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I. Introduction
A. Background of study

As the limited resources such as fossil fuels, coals are decreasing and the global
warming is increasingly severe, the new energy sources need to be developed to replace
conventional resources. Hydrogen energy has a high energy density and because it does
not generate carbon dioxide when combustion, it is attracting much attention as an
alternative to fossil fuel. It can also store energy in the form of hydrogen, enabling
continuous energy use [1-3]. When hydrogen is produced through electrochemical water
splitting, it is a simple process and can obtain clean hydrogen, but the most important
thing is the development of high performance electrocatalysts. The Pt-based
electrocatalysts used in overall water splitting are known to show the excellent activity
toward hydrogen evolution reaction (HER) in both acidic and alkaline condition [4-6].
However, Pt has many difficulties in commercializing as an water splitting
electrocatalyst due to its limited amount of available resources, and most of all, its
high price [7]. So many studies are trying to produce Pt-free electrocatalysts which has
a performance comparable to Pt. Many studies are underway on transition metals (Fe
[8], Co [9], Ni [10], Mo [11]) based electrocatalysts to replace Pt, but due to its
energy barriers, most of them do not exhibit Pt-like performance especially in alkaline
electrolytes. Therefore, the development of electrode materials that can show high
activity comparable to Pt in both acidic and alkaline electrolytes is the most important
and essential now.

Introducing small amount of noble metals is one of the promising ways to improve
catalytic performance toward hydrogen production [12]. Noble metals such as Ru [13],
Rh [14], and Ir [15], which are included in the Pt group, have received much attention
for their HER performance. In particular, the aforementioned obstacle, HER activity in
alkaline electrolytes can also be improved, which is expected to be an -effective
electrode material to replace Pt. Therefore, by introducing noble metals to transition
metal based materials, it can reduce the loading of noble metals, making them more
inexpensive and improving catalytic performance and durability [16,17]. Currently,

several Ru-based catalytic materials such as Ru oxide, Ru nanoparticles, and Ru alloys

_‘l_
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are being studied as the high-performance electrocatalysts [16,18].

But the price of Ru is still expensive compared to other non-noble metals although it
is more inexpensive than Pt. The most promising way to decrease in the loading of Ru
is to reduce the size of Ru nanoparticles, minimizing the inaccessible active sites to
HER.

Herein, we developed a method of reducing the loading amount of Ru and improving
the performance toward HER through the selective deposition of Ru onto the
as-prepared carbon monolithic membrane. Firstly, the fibrous carbon membrane coated
with bimetallic ZIFs containing Zn and Co is fabricated to be used as the sacrificial
templates. Through the annealing process, the Zn species evaporate to form
meso/macropores and the Co-N-C active sites are generated. Next, the highly porous
fibrous carbon membrane reacts with the aqueous solution containing RuCl;, which
deposit uniformly into the pre-existing pores of the carbon fibers. It is noteworthy that
the HER activity is similar to that of commercial Pt/C, in both alkaline and acidic
electrolyte. In alkaline condition, CoSA-N-C@Ru requires only 14 mV of overpotential
to achieve 10 mA cm™, almost similar to that of commercial Pt/C (Mi=10 of 24 mV).
Likewise, in acidic condition, CoSA-N-C@Ru requires 11 mV and Pt/C requires 7 mV
of overpotential, indicating the highly efficient pH-universal electrocatalyst. The results
by two control experiments show that when Co exists in isolated single atomic state, it
can react with a ultralow amount of Ru. Furthermore, in the second control experiment,
all conditions were equivalent and only the reacting amount of Ru was controlled to
verify HER performance, and the experiment demonstrated that a small amount of Ru

has no significant effect on HER performance.
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B. Background of experiment

1. Ruthenium

Metals such as Rh, Ru, and Ir which are included in the Pt group have received
much attention for their HER performance, which is more inexpensive than Pt but is
similar or superior to Pt [13-15]. In the reported literatures, the metallic Ru can be
uniformly dispersed in various carbon supports. In addition, when Ru species are
introduced into nitrogen-doped carbon, it exhibits good pH-universal activity toward
HER process in both alkaline and acidic electrolytes [16,19]. Likewise, it is known that
the introduction of transition metals to generate Ru-M (M is transition metal such as
Ni, Co and Fe) into the carbon matrix improves HER activity [16,17]. In particular, in
an alkaline electrolyte, the Ru-based electrocatalysts had better HER activity than Pt/C
because the energy barrier toward water splitting was insignificant. Thus, several
recently reported literatures on these bimetallic materials with nitrogen-doped carbon
matrix showed high pH-universal HER activity.

Although the price of Ru is more inexpensive than Pt, it is still expensive compared
to the other non-noble metal species. The most promising method to decrease the
loading amount of Ru is to reduce the size of particles, minimizing the proportion of
inaccessible active sites and exposing Ru-based accessible active sites to stimulate HER
activity [20,21]. In particular, Ru is evenly dispersed in the carbon matrix and
coordinates with carbon or nitrogen to form a Ru-Nx active site. To date, the
coexistence of metallic Ru nanoparticles and a single atomic Ru-Nx active site is
helpful in pH-universal HER activity due to the synergistic effect between

nanoparticles/clusters and single atoms [22].
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2. Metal organic framework

Metal organic frameworks (MOFs) is a structure composed of metal and organic ligand.
MOFs have a high surface area, porosity, and many active sites that have been applied
in many fields, including catalysts, gas adsorption, and sensors [23,24]. Many
researchers have now reported a number of MOFs synthesized based on various
combinations of metal ions and organic ligand. MOFs can be activated through
chemical treatments and can be used as precursors of electrode materials. The active
sitte of MOFs generated by the aforementioned activations helps to improve the HER

performance of electrode materials [25,26].
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Figure 1. Illustration of the (a) characterization and (b) structure of MOFs.
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3. Hydrogen evolution reaction

The overall electrochemical water splitting which is the clean and simple process
consists of two half- reaction: hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER). To develop the efficient electrocatalyst that can reduce the energy
barrier during the hydrogen production is important. The HER mechanism is related to
the hydrogen adsorption/desorption reaction occuring on the surface of the catalytic
electrode [4,8,12]. In the volcano plot which indicates that the adsorption/desorption
energy value of metal species, the adsorption/desorption energy is lower than that of Pt
which means the ability to produce hydrogen efficiently. In both alkaline and acidic
electrolytes, through Volmer-Tafel mechanism or Volmer-Heyrovsky mechanism, the

hydrogen is produced by water splitting [13,27].
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Volmer-Heyrovsky mechanism (a) in an acidic electrolyte and (b) in an

alkaline electrolyte.
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II. Experimental section

A. Synthesis of monolithic CoSA-N-C@Ru electrode

1. Synthesis of fibrous CoSA-N-C freestanding membrane

1.44 g of tellurium (IV) oxide (TeO,) and 1.8 g polyvinyl pyrrolidone (PVP) were
dissolved in 150 ml of ethylene glycol and stirred at 200 °C. When the solution
became colorless, 0.9 g of sodium hydroxide was added and kept for 25 minutes. The
tellurium nanowires were obtained by vacuum-filtration, and re-dispersed into 200 ml of
methanol. And then, 5.8 mmol of zinc nitrate hexahydrate (Zn(NOs),"6H,0), 2.5 mmol
of cobalt (II) nitrate hexahydrate (Co(NO;),6H,O) and 14.6 mmol of 2-methylimidazole
(2MI) were added into above tellurium nanowires solution. The solution was
magnetically stirred overnight and collected by vacuum-filtration to obtain freestanding
ZIFs-derived membrane. The ZnCo-ZIFs monolithic membrane was dried at room
temperature. The ZnCo-ZIFs membrane were placed into an alumina oxide crucible, and
loaded into tube furnace. By an annealing process, ZnCo-ZIFs was converted into
nitrogen-doped carbon matrix with cobalt single atoms (CoSA-N-C) under argon flow at
950 °C for 6 hours at a ramping rate of 5 °C min', and cooled down to room
temperature naturally. As the control group, nitrogen-doped carbon with cobalt
nanoparticles (CoNPs-N-C) and Co-free sample (N-C) were prepared by controlling the

molar ratio of zinc and cobalt.

2. Synthesis of CoSA-N-C@Ru with ultralow loading of Ru

As-prepared four pieces of CoSA-N-C membrane were immersed into 13.25 aqueous
solution containing 0.25 ml of ruthenium(Ill) chloride hydrate (RuCl;-xH,O) solution
(30 mg ml™"). The solution was magnetically stirred at 70 °C and kept for 16 hours.
After this process, the products were washed with ethanol, and finally dried at room
temperature. The obtained CoSA-N-C@Ru monolithic electrodes were used as the
catalytic electrode without any further treatment. As the control group, the amount of
RuCl; solution was controlled from 0.1 ml to 5.0 ml (denoted as CoSA-N-C@Ru-X,

and X is amount of solution containing RuCl; precursor).
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3. Electrochemical measurement

The electrochemical measurements were analyzed with bi-potentiostat workstation. The
HER electrochemical analysis was executed with three-electrode configuration. In an
alkaline condition, 1 M KOH was used as an electrolyte, and mercurous oxide
electrode (Hg/HgO with 1 M NaOH solution) and a platinum wire were used as the
reference, and counter electrode, respectively. In an acidic condition, 0.5 M H,SO, was
used as an electrolyte, and saturated calomel electrode (SCE with saturated KCI
solution) and a graphite rod or Ir/C were used as the reference, and counter electrode,
respectively. Both an alkaline and acidic condition, the as-prepared monolithic catalyst
was used as the working electrode. The measured potential with reference mercurous
oxide and saturated calomel electrode were converted to potential of reversible hydrogen

electrode (Vrug) by the following equation.

Vrue = Vugngo T (0.14+0.059*pH)V in alkaline condition
Vsce + (0.244+0.059*pH)V in acidic condition

VR&HE

Each linear sweep voltammetry (LSV) measurement was executed after stabilization
of 50 cycles with a potential range of -0.4 to 0.05 Vgug. Nyquist plots were obtained
by EIS analysis with frequency range of 10° to 10" Hz with an amplitude perturbation
of 5 mV. LSV curves were obtained with a scan rate of 0. mV s’ with 100% iR
compensation. For the durability test, cyclic voltammetry (CV) measurement was
performed with a 100 mV s' of sweep rate for 10,000 times in alkaline and acidic

electrolytes. The chronoamperometric test was executed with a 10 mA cm™? of current

density in alkaline and acidic electrolytes.
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Figure 3. The overall process of fabrication of CoSA-N-C@Ru.
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III. Results and Discussion

A. The structure characterization of highly porous monolith
CoSA-N-C@Ru electrode

The synthesis method of CoSA-N-C@Ru is schematically illustrated in Figure 4.
First, one-dimensional Te nanowires (Te NWs) are fabricated as the sacrificial template
[28]. And the bimetallic ZIFs containing Zn and Co with varied molar ratio are coated
on the surface of Te NWs, and the as-prepared ZnCo-ZIFs was collected by
vacuum-filtration to form a freestanding membrane which has about 3.7 cm of diameter
(Figure 5a-b). The ZnCo-ZIFs membrane was cut to 1 cm X 1 cm in several pieces,
and through annealing process, a ZnCo-ZIFs was converted to cobalt-nitrogen-carbon
(Co-N-C) matrix (Figure 5c) and Zn species were evaporated to form the porous
structure. When the molar ratio of Zn and Co with 7:3 was selected, embedded single
atomic Co in N-doped carbon (CoSA-N-C) was created without nanocluster/nanoparticle
Co. The formation of porous structure of CoSA-N-C promotes to deposit Ru onto the
surface of macro/nanopores of carbon matrix.

Through the following process, being immersed in a solution containing the Ru
precursor, Ru species were deposited onto the porous carbon fibers. The cut monolithic
CoSA-N-C pieces were immersed in aqueous solution containing RuCl; (30 mg ml™).
The molar ratio of Zn and Co and the amount of Ru were adjusted to investigate the
effect of size of Co and Ru. In this study, the strategy of selective and direct
deposition of Ru on the freestanding porous carbon matrix achieves high HER
performance. In previously reported literatures, the reaction of an aqueous solution
containing Ru on the powdery carbon catalyst is feasible to deposit uniformly, but it
leads to a relatively high loading amount of Ru [29,30]. In addition, the powdery
catalyst is stacked to form a dense layer, makes the active site inaccessible. In contrast,
when Ru is deposited on the monolithic carbon catalyst, the Ru species are deposited
only in an accessible site, thereby forms a catalyst with a trace amount of Ru. This

selective deposition at the active sites limits the formation of inaccessible active sites.
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Figure 4. Schematic illustration of the preparation of freestanding monolith

CoSA-N-C@Ru catalytic electrode.
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Before the fabrication of the CoSA-N-C@Ru, the nanostructures of Te NWs and
ZnCo-ZIFs were observed by field-emission scanning electron microscope (FE-SEM). In
Figure 5, the first produced Te NWs consist of fibers with a relatively smooth surface,
and are well interconnected with an average diameter of 100 nm. This nanowire
structure is used as a template for the final catalytic electrode. Next, nanowires coated
uniformly with bimetallic ZIFs including Zn and Co, have a much more porous and
rough surface than Te NWs (Figure 6). This ZnCo-ZIFs is used as a sacrificial
template for maintaining the structure and being deposited by metal in a subsequent
annealing process. The vacuum-filtrated ZnCo-ZIFs monolithic membrane with 3.7 cm
of diameter is shown in Figure 7.

Through the subsequent annealing process, one dimensional porous carbon fibers with
single atomic Co were observed by the top view SEM images in Figure 8a-c. These
fibrous nanowires are well interconnected and self-assembled, and create freestanding
monolith that do not require other additional substrates. Differently with ZnCo-ZIFs, as
Zn evaporated during the annealing process, meso/nanopores were generated in the
pre-existing ZIF structure, and metallic Co was not observed. In order to study the
effect of Co size in this fibrous carbon matrix, the molar ratio of Zn and Co was
adjusted to Co-free (ZnCo 10:0), Zn-rich (ZnCo 9:1), equivalent (ZnCo 5:5), Co-rich
(ZnCo 3:7), and Zn-free (ZnCo 0:10). As shown in the Figure 9, similar morphology
was observed of Co-free and Zn-rich N-C, and no additional Co nanoparticles were
observed. On the other hand, in the Figure 10 and Figure 11, it was confirmed that at
molar ratio of Zn and Co is 5;5, 3:7, and 0:10, which have a high Co ratio, the Co
nanoparticles increased.

In the tilted view SEM images of Figure 8d-e, after selective deposition of Ru on
fibrous carbon membrane, the monolithic carbon matrix does not have any cracks and
is well-connected with an average height of 310 um. Carbon fibers observed in the top
view SEM images maintained the porous structure well even after the deposition of Ru,
and very small Ru nanoparticles, marked by white circles in the Figure 8g could be
observed in high-resolution SEM. For comparison, the amount of Ru solution was
adjusted to confirm CoSA-N-C@Ru-X (X is amount of Ru solution) produced using 0.1

ml, 0.5 ml, 1.0 ml, and 5.0 ml of Ru solution. Ru nanoparticles were not observed in
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CoSA-N-C@Ru-0.1 in the Figuer 12 a-b, whereas in Figure 12 c-d and e-f,
CoSA-N-C@Ru-0.5 and CoSA-N-C@Ru-1.0 had larger Ru nanoparticles than
CoSA-N-C@Ru (Ru 0.25 ml). It is notable that when reacting with excessive Ru

solution, Ru nanosheets are formed on carbon fibers as shown in Figure 13.
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Figure 5. (a-d) SEM images of tellurium nanowires.

_15_

“Collection @ chosun



Figure 6. (a-d) SEM images of ZnCo-ZIFs.
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inner-part

surface

Figure 8. SEM images of (a-c) CoSA-N-C. (d,e) Tilted view, (f,g) top-view and (h-k)
cross-section SEM inages of CoSA-N-C@Ru. (I) corresponding EDX image

of Ru and Co elements.
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Figure 9. SEM images of bimetallic ZnCo ZIFs-derived monolithic fibers with a molar
ratio of Zn:Co with (a-c) 10:0, (d-f) 9:1.
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Figure 10. (a-d) SEM images of bimetallic ZnCo ZIFs-derived monolithic fibers with a

molar ratio of Zn:Co with 5:5.
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Figure 11. SEM images of bimetallic ZnCo ZIFs-derived monolithic fibers with a molar
ratio of Zn:Co with (a-c) 3:7, (d-f) 0:10.
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Figure 12. SEM images of (a,b) CoSA-N-C@Ru-0.1, (c,d) CoSA-N-C@Ru-0.5 and (e,f)
CoSA-N-C@Ru-1.0.
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Figure 13. (a-c) SEM images of CoSA-N-C@Ru-5.0.
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The cross-section view SEM images in the Figure 8h confirmed that well-aligned
carbon fibers were stacked without any cracks. Even though it was compressed by the
pressure caused by vacuum filtration, the carbon fiber maintained the porous structure
in the side-view as shown in Figure 8i-j. Also, the macropores generated in the tubular
structure can be observed (white circles dotted in Figure 8j). In the high-resolution
SEM of the carbon fibers in the middle of the membrane, a very small amount of Ru
nanoparticles are observed, but it is much less than that in the fibers of the surface.
Likewise, a similar phenomenon is observed in CoSA-N-C@Ru-1.0. Abundant Ru
nanoparticles were observed in carbon fibers located on the surface of the membrane in
Figure 14a-d, and relatively fewer Ru nanoparticles were observed in the inner part of
the membrane in Figure 14e-h.

The uniform element distribution of the monolithic carbon network is shown by EDX
elemental mapping of CoSA-N-C@Ru and CoSA-N-C@Ru-1.0 in Figure 15 and Figure
16. In CoSA-N-C@Ru, the C, Co, Ru and N elements were well distributed generally
and in CoSA-N-C@Ru-1.0, the C, Ru and Co species were verified. In addition, as
shown in Figure 81 of the cross-section of the CoSA-N-C@Ru membrane, Ru elements
were most distributed on both surfaces of the monolithic carbon matrix and relatively
little distribution on the inner-part, indicating that Ru was selectively deposited on the
membrane surface. The similar phenomenon is observed in Figure 17 of the
CoSA-N-C@Ru-1.0.

After the same amount of Ru deposition (0.25 ml), the morphology of N-C@Ru and
CoNP-N-C@Ru was also observed as SEM in Figure 18. Ru nanoparticles were not
observed in N-C@Ru, whereas it was uniformly distributed throughout in
CoNP-N-C@Ru. It is explained that the presence of Co nanoparticles can control Ru

deposition, and the interaction between Ru and Co has proven to further deposit Ru.
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Figure 14. SEM images of CoSA-N-C@Ru-1.0. (a-d) Top-view SEM images at the
surface of monolith, and (e-h) cross-sectional SEM images of the inner part

of monolith.
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Figure 15. (a-d) Elemental mapping images of C, Co, Ru, N for CoSA-N-C@Ru.
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Figure 16. (a) SEM image and (b-d) elemental mapping images of C, Ru, Co for
CoSA-N-C@Ru-1.0.
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Figure 17. (a,c) Cross-sectional SEM images and (b,d) corresponding Co and Ru
mapping images of CoSA-N-C@Ru-1.0.
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Figure 18. SEM images of (a-c) N-C@Ru and (d-f) CoNP-N-C@Ru.
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B. The crystallinity characterization of CoSA-N-C@Ru electrode

A more detailed structure of CoSA-N-C and CoSA-N-C@Ru was observed through
transmission electron miroscope (TEM) and cs-corrected scanning transmission electron
microscope (STEM). First of all, the porous structure of the surface is observed and no
signals of metal particles are seen in TEM image in Figure 19a and STEM image in
Figure 19b of the one-dimensional carbon nanofiber structure. In atomic-resolution high
angle annular dark field STEM (HAADF-STEM) image (Figure 19c), the presence of
single atomic Co is confirmed. In the STEM of CoSA-N-C@Ru, it can be observed
that Ru particle is uniformly distributed throughout the nanofiber structure. In Figure
19¢ of STEM image, it was demonstrated that Co single atoms coexisted around Ru
nanoparticles with an average size of 2-3 nm. As shown in the inset images of Figure
19¢ and 19f, the metal Ru have a lattice fringe of 0.214 nm corresponding to the
(001) facet of metallic Ru [31]. Additionally, in Figure 19f and Figure 20 of
CoSA-N-C@Ru it was showed the existence of Ru nanoparticles as well, and it was
confirmed that the existence Ru nanoparticles and distribution of C, N, Co, Ru
elements in the corresponding elemental mapping of Figure 20b. The overall distribution
of Ru nanoparticles in CoSA-N-C@Ru-1.0 was also confirmed by TEM in Figure 21.
The notable point is that the size of Ru nanoparticles is larger to ~15 nm. The
elemental mapping of CoSA-N-C@Ru-1.0 is also shown in the Figure 22 and the C,
N, Ru, and Co species are generally distributed entire of the structure.

The crystalline structure of the monolithic electrode was confirmed by X-ray
diffraction (XRD) patterns. As shown in the Figure 23a, N-C and CoSA-N-C does not
show any crystalline peak, which means that the carbon exists in the amorphous state
and Co exists in an isolated single atomic state in carbon fibers. When Ru is deposited
on CoSA-N-C, the weak peaks corresponding to metallic Ru is observed, which means
some metallic Ru nanoparticles exist. The XRD patterns of bimetallic ZIF-derived
nitrogen-doped carbon, which was controlled with the molar ratio of Zn and Co, were
also investigated in Figure 23b. The results were consistent with those observed in the
SEM, and as the molar ratio of Co to Zn increased, the peaks at 44° corresponding to

(111) plane and at 51° corresponding to (002) plane also increased as the Co
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nanoparticles formed increasingly. Similarly, the XRD patterns for CoSA-N-C@Ru-X
was also analyzed, indicating that the crystallinity of Ru also becomes stronger as the

loading amount of Ru increases (Figure 23c).
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0.215 nm
(001) Ru

Figure 19. (a) TEM image, (b,c) STEM images of CoSA-N-C. (d) STEM image, (e)
atomic-scale HAADF-STEM image and (f) TEM image of CoSA-N-C@Ru.
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Figure 20. (a) TEM image of CoSA-N-C@Ru and (b) elemental mapping images of C,

N, Co and Ru elements corresponding to Figure 19d.
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Figure 22. (a) STEM image of CoSA-N-C@Ru-1.0 and (b) corresponding elemental

mapping images of C, N, Ru and Co.
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C. The characterization of CoSA-N-C@Ru to demonstrate of

selective deposition of Ru

X-ray photoelectron spectroscopy (XPS) is performed to analyze the detailed structure
of the monolith catalytic electrode. In the survey spectrum of Figure 24a, the presence
of Ru, C, N, and Co of CoSA-N-C@Ru is confirmed well. In the Ru 3p spectrum, the
two main peaks of 462.1 eV for Ru 3p;, and 484.4 eV for Ru 3pi, and two sub
peaks of 466.0 eV for Ru 3p;, and 487.4 eV for Ru 3p;, assigned to metallic Ru and
Ru-N bonding are shown in Figure 24b [32,33]. In N 1s spectrum of Figure 24c, N is
deconvoluted to four peaks with pyrinidic, pyrrolic, graphitic, and oxidized N at 398.9
eV, 400.1 eV, 401.2 eV and 402.9 eV, respectively [34,35]. In the Ru 3d and C 1s
spectrum of CoSA-N-C@Ru, Ru is deconvoluted with metallic Ru, Ru-N for Ru 3ds
at 280.4 eV, 281.1 eV and metallic Ru for Ru 3ds, at 284.7 eV [19,36,37], and C 1s
is deconvoluted with C-C, C-N and C=0O peaks at 284.9 eV, 286.3 eV and 288.2 eV,
respectively (Figure 25b) [36,38]. In fine Co 2p spectrum of Figure 25c, any metallic
Co peak does not appear, and Co’", Co®" and nitrogen-coordinated Co with satellite
peaks were observed in the surface XPS analysis of CoSA-N-C@Ru [39,40]. In depth
profile spectrum of Ru 3p, as the etching time increases, the peak at 465.6 eV
corresponding to Ru-N decreases and the peak of 461.3 eV corresponding to metallic
Ru increases in Figure 24d. This result means that Ru is selectively deposited and
embedded in the carbon framework to coordinate with nitrogen. In depth profile
spectrum of Co 2p, the peak of surface corresponding to metallic Co was not
manifested at first, but it is observed that a distinct peak appears as the etching time
increases (Figure 24e). It means that the embedded Co appears as the carbon layer is
etched. This phenomenon is similar in Ru 3d, where C-N peak and Ru-N peak become
weaker in the Ru 3d spectrum overlapping C 1s in Figure 25a. To compare the
differences in Ru 3p spectrum in the case of absence of Co and effect of different
amount of Ru, fine Ru 3p spectrums of N-C@Ru, CoSA-N-C@Ru-0.1, CoSA-N-C@Ru
and CoSA-N-C@Ru-1.0 is shown in Figure 24f. As the result, the peaks of Ru 3p for
N-C@Ru loacated at 462.6 eV and 484.8 eV were shifted to lower binding energy of
~ 0.5 eV for CoSA-N-C@Ru by the incorporation of Co single atoms and
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nanoparticles, which is reported to stimulate the electron structure of Ru [41]. In Figure
26a, the notable point is as the amount of Ru decreases, Ru-N content increases and
Ru content decreases. In the Figure 27a, the presence of C, N, and Co of CoSA-N-C
is clearly confirmed, and in the C 1s spectrum of the Figure 27b, five peaks of C=C,
C-C, C-N, C-O, and C=0 were deconvolved at 284.5 eV, 285.1 eV, 286.2 eV, 287.6
eV and 289.9 eV, respectively [42,43]. And in the N 1s spectrum, there was no
significant difference from CoSA-N-C@Ru (Figure 27c). Fine Ru 3d and N 1s spectra
of N-C@Ru, CoSA-N-C@Ru-0.1 and CoSA-N-C@Ru-1.0 had similar relative intensity
and peak position (Figure 28 and Figure 29).
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Figure 27. (a) XPS survey spectrum, and fine XPS (b) C 1s, (¢) N 1s spectrums
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To measure the metal contents, inductively coupled plasma-mass spectrometry
(ICP-MS) and thermogravimetric analysis (TGA) were performed. In Table 1, the Ru
content of CoSA-N-C@Ru and CoSA-N-C@Ru-1.0 was revealed to be about 0.32 wt%
and 2.58 wt%, respectively. The total metal content of CoSA-N-C@Ru through TGA
analysis was less than 1.5 wt%. It should be noted that the Ru content on the surface
of the monolithic carbon membrane through XPS and EDS is relatively high compared
to the results obtained by ICP-MS and TGA. This result means that Ru is selectively
deposited on the carbon surface and more Ru is on the surface.

The Figure 30 shows N, adsorption-desorption isotherm curves, and specific surface
areas of CoSA-N-C and CoSA-N-C@Ru which 1is calculated based on the
Brunauer-Emmett-Teller (BET) method. The average pore size of CoSA-N-C was 9.96
nm and a specific surface area was 996 m’g’, and the average pore size of
CoSA-N-C@Ru reduce slightly to 8.80 nm and the specific surface area to 986 m’g’
while Ru was deposited in the pores of the carbon monolith surface. As shown in the
Figure 30b, the pore size distribution of CoSA-N-C represents two main peaks, the
front narrow peak corresponding to nanopores and the wide peak corresponding to
meso/macropores. The intensity of the nanopores slightly reduces and the pore
distribution of meso/macrpore is narrowed by the deposition on surface of
CoSA-N-C@Ru. This result means that Ru nanoparticles deposit onto nanopores
generated by ZIF and meso/macropores generated by tubular fibrous structure in the

carbon matrix.
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XPS EDS TGA ICP-MS
Sample Metal
(wt%) (Wt%) (wt%) (wt)
NC@Ru Ru 0.25 = - L
2 Co 1.01 1.37 121
CoSA-NC@Ru Co+Ru ~1 5wile
Ru 097 144 (.32
CoSA-NC@Ru-0.1 - Lo
oSA-NC@Ru-0. = 2 =
R Ru 0.59
Co 1.12 3 1.14
CoSA-NC@Ru-1.0 Co+Ru ~4 (0wt
Fu 1.93 23 258
Table 1. Metal loading of N-C@Ru, CoSA-N-C@Ru, CoSA-N-C@Ru-0.1 and

CoSA-N-C@Ru-1.0 measured from XPS, EDS, TGA and ICP-MS.
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Figure 30. (a) N, adsorption-desorption isotherm curves, (b) pore size distribution of

CoSA-N-C and CoSA-N-C@Ru.
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D. The pH-universal activity toward Hydrogen Evolution
Reaction of CoSA-N-C@Ru catalytic electrode

The HER activity of N-C@Ru, CoSA-N-C, CoSA-N-C@Ru and Pt/C was measured
with a three-electrode configuration in 1 M KOH, as an alkaline electrolyte. In the
LSV curves shown in the Figure 31a, N-C@Ru and CoSA-N-C showed poor activity,
requiring high overpotential values of 73 mV and 152 mV to achieve a current density
of 10 mA cm? respectively. In contrast, CoSA-N-C@Ru achieved 10 mA cm? with
only 14 mV of overpotential, which was much smaller than the value of Pt/C (24
mV), indicating excellent HER performance in the alkaline electrolyte. In addition, to
achieve a current density of 100 mA cm?®, CoSA-N-C@Ru requires the smallest
overpotential of 137 mV and is much smaller than the value of Pt/C (278 mV). As
shown in Figure 31b, the CoSA-N-C@Ru has a value of 19 mV dec’' of tafel slope
which is much smaller than that of Pt/C (32 mV dec"), meaning that CoSA-N-C@Ru
produces hydrogen through the Volmer-Tafel mechanism [44]. In addition, in the
nyquist plot of Figure 32a, the smallest -charge-transfer resistance (R) of
CoSA-N-C@Ru was observed to explain efficient HER performance in alkaline
electrolyte.

Next, SCN™ ion and EDTA (ethylenediaminetetraacetic acid) were introduced to figure
out the roles of active sites. SCN™ ion as known to block active sites was first
introduced to determine the contribution of HER activity of single atomic Co and
nanoparticles Ru in alkaline electrolyte. With the introduction of SCN™ ion, the HER
performance of CoSA-N-C@Ru became worse rapidly, which means the Ru
nanoparticles located at the surface of monolith work as a active site that directly
affects HER performance (Figure 31c). When EDTA is introduced in alkaline
electrolyte, the HER activity of CoSA-N-C@Ru is lower than original activity. And a
similar tendency was shown in nyquist plots (Figure 32b).

Also, HER activity was measured with a three-electrode configuration in 0.5 M
H,SO4, as an acidic electrolyte. In Figure 33a, CoSA-N-C@Ru shows a very small nj-jo
value of 11 mV, slightly larger than that of Pt/C (7 mV), and much smaller than
N-C@Ru (214 mV), CoSA-N-C(273 mV). To achieve 100 mA cm?, CoSA-N-C@Ru
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also required only 152 mV of overpotential, slightly larger than of Pt/C (141 mV) and
much smaller than that of other control samples CoSA-N-C (314 mV) and N-C@Ru
(228 mV). The resulting tafel plot showed similar tendency, CoSA-N-C@Ru showing a
low slope value of 21.3 mV dec’, similar to Pt/C (15.5 mV dec’), and much lower
than the slope of other control samples (88 mV dec’ for N-C@Ru and 136 mV dec’
for CoSA-N-C) in Figure 33b. In both alkaline and acidic electrolyte measured HER
activity shows the best results among recently reported Ru-based catalysts considering
the overpotential to achieve a current density of 10 mA cm™ and tafel slopes required
[19-22,45-50]. Similarly, the nyquist plot in the Figure 34a shows the smaller
charge-transfer resistance (R.) than Pt/C to explain efficient HER performance in acidic
electrolyte, too. The noteworthy point is that the HER activity of CoSA-N-C@Ru in
alkaline and acidic electrolytes is the most excellent among the latest reported Ru based
electrocatalysts in terms of the overpotential to achieve 10 mA cm™ of current density
and the tafel slopes with ultralow Ru loading, as summarized in Table 2.

Similarly, in order to know the contribution of active sites under acidic conditions,
SCN™ ion and EDTA were additionally introduced to measure HER activity. As shown
in Figure 33c, when SCN™ ion and EDTA were introduced, HER performance showed a
similar trend to the results in the alkaline electrolyte. When the EDTA was added, the
HER performance decreased considerably, and the HER activity decreased rapidly when
SCN™ was added. The similar tendency was observed in nyquist plots of Figure 34b.

HER performances of CoNP-N-C and N-C were additionally analyzed in both
alkaline and acidic conditions to determine the contribution of Co nanoparticles to HER
activity. All of these Ru-free catalyst showed poor HER activity in alkaline and acidic
condition (Figure 35 a,b). In addition, to confirm the change in HER performance
according to the reacting amount of Ru, the HER performance of CoSA-N-C@Ru-X (X
is 0.1, 0.5, 1.0 and 2.0 in this part) were further measured in both alkaline and acidic
electrolytes (Figure 35c, d). As a result, it was found that the performance did not
improve significantly as the amount of reacting amount of Ru increased. Thus, it is
noteworthy that when Co exists in the single atomic state, it exhibits the most efficient

synergistic effect when reacted with an appropriate amount of Ru.
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(b) corresponding Tafel plots in alkaline electrolyte (1 M

KOH) with a scan rate of 0. mV s'. (c) LSV curves of CoSA-N-C@Ru
in 1 M KOH electrolyte with NaSCN and EDTA.
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0.5MILSO,  22@10 30
) ) J. Am. Chem. Soc. 138
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Table 2. Comparison of electrochemical

reported Ru-based electrocatalysts toward HER.
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E. The durability of CoSA-N-C@Ru electrode and overall
water splitting with CoSA-N-C@Ru electrolyzer

In order to calculate the electrochemically active surface area (ECSA), the cyclic
voltammetry test was executed with the different scan rate (Figure 36a). Double layer
capacitance (Cq) of CoSA-N-C@Ru calculated through CV was very high value of
1002 mF cm? due to the abundant active sites of the highly porous carbon fibers

electrode (Figure 36b).
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corresponding double layer capacitance (Cg).
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For the durability test of the monolithic catalyst, a current of 10 mA per unit area
was applied to measure it as a chronoamperometric test, and it was performed more
than 100 hours under both alkaline and acidic conditions (Figure 37). As a result, the
initial potential was maintained almost the same in both alkaline and acidic conditions,
and it is noteworthy that the graphite rod used as the counter electrode may be
damaged as the overpotential increases in acidic conditions. Therefore, using as-prepared
Ir/C instead of using a graphite rod can prevent the degradation of performance. For
additional durability tests, LSV was measured after 10,000 cycles of CV test to
compare the performance of CoSA-N-C@Ru. LSV curves measured after 30th and
10,000th cycles of CV tests showed similar activity toward HER for both alkaline and
acidic electrolytes as shown in Figure 38a, and 38b. In addition, the nyquist plots in
Figure 39a and 39b also show a similar tendency to result of LSV curves, suggesting
excellent durability of CoSA-N-C@Ru. After 10,000 cycles of CV test in alkaline and
acidic conditions, the morphology of CoSA-N-C@Ru was well maintained similar to the
original structure as observing SEM images in Figure 40 and Figure 41, and the Ru
nanoparticles on the surface were also maintained well. In addition, the results of the
XPS measurement after the durability test in acidic electrolyte were not significantly
different from the original XPS spectrums in Figure 42, proving excellent durability in

maintaining the original structure well even after a long time of durability test.

_57_

Collection @ chosun



014 & in alkaline condition
@ In acidic condition

02 -

03

Fotential (V' vs. RHE)

-04 -

405

0 20 40 60 80 100
Time (h)

Figure 37. Chronoamperometric test in alkaline and acidic condition.

_58_

Collection @ chosun



(a) (b)

o4 . after 3th C¥W — LE I after 30th cycles
G @ after 10000th OV “.‘E & after 100 00th cycles
E 20 o 20
x i
E _ap) = 40
= =
E u
= -804 c 60
=] =
e -
o -80- S 80
= =
=
© 400 3 -100]
04 03 -02 -01 00 04 03 02 01 0.0
E ( vs. RHE) E (Vvs. RHE)
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Figure 40. (a-c) SEM images of CoSA-N-C@Ru after durability test for 10,000 cycles

in an alkaline condition.

Figure 41. (a-c) SEM images of CoSA-N-C@Ru after durability test for 10,000 cycles

in an acidic condition.
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Figure 42. (a) XPS survey spectrum, and fine (b) Ru 3d, (¢) N 1s and (d) Ru 3p
spectrums of CoSA-N-C@Ru after durability test for 10,000 cycles in an

acidic condition.
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The oxygen evolution reaction (OER) performance of CoSA-N-C@Ru in acidic
electrolyte (0.5 M H,SO4) was additionally measured with three-electrode configuration.
In OER activities, CoSA-N-C@Ru exhibits the best performance in LSV curves and
nyquist plots as depicted in Figure 43a, 43b. Lastly, LSV curves measured through
two-electrode configuration which is asymmetric electrolyzer consist of the same
monolithic CoSA-N-C@Ru membrane in acidic electrolyte are illustrated in Figure 44 to
verify performance for overall water splitting. Compared to the water -electrolyzer
consisting of Pt/C and IrO, (mass loading of 5 mg cm?), the as-prepared
CoSA-N-C@Ru water electrolyzer with ultralow loading of Ru shows superior

performance to Pt/C-IrO, water electrolyzer toward overall water splitting reaction.
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Figure 43. (a) LSV curves, (b) Nyquist plots of CoSA-N-C@Ru-X samples in 0.5 M
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IV. Conclusion

In summary, the freestanding monolithic ZnCo-ZIFs is synthesised through
self-assembly. And by annealing process, the ZIFs is converted to CoSA-N-C with
highly porous structure. During subsequent process of reacting with Ru precursor,
finally the CoSA-N-C@Ru is fabricated with ultralow mass loading of Ru which is
deposited selectively onto the porous fibers. The HER performance of Co-N-C@Ru
in both acidic and alkaline media exhibits comparable results to that of commercial
Pt/C. This activity is attributed to the synergistic effect between isolated Co single
atoms embedded inside the nitrogen-doped carbon matrix and Ru
nanoclusters/nanoparticles anchored to the surface of freestanding monolith. C4 and
BET calculations explain the high surface area of porous catalyst and the high
performance of HER. This pH-universal activity through HER process is the best
among reported literature recently assigned selective deposition which helps to use
accessible active fully. Through this work, we present opportunities for new HER

catalysts in combination with single metal atoms and metal clusters.
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