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A B S T R A C T   

Performance of electrocatalyst in an aqueous electrolyte is greatly influenced by the structure of electrolyte- 
electrocatalyst interface. Regulating mass transfer is important in controlling surface reactions to alter the 
overall reaction kinetics. Thus, modification of interfacial structures is an effective approach to improving the 
electrocatalytic performance. In this paper, we report the use of functionalized amine-based covalent organic 
frameworks (COFs) as the modifier of electrocatalytic properties by facilitating the proton transfer of hydrogen 
evolution reaction (HER) in an acidic medium. Results from the electrochemical solid-liquid interface (ESLI)- 
based density functional theory (DFT) calculations suggest that functionalized COFs increase the local hydrogen 
concentration at the COF-electrocatalyst interface. Our simulation data indicates the enhancement in HER ac
tivity is achieved partially through the protonation site of the secondary amine of the COF on electrode surface, 
suggesting a new mode of controlling interfacial proton transfer for improving the HER kinetics.   

1. Introduction 

Green hydrogen production relies on the development of efficient 
electrochemical systems [1–3], which require not only active electro
catalysts but also optimal system designs [4]. Since electrocatalysis is 
often a heterogeneous process occurring in an aqueous electrolyte, its 
elemental steps involve adsorption of reactant species, reaction of 
adsorbed species, and desorption of products [5,6]. For example, the 
performances of electrocatalysts in hydrogen evolution reaction (HER) 
and oxygen evolution reaction (OER) are heavily influenced by the 
near-surface chemisorption of reactants (e.g., H2O, OH-, and H+) and 
reaction intermediates (e.g., H*, HO*, HOO*, and O*) [7]. In this 
context, modifying interfacial structures may directly affect mass 
transfer and reaction kinetics, thereby enhance the overall catalytic 
performance [8–10]. 

There exist several strategies for modifying interfacial structures and 
consequently overall electrochemical reaction rates. For instance, 
enhancing the affinity of reactant ions can be achieved through surface 
modifications of electrocatalysts, including the Helmholtz plane, using 
functional molecules [11,12]. One direct result of such modification is 
high local concentration or accelerated diffusion of reactants. Ionic 
liquids were used, in this context, to improve the kinetics of oxygen 
reduction reaction because of their oxygen solubility, which helps 
increasing oxygen concentration and facilitates rapid removal of water 
molecules [13,14]. Protic ionic liquid was also utilized to improve the 
diffusion of protons to catalyst surface [15]. Modification of interfacial 
structures change interactions between surface atoms and reaction 
species as well [5]. Such interactions are closely related to the intrinsic 
properties or local conditions, such as electronic structure of active sites 
[16], surface strain [17], defects or vacancies [3], and neighboring sites 
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[18]. While the overall strategy for interfacial modification has been 
established for a while, the complexity of multistep electrochemical 
reactions impedes the development of approaches to synergistically 
increasing the mass transfer and surface reactivity [19], and hinders the 
identifications of key factors for high catalytic performance [20]. 

To understand the effect of interfacial structures on proton transfer 
and reaction kinetics in an electrocatalytic process, such as HER, we 
designed specific covalent organic frameworks (COFs) for surface 
modifications of Pt electrocatalysts. The COFs selected in this study 
possess two-dimensional (2D) structures [21–26]. They were reported to 
facilitate lithium-ion mitigation in batteries [21,27]. Amine-based 2D 
COFs exhibit excellent stability across a wide potential window under 
acidic conditions [28,29]. In addition, these COFs are structurally flex
ible in terms of modifiable functional groups [30–32]. In this study, we 
introduced amine (NH2), nitro (NO2) and sulfonic (SO3) functional 
groups, respectively, to investigate their effects on the interfacial 
structure and the corresponding electrocatalytic activity. These func
tional groups may change the electronic properties of amine-based 
COFs, with NH2 being an electron donating group, while NO2 and SO3 
being the electron withdrawing groups. As a result, these functionalized 
COFs are expected to change the proton distributions in the near-surface 
region, as illustrated in Fig. 1. 

We observed that the NH2-COF-modified Pt electrocatalyst exhibited 
the greatest enhancement in HER activity, with 30 % lower over
potential at 10 mA cm−2 than the unmodified Pt. Density functional 
theory (DFT) simulations were performed based on an electrochemical 
solid-liquid interface (ESLI) model, which considers all key species on 
the catalyst surface, including water, proton, COF, and Pt. Our simula
tion results suggest that incorporating COFs to the systems significantly 
enhances the proton transfer and consequently the kinetics of hydrogen 
formation. Protonation on the secondary amine group and electron- 
donating ability of the functional group (i.e., NH2) help concentrate 
protons at the interface. Our DFT calculations further suggest that strain 
of Pt surface increases after its modifications by COFs, favoring a new 
pathway for the formation of molecular hydrogen, which most likely 
exists at the researched interface. In this new pathway, two adsorbed 
hydrogen atoms are not all from Pt surfaces; instead, one from the sec
ondary amine site and the other from the on-top site of Pt surfaces. These 
two types of absorbed hydrogen atoms have the shortest inter-atom 
distance and thus facilely react to produce hydrogen molecules. 

2. Experimental section 

2.1. Chemicals 

Mesitylene (98 %), p-dioxane (>99 %), 1,3,5-triformylbenzene 
(97 %), p-phenylenediamine (>98 %), 2,5-diaminobenzenesulfonic 
acid (>97 %), ferrocene (>98 %), Nafion solution (5 wt%), and tetra
butylammonium perchlorate (>98 %) were purchased from Sigma 

Aldrich. Acetonitrile (>99 %), N-methyl-2-pyrrolidone (>99 %), and tin 
(II) chloride dihydrate (>98 %) were purchased from Alfa Aesar. 2- 
nitro-p-phenylenediamine (95 %), tetrahydrofuran (>99 %), acetone 
(>99 %), and acetic acid (glacial grade) were obtained from Thermo 
Fisher Scientific. Triformylphlorogucinol (>95 %) were purchased from 
AmBeed and Fisher Scientific. Platinum on activated carbon (20 wt%) 
was provided by BASF. All chemicals were used without further 
purification. 

2.2. Synthesis of Bz-COF and functionalized COFs 

In this study, Bz-COF was prepared through Schiff-base reaction. In a 
typical procedure, triformylphloroglucinol (TPG, 0.15 mmol or 
31.5 mg) was mixed with p-phenylenediamine (0.22 mmol or 24.5 mg) 
in 1.5 mL of a solvent mixture made of mesitylene and 1,4-dioxane (50/ 
50 v/v) in a 5 mL reaction vial. This reaction mixture was heated at 120 
◦C for 72 h in the presence of 0.3 mL of 0.3 M aqueous acetic acid to 
produce red powder, which was filtered and washed using 30 mL of 
water and 30 mL of acetone for three times. The product was dried in a 
vacuum oven (VWR Symphony) at 80 ◦C overnight. 

For the preparation of NO2-COF, 34.43 mg of 2-nitro-p-phenyl
enediamine (instead of p-phenylenediamine) was used, while keeping 
all other procedures the same. Similarly, 2,5-diaminobenzene sulfonic 
acid (42.31 mg) was used to make SO3-COF. NH2-COF was synthesized 
by reducing NO2-COF. In a typical procedure, 50 mg of NO2-COF and 
1.5 g of SnCl2⋅2 H2O were added to a 5 mL of tetrahydrofuran, followed 
by refluxing for 3 h. The powder product was then washed with 200 mL 
of 0.1 M HCl aqueous solution. 

2.3. Synthesis of Bz-COF2 

Bz-COF2 was prepared through Schiff-base reaction between of 
1,3,5-triformylbenzene (TFB, 0.15 mmol) and p-phenylenediamine 
(0.22 mmol) in 1.5 mL of 50:50 (v/v) mesitylene and 1,4-dioxane sol
vent mixture in a 5 mL reaction vial. The reaction mixture was heated at 
120 ◦C for 72 h in the presence of 0.3 mL of 0.3 M aqueous acetic acid to 
produce a red powder, which was filtered and washed using 30 mL of 
water and 30 mL of acetone for three times, respectively. The product 
was dried under the vacuum at 80 ◦C overnight. 

2.4. Characterization of Bz-COF and functionalized COFs 

The chemical structures of the COFs were analyzed after deproto
nation of the COFs using 0.1 M KOH aqueous solution to increase its pH 
value to 8. The FT-IR spectra were recorded using a Perkin Elmer 
Spectrum 2 FTIR spectrometer equipped with an attenuated total 
reflection (ATR) module. Solid-state 13C NMR spectrum was recorded on 
a Varian UI300 NMR spectrometer with CP-MAS at a 13C frequency of 
75.4 MHz under a spinning speed of 10 kHz and the MAS condition with 

Fig. 1. Schematic illustration of distribution of protons at unmodified (left) and COF-modified (right) electrode surfaces.  
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3 ms of contact time. Transmission electron microscopy images were 
obtained using JEOL 2100 Cryo TEM with a LaB6 emitter at an accel
erating voltage of 200 kV. Low-angle annular dark-field scanning 
transmission electron microscopy was carried out using an aberration 
corrected Thermo Fisher Themis-Z STEM, operated at 300 kV with a 
convergence semi-angle of 18 mrad and collection angles of 25–151 
mrad. A low electron dose of 100 e- Å−2 was used to record the pores to 
minimize radiation damage. TEM samples were prepared by drop cast
ing a sample suspension onto holey carbon-coated TEM grid. Powder 
XRD patterns were recorded on Rigaku Miniflex 600 diffractometer 
using Cu Kα radiation (λ = 1.5418 Å). Elemental analysis of C, H, and N 
were conducted using Exeter Analytical CE-440 Elemental Analyzer. 

2.5. Preparation of COF-modified Pt electrocatalysts 

In a typical procedure, the amount of COF was calculated based on 
the molecular weight of the repeating unit of each COF (see Table S1). 
Four micromoles of a COF (i.e., 2.5 mg of Bz-COF, 3.1 mg of NO2-COF, 

2.7 mg of NH2-COF, and 3.5 mg of SO3-COF) was mixed with 2 mL of 
NMP in 2 mL vial and sonicated for 120 min in a sonicator bath (Branson 
CPX2800H) to make a stock solution/suspension at a concentration of 2 
μmol/mL. Similarly, 32 mg of carbon-supported Pt was added to 4 mL of 
NMP and sonicated for 60 min to make the stock suspension at a con
centration of 8 mg/mL. To make a 0.1 μmol COF-modified Pt catalyst, 
50 μL of the COF dispersion in NMP was added to 0.25 mL of Pt 
dispersion in microtube. An additional NMP was added up to 1 mL and 
the mixture was sonicated for 30 min in bath sonicator. The resulting 
suspension was centrifuged at 12,000 rpm for 5 min to remove NMP, 
followed by drying under vacuum at 80 ◦C for 6 h and cooling down to 
room temperature at ambient atmosphere to get the COF-modified Pt 
electrocatalyst. The same general procedure was used to make the COF- 
modified Pt electrocatalyst, except the amount of COF was 0.2 μmol 
(100 μL of the stock solution/suspension), 1 μmol (500 μL), and 2 μmol 
(1000 μL), in 0.25 mL of Pt dispersion. 

Fig. 2. (a) Synthetic route, (b) FT-IR spectrum, (c) solid-state 13C-NMR spectrum, (d) XRD pattern, (e) TEM micrograph, (f) low-dose LAADF STEM image, and (g) 
Fourier-filtered image of NH2-COF. Inset in (f) exhibits the corresponding FFT diffractogram. FT-IR spectrum for NO2-COF is included in (b) for comparison. 
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2.6. Measurements of electrochemical activity 

All electrochemical measurements were performed using a poten
tiostat equipped with a typical three-electrode system, including a glassy 
carbon rotating disk electrode (RDE, 5 mm diameter) as the working 
electrode, a Pt wire as the counter, and a reversible hydrogen electrode 
(RHE, Hydroflex) as the reference in a N2-saturated 0.5 M H2SO4 solu
tion at room temperature. The potential of reference electrode was 
calibrated based on hydrogen evolution and oxidation reaction. The 
catalyst ink was prepared by adding 485 μL of ethanol and 15 μL of 
Nafion solution to COF-modified Pt, followed by sonication for 5 min. 
Ten microliter of the catalyst ink was dropped on a RDE to prepare the 
working electrode with a mass loading of 0.2 mg cm−2. Control exper
iments in the alkaline electrolytes were carried out following the same 
procedures except the solution was changed to 0.1 M KOH. 

Linear sweep voltammetry (LSV) was conducted at a scan rate of 
10 mV s−1 using the RDE working electrode without rotation. Three 
independent runs were typically carried out to obtain a data point, such 
as overpotential, at a given condition. Double-layer capacitance (Cdl) 
was determined by cyclic voltammetry (CV). The CV measurement was 
carried out with a scan rate ranging from 5 to 25 mV s−1 in the non- 
Faradaic region from 0.04 to 0.14 V (vs. RHE). The change in current 
density (ΔJ = Ja-Jc) at 88 mV was plotted as a function of scan rate, and 
the Cdl value was obtained from the slope after being divided by two. 

The potential window of COFs was measured using a potentiostat 
equipped with a standard three-electrode system, including a RDE 
(5 mm diameter) as the working electrode, a Pt wire as the counter, and 
a silver wire as the quasi-reference electrode in a N2-saturated aceto
nitrile at room temperature. Tetrabutylammonium perchlorate (0.2 M) 
was used as the electrolyte. The potential of reference electrode was 
calibrated using ferrocene and the CV measurement was carried out in 
the potential region from −1.1 to 1.9 V (vs. SCE). 

2.7. Quantum mechanics simulations 

All ab initio calculations were performed with the Vienna Ab initio 
Simulation Package (VASP 5.4.4) [33]. The Perdew-Burke-Ernzerhof 
(PBE) [34] exchange-correlation functions and the projector 
augmented wave (PAW) method [35] with a generalized gradient 
approximation (GGA) [34] were used to obtain the chemisorption en
ergy on the surface. The Monkhorst-Pack [36] k-point grid was used, and 
maximum symmetry was applied to reduce the number of k-points in all 
calculations. A plane-wave cut-off energy was set at 500 eV. Lattice 
constants and internal atomic positions were optimized until the resid
ual forces became less than 0.02 eV/Å. The spin polarization and dipole 
correction were also included to decouple the electrostatic interaction 
between repeated surface structures. Valence orbital of active sites was 
obtained by the partial density of state (PDOS), which was calculated by 
sampling the Brillouin zone with a 10 ×10 x 1 k-point grid. Four 
different COF structures (Bz-COF, NO2-COF, NH2-COF, and SO3-COF) 
and Pt (111) surface were modelled in this study. The Pt (111) surface 
was constructed using four atomic layers and atoms in the bottom two 
layers were fixed while those in the top two layers were allowed to fully 
relax. The vacuum slab space of a unit cell in the z-direction was set to 
15 Å to avoid interactions between layers. To investigate HER kinetics 
for designed surfaces, we used the electrochemical solid-liquid interface 
(ESLI) model [37], which includes catalytic surface, adsorbent, and 
water layer. The activation energy barriers were calculated using the 
climbing image nudged elastic band (CI-NEB) method by considering 
five images between the initial and final states [38]. 

Fig. 3. (a) Polarization curves, (b) double-layer capacitance, (c) Tafel plot of HER activity catalyzed by NH2-COF-modified Pt, and (d) illustration of the Volmer-Tafel 
mechanism. Inset in (a) shows the overpotential at 10 mA cm−2 and in (c) exhibits the Tafel slopes as a function of the amount of NH2-COF. 
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3. Results and discussion 

3.1. Preparation and characterization of functionalized COFs 

The NO2-COF was synthesized via the Schiff-base reaction using 
triformylphloroglucinol (TPG) and 2-nitro-p-phenylenediamine as the 
precursors and acetic acid as the catalyst (Fig. 2a and Fig. S1). The 
Fourier-transform infrared (FT-IR) spectra exhibit the stretching mode 
of the bridging C––C bond at 1592 cm−1, and the stretching modes of the 
NO2 moiety at 1526 and 1344 cm−1 (Fig. 2b) [29]. Noticeably, the 
stretching mode of the C––O of TPG at 1642 cm−1 is absent in the 
spectrum (Fig. S2), indicating the successful synthesis of NO2-COF from 
TPG. The as-made NO2-COF was subsequently reduced to NH2-COF 
using SnCl2 as the reducing agent. In the NH2-COF spectrum, the two 
characteristic IR peaks of the nitro group disappeared, while the peak for 
the C––C stretching mode moved from 1592 to 1578 cm−1 with addi
tional peak appearing at 1274 cm−1, which can be assigned to C-Namine 
(Fig. 2b). This shift is a consequence of the change in electronegativity 
and its resonance effect on the COF structure, which resulted from the 
reduction of the nitro group [39]. The elemental composition analysis 
reveals that the H/N mass ratio increased from 0.20 (NO2-COF) to 0.23 
(NH2-COF), which agrees with the results obtained from the calculation 
(Table S2), thus further confirming the successful reduction. A 
solid-state 13C nuclear magnetic resonance (NMR) study indicates that 
the reduction product contains C––O (185.21 ppm), C––C-N 
(146.65 ppm), C2-C-N (137.59 ppm), C-C2 (123.62 ppm), and C-C3 
(106.90 ppm), indicating the formation of NH2-COF through tautome
rization (Fig. 2c) [29]. 

Fig. 2d shows the powder X-ray diffraction (XRD) pattern of the NH2- 
COF, and the simulated pattern derived from the density functional tight 
binding (DFTB) method [29]. The characteristic (100) diffraction for 
this COF structure was observed at 4.24◦ 2θ, in good agreement with the 
simulation results (4.5◦ 2 θ). The shoulder peak at 7.6◦ 2 θ is attributed 
to (210) plane of NH2-COF, and the peak at 26.6 ◦ 2 θ could be assigned 
to (001) diffraction [40]. The XRD data reveals that NH2-COF has a 
hexagonal symmetry with a wall-to-wall distance of 1.8 nm and an 

interlayer space of 0.32 nm, as illustrated in Fig. 2d. The XRD results 
further indicate that the NH2-COF is less ordered than NO2-COF, as 
suggested by the weaker diffraction intensity and fewer defined peaks in 
Fig. S3 [41]. Transmission electron microscopy (TEM) studies reveal 
that the NH2-COF possesses a sheet-like morphology (Fig. 2e). 
High-magnification image (Fig. 2f) obtained using low-angle annular 
dark-field scanning TEM (LAADF-STEM) visualizes the porous structure 
of NH2-COF. The image and the corresponding fast Fourier transform 
(FFT) diffractogram (Fig. 2f inset) show that the NH2-COF is crystalline 
with a lattice spacing of ~1.9 nm, which agrees with the XRD analysis 
and N2 isotherm analysis (Fig. 2d and Fig. S4). In this specific region, the 
COF layers are twisted relative to one another at 16◦ angle, resulting in a 
Moiré pattern that is clearly visible in the Fourier-filtered image 
(Fig. 2g). Such sheet-like morphology favored the van der Waals inter
action between the COFs and substrate, which enables a close contact 
between the NH2-COF layer and Pt surface [42]. 

3.2. Study of the HER performance of COF-modified Pt electrocatalysts 

The functionalized COFs were dispersed in N-methyl-2-pyrrolidone 
(NMP) and mixed with a Pt catalyst to prepare a COF-modified Pt 
electrocatalyst on carbon support. The electrochemical stability of NH2- 
COF was tested in N2-saturated acetonitrile, using a potential range from 
−1.1 to 1.9 V (vs. SCE). Notably, we detected no significant redox peaks 
within the potential window from −0.8 to 1.7 V (vs. SCE), indicating 
remarkable electrochemical stability (Fig. S5). The polarization curves 
of the NH2-COF modified Pt exhibited enhanced HER activity in com
parison with the pristine Pt (Fig. 3a). Control experiments using NH2- 
COF alone barely revealed any HER activity from −0.04 to 0.0 V (vs. 
RHE) (Fig. S6). Based on these findings, we attributed the enhanced HER 
activity to the interaction between NH2-COF and Pt. We evaluated the 
overpotential (η) at 10 mA cm−2 using different quantities of NH2-COF 
(inset in Fig. 3a). The NH2-COF modified Pt exhibited an overpotential 
of 19 mV at a COF loading of 2 μmol. This corresponds to an over
potential reduction of approximately 30 % in comparison to the pristine 
Pt electrocatalyst (26.7 mV). At the same overpotential, the HER current 

Fig. 4. Pt electrocatalysts with (a) functionalized COFs, and their (b) polarization curves, and HER performances characterized by overpotentials at (c) 10 mA cm−2 

(COFs: 2 μmol) and (d) as a function of the COF amount used. 
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density increased with the higher amount of NH2-COF. 
Capacitances of Pt and COF-modified Pt electrocatalysts were char

acterized by measuring the electric double layers (EDLs). This EDL is 
sensitive to the electronic structure at the interface [43,44]. Our results 
show the double-layer capacitance (Cdl) changed from 16.7 mF cm−2 for 
Pt to 11.5 mF cm−2 for 0.1 μmol NH2-COF-modified Pt (Fig. 3b, 
Fig. S7-S8). The control experiment using only NH2-COF exhibited a 
negligible Cdl value of 0.00015 mF cm−2 (Fig. S9). These results suggest 
that the observed changes in Cdl result from the interaction between 
NH2-COF and Pt surface. As the amount of NH2-COF changed from 0.1 to 
2 μmol, Cdl rose from 11.5 to 17.9 mF cm−2. The data suggests adding 
NH2-COF greatly change the thickness of the electric double layer or 
charge density at the interface region. 

We investigated the HER mechanisms of these COF-modified Pt 
electrocatalysts by firstly examining the Tafel plots [45]. The 
NH2-COF-modified Pt exhibited a Tafel slope of about 30 mV/dec, 
which changed little when other amounts were used to modify the Pt 
catalyst (Fig. 3c). Such a small Tafel slope is an indicator of Volmer-Tafel 
mechanism (Fig. 3d). In this mechanism, the rate-limiting step (RLS) is 
the Tafel step, during which two adsorbed hydrogens combine to 
generate one hydrogen molecule, though the nature of adsorbed hy
drogens could be quite different between COF-modified and pristine Pt 
catalysts, which we will discuss in the following sections. Notably, the 
surface modification of Pt catalyst with NH2-COF resulted in a decrease 
in the overall resistance of charge transfer in HER (Fig. S10). In addition, 
the NH2-COF enhanced the electrochemical stability of the modified 
Pt/C catalyst, as illustrated in the chronoamperometric test (Fig. S11). 
No aggregation of Pt nanoparticles was observed after the stability test 
(Fig. S12). The slight change in Cdl from 17.9 to 17.6 mF cm−2 after the 
stability test also implied negligible variation of COF layer on Pt/C 
catalyst (Fig. S13). 

3.3. Study of the influence of COF modifications on HER activity 

COFs with a functional group other than amine (-NH2) were syn
thesized to study the impact of functionalization on HER activity. In 
addition, the amine-COF without any functional group (Bz-COF) and 
one with sulfonate group (SO3-COF) were made to examine how elec
tronic structures of COFs affect proton transfer and catalytic perfor
mance. Bz-COF and SO3-COF were synthesized by substituting 2-nitro-p- 
phenylenediamine with p-phenylenediamine and 2,5-diaminobenzene
sulfonic acid, respectively, and their structures were characterized 
using FT-IR spectroscopy, solid-state 13C NMR, and powder XRD (Fig. S1 
and S14-S16). 

Fig. 4a shows chemical structures of Bz-COF, NO2-COF, NH2-COF, 
and SO3-COF. Their HER activity was evaluated by analyzing the po
larization curves of Pt electrocatalysts modified by 2 μmol of Bz-COF, 
NO2-COF, NH2-COF, and SO3-COF, respectively (Fig. 4b). The results 
reveal the following trend in HER activity: SO3-COF < pristine Pt (no- 
COF) < Bz-COF < NO2-COF < NH2-COF. The SO3-COF modified Pt ex
hibits an overpotential of 29.2 mV at the current density of 10 mA cm−2, 
which is higher than that of bare Pt/C electrocatalyst (26.7 mV). In 
contrast, Bz-COF, NO2-COF, and NH2-COF modified Pt exhibited over
potentials of 22.5, 21.5, and 19.2 mV, respectively (Fig. 4c). The 
enhanced HER performance of Bz-COF modified Pt suggests the HER 
activity is synergistically affected by both the functional group (-NO2, 
-NH2, -SO3) and the secondary amine site in the basic COF structure. 

To understand the structural origin for the observed HER perfor
mance, we examined the effects of different functional groups. Sulfonate 
group is known to have good proton conductivity [46–48], and SO3-COF 
modified electrode was expected to enhance HER activity by facilitating 
proton transfer to Pt surface. Our experimental observations however 
show that as the loading amount of SO3-COF increased, the observed 
overpotential grew, indicating the HER activity deteriorated (Fig. 4d). 
The detrimental effect may rise from the poisoning of active sites 
because of the high affinity of sulfonate group to Pt [49,50]. This 

argument is supported by the observation of enhanced HER performance 
for those catalysts with nitro and amine functional groups, which did not 
poison the Pt surface. The change in activity has been attributed to 
interfacial proton transfer within the tightly bonded Helmholtz layer or 
Stern layers [51,52]. NH2-COF modified electrode did not exhibit cat
alytic activity enhancement for HER in a 0.1 M KOH solution. This 
observation is readily understood because of the scarcity of protons in 
alkaline electrolytes and the HER typically does not undergo proton 
transfer pathway in alkaline media (Fig. S17). To investigate whether 
the functional groups of COFs are directly involved in the protonation 
process, we analyzed the relationship between pKa values of function
alized COFs and HER activity catalyzed by these COF-modified Pt/C 
(Fig. 5a). The estimated pKa value for the aniline moiety of NH2-COF is 
approximately 4.6, suggesting that it could be protonated under acidic 
conditions. Therefore, NH2-COF may provide a pathway for proton 
transfer to NH2-COF-Pt interface. According to the conventional 
Volmer-Tafel mechanism, overpotential should have a linear relation
ship with the pKa of the COFs. Since there exists no clear correlation 
between pKa value and overpotential (Fig. 5b), these functional groups 
may not directly involve in the protonation process. 

Despite the different effects of functionalized COFs on HER activity, 
it is noteworthy to point out that all modified Pt electrocatalysts 
exhibited similar Tafel slopes (<30 mV/dec), which follow the Volmer- 
Tafel mechanism (Fig. S18). Thus, we further examined the role of the 
bridging secondary amine using a COF without the functional groups 
(Bz-COF2). Bz-COF2 is also stable within the potential window used in 
this study and thus suited for conducting HER measurements (Fig. S19). 
Bz-COF2 was synthesized by reacting p-phenylenediamine with 1,3,5- 
triformylbenzene (TFB), which does not have the ketone group 
(Fig. S20). Bz-COF2 was characterized by FT-IR spectroscopy, solid-state 
13C-NMR spectroscopy, and powder XRD. The peak at 1692 cm−1 in FT- 
IR, which is attributed to the stretching vibration mode of C––O in TFB, 
disappeared after the reaction (Fig. S21). Solid-state 13C-NMR spectrum 
shows the product exhibits chemical shifts at 157.99 ppm for C-C––N, 
149.10 ppm for C2-C-N, 137.07 ppm for C-C3, and 130.86 ppm and 
121.96 ppm, respectively, for the two C-C2, (Fig. S22). The absence of 
the peak centered around 184–186 ppm indicates the disappearance of 
C––O after the reaction, which is consistent with results from the FT-IR 
spectrum. These convergent results indicate the successful formation of 

Fig. 5.. (a) Estimated pKa values for different COFs, and (b) relationship be
tween overpotential and estimated pKa value of the corresponding func
tional group. 
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the Schiff-base compound. Powder XRD pattern shows the formation of 
ordered framework structures (Fig. S23). 

Linear sweep voltammograms reveal that Bz-COF2-modified Pt 
catalyst exhibits a lowered overpotential, and better activity than pris
tine Pt toward HER (Fig. S24). This result indicates lacking ketone group 
and other functional groups in Bz-COF2 does not significantly impact the 
HER activity. This finding, together with observations from the NH2- 
COF-Pt electrocatalyst, suggests that nitrogen-containing bridging 
structures (C-NH-C and C––N-C) of COFs are important factors for the 
enhanced HER activity. 

3.4. DFT calculation for understanding the effects of functionalized COFs 
on HER activity 

To understand how electrolyte-electrocatalyst interfacial in
teractions facilitate the transfer of protons, we conducted DFT calcula
tions using the electrochemical solid-liquid interface (ESLI) model 
(Fig. 6a) [37]. We used the ESLI model so that all major interfacial 
species could be accounted for in computing the reaction kinetics for 
proton-electron transfer reactions. In another word, we considered not 
only Pt surface but also the synergistic effects of solvent (i.e., water), 
functionalized COF, and acidic environment (Fig. S25) [53]. Specif
ically, we evaluated the reaction kinetics by comparing activation en
ergy barriers of the elementary steps across the free energy diagram 
(FED) due to addition of COF. All energy barriers were calculated in the 
presence of water with proton that is transferred to the adsorbed sites. 
This design of FED was based on and supported by the experimental 
results from Tafel slope analysis (Fig. S18). The FED results suggest that 
the proton combination acts as the rate-limiting step (RLS) judging by 
the activation energy, which ranges from 0 to 1.2 eV (Fig. 6b). This 
value is significantly higher than the energy barriers of the Volmer step, 
which spans from 0 to 0.6 eV for all Pt electrocatalysts, with or without 

the modification by COFs. Fig. S26 summarizes the calculated energy 
barriers of the Volmer step for all electrocatalysts, which suggest the Pt 
electrocatalyst modified by NH2-COF has the lowest activation energy. 
In the subsequent Tafel step, where surface protons are taken into the 
consideration, the ESLI model further indicates the activation energy of 
NH2-COF-modified Pt remains the lowest (Fig. S27). 

To computationally examine the origin of the change in activation 
energy of COF-modified Pt surfaces, we first analyzed the binding en
ergy of H* on the Pt(111) facet by considering the geometric effect of 
active sites, including face-centered cubic (fcc), hexagonally close- 
packed (hcp), on-top, and bridge sites (Fig. S28). Our calculations 
indicate that the first tightly bonded layer on Pt(111) surface consists of 
H* atoms occupying on-top sites, and additional H* atoms on hollow 
sites (i.e., hcp and fcc), resulting in an optimal surface of 1.08 monolayer 
(mL) of H* on pristine Pt. Adding COFs may increase proton concen
tration on the Pt surface. Among the functionalized COFs, NH2-COF 
exhibits the highest surface coverage, up to 1.16 mL of H* (Fig. S29), 
which is consistent with our experimental data based on the capacitance 
measurements. The enhanced surface proton concentration could 
contribute to the lowered HER overpotential observed in NH2-COF 
modified Pt electrocatalyst. 

Our experimental data also suggests the bridging secondary amine 
site (C-NH-C and C––N-C) is likely the protonation site for proton to 
transfer from electrolyte to Pt surface. In addition to the adsorbed H* on 
Pt (i.e., the classical Volmer-Tafel mechanism), the proton at the sec
ondary amine site of COFs needs to be considered in examining both 
protonation and the subsequent deprotonation step for the formation of 
hydrogen molecule. We studied the changes in electron charge at the 
secondary amine of COFs with and without the functional groups of 
NH2, NO2, and SO3 (Fig. 6c). The modification with COFs leads to the 
difference in electron-filling in the antibonding states. NH2 functional 
group donates electrons to the secondary amine, while the NO2 and SO3 

Fig. 6. ESLI-based DFT simulations of COF-modified Pt electrocatalysts. (a) Structures of COF moieties with different functional groups (Bz-COF, NH2-COF, NO2- 
COF, and SO3-COF) and the illustration of interfacial structures of Pt (111) surface with COF and water layer; (b) overall HER free energy diagram (FED); (c) variation 
of electron charge of the secondary amine in the framework as a function of different moieties (NH2, NO2, and SO3); (d) p-band centers of secondary amine in the 
COF-based structures; and (e) FED for HER catalyzed by Pt with a compressive strain of 0, −1, −2, and −2.5 %, respectively. 
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groups extract electrons. Thus, the secondary amine of NH2-COF exists 
within a reductive environment, in which protonation at this site be
comes easier than that of other COFs. 

To further examine the effect of deprotonation of H* during the 
surface reaction, we calculated band centers of secondary amines to 
understand the distribution of valence p-orbitals, which are closely 
related to the hydrogen binding strength (Fig. 6d). In these functional
ized COFs, p-band center shifts either downwards due to an n-type 
doping effect (i.e., electron donation from NH2) or upwards due to a p- 
type doping effect (i.e., electron withdrawal to NO2 and SO3). The amine 
site of NH2-COF exhibits the lowest p-band center among all the func
tionalized COFs. This configuration results in more electron filling in the 
antibonding orbitals, especially those between the p-orbital of nitrogen 
and s-orbital of hydrogen. As a result, the deprotonation of H* is favored. 

In addition to the deprotonated H* originating from functionalized 
COFs, additional hydrogen is needed to form molecular hydrogen. Our 
experimental findings suggest the ability of incorporated COFs to 
interact with both these hydrogens enhances the efficiency of the for
mation of molecular hydrogen. Thus, additional DFT simulations were 
carried out to reveal that COF modification may lead to a reduction in 
the Pt-Pt distance, changing from 2.775 Å to 2.703 Å (Fig. S30), where 

the surface may exhibit a compressive strain up to −2.5 %. The 
compressive strain, as is suggested by DFT results, is big enough to 
change the surface reaction kinetics. We therefore performed the DFT 
calculation to obtain the free energy values for surface reactions on Pt 
with one monolayer of surface-bound H* atoms and a water bilayer. 
Specifically, the H* binding free energy on the hollow site was compared 
among these electrocatalysts according to the magnitude of compressive 
strain, knowing the optimal H* coverage on Pt is 1.08 mL. All simula
tions were conducted by considering the water layer on the catalyst 
surface. The results suggest that as the compressive strain of Pt surface 
increases, the reaction rate of additional H* binding to the hollow site 
becomes slow (Fig. 6e). This change can be attributed to the reduced 
distance between H* on adjacent on-top sites due to the surface stress. 
The reduced Pt-Pt distance results in electrostatic repulsion and in 
destabilizing the addition of H* to hollow sites. Consequently, on-top 
sites become the most favorable position on Pt surface for reactive H* 
atoms. Crucially, among all hydrogen atoms at the interface of COF- 
modified Pt, the one stabilized by the secondary amine of COFs be
comes the closest to the reactive H* on the on-top site on Pt (1.563 Å), 
making these two the most likely sources to form a hydrogen molecule 
(Fig. 7). In another word, hydrogen stabilized by the bridging amine site 
of COF and H* on the on-top site of Pt react to form one hydrogen 
molecule, instead of the commonly known situation where two H* 
atoms on Pt surface react (Fig. 8). 

This surface or interface reaction model could explain the observed 
experimental results, in which Pt modified by NO2-COF exhibited 
significantly higher activity than that by SO3-COF, despite their simi
larities in both the total number of surface hydrogen atoms and the Pt-Pt 
distance. In this interfacial reaction pathway, H atom on the amine site is 
located close to the NO2 functional group, where protons are stabilized 
through the electrostatic interaction with oxygen (-0.42 e-) (Fig. S31). 
Proton interacts however much stronger with oxygen in SO3-COF (-1.24 
e-) than that in NO2-COF, resulting in a considerable increase in the 
energy barrier through trapping two protons in transition state 
(Fig. S27). Our DFT calculations suggest that incorporation of COFs 
plays a significant role in both increase in surface proton concentration 
and enhancement in surface reaction kinetics. 

4. Conclusion 

We showed functionalized amine-based COFs could serve as an 
effective modifier for Pt electrocatalysts. Quantum simulation results 
suggest these COFs facilitate the proton transfer and hydrogen molecule 
formation through the secondary amine of the surface COF. Unlike the 
pure metal electrode, the formation of hydrogen molecules by COF- 
modified Pt electrocatalyst may take place between one hydrogen 
atom from the secondary amine site and another from Pt surface. Such 
combination to form a hydrogen molecule is an energetically favored 
pathway for HER under the researched conditions. This study highlights 
the potential for using functionalized COFs in controlling the interfacial 
structures of electrocatalysts for high catalytic performance. We 

Fig. 7. Illustrations of DFT simulation results of the distance between different 
types of surface H atoms at water-COF-Pt interface of the electrocatalyst 
modified with NH2-COF. 

Fig. 8. Schematic illustration of interfacial structures and functions of amine-based COF on HER. Results from DFT simulation suggest the secondary amine in the 
surface COF framework involves in the formation of hydrogen molecules. 
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envision this study should provide useful insights into the design of new 
electrocatalysts using highly ordered porous, thin-film materials, such as 
functionalized COFs presented in this study. 
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Notes for Computational Analysis of Hydrogen Evolution Reaction Mechanisms 

Hydrogen evolution reaction (HER) potential analysis based on TCM-CHE 

approach. On simulation studies, we used the free energy diagram (FED) based on the 

thermochemical model (TCM) and computational hydrogen electrode (CHE)1 to calculate 

the free energy for electrochemical reactions. This is the preferred density functional theory 

(DFT) method for studying the electrochemical reactions. In this simulation framework, 

chemical potential of proton and electron pair (𝜇ሺ𝐻ା ൅ 𝑒ିሻ) is estimated from the half of 

chemical potential of 𝐻ଶ gas at pH equal to zero, and it can be shifted by – 𝑒𝑈 when the 

external potential U is applied, i.e., 𝜇ሺ𝐻ା ൅ 𝑒ିሻ ൌ 0.5𝜇ሺ𝐻ଶሻ െ 𝑒𝑈. For the investigation 

of catalytic reactions on a specific surface, thermodynamic stability of the adsorbent is 

considered as the main descriptor, which is used to determine the rate-limiting step (RLS). 

For HER, generation of Hଶ generally follows either Volmer-Tafel or Volmer-Heyrovsky 

mechanism in the following steps: 

Volmer reaction:      2Hା ൅ 2eି → H∗ ൅ Hା ൅ eି    (1) 

Tafel reaction:        H∗ ൅ H∗ → Hଶ ൅ ∗             (2) 

Heyrovsky reaction:    H∗ ൅ Hା → Hଶ ൅ ∗            (3) 

where ∗  and H* are the active site and adsorbed H atom on the catalyst surface, 

respectively. In this study, the chemical potentials of the initial (2Hା ൅ 2eି) and final 

states (Hଶ) are the same, since the equilibrium reduction potential for the HER is 0 V. Thus, 

their intermediate states should have the same chemical potential as the initial and final 

states under equilibrium potential for an ideal catalyst, that is, U equals to 0 V. However, 

the actual catalyst deviates from the ideal case due to the binding strength of the 

intermediate on catalyst surface. Therefore, the optimum value of Gibbs free energy of the 

intermediate (H*) should be zero for a spontaneous reaction without a barrier. 

To investigate the free energy between elementary steps, including proton and electron 

transfer, we obtain the potential under the standard condition (298.15 K and 1 atm). Here, 

∆G value of an elementary step in HER can be obtained using the following equation:  

∆G ൌ ∆E ൅ ∆E୞୔୉ െ T∆S ൅ ∆G୙ ൅ ∆G୮ୌ   (4) 

where ∆E is the binding energy of adsorbent, T is the absolute temperature, ∆E୞୔୉ is the 

change in the zero-point energy, and ∆S is the change in entropy. The value of E୞୔୉ and S 

can be computed from the vibrational frequency values of the adsorbed species, which are 
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obtained from finite-difference calculations. ∆G୮ୌ is the contribution of Hା, which can be 

determined as the product of κ୆T ∗ lnሺ10ሻ ∗ pH, where κ୆ is the Boltzmann constant. ∆G୙ 

can be used to evaluate the effect of the applied bias at electrode, which is equal to – neU, 

where n  is the number of transferred electrons in each step. Thus, we used limiting 

potential (U୐) to assess the catalytic activity that can be determined by:  

U୐ ൌ െmax ሺ∆Gଵ,∆Gଶ,∆Gଷ, … . ,∆G୧ሻ/e   (5) 

where ∆G୧ is the reaction free energy between elementary steps in the overall HER.  

 

HER rate analysis based on the ESLI model. Although the TCM-CHE approach 

described above can be quite successful in the prediction of HER overpotential by finding 

potential-determining step (PDS),1 the reaction rate cannot be properly analysed by this 

approach when catalyst surface, COF, proton, and near surface water molecules must be 

considered. Hence, we constructed a different model, the so-called electrochemical solid-

liquid interface (ESLI), which is comprised of a metal catalyst surface, additional electrons 

in the metal, and solvated protons in water layer above the surface.2 This ESLI model 

allows to study the effect of solvation and electrode potential by explicitly varying the 

proton-electron concentration at the interface. To mimic an acidic environment for HER 

and calculate the overpotential, we added a proton in the water double layer outside the 

surfaces of interests (i.e., Pt, Bz-COF, NH2-COF, SO3-COF, and NO2-COF). Based on 

these interfacial structures, we calculated the electrode potentials.  

In addition, we calculated the energy barriers for proton-electron transfer to determine rates 

for all elementary steps under a predetermined external potential to the surface, and applied 

the corresponding, calculated reaction energy barriers to the free energy diagram (FED), 

which was obtained by the TCM-CHE approach. The rate-limiting step (RLS) was 

determined based on the reconstructed FED and used to verify the preferred reaction 

pathway from adsorption of H to desorption of H2 gas. Specifically, in the case of H2 gas 

desorption step, only the Tafel reaction was considered based on the experimental 

observation that Tafel slopes for the COF-modified electrocatalysts were ~ 30 mV/dec. 
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Figures 

 

 

Fig. S1. Synthetic route of COFs by the Schiff-base reaction using triformylphloroglucinol 

(TPG), different diamine compounds and other additives. 
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Fig. S2. FT-IR spectrum for TPG. 
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Fig. S3. Powder XRD pattern for NO2-COF. 
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Fig. S4. N2 adsorption-desorption isotherm of (a) Bz-COF, (b) NH2-COF, (c) SO3-COF 

and the corresponding pore size distribution analyses of (d) Bz-COF, (e) NH2-COF, and 

(f) SO3-COF based on the NL-DFT model. 

  

0.0 0.2 0.4 0.6 0.8 1.0

0

2000

4000

6000

8000

10000

12000
Q

u
a

n
ti

ty
 (
m

o
l/g

)

Pressure (P/P0)
0.0 0.2 0.4 0.6 0.8 1.0

0

5000

10000

15000

20000

Q
u

an
ti

ty
 (
m

o
l/g

)

Pressure (P/P0)
0.0 0.2 0.4 0.6 0.8 1.0

0

5000

10000

15000

Q
u

an
ti

ty
 (
m

o
l/g

)

Pressure (P/P0)

176.97 m2/g 231.37 m2/g 157.20 m2/g

0 2 4 6 8 10
0

2

4

6

1.
6

8

2.
74

S
u

rf
ac

e 
ar

ea
 (

m
2 /g

)

Pore width (nm)
0 2 4 6 8 10

0

2

4

6

2.
7

4

 
 

S
u

rf
ac

e 
ar

ea
 (

m
2 /g

)

Pore width (nm)

1
.6

8

0 2 4 6 8 10
0

2

4

6

8

10

12

1
.4

2

2
.7

4

S
u

rf
ac

e 
ar

ea
 (

m
2 /g

)

Pore width (nm)

ba c

ed f



S8 
 

 

 

Fig. S5. Cyclic voltammograms for as-prepared NH2-COF, tested in 0.2 M 

tetrabutylammonium perchlorate in acetonitrile. 
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Fig. S6. Linear sweep voltammogram for HER using only NH2-COF. 
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Fig. S7. Cyclic voltammograms of Pt electrocatalysts modified with (a) 0 (pristine Pt), (b) 

0.1, (c) 0.2, (d) 1, and (e) 2 μmol of NH2-COF, respectively. 
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Fig. S8. Difference in current density (Ja-Jc) between anode (Ja) and cathode (Jc) at 0.11 V 

(vs. RHE) as a function of scan rate for Pt electrocatalysts modified with (a) 0 (Pt only), 

(b) 0.1, (c) 0.2, (d) 1, and (e) 2 μmol of NH2-COF, respectively.   
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Fig. S9. (a) Cyclic voltammograms and (b) difference between anode (Ja) and cathode (Jc) 

in current density (Ja-Jc) at 0.11 V (vs. RHE) as a function of scan rate for NH2-COF only. 
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Fig. S10. Nyquist plots of bare Pt/C and NH2-COF modified Pt/C at -0.02 V (vs. RHE) 

using impedance spectroscopy. 
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Fig. S11. Chronoamperometry studies of bare and NH2-COF modified Pt/C 

electrocatalysts at -0.02 V (vs. RHE). The concentration of NH2-COF used in the synthesis 

was 2 µmol. 
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Fig. S12. TEM images of the NH2-COF modified Pt/C electrocatalyst (a) before and (b) 

after the stability test. 
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Fig. S13. Double layer capacitance (Cdl) measurement. (a) Cyclic voltammograms and (b) 

difference in current density (Ja-Jc) between anode (Ja) and cathode (Jc) at 0.11 V (vs. RHE) 

as a function of scan rate of Pt/C electrocatalysts modified with 2 μmol of NH2-COF after 

the stability test. 
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Fig. S14. FT-IR spectra of Bz-COF (black) and SO3-COF (red). 
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Fig. S15. Solid-state 13C NMR spectra for (a) Bz-COF, (b) NO2-COF, and (c) SO3-COF. 
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Fig. S16. Powder XRD patterns for Bz-COF (red) and SO3-COF (blue), together with the 

simulated XRD for Bz-COF (black). 
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Fig. S17. LSV polarization curves for HER catalyzed by the Pt/C electrocatalysts with and 

without the modification by NH2-COF (2 µmol) in 0.1 M KOH electrolyte. 
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Fig. S18. (a) Tafel slopes and (b) their relationship with overpotentials for Pt 

electrocatalysts modified with different COFs (2 μmol). 
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Fig. S19. Cyclic voltammogram for Bz-COF (black), Bz-COF2 (red), and SO3-COF (blue). 
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Fig. S20. Reaction for making Bz-COF2 using Schiff-base reaction between 1,3,5-

triformylbenzene and p-phenylenediamine. 
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Fig. S21. FT-IR spectra for 1,3,5-triformylbenzene (TFB, black) and Bz-COF2 (red). 
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Fig. S22. Solid-state 13C NMR spectrum for Bz-COF2. 
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Fig. S23. Powder XRD patterns for simulated Bz-COF (black) and experimentally 

determined Bz-COF2 (red). 
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Fig. S24. Linear sweep voltammograms for HER of the Pt electrocatalysts with and without 

the modification by Bz-COF2. 
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Fig. S25. Side views of the computational models used in the study. The electrocatalysts 

are made of COF-modified Pt covered by a bilayer of water without (left) or with (right) a 

hydronium ion (H3O+): (a) no COF, (b) Bz-COF, (c) NH2-COF, (d) SO3-COF, and (e) NO2-

COF structures. The optimized surface potentials are -0.66 V for Pt, -0.69 V for Bz-COF 

modified Pt, -0.70 V for NH2-COF modified Pt, -0.74 V for SO3-COF modified Pt, and -

0.71 V for NO2-COF modified Pt. Color code: dark blue, Pt; bright blue, N; red, O; gray, 

C; white: H; yellow, S; and purple, H+ (in H3O+). 
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Fig. S26. Activation energy calculations of (a) first and (b) second Volmer step for the Pt 

electrocatalysts modified by different COFs: pristine (black), Bz-COF (green), NH2-COF 

(red), NO2-COF (purple), and SO3-COF (yellow). 
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Fig. S27. (a) Calculated activation energy of the Tafel step and (b) proton configurations 

on Pt surfaces with and with COFs in the presence of hydronium ion (H3O+). 

  



S31 
 

 

 

Fig. S28. Possible HER active sites of Pt modified by the COFs: (a) no COF, (b) Bz-COF, 

(c) NH2-COF, (d) NO2-COF, and (e) SO3-COF.  
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Fig. S29. Optimized H* binding site of Pt modified by different COFs: (a) no COF, (b) Bz-

COF, (c) NH2-COF, (d) SO3-COF, and (e) NO2-COF. Green circles indicate the optimized 

sites. 
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Fig. S30. Pt-Pt distances of Pt surface modified by (a) Bz-COF, (b) NH2-COF, (c) SO3-

COF, and (d) NO2-COF, respectively. (e) Plot of Pt-Pt distance as a function of 

compressive strain (Inset: pristine Pt surface and the corresponding Pt-Pt distance). 
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Fig. S31. Illustrations of interactions between oxygen and proton in the formation of 

molecular hydrogen catalyzed Pt modified with (a) SO3-COF and (b) NO2-COF. Light 

green circles indicate the accumulated electron charge. 
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Tables 

 

Table S1. Chemical structure, number of atoms, and molecular weight of the repeating unit 

of the functionalized COFs used in this study. 

 

 

 

Parameter 
Bz-COF 

NO2-

COF 

NH2-

COF 

SO3-

COF 

Number of 

atoms/unit 

C 36 36 36 36 

H 24 21 27 24 

N 6 9 9 6 

O 6 12 6 15 

S - - - 3 

Molecular weight/unit (g/mol) 636 771 681 876 

 

  

Bz-COF NO2-COF NH2-COF SO3-COF
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Table S2. Elemental analysis, H/N and C/N mass ratios of NO2-COF and NH2-COF 

 
NO2-COF 

(wt %) 

NH2-COF 

(wt%) 

 Experimental Theoretical Experimental Theoretical 

C 52.89 54.9 51.35 54.5 

H 3.07 2.1 3.42 2.8 

N 15.06 14.8 14.67 14.7 

H/N 0.20 0.14 0.23 0.19 

C/N 3.51 3.7 3.5 3.7 
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