrode (RDE). In the presentation of the results, the potential scale was vs. the
reference hydrogen electrode (RHE).

This study aims to understand the correlation between the oxidation state of the Rh
surface and the influence of the specifically adsorbed solution anions on the ORR activity
in different media. That involves the analysis of Tafel slopes and Koutecký–Levich (K–L)
diagrams, which provide an in-depth insight into the catalytic properties of polycrystalline
rhodium regarding the ORR kinetics and mechanism. Additionally, this study involved
a hydrogen peroxide redox reaction to elucidate its impact on the ORR mechanism. The
electrochemical behavior of Rh(poly) towards ORR is compared with that of platinum
electrodes and supported Rh nanoparticles to comprehend the role and contribution of Rh
as a catalyst component.

2. Results and Discussion
2.1. Electrochemical Characterization of Rh(poly) in Acid and Alkaline Media

Figure 1 shows the electrochemical characterization of polycrystalline Rh by cyclic
voltammetry in acid and alkaline solutions. Since Rh adsorbs hydrogen and undergoes
surface oxidation [25–28], the CVs recorded over a wide potential range include hydrogen
adsorption/desorption (Hupd) processes, a double-layer region, and oxidation/reduction
of Rh at higher potentials. Subsequent CVs, recorded with the opening of the positive
potential limit, enable following a gradual Rh surface oxidation. The negative and positive
limits were chosen to avoid hydrogen and oxygen evolution at lower and higher potentials,
respectively, and ranged from 0.07 to 1.37 V.

Figure 1a shows CVs of Rh(poly) in 0.1 M HClO4. In the first CV, recorded in the
potential range from 0.07 V to 0.47 V, there are only peaks related to hydrogen adsorp-
tion/desorption processes and a narrow double-layer region. In the negative scan direction,
hydrogen adsorption on Rh(poly) occurs in the potential range from 0.27 V to 0.07 V,
showing a peak at 0.12 V. The desorption of hydrogen occurs in the positive scan direction
starting from the negative potential limit up to 0.3 V, with a pronounced peak at 0.15 V.

With the opening of the positive potential limit, after a narrow double-layer region,
the increasing current density in the positive scan direction originates from the adsorption
of oxygen species and subsequent oxide formation, which begins at 0.45 V and continues
up to the last chosen positive potential limit of 1.37 V. Previous studies of the surface Rh
oxide formation and reduction processes about the nature of Rh species formed in both
perchloric [29] and sulfuric acid solution [30,31] have reported similar findings according
to which the oxidation of Rh begins with the gradual formation of RhOH:

Rh + H2O → RhOH +H+ + e− (1)

and, with increasing potential, it proceeds with the formation of Rh(OH)3 and RhO(OH)
species according to the following reactions:
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RhOH + 2H2O → Rh(OH)3 +2H+ + 2e− (2)

Rh(OH)3 → RhO(OH) + 1/2O2 +2H+ + 2e− (3)

Rh surface oxidation can also occur through other mechanisms, which include the
formation of Rh2O, RhO, Rh2O3, and RhO(OH)3 species on the electrode surface [25,32,33].

Based on these findings, it can be observed from Figure 1a that in 0.1 M HClO4, the
formation of Rh(OH) begins at the potential of 0.45 V and completes with the formation
of a full monolayer at about 1.0 V. With increasing potential, the formation of higher Rh
oxides occurs. The gradual opening of the positive potential limit in the potential region
of Rh oxide formation leads to a gradual shift in the position of the Rh reduction peak
towards more negative potentials. The asymmetry in anodic and cathodic peaks indicates
that the Rh oxide formation and reduction are not reversible processes. For higher potential
limits, the reduction of Rh oxide occurs over a wider potential region and overlaps with
the adsorption of hydrogen in the Hupd region, which is in line with previously reported
Rh behavior in both perchloric and sulfuric acid solutions [17,34,35].

Figure 1b shows CVs of Rh(poly) in 0.05 M H2SO4 solution. The voltammetric behavior
of the Rh(poly) electrode in sulfuric acid is similar to that in perchloric acid. Hydrogen ad-
sorption/desorption occurs in the potential range from 0.07 V to about 0.30 V, showing the
adsorption/desorption peaks at 0.09 V and 0.13 V, respectively. Unlike the weakly adsorbed
perchlorate anions, which do not interfere with the hydrogen adsorption/desorption and
oxide formation/reduction processes, sulfate anions adsorb strongly on the electrode sur-
face. The specific adsorption of the solution sulfate ions occurs in the double layer and
overlaps with both hydrogen adsorption/desorption and oxide formation/reduction, thus
contributing to the increased intensity and sharpness of the peaks.

Based on previous findings on the role of specifically adsorbed sulfate anions in the first
stages of Pt(poly) surface oxidation [36], the following considerations can apply to Rh(poly).
Starting from the onset of Rh surface oxidation, specifically adsorbed HSO4

−/SO4
2− anions

are gradually replaced by RhOH formation with increasing potential, according to the
following reactions:

RhxA− + H2O → (x − 1)Rh + RhOH + A− + e− (4)

(x − 1)Rh + H2O → RhOH + H+ + e− (5)

where x is the number of Rh surface sites occupied by sulfate anions.
The Rh(poly) surface oxidation begins at a potential of 0.48 V until the formation of a

full RhOH monolayer at about 1.07 V. It is worth noting that the onset potential for RhOH
formation in the presence of specifically adsorbed sulfate anions is about 30 mV more
positive than in the presence of weakly adsorbed perchlorate anions.

For higher potential limits, the formation of higher Rh oxide proceeds further with
increasing potential. There is significant irreversibility of the Rh oxide formation/reduction
peaks. Moreover, there is a less defined double layer in the cathodic scan direction due to
the apparent overlapping of the surface oxide reduction peaks and hydrogen adsorption.
That coincides with the previously published CV results for polycrystalline Rh in a sulfuric
acid solution [31–33,35,37].
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Figure 1. Cyclic voltammograms of Rh(poly) with the opening of the positive potential limit recorded
in deaerated (a) 0.1 M HClO4, (b) 0.05 M H2SO4, and (c) 0.1 M NaOH solutions. The scan rate was
50 mV/s.
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Figure 1c shows the CVs of Rh(poly) in 0.1 M NaOH. The CVs exhibit typical features
of Rh(poly) in an alkaline media [15,18,38] that differ from those in an acidic media. The
first CV recorded for the lowest positive potential limit shows that hydrogen adsorption
occurs from 0.34 V down to 0.08 V in the negative scan direction with a peak at 0.16 V. At a
potential of 0.08 V, hydrogen evolution begins. On the other hand, hydrogen desorption
occurs from 0.08 V to 0.38 V in the positive scan direction with a peak at 0.21 V. The specific
adsorption of OH− anions occurs over a wide potential region, which is known as the
preoxidation region according to the following reaction:

Rh + OH− → RhOHads
− (6)

Rh exhibits a wide double layer over a very narrow potential range due to the super-
position of hydrogen adsorption/desorption, specific adsorption of OH− anions, and oxide
formation/reduction regions [38]. These peaks’ superposition is more pronounced in an
alkaline than in an acidic media.

The oxidation of the Rh surface begins at around 0.45 V with the appearance of the
peaks at 0.50 V and 0.75 V and continues at higher potentials. These two peaks correspond
to the specifically adsorbed OH− anions and RhOH, respectively [39]. Like in acidic media,
as the upper potential limit increases, the Rh oxide formation/reduction becomes more
irreversible, which becomes most pronounced for the highest upper limit. In the cathodic
scan direction, the oxide reduction overlaps with the hydrogen adsorption, indicating that
higher Rh oxides are not completely reduced at lower potentials [39].

2.2. Oxygen Reduction on Rh(poly) in Acidic and Alkaline Media

This study of the ORR on Rh(poly) involved RDE measurements in perchloric and
sulfuric acids, as well as in an alkaline solution. The objective was to understand the
impact of the oxidation state of the Rh surface, and the adsorption of different solution
anions. Additionally, Rh behavior concerning the hydrogen peroxide reduction/oxidation
(HPRR/HPOR) was also measured to gain more insights into the ORR reaction mechanism,
as it acts as a possible intermediate. Additional information about the ORR mechanism
was obtained by comparing the activity of Rh for both ORR and HPRR. For that reason,
a brief overview of the overall oxygen reduction reactions and the main elemental steps
are presented below. The standard electrode potentials (E0) are provided for each reaction
in an acidic medium (1 M [H+], pH = 0) and in an alkaline medium (1M [OH−], pH 14)
vs. standard hydrogen electrode (SHE), using the data from ref. [40]. The equilibrium
potentials for each reaction in 0.1 M HClO4, 0.05 M H2SO4, and 0.1 M NaOH solutions are
given vs. SHE and RHE.

The overall oxygen reduction reaction in an acidic medium is expressed as follows:

O2 + 4H+ + 4e− = 2H2O E0 = 1.23 V (7)

For 0.1 M HClO4 (pH = 1.1) and 0.05 M H2SO4 (pH = 1), the ORR equilibrium potential
values are the same, 1.17 V vs. SHE (1.22 V vs. RHE).

In an alkaline solution, the overall reaction is expressed as follows:

O2 + 2H2O + 4e− = 4OH− E0 = 0.4 V (8)

The ORR equilibrium potential for 0.1 M NaOH (pH = 13) is 0.46 V vs. SHE (1.23 V
vs. RHE).

In a 2e-series reaction pathway, oxygen is reduced to hydrogen peroxide as a product.
In a 4e-series pathway, hydrogen peroxide acts as an intermediate which is further reduced
to water in acid or to a hydroxyl anion in an alkaline medium.

For an acidic medium, this is expressed as follows:

O2 + 2H+ + 2e− ⇌ H2O2 E0 = 0.68 V (9)
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H2O2 + 2H+ + 2e− ⇌ H2O E0 = 1.77 V (10)

The equilibrium potentials for 0.1 M HClO4 and 0.05 M H2SO4 are 0.62 V vs. SHE
(0.67 V vs. RHE) for reaction (9) and 1.71 V vs. SHE (1.77 V vs. RHE) for (10).

The same reactions for an alkaline medium are as follows:

O2 + H2O + 2e− ⇌ HO2
− + OH− E0 = −0.076 V (11)

HO2
− + H2O + 2e− ⇌ 3OH− E0 = 0.878 V (12)

The equilibrium potentials for 0.1 M NaOH, pH 13, are −0.016 V vs. SHE (0.75 vs.
RHE) for reaction (11), and 0.94 V vs. SHE (1.77 V vs. RHE) for (12).

The standard potentials for oxygen reduction to hydrogen peroxide in both acid
reaction (9) and alkaline reaction (11) solutions are lower than the standard hydrogen
peroxide redox potentials reaction (10) for acid, and reaction (12) for alkaline solutions.
Therefore, further reduction of H2O2 as an intermediate during ORR usually proceeds
spontaneously. On the other hand, the slow kinetics of hydrogen peroxide reduction often
cause its inhibition. Therefore, a separate examination of the Rh(poly) activity toward
H2O2 reduction is necessary.

2.2.1. ORR on Rh(poly) in Acidic Media

Figure 2 displays the ORR polarization curves recorded in 0.1 M HClO4 in both
cathodic and anodic directions within the potential range of 0.07 to 0.92 V with five rotation
rates and corresponding Tafel and Koutecký–Levich plots.

Figure 2a illustrates that the onset potential for the oxygen reduction reaction in the
cathodic direction is 0.85 V. When the ORR depends solely on the activation energy for O2
adsorption, the polarization curves are unaffected by the rotation speed. This is known
as the activation control region, which extends from the onset potential down to 0.72 V.
As the potential decreases, the polarization curves differentiate depending on the rotation
speed, and the reaction occurs under mixed control. This means that it depends on both
the activation energy for O2 adsorption and the diffusion of molecular oxygen from the
solution to the electrode interface. The mixed control extends down to 0.35 V, after which
the diffusion control sets in, meaning that the reaction depends only on oxygen diffusion. A
comparison of ORR polarization curves with the CVs of Rh(poly) from Figure 1a shows that
oxygen reduction begins in the potential range of RhOH reduction. The ORR onset potential
is slightly lower than the one corresponding to the RhOH monolayer, indicating that Rh
surface sites free of hydroxide are available for the adsorption of molecular oxygen. With
further decrease in potential, gradual RhOH reduction leaves more and more free Rh surface
sites for oxygen adsorption and subsequent reduction. At potentials lower than 0.35 V, the
surface is free of RhOH, and the diffusion control begins. The presence of weakly adsorbed
perchlorate anions in the double layer region and the region of hydrogen adsorption at
lower potentials do not significantly interfere with the adsorption and reduction of oxygen.
The difference in the Rh(poly) activity for ORR in two scanning directions in the activation
and mixed control arises from the irreversibility of RhOH formation/reduction. There is
no difference in the diffusion control region due to the absence of RhOH.

Figure 2b shows the Tafel plots obtained from ORR polarization curves in both cathodic
and anodic directions. Tafel slopes for both directions are 60 and 120 mV dec−1 at low
and high overpotentials, respectively. Based on the CV from Figure 1a, the change in the
Tafel slope at about 0.75 V in the cathodic and 0.78 V in the anodic direction corresponds
to the same coverage of RhOH. This indicates that the slope of 60 mV dec−1 at higher
potential (lower overpotential) corresponds to the higher degree of oxidation, while the
slope of −120 mV dec−1 at lower potentials (higher overpotentials) corresponds to the
lower RhOH coverage. The obtained values of the Tafel slope for ORR on the Rh(poly)
electrode align with those previously reported based on steady-state measurements of
ORR on Rh(poly) [20]. A change in the Tafel slope usually means a change in the rate-
determining step. However, it was assumed that on Pt(poly) [41], as well as on platinum
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low-index single crystal surfaces [42], the ORR proceeds with the exchange of the first
electron as the rate-determining step in both activation and mixed control potential regions.
Therefore, these changes in the Tafel slope were attributed to a shift from Temkin (60 mV
dec−1) to Langmuir (120 mV dec−1) conditions of adsorption of reaction intermediates
with decreasing coverage.
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(d) K–L plot in the anodic direction.

The Koutecký–Levich equation is used to analyze the ORR polarization curves, which
relate the measured current density (j) to the kinetic current density (jk) and the diffusion
current density (jl). The equation is expressed as follows:

1/j = 1/jk + 1/jl =1/jk + 1/Bω1/2 (13)

The value of jl is dependent on the rotation rate (jl = Bω1/2), and the constant B is

B = 0.62nFCo2Do2
2/3ν−1/6 (14)

where n is the total number of electrons exchanged, F is Faraday’s constant (96,485 C mol−1),
Co2 is the oxygen solubility, Do2 is the oxygen diffusivity, and ν is the kinematic viscosity
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of the solution. The K–L plot is obtained by plotting the inverse value of the current
density (1/j) against the inverse value of the square root of the rotation rate (ω−1/2). The
experimental value of the constant B is calculated from the slope of the K–L plots and used
to determine the number of electrons exchanged for selected potentials.

Figure 2c,d show the K–L plots derived from ORR polarization curves in both cathodic
and anodic directions. The number of electrons exchanged is calculated using Equation
(14), and from the data for 0.1 M HClO4 from ref. [43], where Co2 is 1.26 × 10−3 mol L−1,
Do2 is 1.93 × 10−5 cm2 s−1, and ν is 0.01 cm2 s−1.

For the cathodic direction (Figure 2c), the K–L plots are parallel for lower potentials,
giving a total of four electrons exchanged for each potential. However, the slope decreases
slightly for higher potentials, resulting in a higher number of electrons exchanged, suggest-
ing an overlap with the reduction of RhOH. On the other hand, the K–L plots obtained from
polarization curves in the anodic direction (Figure 2d) are parallel, giving again four elec-
trons for each potential. The overlap with the partial Rh surface oxidation is not significant
enough to contribute to the total number of electrons exchanged. In conclusion, the oxygen
reduction reaction on Rh(poly) in a 0.1 M HClO4 solution follows a 4e-reaction pathway.
The linearity of the K–L plots suggests first-order kinetics regarding molecular oxygen.

As suggested above, the step that determines the rate for the overall reaction is the
transfer of the first electron:

O2 + H+ + e− = HO2
− (15)

followed either by the exchange of the second electron:

HO2 + H+ + e− = H2O2 (16)

or by the disproportionation reaction:

2HO2 = O2 + H2O2 (17)

Figure 3 shows ORR polarization curves recorded in oxygen-saturated 0.05 M H2SO4
solution in both cathodic and anodic directions with five rotation rates and corresponding
Tafel and K–L plots.

Figure 3a displays that the onset potential for ORR on the Rh(poly) electrode in the
cathodic direction is 0.74 V. The ORR onset potentials coincide with the RhOH coverage
slightly below a monolayer, as observed from CVs in Figure 1b for the same upper potential
limits. ORR occurs in the activation control over a wider potential region, starting from
the onset potential down to 0.5 V, when the mixed control sets in. The mixed control
extends from 0.3 down to 0.15 V, depending on the rotation rate. After this, the diffusion
control is established and extends over a narrow potential region to the negative potential
limit. Both activation and mixed control potential regions are much larger than those for
perchloric acid, due to the influence of strongly adsorbed sulfate anions. After RhOH
reduction, free Rh surface sites are blocked for the adsorption of molecular oxygen due
to the competitive adsorption of sulfate anions according to reactions (4) and (5). In the
anodic direction, the onset potential is 0.82 V, and ORR polarization curves are significantly
irreversible compared to the ones in the cathodic direction. The difference in the ORR onset
potentials and irreversibility of ORR polarization curves in the two directions arises from
the irreversibility of the RhOH formation/reduction.

Figure 3b shows corresponding Tafel plots for ORR in both scanning directions. For
ORR in the cathodic direction, the Tafel slope changes from 80 at low to 200 mV dec−1 at
high overpotentials. For ORR in the anodic direction, the Tafel slope changes from 70 at
low to 180 mV dec−1 at high overpotentials. The change in the Tafel slopes in the activation
control region for both directions is caused by the difference in the adsorption conditions
for oxygen and reaction intermediates, as already discussed above for ORR on Rh(poly)
in perchloric acid. A higher Tafel slope for ORR on Rh(poly) in sulfuric, compared to
perchloric acid, indicates a lower reaction rate. The lower ORR activity in sulfuric acid
arises from the effect of sulfate anion adsorption.
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Figure 3. Oxygen reduction reaction in 0.05 M H2SO4: (a) ORR polarization curves recorded with a
scan rate of 50 mV s−1; (b) Tafel plot; (c) K–L plot in the cathodic direction; and (d) K–L plot in the
anodic direction.

Figure 3c,d depict K–L plots for ORR in cathodic and anodic directions. To calculate
the number of electrons exchanged, Equation (13) is used, and from the data for 0.05 M
H2SO4, from ref. [36], where Co2 is 1.38 × 10−3 mol L−1, Do2 is 1.90 × 10−5 cm2 s−1, and ν
is 9.97 × 10−3 cm2 s−1. Like in the previous case, the linear K–L plots indicate the first-order
kinetics concerning molecular oxygen.

The K–L plots obtained from ORR curves in the cathodic direction (Figure 3c) reveal
that the slope slightly decreases as the potential increases. This implies that the total
number of electrons exchanged varies with the potential. At higher potentials, RhOH
reduction is superimposed on the ORR curve, resulting in more than four electrons being
exchanged. However, at lower potentials, the number of electrons exchanged is four which
is consistent with the ORR occurring at a surface free of oxide. For ORR curves recorded in
the anodic direction (Figure 3d), K–L plots are parallel, and the total number of electrons
exchanged is 3.8. This suggests that the ORR occurs mostly through a 4e-series pathway,
and only partly through a 2e-series pathway, which is most likely a consequence of the
partial inactivity of Rh (poly) for the reduction of hydrogen peroxide as an intermediate
caused by the presence of specifically adsorbed sulfate anions.
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2.2.2. ORR on Rh(poly) in Alkaline Media

Figure 4 shows polarization curves for ORR recorded in oxygen-saturated 0.1 M
NaOH solution in both cathodic and anodic directions with five different rotation rates and
corresponding Tafel and K–L plots.
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Figure 4a reveals that the initial potential for ORR is 0.90 V in the cathodic direction
and 0.92 V in the anodic direction. Upon comparing it with the CV from Figure 1c, it can
be observed that the difference in the oxidation state of Rh in both directions is negligible
within the potential range of the activation and mixed control. The lower ORR activity in the
negative as compared to the positive scan direction and the difference in initial potentials
can be attributed to the irreversibility of RhOH formation/reduction. This phenomenon
is not new and has been observed for polycrystalline palladium [43] and platinum [44] as
well, where better ORR activity is noticed in the anodic than in the cathodic direction.

The Tafel plots in Figure 4b show two slopes for ORR in both directions. The slopes
are 60 and 120 mV dec−1 for low and high overpotentials, respectively, which aligns well
with previous results [20]. It was assumed that ORR proceeds through the same reaction
pathway with the exchange of the first electron as the rate-determining step and that Tafel
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slope changes can be attributed to the shift from Temkin to Langmuir adsorption conditions
at low and high current densities, respectively [20].

Figure 4c,d display K–L plots for ORR on Rh(poly) in 0.1 M NaOH, recorded in
cathodic and anodic directions. The total number of electrons exchanged is calculated
using Equation (14), and from the data for 0.1 M NaOH from ref. [41], where Co2 is
1.22 × 10−3 mol L−1, Do2 is 1.90 × 10−5 cm2 s−1, and ν is 0.01 cm2 s−1.

A non-parallelism of K–L curves at higher potentials for both directions indicates
that the number of electrons changes with the potential due to the contribution of RhOH
formation/reduction. For lower potentials, K–L plots are parallel for ORR in both directions,
and the total number of electrons exchanged is four. The linearity of the K–L plots indicates
first-order kinetics concerning molecular oxygen. Obtained results suggest that the ORR
proceeds through the 4e-reaction pathway.

2.2.3. Hydrogen Peroxide Oxidation/Reduction on Rh(poly) in Acid and Alkaline Media

When hydrogen peroxide is the final product of oxygen reduction, the electrode is
inactive for further H2O2 reduction, and the overall reaction occurs through the 2e-series
reaction pathway. A notable example among noble metals is ORR on Au in an acid solution,
where on all Au single crystals, the reaction occurs through the 2e-series pathway [45].
In contrast, if the electrode is active for further reduction of H2O2 to H2O, according to
reaction (10), ORR occurs through the 4e-series pathway, like on polycrystalline Pt [36]
and Pd [43]. To understand the activity of the electrode towards hydrogen peroxide, as an
intermediate, separate measurements of Rh(poly) activity toward HPRR/HPOR are carried
out in an oxygen-free solution containing hydrogen peroxide.

Polarization curves for HPRR/HPOR in both the cathodic and anodic directions are
recorded for three investigated basic solutions and compared with corresponding ORR
curves for the same rotation rate of 1600 rpm, as illustrated in Figure 5.

Figure 5a displays polarization curves for HPRR/HPOR in 0.1 M HClO4 + 5 mM
H2O2 solution, showing that the redox potentials for HPRR/HPOR are about 0.82 V in the
cathodic direction and 0.84 V in the anodic direction. A comparison of the polarization
curves shows that the activity of Rh(poly) for HPRR/HPOR and ORR on a Rh(poly)
(Figure 5b) mainly coincide, indicating that ORR proceeds through a 4e-series reaction
pathway. Like for ORR curves, the difference in the LSV curves for HPRR in the activation
and mixed potential regions in two directions is attributed to the irreversibility of RhOH
formation/reduction.

Figure 5c displays polarization curves for HPRR/HPOR on Rh(poly) in 0.05 M H2SO4
+ 5 mM H2O2 and shows that the redox potentials in the cathodic and anodic directions are
0.83 V and 0.84 V, respectively. The hysteresis for cathodic and anodic polarization curves is
more pronounced than that for a 0.1 M HClO4 solution. HPRR is considerably hindered in
the cathodic direction, showing a wide potential region of the activation and mixed control
regions. This is because the strongly adsorbed sulfate anions prevent the specific adsorption
of OH- anions and subsequent RhOH formation. As a result, the lower activity of Rh(poly)
in sulfuric acid for HPRR and subsequently for ORR is due to its low activity for hydrogen
peroxide reduction, as a reaction intermediate. Figure 5e shows the polarization curves
for HPRR/HPOR on the Rh(poly) electrode, in an oxygen-free 0.1 M NaOH + 5 mM H2O2
solution, which shows the H2O2 oxidation/reduction potentials of 0.89 V and 0.90 V in the
cathodic and anodic directions, respectively. The hysteresis between cathodic and anodic
polarization curves is less pronounced than that observed for the acid solution. Figure 5f
shows that the H2O2 redox potential is a bit higher than the onset potential for ORR. The
activation and mixed control regions for ORR and HPRR overlap and the diffusion control
for HPRR sets in at a bit higher potential than for ORR. All of this implies that the Rh(poly)
surface is equally active for hydrogen peroxide produced as an intermediate during ORR
giving rise to the 4e-series reaction mechanism for ORR.
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Figure 5. Hydrogen peroxide reduction/oxidation on Rh(poly) in oxygen-free (a) 0.1 M
HClO4 + 5 mM H2O2 and (b) comparison of HPRR and ORR; (c) 0.05 M H2SO4 + 5 mM H2O2

and (d) comparison of HPRR and ORR; (e) 0.1 M NaOH + 5 mM H2O2 and (f) comparison of HPRR
and ORR. The scan rate was 50 mV s−1.

2.2.4. Stability of Rh(poly) during ORR in Acidic and Alkaline Media

Figure 6 illustrates the stability testing of the Rh(poly) during ORR in 0.1 M HClO4,
0.05 M H2SO4, and 0.1 M NaOH solutions.

The testing involved recording chronoamperometry (CA) curves, for three hours, at a
constant applied potential, in the three solutions. Furthermore, ORR polarization curves
were recorded before and after the CA measurements to assess changes in activity.
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Figure 6. CA curves for Rh(poly) during ORR in (a) 0.1 M HClO4, (b) 0.05 M H2SO4, and (c) 0.1 M
NaOH. Insets show ORR polarization curves before and after CA measurements at 1600 rpm and a
scan rate of 50 mVs−1. The applied potentials are indicated by a short line in the insets.

The CA curve in Figure 6a, recorded in oxygen-saturated 0.1 M HClO4 at 0.78 V, shows
a decrease in the current density in the first half an hour. After that, a constant current
density is achieved, indicating that the Rh(poly) remains stable. The inset shows that
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the ORR polarization curve after the CA only differs from the initial one at high current
densities starting at a potential approaching the diffusion control region. These differences
are due to the changes in the transport of molecular oxygen to the electrode surface over
time. The overlap of the two polarization curves in the activation and mixed control regions
indicates that the electrode surface remains stable after CA testing.

A similar CA curve for Rh(poly) in 0.05 M H2SO4 solution (Figure 6b), recorded at a
constant potential of 0.68 V, shows that the electrode remains stable during testing. This is
further proved by the good overlap of the ORR polarization curves obtained before and
after testing.

The CA curve for Rh(poly) in 0.1 M NaOH, recorded at 0.88 V (Figure 6c), shows that
the current density slowly decreases over three hours. The two ORR polarization curves
recorded before and after CA testing are different, showing the same ORR onset potential,
but the shift of the half-wave potential for 0.04 mV towards more negative values. This
means that the ORR activity of Rh(poly) in an alkaline solution, although the highest of all,
decreases over time, due to the changes in the Rh(poly) electrode surface. It is very likely
that, similar to the ORR on Pd(poly) in alkaline solution [43], these changes can be ascribed
to the onset of RhOH formation at lower potentials.

2.3. Comparison of the Catalytic Activity of Rh(poly) in Acidic and Alkaline Media

The catalytic activity of Rh(poly) in different media can be elucidated from the differ-
ences in the overpotentials for ORR in acid and alkaline solutions, which are calculated
as the difference between the equilibrium and corresponding onset potential. The onset
potentials for ORR are 0.85, 0.74, and 0.90 V in 0.1 M HClO4, 0.05 M H2SO4, and 0.1 M
NaOH solutions, respectively. The ORR overpotential decreases in the order of 0.05 M
H2SO4 > 0.1 M HClO4 > 0.1 M NaOH, meaning that the ORR activity decreases in the
order of 0.1 M NaOH > 0.1 M HClO4 > 0.05 M H2SO4. Lower ORR activity in sulfuric
acid compared to a perchloric acid solution is due to the specific adsorption of sulfuric
anions, as already mentioned. The better catalytic activity in the alkaline solution is due to
the specific adsorption of OH− anions and earlier onset of RhOH formation, which favors
faster reaction kinetics. In all cases, the Rh(poly) electrode is active for hydrogen peroxide
reduction, enabling the 4e-series ORR pathway, like on Pt(poly [36] and Pd(poly) [43].

Tables 1 and 2 give the onset and half-wave potentials and Tafel slopes for ORR on
Rh(poly) electrodes in different solutions at 1600 rpm.

Table 1. Onset and half-wave potentials, and Tafel slopes at low and high overpotentials for ORR on
Rh(poly) in the cathodic direction.

Solution Eonset (V) E1/2 (V)
Tafel Slope
(mV dec−1)

at Low η

Tafel Slope
(mV dec−1)
at High η

0.1 M HClO4 0.85 0.64 60 120
0.05 M H2SO4 0.74 0.42 80 200
0.1 M NaOH 0.90 0.72 60 120

To confirm the accuracy of the data in Table 1, the electrochemically active surface area
(ECSA) of the used Rh(poly) electrode in three different solutions is reconsidered. ECSA can
be calculated from the hydrogen adsorption or desorption peak as the charge passed during
hydrogen adsorption assuming that one hydrogen atom can be adsorbed on a single Rh atom.
This method assumes that the total charge passed between the adsorbing hydrogen and the Rh
surface for polycrystalline Rh is 221 µC cm−2 [32]. The ECSA values are calculated from the
ratio between the charge calculated for Rh(poly) in three solutions and the accepted value for
Rh, considering that the electrode’s geometric area is 0.196 cm2. The charges calculated from the
hydrogen desorption peaks for Rh(poly) in 0.1 M HClO4, 0.05 M H2SO4, and 0.1 M NaOH are
211, 220, and 234 µC/cm2, giving the ECSA values of 0.187, 0.196 and 0.207 cm2, respectively.
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Table 2. Onset and half-wave potentials, and Tafel slopes at low and high overpotentials for ORR on
Rh(poly) in the anodic direction.

Solution Eonset (V) E1/2 (V)
Tafel Slope
(mV dec−1)

at Low η

Tafel Slope
(mV dec−1)
at High η

0.1 M HClO4 0.87 0.70 60 120
0.05 M H2SO4 0.82 0.51 70 180
0.1 M NaOH 0.92 0.78 60 120

It should be pointed out that when current densities are given vs. ECSA, a negligible
difference is obtained for ORR polarization curves, given that the values for the onset and
half-wave potentials differ for 0.01 V compared to those presented in Table 1.

Figure 7 shows the voltammetric behavior of the Rh(poly) electrode and ORR polar-
ization curves in different solutions and within the same potential limits. The differences
in CV features (Figure 7a) and ORR polarization curves (Figure 7b) arise from the specific
adsorption of different solution anions, including weakly adsorbed perchlorate, strongly
adsorbed sulfate, and OH− anions. The specific adsorption/desorption of solution anions
affect the beginning of RhOH formation, which coincides with the activation and mixed
control regions for ORR in anodic and cathodic directions, respectively. At lower potentials
where Rh is oxide-free, the reaction is diffusion-controlled.
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Although the oxide formation/reduction peaks are quite similar in the two acid
solutions, the ORR proceeds differently. Strongly adsorbed sulfate anions significantly
hinder the ORR, while weakly adsorbed perchlorate anions do not affect the reaction.
In an alkaline medium, an excessive amount of specifically adsorbed OH− species and
subsequent RhOH formation over a wider potential range contribute to the increased ORR
activity concerning both the low ORR overpotential and the 4e-series reaction pathway.

The impact of specifically adsorbed solution ions on the ORR activity of Pt single
crystals [42,44,46,47] and polycrystalline platinum [36] in acidic media is well documented.
For example, ClO4- anions adsorb weakly on Pt single crystal surfaces and have no sig-
nificant influence on their intrinsic ORR activity. In contrast, strongly adsorbed sulfate
anions block the active sites on the surface and lead to hindered ORR kinetics on Pt(poly).
In contrast to Rh(poly), Pt is more active for ORR in an acidic medium than in an alkaline
medium. The strongly adsorbed OH− anions on the Pt electrode surface [44], as well as on
Pt/GC [48], have an inhibiting effect on the ORR kinetics in alkaline solution [44], blocking
sites for electron transfer to O2. In contrast to platinum, the higher ORR activity of Rh in
an alkaline solution than in an acid solution can be attributed to the weaker adsorption of
OHads and Oads on Rh than on Pt [49]. This is also the case with the Au(100) surface, where
OHads contribute to the improved ORR activity in alkaline solution and participate as an
intermediate in the following steps [50]:

HO2
− + H2O + e− = 2OH− + *OHads (18)

*OHads + e− = OH− (19)

In addition, the electrochemical behavior of Rh(poly) in an acid solution containing
chloride anions that adsorb even stronger than sulfate anions is preliminary observed in
0.1 M HCl solution. As expected, the ORR is hindered even more than in sulfuric acid,
without hysteresis between cathodic and anodic directions. However, an in-depth analysis
requires a separate comprehensive investigation.

2.4. Comparison of the ORR Activity of Rh(poly) with Rh-Based Catalysts

In recent years, Rh-based nanoscale functional materials with different nanostructures
and optimized compositions have attracted attention as efficient ORR catalysts. Table 3
provides an overview of the ORR activity of various Rh-based catalysts concerning the
onset and half-wave potentials, and the Tafel slopes.

Table 3. A comparison of the onset potential, half-wave potential, and Tafel slope for ORR on various
Rh-based catalysts.

Catalyst Solution Eonse (V) E1/2 (V) Tafel Slope
(mV dec−1) Reference

Rh@NG 0.1 M HClO4 0.85 0.740 - [22]
Rh(poly) 0.1 M HClO4 0.85 0.64 60 This work
Rh/C (5 wt%) 0.5 M H2SO4 0.75 - 119 [23]
sRhNPs 0.5 M H2SO4 0.79 - 68.3 [23]
fRhNPs 0.5 M H2SO4 0.70 - 89.5 [23]
pRhNPs 0.5 M H2SO4 0.70 - 82.2 [23]
Rh(poly) 0.05 M H2SO4 0.74 0.42 80 This work
Rh@G 0.1 M KOH - 0.737 - [22]
Rh@NG 0.1 M KOH - 0.848 - [22]
Rh/C 1 M KOH 1.02 0.833 70 [51]
Rh3Se4/C 1 M KOH 1.10 0.840 71 [51]
Rh@rGO/GCE 0.1 M KOH 0.87 - - [52]
Rh/C 0.1 M KOH 0.85 0.72 60 [53]
Rh3Sn1/C 0.1 M KOH 0.90 0.84 43 [53]
Rh(poly) 0.1 M NaOH 0.90 0.72 60 This work
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A catalyst consisting of Rh atomically dispersed on nitrogen-doped graphene (Rh@NG)
obtained by a facile pyrolysis method shows good ORR activity and better ORR stability
than commercial Pt/C in both acid and alkaline solutions [22]. Three types of Rh nanoparti-
cles were synthesized: nanoshells, nanoframes, and porous nanoplates, and the relationship
between their morphology and the ORR activity in an acid solution was examined [23].
Nanoshell-structured Rh NPs demonstrated the highest ORR activity, exceeding that of a
commercial Rh/C (5 wt%) electrocatalyst.

The electrocatalyst, obtained by synthesis of ultra-fine Rh selenide nanoparticles
deposited on carbon black (Rh3Se4/C), has shown high activity towards ORR in an alkaline
medium, even better than a commercial Pt/C [51]. A hybrid consisting of Rh nanoparticles
and a reduced graphene oxide (Rh@rGO) prepared by in situ electrodeposition on a glassy
carbon (GC) substrate has shown outstanding ORR activity in alkaline solutions [52].
Rh−Sn nanoparticles (Rh3Sn1/C), obtained by a simple surfactant-free microwave-assisted
synthesis, have shown good performance as an active and stable catalyst for oxygen
reduction [53].

The synthesis of various Rh-based catalysts for ORR aims to save the amount of Rh
used and surpass the activity of bare Rh. A closer look at the ORR activity of Rh-based
catalysts concerning the onset potentials and the Tafel slope suggests the realization of this
goal in some cases. However, there is still room for improvement.

The findings presented in this work show that the oxidation state and anion-specific
adsorption play an essential role in determining the activity of Rh toward ORR. Under-
standing these effects can help to develop more effective and efficient Rh-based catalysts.

3. Materials and Methods

A commercial polycrystalline rhodium electrode, 5 mm in diameter, 0.196 cm2 ge-
ometric area (MaTech, Jülich, Germany), was used as a working electrode. Before each
measurement, the electrode was mechanically polished using alumina powder with 1 µm,
0.3 µm, and 0.05 µm particle size, rinsed with Milli-Q water, and cleaned in an ultrasonic
Milli-Q water bath. The polished Rh(poly) electrode was characterized using atomic force
microscopy (AFM). The imaging was performed using Multimode SPM (Veeco Instruments,
Inc., Munich, Germany). The electrode was mounted into a homemade Teflon holder fitting
the shaft and an MSR Rotator (PINE Research Instrumentation, Inc., Durham, NC, USA)
for electrochemical measurements. Scheme 1 presents the 3D AFM image of the Rh(poly)
surface and the RDE experimental setup. AFM image reveals a rhodium surface consisting
of many crystallites resulting in an average surface roughness of 2.9 nm.

Measurements were conducted using a PINE potentiostat in a three-electrode cell,
with Rh(poly) as the working electrode, Pt wire as the counter, and Ag/AgCl, 3 M KCl as a
reference electrode. The electrode potentials were converted vs. the reversible hydrogen
electrode (RHE) using the Nernst equation:

ERHE = EAg/AgCl, 3M KCl + E0
Ag/AgCl, 3M KCl + RT/zF · pH (20)

Here, EAg/AgCl, 3M KCl is the measured potential, E0
Ag/AgCl, 3M KCl is the standard

potential of the Ag/AgCl, 3M KCl electrode, and RT/zF is 0.0592 V. The recalculated
potentials for different pH values are E = EAg/AgCl, 3M KCl + 0.274 V, E = EAg/AgCl, 3M KCl +
0.268 V, and E = EAg/AgCl, 3M KCl + 0.979 V, for 0.1 M HClO4 (pH 1.1), 0.05 M H2SO4 (pH 1),
and 0.1 M NaOH (pH 13), respectively.

The electrochemical characterization of Rh(poly) involved cyclic voltammetry in
oxygen-free 0.1 M HClO4, 0.05 M H2SO4, and 0.1 M NaOH solutions. ORR performance
studies involved LSV measurements in the oxygen-saturated solutions. HPRR/HPOR
activity measurements involved LSV in oxygen-free basic solutions with 5 mM H2O2.
Chronoamperometry was used for Rh(poly) stability measurements during ORR. The mea-
surements were performed in oxygen-saturated solutions at a constant applied potential
chosen in the range of low ORR current densities for 3 h, and at a permanent electrode
rotation at 1600 rpm.
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Supra pure H2SO4, HClO4, 30% H2O2, and NaOH pellets, purchased from Merck,
Darmstadt, Germany, and Milli-Q water were used for solution preparation. The solutions
were deaerated by N2 (99.9995%) or saturated by O2 (99.9995%), purchased from Messer,
Frankfurt, Germany.

4. Conclusions

Oxygen reduction reaction on Rh(poly) proceeds via a four-electron pathway in acid
and alkaline solutions. The degree of surface oxidation plays a crucial role in the activation
and mixed control region, while in the diffusion control region, it occurs on the Rh oxide-
free surface.

The lowest ORR activity of Rh(poly) in sulfate solution stems from the effect of strongly
adsorbed sulfate ions, while weakly adsorbed perchlorate ions do not significantly affect
the kinetics. The highest ORR activity in an alkaline solution arises from the strong impact
of the specifically adsorbed OH− anions.
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