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Developing efficient dual functional electrocatalysts for both oxygen reduction reaction
(ORR) and hydrogen evolution reaction (HER) is critical for boosting the performance of fuel
cells and metal air batteries, as well as production of clean and sustainable energy source.
Herein, Pd nanoparticles grown on Mo,C nanotubes were prepared as dual functional
electrocatalysts for both ORR and HER. A series of samples with different Pd loadings were
fabricated, while the morphology and the structural features were well examined by
transmission electron microscopy (TEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). Interestingly, both the ORR activity and HER activity first increased
then decreased with the increasing of Pd loading, and the sample of Mo,C-Pd-9% exhibited
the best performance among the series, superior than commercial Pd/C in both ORR and
HER tests. Furthermore it also exhibited markedly higher long-term stability than Pd/C for
both electrocatalytic reactions. The results may shed light on rational design of novel bi-
functional electrocatalysts in the renewable energy field.
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Introduction

The global energy crisis and extensive environmental pollu-
tion caused by the heavily reliance of fossil fuels can be
significantly mitigated by the rapidly developing green and
sustainable energy technologies including water splitting, fuel
cells and metal-air batteries [1—4]. Oxygen reduction reaction
(ORR) plays a key role in fuel cells and metal-air batteries,
while hydrogen evolution reaction (HER) is critical for pro-
duction of clean energy [5—8|. Currently, Pt based nano-
materials have been widely considered as the state-of-art
electrocatalysts for both ORR and HER thanks to their low
overpotentials and large current densities [9—-11]. Neverthe-
less, the low abundance and high costs of Pt significantly
hindered their large-scale commercialization. Therefore,
developing cost-effective, highly active and durable catalysts
for ORR and HER as alternative of Pt is crucial and highly
desirable [7,11-17].

Compared with Pt, palladium has demonstrated as a
promising candidate to replace Pt due to its much lower costs
and satisfactory catalytic activities in electrochemical re-
actions [18—22]. For instance, a series of Pd nanoparticles with
various size exhibited effective catalytic activity toward ORR,
and Zhou et al. successfully established the size effects [23].
Xia group synthesized 5—-6 nm Pd nanocrystals with different
shapes, and surface-structure-dependent ORR activities were
observed [24]|. By employing a top-down strategy, Xu group
created a multisite HER catalyst on nano-Pd surface, where
the water dissociation and hydrogen formation were balanced
to achieve the highest efficiency for HER in alkaline media [25].
Recently, Liu et al. developed a facile approach to prepare Pd
nanoparticle assemblies with porous structure for both HER
and ORR, of which the Tafel slope was 30 mV dec™* and the
overpotential was 80 mV at 100 mA cm? for HER, while the
half-wave potential and onset potential was 0.84 V and 0.93 V
for ORR, respectively [26].

Nevertheless, when employing palladium nanoparticles
alone to catalyze electrochemical reactions, the catalysts still
suffer from low chemical susceptibility, as palladium nano-
particles would aggregate or decompose during the catalytic
process. A matrix or support to integrate palladium nano-
particle as an intact hybrid catalyst is highly desirable [27]. In
addition, such matrix or support would be easily accessible
and the introduction of additional electrocatalytic activity is
desired. Mo,C nanotubes can be a great choice based on the
following reasons: First of all, Mo,C nanotubes can be fabri-
cated under mild conditions in large scale with low costs;
Secondly, previous studies have shown that Mo,C nanotubes
and/or their analogues exhibited a remarkable electrocatalytic
performance toward HER [28—30]. Lastly and most impor-
tantly, through rational design, palladium nanoparticles can
be grown on the surface of the Mo,C nanotubes to form an
integral composite, and enhancement of electrocatalytic
performance via the synergistic effect is expected.

Herein, we report a facile approach to prepare palladium
nanoparticles grown Mo,C nanotubes. The as-prepared inte-
gral composite exhibited effective catalytic activities toward
both ORR and HER. Among a series of samples tested, Mo,C—
Pd-9% demonstrated the best performance toward both ORR

and HER, along with a most positive onset potential of +0.96 V
and the largest diffusion-limited current density of
4.64 mA cm ™2 at 1600 rpm for ORR, as well as an overpotential
of 28 mV at the current density of 10 mA cm 2 for HER. Both
the ORR and HER performance are superior than commercial
Pd/C. Furthermore, Mo,C—Pd-9% exhibited markedly higher
long-term durability toward both ORR and HER than Pd/C.

Experimental section
Chemicals

Ammonium molybdate ((NH4)Mo0;054-4H,0, >99.0% pur-
chased from Damao Chemical Reagent, Tianjin, China), nitric
acid (HNOs, 65%—68%, purchased from Energy Chemicals,
Shanghai, China), 3-hydroxytyramine hydrochloride (98%,
purchased from Energy Chemicals, Shanghai, China), absolute
ethanol (>99.7%, purchased from Jinhuada Chemical Reagent,
Guangzhou, China), ammonia solution (25%—28%, Cai Yunfei
Chemical Industry), tetrachloropalladate  (II)
(NayPdCl,, 99.95%, purchased from Energy Chemicals,
Shanghai, China). L-Ascorbic acid (AA, 98%, purchased from
Energy Chemicals, Shanghai, China). All chemicals were used
as received without purification. Deionized water was sup-
plied by a Barnstead Nanopure Water System with a resistivity
of 183 MQ cm ™%

sodium

Synthesis of MoO3 nanorods

The MoO; nanorods were prepared by following a previously
reported protocol [31]. In a typical reaction, 2.1 g of
(NHg)eM0;0,4-4H,0 was dissolved in 60 mL of mixed solvents
of deionized water and HNO; (v: v = 5: 1). The mixed solution
was then transferred into a Teflon-lined stainless steel auto-
clave (100 mL capacity) and heated at 200 °C for about 20 h.
After cooling down, the product was collected by centrifuga-
tion and washed with deionized water and absolute ethanol
for 3—5 times prior to drying at 70 °C overnight. The XRD
patterns of the as-prepared MoOs nanorods can be found in
Figure Sla, which agrees well with the previous reported re-
sults [28].

Synthesis of hierarchical 8-Mo,C nanotubes

The hierarchical B-Mo,C nanotubes were prepared by
following a previously documented synthetic method [28].
Firstly, 150 mg of the as-prepared MoO3; nanorods were added
into 30 mL of deionized water in a 250 mL glass beaker. After
ultrasonic  dispersion for 15 min, 300 mg of
(NH4)sM0;044-4H,0 and 75 mg of 3-hydroxytyramine hydro-
chloride were gradually dissolved into the above solution, and
the milky solution turned into orange-red suspension. Then,
60 mL of absolute ethanol was added into the above solution
rapidly. After stirring for 5 min, 450 uL of 28—30% NH;-H,0 was
injected into the above solution quickly, and the mixture was
kept stirring for 120 min. Subsequently, the orange-red pre-
cipitate was obtained by suction filtration and washed with
absolute ethanol for several times, followed by vacuum drying
at room temperature for 12 h. Such orange-red solid was Mo-
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polydopamine hybrids, and the XRD patterns (Figure S1b)
were in good consistence with the reported results [28].

To obtain pure B-Mo,C phase, the Mo-polydopamine hy-
brids were transferred to a quartz boat and annealed at 750 °C
under an argon atmosphere for 16 h with a temperature ramp
rate of 5 °C min~ . Finally, the hierarchical B-Mo,C nanotubes
were obtained.

Fabrication of Pd nanoparticles grown on 3-Mo,C nanotubes

For all the samples, the amount of hierarchical B-Mo,C
nanotubes were kept as 20 mg, while the B-Mo,C-to-Pd mass
ratios were set as 100: 3, 100: 6, 100: 9, and 100: 12. The cor-
responding sample name was denoted as Mo,C—Pd-3%,
Mo,C—Pd-6%, M0,C—Pd-9%, and Mo,C—Pd-12%, respectively.
The Mo,C—Pd-9% sample was prepared as follows: Briefly,
20 mg of the as-prepared hierarchical B-Mo,C nanotubes were
added into 20 mL of deionized water in a 100 mL of round-
bottom flask. After ultrasonic dispersion for 30 min, the
round-bottom flask was transferred into an oil bath, and
heated to 80 °C under magnetic stirring. Then 464.69 uL
Na,PdCl, (40 mM) aqueous solution was added into the flask.
After stirring for a few mins, 464.69 uL freshly prepared AA
(120 mM) aqueous solution was added to the above solution
(the molar ratio of Na,PdCl,;-to-AA equaling 3: 1) under
vigorous stirring. Then the mixed solution was kept stirring
for 24 h at 80 °C. After that, the product was collected by
centrifugation and washed with deionized water and absolute
ethanol for several times followed by vacuum drying at room
temperature for 12 h. The other samples were synthesized in a
similar manner by changing the volume of Na,PdCl, and AA
solutions correspondingly.

Characterization

The crystal structure of the samples was measured by X-ray
diffraction (XRD) using a Bruker D8 diffractometer with Cu K,
radiation (A = 0.1541 nm). The composition and valence state
of the nanocomposites were analyzed by X-ray photoelectron
spectroscopy (XPS) with an Escalab 250 photoelectron spec-
trometer (Thermo Fisher Scientific, USA). Scanning electronic
microscopic (SEM) images were collected with a field emission
scanning electron microscope (FESEM, Merlin). High-
resolution transmission electron microscopic (HR-TEM) mea-
surements were conducted with a transmission electron mi-
croscope (JEOL TEM-2010).

Electrochemical measurements

The ORR measurements were conducted on a CHI 750E elec-
trochemical workstation (CH Instruments Inc.) in a 0.1 M KOH
aqueous solution at room temperature with a conventional
three-electrode system. A glassy carbon electrode (GCE,
diameter 5 mm, Pine Instrument Inc., RRDE collection effi-
ciency is 37%) that was coated with the catalysts prepared
above was used as the working electrode, while a Pt plate and
a Ag/AgCl wire with saturated KCl (3.0 M) were employed as
the counter electrode and reference electrode, respectively. To
prepare the working electrode, the GCE was first polished with
0.3 and 0.05 mm alumina slurries and rinsed extensively with

water. Catalyst inks were prepared as follows: 2 mg of the
catalysts prepared above was dispersed in 1.0 mL ethanol, and
the above dispersion was sonicated for 30 min forming a ho-
mogeneous catalyst ink. A calculated amount of catalyst
ethanol solution (10 pL) was then dropcast onto the GCE with
the loading controlled at 20 ug after cleaned by polishing with
aqueous slurries of 0.2 pm alumina powders on a polishing
microcloth, and dried at room temperature. For commercial
Pd/C (20 wt %), 2 mg Pd/C was well-dispersed in 1.0 mL ethanol
and 10 uL of the ink was cast onto the glassy carbon disk
electrode and dried at ambient temperature. Subsequently,
10 pL diluted Nafion solution (20 pL Nafion in 1 mL ethanol)
was dropped on the dried samples and Pd/C catalyst. Cyclic
voltammetric (CV) curves and linear sweep voltammograms
(LSV) with various rotation rates from 400 to 2025 rpm were
acquired at a scan rate of 10 mV s~ * in oxygen-saturated 0.1 M
KOH solution. The stability of the catalysts was tested by
chronoamperometric measurements at 0.45 V with a rotation
rate of 900 rpm, and accelerated durability tests (ADT) from
0.6 V to 1.0 V at 50 mV s~! were conducted in O,-saturated
0.1 M KOH solution with a rotation rate of 1600 rpm before and
after 3, 000 cycles of potential scans.

The HER measurements were performed on a CHI 750E
electrochemical workstation (CH Instruments Inc.) in
0.5 M H,SO,4 aqueous solution with a scan rate of 10 mV s lat
ambient temperature. In 0.5 M H,SO, aqueous solution, a
glassy carbon electrode (geometrical area of 0.07 cm?) and a
graphite rod was employed as the working electrode and the
counter electrode, respectively, while a saturated calomel
electrode (SCE) was used as reference electrode in 0.5 M H,SOy4.
1.25 times amount of sample and Pd/C catalysts used in ORR
test was cast onto the working electrode in HER. The durability
of the Mo,C—Pd-9% catalysts was assessed by accelerated
linear potential sweeps conducted repeatedly on the electrode
at a scan rate of 100 mV s™%.

In all electrochemical tests, the potential was referenced to
areversible hydrogen electrode (RHE): Erug) = E(ag/agcy + (0.197
+0.0591*pH) V, Erpiy = Escr) + (0.24 + 0.0591°pH) V.

Results and discussion
TEM image analysis

The morphology of the as-obtained samples was firstly
observed by transmission electron microscopy (TEM). From
the typical TEM image of B-Mo,C shown in Fig. 1a, a well-
defined tube can be noted. The representative TEM image of
the Mo,C—Pd-9% sample can be found in Fig. 1b and c, and one
can see that, spherical particles were uniformly dispersed on
the surface of the tube. Representative TEM image of the other
samples in the series including Mo,C—Pd-3%, Mo,C—Pd-6%
and Mo,C—Pd-12% can be found in Figure S2, and similar
features can be easily identified. One may notice that, with
relatively lower Pd loadings (3%, 6%, and 9%), the particles
possessed a sphere-like shape, however, when the Pd loading
reached 12%, heavy agglomeration occurred and bulky mate-
rials formed. The typical high-resolution (HR) TEM image of
the Mo,C—Pd-9% sample is presented in Fig. 1d, and from the
inset amplified graph, crystalline and well-defined lattice
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Fig. 1 — Representative TEM image of B-Mo,C (a), and the Mo,C—Pd-9% nanotubes (b), (c). (d) HR-TEM image of the
hierarchical Mo,C—Pd-9% nanotubes. (e) Black field-TEM image of the Mo,C—Pd-9% sample, and EDS elemental mapping of

(f) G, (g) Mo, and (h) Pd in the nanotubes.

fringes can be easily recognized. The interplanar spacing is
estimated as 0.226 nm, which can be attributed to the (111)
crystal plane of the palladium nanoparticles [32]. Fig. 1e shows
the black-field TEM image of the Mo,C—Pd-9% sample, and
EDS mapping of the C, Mo and Pd elements can be found in
Fig. 1f—1h. It can be noted that, all the elements are uniformly
distributed with only a few larger Pd chunks formed, probably
caused by the aggregation of small Pd nanoparticles.
Furthermore, the atomic ratio of all the elements analyzed
from the energy dispersive X-ray spectroscopy for the series of
samples can be found in Figure S3. One may notice that, the
actual atomic weight percentage for Mo,C—Pd-9% is 7.78%,
slightly lower than the initial loading value, and similar case
occurred on the other samples in the series as well.

XRD and XPS measurements

Wide angle X-ray diffraction (XRD) measurements were then
conducted to further probe the crystal structures of the series
samples. As presented in Fig. 2a, B-Mo,C exhibits several
evident peaks at 34.6, 37.9, 39.6, 61.9, and 74.7°, which are
ascribed to (100), (002), (101), (110), and (112) planes, respec-
tively, while peaks observed at 39.9, 46.6, 67.9, 81.9, and 86.3°
can be assigned to the (111), (200), (220), (311), and (222) crystal
planes of Pd (JCPDS no. 01-087-0643). For all the Mo,C—Pd
samples, features from both Mo,C and Pd are observed, indi-
cating they were well integrated. In addition, with the
increasing of Pd contents, the diffraction peaks from Pd
gradually intensified. Subsequently, XPS measurements were
conducted to elucidate elemental composition and corre-
sponding valence states of the series samples. The survey
scan spectra presented in Figure S4 confirmed the presence of
C, O, Pd and Mo. Fig. 2b presents the high-resolution XPS
spectra of the Mo3d electrons, and two peaks at ~232.7 eV and
~235.7 eV can be ascribed to the 3ds,, and 3ds,, electrons,
respectively. It can be noted that, the peak from the 3ds/
electrons can be further de-convoluted into four peaks, which

correspond to four oxidation peaks of Mo®, Mo>*, Mo** and
Mo®*, respectively. The results agree well with previous re-
ports [17,33]. In addition, the high-resolution XPS spectra from
the Pd 3d electron is illustrated in Fig. 3c, which can de-
convoluted into two doublets [34,35]. The pair at lower en-
ergies (335.8 eV and 341.00 eV) can be attributed to metallic Pd,
whereas those at somewhat higher energies (337.5 eV and
342.6 eV) are consistent with to Pd(II) species [19,36,37]. It in-
dicates the formation of a substantial amount of palladium
oxide in the sample.

The ORR performance of the series of samples and
commercial Pd/C

The series of samples were then subjected to electrocatalytic
tests toward ORR by cyclic voltammetric (CV) and linear sweep
voltammetric (LSV) measurements. The electrocatalytic ac-
tivity of all the samples are compiled in Table S1. As depicted
in Figure S5, in O,-saturated 0.1 M KOH, a cathodic peak
ascribed to oxygen reduction appeared from 0.70 V to 0.90 V in
CV curves for the series of sample and commercial Pd/C,
indicating effective catalytic activity. Notably, Mo,C exhibited
negligible ORR activity. Interestingly, the catalytic activity
varied dramatically with the variation of Pd loading. With the
increasing of Pd loading, the cathodic peak potential first
increased then decreased, while Mo,C—Pd-9% possessed the
highest cathodic peak potential value. Such ORR activity
change trend was further verified by RRDE measurement.
From the LSV curves in Fig. 3a, the onset potential and
diffusion-limited current of the series sample and Mo,C can
be estimated. Again, Mo,C had negligible activity. The onset
potential is estimated as 0.91, 0.93, 0.96, and 0.93 V for the
sample of Mo,C—Pd-3%, Mo,C—Pd-6%, Mo,C—Pd-9%, and
Mo,C—Pd-12%, while the diffusion limited current density is
—3.83, —4.53, —4.64, and —4.36 mA cm™2 for the sample of
Mo,C—Pd-3%, Mo,C—Pd-6%, M0o,C—Pd-9%, and Mo,C—Pd-12%,
respectively. Note that, both values first increased then
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Fig. 2 — (a) XRD patterns of the Mo,C, Mo,C—Pd-3%, Mo,C—Pd-6%, Mo,C—Pd-9%, and Mo,C—Pd-12% samples, and XPS core-
level spectra of (b) Mo 3d and (c) Pd 3d electrons for the Mo,C—Pd-9% sample.
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voltammograms (b), plots of H,0, yield and electron transfer numbers (c) and the corresponding Tafel plots (d) of the Mo,C—

Pd-9% sample and Pd/C catalyst.

decreased with the increasing of Pd loading while the sample
of Mo,C—Pd-9% possessed the best ORR performance, man-
ifested by the most positive onset potential and the largest
diffusion-limited current density.

The ORR activity of the Mo,C—Pd-9% was further examined
and compared with commercial Pd/C catalyst. As illustrated in
Fig. 3b, M0,C—Pd-9% exhibited slightly more positive onset
potential and much larger diffusion-limited current density
than Pd/C. Moreover, the number of electron transfer (n) and
yield of hydrogen peroxide (H,0,%) at different potentials can
be calculated through the following equations [38,39].

Ip + INR
2001
_ N
Hy0,% = Iﬁ-ﬁ- L 2

where Iy is the ring current, I is the disk current and N is the
current collection efficiency of the RRDE (0.37). The calculated
results are presented in Fig. 3c. The number of electron
transfer of Mo,C—Pd-9% was 3.83—3.94 in the potential range
of 0.2—-0.8 V, slightly higher than that of commercial Pd/C
(3.67—3.91), indicating that the reaction proceeded predomi-
nantly with the 4e” pathway in 0.1 M KOH solution for both

catalysts [19,36,40]. Correspondingly, Mo,C—Pd-9% exhibits
slightly lower value of H,0, yield (3.1%—8.4%) than that of
commercial Pd/C (4.7%—16.5%) in the potential range of
0.2—0.8 V. The higher electron transfer number and lower
H,0, yield indicate that Mo,C—Pd-9% possessed superior
catalytic activity toward ORR than commercial Pd/C.

Subsequently, the reaction kinetics toward ORR for Mo,C—
Pd-9% and commercial Pd/C can be analyzed by the extrapo-
lated Tafel plots. As presented in Fig. 3d, the Tafel slope was
calculated as 63.9 mV dec ' and 76.5 mV dec ™" for the sample
of M0,C—Pd-9% and commercial Pd/C, respectively. Note that,
such values are in good accordance with the typical values
obtained with structured palladium nanoparticles or sup-
ported palladium nanoarchitectures in ORR [19,36,40,41].
Furthermore, the much lower Tafel slope than commercial Pd/
C further attest that, Mo,C—Pd-9% possessed superior activity
and faster reaction kinetics than commercial Pd/C in the
electrocatalytic oxygen reduction process.

The long-term durability of Mo,C—Pd-9% compared with Pd/C
for ORR

The long-term stability of the Mo,C—Pd-9% sample for ORR
was then tested and compared with commercial Pd/C [40].
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Fig. 4a presents the chronoamperometric responses at 0.45 V
in O,-saturated 0.1 M KOH solution. It can be observed that,
the initial current density dropped to 83% after continuous
operation of about ~8 h for Pd/C, while in sharp contrast, the
Mo,C—Pd-9% sample can retain 93%, indicating a more robust
catalytic durability. Furthermore, accelerated durability test
(ADT) was conducted to evaluate its long-term stability by
cycling the catalyst over the potential range from 0.6 V to
1.0Vat50mVs'in 0.1 M KOH [19]. As shown in Fig. 4b and c,
the half-wave potential shifted negatively about ~19 mV after
3, 000 cycles, while only ~3 mV negative shift was observed for
Mo,C—Pd-9%, further confirming the much durable long-term
stability than that of commercial Pd/C.

The HER activity tests compared with Pd/C

In addition to ORR, the electrocatalytic activities toward HER
of the series of the samples were also examined in
0.5 M H,S04 [42,43], and the results are summarized in Table
S1. As shown in the LSV curves in Fig. 5a, the series of
samples exhibited effective HER activity with the variation of
Pd loading, and the HER activity first increased then
decreased with the increasing of Pd loading (Table S1). Such
change trend agreed well with the above ORR tests. The
Mo,C—Pd-9% sample exhibited the best HER activity. One

may notice that, for the samples of Mo,C—Pd-6%, Mo,C—Pd-
9%, and Mo,C—Pd-12%, there is a hydrogen adsorption peak
located at between —0.05 V and 0.10 V. Such hydrogen
adsorption behaviors from Pd nanomaterials have been well
recorded in several previous reports [44—46]. The higher
amount of Pd in the three samples led to the increase of
electrocatalytically active sites from Pd surface, which
resulted in the appearance of such phenomenon [18]. The
electrocatalytic activity of the Mo,C—Pd-9% sample was then
compared with commercial Pd/C. As depicted in Fig. 5b, to
afford a current density of 10 mA cm™2, the required over-
potential was 28 mV and 45 mV for the sample of Mo,C—Pd-
9% and Pd/C, respectively, implying that the HER activity of
Mo,C—Pd-9% is superior than Pd/C. The corresponding Tafel
plots were then extrapolated, and the Tafel slope was
calculated as 51.0 mV dec ! and 70.1 mV dec™? for Mo,C—Pd-
9% and Pd/C, respectively. The much lower Tafel slope from
the Mo,C—Pd-9% suggests that a faster reaction kinetics was
adopted during the electrocatalytic process. Finally, the long-
term stability of the Mo,C—Pd-9% sample was assessed and
compared with Pd/C in 0.5 M H,SO, toward HER. After
continuous operation of about 8 h, the initial current density
retained 72.4% for Pd/C, while 90.6% of the starting current
density preserved for Mo,C—Pd-9%, suggesting a markedly
higher long-term stability.
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Fig. 5 — HER polarization curves of the -Mo,C, Mo,C—Pd-3%, Mo,C—Pd-6%, Mo,C—Pd-9%, Mo,C—Pd-12% (a), and the B-
Mo,C—Pd-9% sample and Pd/C catalyst (b) in 0.5 M H,SO, with a scan rate of 10 mV s~ . (c) HER stability tests of Mo,C—Pd-9%
and Pd/C in 0.5 M H,S0, for 30, 000 s. (d) The corresponding Tafel plots of the Mo,C—Pd-9% sample and Pd/C catalyst.
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Conclusions

In conclusion, we have developed a facile approach to prepare
Pd nanoparticles grown on Mo,C nanotubes as dual functional
electrocatalysts for both ORR and HER. A series of samples
with different Pd loadings were fabricated, while the
morphology and the structural features were well examined
by TEM, XRD, XPS and other techniques. Interestingly, both
the ORR activity and HER activity first increased then
decreased with the increasing of Pd loading, and the sample of
Mo,C—Pd-9% exhibited the best performance among the se-
ries, superior than commercial Pd/C in both ORR and HER
tests. Furthermore, it also exhibited markedly higher long-
term stability than Pd/C for both electrocatalytic reactions.
The results may shed light on rational design of novel bi-
functional electrocatalysts in the renewable energy field.
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