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Characterization techniques

The diffraction pattern of the prepared materials was analysed by using PANalytical (X’PERT-

PRO Powder), (mode) with Cu Kα radiation (λ=0.154 nm) X-ray diffraction (XRD) 

spectrometer. The field emission scanning electron microscope (FE-SEM) with energy-

dispersive X-ray spectroscopy (EDS), Carl Zeiss, Germany) and high-resolution transmission 

electron microscope (HR-TEM), JEM-ARM200F, JEOL) were used to analyze the 

morphology of the prepared electrocatalyst materials. Raman spectrum was recorded by using 

NANO PHOTON (RAMAN Touch) instruments equipped with a 532 nm helium-neon laser. 

Pt, and Co loading was evaluated by inductively coupled plasma-optical emission spectroscopy 

(ICP-OES) with Thermo Fisher Scientific iCAP 7000 series. The chemical state of the 

materials was observed by an X-ray photoelectron spectrometer (XPS), Axis-Nova, Kratos Inc. 

The extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge 

structure (XANES) measurement at the Pt-k edges were performed by using the Sc-detector 

(model R-XAS, Riagaku, Japan) with total electron yield detection. 

Electrochemical HER measurements

The ~3 mg of electrocatalyst with 5% Nafion (30 µL) were mixed in 1:1 isopropyl alcohol/ DI 

water solution with 1000 µL and sonicated for 60 minutes to generate a homogenous ink. The 

prepared ink was coated on carbon paper (coated area 1 cm2) and then dried at 80 C overnight 

in a vacuum oven. The loading of active materials was approximately ~3 mg/cm2. As a 

comparative study, a catalyst ink of commercial Pt-C was prepared using a similar procedure 

and coated on carbon paper. The HER electrochemical performance was investigated by a 

distinctive three-electrode cell system of catalyst-coated carbon paper used as a working 

electrode with Ag/AgCl (reference) electrode and graphite rod (counter electrode). The HER 

polarization curves were recorded at a 1 mV/s fixed scanning rate. Electrochemical impedance 

spectroscopy (EIS) of prepared electrocatalysts was measured with a frequency range of 0.01 



to 106 HZ at a potential amplitude of 5 mV. The prepared catalyst's double-layer capacitance 

(Cdl) value was evaluated using the non-Faradic region of the CV curve with a scanning rate of 

5 to 25 mV/s. The mid-point of potential was the difference between the anodic and cathodic 

current densities. The slope of current densities vs. scan rate was double the value of Cdl. 

Fabrication of AEM water electrolyzer (AEMWE)

For the AEM water electrolyzer analysis, the membrane electrode assembly (MEA) was 

fabricated with synthesized and outperformed Pt@Co-NPC-800 as a cathodic electrocatalyst 

and commercial NiCo2O4 as anode electrocatalyst. The preparation and functionalized of 

radiation-grafted AEM of low-density polyethylene (LDPE) with vinyl benzyl chloride (VBC) 

was used according to previous literature1-3. 

The anode catalysts NiCo2O4 were dispersed in tetrahydrofuran (THF) by ultra-sonication, and 

the Styrene-ethylene-butylene-styrene (SEBS) ionomer and polytetrafluoroethylene (PTFE) 

was used as a binder to prepare the ink solution. The prepared ink was sprayed (2 mg/cm2) 

loading using a spray gun on a titanium fiber felt gas-diffusion electrode (GDL). Similarly, the 

Pt@Co-NPC-800 (cathode materials) was mixed with SEBS ionomer and PTFE binder in the 

presence of isopropanol as a solvent. The cathode ink was sprayed on carbon GDL with an 

optimized platinum loading of 0.2 mgpt/cm2. After preparing the respective GDLs, the anode 

and cathode catalysts were soaked with trimethyl amine (TMA) for one day. Here, the prepared 

electrodes were washed with water several times and dried out properly. Specifically, the 

anode, cathode, and membrane components were treated with 1M KOH before forming the 

MEA. Finally, the MEA was kept in a water electrolyzer cell assembly and was torqued to 1.2 

Nm. The electrolyzer cell was fed with 1.0 M and 0.1M KOH electrolyte solutions with a 50 

mL/min flow rate, and the measurements were recorded. 



Electrochemical analysis AEMWE

The linear sweep voltammetry (LSV) was recorded from 1.2 to 2.5 V with a scan rate of 1 mV 

s-1, and electrochemical impedance spectroscopy (EIS) was performed from 100 kHz to 100 

mHz with an amplitude of (Vrms) 10 mV and cell voltage of 1.5 V. All the electrochemical tests 

were performed on a Gamry interface 5000E potentiostat. The evolved H2 gas analysis utilized 

the HIDEN Analytical HPR-20 R&D system. AEM electrolyzer cathode outlet (with a carrier 

nitrogen gas) was connected to the gas analyzer using nitrogen as the carrier gas. The obtained 

data confirms the presence of hydrogen and nitrogen gases while the AEM electrolyzer 

operates at 200 mA cm-2.



Calculation of ECSA 

       (S1)
𝐸𝐶𝑆𝐴 =

𝐶𝑑𝑙

𝐶𝑠

ECSA = Electrochemical active surface area (ECSA)

Cdl = Double layer capacitance 

Cs = Specific capacitance (0.040 mF cm−2)

Calculation of TOF for HER  

The hydrogen TOF per site of the Co-NPC-800, Pt@Co-NPC-600 and Pt@Co-NPC-800 

catalyst was calculated using following formula (S2):

𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =
# 𝑡𝑜𝑡𝑎𝑙 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟/𝑐𝑚2  𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

# 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠/𝑐𝑚2  𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎
           (𝑆2)

The total number of hydrogens turn overs was calculated by using following formula (S3).

# 𝐻2 = (𝑗
𝑚𝐴

𝑐𝑚2) (
1𝐶
𝑠

1000 𝑚𝐴) (1𝑚𝑜𝑙 𝑒

96485 𝐶)(1𝑚𝑜𝑙 𝐻2

2 𝑚𝑜𝑙 𝑒)(6.02  1023𝑚𝑜𝑙 𝐻2 

1𝑚𝑜𝑙 𝐻2 )3.12 1015

𝐻2 

𝑠

𝑐𝑚2
 𝑝𝑒𝑟 

𝑚𝐴

𝑐𝑚2
  (𝑆3)

Further Pt and Co content of Pt@Co-NPC-800 catalyst was quantified by using ICP-OES 

analysis was about 6.3  and 12.1 % accordingly, the density of active sites based on the Pt 

and Co is: 

( 6.3 
195.084

+
12.1 

58.93 )1𝑚𝑚𝑜𝑙
100 𝑚𝑔

 3
𝑚𝑔

  𝑐𝑚2 6.022  1020 
𝑠𝑖𝑡𝑒𝑠
𝑚𝑚𝑜𝑙

 = 4.293 1018𝑠𝑖𝑡𝑒𝑠 𝑐𝑚 ‒ 2

For example, TOF of the catalyst at an overpotential of 165 mV was calculated and given 

below, 



𝑇𝑂𝐹 =

150.6 × 3.12 ×  1015

𝐻2 

𝑠

𝑐𝑚2

4.293 1018𝑠𝑖𝑡𝑒𝑠 𝑐𝑚 ‒ 2
= 0.1095 𝑠 ‒ 1

Computational Methodology

Density functional theory (DFT) calculations using the Vienna ab initio simulation package 

(VASP) were performed to understand the electrocatalytic performance of Co, Pt, and Pt@Co, 

at different active sites for the hydrogen evolution reaction (HER). The materials were 

optimized entirely for a stable structure and their formation energy (EF) was calculated using 

this formula.

EF = E* - ∑niEi        (S4) 

In this equation, E*, ni, and Ei represent the total energy of the crystal system, the total number 

of atoms in the crystal structure, and the energy of each individual element, respectively. The 

generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) 

functional was employed to approximate the exchange-correlation energy of electrons. The 

projector augmented wave (PAW) method described the electron-ion interactions. The cut-off 

energy for the plane-wave basis set was fixed at 400 eV. The DFT-D3, a semiclassical 

dispersion correction scheme, was employed to describe the effect of the long-range van der 

Waals interactions. A vacuum space of more than 15 Å was used to avoid interactions between 

adjacent slabs. The structures were relaxed until the Hellman-Feynman forces were lower than 

0.02 eV/Å. Γ-point-centered Monkhorst-Pack meshes of 7 x 7x 1 were applied for the Brillouin 

zone integrations in DOS calculations. The adsorption of H-atoms on the surfaces of Co (111), 

Pt (111), and Pt@Co (111) were calculated to obtain the stable configuration for the hydrogen 



evolution reaction4. The hydrogen adsorption energy (∆EH*) was calculated using the formula 

provided in eq (S4).

ΔEH* = EH* − E* − 1/2EH2 (S5)

Here, “*” indicates active sites of electrocatalytic materials. EH*, E*, and, EH2 represent total 

energy of material with and without H-atom adsorption and the energy of hydrogen molecule 

(H2). The Gibbs free energy (ΔGH*) in HER was calculated using the following formula; 

ΔGH* = ΔEH* + ΔZPE – TΔS (S6)

ΔEH*,  ΔZPE, and, TΔS are H-atom adsorption energy, zero-point energy, and, room 

temperature, and change in entropy, respectively. Combing eq (S5) and eq (S6) results in 

(S7).

ΔGH* = EH* − E* − 1/2EH2 + ΔZPE – TΔS (S7)

The three steps Volmer, Heyrovsky, and, Tafel are responsible for HER, and they are given 

bellow.

H+ + * + eˉ → H*     (Volmer reaction) (S8)

H* + H + + eˉ → H2 + *     (Heyrovsky reaction) (S9)

2H* → H2 + 2*    (Tafel reaction) (S10)

The catalytic activity in HER can be analyzed by Volmer reaction in eq (S8).



Fig. S1 (a) FE-SEM image of flower like-Co-MOFs, (b) selected area elemental mapping of 

Co, O, N, and C, and (c) corresponding EDS spectrum.



Fig. S2 (a) HR-TEM image of Co-NPC-800, (b) elemental mapping of Co, N, and C, and (c) 

corresponding EDS spectrum.



Fig. S3. HR-TEM histogram of Pt@Co nanoparticles in Pt@Co-NPC-800 electrocatalyst

Table S1. Pt@Co-NPC-800 electrocatalyst XPS element composition.

Name Peak 

Binding energy

FWHM 

(eV)

Area (P) CPS. 

(eV)

Atomic %

Pt 4f 70.59 1.36 79401.43 1.21

C 1s 283.72 1.67 257646.5 74.05

N 1s 397.88 1.73 34552.39 6.39

O 1s 531.14 4.17 125223.3 14.89

Co 2p 779.34 3.59 147429.8 3.46



Fig. S4. ICP-OES results of Pt@Co-NPC-800 electrocatalyst.

Fig. S5 XPS deconvoluted O 1s spectra of (a) Co-NPC-800 and (b) Pt@Co-NPC-800.



Fig. S6 XAS analysis: fitted K-space values of (a) Co K edge (K3 weighting) of Co foil, Co-

NPC-800 and Pt@Co-NPC-800, and (b) Pt K edge (K3 weighting) of Pt foil and Pt@Co-

NPC-800.



Fig. S7 Double layer capacitance (Cdl) calculations (a-d) recorded CV curves at linear 

incremental scan rates (5-25 mV/s) of Pt@Co-NPC-800, Pt@Co-NPC-600, Co-NPC-800, and 

commercial Pt/C, respectively.



Fig. S8 Cdl values at 0.05 VRHE (a) Pt@Co-NPC-800, (b) Pt@Co-NPC-600, (c) Co-NPC-800, 

and (d) Pt/C.



Fig. S9 Comparision chart of calculated ECSA values for Pt@Co-NPC-800, Pt@Co-NPC-600, 

Co-NPC-800, and Pt/C.
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Fig. S10 ECSA normalized LSV curve of Co-NPC-800, Pt@Co-NPC-800, Pt@Co-NPC-600 

and Pt/C in 1.0 M KOH.



Fig. S11 (a) contact angles measuremnt of carbon paper, Co-NPC-800, Pt@Co-NPC-800, 

Pt@Co-NPC-600, and Pt/C in carbon paper, and (b) recorded contact angle values.
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Fig. S12 Chronopotentiometry analysis of Pt/C and Pt@Co-NPC-800 catalysts at 200 mA 

cm-2 current density.



Fig. S13 Post durability morphological FE-SEM investigative results: (a) selective area 

elemental mapping indicating overall, Co, Pt, O, and N, and (b) corresponding EDS spectrum.



Fig. S14 Post durability morphological HR-TEM investigative results: (a) HR-TEM image, 

and (i-vi) i-FFT image and spot pattern of Co (111) and Pt (111) plane.



Fig. S15 Post durability XRD investigative results of Pt@Co-NPC-800 carbon paper electrode 

(a) XRD pattern and (b) enlarged view of XRD pattern.



Fig. S16 Post durability XPS investigative results of  Pt@Co-NPC-800 (a) Overall XPS survey 

spectra, Deconvoluted high resolution spectra of (b) Pt 4f, (c) Co 2p,  (d) C 1s, (e) N 1s, and 

(e) O 1s.



Table S2 Comparison of Pt@Co-NPC-800 HER activity with recently reported PtCo with 

carbon materials-based catalysts.

Electrocatalyst Electrolyte Overpotential 

(mV@10mA/cm2)

Tafel slope 

(mV/dec1)

References

Pt@Co-NPC 1.0 M KOH 36 42.7 This work

Co-Pt/C/NAs 1.0 M KOH 50 46 4

PtCo 1.0 M KOH 47.2 50 5

PtCo/NCNT 1.0 M KOH 53 54.1 6

Pt-Ni (OH)2 1.0 M KOH 85.5@4 mA/cm2 - 7

Pt3Ni2 1.0 M KOH 70@37.5 mA/cm2 - 8

Pd@PtCu 1.0 M KOH 60 26.2 9

PtCoCu 1.0 M KOH 48 32.8 10

PtNi/C 1.0 M KOH 39.7 55 11

Pt-NiO 1.0 M KOH 39.8 79.8 12

Co@NPC 1.0 M NaOH 325 117 13

Pt/Nb-Co(OH)2 1.0 M KOH 112 82 14

Pt-Ni (OH)2 1.0 M KOH 39 55 15

Pt-Ni2Fe 1.0 M KOH 80 67 16

Pt2Ni3-P NWs 1.M KOH 44 66 17



Fig. S17 Top and side views of Co (111), Pt (111), and Pt@Co (111) 

Table. S3 Formation energy of Pt (111), Co (111), Pt@Co (111) electrocatalysts 

Electrocatalyst Formation energy (eV)

Co (111) -4.531

Pt (111) -4.862

Pt@Co (111) -4.913



Fig. S18 Top and side views of Pt@Co (111) after H-atom adsorption at (a) 1-Pt, (b) 2-Pt, (c) 

1-Co, and (d) 2-Co active-sites.

Table. S4 H-adsorption energy of Pt (111), Co (111), Pt@Co (111) at Pt and Co active sites.

Adsorption SitesAdsorption 

Energy (eV) Pt Co

Co -0.271

Pt -0.217

*Pt@Co(I) -0.101

*Pt@Co(II) -0.134

Pt@*Co(I) -0.341

Pt@*Co(II) -0.175



Table. S5 Gibbs free energy of H-adsorption on Pt (111), Co (111), Pt@Co (111) at Pt and 

Co active sites.

Adsorption SitesGibbs Free 

Energy Change 

(eV)

Pt Co

Co 0.346

Pt -0.286

*Pt@Co (I) -0.120

*Pt@Co (II) 0.137

Pt@*Co (I) -0.316

Pt@*Co (II) -0.228
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