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Abstract: Realization of the hydrogen economy relies on
effective hydrogen production, storage, and utilization. The
slow kinetics of hydrogen evolution and oxidation reaction
(HER/HOR) in alkaline media limits many practical applica-
tions involving hydrogen generation and utilization, and how
to overcome this fundamental limitation remains debatable.
Here we present a kinetic study of the HOR on representative
catalytic systems in alkaline media. Electrochemical measure-
ments show that the HOR rate of Pt-Ru/C and Ru/C systems is
decoupled to their hydrogen binding energy (HBE), challeng-
ing the current prevailing HBE mechanism. The alternative
bifunctional mechanism is verified by combined electrochem-
ical and in situ spectroscopic data, which provide convincing
evidence for the presence of hydroxy groups on surface Ru sites
in the HOR potential region and its key role in promoting the
rate-determining Volmer step. The conclusion presents impor-
tant references for design and selection of HOR catalysts.

The slow rate of the hydrogen oxidation reaction (HOR) at
high pH environment offsets recent advancements in alkaline
membranes with applications to alkaline fuel cells and
electrolyzers.[1] Beyond the practical importance, it is also
a most fundamental conundrum in electrochemistry. Mar-
kovic et al.[2] pioneered the fundamental HOR studies aiming
to address this long-standing puzzle. They proposed that the
HOR kinetics in alkaline is limited by the Volmer step M-
Hads + OH@!M + H2O + e@ , and the reactive hydroxy spe-
cies (OHads) is required to promote this step. Accordingly,
a three dimensional volcano plot was proposed wherein the
HOR rate is co-determined by the binding of the hydrogen
intermediate (Hads), as well as of the OHads to the surface.[3]

The enhanced HOR activity of Pt in alkaline by decorating it
with Ni(OH)2 adislands or alloying it with Ru was accordingly
attributed to the incorporation of surface oxophilic sites
accommodating reactive OHads. This mechanism is however
undermined by the lack of experimental evidence for the
reactive OHads species in the HOR potential region. The
current prevailing theory for the HOR kinetics is the so-called
hydrogen binding energy (HBE) mechanism, wherein the
HOR rate of a variety of mono-metallic surfaces (Pt, Ir, Pd,
and Rh) with various facets over a broad pH range (0 to 13) is
solely determined by the HBE (EM-H).[4] The HBE mechanism
was also applied to account for the superior HOR activity of
Pt-Ru systems to Pt.[5] The great success of this mechanism
lies in not only the generality, but also the verifiability that the
HOR rate of a broad range of catalytic surfaces can be
directly related to EM-H via the position of the underpotential
deposited hydrogen HUPD stripping peak (Epeak) (EM-H =

@EpeakF where F is the Faraday constant).[4d, 5c] For instance,
the superior HOR activity of the PtRu alloy to that of Pt was
ascribed to the Ru-induced weakening of the EPt-H as reflected
by the more negative HUPD stripping peak position (Fig-
ure 1).[5c] However, we noticed that the HUPD peak of the
Pt1Ru1/C alloy (ETEK, 29.1 wt %) largely overlapped that of
Ru/C (ETEK, 60 wt %) (Figure 1). This observation impli-
cated that this HUPD peak may arise from the surface Ru
rather than Pt sites. By demonstrating this is indeed the case
as a starting point, herein we discarded the HBE mechanism
by decoupling the EM-H of Pt-Ru and Ru systems to their
HOR rate, and verified the alternative OHads-induced bifunc-
tional mechanism by experimentally identifying the presence
of OHads in the HOR potential region and its promoting role
on the HOR kinetics in alkaline media.

Figure 1. CV plots of Pt/C, Ru/C, and Pt1Ru1/C; and of the latter two
after holding the potential at 1.5 V for 5 minutes. All CVs plots were
collected in an Ar-saturated 0.1m KOH electrolyte at a scan rate of
20 mVs@1 at room temperature. The loading of Pt for Pt/C and Pt1Ru1/
C, and of Ru for Ru/C is ca. 10 mgcmdisk

@2.
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Since the HUPD stripping on Ru/C occurs on the metallic
Ru sites,[6] we inferred that the HUPD peak would diminish by
irreversible formation of oxides on Ru surfaces. Accordingly,
we held the Ru/C at 1.5 V (all potentials reported here were
vs. reversible hydrogen electrode, RHE) for five minutes to
irreversibly oxidize the surface Ru. The subsequent cyclic
voltammetry (CV) starting directly at 0.05 V was featureless
due to the dissolution and passivation of the surface Ru
(Figure 1).[7] The same process was then applied to Pt1Ru1/C.
The HUPD peak around 0.1 V disappeared, accompanied with
the emergence of the HUPD peak around 0.27 V (Figure 1).
These results indicated that the HUPD peak of Pt1Ru1/C
around 0.1 V arises from Ru rather than Pt as assumed
previously,[5c] and the EPt-H in the Pt1Ru1/C alloy is not
significantly altered, thereby calling in question the HBE
mechanism on the Pt-Ru alloy that rests on the erroneous
assignment of the HUPD peak.[5c]

The above results suggested that the Pt-Ru alloying phase
was not required to improve the HOR kinetics of Pt in
alkaline, whereas the presence of surface Ru was essential.
Based on this deduction, surface electrochemical deposition
of Ru on Pt/C was applied to introduce surface Ru to explore
its role on the HOR kinetics and the HUPD peak position. The
feasibility of this method is justified by the fact that Ru can be
spontaneously deposited on platinum and remains stable
within a wide potential range.[8] Specifically, the HOR
performance of Pt/C (46.7 %, TKK) was assessed on a rotating
disk electrode (RDE) in 0.1m KOH as a baseline (Figure 2a).

This was followed by doping with 3 mL 5 mm RuCl3 solution
into the electrolyte (corresponding to 0.5 mm Ru3+) without
applying potentials. The subsequent HOR tests showed
a gradual increase in the HOR rate with voltage cycling
until reaching a stable state (Figure 2a). The HOR rate was
further improved by doping with another 3 mL RuCl3,
approaching that of Pt1Ru1/C. These results demonstrated
that the surface doped Ru improves the HOR rate of Pt/C in
alkaline.

The CV was recorded after each HOR testing to trace the
Ru-induced shift of the HUPD peak. The HUPD peak around
0.1 V overlapping that of Pt1Ru1/C and Ru/C emerged upon
the doping of 3 mL RuCl3 (Figure 2b). We then held the Pt/C

electrode with 9 mL doped RuCl3 at 1.5 V for 5 minutes. In the
subsequent CV starting at 0.05 V, the HUPD peak at 0.1 Vagain
disappeared, which was accompanied by the reemergence of
the prominent HUPD peak at 0.27 V associated with the HUPD

peak of the Pt (110) facet. These observations are consistent
with those obtained on the Pt1Ru1/C alloy, providing con-
clusive evidence that their superior HOR kinetics is not
governed by the Ru-induced change of the EPt-H, thereby
revoking the HBE mechanism for the superior HOR kinetics
of Pt-Ru systems.

The notion that the HBE mechanism accounts for the
superior HOR kinetics of Pt-Ru systems is based on not only
the “shift” of the HUPD peak,[5c] but also the observation that
Ru@Pt core–shell nanoparticles (NPs) with pure Pt surfaces
exhibit improved HOR kinetics compared to Pt/C NPs.[5a,b]

This remark, however, merits another look. An important
implication of the doped Ru experiment is that even trace
amount of Ru (0.5 mm) in the electrolyte can significantly
boost the HOR of Pt/C in alkaline. This finding raises the
question whether the clean Pt surfaces characterized under
ex situ conditions are really free of Ru under in situ electro-
chemical conditions where the HOR kinetics is assessed,
especially considering that Ru can migrate onto the Pt
surfaces[9] and then gets dissolved into electrolyte upon
voltage cycling.[6] Indeed, the CV of the Ru@Pt NPs clearly
exhibits a HUPD peak at 0.1 V in alkaline, indicating the
presence of surface Ru.[5a] The absence of the broad peak
associated with the reduction of Ru(OH)x of Ru@Pt NPs was
proposed as the in situ evidence for the pure Pt surface free of
Ru, but it was conducted under acidic media, and the CV in
alkaline was not reported.[5b]

Since the new evidences obtained on Pt-Ru systems
underscore the essential role of surface oxophilic metal
hydr(oxy)oxides for the superior HOR kinetics, we turned to
examine the bifunctional mechanism[2] wherein the reactive
OHads accommodated by metal hydr(oxy)oxides [Eq. (1)]

MOxðOHÞy þOH@ $ OHads-MOxðOHÞy þ e@ ð1Þ

facilitates the oxidation of Hads on adjacent Pt sites [Eq. (2)],

Pt-Hads þOHads-MOxðOHÞy $ PtþMOxðOHÞy þH2O ð2Þ

thereby promoting the Volmer step [Eq. (3)]:

Pt-Hads þOH@ $ PtþH2Oþ e@ ð3Þ

The bane of this mechanism lies in the lack of unambig-
uous evidence for the reactive OHads at low potentials. For
instance, Zhuang et al.[5c] questioned this mechanism by
showing that the presence of reactive OHads species on the
surface of Pt-Ru/C at the HOR potential region is not
supported by the CO stripping experiment. However, the Pt-
Ru/C alloy is subject to the so-called pseudo-bifunctional
mechanism for CO oxidation, wherein the Ru sites are also
occupied by COads below 0.4 V (e.g. the HOR potential
region), and only get oxidized by the site competitor OHads at
potentials above 0.4 V (see Figure S1 in the Supporting
Information).[10] Therefore, the absence of the CO stripping

Figure 2. a) HOR polarization curves of Pt/C with 0, 3, 6, and 9 mL
doped 5 mm RuCl3 and Pt1Ru1/C collected in a H2-saturated 0.1m
KOH electrolyte at a scan ate of 10 mVs@1 and a rotation rate of
2500 rpm at room temperature. b) Cyclic voltammograms of Pt/C with
0, 3, 6, and 9 mL doped 5 mm RuCl3 and the latest case after holding
at 1.5 V for 5 minutes collected in an Ar-saturated 0.1m KOH electro-
lyte at 20 mVs@1. The Pt loading is ca. 10 mg cmdisk

@2.
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peak of the Pt-Ru/C alloy below 0.4 V by no means indicate
the absence of OHads at the HOR conditions, under which no
COads competes over the Ru sites with OHads. In order to
possibly see the reactive OHads via CO stripping, the surface
Ru sites must not be fully occupied by COads at the HOR
potential region, which was realized in the Ru-doped Pt/C
system as shown next.

The CO stripping experiment was conducted on the Pt/C
with various amount of doped RuCl3. The intensity of the CO
stripping peak of Pt/C at 0.7 V gradually decreased with
increasing amount of doped RuCl3 (Figure 3), indicating the

reduced amount of unperturbed Pt sites. This was accompa-
nied by the gradual increase of the intensity of the CO
stripping peak starting as low as 0.05 V, which was ascribable
to the increased population of the Pt sites with the CO
oxidation promoted by adjacent Ru. The emergence of two
CO oxidation peaks agrees with the kinetic model by Koper
et al.[11] based on the Ru-induced local bifunctional effect that
requires large Ru islands on the Pt surface and low CO
mobility. The results clearly showed that some doped Ru sites
can accommodate reactive OHads at potentials below 0.4 V,
rather than predominately occupied by COads like the Pt-Ru/
C alloy. This was supported by the redox features of Ru
slightly below 0.4 V (Figure 3) that was absent for Pt1Ru1/C
and Ru/C (Figure S1). This observation is in accordance with
the previous finding[12] of Markovic et al. that the electro-
deposited transition metal hydr(oxy)oxides on Pt(111) pref-
erentially binds OHads,

[10,12b] resulting in early CO oxidation.
Likewise, the presence of unperturbed Pt and Ru-

promoted Pt sites in the Ru-doped Pt/C for the HOR was
reflected by the two distinct trends in the micropolarization
region of the HOR curves, or in the corresponding Tafel plots
(Figure 4). With increasing amount of doped Ru, the HOR
kinetics below 0.2 V was improved, and the Tafel slope
gradually decreased from that of Pt/C (ca. 135 mV/dec) to
that of Pt1Ru1/C (Figure 4b); whereas the HOR kinetics
above & 0.2 V remained unchanged. The evolution of the
Tafel slope suggested that the doped Ru changed the rate
determining step (rds) of the adjacent Pt sites from the
Volmer step involving an electron transfer, probably to the
Tafel step without electron transfer. Increasing the amount of
doped RuCl3 from 6 to 9 mL did not change the HOR kinetics,
but led to the reduction of the limiting current density

(Figure 4a). This indicated that the primary active site for the
HOR is Pt rather than Ru, otherwise the opposite trend
would be observed. Therefore the change of the rds cannot be
ascribed to the change of active site, but rather to the reactive
OHads accommodated by Ru that promotes the Volmer step
via the bifunctional mechanism [Eq. (2)], just like it promot-
ing the CO oxidation (Figure 3). The local bifunctional effect
was absent on Pt1Ru1/C (Figure 4 b and Figure S1a) owing to
the uniform distribution of surface Ru.[11] Despite the differ-
ent surface morphology between the Ru-doped Pt/C and
Pt1Ru1/C, their identical HOR kinetics below 0.2 V (Fig-
ure 4b) suggested that their superior HOR kinetics was
governed by the same underlying mechanism.

To directly observe the reactive OHads at the HOR
potential region, we conducted in situ XAS on Pt1Ru1/C, Pt/C,
and Ru/C. As seen in Figure 5, the X-ray absorption near
edge structure (XANES) of the Ru K-edge spectra for both
Ru/C and Pt1Ru1/C shifts to higher energy as the potential
increases from 0.05 to 0.24 V. The derived Dm matches the
theoretical Dm obtained by the ab initio FEFF calculations[13]

by replacing the Hads on the Ru6 cluster model by OHads. The
replacement of Hads by OHads on Ru sites in the HOR region is
also reflected by the sharpness of the HUPD peak associated
with attractive lateral interactions.[14] The replacement ends
around 0.2 V as previously proposed,[15] followed by the
formation of amorphous layers of Ru(OH)3 around 0.2 V in
0.1m KOH.[7] The formation of Ru(OH)3 at 0.2 V is further
supported by the observation that the HOR curves of Ru/C
drops around 0.2 V (Figure S2a), which was previously
observed[2,16] and ascribed to the formation of hydr-
(oxy)oxides that block active sites.[2] The combined XAS
and electrochemical data provide substantial evidence for the
dynamic co-existence of Hads and OHads on Ru sites at the
HOR region. This observation is in line with the well-known
phenomenon of the co-existence of Hads and OHads on
a Ru(0001) surface in vacuum as a result of the partial
water dissociation.[17]

The promoting role of the OHads for the Volmer step of Pt-
Ru systems via facilitating the oxidation of Hads on Pt sites
[Eq. (3)] is confirmed by the XANES spectra collected at the
Pt L3-edge of Pt1Ru1/C and Pt/C. The Pt white line intensity of
Pt/C remains unchanged in the potential region of 0.05–
0.24 V, and is lower than that at 0.54 V (double layer region)
(Figure 5c and d) due to the adsorption of H onto the Pt fcc
sites,[18] which was confirmed by the surface sensitive Dm-

Figure 3. CO stripping voltammograms collected for Pt/C with various
amount of deposited RuCl3 in Ar-saturated 0.1m KOH at a scan ate of
20 mVs@1.

Figure 4. a) Reproduced from Figure 2a focusing on the HOR kinetic
region; b) the corresponding kinetic plots. The “slope” of Pt1Ru1/C is
given only for comparison purposes as its HOR rate is limited by the
mass diffusion of H2.
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XANES analysis (Figure 5 f). The white line intensity of Pt/C
increases mostly between 0.24 and 0.34 V (Figure 5c), indi-
cating the primary desorption of Hads in this potential region,
matching the prominent HUPD stripping peak of Pt/C around
0.27 V (Figure 1). In contrast, the Pt white line intensity of
Pt1Ru1/C gradually increases with potential from 0.05 V to
0.24 V, and remains unchanged in the potential range of 0.24–
0.54 V. This indicates that the majority of the Hads leaves the
surface Pt sites of Pt1Ru1/C below 0.24 V. While this cannot be
directly observed in the cyclic voltammograms since the HUPD

stripping peak from Ru dominates in this potential region, it is
reflected by the absence of the HUPD peak at 0.27 V of Pt1Ru1/
C (Figure 1), and of Pt/C with surface deposited Ru (Fig-
ure 2b). The observations of reactive OHads on Ru sites and
the facilitated H desorption from Pt surfaces at the HOR
potential region provide experimental evidence for the
bifunctional mechanism.

While the bifunctional mechanism is established on
bimetallic systems, it is also applicable to certain mono-
metallic systems such as Ru (experimental verification given
in the Supporting Information section 2.2) since the XANES
and electrochemical data clearly showed the OHads-facilitated
oxidation of Hads on the surface of Ru/C. Ru/C also exhibits
high HER activity in alkaline (see Figure S2a and Figure S4).

In addition, the HER of Pt/C in alkaline is also improved by
surface Ru (Figure 2a), which agrees with previous findings
that oxophilic metal hydr(oxy)oxides on the Pt surface
promote the Volmer step of the HER, the reverse of the
HOR.[12,19] The combined HER/HOR results strongly suggest
that oxophilic metal hydr(oxy)oxides lowers the energy
barrier of the Volmer step via the bifunctional mechanism,
and thereby improves the HOR/HER kinetics simultaneously
(note other factors induced by oxophilic metal hydr-
(oxy)oxides may also affect the HER kinetics,[20] but it is
beyond the scope of this work).

In summary, we provided the first experimental evidence
for the presence of OHads on the surface Ru sites in the HOR
potential region and its promoting effect on the oxidation of
Hads for both Pt-Ru/C and Ru/C systems, thereby verifying the
bifunctional mechanism for the HOR in alkaline. The
clarification of the governing mechanism for the HOR
kinetics in alkaline media is essential for the development
of HOR catalysts.
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