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ABSTRACT

Polyoxometalate-based nanocomposites with electrocatalytic activity have been applied in hydrogen evolution reactions (HER).
Seawater as the main water resource on the earth should be developed as the water electrolysis to prepare high-purity
hydrogen. In this paper, we used two synthesis strategies to prepare the nanocomposite Co,-POM@Co-PGDY (Co,-POM: the
Kegging-type microcrystals of K;o[Co,(PW3034),] and Co-PGDY: cobalt-porphyrin linked graphdiyne) with excellent activity for
HER. Co-PGDY as the porous material is applied not only as the protection of microcrystals towards the metal ion in seawater
but also as the co-electrocatalyst of Co,-POM. Co,-POM@Co-PGDY exhibits excellent HER performance in seawater
electrolytes with low overpotential and high stability at high density. Moreover, we have observed a key H;O* intermediate
emergence on the surface of nanocomposite during hydrogen evolution process in seawater by Raman synchrotron radiation-
based Fourier transform infrared (SR-FTIR). The results in this paper provide an effective strategy for preparing polyoxometalate-
based electrocatalysts with high-performance toward hydrogen evolution reaction.
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1 Introduction

With the concerns of the global fossil energy crisis, the conflict
between economic growth and the environment is becoming
more pronounced. It is urgent to explore clean and sustainable
energy resources to gradually reduce the use of fossil fuels [1, 2].
High-purity hydrogen (H,) fuel is an ideal alternative to traditional
fossil fuels, with the advantages of high energy density and
environmentally friendly [3-5]. In recent years, there has been
increasing research on preparation of high-purity hydrogen
through electrocatalysis [6-9]. Hydrogen evolution reaction
(HER) from water electrolysis, especially from seawater, is one of
the most efficient, clean, and sustainable pathways [10-15]. In
general, the presence of various dissolved ions and
bacteria/microorganisms in seawater could easily poison catalysts,
reducing the durability of seawater splitting [16]. It is extremely
challenging to develop high-performance HER electrocatalysts
that can withstand the effects of low conductivity, high
corrosiveness, and physiological saline poisoning. Although
platinum-based electrocatalysts have been widely used as high-
performance electrocatalysts, their scarcity and poor durability
limit their practical application for HER in alkaline electrolytes
(17, 18]. Among the various earth-abundant HER catalysts, cobalt-
based catalysts have attracted extensive research due to their

superior HER performance [19,20]. Moreover, the Co-based
electrocatalysts coated with N-doped carbon or Co, N co-doped
carbon have superior HER performance with high stability and
high electrical conductivity [21-26]. Polyoxometalates (POMs) as
an important area of inorganic chemistry have received too much
attention during the past two decades [27]. Due to their all-
inorganic nature and various structures, they have a wide range of
applications in electrocatalysis and photocatalysis [28—31]. Many
POMs-based compounds have been extensively explored for
hydrogen evolution reactions [32, 33]. Although the POM-based
compounds show outstanding advantages in hydrogen evolution
reactions, some issues are still full of challenges. For example, the
POM-based electrocatalysts’ low stability and catalytic activity
hinder their application towards HER in seawater.

Graphdiyne (GDY) as the novel carbon material has a two-
dimensional planar and porous structure that is composed of sp*
and sp-hybridized carbon. The unique structure endows GDY
with impressive chemical and physical properties, e.g., highly
conjugated system and conductivity, and tunable electronic
properties, which lead it to be applied as catalysts [34, 35] and
energy conversion [36, 37]. Moreover, The controllable growth of
GDY on any substrate provides convenience for its application
[38]. Due to the chemical synthesis method of GDY, a series of
novel monomers have been used to prepare the derivatives of
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GDY, such as Br-GDY and F-GDY. Particularly, nitrogen doping
can improve the activity of carbon materials more than other
heteroatoms doping. Heteroatom and transition metal doping can
significantly improve the electrocatalytic performance of carbon
materials [39]. The derivatives of GDY exhibit excellent
electrocatalytic activity, which is superior to that of the original
GDY [28].

As inspired by the high electrocatalytic activity of Co-added
POM and the pioneer study on the derivatives of GDY, a new
nanocomposite (Co,-POM@Co-PGDY) which is composed of the
Kegging-type microcrystals of K;,[Co,(PWOs,),] (Co,-POM) and
cobalt-porphyrin linked graphdiyne (Co-PGDY) was synthesized
on nickel foam (NF). Co-PGDY could benefit from the unique
graphdiyne morphology that enhances both corrosion resistance
in the electrolyte and intrinsically active CoNj sites, which protect
the nanocomposite from seawater poisoning for maintaining the
electrocatalytic stability [40, 41]. The nanocomposite has superior
HER performance with high stability in both 1 M KOH and
seawater, which could be attributed to the high electrical
conductivity of Co-PGDY with the highly active catalytic site of
Co,-POM. The results provide a way to design the nanocomposite
with electrocatalytic activity towards HER in seawater with high
stability.

2 Experimental

2.1 Synthesis of Co-POM electrode

Co,-POM was grown on the surface of NF by hydrothermal
reaction. First, commercial nickel foam plates (1.5 cm x 1 cm)
were washed with acetone, 1 M HC], ethanol, and deionized water
for 5 min, respectively. Co(NO;),-6H,O (0.2 mmol, 0.0582 g),
Nay[A-a-PW,0;,]-7H,0 (0.1 mmol, 0.2562 g), and KCI (3 mmol,
0.2235 g) were mixed into a 25 mL Teflon autoclave with 10 mL of
deionized water. The pH value of the mixed solution was adjusted
to 4.5. Second, two pieces of treated nickel foam were put and
stirred for 30 min. Furthermore, the Teflon autoclave was heated
in the oven at 120 °C for 6 h, then cooled to room temperature
and cooled at 4 °C overnight successively. The electrode pieces
were washed with deionized water and dried in a vacuum oven at
50 °C. Eventually, the Co,-POM catalytic material loaded on NF
was obtained after drying.

2.2 Synthesis of Co-PGDY electrode

We first synthesized the monomer 5,10,15,20-tetrakis-(4-
ethynylphenyl)porphyrin-cobalt (TEPP-Co) (Figs. S1 and S2 in
the Electronic Supplementary Material (ESM)). The copper sheet
(I cm x 1 cm) was sonicated with acetone, 1 M HCI, deionized
water, and ethanol successively for 5 min. The dried copper sheet
and five pieces of nickel foam (1.5 cm x 1 cm) were placed in a
250 mL three-neck flask with 60 mL acetone, 0.6 mL N,N,N',N'-
tetramethylethylenediamine (TMEDA) under N, atmosphere.
Then 25 mg of TEPP-Co was dissolved with 5 mL of pyridine, and
the solution was dropped into the three-neck flask. The mixture
was refluxed under N, atmosphere at 50 °C for one day. After the
reaction, the electrode sheet was washed with anhydrous ethanol
and dried in a vacuum oven at 50 °C. Then Co-PGDY electrode
was obtained after drying.

2.3 Synthesis of Co,-POM@Co-PGDY electrode

The dried copper sheet and five Co,-POM electrodes were placed
in a 250 mL three-neck flask with 60 mL acetone, 0.6 mL TMEDA
under N, atmosphere. Furthermore, 25 mg of TEPP-Co was
dissolved with 5 mL of pyridine, and the solution was dropped
into the three-neck flask. Then the mixture was kept in N,
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atmosphere and refluxed at 50 °C for one day. After the reaction,
the electrode pieces were washed with anhydrous ethanol and
dried in a vacuum oven at 50 °C. Finally, the Co,-POM@Co-
PGDY electrode was obtained after drying.

3 Results and discussion

As we know, single-atom anchored GDY has exhibited high
catalytic activity and stability for hydrogen evolution reactions
[42]. Co-PGDY as the effective method to prepare Co-anchored
GDY had been applied to use as the electrocatalyst towards
oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR) [40]. As shown in Fig. 1(a), Co,-POM@Co-PGDY as the
POM-based cluster with Co-anchored PGDY was constructed in
two steps. Firstly, the Co,-POM was synthesized on NF under the
hydrothermal method. Secondly, Co-PGDY was synthesized by
the polymerization of TEEP-Co under mild chemical conditions.
Co-PGDY as the Co atom anchored on PGDY would not only
provide another catalytic center for enhancing the catalytic
performance of nanocomposite but also have a role of protection
for electrode towards the corrosion of electrolyte.

For identifying the structure of the above nanocomposite, a
series of characterizations were used to test its physical and
chemical properties. The morphological information of Co,-
POM@Co-PGDY was investigated by scanning electron
microscopy (SEM). After the hydrothermal reaction, the
microcrystal Co,-POM deposited steadily on the surface of NF
(Fig. 1(b)), which provides the prerequisite for optimizing its
performance. And then the Co-PGDY growth on the surface of
Co,-POM and NF, which would be used to enhance the
conductivity, catalytic activity, and stability of Co,-POM.
Compared with the original Co,-POM, Co,-POM@Co-PGDY
would have higher catalytic activity towards HER under harsh
conditions. Besides the SEM images, transmission electron
microscopy (TEM) was further used to investigate the
microstructure of Co,-POM@Co-PGDY. From Fig 1(d), we
observed the microcrystal of Co,-POM@Co-PGDY, which
matches well with the SEM image in Figs. 1(a) and 1(b). As shown
in Fig. 1(e), the core—shell structure could be observed clearly in
the high-resolution TEM (HRTEM), the thickness of Co-PGDY is
close to 10 nm approximately. After a series of attempts, we found
that this thickness of Co-PGDY could endow not only better
catalytic activity but also more stability. And even more, the lattice
fringes of Co,-POM are exhibited clearly. The lattice spacings of
14.19 and 10.54 nm between two fringes are observed, which
should be ascribed to the (200) and (120) planes of the Co,-POM
lattice [43]. For confirming the single Co atom had anchored on
Co,-POM@Co-PGDY, sub-Angstrom-resolution, and aberration-
corrected scanning TEM (STEM) was used to characterize the
morphology of Co-PGDY. Individual heavy atoms can be clearly
seen in the atomic resolution high-angle annular dark-field
(HAADF) images. Figure 1(f) clearly shows the uniform
dispersion of isolated Co atoms (white dots) on the surface of
PGDY. Moreover, the scanning TEM and corresponding
elemental mapping results (Fig. 1(g)) show the homogeneous
distribution of Co, C, N, W, and P over the entire nanosheet.

Except for the morphology information, the chemical
composition of Co,-POM@Co-PGDY had been investigated by
powder X-ray diffraction (PXRD) for the bonding environment,
crystal structure, and its stability of Co,-POM during the synthesis
of Co-PGDY. To obtain the sample for PXRD, the microcrystal of
Co,-POM@Co-PGDY was removed by ultrasonication in 10 mL
ethanol. As shown in Fig.2(a), the PXRD pattern of the
microcrystal matches well with the simulated patterns based on
the single crystal data, which means that the Co,POM
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Figure1 (a) Schematic illustration of preparing Co,-POM@Co-PGDY electrode. (b) SEM image of Co,-POM on Ni foam. (c) SEM image of Co,-POM@Co-PGDY
on Ni foam. (d) TEM image of Co,-POM@Co-PGDY. (e) HRTEM image of Co,-POM@Co-PGDY, and the corresponding core about Co,-POM and shell about Co-
PGDY. (f) HAADF-STM images of Co-PGDY, reveal that Co atoms are present and uniformly dispersed on PGDY. (g) Scanning TEM image of Co,-POM@Co-

PGDY and corresponding elemental mappings of C, Co, N, W, and P.

microcrystal has a reasonable structure [44]. Moreover, the
diffraction spectra of Co,-POM, Co-PGDY, and Co,-POM@Co-
PGDY further confirm that the microcrystals are stable during the
synthesis of Co-PGDY. Furthermore, Raman spectra were used to
identify the structure of the Co,-POM@Co-PGDY. As shown in
Fig. 2(b), the peak of Co,-POM@Co-PGDY at 795.6, 896.4, and
982.6 cm™ is associated with the stretching vibration of the
W-0-W, W-0O,-W, and W=04 bond, respectively, which is
consistent with that of Co,-POM,; the peak at 1001.1 and 1231.5
cm™ could be attributed to the typical absorption peaks of Co-N
and C-N in Co-PGDY. The peaks at 1360.2 and 1545.6 cm™ are
contributed by the D band and the G band of the benzene rings in
Co-PGDY, respectively. The typical -C=C- stretching vibration
band of 2194.8 cm™ is observed, which is weak because of the
molecular perfect symmetry. The peaks at 2357.3 cm™ can be
attributed to the vibration of conjugated diyne links
(-C=C-C=C-) [45]. Therefore, Raman spectrum also indicates
the successful preparation of Co,-POM@Co-PGDY. PXRD
patterns and Raman spectrum could be used further to identify
that the structure of Co,-POM is stable during the growth of Co-
PGDY.

The valence states of the elements in Co,-POM@Co-PGDY
were determined by X-ray photoelectron spectroscopy (XPS). The
XPS spectra of Co,~-POM@Co-PGDY exhibit Co 2p, P 2p, W 4f,
O 1s, N 1s, and C 1s compositions in Fig. S3 in the ESM. Four
characteristic peaks of Co** are shown in Fig. 3(a), where the main
peak of Co 2ps, is at 781.1 eV and its satellite peak is at 785.5 eV,
the main peak of Co 2p,, is at 797.4 eV and its satellite peak is at
803.3 eV. The binding energy of such peaks not only proves the
presence of Co™ but also provides evidence to support the
formation of CoN, [40, 46]. Figure 3(b) exhibits two characteristic
peaks of P 2p, whose binding energies are 134.0 eV (P-C) and
134.7 eV (P-O) respectively [47]. Two peaks at 35.8 and 38.0 eV
(Fig. 3(c)) can be ascribed to W*" [48]. The O 1s spectrum in Fig.
3(d) is deconvoluted into two peaks; the peak at the binding
energy of 530.6 eV belongs to the O=C/O-W bond in POMs; the

binding energy of C-O bond is 532.0 eV, which can be attributed
to the oxidation of Co-PGDY. Figure 3(e) shows the high-
resolution spectra of N 1s. The binding energies of pyridine
nitrogen, metal coordination nitrogen, and graphite nitrogen are
398.5, 400.0, and 402.1 eV, respectively [49, 50]. Figure 3(f) shows
that the C 1s peaks of Co,-POM@Co-PGDY can be deconvoluted
into three peaks at 284.8, 2859, and 293.2 eV, centered on
graphitic carbon and slightly asymmetric, which is a common
feature of N-doped carbon materials [40, 51].

To evaluate the electrocatalytic activity of Co,-POM@Co-
PGDY towards hydrogen evolution reaction in seawater, we first
use 1 M KOH as the electrolyte to test its activity. As shown in the
Fig. 4(a), Co,-POM@Co-PGDY as the non-noble metal catalyst
exhibits excellent HER performance, the overpotential is smaller
(99 mV) than those of Co,-POM (202 mV), Co-PGDY (121 mV),
and NF (219 mV) at the current density of 10 mA-cm™, even close
to the overpotential of commercial noble metal Pt/C. As shown in
Fig. $4 in the ESM, the overpotential of Co,-POM@Co-PGDY is
also only 361 mV at a high current density of 100 mA-cm?, which
is lower than Co,-POM (479 mV), Co-PGDY (439 mV), and NF
(581 mV). The electrocatalytic activity of Co,-POM@Co-PGDY
could be attributed to the synergistic effect between Co,-POM and
Co-PGDY. As shown in Fig.4(b), the Tafel slopes of Co,-
POM@Co-PGDY, Co,-POM, Co-PGDY, and NF are 131, 158,
139 and 181 mV-dec™, respectively. The lowest Tafel slope of Co,-
POM@Co-PGDY indicates its superior kinetic performance.

The electrochemically active surface area (ECSA) can be
evaluated by the electrochemical double-layer capacitances (Cy),
the Cy value is proportional to the ECSA of the catalyst [52]. The
values of Cy for different catalysts can be seen in the plot of
current density against scan rate (Fig. S5 in the ESM). As shown in
Fig. 4(c), the Cy values of Co,-POM@Co-PGDY, Co,-POM, and
Co-PGDY are 446, 146, and 147 mF.cm® respectively,
demonstrating that Co-PGDY helps to expose more catalytically
active sites of Co,-POM. Thus, this proves that Co-PGDY grown
on the surface of Co,-POM can effectively increase the active

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1284

Nano Res. 2024, 17(3): 1281-1287

_—
(=2
~~

Co4-POM@Co-PGDY

Co-PGDY

Experiment of Cog-POM

Intensity (a.u.)

l l A Simulation of Co4-POM

Coy-POM
Co-PGDY
Coy-POM@Co-PGDY

982.6 cm™!

896.4 cm™1

1545.6 cm™1

Intensity (a.u.)
1000.1 cm~",
1231.5 cm™1
360.2 cm™1
oo — - %52194.8cm™1

ceecbo - _N7956cemt

e —B5720m™!

10 20 30 40 50
20()

500 1000 1500 2000 2500
Raman shift (cm™)

Figure2 (a) PXRD patterns of Co,-POM@Co-PGDY, Co-PGDY, and Co,-POM. (b) Raman spectra of Co,-POM@Co-PGDY, Co-PGDY, and Co,-POM.
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Figure 3 High-resolution XPS spectra of Co,-POM@Co-PGDY: (a) Co 2p, (b) P 2p, (c) W 4f, (d) Ols, () N Is, and (f) C Is.

surface area and improve the catalytic activity. Next, we
investigated the catalytic kinetics of the reaction at the
electrode-electrolyte interface by electrochemical impedance
spectroscopy (EIS). The impedance data obtained from the tests
were fitted using a circuit model (Fig. S6 in the ESM) to obtain
Fig.S7 in the ESM, where the small semicircle in the high
frequency range indicates a lower internal resistance and faster
charge transfer at the electrode-electrolyte interface [53]. The
charge-transfer resistance of Co,-POM@Co-PGDY is 141 Q,
which is smaller than 2.02 Q for Co,-POM and 1.71 Q for Co-
PGDY, indicating a faster charge-transfer behavior. This further
indicates that the Co,-POM@Co-PGDY composite has a
synergistic effect and the coverage of Co-PGDY enhances the
polyacid electrical conductivity, which in turn improves the HER
performance and electron transfer rate.

As we know, stability is an important parameter to evaluate the
catalytic activity. Figure S8 in the ESM shows the stability of Co,-
POM@Co-PGDY determined by the chrono-current method,
with Co,-POM as the comparison material. After a high current
treatment of 100 mA-cm™ for 50 h, the curve of Co,-POM@Co-
PGDY showed a small change, while the current of Co,-POM
without Co-PGDY coverage showed a large change, indicating
that the composite cluster has good stability and the coverage of
Co-PGDY effectively protects the stability of Co,-POM. The Co,-
POM@Co-PGDY electrode after HER reaction in 1 M KOH was
further investigated by PXRD (Fig. S10(a) in the ESM). The Co,-
POM®@Co-PGDY structure remains unchanged before and after

Tsinghua University Press

HER test, which also indicates its excellent stability in HER
cycling.

From the HER performance of Co,-POM@Co-PGDY in 1 M
KOH, we found that Co-PGDY with non-noble metal and porous
structure would not only enhance the catalytic activity but also
protect the electrocatalyst in harsh conditions. Seawater is the
most abundant natural resource on earth and also is a natural
multi-component liquid electrolyte. Seawater has a salinity of
about 3.5% (35 g-L"'), most of which are Na* and Cl ions. It has a
high ionic conductivity of about 50 mS-cm™ [54]. So we also tested
HER performance of the electrocatalysts in seawater (pH = 8.6).
As shown in Fig. 4(d), the HER performance of Co,-POM@Co-
PGDY and other contrast electrodes in seawater are the same as
that of 1 M KOH, which indicates that the Co,-POM@Co-PGDY
composite cluster has excellent HER catalytic performance in
seawater. It is interesting that the overpotential of Co,-POM@Co-
PGDY only requires 301 mV to achieve a current density of
10 mA-cm™, which is closer to that of Pt/C (279 mV). This is
superior to the performance of other catalysts in seawater (Table
S1 in the ESM). Moreover, the overpotentials of Co-PGDY and
Co,-POM are 316 and 393 mV, respectively, the above results
prove the synergistic electrocatalytic activity between Co,-POM
and Co-PGDY. Figure 4(f) shows that the Tafel slopes of Co,
POM@Co-PGDY, Co,-POM, Co-PGDY, and NF are 175, 487,
462, and 609 mV-dec’, respectively. The lowest Tafel slope
indicates the superior kinetic performance of the complex clusters.
The superior HER performance in seawater of Co,-POM@Co-
PGDY can be attributed to the enhanced intrinsic activity of the
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Figure4 Catalytic performance of Co,-POM@Co-PGDY in 1 M KOH and seawater: (a) linear sweep voltammetry (LSV) polarization curves of Co,-POM@Co-
PGDY, Co,-POM, Co-PGDY and NF and (b) the corresponding Tafel slopes. (c) Cy plot of Co,-POM@Co-PGDY, Co,-POM, and Co-PGDY; catalytic performance
of Co,-POM@Co-PGDY in seawater: (d) LSV polarization curves of Co,-POM@Co-PGDY, Co,-POM, Co-PGDY and NF; (e) table for overpotential at 10 and 100
mA-cm (f) Tafel slopes of Co,-POM@Co-PGDY, Co,-POM, Co-PGDY, and NF; (g) Cy plot of Co,-POM@Co-PGDY, Co,-POM, and Co-PGDY; (h) EIS Nyquist of
Co,-POM@Co-PGDY, Co,-POM, and Co-PGDY; (i) time-dependent current density curve of Co,-POM@Co-PGDY and Co,-POM.

complex clusters with lower overpotential, more catalytic active
sites, and faster HER kinetics.

We get Fig. 4(g) from Fig. S9 in the ESM, which shows the Cy
values of Co,-POM@Co-PGDY, Co,-POM, and Co-PGDY are
0.78, 0.77, and 0.71 mF-cm?, respectively. It also implies that Co-
PGDY helps to expose more catalytically active sites of Co,-POM.
This also proves that Co-PGDY grown on surface of Co,-POM
can effectively increase the active surface area and improve the
catalytic activity. Additionally, the impedance data obtained from
the tests were fitted using the same circuit model to obtain Fig.
4(h). The EIS plot shows the charge-transfer resistance of Co,-
POM@Co-PGDY is 1.23 Q, which is smaller than 5.44 Q) for Co,-
POM and 2243 Q for Co-PGDY, indicating a faster charge
transfer behavior of their composite clusters, which further
indicates the synergistic effect of Co,-POM@Co-PGDY
composites. Figure 4(i) shows the stability of Co,-POM@Co-
PGDY and Co,-POM measured by the chrono-current method.
The current density of Co,-POM@Co-PGDY catalyst was always
greater than that of Co,-POM after 50 h of treatment at the same
voltage, indicating that the composite clusters have better HER
stability in seawater. The PXRD pattern (Fig. S10(b) in the ESM)
shows the structure of Co,-POM@Co-PGDY has nearly no
change before and after HER testing. The SEM images (Fig. S11 in
the ESM) after testing in seawater clearly show that the
morphology of Co,-POM@Co-PGDY is basically unchanged,
indicating excellent stability of the composite cluster in seawater.
Compared with single component, Co,-POM@Co-PGDY
electrode has a lower overpotential, more accessible active sites,

and faster HER kinetics and stability. We further explored the role
of Co,-POM and Co-PGDY. Interestingly, Co-PGDY changed the
surface wettability of the electrode. Figure S12 in the ESM shows
that Co,-POM exhibits a super hydrophilicity with a water contact
angle nearly 0°, while a decreased hydrophilicity of Co,-POM@Co-
PGDY with a contact angle of 55.2°. This indicates that the
coverage of Co-PGDY prevents corrosion of the catalyst by
chemical and biological impurities in seawater. Thus the great
HER performance of Co,-POM@Co-PGDY in seawater is
promising.

In situ Raman characterization enables us to identify the key
acidic intermediates of H;O* of Pt/Co,-POM@Co-PGDY during
the HER process and to monitor their dynamic evolution. The
operando measurements were conducted under two different
conditions: open-circuit (immersed in seawater electrolyte) and
the overpotential at 40 mA-cm™ (-0.578 V). Figure 5 shows the
Raman spectra of Pt/Co,-POM@Co-PGDY against the applied
potential. From the Raman spectra, we found that the
nanocomposite is stable enough. Interestingly, when the applied
potential is reduced to 1.327 V vs. RHE, a new peak at ~ 1795
cm™, which is assigned to H;O" intermediate species, is observed
[55], whereas the peak of H,O (1610 cm™) becomes weaker and
the G-band of graphite (1580 cm™) remains unchanged, indicating
the facilitated water dissociation on the surface of Co,-POM@Co-
PGDY and thereby the generation of abundant H,O*
intermediates. The Co,-POM@Co-PGDY catalyst strongly
promotes the water dissociation process and generates a large
amount of free H;O" ions under seawater conditions (low [OH]).

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1286

—0oV

Co,-POM Co-PGDY 2 —1.327V
- 3
E a
s
> H20 —C=C-
8
=0 ' M/

MM.‘ J\‘\‘u“.. ” e o
1000 1200 1400 1600 1800 2000 2200 2400

Raman shift (cm™)

Figure5 The operando Raman SR-FTIR spectra of Pt/Co,-POM@Co-PGDY
at different applied potentials in seawater.

The H;0O* intermediates are likely to significantly optimize the
proton reduction process by providing an acid-like environment
lowering the energy barrier of the overall reaction, thus improving
the HER performance.

4 Conclusions

Based on the research of polyoxometalate as the electrocatalyst
towards hydrogen evolution reaction, we have concentrated on
enhancing its catalytic activity in harsh conditions. We have used
two synthesis strategies to prepare the nanocomposite with
excellent activity for HER: (i) The transition metal added-POM
(Co,-POM) with the microcrystal structure has electrocatalytic
activity superior to that of the original POM; (ii) Co-PGDY as the
porous material is applied not only as the protection of
microcrystal towards the metal ion in seawater but also as the co-
electrocatalyst of Co,-POM. By testing the HER performance of
Co,-POM@Co-PGDY, we found that the Co,-POM@Co-PGDY
catalysts exhibited low overpotentials of 99 and 301 mV at
10 mA-cm” in 1 M KOH and seawater, respectively. It also has
excellent HER performance at high current densities with great
stability. Further, we have identified the key acidic intermediates
during the HER process in seawater. Our results provide new
insights for the development of low-cost and highly efficient
catalysts for seawater splitting.
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