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Calculation of turnover frequency (TOF)

1. For OER 

TOF for the OER is calculated for the four-electron pathway. The TOF can be calculated from the 
following equation [55]:

𝑇𝑂𝐹 (𝑠 - 1) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟 𝑝𝑒𝑟 𝑐𝑚2 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

𝑡ℎ𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 𝑝𝑒𝑟  𝑐𝑚2 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

= 
𝑇𝑂𝐹 (𝑠 - 1) =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟 
𝑡ℎ𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 

𝑗
4𝐹

𝑚

 where j is the current density for OER at a given overpotential, F is Faraday constant (96485.3 As 
mol−1), m is the number of moles of active sites, and (j/4F) represents the total oxygen turnover in 
OER. 

The HAG catalyst loading on the carbon paper was 0.4 mg/cm2. The TOF is calculated at the 
overpotential of 350 mV where the OER current is 21.33 mA cm−2 in 1 M KOH. An overpotential 
of 350 mV is selected for the TOF calculation for an easier comparison with the previously 
reported TOF values in the literature. 

The number of oxygen turnover for OER is calculated from the current density according to the 
following equation: 

                             NO2( = x x x 6.02x 1023x

1

𝑐𝑚2𝑠
)

𝑗( 
𝑚𝐴

𝑐𝑚2
)

1000
1 𝑚𝑜𝑙𝑒 𝑒 -

96485 𝐶

1 𝑚𝑜𝑙 𝑂2

4 𝑚𝑜𝑙𝑒 𝑒 -

1
𝑚𝑜𝑙 𝑂2

Number of oxygen turnover for OER (j/4F) is then calculated as follows:

x x x 6.02x 1023= 3.3 x 1016

21.33 
𝑚𝐴

𝑐𝑚2

1000
1 𝑚𝑜𝑙𝑒 𝑒 -

96485 𝐶

1 𝑚𝑜𝑙 𝑂2

4 𝑚𝑜𝑙𝑒 𝑒 -

1

𝑐𝑚2𝑠

The percentage composition of HAG in the electrode ink is 80%. That makes 1.76 mg of HAG. 
Hence the active site density of Ca and P can be calculated using the equation 
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 x6.02x1023

𝑀𝑎𝑠𝑠 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
𝑚𝑔

𝑐𝑚2
𝑥 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠
𝑚𝑔
𝑚𝑜𝑙

 

Hence the active site density of Ca is

 x6.02x1023 = 1.5 x 1019 sites cm-2

1.76
𝑚𝑔

𝑐𝑚2
𝑥0.57

40.078𝑥 103 𝑚𝑔
𝑚𝑜𝑙

The active site density of P is

 x6.02x1023 = 9.3 x 1018 sites cm-2

1.76
𝑚𝑔

𝑐𝑚2
𝑥0.26

30.974𝑥 103 𝑚𝑔
𝑚𝑜𝑙

And thus, the TOF of Ca is calculated as below: 

TOF(s-1) for OER = = 2.2 x 10-3 s-1

3.3 𝑥 1016(
1

𝑐𝑚2𝑠
)

1.51 𝑥1019𝑆𝑖𝑡𝑒𝑠

𝑐𝑚2

Similarly for P,

TOF(s-1) for OER = = 3.5 x 10-3 s-1

3.3 𝑥 1016(
1

𝑐𝑚2𝑠
)

9.3 𝑥1018𝑆𝑖𝑡𝑒𝑠

𝑐𝑚2

2. For HER
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𝑇𝑂𝐹 (𝑠 - 1) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟 𝑝𝑒𝑟 𝑐𝑚2 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

𝑡ℎ𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 𝑝𝑒𝑟  𝑐𝑚2 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

The TOF is calculated at the overpotential of 150 mV where the HER current is 131 mA cm−2 in 
1 M KOH. As the mass loading is the same as in the case of OER, the active site density of Ca and 
P stays the same. The number of hydrogen turn over is calculated as,

N (H2) = x x x 6.02x 1023= 1.02 x 1017

131
𝑚𝐴

𝑐𝑚2

1000
1 𝑚𝑜𝑙𝑒 𝑒 -

96485 𝐶

1 𝑚𝑜𝑙 𝑂2

2 𝑚𝑜𝑙𝑒 𝑒 -

1

𝑐𝑚2𝑠

TOF of Ca =  x 1017 = 6.75 x 10-3 s-1

2.04 

40.078𝑥 103 𝑚𝑔
𝑚𝑜𝑙

TOF of P =  X 1017 = 1.1 x 10-2 s-

2.04 

40.078𝑥 103 𝑚𝑔
𝑚𝑜𝑙

Calculation of mass activity

1. Mass activity for OER

Mass activity (A/mg) = j/m at 350 mV = 0.02133/2.2 = 9.7 x 10-3 A/mg

2. Mass activity for HER

Mass activity (A/mg) = j/m at 150 mV = 0.131/2.2 = 5.9 x 10-2 A/mg

3. Mass activity of ORR

Mass activity (A/mg) = j/m at 0.7 V = 0.41 x 10-3 /2 x 10-2 = 2.05 x 10-2 A/mg
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Supplementary Figures
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Figure S1: Core-level XPS spectra of C1s in HAG

Figure S2: Retention of HER activity after each chronopotentiometric step
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Figure S3: Comparison of ƞ50 of the polarograms taken after each CP run.

Figure S4: (a) Polarograms comparing the HER activity of Pt-C, HAG, HA, rGO, GO, and the Ni 
foam substrate (taken at 2 mV/ sec after 85 % iR compensation) (b) Bar diagram showing the 100 
values of all the materials. (c) Bar diagram showing the 100, 400, 600values of HA & HAG.
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Figure S5: (a) Polarograms comparing the OER activity of Pt-C, HAG, HA, rGO, GO, and the Ni 
foam substrate (taken at 2 mV/ sec after 85 % iR compensation) (b) Bar diagram showing the 100, 

400, 800 values of HA, HAG and Ru-C.

Figure S6: (a) Methanol poisoning test for HAG and Pt/C Supplementary Table
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Figure S7:  The bifunctional performance of HAG, HA, Ru-C, rGO and GO towards, (a) OER –

ORR 

react

ion 

pair 

and 

(b) 

OER

-

HER 

react

ion pair.   

Name Peak BE FWHM eV Area (P) 
CPS.eV 

Atomic % Q 

O 1s 537.33 2.93 2114470 52.03 1 

Ca 2p 353.92 2.91 1492489 15.49 1 

P 2p 140.01 2.96 297972 11.95 1 

C 1s 291 6.64 345395.9 20.54 1 
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Table ST1: Quantitative elemental information from the XPS from where the Ca/P ratio was 
calculated (The rows containing the values of Ca and P are in highlights)
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Table ST2: Summary of the HER and OER activities of recently reported bifunctional 
electrocatalysts for water splitting

NOGB

Co4Mo2@NC/Ti

EBP@NG

EG/Co0.85Se/NiFe-LDH
Ni2P

ANSI

Mo2C@CS

CoOx@CN
NDCHN

CoMnO@CN

Ni3S2/NF

Ni3FeN/r-G
O-20

NiCoP/rG
O

Co-P/NC

HAG/rG
O

1.4

1.5

1.6

1.7

1.8
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Figure S8:  Bar diagram showing HAG over performing recently reported OER-HER bifunctional 
electrocatalysts
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Table ST3: Summary of the ORR and OER activities of recently reported bifunctional 
electrocatalysts for water splitting

Co3O4/Co2MnO4

N-MWCNT

Mn oxide film

NCNF-1000

N-graphene CNT
LiCoO2

P-gC3N4
Fe@N-C

MnxOy/N-C HAG
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Figure S9:  Bar diagram showing HAG over performing recently reported OER-ORR bifunctional 
electrocatalysts
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