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Hollow structural materials derived from a MOFs/
polymer loaded CoRu alloy for significantly
boosting electrochemical overall water splittingy

*
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The development of efficient and stable bifunctional electrocatalysts for overall water splitting is essential to
solve the energy crisis and environmental problems. Herein, the paper reports a CoRu@N-doped carbon
hollow nanostructure (CoRu@NCHNS) material by using MOFs as precursors and adding dopamine (DA)
to introduce Ru and N atoms and fabricate hollow structures in one step. Thanks to the synergistic effect
of the CoRu alloy, unique hollow structure and N atoms, the material achieves a current density of 10
mA cm™2 in the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) with very low
overpotentials of 13 mV and 238 mV, respectively. In addition, an overall water splitting device was also
assembled using CoRU@NCHNSs-8 h and CoRU@NCHNSs-9 h as the anode and cathode under alkaline
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Introduction

The rapid consumption of fossil energy will lead to a series of
energy crises and environmental problems, and hydrogen
energy has received a lot of attention from scientists as an
efficient and clean energy source that is expected to replace
traditional fossil energy sources.'”® Electrolysis of water, con-
sisting of two half-reactions, the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER), is considered to
be one of the most promising and sustainable methods for
hydrogen production.*” Currently, the most efficient HER and
OER electrocatalysts are Pt-based and Ir-based materials, but
they are scarce and expensive, which has prompted a search for
elements with similar properties to Pt but more abundant as
catalysts.>™*°

In fact, various electrocatalysts based on transition metals
and their derivatives (such as metal sulfide compounds,**>
metal phosphides,*™* metal selenides,'® metal oxides,"” metal
hydroxides,'®?° layered double hydroxides®***> and so on) have
been investigated as bifunctional electrocatalysts for overall
water splitting, and significant progress has been made. In our
previous work, COP@NCHNCSs were prepared and showed good
OER and HER activities at 10 mA cm™> requiring only low
overpotentials of 304 mV and 93 mV. CoOP@NCHNCs can be
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2 was obtained at a cell voltage of 1.56 V. This work

explores the applications of a hollow structure loaded CoRu alloy in overall water splitting and provides
a new idea for the preparation of efficient electrocatalytic overall water splitting materials.

used as the anode and cathode up to 10 mA cm > at 1.62 V.»*
However, due to the complexity of the preparation process and
the generation of toxic substances, further optimization is still
required. D. Jason Riley and colleagues synthesized a Ni-
Co@Fe-Co PBA material that exhibited significant electro-
catalytic HER performance in alkaline freshwater and simulated
seawater with overpotentials of 43 and 183 mV, respectively.”*
However, due to single function and poor activity, this catalyst
still cannot meet the needs of practical applications. Therefore,
it is still challenging to develop efficient electrocatalytic mate-
rials for overall water splitting.

Ruthenium, a platinum-based metal, has similar properties
to Pt but is about 1/30 of the price. Many studies have demon-
strated that Ru has excellent adsorption capacity for both OER
and HER intermediates.”>*® By the synergistic effect of transi-
tion metals and ruthenium, it is possible to achieve both a lower
cost and a significant increase in catalytic activity, and is ex-
pected to be a bifunctional catalyst.?”*® For example, Chen and
colleagues have designed a cobalt single atom incorporated in
a ruthenium oxide sphere material, using a Co single atom to
modify the electronic structures of the surrounding Ru atoms
and thereby remarkably elevate the electrocatalytic activities.
The catalyst requires ultralow overpotentials, 45 mV for the HER
and 200 mV for the OER, to deliver a current density of 10 mA
cm >.?

Usually, the introduction of Ru into transition metal MOF
materials was performed by ion exchange. The MOFs are
immersed in a solution of Ru**, and subsequently the MOFs are
etched to allow the Ru®*" to be exchanged with the transition
metal.**** For example, Qi et al. synthesized heterostructured

This journal is © The Royal Society of Chemistry 2024


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta06794g&domain=pdf&date_stamp=2024-03-08
http://orcid.org/0009-0009-2194-0900
http://orcid.org/0000-0002-5507-3528
https://doi.org/10.1039/d3ta06794g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta06794g
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA012011

Open Access Article. Published on 15 February 2024. Downloaded on 3/16/2026 8:26:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

inter-doped ruthenium-cobalt oxide [(Ru-Co)O,] hollow nano-
sheet arrays by this method.** Electrodeposition was also an
effective method to introduce Ru.** For example, Zhao et al.
synthesized Ru-Pt;;.,Co nanowires by electrodeposition.** In
addition to this, in situ growth and template methods were also
some common approaches.**?** However, these methods were
either atomically underutilized or difficult to carry out. There is
an urgent need to find a new and efficient method. It is well
known that dopamine (DA) has a strong coordination effect on
metals, and the use of dopamine to introduce Ru can greatly
improve atomic utilization.?”*® At the same time, dopamine is
rich in N, and at high temperatures, it can generate pyrrole N
and pyridine N to improve the electrical conductivity and
modulate the electronic structure of materials.>*2%*° Therefore,
it is widely used as a ligand for electrocatalysts.

In summary, this manuscript describes the synthesis of an
N-doped carbon hollow nanostructure material
(CoRU@NCHNSs) based on a composite of MOFs and PDA. The
material possesses a hollow structure and is loaded with the
CoRu alloy. ZIF-67 provided the template and the transition
metal. DA was polymerized while disassembling ZIF-67 to form
a hollow structure, while introducing N atoms and utilizing
strong coordination to enhance the Ru payload in one step. The
hollow structure exposes more metal active sites; the introduc-
tion of N atoms improves the electrical conductivity; the intro-
duction of small amounts of Ru induces the formation of the
CoRu alloy, which greatly improves the electrocatalytic perfor-
mance of the material and provides a new idea for the prepa-
ration of efficient electrocatalytic overall water splitting
materials.

Experimental

It has been provided in the ESIL.}

Results & discussion

Synthesis and characterization

A typical synthetic route of CoORU@NCHNSs is illustrated in
Fig. 1a (for details see the ESIt). Taking CORU@NCHNSs-9 h as
an example, first, purple ZIF-67 solid powder was synthesized by
leaving Co(NOj3),-6H,0 and 2-methylimidazole in methanol
solution for 12 hours. Transmission electron microscopy (TEM)
showed that ZIF-67 had a regular dodecahedral morphology
with a size of 300-500 nm (Fig. 1b), which could also be seen by
scanning electron microscopy (Fig. S1at). Subsequently, ZIF-67
was dispersed in methanol, and dopamine (DA) and RuCl;-
-xH,0 were added and refluxed at 60 °C for 9 h to produce
CoRu/PDA HNSs-9 h. The strong coordination between mono-
mer DA and cobalt ions disassembled the structure of ZIF-67
and released alkaline 2-methylimidazole, and the alkaline
conditions triggered the polymerization of DA on the surface of
ZIF-67 to form a polydopamine (PDA) shell.***> Moreover, Ru**
was also introduced into the PDA shell due to the strong coor-
dination between DA and Ru ions. Finally, hollow CoRu/PDA
HNS materials loaded with Co and Ru ions were generated.
CoRu/PDA HNSs-9 h was pyrolyzed at 750 °C under an Ar
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atmosphere to obtain CORU@NCHNSs-9 h powder. The TEM
image (Fig. 1c) and the breakage of the samples in the SEM
image (Fig. S1b7) indicated that CoRu/PDA HNSs-9 h mostly
maintained the original ZIF-67 morphology and had an obvious
hollow structure. However, the surface of CoRu/PDA HNSs-9 h
was rough, which was caused by the generation of small PDA
particles. After pyrolysis, CORU@NCHNSs-9 h still retained
a hollow structure (Fig. 1d and S1ct), which could expose more
active sites. A large number of nanoparticles was generated,
which was due to the ability of the organic ligand to act as
a reducing agent at high temperatures, reducing metal ions to
metal monomers and nanoparticles to improve the electrical
conductivity.***¢ 0.21 and 0.23 nm lattice spacings could be
observed in HR-TEM images (Fig. 1e), which was attributed to
hexagonal CoRu (002) and CoRu (100) facets,?®*™* and indi-
cated that MOFs and a PDA shell could act as a growth template
for CoRu alloy NPs. In addition, EDS elemental mapping further
confirmed the uniform distribution of Ru, Co and N atoms in
the material (Fig. S2t), and illustrated the successful introduc-
tion of Ru and N.

Subsequently, a series of products at different reaction times
were synthesized, CORU@NCHNSs-7 h, CORu@NCHNSs-8 h and
CoRU@NCHNSs-10 h. It could be seen that all the CoRu/PDA
HNSs were able to maintain a similar hollow structure,
although the PDA shell became thicker as the reaction pro-
ceeded from 7 h to 9 h (Fig. S3a-d}). However, when the reac-
tion proceeded to 10 h, the hollow structure was no longer
independent, and the shells aggregated together. This also led
to the collapse of the hollow CoORu@NCHNSs-10 h after pyrol-
ysis (Fig. S3e and ff). As a comparison, using a similar prepa-
ration approach, Co@NCHNSs-9 h without RuCl;-xH,0 and
ZnRu@NCHNSs-9 h with a similar size ZIF-8 as the template
were also prepared. In short, they both had similar hollow
structures (Fig. S4 and S57).

X-ray photoelectron spectroscopy (XPS) measurements of
CoRu@NCHNSs-9 h, CoO@NCHNSs-9 h and ZnRu@NCHNSs-9 h
were conducted to investigate the element composition and
altered surface electronic structures. The XPS survey spectrum
of CORU@NCHNSs-9 h revealed the presence of Co, Ru, O, N
and C elements (Fig. 2a). Similarly, the presence of C, N, O, Zn
and Ru could also be observed in ZnRu@NCHNSs-9 h (Fig. S67)
and the presence of C, N, O and Co, in Co@NCHNSs-9 h
(Fig. S7f). As shown in Fig. 2b, the Ni1s spectra of
CoRu@NCHNSs-9 h had 4 characteristic peaks at 399.17 eV,
400.47 €V, 401.05 eV, and 401.74 eV, corresponding to pyridine
N, pyrrole N, graphitized N and N-H bonds, respectively.?*3%*
The interaction of Co and Ru was investigated by comparing the
high-resolution XPS spectra of CoRu@NCHNSs-9 h,
ZnRu@NCHNSs-9 h and Co@NCHNSs-9 h. First, the Co 2pj),
characteristic peaks in the high-resolution Co 2p XPS spectrum
of CORU@NCHNSs-9 h were at 779.16 eV and 780.70 eV, which
were attributed to Co° and Co*" species (Fig. 2b),** respec-
tively. It was shifted to a higher binding energy than the Co**
peak (780.39 eV) in Co@NCHNSs-9 h (Fig. S8bt), which was
mainly due to the electron transfer from Co to Ru in the CoRu
alloy. And the high-resolution XPS spectrum of Ru 3p in
CoRu@NCHNSs-9 h showed that Ru3p;/, shifted toward a lower
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9 h, and (e) HR-TEM image of CoRu@NCHNSs-9 h.

binding energy than ZnRu@NCHNSs-9 h (Fig. S8at).*>** This
indicated that the electronic interaction between Co and Ru was
stronger than that between Zn and Ru.

Furthermore, XRD was subsequently performed to investi-
gate the composition and crystalline structure of the catalysts
(Fig. 3). It could be found that CoRu/PDA HNSs-9 h did not
maintain the crystalline structure of the original ZIF-67, and
a diffuse scattering peak could be clearly observed at ~20°,
which was attributed to the amorphous polymer PDA.** After
pyrolysis at 750 °C, the signal peak of CO@NCHNSs-9 h at 44.2°
corresponds well to the cubic Co (PDF# 15-0806) (111) facet,
while CoRu/PDA HNSs-9 h exhibited another peak at 45.8°
corresponding to the (101) facet of hexagonal CoRu (PDF# 65-
8976), indicating that CoRu/PDA HNSs-9 h had not only cubic
Co but also hexagonal CoRu, and the introduction of ruthenium
could change cubic Co crystallinity to hexagonal CoRu. There
were no obvious signal peaks of crystalline Ru which indicated
that Ru mostly formed a CoRu alloy. The XRD signal peaks of
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(a) Schematic illustration of the synthesis of the CoORU@NCHNSs, (b—d) TEM images of ZIF-67, CoRu/PDA HNSs-9 h and CoRu@NCHNSs-

ZnRu@NCHNSs-9 h correspond well to hexagonal Ru (PDF# 89-
4903), which indicated that Ru®*" was mostly transformed into
Ru nanoparticles in the ZnRU@NCHNSs-9 h catalyst (Fig. S97).

Hydrogen evolution reaction

The HER catalytic activity of different catalysts was measured in
1 M KOH solution at room temperature using a typical three-
electrode system without iR-correction. The linear sweep vol-
tammetry (LSV) curves of all samples are illustrated in Fig. 4a.
CoRu@NCHNSs-9 h showed the best HER catalytic activity in
a basic electrolyte; it could reach a current density of 10 mA
ecm™? (710) at an overpotential of 13 mV, which was lower than
that of ZnRU@NCHNSSs-9 h of 18 mV and much lower than that
of CO@NCHNSs-9 h of 118 mV. This indicated that the intro-
duction of Ru can greatly improve the HER catalytic activity, the
Ru site was the intrinsic active site of the HER and the syner-
gistic effect of the CoRu alloy was better than that of the ZnRu
alloy. The performance comparison of the materials at different

This journal is © The Royal Society of Chemistry 2024
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reaction times showed that CoRu@NCHNSs-8 h,
CoRU@NCHNSs-9 h and CoRu@NCHNSs-10 h showed
avolcano-type trend, with a large degree of decay at 10 h, mainly
due to the destruction of the hollow structure. This further
showed that the hollow structure played an important role in
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the catalytic performance of materials. It was noteworthy that
the HER activity of CORU@NCHNSs-9 h in alkaline media was
particularly excellent among those of already reported highly
efficient HER electrocatalysts (Table S17).
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In addition, the CORU@NCHNSs-9 h catalyst exhibited the
smallest Tafel slope of only 69.4 mV dec™ ', which indicated
optimal HER kinetics (Fig. 4b).* The electrode kinetics of the
catalyst during the HER was investigated by electrochemical
impedance spectroscopy (EIS),*** and the semicircle in the
mid-frequency range reflected the charge transfer resistance
(Ret) (Fig. S107t). The smallest R, of CORU@NCHNSs-9 h showed
ideal electron transfer and catalytic kinetics, which corresponds
to the smallest Tafel slope. The electrochemically active surface
area (ECSA) was evaluated by using the double layer capacitance
(Ca1),”” which could be obtained by cyclic voltammetry (CV) at
different scan rates from 20-100 mV s ' (Fig. S11%).
CoRu@NCHNSs-9 h had the largest Cq, value of 159.5 mF cm™?
(Fig. 4c). More importantly, the specific activity curves normal-
ized by ECSA®® further confirmed that CORU@NCHNSs-9 h has
the best intrinsic activity (Fig. S12af). Furthermore, the turn-
over frequency (TOF) was calculated to evaluate the intrinsic
HER activity* (Fig. S12bf). CORU@NCHNSs-9 h has a maximum
TOF value of 0.0054 s at a potential of —0.1 V (Fig. S12ct). The
polarization curves before and after 6000 cycles were obtained
by accelerated continuous cyclic voltammetry (CV) scans, which
only displayed a slight decay. In addition, in a long-cycle chro-
noamperometry test, the current density could almost be

6442 | J Mater. Chem. A, 2024, 12, 6438-6445

maintained in the initial state after 24 h, indicating that the
CoRu@NCHNSs-9 h catalyst had excellent stability (Fig. 4d).
The original morphology and crystalline structure were main-
tained according to the TEM image and XRD pattern of CoRu/
PDA HNSs-9 h after the HER (Fig. S13 and S14%).

Oxygen evolution reaction

Using a similar process to the HER, the OER performance of the
materials was tested. The CORU@NCHNSs were found to have
the same competitiveness as OER catalysts. As shown in Fig. 5a,
it was obvious that CoORu@NCHNSs-8 h showed the best
performance with a current density of 10 mA cm™> at an over-
potential of 238 mV (Table S2t), while CORU@NCHNSs-7 h and
CoRu@NCHNSs-9 h showed 280 mV and 289 mV, respectively
(Table S27). However, ZnRU@NCHNSs-9 h had almost no cata-
Iytic performance, and the result of CO@NCHNSs-9 h was also
not good (710 = 450 mV). It was revealed that the Co site was the
intrinsically active site of the OER and the synergistic effect of
the CoRu alloy greatly improved the OER catalytic performance.
Correspondingly, the CORU@NCHNSs-8 h catalyst also exhibi-
ted the smallest Tafel slope value of 240.71 mV dec™" (Fig. 5b)
and the smallest charge transfer resistance (R, Fig. S157).
Cyclic voltammetry (CV) at different scan rates was also used to

This journal is © The Royal Society of Chemistry 2024
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evaluate the electrochemically active surface area (ECSA) of the
material (Fig. S161), and CoRu@NCHNSs-8 h still had the
maximum Cg, value of 85 mF cm ™~ (Fig. 5¢). The specific activity
curves and TOF curves normalized by ECSA are shown in
Fig. S17.f The material stability was tested by cyclic
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occurred after 1000 cycles and 10 h, implying good stability
(Fig. 5d).

To find the reason why CoRu@NCHNSs-9 h had the best
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performance, both materials were tested using ICP-OES, and it
can be seen that the content of Ru in CoORU@NCHNSs-9 h was
much more than that in CORU@NCHNSs-8 h, while the content
of Co in CoRu@NCHNSs-8 h was higher than that in
CoRU@NCHNSs-9 h (Table S31). This indicated that Ru had
a greater effect on the HER, while Co had a greater effect on the
OER, which further proved our previous assumptions. The
original morphology and crystalline structure were still main-
tained according to the TEM image and XRD pattern of
CoRu@NCHNSs-8 h after the OER (Fig. S18 and S197).

Overall water splitting

Based on the excellent catalytic activity of CORU@NCHNSs for
both the OER and HER in 1 M KOH aqueous solution, the
overall water splitting performance was tested using
CoRU@NCHNSs-8 h and CoORU@NCHNSs-9 h as the anode and
cathode of a two-electrode system. A cell voltage of only 1.56 V
was required to achieve a current density of 10 mA cm™>.
Excellent overall hydrolytic activity was exhibited (Fig. 6a and
Table S47). The LSV curve showed only a slight decay after 1000
cycles; the performance showed almost no obvious changes
after 10 h of chronoamperometric testing in 1 M KOH, indi-
cating excellent stability (Fig. 6b).

Conclusions

In this paper, a novel hollow structure material loaded with the
CoRu alloy is prepared by a ligand competition-induced poly-
merization. Thanks to the synergistic effect of the CoRu alloy,
the unique hollow structure and the introduction of N atoms,
the CORU@NCHNSs exhibit excellent HER, OER and overall
water splitting performance with a current density of 10 mA
cm 2 at overpotentials of 13 mV, 240 mV and 1.56 V, respec-
tively. This work explores the application of the CoRu alloy in
overall water splitting, and CORuU@NCHNSs possess remarkable
HER performance and good OER and overall water splitting
performance, which provides a new idea for the preparation of
efficient electrocatalytic overall water splitting materials.
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