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Optimized nano-metal particles filled into carbon
nanohorns to achieve high N-doping amount and
high porosity for enhanced oxygen evolution
reactiony

Yanli Nan@* and Zhaoyu Wang

Nano-metal-filled N-doped carbon materials have been actively verified as promising alternatives for
precious-metal catalysts in the oxygen evolution reaction (OER). Herein, Ni/Fe/Cu-filled N-doped carbon
nanohorns (CNHSs) are synthesized via a positive pressure assisted arc discharge method using a Ni/Fe/
Cu rod charged in an anode hole in a N, and Ar mixture. We first found that the amount of N atom
doping can be controlled by the types of nano-metal particles encapsulated by CNHs. The content of N
atoms on CNHs uniquely depended on the initial Ni wires inserted into the anode graphite; increasing
the number of Ni wires induced the enrichment of N atoms until 3.56 at%, whereas the content of N
atoms for Cu- and Fe-filled CNHs is against the results; loading Cu and Fe nanoparticles decreases the
N-doping amount. And the morphologies and N-configurations can be changed by the types of metal
nanoparticles. Furthermore, the OER performance of Ni-filled CNHs is much superior to that of Cu- and
Fe-filled CNHs, which can be significantly enhanced by the tip opening structure, and the increase in Ni

rsc.li/rsc-advances

Introduction

The oxygen evolution reaction (OER) is coupled with numbers
of key renewable energy systems such as solar cells, metal-air
batteries and water splitting.’® However, the OER process is
kinetically sluggish caused by a complex four-electron/proton
transfer process. Although noble metal oxides such as IrO,
and RuO, show excellent catalytic performance for OER, their
widespread development is restricted by the high cost and
scarcity.*” Recently, metal nanoparticles supported on carbon
materials have attracted considerable interest due to the
excellent conductivity and high catalyst loadings.*™ For
example, the incorporation of Ni, Fe, and Co nanoparticles into
N-doped carbon materials in catalysts exhibits remarkable
catalytic efficiency, together with the high stability according to
the previous reports.*® Previous research also showed that the
conductivity of carbon nanomaterials can be obviously
improved when N atoms are added into the carbon nano-
materials by providing the catalytic sites. Besides, the N atoms
and metal nanoparticles can have synergistic effects to enhance
the OER performance.'>*> However, the relatively low N-doping
efficiency limits the wide use. With respect to the popular
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loading amount and the N atom content.

carbon materials such as graphene and carbon nanotubes
(CNTs), it is a great challenge to design N-doped carbon mate-
rials dispersed with nano-metal nanoparticles with optimized
structures and enhanced catalytic performance for next gener-
ation OER applications.

It is widely known that carbon nanohorns (CNHs) can be
a catalytic carrier/catalyst in numerous electrochemical energy
generation systems due to their excellent electronic conduc-
tivity, superb mechanical properties, nanoporous characteris-
tics, and high specific surface area (SSA) after post-
treatments.”*'* In general, CNHs are constructed by thousands
of individual CNH by the self-assembling mechanism to form
aggregates with 80-100 nm diameters. The individual CNH
consists of cone-shaped tips with 40-50 nm length and 2-3 nm
diameter. Although metal nanoparticles like Pt, Ni, Cu, Zn, and
Fe can be uniformly distributed into the individual CNH tube by
the modified gas-injected arc-in-water method in N, reported by
Sano et al.,'*" the individual CNH exhibits a tip-closed struc-
ture with low SSA and poor porosity, which is harmful to the
OER performance. Notably, there is no N-doping on these
CNHs, maybe due to the existence of water hindering the ioni-
zation of nitrogen gas. Therefore, it is urgent to find a new
method to improve the amount of N-doping for nano-metal-
filled CNHs. To the best of our knowledge, despite consider-
able attention focused on the CNHs, research on N-doped CNHs
dispersed with nano-metal nanoparticles used for the OER is
rare.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In this study, the N-doped CNHs dispersed with Ni/Fe/Cu
nanoparticles were produced via arc discharge by introducing
the N, at positive pressure. The relationship among the
morphologies, the N-doping amount and N-configurations for
Ni/Fe/Cu-filled CNHs are explored in this experiment. Besides,
the effect of the amount of Ni-loading on the content of N atoms
is studied. Finally, the OER performance for Ni/Fe/Cu-filled
CNHs is compared. In full consideration, Ni-filled CNHs
possess remarkable OER performance, attributing to the high
loading amount of N atoms and Ni nanoparticles, and the
optimized morphology for CNHs.

Experimental section
Synthesis of N-doped CNHs dispersed with Ni nanoparticles

CNH samples are prepared by the positive pressure assisted arc
plasma method in an Ar (0.10 MPa) and N, (0.05 MPa) mixture.
The schematic diagram of arc discharge equipment is illus-
trated in Fig. 1. The anode was made in pure graphite rod
(diameter = 6 mm and length = 200 mm) to produce N-doped
CNHs. When used a graphite rod with a hole of 1 mm in
diameter to fill one Ni/Fe/Cu wire with a diameter of 0.2 mm as
the anode, CNHs dispersed with metal nanoparticles can be
obtained, denoted as 1-Ni-, 1-Fe- and 1-Cu-filled CNHs. Besides,
two holes and three holes of 1 mm diameter were drilled along
its axis to charge Ni wires, respectively, referred to as 2- and 3-
Ni-filled CNHs.

The analyses of the prepared products

The morphologies were observed using a transmission electron
microscope (TEM, JEOL, JEM-2010F). X-ray diffraction (XRD)
apparatus (Rigaku, RINT2100) equipped with Cu Ko radiation
was used to obtain the phase and crystal characteristics. X-ray
electron spectrum (XPS) equipment was used to determine the
chemical state and the types of elements on the surface of the
as-prepared samples. Pore size distribution and SSA were
studied in N, adsorption isotherm condition at 77 K by the
Brunauer-Emmett-Teller (BET) method.

Electrochemical testing

The electrochemical results were measured using a three-
electrode system combined with an electrochemical worksta-
tion (CS350, Shanghai Sikete Instrument). Carbon fiber paper
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Fig. 1 The schematic diagram of positive-pressure assisted arc
discharge equipment.
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(CFP) coated with a CNH mixture, Hg/HgO (salt bridge protec-
tion) and platinum wire electrodes were used as the working
electrode, counter electrode and reference electrode, respec-
tively. 5 mg sample was dissolved in 7 pL Nafion solution (5%)
as a binder. Then they were put in 300 pL of ethanol and
sonicated for 30 minutes to get a good dispersion in the solu-
tion and coated on the CFP with a 1 cm x 1 cm spatula. Finally,
they were dried in a vacuum oven at 80 °C for 30 minutes.

Results and discussion

The morphologies and the structures of Ni-, Fe-, and Cu-filled
CNHs

The TEM images of 1-Ni-, 1-Fe-, and 1-Cu-filled CNHs are shown
in Fig. 2. These figures suggest that the Ni, Fe and Cu nano-
particles are well dispersed into CNHs, indicated by the dark
spots. Notably, we can see that the morphology of 1-Fe-filled
CNHs (in Fig. 2(d)) has no significant change in horn struc-
ture compared with “dahlia-like” aggregates,'®" which are
tubular structures with cone shaped caps distributed with
pentagonal and heptagonal defects as illustrated in Fig. 2(g). By
HRTEM observations in Fig. 2(a), we can see that the
morphology of 1-Ni-filled CNHs is against the traditional re-
ported dahlia-CNHs with 20° cone-closed caps, where the
periphery of CNHs is composed of the opening caps, similar to
the few-layer curled graphene as depicted in Fig. 2(b) and (c).
When a Cu wire is inserted into the anode graphite, a consid-
erable part of production is the amorphous carbon as shown in
Fig. 2(e), the purity of Cu-filled CNHs is much lower than that of
the other samples, and only a few CNHs remain. The models of
the individual tube for Ni- and Fe-filled CNHs are vividly
described in Fig. 2(i) and (j), respectively. Note that the arc
temperature distribution is a very important factor to determine
the morphologies and the structures of the production. The
melting point and boiling point of the metal nanoparticles can

Fig.2 The TEMimages of (a) 1-Ni-, (d) 1-Fe- and (e) 1-Cu-filled CNHs.
(b) and (c) The HRTEM images of the periphery of 1-Ni-filled CNHs; (g)
the HRTEM of the tip structure of Fe-filled CNHs. (h), () and (m) The
lattice fringes for Ni, Fe, and Cu nanoparticles. (f) The XRD patterns of
1-Ni-, 1-Fe-, and 1-Cu-filled CNHs. (i) and (j) The structural models for
individual CNH of 1-Ni-, and 1-Fe-filled CNHs. (k) N, adsorption
isotherms at 77 K of 1-Ni-, 1-Fe- and 1-Cu-filled CNHs.
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affect the arc temperature distribution, which induce various
morphologies of Ni-, Fe-, and Cu-filled CNHs.

Furthermore, by counting over 300 particles from TEM
images, the size distribution histograms of metal nanoparticles
of 1-Ni-filled, 1-Fe-filled CNHs and 1-Cu-filled CNHs were ob-
tained, as displayed in Fig. S1 in the ESI.T And the average sizes
of 1-Ni-N-CNHs, 1-Fe-N-CNHs and 1-Cu-N-CNHSs are calculated
to be 9.81 nm, 9.71 nm and 8.66 nm, respectively.

XRD analysis was performed on CNHs dispersed with Ni, Fe
and Cu as illustrated in Fig. 2(f). All samples show a broad
diffraction peak around 26°, indicating a (002) plane of
graphitic carbon. Ni, Fe and Cu nanoparticles as indicated by
the peaks at 44.3°, 51.6°, 76.1°, and 44.5°, and 42.9°, 50.1°,
73.6°, respectively, reveal that Ni, Fe and Cu nanoparticles are
dispersed into CNHs. From HRTEM images in Fig. 2(h, 1 and m),
it could be clearly observed that the lattice fringes are 0.203,
0.202, and 0.208 nm, corresponding to the characteristic of the
distance fringe spacing for Ni, Fe and Cu nanoparticles, which
is in agreement with the results of HRTEM.

The adsorption/desorption isotherms of nitrogen at 77 K on
the 1-Ni-, 1-Fe- and 1-Cu-filled CNHs are illustrated in Fig. 2(k).
In this surface area analysis, the values of SSA for 1-Ni-, 1-Fe-
and 1-Cu-filled CNHs are calculated to be 223.7, 106.6, and 88.3
m® g™, respectively. For 1-Fe- and 1-Cu-filled CNHs, only
interstitial pores between the individual CNH contribute to the
value of SSA. Notably, the part of amorphous carbon in the
production of 1-Cu-filled CNHs decreases their SSA. In contrast
to 1-Fe- and 1-Cu-filled CNHs, the SSA of 1-Ni-filled CNHs is
much higher, suggesting that the internal spaces for the indi-
vidual CNH can contribute to the value of SSA caused by the tip
opening structure for individual CNHs, exhibiting the excellent

porosity.

XPS analysis

Herein, XPS was used to reveal the chemical signature of the
elements and to obtain the amount of N-doping. As depicted in
Fig. 3, C1s, N1s and O1s peaks appear at ~284.5, ~399.5, and
~532.7 €V, confirming the presence of nitrogen as well as
carbon and oxygen within the aggregates. The O atoms may be
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Fig. 3 (a) The XPS spectrum of 1-Ni-, 1-Fe-, and 1-Cu-filled CNHs. (b)
The high-resolution spectrum of N1s peaks for each sample. The high-
resolution spectrum of Ni, Fe, and Cu peaks of (c) 1-Ni-, (d) 1-Fe-, and
(e) 1-Cu-filled CNHs.
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due to the sample exposure in air.* The N1s spectra can be
decomposed into three peaks centered at 388.3-399.0 eV, 399.0-
400.0 eV and 400.0 & 401.6 eV, corresponding to the pyridinic-
N, pyrrolic-N, and graphite-N, respectively.**>

After calculation, when Ni nanoparticles dispersed into
CNHs, the N-doping amount enhanced sharply up to 2.53 at%.
It is noticeable that this relationship between the Cu/Fe nano-
particle and the N atom content is opposite to the case of Ni
nanoparticles. In fact, Cu and Fe loading decreases the N atom
content with 1.23 at% and 1.53 at% N-doping, respectively. We
reveal the relationship between the content of N atoms and the
types of the elemental metal nanoparticles by positive pressure
assisted arc discharge.

As shown in Fig. 3(b), the N1s peak is decoupled into three
fitted peaks ranging from 388.3 to 401.0 eV. Furthermore, the
atomic percentage (AP) of pyridinic-N for 1-Ni-filled CNHs can
reach up to 76.3%, indicating that most of the N atoms are
linked with two coordinated C atoms at the edges and defects
for Ni-filled CNH tubes.

In contrast to the 1-Ni-filled CNHs, the AP of pyrrolic-N for 1-
Fe- and 1-Cu-filled CNHs has ~70% contributions to the N
configurations, suggesting that most of N atoms bond to two C
atoms to form the five-membered ring.

According to the previous reports,*® the bond length of C-N
(1.41 A) for pyridinic- and graphitic-N is similar to that of the
C-C bond (1.42 A). Thus, pyridinic- and graphitic-N are inclined
to form a plane structure rather than a curved structure.
Notably, pyrrolic-N dopants with a shorter C-N bond length
(1.37 A) easily cause compressive strain and stress field, which
tend to form pentagonal and heptagonal rings.”” Namely,
pyrrolic-N is helpful for the formation of the cone shaped
structure, and pyridinic-N is conducive to forming the plane
structure. It should be noted that few pyrrolic-N is needed to
form the cone shaped structure as depicted in the model of 1-
Fe- and 1-Cu-filled CNHs in Fig. 2(i) and (j). Therefore, the
pyridinic-N plays a critical role in the N-doping amount.

Those analysis conclusions are consistent with the HRTEM
observations; the N-doped CNHs, and 1-Ni-filled CNHs show
a tip-half closed structure with pyridinic-N enrichment but few
pyrrolic-N, whereas CNHs dispersed with Fe and Cu nano-
particles present a tip-closed structure with the closed horn-cap
being rich in pyrrolic-N. Although the structure and the types of
N-configurations for 1-Fe-filled CNHs are similar to those for
the 1-Cu-filled CNHs, the N-doping content is much higher than
that in 1-Cu-filled CNHs. Those results suggest that the purity
affects the N-doping amount; the lower the purity, the lower the
N-doping amount. As a result, the types of metal nanoparticles
affect the content of N-doping by changing the N-conformations
and the morphologies of CNHs.

Furthermore, the high-resolution spectra of Ni, Fe, and Cu
peaks of 1-Ni-, 1-Fe-, and 1-Cu-filled CNHs are provided in
Fig. 3(c). Two peaks emerging at 872.9 eV and 854.6 eV corre-
spond to the Ni 2p;, and Ni 2pz,, and the other peaks at
861.2 eV and 877.8 eV represent their satellite peaks, represent-
ing the metallic Ni. Three peaks appearing at 721.7, 7195.1, and
707.3 eV correspond to Fe 2p,,, satellite, and Fe 2pj3,, respec-
tively, which represents the metallic Fe. The high-resolution Cu

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2p spectrum exhibits three peaks at 952.1 and 932.2 eV corre-
sponding to Cu 2p,,, satellite, and Cu 2p;,, respectively, corre-
sponding to the binding energies of metallic Cu.

Raman analysis

Two notable peaks at ~1351 and ~1582 cm ™' appear simulta-
neously for 1-Ni, 1-Fe and 1-Cu-filled CNHs as depicted in Fig. 4
named D and G bands. The intensity of the D band can be
controlled by the structural defects.”® In a normal first-order
Raman scattering process, the phonon vibrations in the sp>
carbon material are represented by the G band. Calculated by
the Tuinstra and Koenig equation, the nanocrystalline size or
defect density for graphitic nanostructures can be obtained by
the ratio of I, to I.*** As illustrated in Fig. 4, the ratio of I, to I
for 1-Ni-filled CNHs is 1.03, which is much smaller than that of
the 1-Fe-filled CNHs (1.20) and 1-Cu-filled CNHs (1.32). This
result suggests that less defects exist on the 1-Ni-filled CNHs.
Notably, the result is against the common scene, the more the
hetero-atom doping the more the defect degree. It is well known
that pentagonal and heptagonal defects are the essential
conditions to form the cone-shaped cap for CNHs. This result
indicates that with increasing the N-doping content, the cone-
shaped cap structure for CNHs tends to transform the plane
structure, which is in agreement with the HRTEM observation.
Moreover, relative to the 1-Fe and 1-Cu-filled CNHs, 1-Ni-filled
CNHs show a protruding 2D peak, suggesting that the part
structure of 1-Ni-filled CNHs is similar to the graphene sheets.*

In order to obtain the effect of the Ni-loading amount on the
content of N atoms for the CNHs, two and three Ni wires are
inserted into the anode during arc discharge. The products are
named 2-Ni-filled CNHs and 3-Ni-filled CNHs. Then the 1/2/3-
Ni-filled CNH samples are oxidized by O, in a tube furnace at
900 °C for 3 hours, respectively. From the XRD result as illus-
trated in Fig. 5(a), we can see that the remaining powder is Ni
nanoparticles and the peak for CNHs is nearly not detected.
After calculation, the weight of the remaining Ni for 1-Ni-filled
CNH, 2-Ni-filled CNHs and 3-Ni-filled CNHs is obtained to be
~9, ~13, and ~18 wt%, respectively. Consequently, the Ni-
loading amount in the Ni-filled CNHs was varied by changing
the number of Ni wires inserted into the anode. In the same
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Fig. 4 Raman spectra of 1-Ni, 1-Fe, and 1-Cu-filled CNHs.
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Fig. 5 (a) The XRD of Ni-filled CNHs oxidized at 900 °C in O5. (b) The
XPS spectra of 1-Ni-, 2-Ni-, and 3-filled CNHs. (c) The Raman spectra
of 1-Ni-, 2-Ni-, and 3-filled CNHs. (d) The micropore size distribution
and (e) mesopore size distribution of 1-Ni-filled CNHs, 2-Ni-filled
CNHs and 3-Ni-filled CNHs.

method, the loading amount of Fe and Cu of 1-Fe-filled CNHs,
and 1-Cu-filled CNHs can be calculated. In general, Fe and Cu
are transformed to Fe,O; and CuO,'® respectively. The Fe and
Cu loading amounts (wt%) of 1-Fe-filled CNHs, and 1-Cu-filled
CNHs were calculated to be 8.5, and 9.3 wt%, respectively.

The Raman spectra (in Fig. 5(b)) illustrate that no significant
change can be observed in the feature of D, G, and 2D peaks
among the 1-Ni-filled CNH, 2-Ni-filled CNHs and 3-Ni-filled
CNHs, which indicates that the main structure for the
samples is similar to each other.

Interestingly, we found that with increasing the Ni loading
amount, the N-doping amount increased significantly as shown
in Fig. 5(c). The N-doping amounts of 2-Ni-filled CNHs and 3-Ni-
filled CNHs are calculated to be 3.45 at%, and 3.65 at%,
respectively. In other words, the content of N atoms on Ni-filled
CNHs can be tuned by simply changing the loading amount of
Ni nanoparticles. Notably, compared to the 2-Ni-filled CNHs,
the N-doping amount for 3-Ni-filled CNHs is slightly larger than
that of the 2-Ni-filled CNHs, indicating that the content of N
atoms nearly reaches saturation.

As shown in Fig. 5(d) and (e), the pore size distribution in the
micropore and mesopore ranges of Ni-filled CNHs is obtained
by the ¢-plot method. The mesopores in the range of 3 to 4 nm
come from the internal spaces of the individual CNH caused by
the cap opening structure of CNH, which are identical to the
diameter of each individual CNH. And, the interstitial pores
between the individual CNH are donated to the micropores. It
can be seen that the main-peak positions of micropores and
mesopores are similar to each Ni-filled CNH sample, which also
indicates that the main structure of the Ni-filled samples is
similar to each other. Furthermore, as depicted in Fig. 5(e), the
mesopore volumes become larger with increasing the Ni
loading amount, indicating that much more cap opening

RSC Adv, 2022, 12, 11032-11038 | 11035
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structures of CNH are produced. As a result, the numbers of
pyridinic-N and the content of N doping can be improved,
which are linked with two coordinated C atoms at the edges and
defects of Ni-filled CNH tubes.

The formation mechanism of THC-N-CNHs

The electrocatalytic activity of Ni/Fe/Cu-filled CNHs for the
OER. To investigate the effect of the types of nano-metal and N-
doping amount on the OER performance, the electrochemical
performance of Ni/Fe/Cu-filled CNHs was evaluated in a three-
electrode system by linear sweep voltammetry (LSV). From the
LSV plots in Fig. 6(a), the 1-Fe-filled CNHs require an over-
potential of 339 mV at a current density of 10 mA cm ™, which is
slightly larger than that of the RuO, and IrO,.**** This result
suggests that N atoms and Fe nanoparticles can contribute to
the catalytic sites and have synergistic effects for the OER.
However, 1-Cu-filled CNHs need 364 mV to drive the current
density of 10 mA em™?, indicating that the purity of 1-Cu-filled
CNHs damages the OER performance. Notably, 1-Ni-CNHs need
323 mV to drive the current density of 10 mA cm™ 2, which is
against that the result of catalytic activities for Fe/N-CNTs is
superior to that of the Ni/N-CNTs reported by Li et al.*® This
result suggests that the sufficient porosity for 1-Ni-filled CNHs
can facilitate the fast charge transport for species and much
more activity sites can be exposed. Specially, the N introduced
in the CNHs was predominantly pyridinic-N for 1-Ni-filled
CNHs, which could donate the electron to the w-bond,****
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Fig. 6 (a) The LSV plots of 1-Ni/Fe/Cu-filled CNHs and 2/3-Ni-filled
CNHs at 5 mV s7tin 1 M KOH. (b) Tafel plots for 1-Ni/Fe/Cu-filled
CNHs and 2/3-Ni-filled CNHs. (c) Linear fitting Cgq, of 1-Ni/Fe/Cu-filled
CNHs and 2/3-Ni-filled CNHs. (d) EIS spectra of 1-Ni/Fe/Cu-filled
CNHs and 2/3-Ni-filled CNHs. The LSV plots before and after 2000
cycles of (e) 1-Ni-filled CNHs, (f) 2-Ni-filled CNHs and (g) 3-Ni-filled
CNHs.
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attracting electrons acting as electrocatalytic active sites,
whereas the “dahlia-like” structure with closed caps of 1-Fe-
filled CNHs limits the charge transport and decreases the
activity sites. And, the pristine CNHs with a closed cap hardly
have catalytic activity (in Fig. S21). Significantly, the 2-Ni-filled
CNHs and 3-Ni-filled CNHs exhibit much better electro-
catalytic OER performance than the 1-Ni-filled CNHs with
ultralow overpotentials of only 302 and 294 mV at a current
density of 10 mA cm™?, respectively. The enhancement in
performance is attributed to the larger loading amount of N
atoms and Ni nanoparticles by increasing the effective active
sites. Besides, the maximum potential for the synergistic effects
between the Ni nanoparticles and N atoms can be stimulated by
the abundant Ni loading amount.

To obtain the OER kinetics for the as-prepared samples, the
Tafel slopes were evaluated based on the LSV curves. The lowest
Tafel slope for 3-Ni-filled CNHs (65 mV dec™ ') reveals appro-
priate kinetic and superior catalytic activity (Fig. 6(b)). The Tafel
slopes of 2-Ni-filled CNH and 1-Ni-filled CNH catalysts were
about 67 mV dec " and 76 mV dec ™" (Fig. 6(b)), much smaller
than that of the 1-Cu-filled CNHs (100 mV dec™") and 1-Fe-filled
CNHs (89 mV dec™ '), which further confirmed the superior
electrocatalytic OER performance of Ni-filled CNHs.

By measuring the value of double layer capacitance (Cq;) of
the catalysts, the electrochemically active surface area (ECSA)
can be evaluated,*** because the ECSA is positively propor-
tional to the Cy;. And, the half of the slope value represents the
Cq value. The 3-Ni-filled CNHs show the largest Cq; of 30.2 mF
ecm~ > which can be seen in Fig. 6(c), which is slightly larger than
that of 2-Ni-filled CNHs (28.5 mF cm™?), but more than 1.40
times that of 1-Ni-filled (20.3 mF em™?), indicating that more
active sites can be exposed by increasing the Ni-loading amount
and the content of N atoms. Notably, the Cy, value for 1-Fe-filled
CNHs (14.8 mF cm ™ ?) is much lower than that of the Ni-filled
CNHs. Those results suggest that the morphologies for cata-
lyst carriers significantly influence the value of the ECSA, and
the tip opening structure induces much more active sites
exposed.

The electron transfer rate between the catalyst/electrolyte
interface can be analyzed by the EIS measurements.’*** In
general, the value of charge-transfer resistance (R.) can be
measured by the diameter of the Nyquist plot with a semicircle
feature; the smaller the R., the more favorable the electro-
catalytic kinetics. The R, value of 3-Ni-filled CNHs is 1.5 Q,
which is much smaller than that of 1-Ni-filled CNHs (2.7 Q), and
2-Ni-filled CNHs (1.7 Q) as depicted in Fig. 6(d), suggesting that
3-Ni-filled CNHs hold much more efficient electron transfer
frequency and better catalytic activity during the OER process
than 1-Ni-, and 2-Ni-filled CNHs.

The TOF values of the as-prepared catalysts were calculated
through the following equation:

4 JxA

TOF () = 4ocux F

where j (A cm™2) is the current density at a given overpotential, A
is the geometric surface area of the electrode, F = 96 500C
mol ' stands for the Faraday constant, and n (mol) represents

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the number of moles of Ni and N atoms loaded on the catalyst
surface which was determined by the XPS analysis, because the
performance of the catalyst is mainly related to the types and
states of the surface elements.*>*® The TOF values of the 1-Ni-
filled-CNHs, 2-Ni-filled-CNHs and 1-Ni-filled-CNHs are calcu-
lated to be 0.0019 S™%, 0.0021 S™*, and 0.0023 S™*, respectively.

It is widely known that the durability of electrode materials is
one of the major limiting factors for OER application. In this
work, to evaluate the long-term durability, 2000 cycles of CV
scanning tests were carried out. The value of the overpotential
for 1/2-Ni-filled CNHs became slightly larger than that of the
initial LSV curve after 2000 CV cycles, which exhibits
outstanding electrocatalytic durability for the OER, as displayed
in Fig. 6(e) and (f). This result indicates that the Ni nano-
particles located on the N-doped CNHs not only allow for high
utilization of active material but prevent the aggregation of Ni
after multiple cycles. It should be recognized that in situ
synthesis of Ni-filled CNHs has better adherence and corrosion-
resistance to keep the nanoparticles steadily exposed. It should
be emphasized that N atoms could anchor the Ni nanoparticles
caused by the synergistic effects during the OER process.
However, 3-Ni-filled CNH shows a big degradation during the
stability test after 2000 cycles, indicating that the Ni nano-
particles tend to fall off from CNHs after several cycles. To
confirm this point, the magnetic hysteresis loops of the 3-Ni-
filled CNHs before 2000 cycles and 3-Ni-filled CNHs after 2000
cycles are obtained, as depicted in Fig. S3 in the ESL.{ We can
see that the saturation magnetization (M) of 3-Ni-filled CNHs
after 2000 cycles is much smaller than that of 3-Ni-filled CNHs
before 2000 cycles, indicating that 3-Ni-filled CNHs after 2000
cycles exhibit weak magnetism and some Ni nanoparticles of 3-
Ni-filled CNHs after 2000 cycles fade off from the CNHs and
drop into the electrolyte solution. It should be noted that the
OER performance for 3-Ni-filled CNHs after 2000 cycles is
similar to that of the 2-Ni-filled CNHs, suggesting that the
suitable ratio of Ni-loading amount and N atom content can
maintain the long-term stability.

Conclusions

We first reveal that the N-doping amount and the N-
configurations can be controlled by the types of metal nano-
particles caused by changing the morphologies of CNHs. The
more loading amount of Ni nanoparticles induces the more N-
doping amount. And the N atom content can reach the
maximum value of 3.65 at% with pyridinic-N enrichment. The
enhanced N-doping amount can attribute to the tip opening
structure with substantial pyridinic-N of Ni-filled CNHs. The Fe
and Cu loading decreases the N-doping amount due to the cone-
cap structure reducing the content of pyridinic-N.

Besides, the Ni-filled CNHs exhibit notable OER perfor-
mance compared to that of Fe- and Cu-filled CNHs, which can
attribute to the sufficient porosity caused by the tip opening
structure, the high N atom content and the high loading
amount of Ni nanoparticles. Importantly, the long-term stability
of Ni-filled CNHs can be retained at a high level with a suitable
ratio of Ni-loading amount and N atom content.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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