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Abstract
The competition of oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER)
on pc-Pt electrode in weakly acidic solution (pH3) under condition when both reactions are
thermodynamically allowed are investigated using the rotating ring disc electrode (RRDE)
technique and differential electrochemical mass spectrometry (DEMS). The partial currents of
HER and ORR producing H2O2 or H2O are quantified. The results show that: i) ORR occurs
preferentially in a diffusion-limited manner (either limited by the mass transfer of O2 or H+)
and only the excess H+ not being consumed by the ORR can be converted to Had and H2; ii) At
potentials negative of the onset for Had formation, the H2O2 production rate first increases
then decreases with the increasing overpotential; These results indicate that Had coverage on
Pt surface first increases with negative shift of the potential across the onset potential for HER
and then it decreases at higher overpotentials owing to its faster consumption by HER than its
formation if the mass transfer of H+ is insufficient(必须重新推导这些结论是否真确). Present
results demonstrate that combining DEMS and RRDE techniques can be powerful for deriving
the intrinsic kinetics of individual processes in a complex electrochemical system.
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1. Introduction
In technical electrochemical systems, such as chlor-alkali electrolysis, electro-organic
synthesis, electrochemical reduction of CO2 and fuel cells, it is common that multiple reactions
or different pathways of the same reaction occur simultaneously at the electrode/electrolyte
interfaces.[1-3] Accurate quantification of the partial currents for a single reaction among all
different reactions or for different pathways of the same reaction is of great importance for
understanding the mechanisms and kinetics of such complex systems, which will greatly help
to improve the related electrocatalysts as well as the operating conditions for such processes.
However, only a few techniques available so far are capable of providing quantitative
information of the kinetics of complex reactions. Differential electrochemical mass
spectrometry (DEMS)[4] and rotating ring disk electrode (RRDE) technique [5] are two of the
most powerful techniques for kinetic studies of complex electrode reactions. The mechanism
and the kinetics of different reaction pathways of the oxidation of small organic molecules
have been extensively studied by DEMS.[4, 6-8] The current efficiency for CO2 generation and
the contribution of CO pathway in methanol oxidation have been successfully quantified by
combining DEMS with infrared spectroscopy.[9-11] The partial currents for hydrogen peroxide
oxidation and reduction at Pt electrodes, which occur simultaneously in the mixed potential
region, have also been well separated by DEMS.[12]
Hydrogen evolution reaction (HER) and/or oxygen reduction reaction (ORR) are two of
the primary reactions at the cathode of electrochemical energy conversion devices such as
water electrolysers, fuel cells and metal-air batteries. They are also the primary conjugate
electrode reactions for metal corrosion in natural environment.[13, 14] The overall reactions
for ORR and HER in acidic or basic media are given below (Eqs. 1-4):
𝑂2 + 4𝐻 + + 4𝑒 − = 2𝐻2 𝑂

𝐸10 = 1.23 𝑉 𝑣𝑠 𝑆𝐻𝐸

(1)

𝑂2 + 2𝐻2 𝑂 + 4𝑒 − = 4𝑂𝐻 −

𝐸20 = 0.404 𝑉 𝑣𝑠 𝑆𝐻𝐸

(2)

2𝐻 + + 2𝑒 − = 𝐻2

𝐸30 = 0 𝑉 𝑣𝑠 𝑆𝐻𝐸

(3)

𝐸40 = −0.826 𝑉 𝑣𝑠 𝑆𝐻𝐸

(4)

2𝐻2 𝑂 + 2𝑒 − = 𝐻2 + 2𝑂𝐻 −

Under certain conditions, incomplete reduction of O2 may also occur (Eq.5):
𝐸50 = 0.695 𝑉 𝑣𝑠 𝑆𝐻𝐸

𝑂2 + 2𝐻 + + 2𝑒 − = 2𝐻2 𝑂2
2

(5)

Extensive studies have been carried out in order to develop practical electrocatalysts to
enhance HER or ORR kinetics in water electrolysers or fuel cells[15, 16] or to develop strategies
to inhibit HER or ORR in order to reduce the rate of metal corrosion[13, 14] or to enhance the
current efficiency for CO2 reduction[2].
Most previous studies on ORR focus either on the potential regime where ORR is under
kinetic or in the kinetic- and mass-transport mixed controlled potential region. At very low
potentials, HER can compete with ORR for both reactive sites[17] and for the reactants such
as H+ in solutions with low acid concentration, where the mass transfer of proton from bulk
solution to electrode surface may not be enough to satisfy both reactions. Under such
circumstance, both ORR and HER may react with water as the source of hydrogen at the
expense of elevated overpotentials.[18, 19] Understanding how ORR competes with HER in
solutions with low acid concentration will provide new insights on how both reactions occur
at the molecular level and what are the key factors which determines the products selectivity
and their kinetics.
Here we report a RRDE and DEMS studies on the competition between HER and ORR at
polycrystalline Pt (pc-Pt) in moderately acidic solutions (pH3) at potentials where both HER
and ORR take place simultaneously. The potential-dependent partial currents for ORR to H2O,
ORR to H2O2 and HER are quantified. We will focus on the following questions: i) At potentials
when both ORR and HER are thermodynamically allowed, which process occurs preferentially:
ORR, adsorption of hydrogen (Had) or HER? ii) What is the current distribution for these
processes that compete with each other and iii) What is the coverage of Had when HER
happens, and how does it change with reaction conditions such as electrode potential, the
mass transfer of H+ , etc.

2. Experimental Section
2.1 Materials
Solutions with x mM HClO4 (70%, Sigma–Aldrich, x= 1, 1.5, 2, 2.8, 3) + 0.5 M NaClO4 (AR,
Sinopharm) are prepared with ultrapure water (18.2 M cm). Before each experiment, the
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solution is bubbled with N2 or O2 (99.999%, Nanjing Special gas) for at least 20 min until
saturation and the purging process is maintained during the whole experiment.

2.2 RDE/RRDE measurements
For RDE/RRDE experiments, a conventional two-compartment electrochemical cell is
used. A polycrystalline Pt (pc-Pt) rotating ring disk electrode (both the ring and disk electrodes
were made of pc-Pt) is used as working electrode (WE). The diameter of the Pt disk electrode
is 0.50 cm and its electrochemical surface area (ECSA) is ca. 0.38 cm2 (roughness factor approx.
1.9) as estimated from the desorption charge of the under potential deposited of hydrogen
(HUPD) [20]. The inner and outer diameter of the ring electrode is ca. 0.55 and 0.80 cm, whose
ECSA is ca. 0.57 cm2, the collecting efficiency is 50% (the relevant details are shown in SI). A
Pt foil (99.99%) and a Ag|AgCl (with saturated KCl solution) electrode are used as counter and
reference electrodes, respectively. The Ag/AgCl electrode is placed in the 2nd compartment
which is separated from the main cell body by glass frits, in order to avoid the contamination
of the solution by the Cl- ions and by traces of dissolved Ag+ leaked from the RE.
Prior to each experiment, the WE is pre-cleaned by fast scan (500 mV/s) cyclic
voltammetry in de-aerated 0.1 M HClO4 for 20 minutes. Then it is characterized by cyclic
voltammetry to make sure that the characteristic CV features for H-UPD and redox of Pt are
observed (Fig. S1). The i-E curves of Pt electrode in x mM HClO4 (70%, Sigma–Aldrich, x= 1, 1.5,
2, 2.8, 3) + 0.5 M NaClO4 in a wide potential regime form -0.5 V to 1.2 V are recorded at a scan
rate of 50 mV/s. The potential is controlled by a potentiostat (CHI 760E, Shanghai ChenHua,
China). The rotation rate of the RDE/RRDE is controlled by a modulated rotator (Hokuto
Denko Ltd.). The potential at the ring electrode is held at 1.2 V during the experiment in order
to measure the amount of H2O2 produced by ORR. All potentials given here are referred to
Standard hydrogen electrode (SHE). All current densities are normalized by the geometric
surface area of WE in order to compare the limiting current controlled by mass transfer.

2.3 DEMS measurements
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For DEMS measurement, a dual-thin layer flow cell are used and details about the cell
can be found in ref.[9]. The cell volume is 15 μl. The disk electrode of RRDE mentioned above
is used as WE. Two Pt foils and a Ag|AgCl (with saturated KCl solution) are used as the CE and
RE, respectively. During the measurements, N2 or O2 saturated solution is passed through the
cell continuously at a flow rate of 30 μl/s. The mass signals are recorded by a Hiden HPR-40
DSA Bench Top Membrane Inlet Gas Analysis System. The energy of ionization is set 70 eV for
the detection of oxygen (m/e = 32) and 30 eV (to reduce the interference from water
ionization which can also produce H2+) for the detection of hydrogen (m/e = 2). DEMS signal
data are collected at a speed of 5 point/s. DEMS signals at potentials where no bulk reactions
happen (E= 0.9 V) is used for the background correction.

3. Results and Discussion
3.1 RDE measurements for ORR and HER in solutions with pH close to 3
Fig. 1 displays three sets of linear sweep voltammograms (LSVs, positive-going scan
starting at -0.5 V vs. SHE) of a pc-Pt electrode in 0.5 M NaClO4 + x mM HClO4 (x = 1.5, 2, 2.8)
solutions. The solution is saturated with either O2 (solid line) or with N2 (dash dotted line). In
the N2 saturated solution in the potential range from -0.1 V to 1.2 V, the current is very small.
At E<-0.1 V, cathodic current for HER is observed. From -0.1 V to -0.3 V, the HER current
increases continuously and reaches a diffusion limiting current plateau at E < -0.3 V. With the
increase of bulk proton concentration from 1.5 to 2.8 mM, the diffusion limiting current
density for HER increases linearly, while its onset potential slightly shifts to more positive
potentials.
In O2 saturated solution with 1.5 mM H+ (solid line in red, Fig. 1a), a cathodic current for
ORR sets in at E < 0.9 V and it increases with decreasing electrode potential. Furthermore, the
j–E curves display staircase shape with two diffusion limiting current plateaus, one located at
ca. 0.35 V < E < 0.65 V (denoted as plateau I) and the other -0.4 V < E < ca. 0.2 V (plateau II).
The current density magnitude of ORR in the potential region from 0.35 V to 0.65 V (plateau
I) is the same as the limiting current density for HER in N2-saturated at -0.5 V<E<-0.3 V. This
confirms that under such circumstance both HER and ORR are controlled by the mass
5

transport of H+. At potential more negative than 0.35 V, ORR current further increases and
reaches plateau II in the potential region from 0.2 V to -0.4 V.
In O2 saturated solution with 2 mM H+ (solid line in Fig. 1b), the cathodic current for ORR
also sets in at E < 0.9 V. With decreasing electrode potential, the j–E curves also display some
kind of staircase shape with two limiting current plateaus, one located at ca. -0.05 V < E < 0.5
V (plateau I) and the other -0.5 V < E < -0.3 V (plateau II). However, one distinct difference
when comparing with the j-E curves in O2-saturated solution at 1.5 mM H+ is that a positive
current peak appears at about -0.15 V between the two limiting current plateaus. In O2saturated solution with 2.8 mM H+ (solid line in red, Fig. 1c), the j-E curve displays similar
features as that in solution with 2 mM H+ except that the magnitude of the current plateau II
is significantly larger than that with 2 mM H+. The limiting current densities for plateau I in
both 2 and 2.8 mM H+ solutions are the same as the magnitude of the diffusion limiting current
for ORR (plateau II) in solutions with 1.5 mM of H+ (Fig.1a). This indicates that under such
circumstance, the current is limited by the same factor, i.e., mass transport of O2 for all three
cases. On the hand, it was found that, at -0.5 V < E < -0.3 V, the limiting current densities for
plateau II in both N2 and O2 solution with 2 or 2.8 mM H+ are nearly the same. This indicates
that these currents are limited by another factor, i.e., the mass transport of H+, for these two
cases. These findings is similar to previous studies of ORR at polycrystalline Pt electrode in
acid solutions with low pH.[18, 21]
The dependence of the j-E features on the electrode rotation rate is also studied, a
representative set of j-E curves recorded in O2 saturated solution with 2.8 mM H+ are displayed
Fig. 2. As expected, the current increases with the increase of electrode rotation rate, which
is similar to what has been reported before[18, 22]. The ratio of current density at plateau I
to that at plateau II is ca. 0.7, which is independent of electrode rotation rate. This number
just equals the ratio of 4DO2 2/3cO2/DH+2/3cH+ (DO2  1.910-9 m2 s-1, DH+ 9.310-9 m2 s-1) [22,
23]. This further confirms that current plateau I is limited by O2 mass transport, while current
plateau II is limited by the mass transport of H+. The ratio of current density at the current
peak at -0.15 V to that at plateau I is also estimated, which are also shown above the current
plateau I in Fig. 2. From Fig. 2 we see an enhancement of the magnitude of the current peak
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and a positive shift of the peak potential with the increase of electrode rotation rate or with
the increase of H+ concentration (when comparing Figure 1b with 1c). The origin for this peak
will be discussed in section 3.3.

3.2 Competition between ORR and HER on Pt at lower potentials in solutions with pH3
One intriguing question raises, i.e., at lower potentials when both ORR and HER are
thermodynamically allowed, which reaction occurs preferentially at Pt electrode when proton
concentration is limited? In order to answer this question, potential dependent mass signals
of O2 and H2 are monitored in a flow cell by DEMS under otherwise similar conditions. The
Faradaic current and the corresponding mass signal for O2 are recorded simultaneously when
O2 saturated solution with 1, 2 or 3 mM of H+ is flow continuously through the cell with a flow
rate of 30 l/s, the results are displayed in Fig. 3 and 4. The general features of j-E curves
observed in a flow cell (red solid line, Fig. 3) are similar to those observed in RDE measurement
in a conventional cell (red solid line, Fig. 1). Except that the current peak at ca. -0.15 V is not
obvious (possible origin for this will be discussed in section 3.3). The O2 mass transport limited
ORR current density measured under present conditions is closed to 5 mA cm-2. This indicates
that the mass transfer a 30 l/s flow rate in flow cell corresponds to an electrode rotation
speed of ca. 1600 rpm in RDE/RRDE roughly (Fig. 2). In the following, we will focus on the
potential-dependent change of the mass signal of O2 and H2.
In all three solutions, the potential-dependence of O2 mass signal at E > -0.1 V follows
well the shape of j-E curves. This indicates that the cathodic current at E > -0.1 V mainly comes
from the reduction of O2. On the other hand, for the cases with 3 mM H+ in the solution, the
mass signal of O2 in the potential region from -0.5 V to -0.1 V remains nearly the same value
as that in the first diffusion limiting current plateau region (-0.1 V < E < 0.5 V), although
cathodic Faradic current displays continuous increase toward more negative potentials. This
indicates that the additional cathodic current at E<-0.1 V for the case with 3 mM H+ in the bulk
solution should come from HER. This is further confirmed by the corresponding potentialdependent change of the mass signal of molecular hydrogen (m/e=2) measured under the
same reaction conditions as shown in Fig. 4.[24, 25] With potential negatively shifts from -0.1
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V, the mass signal of m/e = 2 continuously increases, which follows the similar trend as the jE curve at these potentials. It is imaginable that when HER occurs (when the applied potential
is slightly negative of the equilibrium potential for H-UPD), Pt surface is covered with a Had
with certain coverage. The fact that DEMS signal of O2 is at plateau from 0.6 V < E < -0.4 V (Fig.
4) reveals that the consumption rate of oxygen is not affected by Had on the surface or by the
possible competition of HER.
Combining the results obtained from both RDE and DEMS studies under similar
conditions, we found that in acidic solutions with low proton concentration, ORR always take
the priority to consume H+. Only when the mass transfer of H+ is high enough (i.e., higher than
the rate for its consumption by ORR), the rest proton can be used for HER. However, we still
cannot answer whether all O2 are reduced to H2O or a significant amount of H2O2 is produced
and what is the origin for the current peak at ca. -0.15 V (Fig. 1 and 2). These issues will be
examined by RRDE measurements.

3.3 Current distribution for ORR and HER and the origin for the current peak at ca. -0.15 V
In order to get quantitative information on the distribution of ORR to H2O or H2O2 and
HER to the overall current measured, RRDE experiments in the same solutions (O2 saturated
x mM HClO4 + 0.5 M NaClO4, x=1.5, 2, 2.8) are conducted and the results are shown in Fig. 5.
Since the j-E curves on the disk electrode (jdisk) in all solutions are the same as those measured
in the RDE experiments, we focus on discussing the j-E curves on the ring electrode. The
potential of the ring electrode was set to 1.2V, so H2O2 could be detected at the ring without
the strong interference of H2 (at 1.2 V, oxidation of H2 is greatly suppressed due to the
formation of Pt oxide, please refers to Fig. S2 [26]). In solutions with 1 mM H+ (Fig. 5a), no
current from H2O2 oxidation is detected at ring electrode (jring, fixed Ering = 1.2 V). In solutions
with 2 mM H+ (Fig. 5b), jring first increases with potential of the disk electrode (Edisk) positive
shift from -0.5 V < Edisk < -0.25 V. Then it decreases at -0.25 V< Edisk< -0.15 V and finally reaches
zero when Edisk > -0.15 V. A similar behavior was observed in solution with 2.8 mM H+ (Fig. 5c).
Compared with the 2 mM H+ solution, jring measured at Edisk < -0.15 V in solution with 3 mM H+
is 1.5 times of that in 2 mM H+ solution.
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To clarify the origin for the current peak at ca. -0.15 V and answer why it increases with
the increase of [H+] (Fig. 1) or electrode rotation rate (Fig. 2), quantitative estimation of the
kinetics all possible reactions occur at these potentials will be of great help. In the following,
we will estimate the potential dependent current distribution for ORR and HER on the disk
electrode based on the RRDE data given in Fig. 5.
The overall cathodic current can be expressed as:
disk
disk
disk
jdisk
total  jORR to H2O2  jORR to H2O  jHER

(6)

The partial current density for O2 reduction to H2O2 at the disk electrode can be estimated
from the RRDE data with Ering = 1.2 V and the collection efficiency N0 for RRDE system (in our
case N0=0.5 (Fig. S2) , which is independent of rotation rate[5]:
ring
jdisk
ORR to H2O2 = -jH2O2 toO2 / N0

(7)

Based on the DEMS data, we know that the overall consumption rate of oxygen remains
constant at E < 0.4 V, i.e., regardless of the potential applied, i.e., at -0.1 V < E < 0.5 V when
4e-ORR is diffusion-limited or at E < -0.15 V, when incomplete reduction of O2 to H2O2 and
HER may occur. According to the Faraday’s law we have:
disk
jdisk
jORR
jLdisk
ORR to H2O2
to H2O
,ORR
=
+
4F
2F
4F

(8)

Combining equations 6-8 and the data given in Fig.5, the potential dependent current
distribution for 4e-ORR, 2e-ORR and HER on the disk electrode are estimated. The results are
shown in Fig. 6.[27] From Fig. 6 we see that when Edisk is above -0.15 V, all the cathodic current
at the disk electrode is from 4e-ORR. When Edisk is decreased from -0.15 V to -0.5 V, the disk
current from O2 reduction to H2O2 first increases and then decreases, with a maximum at -0.2
V (HER0.05 V). The current efficiency for ORR producing H2O just displays the opposite trend
to that for O2 reduction to H2O2. The H2O2 yields ( H O ) were calculated by following Equation
2

2

6:[28]
H2 O2 =

2  iOR R to H2 O2

iOR R to H2 O  2  iOR R to H2 O2
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(9)

Where iORR to H O and iORR to H O are partial current of ORR producing H2O2 and H2O taken
2

2

2

from Fig. 5, respectively. At Edisk = -0.25 V, the H2O2 yields is ca. 33% and 64% for the cases
with 2 mM H+ and 3 mM H+, respectively. With further negative shift in potential, the current
efficiency for H2O2 production decreases, it drops to ca. 16% and 50% at -0.5 V, respectively.
The potential dependence of HER current is similar to O2 reduction to H2O2 while it reaches a
maximum at lower potential (-0.3 V for 2 mM H+ and -0.4 V for 3 mM H+), this further supports
that only those H+ not consumed by ORR can used for HER.
As the contribution of different reactions is clarified, the origin for the small current peak
at ca. -0.15 V and its dependence on [H+] and electrode rotation speed are clear. Studies on
Pt in pH1 solutions confirm that at potentials negative of the onset potential for under/over
potential deposition of hydrogen(HUPD / HOPD), the diffusion limited ORR current decreases
monotonically with the negative shift of the electrode potential, which is accompanied by the
increase in the amount of H2O2 produced [22, 23, 29, 30]. In contrast, for the cases with
cH+<0.01 M, the current efficiency for incomplete reduction of O2 to H2O2 first increases with
the negative shift in potential across the onset potential for HER, then it decreases at higher
overpotential (Fig. 5 and 6). The initial increase of the H2O2 current efficiency near the onset
potential for HER is attributed to the increase of Had coverage as similar to the case with pH1.
The decrease of the current efficiency for H2O2 production at higher overpotentials is probably
related to the following facts. With further negative shift in electrode potential (E < -0.15 V),
the intrinsic reaction kinetics for HER increases.[31] However, the mass transport of H+ cannot
match the fast consumption of Had, hence the coverage for Had on the surface decreases again
and more active sites become free. Under such circumstance, the O-O bond in H2O2, OOH or
O2 can be efficiently broken with the help of the catalytic effect of free Pt sites. As a result,
the amount of H2O2 produced decreases. Based on the above analysis, the appearance of the
current peak at -0.15 V can be rationalized by the facts: a) at E<-0.15 V, as the potential
positively shifting and approaching -0.15 V, the initial decrease of overall cathodic current is
due both the decrease of HER kinetics and the decrease of 4e-ORR current efficiency; b) at E>0.15 V, as the potential positively shifting and away from -0.15 V, the increase of the overall
cathodic current is due to the decrease of H2O2 current efficiency with positive shift in
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potential since at these potentials HER current is negligible (either controlled by kinetics or
even thermodynamic not allowed) (Fig. 1).
The “increase” of the current peak (drop of the overall cathodic current) at ca. -0.15 V
and the positive shift in the peak position with increasing electrode rotation speed (Fig. 2) or
proton concentration in bulk solution (Fig. 1) can also be explained by the increase of H+
concentration near the electrode surface and the consequent increase of Had coverage. When
the potential is approaching to the onset potential for HER from the positive side, the higher
the H+ concentration in the bulk solution or the higher the electrode rotation speed, the higher
mass transfer of H+ to the electrode surface, and the higher is the coverage of Had on the Pt
surface. This renders more O2 to be reduced to H2O2 (at E>-0.15 V HER current is negligibly
small), leading to larger reduction of the overall cathodic current (Fig. 1). This results in more
H+ near the electrode surface not being consumed and the local pH at the interface will
decrease.[21, 30] The decrease of pH near the electrode surface shifts the thermodynamic
equilibrium potential for the formation of Had and for HER positively, this leads to more H+
being reductively adsorbed to form Had at higher potentials, as a results the peak position
shifts positively.
The maximum of the peak and its position is like a “balance point” of the above
mentioned change of H2O2 current efficiency, hydrogen adsorption and HER. Local pH at the
electrode/electrolyte interface (pHs) shifts can affect the thermodynamic and kinetics of
above mentioned processes. Thus, pHs shift can also affect the magnitude of the peak and the
peak potential. Such peak observed in flow cell is not as obvious as that in RDE/RRDE sysyem
may be due to less pHs shift and difference in mass transfer condition. For reactions involving
H+/OH- as reactants or products, the change of pHs, induced by the imbalance between the
rate for the reaction consumption/production of H+/OH- and their mass transport, will change
both the thermodynamic equilibrium potential and reaction kinetics.[21, 22, 32-34] In
unbuffered solutions with medium pH, pHs may deviate from the its bulk value by more than
3 pH units with current densities of ca. 1 mA cm-2. Such deviations from bulk pH cause large
concentration overpotentials for reactions with H+ or OH- as reactants or products in solutions
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with intermediate pH values. Hence one should be very careful when carrying out studies in
solutions with medium pH and low buffer capability.
The results presented in this section is summarized as following: The partial currents of
HER and ORR producing H2O2 or H2O are quantified based in the DEMS and RRDE data. The
analysis show that at potentials negative of the onset for Had formation: i) The H2O2 production
rate first increases then decreases with the increasing overpotential; ii)If we assume a positive
correlation between H2O2 and Had coverage, Had coverage first increases due to increased
overpotential and then decrease due to poor mass transfer of H+ compared with fast
consumption by HER; iii) competition between ORR and HER will shift local pH, which will
affect Had coverage, H2O2 production and HER in solution with medium pH and low buffer
capability.

3.4 Implication on the mechanism and kinetics of ORR and HER
One may ask, in the potential regime when both ORR and HER are thermodynamically
allowed, why ORR wins the competition against HER while the current efficiency for 2e-ORR
increases with proton concentration? Firstly, the thermodynamic equilibrium potentials for
reaction 1 and 5 are 1.23 V and 0.69 V, respectively, which are significantly higher than those
of hydrogen adsorption and HER. At potentials when HER may occur, both 4e-ORR (reaction
1) and 2e-ORR (reaction 5) have much higher overpotential (electrochemical driving force)
than that for HER. Furthermore, HER will be significantly hindered due to the difficulty for the
formation of neighboring Had-Had pairs at Pt surface, which can be caused by low H+
concentration in the bulk solution, poor mass transfer of H+ to electrode surface[17] as well
as the competitive consumption of H+ near the electrode surface by ORR. A synergistic
interaction of all these effect leads to the preference for ORR over HER under conditions
where 4e-ORR, 2e-ORR and HER are all thermodynamically allowed.
Although ORR wins the competition against HER, its pathways are strongly affected by
the coverage of adsorbed Had, the latter is under dynamic change due to the imbalance of the
mass transport of H+ to the electrode surface, the consumption of H+ by ORR and the
consumption of Had by HER. As revealed by the DEMS data given in Fig. 3 and 4, the elementary
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steps such as the reduction of O2 to form OOH or the reduction of OOH to H2O2 are not
affected by Had. This indicates that at such low potentials when Had exists on Pt surface, these
processes are either outer sphere reactions which does not necessary need active sites or
their kinetics are very fast to provide huge current with the help of only a few active sites.
However, further adsorption of OOH on Had covered Pt surface and the breaking of O-O bond
in OOH is less favored than the further protonation of OOH to form H2O2. Had covered Pt
surface also does not favor H2O2 adsorption and further reduction, as a result, a significant
amount of H2O2 is produced. This is in contrast to the case for ORR at Pt in the kinetic
controlled region, where Pt surface is partially covered by Oad/OHad and it is positively charged,
the adsorption of O2, OOH (and H2O2 if it is formed) and the subsequent breaking of O-O bond
is favored than their desorption.
Our results also support the conclusion that the availability of neighboring free Pt sites
is crucial for the complete reduction of O2 to H2O on Pt, [16, 23, 29] most probably at least
two Pt atoms are necessary to break the O-O bond. However, in addition to the viewpoint that
Had hinders 4e- ORR, a recent study on pH effect on H2O2 reduction on Pt(111) reveals that
that in solutions with medium pH the decrease of H2O2 reduction current starts in the double
layer region which is ca. 0.2 V higher than the onset potential for H-UPD.[35] Based on this,
the authors claimed that there must be other factors rather than Had that which can also
hinder H2O2 reduction on Pt(111). Possible origins may be the change of the structure and
orientation of water network in the double layer as well as the pH dependent change of
potential of zero charge (pzc) of Pt(111) surface.[35-37] Further studies are under way to
clarify whether such effects also exist in the case at much lower potentials where 4e-ORR, 2eORR and HER are all thermodynamically allowed.

4. Conclusion
In summary, by using DEMS and RRDE we have successfully separated overall cathodic
current into the partial currents for ORR producing H2O2, ORR producing H2O and for HER at
Pt electrode. We find that at low potentials when both ORR and HER are thermodynamically
allowed, ORR on Pt occurs preferentially in a diffusion-limited manner, only the excess H+ can
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be used for the formation of Had and subsequent HER. High Had coverage may induce some O2
to be reduced to H2O2, while the elementary steps of O2 reduction to form OOH or OOH
reduction to H2O2 are not affected by Had. The preference for the consumption of H+ by O2 to
form OOH or by OOH to form H2O2 over the production of Had is probably due to the driving
force for 4e-ORR and 2e-ORR is much higher than that for hydrogen adsorption and HER. In
addition to this, the difficulty for the formation of Had-Had pairs at Pt surface due to low H+
concentration in the bulk solution as well as the competition for H+ by ORR, are probably the
origins for the preference for ORR over HER. The present results indicate that engineering the
active sites by introducing a 2nd reaction may be a powerful way to tune eletrochemical
reactions along the desired direction.. These new insights obtained in this study
demonstrates that combining multiple techniques, such as DEMS and RRDE, can be a powerful
approach for deriving the intrinsic kinetics of individual processes in a complex
electrochemical system.
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Supporting Information For
Unravelling Complex Electrode Processes by Differential Electrochemical Mass Spectrometry and
Rotation Ring Disk Electrode Method
Wei Chen, Ling Wen Liao, Jun Cai and Yan-Xia Chen*
Abstract:

The competition of oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER) on pc-Pt electrode

in weakly acidic solution (pH~3) under condition when both reactions are thermodynamically allowed are investigated using
the rotating ring disc electrode (RRDE) technique and differential electrochemical mass spectrometry (DEMS). The partial
currents of HER and ORR producing H2O2 or H2O are quantified. The results show that: i) ORR occurs preferentially in a
diffusion-limited manner (either limited by the mass transfer of O2 or H+) and only the excess H+ not being consumed by the
ORR can be converted to Had and H2; ii) At potentials negative of the onset for Had formation, the H2O2 production rate
first increases then decreases with the increasing overpotential; These results indicate that Had coverage on Pt surface first
increases with negative shift of the potential across the onset potential for HER and then it decreases at higher overpotentials
owing to its faster consumption by HER than its formation if the mass transfer of H+ is insufficient. Present results
demonstrate that combining DEMS and RRDE techniques can be powerful for deriving the intrinsic kinetics of individual
processes in a complex electrochemical system.

1. Base cyclic voltammogram of Pt disk electrode
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Figure S1. Base cyclic voltammogram of Pt disk electrode in N2 saturated 0.1 M HClO4 solution. Potential scan rate
of the disk electrode is 50 mV/s.

2. Collection efficiency for our RRDE system
The collection efficiency of the RRDE system (rotating speed = 2500 rpm) in this paper is ca. 0.5,
according to the ratio of the ring current for Hydrogen Oxidation Reaction (HOR) at E ring = 0.4 V to that
of HER at the disk electrode in Fig. S3. However, the apparent collection efficiency for H 2 produced at
disk electrode when Ering = 1.2 V is rather low (N0 ~ 0.2%). When the electrode potential of the ring is
held at 1.0 V or higher potential, the poisoning of Pt surface by oxide formed at 1 V will render the
kinetics of HOR at the ring electrode.[1] Thus, when Ering = 1.2 V, even some or large amount of hydrogen
molecules were produced at WE, little of them can be oxidized at the ring electrode. In our cases, the
ring current can be considered as the oxidation current of hydrogen peroxide.

0.6

poly-Pt RRDE
in 2mM HClO4 N2 sat.

0.3

50 mv/s

i / mA

0.0
-0.3
-0.6
-0.9

idisk, negative scan
iring, Ering= 0.4 V

-1.2

iring, Ering= 1.2 V

-1.5
-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

E / V vs SHE

Figure S2. Negative scan polarization curve of pc-Pt disk electrode in 2 mM HClO4 + 0.5 M NaClO4 solution saturated

with N2 and the corresponding current for the oxidation of H2 at the ring electrode with the potential of the ring
electrode held constant at 0.4 V (red line) and 1.2 V (blue line). Electrode rotating speed = 2500 rpm. Scan rate =
50 mV/s.

3. The coupling effect of disk current and ring current in RRDE measurement
It should be noted that the potentials at the ring and disk electrodes will be affected by the coupling
effect between both electrodes, which will induce a potential shift (or error) at both electrodes.
Mathematically, such a potential shift equals the Ohmic potential drop originate from a shared
uncompensated electrolyte resistance.[2] All the data from RRDE measurement are after the correction
of the coupling effect.

4. On the possibility of ClO4- reduction at Pt
The electrochemical reduction of ClO4- on Pt was reported since 1970s[3, 4]. A similar voltammetric
behavior was observed in both HClO4 and Cl- ion containing HClO4 solutions. The authors explained the
result by the reduction of ClO4- on Pt to form Cl-. However, we think that the contribution of
electrochemical reduction of ClO4- on Pt is negligible in our case. There are two reasons: 1) Such results
can also be explained by impurities of Cl- in HClO4 chemicals which can cause problems when using
HClO4 or NaClO4. Experimental evidences were only reported before 2000s and further study is lack.
The quality of chemicals produced at that time may not be as high as present. 2) Base cyclic
voltammogram of Pt (Figure S1) does not show any behavior of Cl- pollution.

5. Experimental data with similar parameters in 0.1 M HClO 4 solutions
We have also done the experiment with similar parameters in strong acidic solution (0.1 M HClO 4) and
the results are shown in Figure S3. In Figure S3, the current trend on disc electrode is quite similar to
those recorded in 3 mM HClO4 +0.5 M NaClO4, except that the diffusion limiting current at E < 0 V is not
observed. This is because the bulk concentration for proton is high enough. A current peak on disk
electrode is also observed, which confirms that such phenomenon is common in acidic solution with
pH < 3. Compared with those in 3 mM H+ solution, the current for HER and for ORR producing H 2O2
current are much higher, which agrees well with the conclusion that the higher concentration of proton
in the bulk, the higher coverage of Had on the surface and the percentage of O2 to H2O2 (ca. 85% at -0.1
V). The diffusion limiting current for ORR is ca. -1.2 mA in 3 mM H+ solution, which is smaller than that
0.1 M HClO4 (about -1.5 mA). This can be explained by the reduced of O2 solubility as the concentration
of NaClO4 increases.
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Figure S3.

Positive-going linear sweep voltammograms (scan) curve of (a) pc-Pt disk electrode in 0.1

M HClO4 solution saturated with O2 and (b) the corresponding current at ring electrode with the
potential of the ring electrode held constant at 1.2 V . Electrode rotating speed = 2500 rpm. Scan rate
= 100 mV/s.
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Figure 1. Positive-going linear sweep voltammograms (scan) of pc-Pt electrode in N2 (dot line) or O2
(solid line) saturated x mM HClO4 + 0.5 M NaClO4 solutions x = (a) 1.5, b) 2, c) 2.8 mM. Electrode rotation
rate=2500 rpm.
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Figure 3. positive-going linear sweep voltammograms of pc-Pt electrode in (solid line) O2 saturated x
mM HClO4 + 0.5 M NaClO4 solutions (x = a) 1, b) 2, c) 3 mM and the corresponding mass signal of m/e=32
for O2 (Line with square). DEMS signals measured at E=0.9 V were subtracted as background. Electrolyte
flow rate=30 μl/s.
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Figure 4. positive-going linear sweep voltammograms of pc-Pt electrode in (solid line) O2 saturated x
mM HClO4 + 0.5 M NaClO4 solutions (x = a) 1, b) 2, c) 3 mM and the corresponding mass signal of m/e=2
for O2 (Line with star). DEMS signals measured at E=0.9 V were subtracted as background. Electrolyte
flow rate=30 μl/s.
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Figure 5. Positive-going polarization curve at pc-Pt disk electrode and the simultaneous recorded
oxidation current at the ring electrode when Ering=1.0 V (line with square) in O2 pre-saturated (a)1.5, (b)
2 or (c) 3 mM HClO4 + 0.5 M NaClO4 solutions. Rotation rate=2500 rpm.
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Figure 6. Potential dependence of the partial current for ORR to H 2O, ORR to H2O2 and HER at disk
electrode in O2 pre-saturated (a) 2 or (b) 2.8 mM HClO4 + 0.5 M NaClO4 solutions. Calculated from data
4

given in Figure 3.
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