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Atomic-scale Pt clusters decorated on porous
a-Ni(OH). nanowires as highly efficient electrocatalyst
for hydrogen evolution reaction

Hongchao Yang'?, Changhong Wang'?, Feng Hu?, Yejun Zhang?, Huan Lu? and Qiangbin Wang'**"

ABSTRACT The synthesis of atomic-scale metal catalysts
is a promising but very challenging project. In this work,
we successfully fabricated a hybrid catalyst of Pt./Ni(OH),
with atomic-scale Pt clusters uniformly decorated on porous
Ni(OH), nanowires (NWs) via a facile room-temperature
synthesis strategy. The as-obtained Pt./Ni(OH), catalyst
exhibits highly efficient hydrogen evolution reaction (HER)
performance under basic conditions. In 0.1 molL™ KOH,
the Pt/Ni(OH), has an onset overpotential of ~0 mV wvs.
RHE, and a significantly low overpotential of 32 mV at a
current density of 10mA cm™, lower than that of the com-
mercial 20% Pt/C (58 mV). The mass current density data
illustrated that the Pt./Ni(OH), reached a high current den-
sity of 6.34Amg; at an overpotential of 50 mV, which was
approximately 28 times higher than that of the commercial
Pt/C (0.223 Amg;l) at the same overpotential, proving the
high-efficiency electrocatalytic activity of the as-obtained
Pt/Ni(OH), for HER under alkaline conditions.

Keywords: atomic-scale, platinum, Ni(OH),, clusters, hydrogen
evolution reaction

INTRODUCTION

Molecular hydrogen is regarded as one of the most effi-
cient, environmentally friendly and renewable energy car-
riers in the 21st century owing to its unique advantages in-
cluding high efficiency and natural abundance along with
environmental benignity [1,2]. Alkaline water electroly-
sis is a most economical and sustainable method to pro-
duce hydrogen due to unlimited reactant availability, good
manufacturing safety, stable output and high product pu-
rity [3-6]. Nevertheless, cathodic hydrogen evolution re-

action (HER) of alkaline water splitting often suffers from
sluggish kinetics, making it critical to develop electrocat-
alysts with high efficiency to promote the process of HER.
Up to now, the platinum-based catalyst is still the best HER
electrocatalyst under alkaline conditions due to the low on-
set overpotential, small Tafel slope and strong durability
[7]. Although many non-noble-metal electrocatalysts such
as Ni-based alloys [8-12] and Co-based nanocomposites
[13-15] have motivated intense research on electrocatalytic
HER, their poorer HER performance than Pt-based cata-
lysts enormously restricts their practical applications. Con-
sequently, how to enhance the HER activity of Pt-based ma-
terials in basic media is a greatly valuable but very challeng-
ing project.

Atomic-scale metal catalysts often show fairly large atom
efficiency and high-efficiency catalytic activity, which have
attracted widespread attention [16-19]. Decreasing the size
of catalysts can increase the specific surface area, which
will greatly augment the active sites. Atomic metal cata-
lysts promise higher atom utility in the catalyst and have
emerged as a new research frontier [20]. Therefore, design-
ing atomic-scale Pt based hybrid catalysts for HER could
greatly improve their electrocatalytic performance.

In addition, another feasible way to enhance the HER
activity of Pt in basic media is combination of Pt with 3d-M
(M= Mn, Fe, Co, Ni) metal hydroxides, because the edges
of the M(OH) sites can facilitate dissociation of water and
production of hydrogen intermediates, which would ad-
sorb on the nearby Pt surfaces (called absorbed hydrogen,
H.), and subsequently the H, would combine to generate

! School of Nano Technology and Nano Bionics, University of Science and Technology of China, Suzhou 215123, China.

* Key Laboratory of Nano-Bio Interface, Division of Nanobiomedicine and i-Lab, Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy

of Sciences, Suzhou 215123, China.

* College of Materials Sciences and Opto-Electronic Technology, University of Chinese Academy of Sciences, Beijing 100049, China.

" Corresponding author (email: gbwang2008@sinano.ac.cn)

November 2017 | Vol.60 No.11

1121

© Science China Press and Springer-Verlag Berlin Heidelberg 2017


http://mater.scichina.com
http://springerlink.bibliotecabuap.elogim.com
https://doi.org/10.1007/s40843-017-9035-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-017-9035-8&domain=pdf&date_stamp=2017-04-26

ARTICLES

SCIENCE CHINA Materials

molecular hydrogen [2-23]. Yin et al. [21] reported a
facile wet-chemical method to realize Pt NWs grown on
B-Ni(OH), nanosheets, showing a higher HER perfor-
mance than Pt/C. Meanwhile, a-Ni(OH), usually displays
superior electrochemical performance to other phases of
Ni(OH), due to its special intrinsic structure. Gao et al.
[24] experimentally demonstrated that a-Ni(OH); has bet-
ter OER catalytic activity than p-Ni(OH).. And we predict
that a-Ni(OH), can also exhibit more prominent HER
performance because a-Ni(OH); is isostructural with the
hydroxide-rich basic salts of nickel [25]. In a-Ni(OH),, the
anions are loosely intercalated between the hydrated nickel
hydroxide sheets, [Ni(OH),-.(H,0).]**, which would be
more likely promoting dissociation of water in alkaline
solutions. Consequently, rational design of atomic-scale
Pt decorated on a-Ni(OH); can provide a large number of
active sites and promote dissociation of water to improve
the HER performance of the catalyst owing to synergetic
chemical coupling effect between Pt and a-Ni(OH),. How-
ever, to the best of our knowledge, there are no any related
studies about simultaneously utilizing this synergetic effect
on HER electrocatalysts in basic solution.

Herein, we reported a facile synthetic strategy to fab-
ricate a hybrid electrocatalyst of atomic-scale Pt clusters
decorated on porous a-Ni(OH), NWs (Pt./Ni(OH),). The
Pt/Ni(OH), was synthesized by using weak reductant
(NaH,PO:,) to reduce adsorbed H,PtCls of the as-obtained
porous Ni(OH), NWs, and the Pt mass loading was up
to 4 wt.%. The Pt./Ni(OH), catalyst exhibits highly ef-
ficient HER performance under basic conditions. The
polarization curves demonstrate that the Pt./Ni(OH) has
an onset overpotential of ~0 mV vs. RHE, and a signifi-
cantly low overpotential of 32 mV at a current density of
10mA cm™, lower than that of the commercial 20% Pt/C
(58 mV) and Pt NPs/Ni(OH), (60 mV) at the same cur-
rent density. The mass current density illustrates that the
Pt./Ni(OH), reaches a high current density of 6.34 Amg,, at
an overpotential of 50 mV in 0.1molL™' KOH solution,
which is approximately 28 and 6.8 times that of commercial
Pt/C (0.223 Amg,!) and Pt NPs/Ni(OH), (0.922Amg,)) at
the same overpotential, respectively.

EXPERIMENTAL SECTION

Chemicals

All of the materials were purchased and used without fur-
ther purification. Nickel sulfate hexahydrate (NiSO46H-O,
AR, 298.5%) and sodium hydroxide (NaOH, AR, 298%)
were purchased from Sinopharm Chemical Reagent Co.,
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Ltd. Sulfuric acid (HSOs, AR, 98%) was purchased from
Enox Co., Ltd. Sodium hypophosphite (NaH,PO,, AR
99.0%) was purchased from Aladdin Chemistry Co., Ltd.
Chloroplatinate acid hexahydrate (H,PtCls-6H,O, assay:
237.5% Pt basis), potassium hydroxide solution (KOH,
HPLC, 45 wt.%) and Pt/C (20 wt.% Pt on Vulcan XC-72R)
were purchased from Alfa Aesar. Nafion perfluorinated
resin (5 wt.%) solution was purchased from Sigma-Aldrich.
Sodium borohydride (NaBH,, >99%) was obtained from
Acros Organics.

Synthesis of porous Ni(OH), nanowires

In a typical reaction, 5.257 g NiSO46H,0 (~20mmol) and
0.800g NaOH (~20mmol) were dissolved in deionized
water (40mL), respectively. After continuous stirring
for 30min, the NaOH solution was slowly added into
the NiSO4+6H,0 aqueous solution. Then, the mixture
was transferred to a 100-mL Teflon-lined stainless steel
autoclave, sealed and aged at 120°C for 24h in an electric
oven. When the reaction was finished and cooled down
to room temperature, a large amount of water was added
and the as-obtained products were collected by centrifu-
gation. Subsequently, the products were suspended in
200mL deionized water to form a homogeneous dispersion
(c[Ni(OH),] = 4mgmL™).

Synthesis of atomic-scale Pt/Ni(OH),

Five mililiter of Ni(OH), solution above was added in
10mL deionized water under stirring condition. Then,
0.1 mL H,PtCls aqueous (0.1 mol L") was added under stir-
ring for 1h. Afterwards, it was mixed with NaH,PO,/H,O
solution and reacted at room temperature for approx-
imately 5 days. And then a light yellow solution was
obtained. Subsequently, the as-obtained products were
washed with deionized water for several times. The prod-
ucts were suspended in 20mL deionized water to form a
homogeneous dispersion (c[Ni(OH),] = ImgmL™).

Synthesis of Pt NPs/Ni(OH),

Five mililiter of Ni(OH), added in
10mL deionized water under stirring condition. Then, 11.3
uL H>PtCls aqueous (0.1 molL™") was added under stirring
for 1h. Subsequently, it was mixed with NaBH4/H,O so-
lution and reacted at room temperature for approximately
30s. And then a black dispersion liquid was obtained. The
as-obtained black products were washed with deionized
water for several times.

solution was

Characterizations
The morphologies of the products were examined through

November 2017 | Vol.60 No.11

© Science China Press and Springer-Verlag Berlin Heidelberg 2017



SCIENCE CHINA Materials

ARTICLES

a Tecnai G2F20 S-Twin transmission electron micro-
scope (TEM) at an accelerating voltage of 200kV, and a
Quanta 400 FEG scanning electron microscope (SEM) at
20KkV, respectively. Energy-dispersive spectroscopy (EDS)
measurements and high resolution TEM (HRTEM) were
also recorded on Tecnai G2F20 S-TEM. Powder X-ray
diffraction (XRD) patterns were recorded on a Bruker D8
Advance powder X-ray diffractometer at a scanning rate
of 4°min~, using Cu-Ka radiation (A=1.54056A). X-ray
photoelectron spectroscopy (XPS) data were performed by
a PHI 5000 Versaprobe X-ray photoelectron spectrometer,
using nonmonochromatized Al-Ka X-ray as the excitation
source. Inductively coupled plasma mass spectrometry
(ICP-MS) analysis was recorded on a Thermo Fisher Sci-
entific ICAP Qc.

Electrochemical measurement

One milligram of Pt./Ni(OH), product, 2mg of Ketjen
black (the mass of Pt/C catalyst is 3mg) and 50 pL of 5
wt.% Nafion solution were dispersed in 0.968mL of 3:1
(v/v) water/ethanol by sonication for at least 30min to
form a homogeneous ink. Then 4 pL of the catalyst ink
(containing 0.16 ug of Pt catalyst) was loaded onto a glassy
carbon electrode of 3mm in diameter. The HER tests were
carried out in a conventional three electrode electrochem-
ical cell by using CHI660E. Linear scanning voltammetry
(LSV) was carried out at a scan rate of 50 mV s™! with
the pretreated glassy carbon electrode as the working
electrode, an Ag/AgCl electrode as the reference electrode
and a carbon rod electrode as the counter electrode. All
the potentials reported in this work are with iR correction,
which are given vs. reversible hydrogen electrode (RHE)
according to Ey. rue = Eus agiagal + E%agiaga+ 0.059 pH.

RESULTS AND DISCUSSION
The atomic-scale Pt clusters decorated on porous
a-Ni(OH), NWs was prepared via a very facile method.
First, the porous a-Ni(OH),; NWs were synthesized ac-
cording to previous work [19]. NiSO, solution mixed with
NaOH solution was firstly heated at 120°C for 24h and
a light green gelatinous precipitate was obtained. Then
H,PtCls/H,O was added in the Ni(OH),/H,O dispersion
under continuous stirring. Subsequently, the above solu-
tion was mixed with NaH,PO,/H,O solution and reacted
at room temperature for several days to transform into a
light yellow solution.

The SEM and TEM image of Ni(OH); in Figs S1 and S2
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illustrate the morphology of the as-prepared Ni(OH), NWs
along with a large quantity of porous structures. Then, the
powder XRD proves that the sample is a-phase Ni(OH),
(Fig. S3) [26]. After decorated with atomic-scale Pt, the
TEM images in Fig. 1a, b show that the morphology of the
as-synthesized Pt//Ni(OH), was completely inherited from
the a-phase Ni(OH), without any obvious change (also de-
scripted in SEM image in Fig. S4). The HRTEM image of
the Pt./Ni(OH), in Fig. 1c exhibits obvious lattice fringe
of a-Ni(OH),, but hard to identify the Pt due to its small
size and inconspicuous contrast in the HRTEM image. To
testify the exist of Pt on the Ni(OH), NWs, the high-reso-
lution high-angle annular dark-field (HAADF) STEM im-
age was taken. As shown in Fig. 1d and e, a lot of bright
spots were homogeneously dispersed on the Ni(OH), NWs
with their sizes smaller than 1nm, illustrating the success-
ful growth of Pt clusters on the Ni(OH), NWs. Further,
the EDS elemental mapping of the Pt/Ni(OH), in Fig. 1f
demonstrates that the Ni, O and Pt elements are homo-
geneously distributed in the Pt//Ni(OH), NWs, suggesting
that the atomic-scale Pt clusters are successfully loaded on
Ni(OH), NWs (for more EDS analyses, see Figs S5 and S6.
Another peak of Cu element in the EDS originated from
the carbon-coated copper grid substrate and the S element
is from the reactant of Na,SO, during the preparation of
a-Ni(OH), NWs). We surmised that the formation of the
Pt./Ni(OH), was attributed to the porous structure of the
Ni(OH), NWs, which could adsorb the Pt(IV) ion and pro-
vide a reaction field. Following the addition of weak reduc-
tant (NaH,PO,), the Pt(IV) was slowly reduced to form the
atomic-scale Pt clusters. The powder XRD patterns of both
Ni(OH); and Pt./Ni(OH); in Fig. 2a show that after the
process of loading Pt, the crystalline structure of Ni(OH),
has not transformed. And there is no obvious diffraction
peaks of Ptin the pattern of Pt./Ni(OH), on account of their
small size and low mass loading of Pt.

To detect the surface composition of the catalysts, XPS
was measured. In Fig. 2b, the XPS survey spectrum shows
the presence of Pt, Ni, and O. The high resolution XPS
spectrum of Ni 2p region in Fig. 2c displays two peaks
in Ni 2ps/; region at 855.8 and 861.4eV, Ni 2p,/, region at
873.7 and 879.4eV. The peaks at 855.8 and 861.4eV are as-
signed to the binding energies for oxidized Ni species and
the satellite of the Ni 2p;, peak. And the peaks at 873.7
and 879.4eV belong to oxidized Ni species and the satellite
of the Ni 2p,,; peak. After deconvolution of Pt 4f region in
Fig. 2d, the peaks at around 71.9 and 74.9 eV are attributed
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Figure 1 (a, b) TEM images of atomic-scale Pt decorated on porous Ni(OH), NWs at different magnifications. (c) HRTEM image of Pt./Ni(OH), NWs.

(d, e) HR-HAADF STEM image of the as-prepared Pt./Ni(OH),. (f) The STEM-EDS elemental mapping of the Pt./Ni(OH).. Scale bars = 20nm. The
HR-HAADF STEM image and elemental mapping of the Pt./Ni(OH), were measured at a bunch of wires.

to Pt’, and the peaks at about 72.8 and 76.0eV are assigned
to Pt**. Integral data reveal that Pt° atoms are dominant
(59%, red curves in Fig. 2d) and the rest of 41% are Pt** ions
(blue curves in Fig. 2d), respectively. Another peak coex-
isted in Pt 4f region is Ni 3p peak, which can be ascribed to
Ni** species in Ni(OH); (cyan curve in Fig. 2d). Moreover,
the survey spectrum and high resolution Ni 2p regions of
both Pt./Ni(OH); and Ni(OH), NWs alone in Fig. S7 illus-
trate that there are no obvious changes in chemical state of
Ni(II) after decorating atomic-scale Pt clusters on Ni(OH).
NWs. The mass loading of Pt on Pt./Ni(OH), was mea-
sured to be about 4 wt.% by ICP-MS.

In the contrast experiments, where the reductant
NaH,PO, was replaced with NaBH,, larger sized Pt
nanoparticles (NPs) loaded on Ni(OH), NWs (Pt-
NPs/Ni(OH),) were obtained. @~ The TEM image of
Ptxe/Ni(OH); in Fig. S8 illustrates that the Ni(OH), NWs
were homogeneously loaded with Pt NPs at an average size
of ~3nm. The EDS spectrum in Fig. S9 also proves the
presence of platinum. The HRTEM image of the Pt NPs
in inset of Fig. S8 confirms the inter-plane distance of the
lattice fringe of 0.22nm, which corresponds to that of the
(111) facet of Pt. The ICP-MS measurement shows that
the Pt content in Ptxp/Ni(OH), is about 4 wt.%.

The HER catalysis performance of the Pt./Ni(OH),
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NWs was then evaluated in basic conditions using a tra-
ditional three electrode system. Fig. 3 shows the HER
electrocatalytic activity of Pt/Ni(OH), in H,-saturated
0.1 mol L™ KOH. The polarization curve of the Pt./Ni(OH),
in Fig. 3a demonstrates an onset overpotential of ~0 mV
vs. RHE, and a significant low overpotential of 32 mV at
a current density of 10mA cm™, which is lower than that
of the commercial 20% Pt/C (58 mV) and Ptxp/Ni(OH),
(107 mV) at the same current density. In a sharp contrast,
Ni(OH), NWs alone exhibit rather poor HER activity un-
der the similar condition, illustrating that the active sites
of the Pt/Ni(OH), for excellent HER performance are not
provided by the Ni(OH), NWs, but the Pt clusters. While,
the Ni(OH), NWs promote the dissociation of water and
production of hydrogen intermediates and result in the un-
exceptionable HER activity of Pt./Ni(OH), system in basic
solutions [21-23]. The electrochemical active surface area
(ECSA) of these electrocatalysts were estimated from the
electrochemical double-layer capacitance (Ca) in Fig. S10.
As shown in Fig. S11, the Cq of the Pt./Ni(OH), NWs is
13.1 mF cm™, which is 1.47 times that of the Ptxp/Ni(OH),
NWs (8.9 mF cm™). The enhanced ECSA of Pt/Ni(OH),
NWs can be attributed to the highly exposed and easily
accessible active sites derived from the atomic-scale Pt
clusters. In addition, if NaH,PO, was not added in the
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Figure 2 (a) Powder XRD spectra of a-Ni(OH); and the as-prepared Pt/Ni(OH).. (b) XPS survey spectrum for Pt./Ni(OH),. (c) XPS spectra of high

resolution Ni 2p regions and (d) Pt 4f regions.

synthesis process of Pt/Ni(OH),, a small amount of
Pt(IV) would be adsorbed on the porous Ni(OH), NWs
(Pt**/Ni(OH);) by physical adsorption. The polarization
curves in Fig. S12 illustrate that the Pt**/Ni(OH), reveals
poor HER performance in alkaline solution. All these
data support the synergistic effects of Pt clusters and
Ni(OH), NWs in Pt/Ni(OH), hybrid electrocatalyst for
its exceptional HER activity. The HER performance of the
Pt./Ni(OH), NWs was further investigated in H,-saturated
ImolL™" KOH using a traditional three electrode system.
The polarization curves of the Pt./Ni(OH), in Fig. S13
demonstrate a significant low overpotential of ~88 mV ata
current density of 20mA cm™?, which is lower than that of
the commercial 20% Pt/C (~107 mV) at the same current
density.

The Tafel slope is an intrinsic property of the electro-
catalyst that is determined by the rate-controlling step of
the HER. For a whole HER process, the reaction steps in-
volved to generate H, include Volmer reaction combined
with Heyrovsky reaction or Tafel reaction, which is usually
called Volmer-Heyrovsky or Volmer-Tafel mechanism. In
alkaline condition, the Volmer reaction is the rate-control-

November 2017 | Vol.60 No.11

ling step of HER, due to the sluggish dissociation of wa-
ter, giving rise to a Tafel slope of ~120 mV/dec for Pt/C. In
Fig. 3b, the Tafel slope of Pt./Ni(OH), is about 86 mV/dec,
which is smaller than that of Pt/C (90 mV/dec). We spec-
ulated that this smaller Tafel slope of Pt./Ni(OH), was not
only attributed to the activity of atomic-scale Pt, but also
ascribed to the Ni(OH), substrate facilitating the decompo-
sition of water. The mass activity of these electrocatalysts
in Fig. 3c and Fig. S14 exhibits that Pt/Ni(OH), reaches an
extraordinarily high current density of ~6.34 A mg,, at an
overpotential of 50 mV in 0.1 molL™! KOH solution, which
is approximately 28 and 6.8 times that of the commercial
Pt/C (0.223 A mg;,) and Ptxp/Ni(OH), (0.922 A mg,;) at the
same overpotential, respectively. The chronoamperomet-
ric curve in Fig. 3d reveals that the Pt./Ni(OH); is sta-
ble with a constant current density of the complete HER
process under a constant overpotential of 70 mV (vs. RHE).
The typical serrate shape of the current density curve is at-
tributed to the alternate bubble accumulation and bubble
release on the electrocatalyst surface in the processes of hy-
drogen generation.

The performances of the Pt./Ni(OH), NWs with different
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Figure 3 HER data of the catalysts in Hy-saturated 0.1 molL™" KOH. (a) Polarization curves of Pt/Ni(OH),, Ptxe/Ni(OH),, commercial 20% Pt/C and
Ni(OH), NWs alone with a scan rate of 50 mV s™. (b) Tafel slopes of Pt./Ni(OH),, Ptxe/Ni(OH), and 20% Pt/C, respectively. (c) Mass current densities
of Pt./Ni(OH),, Ptxp/Ni(OH), and 20% Pt/C at an overpotential of 0.05V. (d) Chronoamperometric curve at a constant overpotential of 70 mV.

Pt mass loadings were further investigated. Fig. S15 show
the TEM images and the EDS of Pt/Ni(OH), with differ-
ent Pt mass loadings. In the TEM image, there are no visi-
ble Pt NPs on the porous Ni(OH), NWs, but the EDS re-
veals the presence of Pt. Subsequently, the HER perfor-
mances of these materials in 0.1 molL™ KOH were mea-
sured. The HER data in Figs S16 and S17 illustrate that
the Pt mass loading plays a crucial role in the HER perfor-
mance of Pt/Ni(OH),.

In summary, we successfully synthesized a hybrid
Pt/Ni(OH), electrocatalyst, exhibiting extraordinary
electrocatalytic performance for HER, which could be
attributed to the following reasons: 1) the atomic-scale Pt
clusters offer more active sites in comparison with Pt NPs
at the same mass loading, vastly enhancing the catalytic
performance and Pt atom utility. 2) The Ni(OH), substrate
promotes the dissociation of water and production of hy-
drogen intermediates, which subsequently adsorb on the
catalyst and recombine into molecular hydrogen. 3) The
a phase of Ni(OH), NWs allows the anions to be loosely
intercalated between the hydrated nickel hydroxide sheets,
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[Ni(OH),-«(H,0).]*", thereby significantly promoting the
dissociation of water in alkaline solutions.

CONCLUSIONS

In brief, we have successfully fabricated hybrid electrocat-
alyst of Pt./Ni(OH), with atomic-scale Pt cluster decorated
on porous a-Ni(OH), NWs via a facile room-temperature
synthesis strategy. Notably, the Pt./Ni(OH), catalyst ex-
hibits highly efficient HER performance under basic condi-
tions. The Pt./Ni(OH), shows an onset overpotential of ~0
mV vs. RHE, and a significantly low overpotential of 32 mV
at a current density of 10mA cm™2, lower than that of the
commercial 20% Pt/C (58 mV) at the same current density.
The mass current density illustrated that the Pt./Ni(OH).
reached a high current density of 6.34 A mg,, at an over-
potential of 50 mV, which is approximately 28 times that of
the commercial Pt/C (0.223 A mg,,,) at the same overpoten-
tial. The extraordinarily high activity of the hybrid catalyst
is attributed to the atomic-scale Pt clusters offering more
active sites, the Ni(OH), substrate promoting the dissocia-
tion of water and production of hydrogen intermediates in

November 2017 | Vol.60 No.11
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alkaline solutions. We expect that the rational design and
facile synthetic strategy of the Pt./Ni(OH), electrocatalyst
could be extended to other catalysts for improved catalytic
activity.
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