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Supporting material for calculations:

For three electrode system:

The specific capacity (C g-1) and specific capacitance (F g-1) was estimated from the GCD 

analysis as follows,

                                                                 (C g-1)                                                      
𝑄 =

𝐼 × ∆𝑡
𝑤

(1)      

                                                             (F g-1)                                                     
𝐶𝑠 =

𝐼 ×  ∆𝑡
𝑤 ×  ∆𝑉

(2)

Where, w, ∆t, I, and ∆V denote the mass of electroactive substance (g), discharge time (s), 

applied current (A g-1), and potential window (V). 
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For two electrode system:

The charges between the cathode and anode can be balanced for excellent electrochemical 

results of hybrid device by using the theory of mass balance as per following equation,

                                      =                                                       

𝑚 +

𝑚 ‒

𝐶 ‒  ×  ∆𝑉 ‒

𝐶 +  ×  ∆𝑉 +

 (3)

Where, , , and are the mass of active material (g), potential 𝑚( +  𝑜𝑟 ‒ ) ∆𝑉( + 𝑜𝑟 ‒ ) 𝐶( + 𝑜𝑟 ‒ )  

window (V), and specific capacitance (F g-1) of positive and negative electrode, respectively.

The two electrode system was used to study device performance, and its energy (E) and 

power density (P) calculated using following equations respectively,

                                           (Wh kg-1)                                            (4)
𝐸 =

0.5 ×  𝐶𝑠 ×  (∆𝑉)2

3.6

                         And                          (kW kg-1)                                             (5)
     𝑃 =

𝐸 ×  3.6
∆𝑡

Where, Cs, , and  represents specific capacitance, potential window and discharging ∆𝑉 ∆𝑡

time of device, respectively.
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S1: Deposited mass of nickel copper phosphate thin film for different compositions (NCP-S1 

to NCP-S5).
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S2: Pore size distribution curves of samples (a) NCP-S1, (b) NCP-S2, (c) NCP-S3, (d) NCP-

S4 and (e) NCP-S5.
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S3: EDS spectra of nickel copper phosphate electrodes: (a) NCP-S1, (b) NCP-S2, (c) NCP-

S3, (d) NCP-S4 and (e) NCP-S5.
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S4: The CV curves at different scan rates from 2-20 mV s-1 for (a) NCP-S1, (b) NCP-S2, (c) 

NCP-S4, (d) NCP-S5 electrodes.
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S5: Graphs of calculated contribution of pseudocapacitive (surface current) and battery type 

(bulk current) in current density at various scan rates (2 to 20 mV s-1) (a) NCP-S1, (b) NCP-

S2, (c) NCP-S4, (d) NCP-S5 electrodes.
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S6: The GCD curves at various current densities from 1-4 A g-1 of (a) NCP-S1, (b) NCP-S2, 

(c) NCP-S4, (d) NCP-S5 electrodes.
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S7: Specific capacitance of NCP-S series thin film electrodes at various current densities (1-4 

A g-1).
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S8: XPS spectra of (i) Ni2p, (ii) Cu2p, (iii) P2p, and (iv) O1s for nickel copper phosphate 

(NCP-S3) samples before and after stability test.
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S9: (a) XRD patterns of (a) GO and (b) rGO samples, (c) CV plots of rGO electrode at scan 

rates from 5-100 mV s-1, (d) the GCD curves of rGO electrode at different current densities 

from 1.5 to 3.5 A g-1, (e) the plot of specific capacitance of rGO electrode at 1.5 to 3.5 A g-1 

current densities, (f) Nyquist plot of rGO electrode [Inset: equivalent circuit for fitted with 

Nyquist plot and (g) stability of rGO electrode during 3000 cycles at current density of 4 A g-

1. 

Graphene oxide (GO) was prepared by modified Hummer’s method, and further, it was 

reduced hydrothermally to prepare reduced graphene oxide (rGO). XRD patterns of GO and 

rGO are presented in Fig. S8 (a and b). The prepared GO sheet showed the strong 

characteristic peak at 11.13° assigned to the (0 0 1) plane in the XRD. Also, the characteristic 

diffraction peaks of rGO are detected at 24.71° and 43.09° assigned to the (0 0 2) and (1 0 0) 

planes [S1]. The scattered XRD peak at 24.71° confirms a reduction of GO material and 

formation of few layered rGO nanosheets [S2].
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The electrochemical characteristics of rGO electrode tested by CV, GCD and EIS 

techniques in 1 M KOH electrolyte using three-electrode cell configuration. The CV curves 

of rGO (negative) electrode at various scan rates from 5-100 mV s-1 within the potential 

range of 0 to -1 V vs Hg/HgO in 1 M KOH electrolyte are displayed in Figure S8 (c). Fig. S8 

(c) shows that, the area under the CV curve increases with increasing scan rate, this displays 

voltammetric current is proportional to the scan rate of CV and signifies typical EDLC 

behaviour of electrode. The quasi-rectangular profile of CV curves affirms EDLC based 

capacitive nature of rGO electrode.  

The GCD plots of rGO electrode evaluated at different current densities from 1.5 to 3.5 

A g-1 within the potential range of 0 to -1 V vs Hg/HgO and presented in Fig. S8 (d). The 

charge-discharge plot shows nearly linear curve, which is the indicative of its double layer 

capacitive nature. The GCD analysis was used to calculate specific capacitance of rGO 

electrode and plotted in Fig. S8 (e) as a function of current density. The maximum specific 

capacitance of 159 F g-1 is obtained for rGO electrode at 1.5 A g-1 current density and it 

decreases to 114 F g-1 at the current density of 3.5 A g-1. 

The EIS study of rGO electrode was executed to examine its electrochemical 

conductivity. The Nyquist plot of rGO electrode is exhibited in Fig. S9 (f). The fitted 

equivalent circuit is displayed as inset of Fig. S8 (f). In fitted circuit, Rs =0.48 Ω, Rct =47.61 

Ω, CPE =0.843 mF and W =0.282 Ω. A small value (Rs and Rct) of total impedance denotes 

excellent electrical conductivity of rGO electrode. The cyclic stability of the rGO electrode 

was tested over 3000 GCD cycles at a current density of 4 A g-1 and presented in Fig. S9 (g). 

This stability test revealed 98.42% retention of the specific capacitance after 3000 GCD 

cycles. Such an excellent cyclic stability of cathode and anode is owing to the amorphous 

nature (Nickel copper phosphate) and EDLC charge storage mechanism (rGO) of electrode 

https://www.powerthesaurus.org/characteristic/synonyms
https://www.powerthesaurus.org/exhibited/synonyms
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materials, respectively. The capacitive performance of rGO in negative potential window 

suggests its application as anode in hybrid device.  
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S10: (a) CV plots of HAASC device in different voltage windows from +1.2  to +1.7 V at 

fixed scan rate 20 mV s-1, (b) GCD curves of HAASC device  in different voltage windows at 

+1.2 to +1.7 V at fixed current density 1.7 A g-1. 
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S11: Schematic illustration of HASASC device fabrication.
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S12: (a) CV plots of HASASC device in different voltage windows from +1.2 to +1.7 V at 

fixed scan rate 20 mV s-1, (b) GCD curves of HASASC device  in different voltage windows 

at +1.2 to +1.7 V at fixed current density 2.0 A g-1.
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Table S1: Different compositions of nickel and copper precursors for the synthesis of 

amorphous nickel copper phosphate thin films and the corresponding notations.

Sr. 

No.

NiSO4.6H2O

(M)

CuSO4.5H2O

(M)

K2HPO4

(M)

Notation

1. 0.033 0.000 0.075 NCP-S1

2. 0.0083 0.0249 0.075 NCP-S2

3. 0.0166 0.0166 0.075 NCP-S3

4. 0.0249 0.0083 0.075 NCP-S4

5. 0.000 0.033 0.075 NCP-S5
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Table S2: Experimental and observed nickel and copper atomic ratio in NCP-S series thin 

films.

Sample name Experimental 

ratio (Ni:Cu)

Observed ratio 

(Ni:Cu)

Obtained phase

NCP-S1 1:0 1:0 Ni3(PO4)2·nH2O 

NCP-S2 0.75:0.25 0.70:0.30 Ni2.10Cu0.90(PO4)2·nH2O

NCP-S3 0.50:0.50 0.52:0.48 Ni1.56Cu1.44(PO4)2·nH2O

NCP-S4 0.25:0.75 0.20:0.80 Ni0.60Cu2.40(PO4)2·nH2O

NCP-S5 0:1 0:1 Cu3(PO4)2·nH2O
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Table S3: Electrochemical performance comparison of various amorphous nickel copper 

phosphate/pyrophosphate based electrodes.

Sr. 
No.

Material Substrate Method of 
deposition

Electrolyte Capacitance
(F g-1) at 

current density
(A g-1)

Ref.

1 Cu2P2O7 Stainless 
steel

SILAR 1 M LiCl 332.9 F g-1 at 10 
A g-1

31

2 Cu2P2O7 Stainless 
steel

SILAR 1.5 M LiCl 465 F g-1 at 32

3. Cu2P2O7 Nickel 
foam

Hydrother
mal with 

subsequent
calcination

3 M KOH 297.521
 F g-1 at 1 A g-1

S3

4 Cu2(PO4)OH Stainless 
steel

Hydrother
mal

1 M KOH 137.02 F g-1 at 
0.4

mA cm-2

S4

5 Cu3P NT Copper foil electro-
oxidation

1 M H2SO4 300.9
at 2.5 mA cm-2

S5

6. Cu3(PO4)2 Nickel 
foam

Solvother
mal

2 M KOH 309.75 F g-1 at 
0.5 A g-1

S6

7 Ni3(PO4)2 Nickel 
foam

Sonochemi
cal

1 M KOH 620 C g-1 at 0.4 
A g-1

S7

8 Ni2P2O7 Nickel 
foam

hydrother
mal

3 M NaOH 557.7 F g-1

at 1.2 A g-1
S8

9 (Ni11(HPO3) 
8(OH)6

Nickel 
foam

hydrother
mal

3 M KOH 295 F g -1 at 
0.625 A g-1

S9

10 Nickel
Pyrophosphate

Nickel 
foam

hydrother
mal

1 M KOH 224 F g-1 at 1 A 
g-1

S10

11 Ni11(HPO3)8

(OH)6

Nickel 
foam

hydrother
mal

3 M KOH 558 F g-1 at 0.5 
A g-1

S11

12 Nickel copper 
phosphate

Stainless 
steel

hydrother
mal

1 M KOH 711 F g-1 at 1 A 
g-1

Present 
work
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Table S4: Electrochemical impedance spectroscopic fitted circuit parameters of NCP-S 

series. 

Sample name Rs (Ω) Rct (Ω) CPE (mF) n W (Ω)

NCP-S1 0.55 0.70 0.81 0.98 0.61

NCP-S2 0.45 1.04 1.19 0.88 0.82

NCP-S3 0.33 0.38 0.90 0.93 0.90

NCP-S4 0.48 0.87 0.61 1.0 0.16

NCP-S5 0.38 1.20 1.53 0.82 0.44
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Table S5: The comparative electrochemical performance for HAASC and HASASC devices 

is compared with previous metal phosphate based devices. 

Sr. 
No.

Positive electrode Negative 
electrode

Electrolyte Specific
energy  

(Wh kg-1)

Specific
power

(kW kg-1)

Stability 
at cycles

Ref.

1. Ni0.75Mn0.25(PO4)2/NF activated 
carbon

1 M KOH 63.8 11.89 99.2%
5000

18

2. Ni1.38Co1.62(PO4)2

⋅8H2O

rGO/SS 1 M KOH 36.02 0.16 83.7%
4000

19

2. Ni-Cu-P/NF activated 
carbon

2 M KOH 40.5 0.87 98.5%
10000

24

3. FeCoCuP/NF activated 
carbon

2 M KOH 61.5 0.12 88.7%
5000

58

4. NaNi4(PO4)3/GF activated 
carbon

2 M NaNO3 19.5 0.57 94% 
5000

59

5. Ni-CoP@C@CNT Graphene 3 M KOH 17.4 0.69 117%
5000

60

6. Ni-P@NiCo2O4 activated 
carbon

6 M KOH 13.3 5.7 78.3%
10000

61

7. NaNiPO4 activated 
carbon

1 M NaOH 20 0.13 95% 

 500

62

8. NaNi0.33Co0.67PO4.H2

O/NF
Graphene 1 M KOH 29.85 0.37 76.9% 

10000
63

9. T-Nb2O5@Ni2P/NF activated 
carbon

3 M KOH 30.2 0.45 92%
5000

64

10. NiCoP@NF activated 
carbon

6 M KOH 27 0.64 67.2%
500

65

1 M KOH 34 2.40 94.11 %
5000

11. Ni1.56Cu1.44

(PO4)2·H2O/SS
rGO/SS

PVA-KOH 13.51 0.55 93.81%
5000

Present
work
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