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Covalent organic framework derived synthesis of
Ru embedded in carbon nitride for hydrogen and
oxygen evolution reactionsy
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The hydrogen and oxygen evolution reactions (HER and OER) are two steps in electrochemical water
splitting for conversion of electric power to chemical energy. The main challenge remains the
development of efficient, stable and cheap electrocatalysts able to perform both reactions under alkaline
conditions. Single atom Ru stabilized by nitrogen-doped carbon and RuO, are currently the materials of
choice for the HER and OER, respectively. Here, we propose a strategy for the preparation of Ru
embedded in a carbon nitride matrix for efficient HER and OER in KOH solution. It is based on the
preparation of a covalent organic framework 2D CIN-1 structure with coordinated Ru", producing Ru
oxide nanoparticles with low valence Ru sites arranged in the form of nanowires between layers of
graphitic carbon nitride after pyrolysis. The material demonstrates smaller overpotentials for the HER and

rsc.li/materials-a

1. Introduction

Hydrogen (H,) is considered as a promising and preferred
alternative to fossil fuels due to its high energy density of 120 kJ
g~ " and eco-friendly emission. Electrocatalytic water splitting,
an effective and environmentally friendly technology for H,
production, has attracted great attention over the last few
years'™ and is based on the cathodic hydrogen evolution reac-
tion (HER) and anodic oxygen evolution reaction (OER).® Noble
metal-based catalysts, especially Pt-based catalysts,® are at the
forefront in boosting the sluggish OER and HER kinetics and
remain the benchmark materials for both reactions due to their
favorable kinetics for the HER and OER.” However, the high cost
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OER in comparison with benchmark Pt and RuO, catalysts, and high catalytic stability.

of Pt metal limits its consideration for commercial and large
scale applications for water splitting.

Over the last few decades, a large number of alternative
electrocatalysts have been proposed, including non-noble metal
and metal-free catalysts.®*"* Ruthenium is one of the best Pt
analogs as it possesses a similar metal hydride (M-H) bond
strength of 65 kcal mol *,**** and is more available and five
times cheaper than Pt, which makes it popular in catalysis.'>*®
Various scientific reports revealed that the HER performance of
Ru is comparable to or even better than that of Pt, in both
neutral and alkaline media. Recently, Baek et al. synthesized Ru
nanoparticles (~2 nm) uniformly dispersed on graphene
nanoplatelets (Ru@GnP), and underlined the outstanding HER
performance in both acidic and alkaline electrolytes with small
overpotentials of 13 mV in 0.5 M H,SO, and 22 mV in 1 M KOH
at a current density of 10 mA cm ™ >."” Feng et al. reported the
electrochemical performance of ruthenium/N-doped carbon
(Ru/CN), prepared by electrochemical polymerization of aniline
on graphite foam (GF) and dipping the obtained aniline/GF in
Ru salt, followed by subsequent pyrolysis of the Ru**/aniline
complex at 900 °C. The resulting material has shown excellent
electrocatalytic HER activity with an overpotential of 21 mV (10
mA cm ?) in 1 M KOH.* Qiu et al. synthesized Ru-based elec-
trocatalysts with abundant Ru active sites using bimetallic
MOFs (CuRu-MOF) through pyrolysis and etching of Cu. The as-
prepared ultrafine Ru nanoparticles anchored onto hierarchi-
cally porous carbon (Ru-HPC) exhibited outstanding HER

This journal is © The Royal Society of Chemistry 2023
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activity with a low Tafel slope value of 33.9 mV dec ™, even lower
than that of commercial 20% Pt/C (41 mV dec™').*®

Although recent publications proposed the use of transition
metals for the OER,* the rutile phase of ruthenium oxide
(RuO,) still serves as a benchmark material for the OER in both
acidic and alkaline media.*»* The OER activities have been
studied for different particle sizes, different crystal structures,
and different degrees of hydration and electronic states.**
RuO, is limited by its low anodic stability under acidic condi-
tions, especially at high overpotentials as well as by its reduced
energy density (=400 W h kg™, theoretically), and related low
mass activity.”

Considering that Ru could be used for both the HER and
OER, it would be highly desirable to develop a Ru-based elec-
trocatalyst for efficient water splitting. Ru@RuO, core-shell
nanorods, synthesized by oxidation of Ru nanorods, indeed
demonstrated high efficiency for both the OER and HER
reaching overpotentials of 320 and 137 mV, respectively, at
a current density of 10 mA cm >.>° A possible strategy to
improve the electrocatalytic performance would be through the
design of catalysts containing highly dispersed Ru stabilized by
nitrogen-doped carbon to provide both Ru and RuO, at the
same time. Ru-N bonding provides several important advan-
tages in comparison with other materials related to the favor-
able electronic structure of ruthenium, the synergistic effects
between Ru and N-doped carbon in reducing water dissociation
energy, improved adsorption properties of intermediate reac-
tants and high stability of the Ru species avoiding metal
sintering.*”**

Recently, solid-state pyrolysis of porous organic networks
such as MOFs was widely applied for the facile preparation of
metal nanostructures incorporated in porous carbon
materials.”** Covalent organic frameworks (COFs) are a new
type of microporous materials which are constructed by the
covalent linkage of organic building blocks.**** Because of
ordered pores, carbon-rich layers and diverse heteroatoms,
COFs are promising precursors for the synthesis of carbon-
based materials. Surprisingly, they have not been yet used for
the preparation of carbon nitrides.

In this work, we synthesized a 2D imine-based COF with an
incorporated Ru"-2-diphenylphosphinobenzaldehyde complex.
The pyrolysis of this material at 500 °C under a N, atmosphere
produced highly dispersed RuO, nanoparticles containing low
valence Ru sites between the layers of carbon nitride. The
material provided a high activity for the HER and OER in 1 M
KOH.

2. Experimental

2.1. Materials and reagents

RuCl;-H,0, 2-(diphenylphosphino)benzaldehyde (DBP), mela-
mine, 1,3,5-triformylbenzene, 1,4-diaminobenzene, 1,4-dioxane
and acetic acid were purchased from Sigma-Aldrich. Piper-
azinedicarbaldehyde, N,N-dimethylformamide (DMF), dry
ethanol, acetone, dichloromethane (CH,Cl,) and tetrahydro-
furan (THF) were procured from Alfa Aesar. Dimethyl sulfoxide
(DMSO) was obtained from Acros Organics.

This journal is © The Royal Society of Chemistry 2023
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2.2. Synthesis of materials

2.2.1 Ru-DBP. The tube of a Radleys Carousel reactor was
charged with RuCl;-H,0 (0.03 g), 2-(diphenylphosphino)benz-
aldehyde (DBP) (0.03 g) and dimethyl sulfoxide (DMSO, 12 mL).
Then, the tube was degassed with dry N, and refluxed at 180 °C
for 72 h. After that, the precipitated black product was isolated
by filtration and washed with dry ethanol, acetone, THF and
dichloromethane sequentially. Finally, the product was dried at
100 °C for 48 h to obtain the desired powder Ru-DBP complex.

2.2.2 Ru@CIN-1. The tube of a Radleys Carousel reactor
was charged with RuCl;-H,O (0.03 g), 2-(diphenylphosphino)
benzaldehyde (0.03 g), piperazinedicarbaldehyde (0.17 g),
melamine (0.100 g) and DMSO (12 mL) according to the
procedure of CIN-1 material synthesis.*® The tube was degassed
with dry N, and refluxed at 180 °C for 72 h in an inert atmo-
sphere. After cooling to room temperature, the precipitated
product was isolated by filtration and washed with dry ethanol,
acetone, THF and dichloromethane sequentially. Finally, the
product was dried at 100 °C for 48 h to obtain the desired
powder Ru@CIN-1. Pure CIN-1 was synthesized by the same
method without the addition of RuCl;-xH,0 and 2-(diphenyl-
phosphino)benzaldehyde.

Ru@CIN-1 and pure CIN-1 were calcined under a N, atmo-
sphere at 500 °C for 2 h to yield Ru@g-CN, and g-CN,,
respectively.

2.3. Characterization

The analysis of Ru and P was performed with the use of an
energy dispersive micro X-ray fluorescence spectrometer M4
TORNADO (Bruker). CHNO analysis was performed using
a FlashSmart automated analyzer. N, C and H were detected as
N,, CO, and H,O, respectively. The resulting gases were sepa-
rated on a packed column and detected by using a TCD
detector. Oxygen was analyzed separately by pyrolysis with CO
analysis.

Fourier transform infrared spectroscopy (FTIR) experiments
were carried out with a Thermo Fisher Scientific Nicolet 6700
FTIR instrument (32 scans at a resolution of 4 cm™*) equipped
with a mercury cadmium telluride (MCT) detector.

The Raman spectra were recorded on a XploRA Raman
confocal microscope from Horiba Jobin Yvon. A 532 nm diode
laser was used to excite the samples. The scattered light was
guided through a 150 um pinhole, dispersed and collected
using a Peltier-cooled CCD. The laser power was reduced using
density filters in order to avoid sample alteration.

The X-ray diffraction patterns (XRD) were recorded on
a PANalytical Empyrean X-ray diffractometer in the Bragg-
Brentano configuration with a 0.02° step size and 1 s step time.
Cu Ko radiation (40 kV and 30 mA) was used as the X-ray source.
The interplanar distances were calculated using the Bragg

equation: d = where A is the wavelength of X-ray

2sin 4’
radiation (A = 1.5406 A) and 6 is the diffraction angle of the
peak.

The Brunauer-Emmett-Teller (BET) surface area, pore

volume, pore diameter and N, sorption-desorption isotherms
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were measured on a Micromeritics Tristar Model 3020 Surface
Area and Porosimetry analyzer. The samples (100 mg) were
degassed under vacuum at 250 °C for 2 h prior to N,
physisorption.

Thermogravimetric analysis (TGA) measurements were per-
formed using an SDT 2960 analyzer from TA Instruments under
air flow (50 mL min~ ') with a temperature ramping rate of 10 ©
C min~".

Scanning transmission electron microscopy (STEM) analysis
was performed on a Titan Themis 300 S/TEM equipped with
a probe aberration corrector and a monochromator, allowing
a special resolution of 70 pm and an energy resolution of 150
meV. The microscope is equipped with a Super-X windowless 4
quadrant SDD (silicon drift detector) detection system for the
STEM-energy-dispersive X-ray (EDX) mapping and several
annual dark field detectors. The experiment was performed
with a spot size of about 500 pm, a semi-convergence angle of 21
mrad, and a probe current of approximately 100 pA. For the
high-angle annular dark-field (HAADF) images, the collection
angles were between 50 and 200 mrad. The STEM-EDX mapping
was acquired with a dwell time of 15 um per px with continuous
scanning over several frames during a total time of 10-15 min
per acquisition. The microscope is also equipped with a CETA
camera with a 4k x 4k CMOS sensor for the TEM images and
diffraction acquisition.

Ru K-edge X-ray absorption spectra (XAS) of samples
diluted in cellulose were acquired at room temperature in the
form of pellets. XAS spectra were collected in transmission
mode for references Ru black, RuCl; and RuO, and fluores-
cence mode for Ru@CIN-1 and Ru@g-CN, employing a Si311
double crystal monochromator and a 6 channel multi-element
SDD detector available at the CLAESS beamline of the ALBA
Synchrotron. Several XAS repeats were collected to ensure
reproducibility and statistics. The averaged spectra were
treated by using the Athena software package.’” The energy
scale was calibrated by setting the first inflection point of the
Ru metal spectra taken as 22117 eV. EXAFS spectra were
extracted using the AUTOBK algorithm employing an Rz of
1.1 in the 0 to 15.3 A~" region of k-space. The FEFF6 code®**
was used for scattering path generation, and multi (k', &, £*)-
weighted fits of the data were carried out in r-space and a k-
range of 3-14 A~ The S,” value was set to 0.9, and a global E,
was employed with the initial E, value set to the first inflection
point of the rising edge. Scattering paths were fit in terms of
Aregr and ¢”, which represent the deviation from the expected
interatomic distances and the structural disorder, respec-
tively. To assess the goodness of the fits, both the Rector (% R)
and the reduced x> (x,”) were minimized, ensuring that the
data were not over-fit. An increase in the number of variables
is generally expected to improve the Reacor; however x,> may go
through a minimum and then increase, which is an indication
that the model is over-fitting the data.** The best fit models
were determined using a grid search with fixed values for path
coordination numbers by employing Larch, the Python
implementation of Artemis.**

The X-ray photoelectron spectroscopy (XPS) experiments
were carried out using a Kratos Axis Ultra DLD spectrometer,

19340 | J Mater. Chem. A, 2023, 11, 19338-19348
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equipped with a monochromatic Al Ko X-ray source (1486.6 €V)
operating at 225 W (15 kV, 15 mA). The instrument base pres-
sure was 5 x 10'° torr and a charge neutralizing system was
used for all acquisitions. Analysis was performed at a pass
energy of 40 eV and a step size of 0.1 eV. Binding energies (BE)
were referenced to the C peak at 285.5 eV.

2.4. Electrochemical methods

The electrocatalytic measurements were performed using
a ModuLab-MTS electrochemical test station (Solartron, France)
with a conventional three-electrode configuration consisting of
a 3 mm diameter glassy carbon (GC) electrode coated with
Ru@g-CN,, a saturated calomel electrode (SCE), Hg|Hg,Cl,, and
Pt coil as the working, reference and counter electrodes,
respectively. Before starting the experiments, an aqueous elec-
trolyte solution (1 M KOH) was degassed using nitrogen for at
least 30 min. Furthermore, linear sweep voltammetry (LSV) was
performed at a scan rate of 5 mV s~ to record the polarization
curves.

In order to determine the electrocatalytically active surface
area (ECSA), double-layer capacitance (C4;) was calculated by
performing cyclic voltammetry (CV) at different scan rates in the
non-faradaic potential range (0.11 to 0.24 V vs. RHE) of the
material. The Cq (LF cm™?) value is determined from the slope
of the current density (mA cm™?) as a function of the scan rate
(mV s ) plot. Electrochemical impedance spectroscopy (EIS)
was performed at an AC amplitude of 10 mV in a frequency
range from 1 kHz to 0.1 Hz at —0.03 V vs. RHE. The long-term
stability experiments were conducted using the chro-
nopotentiometric technique at a constant current density of
—10 mA cm 2 The reference electrode (SHE) was calibrated to
the reversible hydrogen electrode (RHE) according to the Nernst
equation:

E(RHE) = E(Hg/Hg,Cly) + (0.242 + 0.059 x pH)

The pH of the electrolyte solution (1 M KOH) was experi-
mentally determined using a Mettler Toledo pH meter and
found to be 13.6 (average of three sets). Hence, we have used
this value for calibration during all electrocatalytic experiments.
All the electrochemical analyses were conducted without iR
correction.

In order to prepare the catalyst-modified GC working elec-
trode, 3 mg of the desired catalyst was dispersed in 1 mL of
water by ultrasonication for 30 min and then 10 pL of the
catalyst suspension was drop-casted onto the GC electrode and
dried at 60 °C overnight. Hence, the mass loading on the elec-
trode surface was 0.042 mg cm 2. Furthermore, all the
measurements were repeated at least three times to confirm the
reproducibility of the material. The turnover frequency (TOF,
s ") measurements were carried out using the formula

1 . .
Q= iF where I is the current (A), x is the number of electrons

transferred during the HER (2) and OER (4), F is the Faraday
constant (96 485C) and n is the number of active sites calculated
by using cyclic voltammograms.*

This journal is © The Royal Society of Chemistry 2023
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3. Results and discussion

3.1. COF derived synthesis of Ru@g-CN,

A covalent organic framework CIN-1 was synthesized by
condensation of piperazinedicarbaldehyde with melamine
(Fig. 1). The CHNO analysis revealed the absence of oxygen in
CIN-1 with a composition close to the theoretical values (C,
50.5%; N, 44.2%; H, 5.3%) for condensation of an aldehyde with
melamine (Table 1). The incorporation of 0.4 wt% of Ru was
achieved by the addition of 2-(diphenylphosphino)benzalde-
hyde as a ligand coordinating with RuCl; during the crystalli-
zation of CIN-1, keeping the composition similar to that of CIN-
1.

The pyrolysis of the prepared COF materials by treatment of
CIN-1 and Ru@CIN-1 at 500 °C under N, flow was used to
prepare graphitic materials. The chemical analysis of g-CN, and
Ru@g-CN, revealed a decrease in the hydrogen content and an
increase in the contribution of carbon in comparison with that
of nitrogen (Table 1), which could be assigned to the partial
deamination of the material. The increase in the oxygen content
could be ascribed to partial oxidation of the material during
contact with air after pyrolysis. The content of Ru in Ru@g-CN,
increased to 0.9 wt% during pyrolysis due to a decrease in the
contribution of C, H and N in the material.

X-ray diffraction (XRD) analysis of pure CIN-1 (Fig. 2a)
showed only one broad peak at 20° corresponding to the (001)
reflection related to interplanar stacking.** As reported in the
literature, microporous polymers based on Schiff base chem-
istry are usually amorphous.* It is interesting to note that

2,
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Ru@CIN-1
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Ru@CIN-1 additionally displayed a sharp peak at 11.9° ascribed
to the (100) inplanar structural packing of CIN-1. The increased
crystallinity could be assigned to the incorporation of the Ru-
DBP complex into the CIN-1 structure which increases the size
of the network layer.** The XRD patterns of g-CN, and Ru@g-
CN,, after pyrolysis (Fig. 2a), exhibited a distinct shift of the
diffraction peak to 26.3° in comparison with those of parent
materials; this peak is typical of the (002) diffraction plane for
interlayer stacking in graphitic carbon nitrides with a distance
between layers of about 0.34 nm, according to the Bragg
equation.*®

As shown in Fig. 2b, the FTIR spectra of pure CIN-1 and
Ru@CIN-1 depicted distinct peaks of triazine ring vibrations at
1540, 1490 and 1340 cm™".*** The FTIR spectrum of the Ru-
DBP complex comprised peaks at 1967 cm™ " assigned to coor-
dinated C=0 stretching vibration, and 1630 and 1400 cm " due
to carbon-carbon stretching vibrations of the aromatic rings.*®
The disappearance of the C=O group vibrations and the
appearance of benzene aromatic ring vibrations during the
crystallization of Ru@CIN-1 indicated the successful incorpo-
ration of the Ru-DBP complex into the CIN-1 structure. FTIR
spectra of g-CN, and Ru@g-CN, (Fig. 2b) revealed the appear-
ance of bands at 1677 and 1579 cm ™, and a group of peaks in
the range of 1250-1500 cm ™" ascribed respectively to C=N and
aromatic C-N stretching vibrations.*»*

Raman spectra of pure CIN-1 and Ru@CIN-1 (Fig. S1, ESIt)
confirmed the FTIR results by the presence of characteristic
features of the triazine ring (975 cm "), piperazine ring (1361 &
1429 c¢cm™') and imine (C=N) stretching vibrations

MEEEEEEEEEEEEEEEEEEEER

Fig. 1 Schematic illustration of the synthesis of a Ru carbon nitride catalyst.

Table 1 Physical characteristics of CIN-1, g-CN,, Ru@CIN-1 and Ru@g-CN,

Composition (wt%)

Pore volume

Materials C (0) N H P Ru Sger (M* g™ 1) (em® g™
CIN-1 47.0 — 48.7 4.3 — — 419.5 0.26
Ru@CIN-1 47.0 0.1 47.5 4.3 0.1 0.4 400.2 0.20
g-CN, 53.0 10.7 33.9 2.4 — — 61.8 0.21
Ru@g-CN, 39.7 10.9 33.9 2.5 1.2 0.9 23.9 0.18

This journal is © The Royal Society of Chemistry 2023
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Fig. 2

(a) XRD patterns, (b) FTIR spectra, (c) Ru K-edge XANES spectra, (d) Fourier transformed x(k)-functions of the EXAFS spectra and (e)

Cauchy WT-EXAFS of Ru-DBP, Ru@CIN-1, CIN-1, Ru, RuO,, g-CN, and Ru@g-CN,.

(1562 cm™").*” This differs from the Raman plots of g-CN, and
Ru@g-CN, which were composed of the characteristic D- and G-
bands at around 1357 and 1580 cm ' related to the lattice
defects caused by graphite edges with sp® bonds of the carbon
and graphitic phase containing sp> bonds of carbon, respec-
tively.?>°»52 3C CP/MAS NMR spectra (Fig. S2, ESIt) also
demonstrated the conversion of the peaks corresponding to
aliphatic carbon atoms in piperazine at 53.5 ppm and carbon in
C=N groups at 166 ppm to a broad asymmetric peak at 6 =

19342 | J Mater. Chem. A, 2023, 11, 19338-19348

150 ppm characteristic of sp” aromatic carbons of a graphene
sheet after pyrolysis.>***

Transmission electron microscopy (TEM) images revealed
a granular morphology of pure CIN-1 with a diameter of parti-
cles of about 20 nm in comparison with a layered-sheet struc-
ture of imine network layers of 50-200 nm for Ru@CIN-1
(Fig. S3, ESIT). EDX mapping images of the Ru@CIN-1 mate-
rial confirmed the uniform distribution of Ru and P in the CIN-1
structure (Fig. S4, ESIf). TEM analysis demonstrated that

This journal is © The Royal Society of Chemistry 2023
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20 nm|
—

Fig. 3 STEM-HAADF of Ru@g-CN, with EDX mapping of C, N, P and Ru elements.

pyrolysis resulted in the arrangement of Ru nanoparticles in the
form of nanowires between the layers of graphitic carbon
nitride for Ru@g-CN,, in comparison with the generation of
large carbon nitride particles for g-CN, material (Fig. 3, S5 and
S6, ESIt). These Ru nanowires extend to the size of 500 nm and
consist of Ru nanoparticles localized between carbon nitride
layers, according to the proposed structure of the initial mate-
rial (Fig. 1 and S5, ESI}). Elemental mapping demonstrated that
Ry, N, P and C are present together in the material and pyrolysis
does not affect the distribution of elements.

The CIN-1 and Ru@CIN-1 materials exhibited a type II N,
adsorption isotherm with a sharp uptake below 0.05 P/P,,
indicating the presence of micropores between the layers and
a second uptake at a higher relative pressure originating from
the textural pores generated by COF nanoparticles (Fig. S7,

This journal is © The Royal Society of Chemistry 2023

ESIt). The Brunauer-Emmett-Teller (BET) surface area values
of CIN-1 and Ru@CIN-1 are 419 and 400 m”> g, respectively,
which match well with the literature®® (Table 1). Pyrolysis
induced a significant decrease in N, adsorption in comparison
with the parent materials reaching 62 and 23 m* g~ * for g-CN,
and Ru@g-CN,, respectively, which are usual values for carbon
nitride materials®**” (Fig. S7, ESIT).

The electronic state of Ru was studied by X-ray absorption
spectroscopy (XAS) analysis (Fig. 2c-e, S8 and Table S1, ESIT).
The Ru@CIN-1 X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectra
featured a similar profile to that of RuCl; although the Ru
centers are effectively more reduced in Ru@CIN-1 compared to
RuCl;. The pyrolysis produced Ru@g-CN, possessing a spec-
trum with a shape reminiscent of that of RuO,, with
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significantly lower intensity and a broader white line. Similarly,
Fourier transform (FT) EXAFS of the Ru@g-CN, sample showed
patterns consistent with the presence of RuO,, with lower
intensity, equivalent to ~30% RuO, character. Furthermore, the
intensity ratios of the first coordination shell attributable to Ru-
C/N/O at ~1.97 A in the sample relative to the longer scattering
shells in the 3 to 6 A range of 1.2 : 1 relative to the 1: 1 found in
the RuO, reference inferred the presence of single Ru centers
most probably stabilized by N of carbon nitride (Fig. 2 and Table
S1, ESIt). The interaction of Ru with electronegative N in carbon
nitride has been ascribed earlier to high dispersion of metals,*®
high stability under working conditions® and capture of elec-
trons with optimized adsorption/desorption behaviour in the
HER and OER.**%® Together with the low coordination
number, and rising edge energies indicating an average Ru
oxidation of +0.5 for Ru@g-CN,, the data are consistent with low
valence Ru centers,” having a low coordination number
together with a RuO, lattice having O vacancies. XPS Ru 3d
analysis confirms the presence of Ru** in Ru@CIN-1 and Ru-
DBP with peaks at 281.4 and 280.9 eV, respectively (Fig. S9,
ESIt). Ru@g-CN, has two doublets with BE Ru 3d;/, 280.7 and
282.4 eV, which can be assigned to RuO, and Ru(OH),
respectively.®

View Article Online
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To conclude, the characterization results demonstrated Ru
incorporation in the presence of a triphenylphosphine ligand in
the structure of CIN-1 material. Pyrolysis of COF-based mate-
rials led to the generation of graphitic carbon nitride materials
with RuO, nanowires containing Ru in a low valence state.

3.2. Electrochemical properties

The performance of the Ru@g-CN, coated on a GC electrode for
the HER in potassium hydroxide (1 M KOH) solution was
investigated by performing LSV polarizations at a scan rate of
5 mV s '. The overpotential versus the reversible hydrogen
electrode (RHE) at 10 mA cm ™2, the anticipated current density
for a 12.3% efficient solar water-splitting device, was used to
assess the HER performance. Fig. 4a reveals that Ru@g-CN, had
superior electrocatalytic activity by requiring only 53.2 mV for
driving a current density of 10 mA cm ™2, which is far better than
those of RuO,, g-CN,, Ru@CIN-1 and CIN-1. This interface also
displayed better catalytic activity than the benchmarked Pt
electrode exhibiting an overpotential of 63.7 mV at 10 mA cm 2,
comparable to the performance of the most efficient materials
reported in the literature® (Table S2, ESIT).

The Tafel slope analysis gave us profound insight into the
kinetic analysis of the HER derived from the LSV plots usually

j 30
(@) ° (b)™" | —ruacnx
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-5 — Ru-DBP
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~N <
E A0 £
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Fig.4 (a) HER polarization curves of Pt, Ru@g-CN,, commercial RuO,, Ru@CIN-1, Ru-DBP and g-CN, acquired at a scan rate of 5mV st in 1 M
KOH solution. (b) OER polarization curves of commercial RuO,, Ru@g-CN,, Ru@CIN-1 and g-CN,. (c) Tafel plots and slope values of RuO,, Pt,
Ru@g-CN,, Ru@CIN-1 and g-CN, derived from cathodic polarization LSV plots of (a). (d) Tafel plots and slope values of Ru@g-CN,, RuO,,

Ru@CIN-1 and g-CN, derived from anodic polarization LSV plots of (b).
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with lower Tafel slopes attributed to faster kinetics. Fig. 4c
illustrates the Tafel slope of the Ru@g-CN, electrode, which is
close to 30 mV dec ™', indicating a faster HER rate and Tafel-
Volmer mechanism (1, 3) with electrochemical H, desorption as
the rate-determining step in the HER process. The Tafel slope
values of Ru@CIN-1 (279.6 mV dec™ ') and RuO, (78.4 mV dec™ ")
were also determined from the LSV curves, which are signifi-
cantly higher than those of Ru@g-CN,, suggesting that the HER
proceeds via a primary discharge step.

RuO + H,O + ¢~ — RuOH, 4, + OH™ (Volmer) (1)

RuOH,4 + H,O + e~ — RuO + H, + OH™ (Heyrovsky) (2)

RuOH, 4, + RuOH,4; — 2-RuO + H, (Tafel) (3)

Furthermore, the oxygen evolution performance of Ru@g-
CN, was assessed in 1.0 M KOH aqueous solution in a three-
electrode system. It could be seen from the LSV curves of
Ru@g-CN,, RuO,, Ru@CIN-1 and g-CN, that oxygen evolution
takes place at a much lower overpotential of 280 mV for Ru@g-
CN, at a benchmark current density of 10 mA cm ™2, as shown in

(a)

120

100+ 9o

80+
9 @ Ru@CIN-1
"] @ Ru@g-CN,

60 ° @ gCN,

_Zn (Q)

404

100 120

Z'(Q)
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1.4 1.5
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Fig.5

Voltage (V vs RHE)

Voltage (V vs RHE)
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Fig. 4. The Tafel slope value of Ru@g-CN, is around 49.5 mV
dec™, lower than that of commercial RuO, (74.3 mV dec™ %),
Ru@CIN-1 (381.8 mV dec™ ') and g-CN, (235.6 mV dec™ '), which
states that the kinetics of Ru@g-CN, for the water oxidation
reaction follows the Volmer-Heyrovsky reaction pathway
(Fig. 4). The Ru@gCN, catalyst features a performance
comparable to that of the most efficient materials for the OER*
(Table S3, ESIT).

The result was further supported by the Nyquist plots,
showing that Ru@g-CN, has enhanced electron transfer ability
compared to Ru@CIN-1 and g-CN,, as shown in Fig. 5. The three
samples exhibited comparable solution resistance (R;) values,
as shown in EIS Nyquist graphs, but different charge transfer
resistance (R.) values. The sequence of HER activity is well
supported by the fact that Ru@g-CN, has the smallest R, of 45.8
Q and Ru@CIN-1 and g-CN, displayed the largest R, values. The
smallest charge transfer implies fast electron transfer to the
interface during the HER or OER, which, in turn, guarantees
better catalytic activity. LSV measurements of the catalysts were
subsequently carried out in the presence of blocking ligands
like thiocyanate ions (SCN™) to identify the HER-active centers

(b)
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-
H
I

° Ru@g-CN, at 10mA/cm’
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(a) Nyquist plots of various materials recorded in the range of 1 kHz to 0.1 Hz at a constant potential of 30 mV vs. RHE at 10 mV amplitude.

(b) Chronopotentiometric plots of Ru@g-CN, at a current density of 10 mA cm™2 and —10 mA cm™2 for the OER and HER, respectively in 1 M
KOH. (c) LSV plot of overall water splitting in 1 M KOH using Ru@g-CN, as both the anode and cathode. (d) Chronoamperometric measurements
of overall water splitting in 1 M KOH aqueous solution at a constant current density of 10 mA cm™2 using Ru@g-CN, as both the anode and

cathode.
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of Ru@g-CN,. According to Fig. S10, ESIL,T the Ru@g-CN, elec-
trocatalyst's LSV curve revealed a sharp cathodic shift when
SCN™ is present, indicating that Ru particles serve as the active
sites.

For the practical application of any catalyst, stability is one of
the key factors being judged. The long-term stability of the
Ru@g-CN, catalyst was probed by using potential-time plots in
an alkaline environment. The chronopotentiometric plots of the
Ru@g-CN, catalyst obtained in 1.0 M KOH aqueous solution at
current densities of —10 mA cm > and 10 mA cm ™~ for the HER
and OER, respectively, are depicted in Fig. 5. After constant
current density for 45 h, a limited decline (about 3%) of the
catalyst performance for the OER was registered, while no
obvious decrease in performance was observed during the HER
stability test. The identical LSV polarization curves of Ru@g-
CN, before and after 10 000 CV cycles for both the HER and OER
also confirmed the high stability of the catalyst (Fig. S11, ESI¥).
This robustness indicates that the catalyst is by far one of the
best catalysts reported for water splitting. The analysis of
hydrogen and oxygen production showed that Ru@g-CN, ach-
ieved a faradaic efficiency (FE) of almost 100% for actual water
splitting, i.e. (99.78 and 99.73% for the HER and OER, respec-
tively) (Fig. S12, ESIT). The microscopic analysis of the catalyst
after the reaction revealed the presence of Ru in the form of
nanowires in the carbon nitride matrix (Fig. S13, ESI{).

It is interesting to note that Ru according to XPS analysis is
still in the form of a mixture of RuO, and Ru(OH); after the
OER; however, it is partially reduced to metallic Ru after the
HER (Fig. S9, ESIt). The change in the oxidation state to adapt
for the target reaction explains high efficiency in both the HER
and OER. A variety of 2D or 1D metal nanostructured
hydroxides/oxides of transition metals have been used as well
for both the HER and OER.***

In order to understand the enhancement of electrocatalytic
activity during the HER and OER for Ru@g-CN, compared to
Ru@CIN-1 and g-CN,, the electrochemical active surface areas
(ECSAs) were determined from the electrical double-layer
capacitance (Cq). Cyclic voltammograms were measured in
a non-faradaic potential region between 0.1 and 0.25 V vs. RHE
at different scan rates (Fig. S14, ESIf). Theoretically, it is
acknowledged that the ECSA is proportional to its Cq; value for
electrocatalysts with a similar composition.

The Cq values of Ru@g-CN, (9.1 mF cm™?), g-CN, (0.25 mF
cm ™ ?), and CIN-1 (0.75 mF cm™ %) were calculated from the slope
of the straight line of the current density vs. scan rate curves in
Fig. S14, ESI.f Hence, the ECSA experiments revealed that the
Ru@g-CN, catalyst had the highest number of active sites
caused by the lattice defects. This explains the catalytic behavior
of the catalyst. The ECSA-normalized LSV curves for both the
HER and OER were plotted to understand the intrinsic catalytic
activity of the samples. In Fig. S15, ESIT we see that in both the
HER and OER, Ru@g-CN, has higher catalytic activity than the
precursor compounds. We have further employed per-site
turnover frequency (TOF) analysis to compare the practical
performance of the catalysts. The TOF curves, which vary with
potential, revealed a higher intrinsic activity per site in the
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Ru@g-CN, catalyst when compared to both the Ru@CIN-1 and
g-CN,, catalysts (Fig. S15, ESIY).

Due to the robust catalytic activity of Ru@g-CN,, we were
motivated to perform the overall water splitting in a 2-electrode
system at 10 mA cm ™ for 26 h, as shown in Fig. 5. The LSV plot
of the system recorded an overpotential of just 286 mV vs. RHE
at a scan rate of 5 mV s '. The chronopotentiometric plot
showed that the catalyst had a good performance at a constant
supply of 10 mA cm 2 in 1 M KOH electrolyte solution with
a limited degradation of 1.35% after 26 h. The electrolyzer only
required a cell voltage of 1.51 V to generate a current density of
10 mA em™ 2, which is quite outstanding and comparable to that
of the newly reported state-of-the-art materials for total water
splitting (Table S4, ESIT).

4. Conclusion

In summary, we demonstrated the synthesis of a novel func-
tional Ru electrocatalyst embedded in graphite carbon nitride
prepared by pyrolysis of a covalent organic framework incor-
porated Ru complex. This resulted in the generation of Ru oxide
nanowires with a low valence state of Ru between the layers of
graphitic carbon nitride after pyrolysis. The resulting material
exhibited a very low overpotential of just 53.2 mV to achieve
a current density of 10 mA cm™ 2 and a Tafel slope of 33.2 mV
dec™" for the HER in an alkaline medium (1 M KOH). In addi-
tion, the catalyst performed very well during the OER with an
overpotential of only 280 mV at 10 mA cm > and a low Tafel
slope of 49.5 mV dec', exceeding the performance of
commercially available RuO,. The improved catalytic activity
was attributed to the generation of a large number of active
sites, as witnessed by electrochemical active surface area and
charge transfer resistance results from EIS. Furthermore,
chronopotentiometry measurements concluded that the cata-
lyst is highly stable in a corrosion-free environment for at least
45 h producing both hydrogen and oxygen. Furthermore, the
robustness of the developed electrocatalyst was demonstrated
in a full water splitting configuration with a slight degradation
of 1.35% for at least 26 h for delivering a current density of 10
mA cm >,
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