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ABSTRACT: The production of hydrogen via electrocatalytic reduction of water using

metal-free nanomaterials as the catalyst is a promising and ultimate green approach. )ﬂ\ )
Graphitic carbon nitride, covalent organic frameworks, and covalent triazine frameworks )'“\

(CTFs) are some of the nanostructured materials that are investigated for this purpose. M )-(
Currently, these materials still lack the efliciency to compete with other techniques ‘\

(electrolysis). This is because the reaction mechanism and active sites are, in many cases, \/‘ NG ON )»\
still poorly understood. In this work, we report a set of metal-free nanostructure-based S NC)P =5 P’iCN mﬁ
electrocatalysts, phosphorus covalent triazine frameworks (PCTFs), for electrocatalytic P! Nr,‘P«.,NCN

hydrogen production. The hydrogen evolution reaction (HER) performance of PCTF- *\7 )y ) )"\ '\
based nanomaterials is ascribed to the synergistic effect of isolated single nitrogen and }s\\/".\ > “ \ ,'ﬁ(“
phosphorus sites on the large surface area. By combining both experimental and »\/“\ M/" {
theoretical studies, we found that especially the pyridinic-nitrogen species are the most J"\M

active sites for the HER. The presence of phosphorus next to the pyridinic-N enhances

the HERs. The present results provide a better understanding of the importance of different heteroatoms in nanomaterials as active
sites in HERs. Theoretical studies confirmed that phosphorus, being electron rich, creates high electron densities on the nearby N
atoms of the CTF materials and intensifies the HER process.

KEYWORDS: covalent triazine framework, hydrogen evolution reaction, electrocatalysis, porous carbon, single sites,
molecular modeling study

B INTRODUCTION

Hydrogen gas is essential to produce ammonia, steel, and

ion-based single-atom catalysts or, preferably, be used as a
metal-free electrocatalyst for the HER.'*™'*

aluminum. It also becomes more and more important as a fuel
and for methane replacement and in CO, transformation
process.' ® Currently, no less than 96% of H, production is
based on the reforming of fossil fuels and less than 4% from
water electrolysis. The production of H, from water is termed
the hydrogen evolution reaction (HER). Until now, Pt-based
materials are the best electrocatalysts for the HER despite
being less abundant and expensive.””” Several other electro-
catalysts, e.g., noble metal ions, metal sulfides, phosphides,
carbides, borides, metal nanoparticles, and chalcogemdes, are
reported to potentially replace Pt-based catalysts.'”® Much
effort has been dedicated to understanding the physical and
chemical properties of the active sites of non-Pt-based
electrocatalysts.'” Research has shown that lowering the size
of metal-based catalysts from bulk to nanoparticles and from
clusters to single atom/site increases the performance of the
materials.'' Nonmetallic heteroatoms (N, P, and S)-doped
nanostructured carbons are particularly attractive as they can
be synthesized with a large surface area at low cost and have a
high stability and tunable conductivities.'”"”> These nanoma-
terials can also be used as support to anchor transition metal
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It has been demonstrated that engineering carbon-based
nanoporous materials by doping phosphorus greatly enhances
the HER performance. Until now, postsynthetic incorporation
(called as chemical doping) using melamine, urea/pyrrole for
N and triphenylphosphine/phytic acid for P is the only

19722 However, by this method, it is

method reported so far.
difficult to ensure the location of the heteroatoms and their
environments, random incorporation of heteroatoms, doping
level, configuration of chemical bonding, and most importantly
their reproducibility. This makes it more difficult to under-
stand any possible synergistic effects between two or more

active sites and distinguish the role of each in catalysis.
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Scheme 1. Schematic Representation of (a) Ideal PCTF, (b) PCTF Synthesized under Ionothermal Conditions Showing
Possible Locations of Different Types of N and P Sites, and (c) Four Different Types of N-Species Formed after the
Ionothermal Synthesis Characterized from XPS Analysis
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Among carbon-based nanoporous materials, covalent
triazine frameworks (CTFs) are promising nanomaterials in
electrocatalysis.”*~>° CTFs are considered as highly chemically
stable porous N-rich materials with many potential applica-
tions. CTF materials are generally prepared under ionothermal
(using molten ZnCl,) and solvothermal conditions.”* ™" (see
Scheme 1 for an example). The CTFs are formed in a 2D
porous system by z—x stacking (typically an AA stacking) of
individual flat polymer sheets, as in graphite. The CTF-based
materials obtained through ionothermal conditions have been
studied in gas separation, heterogeneous catalysis, and
electrocatalysis because of the presence of defects based on
different N-species formed during ionothermal synthesis.”**>**

In the past few years, CTF materials have been engineered
to better understand their properties and to improve their
importance in certain applications. It starts with the design and
synthesis of new building units containing novel functionalities
or leading to new topologies or porosities. Particularly, (i)
CTFs with enhanced N-species and enhanced hydrophobicity
(high F-content) are developed to improve their CO,
adsorption and separation from mixture of gases;”> (i)
pyridine-, bipyridine-, acetylacetone-, 1,4,5,8,9,12-hexaazatri-
phenylen-, and N-heterocyclic carbene-based CTFs have been
developed for a wide range of heterogeneous -catalytic
reactions;”****’ 3% (iii) donor—acceptor (D—A) type CTFs
with alternating electron-donating and -accepting groups have
been created for photocatalytic applications;*~** and (iv)

noble and non-noble metal-based catalysts supported by CTF
have been developed for electrocatalysis.”****

Recently, we have explored the effect of different defect N-
species for the HER and oxygen reduction reaction.”’ We and
several other groups reported that pyridinic-N and quaternary-
Ns are the most favorable sites for water and oxygen
interactions for electrocatalysis.'”'****> Metal-free CTFs and
covalent organic frameworks (COFs) obtained from mild
synthesis condition have been recently regorted as photo-
catalysts for hydrogen generation.”****"**~** Similar to doped
graphene, g-C;N,, and porous carbon, it is expected that CTFs
containing phosphorus atoms m'§ht be more active than
pristine CTFs in electrocatalysis.'>*> However, this type of
CTF-based material is not yet explored as an electrocatalyst.

In this work, we used hexakis-(4-cyanophenyloxy)-
cyclotriphosphazenes (P-CN) as a linker to synthesize four
different phosphorus CTFs (PCTFs) under different ion-
othermal conditions. The four CTFs have varying amounts and
types of N- and P- species. To explore the synergistic role of N
and P in electrocatalysis, all four CTFs were used as
electrocatalysts for the HER. Using both experiments and
theoretical modeling, we explored the synergistic effect of N
and P sites for the hydrogen production.

B RESULTS AND DISCUSSION

Synthesis of PCTFs. We use a dinitrile building unit
containing phosphazene core. Under the ionothermal syn-
thesis, by varying the ZnCl, amount (5, 10, and 30
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Table 1. BET Surface areas, Pore Volumes, Elemental Composition, Relative Number of N-Species, CO, Uptake, and CO,/N,

Selectivity of the Presented PCTFs.

materials SAper® (m%/g) V' (em’/g) N (%)° N (%)
PCTF-10400 1159 0.55 8.72 6.99
PCTEF-5500 1316 0.62 8.07 6.78
PCTF-10500 1407 0.83 7.84 6.68
PCTF-30500 2027 1.32 6.90 6.11

P (%)? Npyridinic  Npyrrolic

relative number of P-

relative number of N-species (at %) species (at %)

Noutemary ~ Noxdizea C—P N-P  P-O

1.84 36 29 24 10 23 57 20
28 43 14 S 13 60 27
36 27 28 9 20 64 16
33 33 23 11 17 S8 25

“BET surface area was calculated over the relative pressure range of 0.01-0.05 at 77 K. bV, total pore volume was calculated at P/P, = 0.98.
“Percentage of carbon and nitrogen content calculated from elemental analysis “Relative amount of each N-species in atomic percent (at %)
calculated from XPS analysis (the values in the parentheses correspond to their binding energies in eV).

equivalents) at two different temperatures (400 and S00 °C),
four different PCTF-based materials were synthesized (Scheme
1). For clarity, the four PCTFs are referred to as PCTF-xy
where x is the ZnCl, equivalent and y is the synthesis
temperature (Tables 1 and S1). Synthesis of CTF with a
uniform distribution of heteroatoms created an electron
delocalization on the extended 2D sheet structure, facilitating
activation and conversion of water molecules to molecular
hydrogen. Furthermore, the z-stacking interactions between
the CTF layers and the larger surface area enable the facile
diffusion of water molecules into the pore and interaction with
the electron-rich active sites.

Characterization of PCTFs. For the preliminary character-
ization of the four PCTFs, FT-IR measurements were
performed to confirm the complete trimerization of the nitrile
group to a triazine ring (Figure 1). In the case of the linker P-

-P-N- _p=N-

jo/_ W Triazine ——PCTF-10500
/

—— PCTF-30500

———PCTF-10400

cN ——PCTF-5500

Kubelka-Munk

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm ™)

Figure 1. DRIFTs FT-IR spectra of P-CN and PCTFs.

CN, the CN band at 2230 cm ™!, the —=P=N— bands between
1290 and 1180 cm™!, the —=P—O—C— bands between 1150
and 982 cm™!, and the —P—N— band at 900 cm™' are
compared with the PCTFs. After the ionothermal synthesis,
the absence of the —CN band at 2230 cm ™" and the presence
of a —C=N (triazine) band at 1598 and 1388 cm™" confirmed
the complete conversion of the nitrile groups to triazine rings.
Additional peaks at 1162, 783, and 938 cm™ confirmed the
presence of the phosphazene core unit and —P-O-
groups.*”** The elemental analysis (Table 1) confirmed a
significant amount of Ns (8.72—6.90 wt%) in the four
materials. It is known that during the ionothermal synthesis,
heteroatoms combine and release as molecular gas (N,), and

therefore the N content in the final CTF material is generally
lower than in the building units.

The chemical composition, functionalities, and respective
binding energy were further characterized by XPS measure-
ments. The amount of each element is again determined from
the XPS analysis and corresponds well to the CHNS analysis
(Table 1). This observation suggests that the amount of ZnCl,
and the synthesis temperature influence the number of
heteroatoms (N and P) in the final PCTF materials. The
amount of N (6.99—6.11 wt%) and P (1.84—0.63 wt%) in all
four PCTFs are comparable to a similar set of P-N-doped
porous materials.”*****! In order to gain more information
on the functional groups and their local environments, XPS
spectra of all PCTFs were analyzed by fitting the respective
species to their binding energies.”” The Cls spectra of all
PCTFs featured the characteristic peaks for aromatic C—C/
C=C and triazine C=N/C—N species at 284.8 and 286 €V,
respectively (Figure S1). The deconvoluted N 1s and P2p
spectra of all PCTFs are shown in Figure 2, and the relative
atomic % is given in Table 1. All samples showed four different
peaks that correspond to four different types of N-species,
pyridinic-N (N,,), pyrrolic-N (N,,,), quaternary-N (N,), and
pyridinic-N-oxide (N,,), at 398.7, 400.1, 401.4, and 402.9 eV,
respectively (Figure 2 left, Scheme 1b). The relative amount of
each N-species is calculated by considering the area under each
fitted curve and included in Table 1. The four set of N-species
are very commonly observed in CTF-based materials
synthesized under ionothermal conditions.”” Except PCTF-
5500, three other PCTF materials contain very similar
amounts of different N-species. Importantly, PCTF-5500
contains a greater amount of pyrrolic-N than others. In
addition, the P2p1/2 spectra of all four PCTFs showed peaks
at 133.2, 134.3, and 135.5 eV that can be assigned to P—C, P—
N, and P—O species, respectively (Figure 2 right, Scheme 1b).

Powder X-ray diffraction (PXRD) measurements of all
PCTFs were carried out at room temperature (Figure S2). The
PXRD patterns show a broad peak in the range 20 = 20—30°.
This feature is well corroborated with most CTF-based
materials under ionothermal conditions. The broad peak can
be attributed to the pre-existing layered structures or
subsequent graphitization of the materials during pyrolysis.”"*’
From the thermogravimetric analysis, it is confirmed that all of
the PCTFs are equally stable like other CTF-based materials
until 500 °C (Figure S3). PCTF-10400 decomposes earlier
than the other three materials synthesized at 500 °C.

Gas Sorption Properties. The surface properties of all of the
PCTF materials were evaluated using N, sorption measure-
ments at 77 K (Figure 3). All materials were activated
overnight under vacuum at 150 °C before the analysis. The
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Figure 2. Deconvolution of the N Is (left) and P 2p (right) XPS spectrum of PCTFs and possible different N- and P-species formed during
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Figure 3. Nitrogen adsorption/desorption isotherms of PCTFs
measured at 77 K; filled and empty symbols represent, respectively,
adsorption and desorption.

surface areas and total pore volumes (V,), calculated at P/Py=
0.98 for all PCTFs are included in Table 1. On comparison, it
was found that PCTF-30500 that was synthesized using 30
equiv of ZnCl, at 500 °C exhibited the highest surface area of
2027m?*/g and a total pore volume of 1.32 cm’/g. It is
important to note that in all four PCTF materials, a sharp
increase of N, uptake at relatively low pressure (<0.01)
confirmed the presence of micropores.n’?ﬁ’43 In addition,
PCTF-10500 and PCTF-30500 showed hysteresis between the
adsorption and desorption isotherms between 0.4 and 0.9
relative pressure. A similar observation was noticed in CTF-
based materials synthesized at higher temperatures and is
ascribed to the formation of narrow and slit-shaped pores that
strongly interact with N,.**

The analysis of the materials confirmed that all four PCTF
materials are thermally robust, have a large surface area and
pore volume, and contain P and N heteroatoms with different
oxidation states and functionalities. The electrocatalytic
performance of these PCTFs was further explored in the
electrocatalytic HER.

Electrochemical HER. All catalysts were further evaluated as
HER electrocatalysts in an N,-saturated 0.5 H,SO, electrolyte.
Figure 4a shows the linear sweep voltammetry (LSV) plots of
all of the PCTFs along with standard Pt/C for comparison.
The HER current is found to increase differently as the
potential scanned negative for the different samples. A rapid
increase in the reduction current is found for PCTF-10500
compared to the other PCTFs. This suggests PCTF-10500 is
more active for hydrogen production than the other three
PCTFs. The onset potential for HER is measured from the
intercept potential by taking the tangents from the fast-rising
current portion to the baseline current portion. The
effectiveness of an HER catalyst is normally known from the
overpotential required to achieve 10 mA/cm’ The onset
potential and overpotential for different samples are listed in
Table 2. Among the PCTFs, PCTF-10500 shows the lowest
overpotential of 227 mV indicating its superiority over the
other PCTFs. The overpotential value of PCTFs is comparable
with the similar sort of heteroatom-doped porous material
(Table S2) and especially better than metal-free COF-based
electrocatalysts, g-C3N, type of materials, and microporous
graphitic frameworks.”>*~>?

Moreover, to study the HER kinetics of the prepared
samples, the overpotential versus log i, also called the Tafel
plot, is plotted as shown in Figure 4b. The Tafel slope suggests
the reaction kinetics at the electrode surface. The lower the
Tafel slope, the better the electrochemical kinetics at the
electrode surface. The smallest Tafel slope value from PCTE-
10500 suggests its higher HER activity (Table 2). The
electrochemical surface area (ECSA) is further evaluated
from the double-layer capacitances obtained in the non-
Faradaic region (—0.05 to —0.15 V) of cyclic voltammetry
(CV) at different scan rates using the relation ECSA = C4/C,,
where Cg is the electrochemical double-layer capacitance and
C, is the specific electrochemical double layer capacitance of an
atomically smooth surface (taken here as 40 uF cm™). From
the obtained CV profiles (Figure S4), the current measured at
—0.14 V is plotted against the scan rates (Figure 4c) to
determine the Cy values. The slope of the almost straight line
is used to measure the respective Cy values for the ECSA
calculation. The calculated Cyq and ECSA values for the sample
PCTE-10500 are found to be 87 uF and 2.175 cm?
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Figure 4. (a) LSV profiles at 20 mV s™', (b) corresponding Tafel plots, (c) current versus scan rate, and (d) Nyquist plots of different samples. All
of the electrochemical measurements were performed in 0.5 M H,SO, solution.

Table 2. HER Performance of PCTFs

sample onset potential (mV) overpotential (mV)@10 mA cm™> tafelslope (mV dec™) Cq (uF) ECSA (cm?) R, (Q)
PCTF-5500 210 456 650 70.21 1.75 490
PCTE-10400 129 244 412 41 1.025 35.03
PCTF-10500 114 227 342 87 2.175 11.6
PCTEF-30500 139 25§ 601 13.25 0.331 390.3
Pt/C 38 59 32

respectively, which are higher than those for the other PCTFs.
This suggests the presence of more electrochemically active
sites in PCTF-10500 and hence exhibiting better HER activity.

The EIS analysis was performed to determine the charge-
transfer resistance (R,.). The diameter of the semicircle in the
high-frequency region of Nyquist plots (Figure 4d) is used to
determine the R, value, whereas the straight line in the low-
frequency region corresponds to the diffusion of ions at the
working electrode. The obtained Nyquist plots for the PCTFs
are fitted with an equivalent circuit with different elements
such as solution resistance (R;), R, constant phase element,
Warburg impedance element (W), and leakage resistance (R )
as shown in the inset of Figure 4d. The measured R value is
found to be the lowest (11.6 Q) for PCTF-10500 (Table 2),
suggesting higher charge transfer at the electrode/electrolyte
interface. Moreover, the straight line in the lower-frequency
region has a higher slope for PCTF-10500 than other samples,
indicating its ease in the diffusion process.

On comparison, among all four CTF materials, we found
that the HER activity followed the order PCTF-10500 >
PCTF-10400 > PCTF-30500 > PCTF-5500. The obtained
electrocatalytic test results unambiguously point to PCTE-
10500 as the best metal-free electrocatalyst among other
PCTFs and P-doped porous materials. Among PCTFs, PCTF-
10500 contains a higher amount of electrochemically active N-
sites and shows better diffusion and higher charge transfer at
the electrode/electrolyte surface. The HER performance is
further correlated with the physical and chemical properties of
the PCTFs. We found that the surface area, the pore volume,
and the number of heteroatoms of PCTF-10500 are very close
to those of other PCTFs. The combination of number of N,
and N, sites is higher than in the other three PCTFs. We also
compared the P content in the four PCTFs with respect to
HER activity. We found that PCTF-10500 (0.68 wt%) and
PCTF-10400 (1.84 wt %), though the amount of P is
significantly different from one other, had better HER activity
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than the other two CTFs with a similar range of P contents. In
addition, the uniform distribution of N and P sites onto the
CTF influences the local electronic structure, and therefore the
most electron rich centers act as improved catalytic sites for
electrocatalytic reactions.”” To further explore the benefits of
heteroatoms, we performed an in-depth theoretical modeling
by considering the position of heteroatoms and their
environment.

A computational study is further performed on various
models of PCTF-based catalysts to understand the role of
different N-species and P toward the HER activity. All
calculations are executed at the PBE-D3(BJ)*'~® level of
theory using VASP®*®® (more details are in the SI).
Experimental results suggest that all PCTFs comprise four
types of N-species with P. However, the catalyst with higher
N,, and N, sites (PCTF-10500) shows the best HER activity.
Therefore, we have strategically studied the possible arrange-
ments of Np,;, N, and P sites in the PCTF-based catalysts with
fixed positions of N, and N, .. Various positions of N, are
considered using an initial structure (Figure SS). After finding
the preferable site for N, the combinations of N, and P are
also investigated, keeping the position of N, fixed (Figures
S6—59).

Out of all possible cases, the four most stable arrangements
of active sites and their environment (Figure S) are used for

y_PCTF Npy-Ngu_PCTF

Figure 5. Optimized structures of possible active units of the PCTFs
based on different arrangements of nitrogen and phosphorus sites.

the further calculation of HER. These four cases are N,, CTF
(with N,,) N,-Ng, CTF (combination of N,, and Ng,),
N,, PCTF (combination of N, and P), and N,-N,, PCTF
(combination of N, N, and PS. The thermodynamic stability
of the most stable structures is also assessed through their
formation (Table S3) and binding energy (more details in the
SI).

In general, the HER process completes in two steps; the first
step is H adsorption (H*; where * is the catalyst), referred as
the Volmer step, which is followed by the desorption of H* in
the second step, named the Heyrovsky step or the Tafel

step.”?>°"%% As the free energy of H* provides a good
descriptor for the catalytic activity of HER, we have calculated
the free energy of H* (H" + e™ + * — H¥*;) for each modeled
system using the computational hydrogen electrode model® at
a potential of U = 0 relative to the standard hydrogen electrode
(Figure 6). An ideal HER catalyst should have zero free energy
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Figure 6. Calculated free-energy diagram for HER at 0 V.

of H*.*® The calculated free energies for N,, CTF and N,,-
Ng,_CTF are —0.25 and 0.15 eV at the N, site. Here, the
combination of N, and N, shows better HER activity than
only N,,.. We also considered H* at the N, site on N -N,-
CTF, and the free energy for H* is calculated as 1.80 eV
(Figure S10). This suggests that N, is a more active site for
HER than Ng, as H atom absorption becomes difficult to
achieve at N,. Therefore, only the N, site is further explored
to evaluate the HER activity on other PCTFs. Moreover, the
addition of a P atom near N, (N,,, PCTF) has a crucial effect
on favoring the HER activity (—0.03 eV) via destabilizing the
formation of H* compared to pristine N, CTF in which
overall HER is not favorable as N, CTF is quite favorable for
H* formation but not for overall HER as the hydrogen atom
binds quite strongly. The calculated free energy of H* is 0.14
eV for N, -Ng, PCTF, which also identifies as a better
candidate for overall HER than N, CTF. The calculated free-
energy diagram reveals that the presence of Ny, and P atoms
near N, improves the HER activity compared to pristine N,

and N,,, PCTF identifies as a best candidate among all.

B CONCLUSIONS

In this study, a new set of PCT- based nanomaterials were
synthesized using the dinitrile monomer containing the
phosphazene core and explored as electrocatalysts for HER.
The HER study revealed that PCTF that was obtained by
using 10 equiv of ZnCl, at 500 °C is the best HER catalyst.
The HER performance in terms of overpotential is further
found to be comparable to other heteroatom-doped porous
nanostructured materials and is better than those of g-C;N,,
COFs, and microporous graphitic carbon frameworks. Using
both experimental evidence and molecular modeling, we
conclude that the uniform distribution of the active species
over the large surface area is necessary for enhanced activity.
The number of heteroatoms as active sites and the neighboring
carbons are equally important to understand the electro-
catalytic performance. Among the different N-species in N-
doped porous nanomaterials, pyridinic-N is more active than
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others. The presence of phosphorus in N-rich porous materials
creates a high electron density on the nearby carbon atoms
which subsequently actually act as the active sites instead of P
itself, consequently enhancing the overall electrochemical
activity. Moreover, these CTF-based materials with a large
surface area have the potential to be used as efficient
electrocatalysts by tuning the nature, number, and distribution
of heteroatoms, defects, and configuration of chemical bonding
around the heteroatoms.

B MATERIALS AND METHODS

The required chemicals were purchased from Sigma-Aldrich and used
without further purifications. The linker, P-CN, was synthesized using
the reported literature®® and was used in CTF synthesis following our
previous works.”>** Elemental analyses were carried out on a Thermo
Scientific Flash 2000 CHNS-O analyzer equipped with a TCD
detector. FT-IR spectroscopy in the region of 4000—650 cm™" was
performed with a Thermo Nicolet 6700 FT-IR spectrometer
equipped with a nitrogen-cooled MCT detector and a KBr beam
splitter. Dinitrogen (N,) adsorption isotherms were obtained using a
Belsorp Mini apparatus measured at 77 K. PXRD patterns were
collected on a Thermo Scientific ARL X'Tra diffractometer operated
at 40 kV and 30 mA using Cu-K, radiation (4 = 1.5406 A).
Thermogravimetric analyses (TGAs) were performed on a Netzsch
STA-449 F3 Jupiter-simultaneous TG-DSC analyzer in the temper-
ature range of 20-800 °C under a N, atmosphere and a heating rate of
2 °C /min. XPS measurements were performed on a Thermo Fisher
Scientific K-Alpha. All electrochemical measurements were performed
in a conventional three-electrode system using a CHI 760D
electrochemical workstation. Modified rotating disk electrode
(RDE), Pt wire, and saturated calomel electrode were used here as
the working, counter, and reference electrodes, respectively. The
modified RDE was prepared by drop-casting slurry of the synthesized
electrocatalyst material on the precleaned RDE electrode. The slurry
was prepared by ultrasonically dispersing S mg of the electrocatalyst in
1 mL of isopropanol with 20 uL of 5% Nafion solution for 1 h. 80 L
of slurry was drop-casted on the RDE.

B ASSOCIATED CONTENT
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