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Abstract
Covalent triazine frameworks (CTFs) are little investigated, albeit they are promising candidates for electrocatalysis, especially for

the oxygen evolution reaction (OER). In this work, nickel nanoparticles (from Ni(COD)2) were supported on CTF-1 materials,

which were synthesized from 1,4-dicyanobenzene at 400 °C and 600 °C by the ionothermal method. CTF-1-600 and Ni/CTF-1-600

show high catalytic activity towards OER and a clear activity for the electrochemical oxygen reduction reaction (ORR). Ni/CTF-1-

600 requires 374 mV overpotential in OER to reach 10 mA/cm2, which outperforms the benchmark RuO2 catalyst, which requires

403 mV under the same conditions. Ni/CTF-1-600 displays an OER catalytic activity comparable with many nickel-based electro-

catalysts and is a potential candidate for OER. The same Ni/CTF-1-600 material shows a half-wave potential of 0.775 V for ORR,

which is slightly lower than that of commercial Pt/C (0.890 V). Additionally, after accelerated durability tests of 2000 cycles, the

material showed only a slight decrease in activity towards both OER and ORR, demonstrating its superior stability.
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Introduction
A worldwide increasing energy demand combined with the

depletion of fossil fuels and environmental issues requires the

development of new sustainable clean energy sources [1]. In

many renewable energy conversion and storage systems, the

oxygen evolution reaction (OER) and the oxygen reduction

reaction (ORR) are two crucial processes, which require
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improvements through the design of efficient catalysts. Both

OER and ORR suffer from slow kinetics of the four-electron

transfer process [2,3]. Thus, highly efficient electrocatalysts

with enhanced performance need to be developed. Noble metals

(Ir, Ru) and their oxides are the current commercial electrocata-

lysts for the OER, whereas Pt metal is the benchmark catalyst

for the ORR [4,5]. Yet, all these catalysts have drawbacks such

as scarcity and high cost, which are disadvantageous for their

large-scale production and application. Consequently, research-

ers are working on discovering and developing catalysts for

OER and ORR that are metal-free or based on non-noble

metals, stable and earth-abundant [6-10].

Among the transition-metal-based OER and ORR catalysts,

Ni-containing catalysts are promising candidates [7,11-13]. The

performance of the nickel catalysts could be further enhanced

via modifications, such as the usage of carbon supports includ-

ing N-doped graphene [14], active carbon [15], graphene oxide

[16,17], carbon nanotubes [12,18] and covalent triazine frame-

works (CTFs) [19,20].

CTFs are nitrogen-containing aromatic polymer frameworks

with triazine rings, which exhibit high surface area, porosity,

and thermal and chemical stability [21,22]. CTFs are promising

materials for applications such as catalysts or catalyst support

[23-25] and for energy storage and conversion [26-28]. CTFs

can be synthesized through different methods and under differ-

ent reaction conditions, which enables the control over porosity

and surface area [29-32]. The nitrogen moieties within the CTFs

can provide coordination anchors or support for metal species

[33,34]. They allow for the stabilization of metal nanoparticles

and for a good dispersion of active species that are formed upon

reduction of coordinated or impregnated metal precursors while

minimizing their agglomeration and leaching [35]. In the litera-

ture we can find some studies that are focused on CTFs as cata-

lysts for ORR. In the group of Prof. Fan, Co3O4/CTF1-700-1:1

has been studied as ORR catalyst and showed a half-wave

potential of 0.84 V vs a reversible hydrogen electrode (RHE)

[20]. Kamiya et. al. synthesized a Pt-atom-modified CTF

hybridized with conductive carbon nanoparticles and used it as

an ORR catalyst [36]. The same group also produced a

Cu-modified CTF hybridized with carbon nanoparticles and it

showed the highest reported value among Cu-based electrocata-

lysts with 810 mV onset potential vs RHE for the ORR at

neutral pH value [37]. In contrast, up to now there are only few

studies that investigated CTFs as OER catalysts or catalyst

support and the activities were far lower than that of bench-

mark OER catalysts [38,39]. At present, there are no reports

about nickel/CTF catalysts for electrochemical OER studies, to

the best of our knowledge. Although various carbon materials

or nitrogen-doped carbon materials have been utilized to

support nickel as electrocatalyst for the OER, novel materials

with high catalytic activity and strong durability still need to be

investigated (Table S3, Supporting Information File 1). In our

study, by using CTFs we have the advantages of abundant aro-

matic nitrogen atoms with lone electron pairs, which enable a

coordination of nickel, a high chemical and thermal stability

arising from the covalently bonded framework as well as high

surface area and large pore volume, which allow for a facile

molecular transport of reactants and products.

We report a route to Ni nanoparticles supported on CTF-1 in the

ionic liquid (IL) [BMIm][NTf2] using a microwave-assisted

synthesis. The obtained material Ni/CTF-1 was investigated as

a catalyst for electrochemical OER and ORR for the first time

and showed a superior OER performance compared to commer-

cial RuO2 under alkaline conditions and moderate ORR perfor-

mance compared with commercial Pt/C.

Results and Discussion
Synthesis and characterization of CTF
A number of studies have already shown that CTFs as catalyst

support show a better catalytic performance than other carbon-

based materials [40,41]. We synthesized CTF-1 according to the

literature by the ionothermal method [32,42]. Since the synthe-

sis parameters, such as reaction temperature, affect texture,

porosity and nitrogen content of the framework, two different

reaction temperatures (400 and 600 °C) have been used for the

synthesis (Scheme S1, Supporting Information File 1).

As expected, both CTF-1-400 and CTF-1-600 (as-synthesized)

showed limited long-range order according to powder X-ray

diffraction (PXRD) measurements (Figure S1, Supporting

Information File 1) [32,42]. Nitrogen sorption measurements

for CTF-1-400 showed a type-I isotherm with 954 m2/g

Brunauer–Emmett–Teller (BET) surface area, whereas CTF-1-

600 showed a mixture of type-I and type-IV isotherms (H2-type

hysteresis) with a BET surface area of 1796 m2/g (Figure S2,

Supporting Information File 1). The total pore volume (at p/p0 =

0.95) increased from 0.45 cm3/g for CTF-1-400 to 1.06 cm3/g

for CTF-1-600 (see Table S2, Supporting Information File 1,

for details). Elemental analyses, thermogravimetric analyses

(TGA) and scanning electron microscopy (SEM) characteriza-

tion data of the materials can be found in Table S1 and Figures

S3–S5 in Supporting Information File 1.

Synthesis and characterization of Ni/CTF
For the synthesis of Ni nanoparticles (NPs) on the CTFs, the

precursors bis(cycloocta-1,5-diene)nickel(0) (Ni(COD)2) and

CTF were suspended in [BMIm][NTf2] by stirring under inert

conditions for 12 h. The homogenized suspension was irradi-

ated with microwaves and yielded Ni NPs immobilized on the
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The OER proceeds through the formation of S-OH* and the

ORR proceeds through the formation of S-OOH* in the reverse

direction. Considering the mechanisms, the ORR and OER ac-

tivity is limited by different rate-limiting steps for each reaction.

The OER activity is limited by the S-O* and S-OOH* forma-

tion steps, whereas the ORR activity is limited by the S-OH*

and O2 reduction steps. In this regard, ORR and OER catalysts

need to have different binding energies for intermediates for

optimum activity. In addition to this, metal species undergo oxi-

dation at the high positive potentials required for OER, which

gives a positively charged more oxidized surface that is differ-

ent than under reductive ORR conditions. Consequently, the

best ORR catalyst may not simultaneously be the best OER

catalyst [63].

For a Co3O4/CTF700-1:1 composite it has been founded that it

exhibits improved ORR activity (half-wave potential of 0.84 V)

compared to pure CTF700 and Co3O4 nanoparticles. The

amount of Co3O4 in the composite material played an impor-

tant role since it changed the activity of the composite but no

activity trend related to the different used amounts was ob-

served [20]. We observed a better activity of Ni/CTF-1-600-22,

which means that a fraction of 22 wt % Ni is apparently more

suitable than the 33 wt % in Ni/CTF-1-600-33.

In the literature, Ni(OH)2/graphene oxide showed a significant

enhancement of the ORR activity compared to unsupported

Ni(OH)2 and graphene oxide alone. The hybrid material

Ni(OH)2/graphene oxide has an onset potential of 0.17 V vs

Ag/AgCl for ORR, which is 80 to 100 mV more positive than

the corresponding onset potentials of unsupported Ni(OH)2

( 0.25 V vs Ag/AgCl) and exfoliated graphite oxide sheets

( 0.27 V vs Ag/AgCl) [64]. In another study, Ni-N/C (nickel

nanoparticles/amino-N-doped carbon) exhibited an onset poten-

tial of 0.88 V vs RHE for the ORR [65] and showed a better ac-

tivity than the pure amino-N-doped carbon with an onset poten-

tial of 0.82 V vs RHE [66]. Consequently, it is expected that

nickel species improve the ORR activity of the catalysts.

Conclusion
We produced CTF-1-400 and CTF-1-600 (400 and 600 being

the synthesis temperature in °C) to study them as direct electro-

catalysts and as supports for nickel nanoparticles to give Ni/

CTF-1 materials. The latter were also tested as electrocatalysts

for OER and ORR. As a result of the different synthesis temper-

atures, different properties in CTF-1 were obtained. The CTF-1-

600 material outperformed the less conductive CTF-1-400

material and the benchmark RuO2 (403 mV) by reaching

10 mA/cm2 with an overpotential of 374 mV. It also showed

high stability. The CTF-based materials were also investigated

for ORR and Ni/CTF-1-600-22 with 22 wt % Ni showed the

best performance with a half-wave potential of 0.775 V,

reaching the performance closest to the benchmark Pt/C cata-

lyst, which shows a half-wave potential of 0.890 V under the

same working conditions. The high electrochemical perfor-

mance of Ni/CTF-1-600-22 can be traced to the best conduc-

tivity among all the CTF-based electrocatalysts as investigated

by EIS tests. Consequently, we believe that CTFs are potential

candidates for electrochemical OER and offer room for

improvement. In the future, we anticipate that this study should

inspire further investigations on CTF materials for electrocat-

alytic applications.

Experimental
Materials
Bis(cycloocta-1,5-diene)nickel(0) (Ni(COD)2), 1,4 dicyanoben-

zene (98%) and 1-chlorobutane (>99%) were obtained from

Sigma Aldrich, ZnCl2 (>98%) from Alfa Aesar and bis(trifluo-

romethane)sulfonimide lithium salt (99%) from ABCR. All ma-

terials were used without further purification. 1-Methylimida-

zole (>99%) was obtained from Sigma Aldrich, purified via

fractional distillation and dried over molecular sieves for

several days. Water was purified using the Millipore® system.

The ionic liquid (IL) 1-butyl-3-methylimidazolium bis(trifluo-

romethylsulfonyl)imide ([BMIm][NTf2]) was synthesized in

two steps following a literature procedure [67]. The anion purity

of IL by ion chromatography was found to be above 99% and

the water content of the IL by Karl-Fischer titration was less

than 10 ppm.

Methods
Powder X-ray diffraction (PXRD) patterns were obtained at

ambient temperature on a Bruker D2 Phaser powder diffrac-

tometer with a flat rotating silicon, low-background sample

holder, at 30 kV, 10 mA for Cu K  radiation (  = 1.5418 Å).

The diffractograms were analyzed with Match 3.11 software.

All samples were measured between 5° and 100° 2  with a

scan speed of 2 s/step and 0.057° (2 ) step size. Nitrogen

sorption measurements were performed with a Nova 4000e

from Quantachrome at 77 K and evaluated with the

NovaWin 11.03 software. The materials were first degassed

under vacuum (<10 2 mbar) at 120 °C overnight. The

Brunauer–Emmett–Teller (BET) surface areas were calculated
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from five adsorption points in the range of p/p0 = 0.02–0.1 for

CTF-1-400 and Ni/CTF-1-400-20, of p/p0 = 0.1–0.3 for Ni/

CTF-1-400-35 and of p/p0 = 0.1–0.2 for CTF-1-600 and its cor-

responding composites. The pore size distribution was derived

by NLDFT calculations based on N2 at 77 K on carbon with slit

pores. Thermogravimetric analysis (TGA) was done with a

Netzsch TG 209 F3 Tarsus device equipped with an Al crucible

applying a heating rate of 10 K/min under inert atmosphere.

Elemental analyses (CHN) were performed with a Perkin Elmer

2400 apparatus. Flame atomic absorption spectroscopy (AAS)

for the determination of the metal content was conducted with a

Vario 6 from Analytic Jena. For AAS the sample was treated

with aqua regia. Ion chromatography (IC) measurements were

performed with a Dionex ICS 1100 instrument with an IonPac

AS 22column, combined with suppressed conductivity detec-

tion. Karl-Fischer titration (KFT) was carried out with an ECH/

ANALYTIK JENA AQUA 40:00 Karl Fischer titrator. A

Carbolite Gero tube furnace has been used for the CTF synthe-

sis. Scanning electron microscopy (SEM) images were re-

corded with a Jeol JSM-65 10 LV QSEM advanced electron

microscope with a LaB6 cathode at 5–20 keV and a Bruker

Xflash 410 silicon drift detector for energy-dispersive X-ray

spectrometric (EDX) elemental composition analysis. M/CTF-

IL suspension samples for transmission electron microscopy

(TEM) were dripped on a carbon-coated copper grid and excess

IL was washed off three times with acetonitrile and left to dry.

Images were recorded on a FEI Tecnai G2 F20 electron micro-

scope operated at 200 kV accelerating voltage equipped with a

Gatan UltraScan 1000P detector [68]. Scanning transmission

electron microscopy (STEM) images and EDX elemental

mapping were conducted with the same instrument. High-reso-

lution TEM images were recorded with an FEI Titan 80-300

transmission electron microscope [69] operated at 300 kV

accelerating voltage. The microscope is equipped with an image

CS corrector and a 2k × 2k GATAN UltraScan 1000 CCD.

Nanoparticle size and size distribution were determined using

the Digital Micrograph software from Gatan analyzing over

100 particles.

X-ray photoelectron spectroscopy (XPS) was performed using a

ULVAC-PHI VersaProbe II microfocus X-ray photoelectron

spectrometer. The spectra were recorded using a polychromatic

Al K  X-ray source (1486.8 eV). The C 1s orbital with a

binding energy of 284.8 eV was taken as a reference for the

evaluation of the spectra. CasaXPS, version 2.3.19PR1.0, copy-

right 1999-2018 Casa Software Ltd. program was used for the

fit of the experimental XP spectra.

Synthesis of CTF-1
CTF-1-400 and CTF-1-600 were synthesized by ionothermal

reaction at 400 and 600 °C, respectively, according to the litera-

ture [32,42]. For the synthesis of CTF-1-400, 1.28 g (10 mmol,

1 equiv) of dicyanobenzene (DCB) and 6.80 g (50 mmol,

5 equiv) anhydrous ZnCl2 were mixed in a Duran glass ampoule

under inert conditions. The ampoule was evacuated, flame-

sealed and heated in a tube oven at 400 °C for 48 h. After the

ampoule was cooled down to ambient temperature, it was

opened and the black solid product was ground. The product

was washed first with 200 mL Millipore water for 72 h. After

isolation of the product by filtration, it was washed with

200 mL diluted hydrochloric acid (HCl) (2 mol/L) for 24 h. The

washing process was further continued with millipore water

(3 × 75 mL), tetrahydrofuran (THF) (3 × 75 mL) and acetone

(3 × 75 mL). The resulted product was dried under high vacuum

at 120 °C overnight. The same procedure has been followed for

CTF-1-600 by first heating to 400 °C for 40 h and subsequently

to 600 °C for 20 h.

Synthesis of Ni/CTF-1 in [BMIm][NTf2]
Ni(COD)2 (23.4 mg, 0.085 mmol or 46.8 mg, 0.17 mmol) and

10 mg of CTF-1-400 or CTF-1-600 were stirred in 1 g of IL in a

microwave tube at room temperature and in a glovebox for

12 h. The mass of the nickel precursor was set to yield 0.5 or

1.0 wt % metal nanoparticles in IL, whereas 1.0 wt % CTF was

used for all syntheses in IL dispersions. This dispersion was

placed in a microwave (CEM Discover) and irradiated with a

power of 50 W to 230 °C for 10 min. The volatiles from the Ni/

CTF-1 product were removed under vacuum and then the prod-

uct was handled in air, washed with acetonitrile (3 × 4 mL)

centrifuged (6000 rpm), and then dried under vacuum. All reac-

tions and the analysis of the products by PXRD have been

repeated several times in order to confirm the reproducibility.

The obtained materials were designated as Ni/CTF-1-400-X and

Ni/CTF-1-600-X, where X represents the weight percentage of

nickel in the composite materials according to AAS.

Electrochemical measurements
A three-electrode cell was used for the electrochemical mea-

surements on a Autolab working station from Metrohm,

Switzerland. Typically, a Ag/AgCl electrode (with saturated

KCl solution) was used as a reference electrode, a carbon rod

was used as a counter electrode, and a glassy-carbon rotating

disk electrode (RDE, diameter: 5 mm, area: 0.196 cm2) was

used as the working electrode. The loading amount of all cata-

lysts was 0.255 mg/cm2. The OER measurements were carried

out in 1 mol/L KOH using the glassy-carbon RDE at a rotation

rate of 1600 rpm with a 5 mV/s sweep rate. The accelerated

durability tests (ADTs) for OER were performed in 1 mol/L

KOH solution with cyclic potential sweeps between 1.23 and

1.53 V vs reversible hydrogen electrode (RHE) at a 100 mV/s

sweep rate for 2000 cycles. The ORR measurements were

carried out in 1 mol/L O2-saturated KOH solution under O2
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flow using the glassy-carbon RDE at a rotation rate of 1600 rpm

with a 10 mV/s sweep rate. The ADTs for ORR were per-

formed in 1 mol/L KOH solution under air with cyclic potential

sweeps between 0.6 and 1.1 V versus RHE at a 50 mV/s sweep

rate for 2000 cycles. The electrochemical impedance spectros-

copy (EIS) measurements were performed in 1 mol/L KOH, in

a frequency range of (0.1–1) × 105 Hz and a small sine-wave

distortion (AC signal) of 10 mV amplitude. All potentials were

converted to values with reference to RHE.

Supporting Information

Supporting Information File 1
Additional experimental data.

[https://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-11-62-S1.pdf]
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