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1. Introduction

Generation of covalent organic framework-
derived porous N-doped carbon nanosheets
for highly efficient electrocatalytic hydrogen
evolutiony

Sayan Halder, @22 Anup Kumar Pradhan,® Soumen Khan®® and
Chanchal Chakraborty (2 *a°

Hydrogen production by electrochemical water splitting is a promising green and renewable hydrogen
energy route due to zero pollution, high purity, and abundant water resources. In this context,
completely metal-free electrocatalysis is an emerging research area for clean energy production due to
its low cost, eco-friendliness, high stability, and high resistance to a wide pH range. However, only a few
electrocatalysts like g-CsNg4, CNTs, and heteroatom-doped graphene have been reported to date that
exhibit robust metal-free hydrogen evolution reaction (HER) performances. Herein, we have developed a
triazine-containing polyimide-based covalent organic framework (TP-COF) by a one-pot condensation
reaction between pyromellitic dianhydride and melamine under reflux condensation. The polymeric
framework exhibited a unique two-dimensional hanosheet morphology with a moderate surface area of
312.6 m? g~! and abundant pores of 1.8 nm. The synthesized TP-COF displayed a reasonable
electrocatalytic HER performance with excellent long-term stability. Furthermore, the HER performance
was further enhanced by pyrolyzing the TP-COF at 700 °C to prepare the N-doped porous carbon
nanosheet, TP-COF-C700. The high surface area (672.2 m? g~ with uniform mesopores (~1.98 nm),
amplified electrical conductivity of TP-COF-C700, and presence of enriching N as the dopants for
improving active sites made the TP-COF-C700 a promising HER electrocatalyst. The TP-COF-C700
showed the HER overpotential of 94 mV@10 mA cm~2 current density with 60 h long-range durability
and 98% faradaic efficiency for hydrogen evolution. This report highlights a unique paradigm for
preparing highly efficient metal-free electrocatalysts for HER.

with less faradaic efficiencies. Hence, this technology is essen-
tial for developing new efficient, low-cost, eco-friendly catalysts

Hydrogen is considered the eco-friendliest and cleanest fuel,
generating only water while burning. However, green and
sustainable hydrogen generation is the bottleneck to adopting
the “hydrogen economy” for a better future. The production of
hydrogen by electrochemical water splitting is a promising
route for green and renewable hydrogen energy due to zero
pollution, high purity, and abundant water resources."™* How-
ever, large scalable industrial production through water split-
ting is difficult because of the catalysts’ sluggish hydrogen
evolution reaction (HER) kinetics, yielding high overpotential
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with improved catalytic activity and higher exchange energy
efficiency.”” To date, Pt-based materials on carbon materials
are considered the most effective catalysts for HER.*® Apart
from the costlier noble metals, researchers focused on com-
paratively low-cost transition metal dichalcogenides, non-van
der Waals 2D materials, metallenes, metal carbides, layered
double hydroxides, metal sulfides, and phosphides for electro-
chemical HER with good catalytic performances.'®">* However,
the primary constraint to using transition metal-based catalysts
lies in their environmental issues, poor electrical conductivity,
and instability or lack of durability due to corrosion at harsh
alkaline conditions.>*?* Therefore, intensive research is neces-
sary to develop alternate low-cost HER electrocatalysts with
higher catalytic activity, surpassing platinum-based catalysts.
To achieve low-cost, greener, and robust electrocatalysts
in today’s age, researchers highlighted their focus on comple-
tely metal-free electrocatalysts.>® Generally, the most used
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metal-free HER catalysts are g-C;N,, CNTs, and heteroatom-
doped graphene-based materials.>’*' In this regard, a metal-
free, porous novel carbon material can be a good alternative as
an HER electrocatalyst. Only a handful of reports on metal-free
porous organic materials for HER are in the literature.?*7>
Nonetheless, the porous carbon derivatives can demonstrate
many advantages, including a large surface area with versatile
morphologies, adjustable porosity, high electrical conductivity,
and inertness towards different chemical environments, etc.,
which can effectively enhance the HER performances.*®*’
Moreover, the porous carbon skeleton, when derived from
any carbon-containing substance, can be covalently doped by
the heteroatoms like N, P, or S to exhibit better wettability and
enhanced performances towards different electrocatalytic reac-
tions like HER, oxygen reduction reaction (ORR), oxygen evolu-
tion reaction (OER), etc.**™*° Specifically, there are some reports
on biomass-derived N-doped carbon materials that exhibit
effective energy conversion for HER.*'** Heteroatom doping
is an effective strategy to promote HER reactions, as it could
modulate the charge and spin densities near the dopant atom in
the doped carbon structures for ameliorating the active catalytic
sites.”> Because of the size similarity with carbon, N doping
enhances the electronic conductivity of the carbon matrix, which
in turn improves the catalytic activity effectively.*® On the other
hand, doping with electronegative atoms, like N, can effectively
make the neighborhood carbon centers partially positively
charged to facilitate the adsorption of water and the HER on
the carbon-based catalyst surface.*” However, the judicious design
and controllable synthesis of N-doped carbon materials with a
favourable pore size distribution, large surface area, and large
pore volume are still challenging.

Herein, we synthesized a triazine-containing polyimide-
based covalent organic framework (TP-COF) by a one-pot con-
densation reaction between pyromellitic dianhydride and
melamine under reflux condensation as a precursor to prepare
the N-doped carbon nanosheets by controlled pyrolysis. The
COFs are constructed via covalent bonds with organic building
blocks. They have drawn significant attention due to their
unique morphology, crystalline properties, structural periodi-
city, high surface area, and inherent porosity. The prepared TP-
COF exhibited a unique two-dimensional nanosheet morphol-
ogy with a high surface area of 312.6 m”> g~ ' and abundant
pores of 1.8 nm. However, the synthesized TP-COF displayed a
moderate electrocatalytic HER performance, perhaps owing to
the limited electrical conductivity. Taking advantage of high
surface area, porosity, nanosheet morphologies, and abun-
dance of N atoms in the structure of TP-COF, we pyrolyzed
the COF to provide an N-doped porous carbon nanosheet, TP-
COF-C700 with higher surface area (672.2 m> g~ ') with uniform
mesopores (~1.98 nm), amplified electrical conductivity, improved
active sites as a promising metal-free HER electrocatalyst. The
TP-COF-C700 disclosed a low HER overpotential of 94 mvV@
10 mA cm™ > with 60 h long-range durability with 98% faradaic
efficiency of hydrogen evolution. These results reveal the develop-
ment and potential of a cheap and scalable metal-free HER
electrocatalyst for the application of clean energy generation.
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2. Experimental section
2.1 Materials

Pyromellitic dianhydride (PMDA), melamine, Tetra-n-butylam-
monium perchlorate (TBAP), potassium hydroxide (KOH), dimethyl
formamide (DMF), dimethyl sulfoxide (DMSO), and other valuable
solvents with an assay of >98% were purchased from Sigma
Aldrich and was used as received. Ni-foam electrodes were bought
from Shilpa Enterprises, India.

2.2 Synthesis of TP-COF

PMDA (650 mg, 3 mmol) and melamine (252 mg, 2 mmol) were
taken in a 25 mL two-necked round-bottom flask and stirred in
10 mL DMF for 30 min until dissolved. After dissolving at room
temperature, the reaction setup was refluxed at 160 °C for
3 days under an N, atmosphere. The reaction mixture was
cooled, and methanol was added to form white precipitation.
Finally, the insoluble solid was filtered and thoroughly washed
with hot water and DMSO several times to remove the
unreacted starting materials and oligomers. The white precipi-
tation was dried at 100 °C overnight in a vacuum oven to obtain
485 mg pure TP-COF with a 55% yield. Elemental analysis: C
(55.4) H (1.3) and N (17.1); FTIR (wavenumber in cm™'): 1734
and 1790 (C=O0), 1641 (C=N), 1575 (C—C), 1122 (C-N).

2.3 Synthesis of TP-COF-derived carbon materials

TP-COF powder (300 mg) was heated separately to 600, 700, and
800 °C under an N, atmosphere at a 10 °C min~ ' heating rate.
After heating, the compound was carbonized for another
30 min. Finally, the chars were obtained as N-doped carbon
materials (TP-COF-C600, TP-COF-C700, and TP-COF-C800, the
number that denotes the pyrolysis temperatures).

2.4 Instrumentations

The UV-vis absorption and FTIR spectroscopy were performed
using a JASCO/V-650 (190-900 nm) UV-vis spectrophotometer
and JASCO/FTIR-4200 spectrometer, respectively. The thermal
decomposition curve (TGA) was derived at a 30-800 °C tem-
perature range with a heating rate of 10 °C min " by the
Shimadzu DTG-60 instrument under an N, atmosphere. The
surface morphology of the synthesized materials was examined
using Field Emission Scanning Electron Microscope (FE-SEM,
FEI-Apreo S) operating at 30 kV. The X-ray photoelectron
spectra (XPS) data were collected on a Thermo-Scientific
K-APLHA surface analysis spectrometer with Al Ko as an X-ray
source operated at 15 kv and 10 mA (150 W). All binding
energies were calculated with reference to C 1s at 284.85 eV.
The XPS analysis was performed by spreading the powder
sample on the conducting carbon tape. All the spectral data
were recorded with a pass energy of 30 eV with 0.05 eV step
increment. Avantage software (Avantage 5.9931) was used for
background corrections. For surface area and pore size distri-
bution measurement, N, physisorption isotherms were mea-
sured at 77 K with a Microtrac BEL Corp mini-II surface
area analyser by degassing in a vacuum at 200 °C for 2 h
before starting the sorption measurements. Raman scattering

© 2023 The Author(s). Published by the Royal Society of Chemistry
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experiments were executed by a Micro-Raman Spectrometer
(UniRAM 3300, Korea) with an excitation laser source of
532 nm using a TE-cooled CCD detector.

2.5 Preparation of working electrode for HER

All the electrochemical measurements were performed on an
Autolab PGSTAT128N potentiostat using a three-electrode elec-
trochemical set-up, where catalyst-coated nickel foam, Ag/AgCl
in saturated KCl, and Pt wire were utilized as a working
electrode (WE), reference electrode (RE) and counter electrode
(CE), respectively, in 1.0 M KOH electrolyte. The homogeneous
catalyst ink was prepared by adding 4 mg of the catalysts within
1 mL of the solvent containing water and ethanol, with a
volume ratio 1:4. 20 puL of Nafion was added as a binder to
increase the adhesion between the catalyst and the electrode.
The mixture was kept under sonication for 45 minutes to make
a homogeneous solution. Then, 10 pL of the catalyst ink
solution was drop-casted on the previously treated Nickel foam.
Afterward, the electrode can dry inside the vacuum oven for 24
hours. For HER measurements, nickel foam was pre-treated
with 1 M of HCI solution to remove the impurities from the
surface and washed with distilled water several times. Finally, it
was soaked in ethanol overnight and then dried before use.

2.6 Electrochemical characterizations

The linear sweep voltammograms (LSV) were measured at a
scan rate of 10 mV s~ *. All the related potentials were calibrated
to the one against RHE using the relation: Eryg = Eag/agci(sat.xcl)
+0.197 + 0.0591 pH. The Tafel slope can be obtained from the
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Scheme 1 Synthesis and chemical structure of TP-COF.
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following Tafel equation, n = a + b log|j|, where n is the
overpotential |j| is the absolute value of current densities
determined from the LSV. Here, a refers to the intercept, and
b represents the Tafel slope. The catalyst-modified electrode’s
electrical double-layered capacitance (Cq) was measured by
recording the CV in the non-faradaic region (0 to 0.1 V vs. Ag/
AgCl) at different scan rates from 10-50 mV s . Electrochemi-
cally active surface area (ECSA) was calculated from the rela-
tion: ECSA = Cq4)/Cs, where Cy defines the specific capacitance of
the materials. The roughness factor (R¢) was determined from
the ECSA value. The electrochemical impedance spectroscopic
(EIS) measurement was conducted with the same electrode
setup within a frequency domain of 10 kHz to 0.1 Hz using a
sinusoidal perturbation of 5 mV at overpotential.

3. Results and discussion

The TP-COF network was prepared by a condensation reaction
of melamine and PMDA in the presence of DMF at reflux
conditions, as shown in Scheme 1. After 72 h of reaction, a
white insoluble powder was obtained as TP-COF with a yield of
55%. The TP-COF was fully characterized by different spectro-
scopic techniques, SEM imaging, and surface and structural
analysis. As shown in Fig. S1a of ESL,{ the UV-vis spectra of TP-
COF thin-film revealed a broad absorption with two major
peaks at around 280 and 320 nm. These peaks originated from
the m-n* transitions in the triazine-based polyimide network.
The optical bandgap of the TP-COF was determined by using
the Kubelka-Munk function and the corresponding Tauc plot

Energy Adv,, 2023, 2,1713-1723 | 1715
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(in Fig. S1b in ESIt). The derived optical bandgap was 3.25 eV,
which defined the TP-COF as good semiconducting material
that may be suitable for electrocatalytic applications. The FT-IR
spectrum (shown in Fig. S2a in ESIt) of the TP-COF displayed a
complete disappearance of the primary -NH, peak at 3420 and
3470 cm ™" with the appearance of two carbonyl (C=O0) stretch-
ing peaks at 1735 and 1790 cm ™. Moreover, TP-COF exhibited
1640, 1574, and 1125 cm™~ ' peaks corresponding to the C=N
stretching in triazine, C=C in benzene, and C-N in the imide
unit. The chemical composition and bonding environment of
TP-COF were examined by X-ray photoelectron spectroscopy
(XPS). The fitting of C 1s core level XPS spectra of TP-COF in
Fig. 1a disclosed the peaks at 288.8 eV (peak I: for C—0O
groups), 287.7 eV (peak II: C=N in triazine), 284.8 eV (peak
III: C—C in aromatic benzene). The N 1s core-level XPS spectra
of TP-COF, as shown in Fig. 1b, fitted in 399.7 (peak I: imide
moieties) and 398.4 (peak II: for triazine moieties). The O 1s
peak of TP-COF in Fig. 1c was fitted into two peaks at 533.5 eV
(peak I: carbonyl groups) and 531.7 (peak II: quinone groups).
Overall, the XPS results specified the construction of a
polyimide-type skeleton with triazine rings in the synthesized
TP-COF.

The powder X-ray diffraction (PXRD) study showed a semi-
crystalline nature of TP-COF, as evidenced by the broad peaks
(Fig. S2b in ESIt). The peak positions were matched with the
earlier literature.*® The SEM images of TP-COF in Fig. S2¢ in
ESIt revealed the presence of 2D nanoflakes with a highly
stacked structure. The HRTEM images of TP-COF, as shown
in Fig. 1d, revealed similar nanoflakes. The Selected Area
Electron Diffraction SAED imaging of TP-COF in Fig. 1le
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suggested the semi-crystalline nature of the synthesized TP-
COF. The elemental distribution on TP-COF was studied using
TEM-EDX mapping (Fig. S3 in ESIt), demonstrating a homo-
geneous distribution of C, N, and O as the elements throughout
the surface of the COF. The porous structure and specific
surface area of TP-COF were examined by N, adsorption-
desorption isotherm analysis at 77 K. The TP-COF disclosed a
type III adsorption isotherm curve (shown in Fig. 1f) according
to the IUPAC classification, indicating the presence of both
micropores and mesopores in the materials. The calculated
BET (Brunauer-Emmett-Teller) surface area of TP-COF was
312.6 m” g~ with an average pore size of 1.8 nm and a total
pore volume of 0.25 cc g, respectively. These results suggest
that the catalysts with hierarchically porous structures would
be superior towards electrocatalytic HER reaction.

In the TGA study, as shown in Fig. S4 (ESIt), the TP-COF
revealed excellent thermal stability as it disclosed only 4%
weight loss until 400 °C. Strong n-n stacking induced high
aggregation between the COF structures, and the extended
conjugation in the polymeric network could be the reason for
the high stability of the TP-COF. Thermal decomposition
started around 400 °C, and a 40% weight loss was seen in the
400 and 500 °C regions due to the collapsing polymeric frame-
works. Again, the TGA plot also revealed a weight loss of 90%
up to 800 °C, which led to the decomposition and carbonization
of the material. The HRTEM and corresponding SAED analysis
(Fig. S5 in ESIt) of the TP-CPF pyrolyzed at 400 °C, 500 °C,
and 800 °C was performed to support the discussion mentioned
above in the TGA study. The TEM and SAED images of
the sample pyrolyzed at 400 °C revealed a similar pattern of
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Fig. 1 Core level XPS spectra for (a) C 1s, (b) N 1s, and (c) O 1s of TP-COF. (d) TEM images and (e) corresponding SEAD image of TP-COF. (f) N,
adsorption—desorption analysis of TP-COF and the corresponding pore size distribution plot of TP-COF in the inset.
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nanoflakes and semicrystalline nature like the TP-COF, show-
ing no thermal degradation till 400 °C. The sample, pyrolyzed at
500 °C, exposed the formation of a sheet-like structure with no
such crystallinity, owing to the collapsing polymeric frame-
works. The pyrolysis at a high temperature of 800 °C produced
carbon sheets with only a single crystalline plane (002).

To prepare the N-doped carbon materials from TP-COF, the
pristine TP-COF was pyrolyzed in three different temperatures
of 600, 700, and 800 °C under the N, atmosphere, yielding the
TP-COF-C600, TP-COF-C700, and TP-COF-C800, respectively. All
the COF-derived carbon samples were fully characterized by
powder X-ray diffraction (PXRD), Raman spectroscopy, and BET
surface analysis. The PXRD pattern in Fig. 2a revealed the
existence of a broad peak at 26 = 25.6° attributing to the
(002). The pattern revealed the lack of long-range order rather
than the complete amorphous nature of TP-COF-C samples.*®
The Raman spectra of the carbonized samples in Fig. 2b
disclosed the presence of two distinct peaks at 1360 and
1590 cm " due to the typical D (defect and disorder) and G
(graphitic) band of the TP-COF-C samples. The Raman inten-
sities ratio of those bands (Ip/I) generally reveals the degree of
structural disorder and the intensity of the defect.>® The Ip/Ig
values were calculated as 1.13, 0.99, and 0.95 for TP-COF-C600,
TP-COF-C700, and TP-COF-C800, respectively. Here, the promi-
nent decrease of Ip/Ig values from TP-COF-C600 to TP-COF-
C800 suggests a higher degree of graphitization level with
increasing pyrolysis temperature.

The porosity and surface area of pyrolyzed TP-COF-C sam-
ples were further examined by N, adsorption-desorption
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analysis at 77 K. From Fig. 2c, the calculated BET surface area
of TP-COF-C600, TP-COF-C700, and TP-COF-C800 were 516.7,
672.2 and 628.2 m> g~ ', respectively, which was much higher
than the pristine TP-COF. The data indicated that the TP-COF-
C700 had the highest surface area among the pyrolyzed sam-
ples. Furthermore, the pore size distribution plot in Fig. 2d
revealed that the total pore volume of 0.25, 0.59, and 0.47 cc g~ *
with the average pore sizes of 3.96, 1.98, and 2.24 nm for TP-
COF-C600, TP-COF-C700, and TP-COF-C800, respectively. The
porosities of the TP-COF-C samples were increased due to the
liberation of produced gasses during the pyrolysis process, and
it could be highly beneficial for elevating the catalytic activity of
the carbonous materials. These results suggested that the
catalysts with hierarchically porous structures would be super-
ior towards electrocatalytic HER reaction. However, after a
specific temperature of pyrolysis (700 °C), the COF precursor
might lead to serious structural collapse to provide a slight
decrement in surface area and total pore volume in TP-COF-C-
800.*° Based on the observations mentioned above from PXRD,
BET, and Raman spectroscopy of TP-COF-C samples, we can
conclude that TP-COF-C700 had a better combination of
graphitization, surface area, and porosity that made TP-COF-
C700 as the best electrocatalyst among all pyrolyzed carbon
compounds.

The surface morphology of TP-COF-C700 was investigated by
FESEM analysis. The FESEM images of TP-COF-C700, as shown
in Fig. 3a and b, revealed more uniform 2D nanosheet-type
structures. It was also envisioned that all the carbonized TP-
COF-C samples exhibited higher surface area than the pristine
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Fig. 2
distribution plot of all the TP-COF-C samples.
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(a) PXRD pattern and (b) Raman spectra of TP-COF-C samples. (c) Nitrogen adsorption—desorption isotherm and (d) the corresponding pore size
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Fig. 3 (a) and (b) The SEM images of TP-COF-C700 in different resolutions. The HRTEM images of (c) TP-COF-C600, (d) TP-COF-C700, and (e) TP-

COF-C800. The core-level XPS spectra of (f) C 1s, (g) N 1s, and (h) O 1s of TP-COF-C700.

COF, possibly due to the formation of the uniform 2D
nanosheet structures after pyrolysis. The TEM images of TP-
COF-C-600, TP-COF-C-700, and TP-COF-C-800, as shown in
Fig. S6 in ESL¥ divulged the similar nanosheet structures of
the COF-derived materials. The temperature-dependent graphi-
tization of pristine TP-COF was further examined by HRTEM
analysis for different TP-COF samples. The HRTEM images of
TP-COF-C-600, TP-COF-C-700, and TP-COF-C-800, as shown in
Fig. 3c-e, revealed a significant increment of graphitic layers
with increasing temperature. In the TP-COF-C-800 sample, the
formation of ordered graphitic layers was maximum compared
to other carbon samples, confirming the increment of graphi-
tization in the COF-derived materials with enhanced tempera-
ture. Furthermore, the chemical composition and bonding
environment of TP-COF-C700 were examined by core-level
XPS spectra. Notionally, only three units- triazine, imide, and
benzene comprised the COF network. Upon pyrolysis at 700 °C,
these units may remain unchanged or transformed into pyr-
idine and graphite-type carbons. When fitted, the core level C1s
spectrum yielded three distinct peaks (Fig. 3f) positioned at

1718 | Energy Adv., 2023, 2,1713-1723

288.4, 286.8, and 284.8 eV attributed to C—=0 groups (peak I),
C=N in triazine (peak II), C=C in aromatic benzene (peak III),
respectively. In addition, the N 1s core-level XPS spectra in
Fig. 3g were fitted in two peaks at 400.0 for imide moieties
(peak I) and 398.1 for triazine moieties (peak II). Finally, the
core-level O 1s peak in Fig. 3h was deconvoluted into 533.5 eV
for carbonyl (peak I) and 532.0 eV for quinone-type moieties
(peak II). Overall, the XPS data revealed that the obtained
carbonized materials mainly retained the parent COF skeletons
with triazine, pyridinic, and extended aromatic carbon sheets.
However, the change of surface elemental composition of TP-
COF and TP-COF-C700 derived from the XPS study is compared
and given in Table S1 of ESI.{

The enriched N-doped carbon and abundant pores with
high pore volumes and the surface area support TP-COF-C
samples to display favourable electrocatalytic HER activity.
The HER electrocatalytic activities of TP-COF-C samples
and parent TP-COF were examined by linear sweep voltammetry
(LSV) measurement in 1 M KOH solution using a typical three-
electrode electrochemical set-up, and the results were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(d) The chronoamperometric stability plot of the catalysts.

compared with state-of-the-art catalyst Pt/C. The LSV polariza-
tion curves, as shown in Fig. 4a, divulged that the TP-COF-C
samples exhibited an overpotential of 162, 95, and 117 mV for
TP-COF-C600, TP-COF-C700, and TP-COF-C800, respectively, to
reach the 10 mA cm ™2 current density. However, the bare Ni-
foam exhibited a very low current density, suggesting a negli-
gible HER activity. On the other hand, the pristine TP-COF
demonstrated a higher (182 mV@10 mA cm™?) overpotential
than the N-doped carbon samples. The observation mentioned
above suggested that the overpotential value of TP-COF-C700
was the lowest among the carbon materials and way lower than
the parent TP-COF. However, the overpotential value of TP-
COF-C700 was slightly higher than the commercially available
20% Pt/C catalyst (55 mV@10 mA cm ™). It is to be noted that
the TP-COF-C700 is a completely metal-free carbon compound,
and its HER activity was superior or very comparable with other
reported metal-free catalysts, as depicted in Table S2 (ESIT).
The excellent surface area, porosity, and effective electronega-
tive N-doping in TP-COF-C700 greatly enhanced the electrical
conductivity, water adsorption on the catalyst surface, and
better ion diffusion during electrochemical reactions, resulting
in low overpotential. TP-COF-C700 exhibited the highest sur-
face area and porosity among the TP-COF-C samples, demon-
strating the lowest overpotential compared to other samples.
To get further insight into HER kinetics for proton reduction
on the surface of the catalysts and electrochemical mechanism,
the Tafel slopes were evaluated from the LSV plot. Generally, in
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alkaline media, the generation of hydrogen through HER from
the catalyst surface involves the following three steps:****

Step 1: Volmer: H,O + e — Huqs + HO™
Step 2: Heyrovsky: H,O + Hygs + € — H, + HO™

Step 3: Tafel: Hygs + Hags — Hy

Step 1 represents the adsorption and desorption step on the
catalyst surface, while Step 2 (Heyrovsky) or Step 3 (Tafel)
are related to H, production. Thus, the complete HER mecha-
nism follows either the Volmer-Heyrovsky or Volmer-Tafel
mechanism. In general, the Tafel slope values of 30 mV dec ™,
40 mV dec™ ', or 120 mV dec ' indicate the rate-determining
step as the Tafel, Heyrovsky, or Volmer-Heyrovsky step,
respectively.”*® A lower Tafel slope value always indicates
faster electrochemical kinetics during HER.*'** As shown in
Fig. 4b, the TP-COF-C700 exhibited a Tafel slope value of
128 mV dec ™, suggesting that the HER catalyzed by TP-COF-
C700 follows the Heyrovsky-Volmer mechanism, with the rate-
limiting step potentially being the Volmer (proton adsorption)
step. The EIS study can explain the improved catalytic activity in
TP-COF-C700 over the other carbonized samples. As shown in
Fig. 4c, the Nyquist plot exhibited the lowest polarization
resistance in TP-COF-C700 compared to the parent TP-COF,
TP-COF-C600, and TP-COF-C800. The TP-COF and the derived
TP-COF-C sample’s charge transfer resistances (Rcr) were
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derived from the semicircles as 94.5, 55.4, 28.3, and 38.6 Q for
TP-COF, TP-COF-C600, TP-COF-C700, and TP-COF-C800,
respectively, at overpotential. The Rcr value of TP-COF-C700
represented a meager resistance during HER performance,
indicating the higher charge transfer kinetics and the swift
electron transfer process to support the HER activity.

The catalytic activity of TP-COF-C700 can be understood by
unveiling the ECSA calculation. The ECSA can be obtained from
the materials’ electrochemical double-layered capacitance (Cqj)-
From Fig. S7 in ESLT{ the Cy4 value of TP-COF-C700 was

0
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estimated as 8.2 mF. The ECSA and Ry of TP-COF-C700 were
determined as 136.67 cm™ > and 162.7, respectively. The high
ECSA for TP-COF-C700 suggested the higher accessibility of
catalytic electrochemical surface benefiting from the abundant
porous structure. Besides, the stability of the catalytic perfor-
mances is another important criterion for evaluating industrial
applicability. The long-term performance of TP-COF-C700
towards HER was examined by time-dependant chronopoten-
tiometry at different applied current densities of 10, 30, and
60 mA cm >, As shown in Fig. 4d, the chronopotentiometry plot

(b)
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(a) The LSV curves of TP-COF-C700 using 0.5 M H,SO, (black line) and 1.0 M KOH (red line) electrolytes. (b) The LSV polarization curves of TP-

COF-C700 before and after 60 h chronopotentiometry using 1 M KOH as electrolyte.
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unveiled the stable HER response for more than 60 h with the
potential outputs of —0.096, —0.287, and —0.603 V (vs. RHE) at
the abovementioned current densities. The faradaic efficiency
(FE) is one of the most crucial parameters to determine the
energy efficiency of the catalyst. In this regard, TP-COF-C700
revealed its potential for efficiently utilizing electrical energy for
hydrogen generation. The FE of TP-COF-C700 was determined
by measuring the hydrogen content produced during HER by the
water displacement method, as shown in Fig. S8 in ESL1 '~ The
FE of TP-COF-C700 was calculated as 98%, which was very close to
the ideal value of 100%.

The abovementioned experiments suggested that our TP-
COF-C700 electrocatalyst is highly efficient in alkaline electro-
lytes. To evaluate the HER efficacy of our TP-COF-C700 in acidic
electrolytes also, we have assessed the electrocatalytic HER
performance of TP-COF-C700 using 0.5 M H,SO, as electrolyte.
The LSV curve, as shown in Fig. 5a, revealed similar HER
activity in both electrolyte conditions with similar overpoten-
tials. The result indicated the robust HER performance of the
TP-COF-C700 catalyst, which is entirely independent of pH.
The electrochemical HER stability and robustness of the
catalyst structure of TP-COF-C700 were further analysed by
LSV measurement after long-term chronopotentiometry perfor-
mances. As shown in Fig. 5b, the carbon-based porous catalyst
TP-COF-C700 revealed an almost unchanged LSV curve after
60 h of chronopotentiometry.

The structural stability and robustness of TP-COF-C700 were
further analyzed by SEM imaging, PXRD, and XPS analysis after
60 h of chronopotentiometry. The post-chronopotentiometry
observation suggests that TP-COF-C700 retained almost
unchanged nanosheet type morphology (as shown in Fig. 6a).
The PXRD pattern in Fig. 6b highlighted the unchanged struc-
tural stability of TP-COF-C700 upon electrochemical perfor-
mances. Moreover, the bonding environment of TP-COF-C700
after HER was checked by XPS analysis. The XPS spectra of TP-
COF-C700 in Fig. 6¢c-e for C 1s, N 1s, and O 1s showed similar
elemental peaks after chronopotentiometry. The surface com-
position after electrocatalysis derived from XPS is provided in
Table S1 (ESIt). The data depicted that the surface composi-
tions were not altered after the electrocatalysis, confirming the
excellent stability of the TP-COF-C700 electrocatalyst. These
exceptional observations in electrocatalytic HER performance
highlight the immense potential of TP-COF-C-700 as a versatile
material for hydrogen generation for green energy applications.

4. Conclusion

In summary, we have successfully synthesized TP-COF, a pyr-
omellitic diimide and triazine-based porous COF, which exhib-
ited a complete metal-free electrocatalytic HER performance at
a low overpotential of 182 mV to reach a current density of
10 mA cm 2. The electrocatalytic HER activity of TP-COF was
further increased after pyrolyzing the TP-COF at 700 °C to
prepare the N-doped porous carbon nanosheet, TP-COF-C700.
The TP-COF-C700 exhibited a high surface area of 672.2 m> g~ *

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with uniform mesopores of 1.98 nm diameter, facilitating
superior HER activity. The TP-COF-C700 showed pH-
independent HER performances with an overpotential of 94
mV@10 mA cm %, high HER faradaic efficiency of 98%, and
ultra-robust durability of more than 60 h. These inspiring
outcomes can be attributed to the COF-derived N-doped carbon
nanosheet’s high surface area and abundant inherent pores
with high electrical conductivities. The presence of the N atom
facilitates proton adsorption in the nanosheet surface, contri-
buting to its superior HER performance. This exceptional
durability in electrocatalytic performance highlights the
immense potential of TP-COF-C700 as a potential material for
hydrogen generation towards green energy applications.
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