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Boron and nitrogen co-doped carbon nanotubes (CNTs)were developed as a substrate material for the
loading of 2—-3 nm uniform Ru clusters. Combined with a theoretical and experimental comparison, it was
confirmed that B doping as well as its synergistic effect with N-doping in CNTs can effectively reduce the
adsorption energy of the H intermediate at Ru site, improving the catalytic activity of the Ru cluster/CNT
material for the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). Benefiting
from the synergistic effect of multi element doping and a porous tubular structure, the as-formed Ru@B,
N-CNTs show excellent electrocatalytic activity for both HER and OER in alkaline conditions. An overpoten-
tial of 54 mV and 315 mV is needed to achieve a current density of 10 mA cm™2, which exceeds require-
ments for commercial Pt/C and RuO,. Furthermore, when assembled into an electrolyzer with Ru@B,
N-CNTs as both the anode and the cathode, the cell requires a cell voltage of only 1.57 V to drive a current
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1. Introduction

Renewable energy-driven electrocatalysis to relieve the energy
shortage issues that are being confronted now is appealing for
the future energy transfer systems. Searching for suitable elec-
trocatalysts is important to promote the wide application of
many hew energy conversion processes, including HER, OER,
oxygen reduction reactions and so on.'” These important
electrocatalytic reactions have to rely on expensive precious
metals. In order to reduce the precious metal dosage as much
as possible and to improve the utilization efficiency, an
effective strategy is to load precious metals onto substrate
materials.® " In particular, carbon-based support materials,
such as graphene, carbon dots, carbon tubes, porous carbons
and so on, have attracted extensive attention because of their
characteristics of high specific surface area, high conductivity
and corrosion resistance.'’ The abundant functional groups
on the surface such as -OH, -COOH, -NH,, and so on, will
provide many favorable sites for the fabrication of multicom-
ponent photo- and electroactive catalysts."*'® With the
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density of 10 mA cm~2 in an alkaline medium and has excellent catalytic stability for over 40 hours.

advances of electrocatalyst studies, it is found that the intro-
duction of heteroatoms in a carbon support plays an impor-
tant role in regulating the interaction between the support and
noble metal particles, and as a result optimizes the catalytic
activity. For example, N-doped CNTs have been investigated for
a long time as promising substrate materials in the energy con-
version and catalytic fields. The doped N atom can bond with
its neighboring carbon atoms and induce a charge density
rearrangement of carbon.””° In particular, four N atoms in
different coordination states are usually formed, that is, pyridi-
nic-N, graphitic-N, pyrrolic-N and oxidized-N, and the former
two are beneficial for the exposure of active sites.”*”>® These
experimental results show the importance of rational design of
heteroatoms in substrate materials.

In addition to N-doping, some new non-metallic atoms
(such as B, F, P, S) have been doped into carbon to regulate
the electronic structure and have gained significant research
interest due to their unique electronic configuration and
adjustable components.>* > In particular, in the latest work
binary elements introduced into the carbon support at the
same time show great flexibility and have good prospects for
future applications. For a B, N co-doped carbon-based compo-
site, the B-C and N-C functionalities can produce extra elec-
tronic states and modify the supported metal catalysts due to
the strong metal-support interaction.>**> The use of bi-
doping carbons acting as supports has attracted widespread
research interest due to the distinct electronic structure orig-
inating from the synergistic coupling of the three atoms,
B (2.04), C (2.55) and N (3.04) with different electronegativities.
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In addition, B or N doping can enhance the electrical conduc-
tivity of the carbon material by decreasing the band gap and
making the density of states at finite and zero energy.'>?
Joshi et al. reported the use of B and N co-doped reduced gra-
phene oxide which possesses B-N, B-C, and N-C functional
groups to support and stabilize the IrO, nanoparticles (NPs)
and explored its catalytic water splitting property. However,
challenges still remained due to the complexity of the
system."? For example, although they all showed a good activity
regulation effect, the understanding of surface phenomenon is
very confusing and controversial. Therefore, it is very impor-
tant to develop a controllable bi-doping synthetic strategy to
accurately construct the doping system and establish a clear
structure-activity relationship.

Herein, the effect of B and N in co-doped carbon nanotubes
(B,N-CNTs) as a catalyst support for HER in alkaline medium
are studied. The use of Ru nanoclusters coupled with B and N
co-doped CNTs (Ru@B,N-CNTs) fabricated with a mild solu-
tion blending and post calcination method is reported. The as-
obtained material can act as both efficient HER and OER cata-
lysts that can even outperform commercial Pt/C and RuO, over
a large current density range with outstanding stability. When
further used as cathode and anode in the assembly of an
overall water splitting electrolyzer in alkaline electrolyte, an
applied potential of 1.57 V is needed to drive a water-splitting
current density of 10 mA cm™> with remarkable stability for
>40 h. Comparison with B,N-CNTs, Ru@B-CNTs and Ru@B,
N-CNTs as well as DFT calculations identified the synergistic
effect of co-doping B and N in promoting the catalytic process.

2. Experimental section
2.1. Computation details

All the DFT calculations were carried out using the Vienna
ab initio simulation package (VASP).>***> The generalized gradi-
ent approximation (GGA) was used in the form of a revised
Perdew-Burke-Ernzerhof (RPBE) with Padé Approximation.*®
During all the calculation processes, the convergence
threshold was set as 10~ eV for energy and as 0.02 eV A™* for
force, and the cutoff energy of the plane-wave basis was 400
eV.>” The Brillouin zones were sampled by Gamma centered
k-points. All the calculations used a 3 x 3 x 1 k-point grid. The
symmetrization was switched off and the dipolar correction
was taken into consideration for all calculations.

2.2. Computations of free-energy for the hydrogen evolution
reaction

A 3D carbon matrix supercell was built on a 6 X 6 x 1 unit cell
for pristine carbon and the B and N atoms replaced two adja-
cent C atoms to give a substrate for four-Ru clusters.

The Gibbs free-energy (AGy-) of the adsorbed atomic hydro-
gen (H*) was calculated by the equation: AGy« = AEy« + AZPE
— TAS, where AEy«, AZPE and AS were the adsorption energy,
zero-point energy and entropy change of H* adsorption,
respectively. As proposed by Norskov et al, the AS was
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obtained using the equation: AS = S(H*) — 1/2 S(H,) ~ —1/2
S(H,) and the vibrational entropy of H* was negligible, and
AZPE was obtained using the equation: AZPE = ZPE(H*) — 1/2
ZPE(H,).”® The TAS was calculated to be —0.205 eV because TS
(H,) was known to be 0.41 eV for H, at 298 K and 1 atm.

The values of all the AGy~ and AEy- were obtained for
different sites. Thus, the adsorption energy of atomic hydrogen
was able to be calculated from eqn (1):

AEy,. = E(surface + H) — E(surface) — 1/2 E(H,) (1)

where E(surface + H) and E(surface) are the energies of the
surface adsorbed with one H atom, and the clear surface,
respectively, and E(H,) is the energy of the hydrogen molecule
in the gas phase.

2.3. Catalyst preparation

Synthesis of Ru@B,N-CNTs. RuCl;-xH,O (5 mg), boric acid
(H3BO3, 20 mg) and urea (CH,N,O, 60 mg) were added into a
beaker containing 30 mL of water and were sonicated to obtain
a homogeneous solution. Carboxylated multi-walled carbon
nanotubes (CNTs-COOH, 5 mg) were evenly dispersed in the
mixture after sonication for another 30 min. The slurry
obtained was then transferred into a 50 mL evaporating dish,
heated at 80 °C for 12 h in an air-circulating. Evaporation of
the slurry leaving the B,N Ru-containing precursors.

The precursors were transferred into a mortar and ground
into a homogeneous fine powder, and then placed into a cruci-
ble. The sealed quartz tube was heated from room temperature
to 600 °C for 2 h at a rate of 5 °C min™" in a tubular furnace
under Ar protection.

The experimental procedures for the synthesis of B,N-CNTs,
Ru@B-CNTs and Ru@N-CNTs were almost the same as those
for Ru@B,N-CNTs, except that RuCl;-xH,O, CH,;N,O and
H3;BO; were not added to the starting material.

2.4. Electrochemical measurements

All the electrochemical HER and OER tests were conducted on
a CHI 760e electrochemical workstation (CH Instruments) con-
nected to a standard three-electrode cell with a carbon rod as
the counter electrode, a double-salt bridge Hg/Hg,Cl, electrode
as the reference electrode and a catalyst-modified glassy
carbon (GC) disk electrode (5 mm in diameter) as the working
electrode. The working electrode was prepared by evenly
loading 55 pL of 1 mg mL™" catalyst ink and then sealing it
with 1 pL of 0.5% Nafion. The HER and OER polarization
curves were obtained using linear sweep voltammetry (LSV) at
1600 rpm in O, saturated 1 M KOH and N, saturated 1.0 M
KOH solutions, respectively. All of the electrochemical tests
were conducted without iR-correction. The scanning rate was
set at 20 mV s~ '. The potential was normalized with respect to
the reversible hydrogen electrode (RHE), according to eqn (2):

Evs.rue = Evs.ng/mgecie + 1.067 (2)

A chronoamperometric test (i-t) and accelerated durability
test were used to evaluate the stability of the materials, and an
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impedance measurement was carried out to determine charge-
transfer behavior of the materials. For comparative purposes,
the catalytic activities of commercial 20 wt% Pt/C and RuO,
with the same catalyst loading were evaluated under the same
conditions as described previously.

In the overall water splitting measurement, the cathode and
anode was prepared using the same procedure as the working
electrode, except that nickel foam was employed as the
working electrode with a working area of 0.25 cm?.

3. Crystal and electronic structures
3.1. Preparation and characterization of the Ru@B,N-CNTs

The synthesis of the Ru@B,N-CNTs started with the ultrasonic
dispersion of CNTs-COOH in the aqueous solution containing
H;3BO;, CH4N,O and Ru®" (see Scheme 1). During this process,
abundant carboxyl groups on the surface of the carbon tubes
coordinated with Ru®**, and the Ru®" ions were uniformly
anchored on the CNTs-COOH. Subsequent evaporation of
water led to H;BO; and CH,N,O covering the surface of the
CNTs-COOH.*® When the previous mixture was heat-treated in
the inert atmosphere, the carboxylic acid functionalized CNTs
and the coordinated Ru*" on them were reduced to a graphi-
tized CNT and Ru nanoclusters, respectively.”” In the mean-
time, the H3BO; and CH,N,O loaded on the surface of the
CNTs-COOH were decomposed, and the partial B and N atoms
were also incorporated into the CNTs, giving the target
material, Ru@B,N-CNTSs.

The X-ray diffraction (XRD) analysis was first conducted to
determine the crystal phase structure of the as-prepared
material (Fig. 1a). When compared with the CNTs-COOH,
apart from the characteristic peaks of graphitic carbon located
around 25° and 44° (labeled as a black @), the Ru@B,N-CNTs
also showed a diffraction peak attributed to metallic Ru and
weaker characteristic diffraction peaks for BN (PDF#18-0251)
(labeled by a black *). According to previous reports in the lit-
erature, the formation of a B-N bond in the carbon network
could improve the electron spin density, and hence, accelerate
the HER and OER steps.”! The Ru@B-CNTs and Ru@N-CNTs
had nearly the same XRD patterns that were assigned to metal-
lic Ru (Fig. S1, ESIY), indicating the successful incorporation
of Ru nanoclusters into the system. The scanning electron
microscopy (SEM) images of the Ru@B,N-CNTs and CNTs-
COOH are shown in Fig. 1b and Fig. S2 (ESIf), and it can be
seen that the Ru@B,N-CNTs have inherited the naturally

Ru clusters

RU@B, N-CNTs o~

Scheme 1 Illustration of the fabrication process of the Ru@B,N-CNTs.
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Fig. 1 (a) The XRD patterns for CNTs—COOH and Ru@B,N-CNTs. (b—d)
The SEM, TEM and HRTEM images of the Ru@B,N-CNTs, the inset in (c)
shows the corresponding cluster size distribution. (e) The HAADF-STEM
and the corresponding element mapping images of the Ru@B,N-CNTs
for B, C, N, and Ru elements.

curled tubular morphology structure of the starting material
(CNTs-COOH) with a diameter of ~10 nm, illustrating that the
nanotube morphology of the carbon was preserved during
pyrolysis. No nanoparticles can be observed after the Ru dec-
oration, confirming the Ru NPs are ultrasmall in size.

The transmission electron microscopy (TEM) images
(Fig. 1c and d) reveal that the Ru NPs are well distributed
along the nanotubes with an average size of ca. 2.5 nm. The
high-resolution TEM (HRTEM) image in Fig. 1d shows the
crystalline structure of Ru and the carbon support, and the
lattice fringes of graphitic carbon on the tube wall with a dis-
tance of 0.34 nm are clearly displayed. These fringes with a
lattice distance of 0.21 nm were attributed to the (101) crystal
plane of hexagonal Ru (PDF#06-0663). In addition, the lattice
of the graphitic carbon became curved and discontinuous,
indicating the generation of defects in the CNTs.*>*?
Moreover, the high angle annular dark field-scanning TEM
(HAADF-STEM) image and the energy-dispersive X-ray spec-
troscopy (EDX) elemental mapping images of B, C, N and Ru
in Fig. 1e imply that all the elements are uniformly distributed
throughout CNTs.

Detailed elemental compositions and surface chemical
states of the Ru@B,N-CNTs were studied by X-ray photo-
electron spectroscopy (XPS). The survey spectrum in Fig. S3
(ESIY) revealed the existence of C, B, N, O and Ru on surface of
the material. Peaks located at 284.6, 285.2, and 280.3 €V in
Fig. 2a are assigned to the C=C bond, C-N or C-O bonds and
the overlap with Ru 3ds,,, respectively.">***> The observation
of the C-N species in the high-resolution C 1s spectrum indi-

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/d1qi01672e

Published on 20 Qunxa Garablu 2022. Downloaded on 13/02/2026 2:23:58 PM.

Inorganic Chemistry Frontiers

Intensity (a.u.) &

Intensity (a.u.) Y

290 285 280 408 404 400 396 392

Binding Energy (eV) Binding Energy (eV)

Ru 3p

B1s

Intensity (a.u.)
Intensity (a.u.) o

196 192 188 184 490 480 470 460
Binding Energy (eV) Binding Energy (eV)

Fig. 2 High resolution XPS for (a) C 1s, (b) N 1s, (c) B 1s, and (d) Ru 3p
of the Ru@B,N-CNTs.

cates that the N atoms have been incorporated in the carbon
matrix. The peaks at 398.4, 399.8 and 401.6 eV (Fig. 2b) indi-
cate the presence of pyridinic N, pyrrolic N and graphitic N.
Fig. 2c shows the high-resolution B 1s XPS spectrum, and the
peaks located at 190.9, 191.8, 192.6 and 193.3 eV are attributed
to B-Ru bond, B-N bond, B-C bond and B-O bonds, respect-
ively. The formation of the B-C bond further implies that the
method proposed here is effective for introducing B atoms
into the carbon matrix.*® In addition, the dominant peaks of
Ru 3py, and Ru 3psj, are located at 484.4 eV and 461.9 eV,
respectively, (Fig. 2d), which are the characteristic peaks attrib-
uted to nulvalent Ru.”” This result suggests that Ru salts have
been converted to metallic Ru species. Interestingly, the Ru 3p
peaks of the Ru@B,N-CNTs were shifted positively by 0.74 eV
when compared to the Ru@B-CNTs and Ru@N-CNTs
(Fig. S4b, ESIt), whereas those peaks corresponding to B 1s in
the Ru@B,N-CNTs were shifted to a less positive value relative
to the B,N-CNTs (Fig. S4c, ESIt). In addition, the N 1s peaks of
the Ru@B,N-CNTs were also shifted to more positive values
than those of the B,N-CNTs (Fig. S4d, ESIf). These results
imply that the introduction of B,N co-doping caused the trans-
fer of electrons from Ru to the supports across their interfaces,
resulting in a strong metal-support interaction between the Ru
clusters and the B,N-CNT support. The synergistic interaction
can give a relatively moderate hydrogen-metal binding energy
on metal and improve the catalytic performance of HER.*®*°
Relative elemental amounts (at.%) on the surfaces of the four
materials were investigated and the results are listed in
Table S1 (ESIf). The amounts of Ru in Ru@B,N-CNTs (1.4 at%)
and Ru@B-CNTs (1.4 at%) were higher than those of the
Ru@N-CNTs (0.8 at%), indicating that the B doping was con-
ducive to anchoring the Ru NPs on the CNTs.

The porous characteristics of the Ru@B,N-CNTs series
samples were then investigated using the N, adsorption/de-

This journal is © the Partner Organisations 2022
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Fig. 3 (a) The N, sorption isotherms, (b) the corresponding pore size
distributions, (c) the Raman spectra, and (d) the corresponding Ip/lg
ratios, of the B,N-CNTs, Ru@B,-CNTs, Ru@N-CNTs and Ru@B,N-CNTs.

sorption measurements. As illustrated in Fig. 3a, the four com-
posites all show typical IV-type isotherms with a characteristic
hysteresis loop at higher relative pressures, which verified the
presence of mesopores. The BET surface areas of the B,
N-CNTs, Ru@N-CNTs, Ru@B-CNTs, and Ru@B,N-CNTs were
calculated to be 45.8, 68.5, 67.2, and 89.9 m” g™, respectively,
with almost identical pore size distributions at about 3 nm
(Fig. 3b and Table S2, ESI}). The higher specific surface area of
Ru@B,N-CNTs relative to those of Ru@N-CNTs and
Ru@B-CNTs suggested that CH,N,O and H;BO; not only acted
as nitrogen and boron sources but were also pore forming
agents in the formation of Ru decorated hetero-atom doped
CNTs. This is because the organic components decomposed
into gases during carbonization and induced CNT rupture,
producing porous structures on the surface, which were ben-
eficial to bubble release in the gas evolution reactions.”®° The
abundant pores were helpful for electrolyte infiltration and
mass transfer. Raman spectroscopy measurements were also
carried out to study the structure of carbon in the CNTs after
doping. As shown in Fig. 3c and d, the well-known D-band at
1353 cm™' (disordered carbon atoms), G-band at 1590 cm™*
(hybridized graphitic carbon atoms) and 2D-band at
2700 cm™" (graphitic sp®>-bonded carbon atoms) were observed
with Ip/I; values of 1.0, 1.06, 1.21 and 0.98 for B,N-CNTs,
RU@N-CNTs, Ru@B-CNTs and Ru@B,N-CNTs, respectively.’*
Such close intensity ratios of the Raman D to G band suggests
that B or N doping and Ru loading did not affect the structure
of the carbon.

3.2. Electrocatalytic hydrogen-evolving activity of the samples

The electrocatalytic properties of B,N co-doped CNTs support-
ing Ru clusters for HER and OER in 1 M KOH were next evalu-
ated by employing a standard three-electrode electrochemical
cell. B,N-CNTs, Ru@B-CNTs and Ru@N-CNTs were also
measured under the same conditions for comparative pur-
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poses. Furthermore, the 20 wt% commercial Pt/C, the bench-
mark noble-metal based electrocatalyst for HER and RuO, for
OER were also included.

As shown in Fig. 4a, the B,N-CNTs showed poor catalytic
activity with large overpotentials of 290 and 623 mV to reach
10 mA cm™> and 100 mA cm >, respectively, for the HER.
When Ru NPs were introduced into the B,N-CNTs, the as-pre-
pared Ru/B,N-CNTs displayed distinctly improved electro-
catalytic activity towards HER. It only needed overpotentials of
54 mV and 268 mV to gain current densities of 10 mA cm™>
and 100 mA cm™? for HER, indicating the decisive role that Ru
NPs played in catalyzing the HER. The overpotential of Ru@B,
N-CNTs at 10 mA cm™> was also significantly smaller than
those of Ru@N-CNTs (111 mV) and Ru@B-CNTs (99 mvV),
suggesting that the doping of both B and N was beneficial for
enhancing the electrocatalytic activity for the HER. The out-
standing HER performance of Ru@B,N-CNTs was further con-
firmed by its much smaller Tafel slope (90 mV dec™') than
those of RU@B-CNTs (112 mV dec™ '), Ru@ N-CNTs (129 mV
dec™) and B,N-CNTs (139 mV dec™!) (Fig. 4b). It is worth
noting that the commercial Pt/C catalyst showed a better HER
activity than the Ru@B,N-CNTs at low current densities
(<60 mA cm™?). However, the Ru@B,N-CNTs were more active
for HER than the benchmark Pt/C at high current densities
(>60 mA cm™?). For example, Ru@B,N-CNTs only required an
overpotential of 268 mV to gain 100 mA cm 2, whereas the Pt/
C catalyst needed an overpotential of 313 mV to achieve the
same. By considering the noble metal loadings in the catalysts,
the mass activity of the Ru@B,N-CNTs material was calculated
to be 1740 A ¢™'. In fact, the Ru mass activity (jry) of the as-
obtained Ru@B,N-CNTs was among other excellent Ru-based
materials (Fig. S5 and Table S6, ESI{).
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The carbonization temperature had an important effect on
the catalytic activity of the carbon-based materials. The Ru
nanocluster loaded B,N co-doped CNTs at different carboniz-
ation temperatures, named Ru@B,N-CNTs-T (where T rep-
resents the pyrolysis temperature used to synthesize the
materials), were prepared and their electrocatalytic performance
for HER was also compared. It was clear from Fig. S5a and
Table S3 (ESIf) that Ru@B,N-CNTs-500 and Ru@B,N-CNTs-700
needed overpotentials of 328 and 299 mV to deliver the current
density of 100 mA cm™>, respectively, and this was significantly
larger than that of Ru@B,N-CNTs-600 (268 mV), suggesting that
600 °C was the optimal carbonization temperature.

Electrochemical impedance spectroscopy (EIS) results
(Fig. S6, ESI}) indicate that theRu@B,N-CNTs had the smallest
semicircle out of all the as-generated materials, that is, the
smallest value of charge-transfer resistance (R.), implying that
the composite structure of Ru anchored on B,N co-doped CNTs
and the intimate contact between Ru and the substrate can
promote charge transfer and improve the charge transfer kine-
tics.”® The resistance parameters of the four materials obtained
by fitting the Nyquist plots were listed in Table S4 (ESIf). The
intrinsic activities of the B,N-CNTs, Ru@B-CNTs, RU@N-CNTs,
and Ru@B,N-CNTs were compared by normalizing the
measured currents with respect to their electrochemical surface
areas (ECSAs). A comparison of the ECSAs of the four materials
and their specific activities, evaluated by the current densities
produced at a fixed overpotential of 100 mV, were shown in
Fig. 4c. As can be seen from the histogram, the ECSA follows
the trend Ru@B,N-CNTs > Ru@B-CNTs > Ru@N-CNTs > B,
N-CNTs, and their intrinsic activities for HER followed almost
the same trend. With B,N co-doping into CNTs and loading of
Ru clusters, two distinct phenomena follow: (1) highly dispersed

200
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(a) The linear sweep voltammetry (LSV) curves for the HER of B,N-CNTs, Ru@B-CNTs, Ru@N-CNTs, Ru@B,N-CNTs and commercial Pt/C in a

1 M KOH solution. (b) The Nyquist plots for the electrocatalysts. (c) Comparison of ECSAs and the current density produced at a fixed overpotential
of 0.1V (normalized by the ECSAs). (d) The LSV curves obtained for HER over Ru@B,N-CNTs before and after 5000 cycles of CV scans. (e) The chron-

oamperometric i—t curve for 36 h.
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Ru NPs can fully expose the active sites; (2) the B or N doping
enhances the electrical conductivity and modulates the elec-
tronic structure and adsorption capacity of the H of the carbon
substrate. These two events contribute to the remarkable cata-
Iytic efficiency of the material.

Besides the high catalytic activity, the Ru@B,N-CNTs also
exhibit excellent catalytic stability during electrocatalysis. The
stability of the Ru@B,N-CNTs was evaluated after 5000 cycles
of CV scans (Fig. 4d), which showed that the LSV curves
obtained before and after the scans were almost coincident,
and this indicated the durability of the material in the reac-
tion. This was also confirmed by long-term chronoampero-
metric current-time (i-¢) measurements, where no significant
change was observed after 36 h (Fig. 4e). The previous results
demonstrate overall that the Ru@B,N-CNTs is a highly active,
non-Pt material, with a low noble metal consumption.

Next, the electrocatalytic performances of the as-prepared
materials for OER were investigated by the LSV technique in a
1 M KOH solution saturated with O,. As shown in Fig. 5a and
Table S3 (ESIt), the OER activity of the Ru@B,N-CNTs dis-
tinctly outperforms its Ru-free analogue, Ru@B-CNTs,
Ru@N-CNTs, and the commercial RuO, catalyst. It only needs
an overpotential of 315 mV to drive a current density of 10 mA
cm™2, whereas the B,N-CNTs, Ru@B-CNTs, Ru@N-CNTs and
the benchmark RuO, catalyst require overpotentials of 467,
378, 409 and 390 mV, respectively, to achieve the same. Fig. 5b
shows the Tafel plots extracted from the polarization curves of
the samples. A similar Tafel slope value of about 60 mV dec ™
was obtained, suggesting that they had the same reaction
pathway, and that the water desorption to form the M-OH
intermediates was the rate limiting step.>>>* In addition, the
material was also highly stable during OER, retaining its

100
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Fig. 5 (a) The linear sweep voltammetry (LSV) curves for the OER of the
B,N-CNTs, Ru@B-CNTs, Ru@N-CNTs, and Ru@B,N-CNTs, and commer-
cial RuO; in 1 M KOH solution. (b) The corresponding Tafel plots for the
electrocatalysts. (c) The LSV curves obtained for OER over Ru@B,
N-CNTs before and after 5000 cycles of CV scans. (d) The chronoam-
perometric i—t curve of the Ru@B,N-CNTs for 36 h.
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activity even after 5000 cycles of CV scans (Fig. 5¢) and more
than 35 h of i~t measurements (Fig. 5d).

Considering the excellent bifunctional performance of the
Ru@B,N-CNTs, an overall water splitting cell using Ru@B,
N-CNTs as anode and cathode was assembled. The as-fabri-
cated electrolyzer only needed a cell voltage of 1.57 V to obtain
the current density of 10 mA cm™> (Fig. 6a), and it can be
clearly seen in Fig. 6b that abundant bubbles were generated
on both electrodes. Moreover, the electrolyzer could retain its
catalytic activity at 10 mA cm ™2 for about 40 h (Fig. 6¢), indicat-
ing the outstanding stability of the Ru@B,N-CNTs as the elec-
trocatalyst on both electrodes.

To better understand the effect of heteroatom doping on
the activity enhancement of Ru-loaded boron and/or nitrogen
co-doped CNTs for HER, DFT calculations were carried out
using Vienna Ab Initio Simulation Package. As illustrated in
Fig. 7a, a B,N-doped carbon layer constructed from a 6 x 6 x 1
supercell consisting of 72 atoms with one B atom and one N
atom replacing adjacent carbons was used as the basic model
of the CNTs, and a cluster containing four Ru atoms were
decorated on the carbon layer, which had worked well in pre-
vious studies.”® The calculation details obtained are presented
in the ESL{ AGy«, a well-known descriptor for the theoretical
prediction of catalytic activity for HER in, was calculated for
Ru clusters anchored on pristine carbon, N-doped carbon
(Fig. S5, ESIt) and B,N-doped carbon models. The calculation
results in Fig. 7b show that AGy~ for the three models were
—0.50, —0.09 and —0.03 eV, respectively, which was consistent
with the experimental results. These results imply that nitro-
gen and boron doping can significantly reduce AGy-, giving a

0 T T T T T
14 15 16 17 18 19 20

E (V vs. RHE)
C 5
— Ru@B,N-CNTs

04
&
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154
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Fig. 6 (a) The LSV curve for the assembled electrolyzer in 1 M KOH
employing Ru@B,N-CNT electrocatalysts as both anode and cathode. (b)
A photograph of the assembled electrolyzer using Ru@B,N-CNTs as
both cathode and anode. (c) The chronoamperometric i—-t curve
measured at an applied potential of 1.57 V for the electrolyzer
assembled with Ru@B,N-CNT electrocatalysts for 36 h.
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Ru@CNTs

Reaction coordinate

Fig. 7 (a) Optimized structures of H* adsorbed on an Ru cluster
anchored on a boron and nitrogen-doped carbon layer model. The
ruthenium, boron, nitrogen and carbon atoms are pink, blue, yellow and
grey, respectively. (b) The HER free energy diagram. AGy- is calculated
at the equilibrium potential of different models.

near-zero AGy~ value at the Ru site of Ru@B,N-CNTs. Hence,
Ru loaded B,N co-doped carbon nanotubes exhibit remarkable
catalytic activity with the lowest AGy~ value.

4. Conclusions

In conclusion, a B,N-co-doped carbon nanotube was designed
and synthesized, as a novel substrate to support Ru nano-
particles. The as-prepared nanocomposite can efficiently cata-
lyze both HER and OER simultaneously, and it only needs
overpotentials of 54 and 315 mV to give a current density of
10 mA cm™> for both HER and OER, respectively. A two-elec-
trode cell composed of Ru@B,N-CNTs as both the anode and
cathode was also assembled. The electrolyzer drives overall
water splitting with a current density of 10 mA cm™ at a cell
voltage of 1.57 V. In addition, the DFT calculations reveal that
the origin of the high electrocatalytic activity of Ru@B,N-CNTs
for HER is due to the N and B doping, which synergistically
modulated the electronic structure, and hence, lowered the
Gibbs adsorption free energy of the Ru cluster decorated
carbon nanotubes.
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