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Elucidating electrochemical energy storage performance of unary, binary, and ternary 

transition metal phosphates and their composites with carbonaceous materials for 

supercapacitor applications 

 

Abstract  

Transition metal compounds (TMCs) are being researched as promising electrode materials for 

electrochemical energy storage devices (supercapacitors). Among TMCs, transition metal phosphates 

(TMPs) have good, layered structures owing to open framework and protonic exchange capability among 

different layers, good surface area due to engrossed porosity, rich active redox reaction sites owing to 

octahedral structure and variable valance metallic ions. Hence TMPs become more ideal for supercapacitor 

electrode materials compared to other TMCs. However, TMPs have got some issues like low conductivity, 

rate performance, stability, energy, and power densities. But these problems can be addressed by making 

their composites with carbonaceous materials e.g., carbon nanotubes (CNTs), graphene oxide (GO), 

graphitic carbon (GC) etc. A few factors like high surface area, excellent electrical conductivity of carbon 

materials and variable valence metal ions in TMPs caused great enhancement in their electrochemical 

performance. This article tries to discuss and compare the published data, majorly in last decade, regarding 

the electrochemical energy storage potential of pristine unary, binary, and ternary TMPs and their hybrid 

composites with carbonaceous materials (CNTs, GOs/rGOs/, GC etc.). The electrochemical performance 

of the hybrids has been reported to be higher than the pristine counterparts. It is hoped that the current 

review will open a new gateway to study and explore the high performance TMPs based supercapacitor 

materials. 

Keywords: Transition metal phosphates layered mesoporous structures, carbonaceous materials, 

supercapacitors, energy storage. 

 

1. Introduction 

With advancements in industry and commercial sector, there are many factors which create hindrance in 

their fast growth in which energy shortage is a serious problem. There are many sources for energy 

production and used different pollution causing fuels like fossil fuels, biomass, and furnace oil. These 

energy resources produce electricity but mostly energy is not stored properly due to wastage of these fuels. 

This energy storage is very useful for small electronic instruments and electric vehicles (EV), Li-ion 

batteries (LIBs) [1],[2]. LIBs have many limitations i.e., risk for environment due to explosive nature of 
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lithium and hazardous effects of fossil fuels. Among energy storage devices, supercapacitors performed 

better than classical LIBs and simple capacitors because of good combination of energy and power densities 

along with good capacity retention especially in case of asymmetric super capacitors (ASC). They are the 

combination of both pseudo capacitors (PD) (battery like properties) and electric double layer capacitors 

(EDLC) (capacitor like properties) [3–5] . 

Supercapacitors used expensive noble metals active materials like ruthenium oxide (RuO2), iridium oxide 

(IrO2), lithium cobalt oxide (LiCoO2), lithium Iron phosphate (LiFePO4) and platinum / Carbon (Pt/C) 

which limit their commercial use on the large scale [6–12]. There are different factors like size, porosity 

and conductivity which control the electrochemical performance [13, 14]. The low cost, abundant nature of 

hierarchical nanomaterials with good surface area are more appealing for energy storage applications. The 

structures which have many pores have good faradic reaction due to the reason that they have which more 

active electrochemical reaction sites [15, 16]. Nanoporous solids having porosity dimensions from meso- 

(2–50 nm), micro- (<2 nm), to macropores (>50 nm), can lodge and serve as host for metallic atoms, ions 

for ideal faradic reaction [17–19]. Particularly the mesoporous materials can serve as ideal 

electrochemically active materials due to tunable porosity, large void space, and highly exposed surface 

area. Due to these excellent properties, mesoporous materials can efficiently be used in many novel 

applications like biotechnology, sensors, adsorption/separation, energy storage and conversion [20–27]. 

The two most thoroughly researched mesoporous compositions since 1990s are organosilicas and periodic 

mesoporous silicas i.e., sulfides and oxides (PMSs and PMOs) [28–31]. However, apart from the expensive 

and short range of organosilane coupling molecules, their use in energy storage and conversion applications 

can be hindered owing to their insulating nature. For this, the non-siliceous mesoporous materials proved 

to be more commendable materials due to assorted chemistry and functionality [32–34]. Metal phosphates, 

phosphides, and phosphonates are good potential non-siliceous mesoporous materials due to good structural 

and electrochemical properties. Metal phosphates seeks significant attention to be used as active catalysts 

due to good acidic and redox behavior at high rates [35–37].   

Different transition metal phosphates (TMPs) (Ni, Mn, V, Zr etc.) have intriguing properties like layered 

structures with open framework let the proton of acidic group to diffuse through the inter spacing between 

the layers which make them good conductor for protonic exchange and intercalation of metallic ions [38–

40]. Additionally, variable valences of metallic ions could increase the faradic redox reaction. Metal 

phosphonates have metals linked with phosphonic binders at molecular level [41–43]. Phosphonic acids 

and the linked compounds have more potential to be bond with different metallic ions. Organic and 

inorganic molecules linkages results in formation of P-O-M (M = metal) bonds which leads to excellent 

stable chemical and thermal structures [44–46]. The diverse phosphorus group facilitates its 
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functionalization with different types of functional groups. Their practical use can be enhanced due to 

modulation of phosphonic group with different functional groups with tailored desirable properties [47–

51]. There are other phosphonic group materials like metal phosphides formed by metallic bonds of 

phosphorus and metallic elements. The novel features of metal phosphides are metalloid and ceramic 

properties which endorsed effective thermal and chemical stability, good mechanical strength, excellent 

heat and electric conductivity [52–57]. These all stated factors make transition metal phosphates more 

distinctive as compared to metal oxides [58, 59]. Additionally, they have other features like good catalytic 

properties in water splitting and ever-lasting stability [60–62]. These important properties make them most 

favorable for electrochemical capacitors and batteries. Different heteroatoms TMPs reported in literature 

like ammonium metal phosphates (AMPs), NH4MPO4. H2O (M = Co2+, Ni2+, Fe2+, and Mn2+) [63–68], 

Mn3(PO4)2, Ni3(PO4)2, VOPO4 etc. [69, 70] can be used for energy conversion and storage applications. 

The reasons for these properties are good electrochemical properties, effective electrical stability and 

nanostructures favorable for ionic mobility in different sodium/lithium metal phosphates (NaFePO4, 

LiMnPO4, LiFePO4, and LiNiPO4) for batteries [71–74]. AMPs have highly conductive sheets which are 

produced by slanted corners of MO6 with good interconnected NH4
+ and PO4

3- ions through hydrogen 

bonding. This will results in good faradic reaction in between inorganic sheets and efficient metallic ions 

intercalations with a lot of electrochemical reaction sites [70]. TMPs have excellent electrochemical 

properties in term of energy efficiency, environmental friendliness, structural integrity and safety evaluation 

as compared to transition metal oxides (TMOs) and hydroxides (TMHs) [15, 17, 18]. Like equally arranged 

olivine structure with general formula LiMPO4 (M = Fe, Co, Mn, or Ni) has been used on large scale as 

cathode materials in batteries. Oxygen octahedral sites engaged by other metal ions produced due to durable 

and strong covalent bonding in tetrahedral anions (XO4)n [20]. Lithium-manganese and Lithium-iron based 

phosphates have been identified as potential positive ions in the olivine structure among the various metal 

atom replacements. This is primarily because it is inexpensive, environmentally inert, stable while cycle, 

and highly reversible. 

 Contrary to many important merits, TMPs have many different drawbacks like low structural integrity, less 

durability which induced many unfortunate features like phase transformation, limited cyclic life, less 

structural stability, and electrical conductivity [55, 75, 76]. These unfavorable factors completely influence 

electrochemical properties of all composites and can be fixed by inducing mesoporosity, effective rate 

capability, effective electrical and thermal conductivity, greatly exposed surface area and impressive cyclic 

behavior [13]. These factors along with mechanical and thermal properties can be endorsed by incorporating 

carbonaceous materials like reduced graphene oxides (rGO), multi-walled carbon nanotubes (MWCNTs) 

and graphitic carbons (GC) [77–81]. Additionally, specific capacity, energy of TMPs and carbonaceous 

materials are not too high due to their capacitive behavior which can be catered by functionalization of 
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MWCNTs, rGO, and GC with conducting polymers like polyaniline (PANI) (highest theoretical 

capacitance of 3407 F g-1), polystyrene (PS), polypropylene (PPY), and other conducting polymers [82, 83]. 

This can be achieved by formation of more stable and durable functionalization with conducting polymers 

along with reversible pseudocapacitive behavior and impressive rate capability [82, 84]. Although there are 

few reviews on different TMPs, but to the authors knowledge there has been no review on TMPs/carbon-

based materials which will be very helpful for opening the era for practical research with excellent 

combination of electrochemical properties. This review article extensively reviews the maximum available 

studies discussed in literature related to unary, binary, and ternary TMPs and their composites with 

MWCNTs, reduced graphene oxide (rGO) and other carbon-based materials. 

2. Unary metal phosphates / carbon based supercapacitors 

UMPs are the single transition metal (Ni, Co, Zn, V) phosphates. Metal phosphates have low conductivity, 

surface area, porosity which results in their low electrochemical properties. But when their hybrids with 

carbonaceous materials (CNTs, GRA) then their surface area, conductivity, porosity increased which results 

in increased electrochemical performance. Following is the comparison electrochemical performance of 

pristine UMPs and their hybrids.  

a. Unary metal phosphate/ Carbon nanotubes (UMP/CNTs) based supercapacitors  

Many of the researchers have done considerable reasearch regarding the effect of caboinaceous materials 

on electrochemcial performance of different TMPs. Few examples are given as follows.  

Kim et al.  [85] synthesized vanadium phosphate @ carbon nanofoams (VPO/CNFs) nanostructures with 

the help of carbonaceous materials like CNTs which increase the conductivity of the composite. Firstly, the 

VPO and in-situ grown CNTs were prepared with the help of phytic acid (PA) in CNF matrix by 

carbonization process (Fig. 1a). This mixture acts as EDLC material. In Fig. 1b, the defect free fibers have 

cylindrical shape due to the formation of VPO @ CNFs fibers through pyrolysis process. This formation 

was quite difficult because of the brittle carbon matrix. The flexibility in the fibers incorporated due to 

uniform CNFs and nanoscale vanadium and low crystalline carbon [85]. This all formed more effective 

symmetrical combination of electrochemical properties in contrary to asymmetric supercapacitor [86–92]. 

The ring shaped CNTs can clearly be seen on hierarchical VPO @ CNF matrix from reported TEM images. 

The most critical factor for the formation of in-situ CNTs decorated VPO nanoparticles were temperature 

and incorporation of PA. The maximum capacitance of CNTs @ VPO @ CNFs reported was 576.1 F g-1 at 

0.66 A g-1. The symmetric supercapacitor device (SSCD) presented an energy density of 69.1 W h kg-1 (at 

power density of 3.2 kW kg-1) and maintained to 36.0 W h kg-1 @ 32.4 kW kg-1. The superior 

electrochemical results were due to good conductive CNTs forest and VPO @ CNFs [85].   
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Dutta et al. [93] synthesized hydrated vanadyl phosphate (VOPO4.2H2O) nano sheets-MWCNT via 

disperssion of 2-propanol in bath sonicator according to previously reported literature [93, 94]. MWCNT-

Vanadyl phosphate hybrid films were prepared by dispersion aided with sonication followed by filtration 

through polyvinylidene fluoride (PVDF) filtration membrane [93]. Then obtained films were peeled off 

from the PVDF membranes. Scanning electron microscopy (SEM) images of MWCNT -VOPO4 were 

showed uniformly mixed VOPO4 nanosheets into MWCNT web (Fig. 1(c, d)). The values of specific 

capacitance recorded were 236, 179, 87, and 59 F g-1 at 5, 10, 50, and 100 mVs-1 scan rates. Specific 

capacitance of this composite was five times greater than that of MWCNTs [93]. The reason for best 

performance was due to thorough mixing of VOPO4 into the MWCNT web which produced the hierarchical 

network for ideal ionic transfer across the electrode and the meso-porosity in the hybrid film which act as 

active sites for electronic and ionic intercalation [93].  

Shehzad et al. [95] synthesized nickel phosphate – MWCNTs (NiP-CNT) through sonochemical assisted 

synthesis. First, NiP was prepared from nickel chloride (NiCl2. 6H2O) and disodium hydrogen phosphate 

(Na2HPO4) with the help of sonication. Prepared composite was motel and pestle with different quantity of 

MWCNT (10, 30, 50 wt. %) (Fig. 1e). SEM image of NiP50CNT50 shown in Fig. 1f presented the 

homogeneous dispersal of MWCNTs in nickel phosphate (Ni3 (PO4)2). Due to this, the ions and electrons 

can easily be conducted throughout the electrolyte. This leads to more effective and speedy faradic reaction. 

The most appropriate quantity was 50 wt. % MWCNTs, but 10, 30 wt. % cause nucleation and clustering 

of NiP and CNTs in the nanocomposite which results in depreciation of faradic redox reaction. Due to this, 

NiP50CNT50 presented a high specific capacity of 845 C g- 1 at 0.6 A g- 1 from galvanostatic charge 

discharge (GCD) pretty much greater than pristine NiP (600.6 C g- 1 at 0.6 A g- 1). The representative 

electrode showed high conductivity and surface area of 32.4 m2 g-1, adsorbed gas volume (168 cm3 g−1), and 

mesoporosity as indicated by hysteresis in Brunauer-Emmett-Teller (BET) curves. These pores are 

electrochemically active reaction sites for reaction to take place. Owing to all these validations, the ASC 

device of NiP50CNT50//AC showed higher energy density of 94 Wh kg-1 (@ power density of 10200 W 

kg-1) along with impressive capacitance retention of 95.5% after 5000 GCD cycles. The superb cyclic 

performance was due to homogeneous distribution of CNTs in NiP matrix [95]. 

Sharmila et al. [96] synthesized MnPO4·H2O/MWCNT nanocomposite via hydrothermal methods by 

adding MWCNTs in C4H6MnO4 solution in deionized (DI) water with constant stirring in 1:1 ratio. After 

adding H3PO4 and adjusting the PH of solution to 8, the solution was added into stainless steel autoclave 

and heated at 80 °C overnight. The schematics of all process represented SEM image showed that the 

MWCNTs have been thoroughly covered the MnPO4·H2O surface. Both are uniformly distributed among 

each other. The specific capacitance of obtained composite of MnPO4·H2O / MWCNT was 325 F g-1 at 2 A 
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g-1 which reduced at high current density [96–98]. This might be due to the combined EDLC natured 

(MWCNTs) and PD (MnPO4·H2O) NSs due to less ionic decomposition and enhanced ionic transfer. 

Tian et al. [99] synthesized nickel phosphide/carbon nanotube (Ni2P @ CNT) nanocomposites by 

microwave irradiation method. Firstly, the mixture of CNTs, Ni (NO3)2.6H2O and phosphorus was prepared 

thoroughly in the form of powder followed by heating in microwave oven. The nanospheres of Ni2P @ 

CNT can be clearly represented by its reported schematic representation. In the SEM image, clearly Ni2P 

nano spheres were thoroughly dispersed on CNT without agglomeration and nucleation. This creates 

uniform conducting channels for the ionic and electronic conduction in which the nickel ions can easily be 

diffused through CNTs. Large lumps of Ni2P showed in SEM images due to prolonged heating time of 120s 

[100, 101]. Small amount of Ni2P nanoparticles produced at lower microwave power due to the reason that 

the CNTs can’t engross microwaves for producing Ni2P nanoparticles. This increase in moisture contents 

results in the incomplete phase transformations of Ni2P nanoparticles. The SEM image of Ni2P @ CNT 

represents hierarchical morphology including many pores and increased surface area which results in 

excellent electrochemical performance [99]. The Ni2P @ CNT nanocomposite produced showed superb 

rate performance (90%) even at high current density of 10 A g–1. ASC device of Ni2P @ CNT//AC presented 

good energy density of 33.5 Wh kg–1 (@ power density of 387.5 W kg–1). The best electrochemical 

properties were because of large quantity of pores which acts as the active electrochemical reaction sites 

[99, 102]. The other reason was enhanced surface area which is ideal for an electrochemical performance 

(specific capacitance , energy and power densities) [103–105]. Uniform and thorough growth of Ni2P over 

CNTs also enhanced the electrochemical performance [99, 106].  

To summarize, the electrochemical performance of UMPs pristine has been compared with their hybrid 

composites with CNTs based on their hierarchical structure, porosity, surface area and conductivity. 

Among all the reviewed studies, chemically grafted Ni2P @ CNTs prepared through microwave irradiation 

method by Tian et al. [99] has been found to excellent results. The specific capacitance of Ni2P @CNTs 

found to be 854 F g−1 at 1 A g−1 greater than pristine Ni2P (418 F g-1 @ 1 A g-1) [107]. The major reason 

for best performance is the strong chemical grafting between metal phosphate and highly conductive CNTs 

which will facilitate the ideal ionic and electronic conduction. The highest electrochemical performance of 

hybrid nanocomposites is due to high conduction, good, exposed surface area, and porosity.  

Figure 1:  

Table 1:  
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b. Unary metal phosphate/graphene (UMP/Gra) based supercapacitors  

Iqbal et al. [108] synthesized zinc phosphate (ZnP) with the help of sonochemical method. Firstly, ZnP 

was prepared by mixing two solutions of di-sodium hydrogen phosphate (Na2HPO4) and zinc chloride 

(ZnCl2). Finally, the prepared solution was added in autoclave followed by heating at 180 ˚C for 24 hours. 

After that the prepared precipitate was washed with DI water and ethanol many times followed by room 

temperature drying for 48 hours (Fig. 2a). On the other hand, rGO was prepared by Hummer’s method. 

Then the ZnP-rGO composite was prepared by physical blending of ZnP and rGO. SEM represents the 

mixture of rod and particle morphology of ZnP and sheet-like structure of rGO (Fig. 2b). The rGO used in 

different concentrations (30, 50 wt. %), among which 30 wt. % showed the good specific capacitance (278 

F g-1 at 0.6 A g-1) due to uniform distribution. The reported validation for the best electrochemical 

performance of ZnP_rGO_30% was the highest porosity and surface area which results in the formation of 

active electrochemical reaction sites for an easy access of OH-ions. ZnP_rGO_10% and ZnP_rGO_50% 

has less active reaction sites due to agglomeration of two phases of ZnP and rGO results in inaccessibility 

of –OH ions lead to worst electrochemical performance [108].   

Mirghni et al. [109] synthesized Mn3 (PO4)2/GF composite through hydrothermal process. In the process, 

50, 100, 150 mg GF were dispersed in DI water through sonication. The precursors used were C4H6MnO4 

and N2H9PO4. The finally prepared mixture was filled in autoclave followed by heating at 200 °C for 24 h 

and then washing and drying (Fig. 2c) [109]. SEM image represented that as-synthesized composite 

consists of GF sheets covered on hexagonal Mn3 (PO4)2 micro-rods (Fig. 2d). The good specific capacity 

of Mn3 (PO4)2/100 mg GF (270 F g-1 @ 0.5 A g-1) was due to effective adherence of uniformly deposited 

GF sheets on Mn3 (PO4)2 micro rods with stable conduction paths for ionic diffusion [109]. 

Mahmoud et al. [110] prepared cobalt phosphate / graphene foam (Co3 (PO4)2/GF) by dispersing GF in DI 

water with the help of ultra-sonication. The different precursors were NaOH, H9N2O4P, Co (NO3)2. 6H2O 

and GF. The precursors were mixed thoroughly in the form of solutions and then stirred followed by drying 

and annealing at 700 ℃ under N2 atmosphere. Different compositions, (Co3 (PO4)2 with 10, 20, 30 mg GF) 

were made according to scheme as presented in Fig. 2e [111]. Structural morphology of Co3 (PO4)2/20mg 

GF from SEM represents the uniform grain sized metal phosphates and GF sheets (Fig. 2e). In the other 

compositions of 10 and 30 mg GF, little agglomerates of Co3 (PO4)2 and GF respectively block the reaction 

sites which hindered the electronic and ionic flow. The presence of GF increased the electrical conductivity 

and which results in the formation of proper conductive channels ideal for good faradic reaction. The ASC 

device of Co3 (PO4)2/20 mg GF//ppAC showed good energy density of 52 Wh kg-1 (@ power density of 847 

W kg-1), maintained to 21.6 Wh kg-1 @ 10 A g-1 current density. Notably, ASC has batter electrochemical 

performance in comparison with previously reported studies i.e. Co3(PO4)2//AC (26.6 Wh.Kg-1) [110], 
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Co3P2O8.8H2O//AC (11.9 Wh.Kg-1) [112], Ni3(PO4)2/90 mg GF//C-FP (49 Wh.Kg-1) [76], and Co3 

(PO4)2.4H2O/GF//C-FP (24 Wh Kg-1) [113]. 

 

Mirghni et al. [76] prepared nickel phosphate (Ni3 (PO4)2) through hydrothermal process by dropping 

NiN2O6.6H2O, into N2H9PO4 solution with constant stirring followed by transferring the solution into 

stainless-steel autoclave at 200 ˚C for 24 h. The prepared solution was washed and dried at 60 ˚C for 12 

hours. The obtained product consists of Ni3 (PO4)2 nano-rods structure [76]. Then graphene foam (GF) was 

prepared through the method reported in literature [109, 113]. In the process, graphene was grown on 

annealed Ni foam at 1000 ˚C in the hydrogen (H2) and argon (Ar) atmosphere for 60 min. After that, CH4 

passed through quartz tube for 10 mins. Once the graphene was fashioned on the nickel foam, GF was 

formed through etching of nickel by dipping graphene fashioned nickel foam in 3.0 M HCl at 80 ˚C. The 

prepared GF was frequently washed with DI water and then drying at 60 ˚C overnight. After that the Ni3 

(PO4)2/GF composite was prepared by sonicating GF in DI water followed by formation of hybrid 

composite through previous hydrothermal method as used for the synthesis of Ni3 (PO4)2. The different 

compositions with 30, 60, 90 and 120 mg GF were prepared with the same method. The prepared 

morphologies of Ni3 (PO4)2/GF composites were studied with SEM. Ni3 (PO4)2/30 mg GF showed nano-

rods but when 90 mg were used then these nano-rods changed into bundle - like morphology. On further 

increase of GF contents to 120 mg, the clustering starts which results in the worst electrochemical 

performance. GF was uniformly coated on Ni3 (PO4)2 surface aided with sonication for many hours in DI 

water which was the reason for best electrochemical performance of composite. The nano-rods bundles of 

Ni3 (PO4)2/GF composite can be clearly represented by high resolution transmission electron microscopy 

(HRTEM). The polycrystalline nature of composite can be clearly visible through clear diffraction spots 

(rings) with the help of selected area electron diffraction (SAED) pattern. From HRTEM, the hierarchical 

channel-like morphology can be clearly visible in composite with 90 mg GF. It can be clearly visible that 

with increasing the GF contents, the channel like structure increased but in the 120 mg composition the 

channel like morphology disappears. Cyclic voltammetry (CV) curve of Ni3 (PO4)2/30 mg GF has high 

current as compared to pristine Ni3(PO4)2. With 60, 90 mg GF composite the area under the curve increased, 

especially Ni3(PO4)2/90 mg GF showed maximum specific capacity of 48 mA h g-1 at 0.5 A g-1 with 92% 

capacitance retention after 2000 GCD cycles with 99% columbic efficiency due to good faradic and 

reversible nature of composite. ASC device of Ni3 (PO4)2/90 mg GF// C-FP (Fe3+) adsorbed onto polyaniline 

(PANI) (C-FP) showed good energy density of 49 Wh kg-1 @ 499 W kg-1 (retained to 21 Wh kg-1 @ 9720 

W kg-1). Additionally, the ASC device represented capacity retention of 53% after 10,000 cycles. The 

energy and power densities of ASC device was greater than previously reported results [114–116]. The best 

presentation of Ni3 (PO4)2/90 mg GF composite was due to formation of GF nano-rods networks. These 
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networks have pores which were ideal for faradic reaction to takes place. The ASC device has PANI which 

is good theoretical capacitance (3407 F g-1) [82, 83]. Due to this reason the ASC device has good energy 

density and stability.  

The electrochemical performance analysis of pristine UMPs done in this section, highlights that there are 

different controlling factors like conductivity, porosity, and surface area which increase the electrochemical 

performance of the nanocomposites. Among all studies discussed, ZnP – rGO prepared through 

sonochemical approach by Iqbal et al. [108] showed best results where ZnP and rGO were physically 

blended with each other. The thorough dispersion of all phases in ZnP – rGO 30% presents good specific 

capacitance of 278 F g-1 at 0.6 A g-1 greater then pristine ZnP (59.81 F g-1) [108]. This best performance 

was attributed to the highest porosity and surface area which results in the formation of active 

electrochemical reaction sites for easy access of OH-ions.  

Figure 2:  

Table 2:  

3. Binary metal phosphate / carbon based supercapacitors 

BMPs are the Double transition metal (Ni, Co, Zn, V) phosphates. Double transition metal has good 

electrochemical properties as compared to UMPs due to more ions available for their diffusion and effective 

faradic response. But still these metal phosphates have low conductivity, surface area, porosity which 

results in their low electrochemical properties. But when their hybrids with carbonaceous materials (CNTs, 

GRA) then their surface area, conductivity, porosity increased which results in increased electrochemical 

performance. Following is the comparison electrochemical performance of pristine BMPs and their hybrids.  

a. Binary metal phosphate / Carbon nanotubes (BMP/CNTs) based supercapacitors 

Dang et al. [117] prepared P doped C spheres @ nickel cobalt phosphide nanosheets (P-CSs @ Ni1-Co2-P 

NSs) as illustrated in Fig. 3a. In the first step, CSs were formed through hydrothermal carbonization method 

[118]. The Ni1-Co2-OH NSs was grown on CSs through phosphorization to produce P-CSs @ Ni1-Co2-P 

NSs [117]. SEM micrograph of P-CSs @ Ni1-Co2-P NSs as shown in Fig. 3b, represents the plain surfaced 

CSs which were interconnected due to ambient temperature (175 °C) of hydrothermal process. The 3D 

interlocked uniformly gowned Ni1-Co2-P NSs on CSs form a network which can be controlled with the help 

of low hydrothermal temperature (160 °C) [117]. This growth was due to functional groups, like -C=O, 

COOH, and -OH on CSs surface [119, 120]. After phosphorization, Ni1-Co2-P NSs @ CSs turned into P-

CSs @ Ni1-Co2-P NSs containing mesopores. This specific hierarchical arrangement caused the more 

effective transport paths for ideal electronic and ionic conduction. Due to this, specific capacitance of P-
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CSs @ Ni1-Co2-P NSs was 1040.3 F g-1 at 1 A g-1 [117]. Even at 30 A g-1, composite retains its capacitance 

to 505.5 F g-1.  

Shehzad et al. [121] prepared cobalt nickel phosphate/PANI functionalized CNTs (CNP/PANI-CNTs) 

nanocomposites through sonochemical assisted synthesis with different masses of PANI/CNTs (20 mg, 40 

mg, 60 mg, and 80 mg) labeled as CNP20, CNP40, CNP60, and CNP80. CNTs chemically linked with 

PANI through in situ-polymerization approach. The reported SEM images of pristine CNP and hybrid 

CNP40 has rectangular plates. When the PANI/CNTs are added then the size of rectangular plates increases 

but there is no agglomeration and nucleation of precursors as in the case with CNP40 as compared to CNP20, 

CNP60. Clear triple layered chemically grafted structures were also verified from reported HRTEM image.  

CNP40 showed maximum specific capacity of 1268 C g-1 at 1.5 A g-1 current density. ASC device of CNP40 

showed good energy density of 87 Wh kg-1 @ power density of 680 W kg-1 with 100 % capacitance retention 

after 5000 GCD cycles. The best performance of CNP40 as compared to other samples is due to stable 

chemical grafted structures free of clusters due to no agglomeration and nucleation of CNP and PANI/CNTs 

as in the case of CNP20, CNP60, and CNP80 [121][122]. 

Guo et al. [123] prepared carbon dots (CDs) according to reported study [124] with the help of citric acid, 

ethylenediamine (EDA) and phosphorus pentoxide (P2O5) through hydrothermal approach. The obtained 

solution was treated with ethanol to produce precipitate through centrifugation followed by washing and 

vacuum drying at 40 °C for 24 hours. The effect of variable CDs concentrations dispersed in ethanol on 

structural appearance has been discussed in Fig. 3c. Precursors used for the formation of hybrid composite 

of CDs and nickel zinc phosphate (NZP) were Ni3 (NO3)2·6H2O, Na4P2O7, and Zn (NO3)2·6H2O. The CDs 

(0-20 mg) dispersed in the former solution through 20 minutes stirring. Then the whole solution prepared 

was shifted in the autoclave followed by heating at 160 °C for 8 hours. The finally prepared composite was 

washed and dried to get precipitates. The different compositions (CDs/NZP-0, CDs/NZP-5, and CDs/NZP-

20) were made consisting of different masses of CDs from 0-20 mg [123]. The hierarchical structure of 

CDs/NZP-10 was represented from TEM image (Fig. 3d). The reported structure was mulberry-like, with 

200-300 nm diameter. The morphology of pristine NZP changed from irregular to mulberry with the 

addition of CDs. The hybrid composite of 10 mg CDs has no agglomeration which is ideal for effective 

ionic ad electronic diffusion which results in rich faradic reaction [123]. The specific capacity of CDs/NZP-

10 composite electrode was 1885.7 F g-1 at 1 A g-1. These good electrochemical properties make the 

composite more suitable for high performance electrical appliances. The reason for the better 

electrochemical performance was effective diffusion of OH- ions. Specifically at low current densities, the 

OH- ions have sufficient time for their diffusion in the electrode’s surface high current densities. This results 

in large increment in the specific capacitance. The ASC device of CDs/NZP-10//AC presents good energy 
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density of 33.7 Wh kg-1 (@ 800 W kg-1) which maintained to 12.4 Wh kg-1 (@ 8000 W kg-1) with capacity 

retention of 90.6% after 6000 GCD cycles. This better working of ASC device was due to highly PD nickel, 

zinc, and excellent conductive carbon dots.  

Kao et al. [125] prepared 2D Iron Phosphate sheets through solvothermal process. The sheetes were formed 

with the aid of organic templates using solvothermal process. The iron chloride was treated with surfactant 

Sodium Dodecylbenzene Sulfonate (SDBS). Iron phosphate (FePO4) was synthesized through Sodium 

Borohydride through thermal annealing caused the chemical reaction of metal and phosphate, reduced onto 

the organic scaffold, results in the formation of uniform phosphate layer (Fig. 3e) [125]. Then the FePO4 

water suspension was produced by 12h stirring at 90 ̊ C. Reported TEM image showed ultra-thin nanosheets 

of iron phosphates (Fig. 3e). FePO4-PPY devices were fabricated by doping with PPY, SDBS and 

ammonium persulfate (APS). Pyrrole was polymerized onto the FePO4 ink on glass substrate by evaporation 

followed by treatment of FePO4-PPY film with CNT forest. Prepared silicon substrate was treated with 

electron beam to form conductive molybdenum layer. The iron and molybdenum alloy formation were 

stopped by evaporation of iron and aluminum catalyst. Then the prepared substrate was heated in tube 

furnace results in growth of CNT forest through chemical vapor deposition (CVD) as reported in literature 

[126]. After stability of furnace at high temperature of 720 ˚C, ethylene, and hydrogen were introduced in 

1:7 ratio. At highest temperature, the catalyst nucleates results in the formation of CNT forest. The porous 

forest was formed by vacuuming it for 20 min. When FePO4 ink was loaded onto CNT forest, it penetrates 

into the forest [125]. FePO4-PPY, showed the aerial capacitance of 3.6 mF cm-2 (3X more in comparison 

with bare PPY films), and 20.8 mF cm-2 in case of FePO4-CNTs (20X times more than bare CNTs). Yet, a 

unique multiple-precursor approach for synthesizing 2D materials was presented in this study for the low 

temperature, solution-processed synthesis of 2D FePO4 sheets. These sheets are easily placed onto 

conductive substances like PPY and CNTs [125]. 

Figure 3:  

Table 3:  

Shehzad et al. [127] synthesized nickel-zinc metal phopsphate-polyaniline / carbon-nanotubes (NZP-

PANI/CNTs) nanocomposite through soniochemical approach. Firstly the CNTs were fuctionilized with 

PANI through insitu polymerization techanioque. Then this PANI/CNTs was treated with metal salts with 

slow addition of sodium hydrogen phosphate (Na2HPO4) to produce the NZP-PANI/CNTs nanocomposite. 

Final product was washed, dried and then calcined. Obtained marphology was flakes like as in the case of 

pristine NZP which changed to oval shaped nearly uniform plates when 60 mg PANI/CNTs id added in it. 

This change was owing to hosmogenious chemical linking of metal phosphates on PANI/CNTs which has 
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been further elaborated by reported Fourier transfer infrared (FT-IR) spectroscopic anlaysis discussed 

further linking of functional groups in between metal phosphates and PANI/CNTs. The composition NZP60 

has greater surface area, conductivity and finally good electrochemical performance (specific capacity = 

1143 C g-1) as compared to all other samples like NZP, NZP20, NZP40 and NZP80. The resultant 

NZP60//AC ASC device presented good energy density of 89.2 Wh kg-1 at 630 W kg-1 with excellent 

capacity retention and columbic efficiency. The grounds for outperformance of NZP-PANI/CNTs 

nanocomposite were high surface area, conductivity, porosity and stable chemical grafting of highly 

pseudocapcitive NZP and  PANI on condutive CNTs. The chemcial stability and rate performance of 

nanocomposite was attributed to CNTs. This all leads to the foramtion of stable conductive paths ideal for 

electronic and ionic transport which increase the oxidation and reduction reaction and also whole 

electrochmical performance of electrode and device [127].  

Sharmila et al. [128] prepared MWCNTs wrapped nickel manganese phosphate (NMP) via motel/pastel 

method. The wrapping of MWCNT on NMP was done in different ratios (1:1, 1:3). Field emission scanning 

electron microscopy (FESEM) images showed small rods of MWCNTs with increased porosity of 10-20 

nm length which were grown on NMP surface [128]. Beside the large rods of MWCNTs, there were also 

small rods associated with the large one. When the MWCNTs were wrapped on the NMP, it results in balls 

like morphology due to their coagulation. The electrochemical performance of pristine NMP increased by 

the inclusion of mesoporous MWCNTs rods. Grounds for good performance were good exposed surface 

area due to porous nano-rods  which act as good electrochemical reaction sites [128].  

Wang et al. [129] synthesized cobalt nickel phosphate/manganese dioxide/multi-walled carbon nanotubes 

composites (CNPMM1:1) by hydrothermal method. In the process, NiCl2·6H2O, CoCl2·6H2O, and Na2HPO4 

were mixed in distilled water with continuous stirring for 30 min. Then the different contents of MnO2 and 

MWCNTs in the molar ratios of 1:3, 2:3, 1:1, 3:2, 3:1 were prepared by 30 min stirring. The prepared 

solution was shifted to stain-less steel autoclave followed by high temperature heating. For comparison, 

CNP was prepared by the same hydrothermal method. SEM analysis revealed the growth of CNPMM1:1 

and CNP on nickel foam. The hierarchical clustered morphology of CNP containing long hexagonal petals 

can be clearly seen in reported SEM images. The highly dense hexagonal petals linked together at center 

produce many sites for electrochemical reaction due to formation of micron sized central hexaprism [129]. 

By the addition of MWCNTs and MnO2, the CNP structure changed from flower like hexagon to cuboid-

like morphology. The dimensions of these pores were 0.3–0.8 µm (diameter), 2–3 µm (length). During the 

co-precipitation reaction, this cluster was extended to large micron which obstructs the directional growth 

of cobalt and increase the stable growth of Ni base unit [130, 131]. The CNPMM exhibited good 

electrochemical behavior due to high porosity. The capacities of CNP, CNPMM3:2, CNPMM1:1, CNPMM3:1, 
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CNPMM2:3, and CNPMM1:3 were 2131, 1229, 2334, 1488, 1781, and 1722 mAh g−1 respectively. 

CNPMM1:1 showed maximum capacitance values with cyclic performance of 71.6% at 10 A g-1 which was 

the indication of reduction of ionic diffusions on electrode surface at high current density [132]. The 

reported reason for this performance was less time for –OH ion intercalation into the electrode surface that 

is at high current density and has sufficient time for ionic diffusion at low current density. This resulted in 

large charge storage at low current density which makes it potential candidate to be used in high power 

applications [133]. The other reason for best electrochemical performance of CNPMM1:1 was the added 

effect of MnO2, CNP, and MWCNTs in phosphates matrix [131].  

Yang et al. [134] synthesized N-CNTs @ NiCoP/CoP with hydrothermal method. In first step, the 

polypyrrole was prepared with oxidation polymerization of pyrrole followed by self-degraded template 

method. The N-CNTs were produced with the help of pyrolysis of PPy nanotubes (NTs). Later, the Ni-Co-

OH in the form of inter-connected nanosheets decorated on N-CNTs through hydrothermal approach. Then 

N-CNTs@NiCoP/CoP prepared via NaH2PO2⋅H2O, N-CNTs@Ni1-Co2-OH precursors. TEM images 

verified the same morphology of N-CNTs and PPy NTs. Reported SEM images showed the CNTs have 

less diameter as compared to PPy NTs due to thermal treatment of the polymers. Ni1-Co2-OH NSs @ N-

CNTs prepared through hydrothermal. In the hierarchical structure of N-CNTs @ NiCoP/CoP, cores of N-

CNTs linked thoroughly with interlocked NiCoP/CoP results in the formation of uniform core-shelled mesh 

structure. This type of hierarchical structure results in the highly exposed which facilitates the consistent 

ionic and electronic diffusion [135]. Due to all the above reasons, hybrid nanocomposite exhibited more 

capacity of 152 mAh g-1 @ 1 A g-1. Particularly the capacity retention was 61% @ 30 A g-1 much greater 

than the other formed compositions [136]. 

To summarize, the works reviewed on the pristine BMPs and their hybrids with CNTs present the increment 

in electrochemical performance due to hierarchical structural effects. Among all the reviewed studies in 

this section the study reported by Wang et al. [129]  (synthesis of CNPMM1:1 through hydrothermal 

approach) showed best specific capacity of 2334 mAh g−1 as compared to pristine CNP. The reported reason 

for this performance was less time for –OH ion intercalation into the electrode surface that is at high current 

density and has sufficient time for ionic diffusion at low current density. This resulted in large charge 

storage at low current density which makes it potential candidate to be used in high power applications 

[133]. The other reason for best electrochemical performance of CNPMM1:1 was the added effect of MnO2, 

CNP, and MWCNTs in phosphates matrix [131]. 
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b. Binary metal phosphate/graphene (BMP/Gra) based supercapacitors   

Zhang et al. [137] prepared Nickel-Cobalt Phosphide/Phosphate/Carbon Nanosheets (Ni-Co-P/POx/C) 

composite through hydrothermal approach (Fig. 4a). The precursors used in this study were Ni 

(NO3)2·6H2O, poly (vinylpyrrolidone), 2, 5-dihydroxy terephthalic acid (H4-DHBDC), and 

Co(NO3)2·6H2O. Solution of all precursors were mixed in N, N-dimethylformamide (DMF). After that this 

solution was shifted into autoclave and heated at 160 °C for 12 h followed by washing, centrifuging and 

drying [137]. Then Ni− Co−P/POx/C phase was prepared by phosphorization of as prepared NiCo-MOF. 

Structural morphology can be elaborated by TEM, SEM (Fig. 4b) analysis which represents the 2D 

nanosheets of NiCo-MOF. TEM image represents the composite which was composed of phosphide 

nanoparticles (NPs) and phosphate phases. The electrochemical properties of nanocomposites increased 

due to the amorphous nature of phosphates and phosphides [138][139]. The presence of P, Ni, Co, and C 

in composite was verified by EDX evaluation. The large percentage of C in composite nanosheets was due 

to pyrolysis process. The capacitance of as synthesized composite was 583 C g−1 at 1 A g−1 with superior 

rate performance of 62.73% at 30 A g−1 [137]. The good performance was attributed to the nanopores 

present in the phosphate and phosphide phase due to its amorphous nature.  

Fan et al. [140] synthesized NiCo(PO4)3/GF composition through hydrothermal route (Fig. 4c). The SEM 

image of NiCo(PO4)3/GF shown in Fig. 4d.  First, pristine NiCo (PO4)3 was prepared through hydrothermal 

approach with the help of precursors (Ni (NO3)2⋅6H2O, N2H9PO4, CH4N2O, and Co (NO3)2⋅6H2O, and NiCo 

(PO4)3) followed by washing and drying to get obtained product. Hybrid composite of NiCo (PO4)3/GF was 

finally prepared by same method including GF as precurser. The specific capacity of NiCo (PO4)3/40 mg 

GF composite was attributed to 86 mAh g-1 @ 1 A g-1. The specific capacity deceased at high current density 

owing to hindered ionic diffusion results in depreciation of faradic reaction on the less active electrode 

surface [140]. 

Mirghni et al. [141] prepared NiMn (PO4)2/GF composite through hydrothermal approach (Fig. 4e). 

Pristine NiMn (PO4)2 was prepared by adding (NH4) PO4, Ni (NO3)2 • 6H2O, and Mn (CH3Co)2 .4H2O in 

DI water and then transferred this solution in autoclave followed by heating at 120 οC for 3 hours. Then 

NiMn (PO4)2/GF was prepared from the same process by adding  20, 40, 80, and 100 mg GF with the 

precursors used in reported literature [133, 141]. SEM image of NiMn (PO4)2/GF represented the cubic rods 

like hierarchical structure which were well organized due to GF in the structure (Fig. 4f). The capacitance 

of NiMn (PO4)2/GF was 97 mAh g–1 at 0.5 A g–1. The good performance was attributed to combined 

synergic outcome of highly electroactive pseudocapacitive Mn and Ni [142]. Other reason was the 

interaction between GF and NiMn (PO4)2 which facilitates the efficient ionic and electronic diffusion [141]. 
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Figure 4:  

Table 4:  

Raap et al. [143] prepared CG-CNT nanocomposite which showed rectangular CV curves with high 

resistance as compared to all other hybrids compounds represents capacitive and reversible performance 

might be due to EDLC behavior. The faradic reaction was not ideal for carbon based materials due to large 

amount of quinone and phenol bonds [144]. This process is in close approximation with specified amount 

of CO repelling groups due to P-functional groups results in carbonyl quinones formation. The different 

nature of electrode materials produced due to the H3PO4 addition during the glucose polymerization with 

highly resistive CV as compared to CG-CNT [143]. The electrochemical performance of chemically 

activated glucose activated CNTs (AG-CNT_P800) treated at 800 °C showed specific capacitance of 136 

F g-1 in three electrode assembly and 133 F g-1 both @ 2 mV s−1 in two electrode assembly. The CV 

presented regular shape which might be due to Faradaic reaction. The difference between both capacitances 

was due to the chemical grafting with oxygen which caused the efficient ionic and electronic diffusion 

[143]. 

Among all the reviewed studies on BMPs and their hybrids with graphene in this section, Ni-Co-P/POx/C 

composite synthesized through hydrothermal approach by Zhang et al. [137] outperformed. The hybrid 

composite presented good specific capacity of 583 C g−1 at 1 A g−1 than pristine Ni-Co-P (453 C g−1 at 1 A 

g−1) [145]. The good electrochemical performance was due to nanopores in phosphate and phosphide phase 

because of its amorphous nature and highly conductive carbon nanosheets.  

4. Ternary metal phosphate /carbon based supercapacitors 

TMPs are the triple transition metal (Ni, Co, Zn, V) phosphates. Triple transition metal has good 

electrochemical properties as compared to BMPs and UMPs due to more ions of three metals available for 

their diffusion and effective faradic response. But still these metal phosphates have low conductivity, 

surface area, porosity which results in their low electrochemical properties. But when their hybrids with 

carbonaceous materials (PANI/CNTs) then their surface area, conductivity, porosity increased which 

results in increased electrochemical performance. Following is the comparison electrochemical 

performance of pristine TMPs and their hybrids.  

a. Ternary metal phosphate /CNTs (TrMP/PANI-CNT) based supercapacitors 

Shehzad et al. [146] prepared nickel – cobalt – zinc metal phosphates – PANI/CNTs nanocomposite 

through sonochemical assisted synthesis of mixed metal phosphate and PANI functionalized CNTs (Fig. 

5a). The morphology of NCZP was irregular sized rectangular plates but it changed into oval sized uniform 
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plates with the addition of 100 mg PANI/CNTs (NCZP100) (Fig. 5b). The HRTEM image of NCZP100 

represented that there are triple layers of CNTs, PANI and NCZP phosphate. This showed that there is no 

gap in between layers but they are completely fused with each other conformed the strong bonding between 

them (Fig. 5c). Further chemical grafting can be elaborated by reported FT-IR and Ramen spectroscopy. In 

the study PANI act as bridge in between metal phosphate and CNTs (Fig. 5d. The NCZP100 showed good 

electrical conductivity and specific capacity of 1438 C g-1 (2397.5 F g-1) @ 1.5 A g-1 current density as 

compared to all other compositions (NCZP, NCZP20, NCZP40, NCZP60, and NCZP130). The resulting 

ASC device of NCZP100//AC showed excellent energy density of 104 Whkg-1 @ 540 Wkg-1 with excellent 

cyclic performance [146]. The good behavior of NCZP100 and its ASC device was attributed to following 

reasons:  

1) Mixed metal (Ni-Co-Zn) phosphates increase the availability of electrons for oxidation and reduction 

reactions as all metals have variable oxidation states. 

2) High surface area, chemical stability, porosity, and low resistances, conductivity. 

3) Stable chemical grafting of highly pseudo-capacitive ternary metal phosphates, PANI and CNTs 

explained by presence of many functional groups characterized by FT-IR analysis.  

4) The best ASC performance was due to all above reasons and combined contribution of pseudo 

(NCZP60) and EDLC (AC) as indicated by diffusive capacitive performance at different scan rates.  

Figure 5:  

5. Influences of morphological features, porosity, and surface area on electrochemical performance 

of pristine TMPs and their hybrids with carbonaceous materials 

A few important factors like surface area, conductivity, pore size are certain physiochemical properties 

affect the electrochemical performance of supercapacitors. Here in this section, it has been tried to discuss 

the effect of electrochemical performance of different unary, binary, and ternary metal phosphates with the 

combination of carbon-based materials. This performance is due to hierarchical structures which engrossed 

good porosity and increased surface area with the inclusion of carbon-based materials. Table 5 discussed 

the some studies like  nanosheets of MnPO4·H2O/MWCNT have high surface area of 19.6 m2/g and 20 nm 

pore size as compared to pristine MnPO4·H2O (11.8 m2/g) with pore size of 17.7 nm [96]. NiP50CNT50 

has highest surface area (32.2 m2/g) [95] as compared to pristine Ni3(PO4)2 (16.98 m2/g) [147]. Nickel 

phosphates on rGO sheets mesoporous hierarchical structure of Ni3(PO4)2/rGO-300 has greater surface area 

(198.72 m2/g) [148] than pristine Ni3(PO4)2 (16.98 m2/g) nanosheets [147]. NMP balls wrapped on 

MWCNTs nanosheets has high surface area of 285.4 m2/g than pristine NMP (209.2 m2/g) and low pore 

size with pore size of 13.2 nm then pristine (18 nm) [128]. Flower like micro cuboid mesoporous structure 
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of CNPMM1:1 has greater surface area of 11.7 m2/g then flower like micro hexagonal structure pristine CNP 

(5.3 m2/g) and high porosity (29.4 nm) as compared to pristine CNP (8.7 nm) [131]. These different 

mesoporous morphologies like nanosheets, nanorods, and flower like microsphere have increased porosity, 

surface area, conductivity. These porous sites act as electrochemical reaction sites which increase the ionic 

diffusion resulted in increased oxidation and reduction reactions results in increment of electrochemical 

performance. Due to all these reasons hybrid metal phosphates/carbonaceous materials have good 

electrochemical properties in comparison to their relative pristine. 

Table 5:  

 

6. Discussion and graphical comparison of the reviewed studies  

Current section is presented a comprehensive discussion about the reported studies on different unary, 

binary and ternary metal phospahtes with CNTs and graphene based materials. This discussion is the 

comprehensive comparison of hybrid composite of TMPs and carbon based materials with their pristine 

materials. Fig. 6 represents all objectives which have been attained in this review article. Fig. (7-9) 

represents specific capacity, energy and power desities and cyclic performances comparison of all hybrid 

composite electrodes and their representative SSC and ASC devices with their respective pristine materials. 

Sharmila et al. [96] synthesized MnPO4·H2O/MWCNT nanocomposite. The reported specific capacity 

was 765 Fg−1 pretty much greater then pristine MnPO4·H2O (145 Fg−1) [149]. The electrochemical 

performance of SSC was 15 Wh kg-1 and 350 W kg-1 with capacitance retention of 94% after 5000 cycles 

greater then pristine MnPO4//AC (14.89 Wh kg-1 and 1400 W kg-1; 88.9% after 5000 cycles) [150]. The 

good electrochemical results were due to highly conductive MWCNT. The batter SSC performance was 

attributed to combined EDLC and pseudo capacitive nature of MWCNTs and MnPO4·H2O NSs respectively 

due to less ionic decomposition and enhanced ionic transfer [96]. Dutta et al. [94] prepared 

VOPO4.2H2O/MWCNT through the method explained in previously reported literature. The specific 

capacitance reported was 236 F g-1 at 5 mVs-1 scan rate pretty much higher than pristine VOPO4 (202 F g-1 

at 2 mV s-1) [151]. The reported energy and power densities of nanocomposite were 65.6 Wh kg-1 and 1476 

W kg-1 greater the pristine VOPO4·2H2O supercapacitor (18.7 Wh/kg @ 290 W/kg) [151]. The reason for 

best performance was uniform mixing of VOPO4 and MWCNT which formed the hierarchical mesoporous 

structure ideal for ionic and electronic intercalation [93]. Tian et al. [99] prepared Ni2P @ CNT 

nanocomposites through microwave irradiation method. The  capacitance of 854 F g−1 at 1 A g−1 more as 

compared to pristine Ni2P (418 F g-1 @ 1 A g-1) [107]. The ASC device of  Ni2P @ CNT//AC were 33.5 

Wh kg-1 energy density and 387.5 W kg-1 power density with capacitance retention of 84% after 5000 cycles 

https://doi.org/10.33961/jecst.2024.00024


 

19 

DOI: 10.33961/jecst.2024.00024 

pretty much greater then pristine  Ni2P2O7.8H2O//rGO (26.6 Wh kg-1  @ 870.6 W kg-1 ; 87.35% after 5500 

cycles) [152]. The superior electrochemical performance was due to porosity engrossed which have good 

electrochemical reaction sites [99, 102]. The other reasons were high surface area and uniform growth of 

Ni2P over CNTs which is ideal for  all electrochemical performance [99, 103–106]. Shehzad et al. [95] 

prepared NiP-CNT nanocomposite via sonochemical synthesis. NiP50CNT50 showed capacity of 845 C g- 

1 at 0.6 A g-1 pretty much more as compared to pristine NiP (600.6 C g- 1 at 0.6 A g- 1). The ASC device of 

NiP50CNT50 showed energy and power densities of 94.5 Wh kg-1 and 340 W kg-1 with capacity retention 

of 95.5% after 5000 cycles greater then pristine Ni3(PO4)2//AC  (26.8 Wh kg-1 @ 750 W kg-1 ; 87% after 

5000 cycles) [153].  The reason for superb electrochemical performance was high conductivity and exposed 

surface area of 32.4 m2 g-1 owing to combined effect of both NiP and CNTs, adsorbed gas volume (168 

cm3 g−1), and mesoporosity as indicated by hysteresis in BET analysis. These pores act as the active 

electrochemical reaction sites. The high cyclic performance was due to homogeneous dispersion of 

MWCNTs. Mirghni et al. [76] synthesized Ni3 (PO4)2/GF through hydrothermal process. Ni3 (PO4)2/90 mg 

GF showed more electrochemical performance of 48 mA h g-1 at 0.5 A g-1 greater than pristine Ni3 (PO4)2. 

The electrochemical performance of ASC device of Ni3 (PO4)2/90mg GF//C-FP was 49 Wh kg-1 @ 499 W 

kg-1 and cyclic performance of 92% after 2000 cycles pretty much greater than pristine Ni3(PO4)2//AC  (26.8 

Wh kg-1  at 750 W kg-1 ; 87% after 5000 cycles) [153]. The best performance was due to GF nano-rods 

networks having many pores which were ideal for faradic reaction to takes place. Iqbal et al. [108] 

synthesized ZnP with the help of sonochemical method followed physical blending to form ZnP_rGO 

composite. ZnP_rGO_30% showed 278 F g-1 due to uniform distribution much higher than pristine ZnP 

(59.81 F g-1). The reported causes for the good performance of was due to high porosity and surface area 

which facilitates faradic reaction for efficient flow of OH-ions, all will lead to effective faradic reaction. 

Mirghni et al. [109]  prepared Mn3 (PO4)2/GF composite through hydrothermal route. The more specific 

capacitance of Mn3 (PO4)2/100 mg GF (270 F g-1 @ 0.5 A g-1) as compared to pristine Mn3 (PO4)2 (213 F g−1 

at 5 mV s−1) [154]. The ASC device of Mn3(PO4)2/100 mg GF//AC showed 7.6 Wh kg-1 and 360 W kg-1 

with cyclic performance of 96% after 10000 cycles pretty much greater than pristine Mn PO4//GO (2.271 

Wh·kg−1 @ 1.5 × 105 W·kg−1 ; 85.3% after 1000 cycles) [155]. The best performance was attributed to 

strong bonding of uniformly deposited GF sheets on Mn3 (PO4)2 micro rods with excellent electrical 

conductivity. This resulted in increment of specific capacity due to stable conductive paths which facilitate 

the  good metallic ions conduction with electrolyte [109]. Mahmoud et al. [111] synthesized Co3 (PO4)2/GF 

by dispersion of GF in DI water via ultra-sonication approach with specific capacitance of 57 mAh g-1 much 

greater then pristine Co3 (PO4)2. The ASC device of Co3 (PO4)2/20 mg GF//ppAC  ASC device showed 24 

Wh·kg−1  and 468 W·kg−1 respectively with cyclic performance of 80% after 10000 cycles batter then 

pristine Co3 (PO4)2 (80% after 6000 cycles) and  Co3P2O8.8H2O//AC (11.9 Wh kg−1 @ 3590 W kg−1) [110]. 
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The good performance was due to GF which enhanced electrical conductivity and results in formation of 

conductive and leads to effective faradic reaction. 

Figure 6:  

Figure 7 :  

Dang et al. [118] prepared P-CSs @ Ni1-Co2-P NSs through hydrothermal carbonization method. The 

specific capacitance of nanocomposites was 1040.3 F g-1 at 1 A g-1 [117] greater than pristine NCCF-3 

(811.1 F·g−1 of 1.25 Ag−1) [156]. At high current density of 30 A g-1, it retained to 505.5 F g-1. The ASC 

device of P-CSs@Ni1-Co2-P NSs//AC showed 16.5 Wh kg−1 energy density @ power density of 750 W 

kg−1. The 3D interlocked uniformly gowned Ni1-Co2-P NSs on carbon spheres form a network which 

controlled with the help of low hydrothermal temperature (160 °C) [117]. The causes for batter performance 

of composite. The reasons for batter electrochemical performance of nanocomposite were presence of many 

mesopores results in effective transport paths for ideal electronic and ionic conduction. This is all due to 

transformation of Ni1-Co2-P NSs @ CSs into P-CSs @ Ni1-Co2-P NSs through phosphorization.  Kim et 

al. [85] synthesized VPO/CNFs nanostructures with the help of carbonaceous materials like CNTs. The 

maximum specific capacitance of CNTs @ VPO @ CNFs composite reported was 576.1 F g-1 at 0.66 A g-

1 more as compared to pristine VOPO4 (~247 F g−1 @ 0.5 A g−1). The SSCD device of  CNTs @ VPO @ 

CNFs showed energy density of 69.1 Wh kg-1 and 3200 W kg-1 with cyclic performance of 109% after 

10000 cycles pretty much greater than pristine VOPO4.2H2O (18.7 Wh kg-1 at 290 W kg-1) [151]. The best 

electrochemical properties were attributed to increased conductivity of CNTs forest and VPO @ CNFs. 

Sharmila et al. [128] prepared MWCNTs wrapped NMP via mortar/pistol method. The specific capacity 

of hybrid composite was 812 F g-1 @ 2 A g-1 greater than pristine NMP (24 F g-1) due to inclusion of 

mesoporous MWCNTs rods. The ASC device of NMP:MWCNTs//AC presents 78 Wh kg-1 and 698 W kg-

1 with cyclic stability of 90% after 5000 GCD cycles respectively greater then pristine cobalt manganese 

phosphate//reduced graphene oxide ASC (84% after 6000 cycles) [157] and NiMn(PO4)2//AC (64.2 Wh kg- 

1 @ 340 W kg-1) [158]. The other reason for better electrochemical performance was highly exposed surface 

area due to nano-rods with many several pores which act as  electrochemically active reaction sites [128]. 

Yang et al. [136] prepared N-CNTs @ NiCoP/CoP through hydrothermal method. The specific capacitance 

of nanocomposite was 152 mAh g-1 @ 1 A g-1 greater than pristine NiCoP/CoP (112 mAh g-1). This all was 

due to thorough interlocked linking of N-CNTs with NiCoP/CoP which results in uniform core-shelled 

mesh structure with highly exposed surface area and causes more effective ionic and electronic intercalation.  

Zhang et al. [137] synthesized Ni-Co-P/POx/C through hydrothermal approach. The specific capacity 

reported was 583 C g−1 at 1 A g−1 greater then pristine Ni-Co-P (453 C g−1 at 1 A g−1) [145]. The ASC 
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device of Ni-Co-P/POx/C//rGO/NF presented electrochemical performance of 35.79 Wh kg- 1 @ 800 W kg-

1 with capacitance retention of 83.6% after 5000 cycles more than pristine  NaNi0.33Co0.67PO4·H2O//Gra 

(29.85 Wh kg−1 @ 374.95 W kg−1 ; 76.9% after 10,000 cycles) [159]. The effective electrical properties 

were due to nanopores in phosphate and phosphide phase because of its amorphous nature and highly 

conductive carbon nanosheets. Wang et al. [131] CNPMM1:1 fabricated via hydrothermal approach. The 

specific capacity of CNPMM1:1 was 2334 mAh g−1 greater than pristine CNP (2131 mAh g−1). The reported 

reason for this performance was that at high current density –OH ions have insufficient time for diffusion 

in electrode surface and at low current density, they have sufficient time for diffusion. This resulted in large 

charge storage at low current density makes it potential candidate to be used in high power applications 

[133]. The other reason for best electrochemical performance CNPMM1:1 was the added effect of MnO2, 

CNP, and MWCNTs in phosphates matrix.  

Figure 8 :  

Figure 9 :  

Fan et al. [140] prepared NiCo (PO4)3/GF composite through hydrothermal approach. The reported specific 

capacity of composite was 86.4 mAh g−1 greater than pure nickel cobalt phosphate (64 mAh g−1). 

Electrochemical performance of ASC device to be 34.8 Wh kg- 1 @ 377 W kg-1 with cyclic performance of 

95% after 10000 cycles moe than pristine  NaNi0.33Co0.67PO4·H2O//Gra (29.85 Wh kg−1 @ 374.95 W kg−1 ; 

76.9% after 10,000 cycles) [159]. The batter electrical properties were due to synergic effects of conductive 

with highly exposed surface area GF and NiCo (PO4)3. Mirghni et al. [142] synthesized NiMn (PO4)2/GF 

composite by hydrothermal process. The specific capacity of NiMn (PO4)2/GF reported was 97 mAh g – 1 

at 0.5 A g – 1 pretty much higher than NiMn (PO4)2 (63 mAh g -1) [141]. NiMn(PO4)2/GF//ppAC ASC device 

presented energy and power density of 35.42 Wh kg-1 and 538 W kg-1 respectively with capacitance 

retention of 97.8% after 10,000 cycles greater than Mn3(PO4)2//AC (11.7 Wh kg−1 @ 1410 W kg−1 ; 99% 

after 9000 cycles) [149]. The good electrochemical performance was due to combined synergic effect of 

highly electroactive pseudocapacitive Mn and Ni [142]. Other reason was the interaction between GF and 

NiMn (PO4)2 which results in more effective ionic conduction [141]. Raja et al. [160] synthesized ZAPG2 

with specific capacity of 416 F g-1 @ 1 A g-1 pretty much greater then pristine pretty much greater then 

pristine ZAP (328 F g-1 @ 1 A g-1).  

 

 

7. Conclusions  
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Transition metal phosphates (TMPs) have very impressive properties like layered structures with open 

framework which make them good capable for protonic exchange and ionic intercalation in between 

different layers. Additionally, variable valencies of metallic ions enhanced the faradic redox reaction. TMPs 

have good energy efficiency, environmental friendliness, structural integrity, and safety evaluation 

compared to TMOs and TMHs. Despite some advantages, there are many disadvantages of TMPs like less 

structural stability, poor capacitance retention, less structural integrity, and electrical conductivity. These 

demerits can be catered by using TMPs with carbonaceous materials like reduced graphene oxides (rGO), 

multi-walled carbon nanotubes (MWCNTs), and graphitic carbons (GC). These hybrid materials have 

mesoporosity, good exposed surface area, layered structure, good conducting paths and excellent cyclic 

performance. This review comprehensive summarizes all possible reported studies of unary, binary TMPs 

with carbon-based materials and discuss their electrochemical performance in comparison with the pristine 

TMPs. These materials have been used in many practical applications like electrical vehicles, electronics 

appliances etc. 

8. Future prospects  

Although this review comprehensively discusses hybrid unary, binary, and ternary metal phosphates with 

carbon-based materials. But in literature there has been no study reported on ternary and quaternary metal 

phosphates/carbon-based materials. These materials are very important and need to be studied because they 

will display more effective ionic and electronic intercalation which results in redox rich faradic reaction so 

good electrochemical performance. Furthermore, the more stable chemical grafting of metal phosphates 

and carbon – based materials are more useful as compared to physical coupling of precursors. As stable 

chemical grafting led to batter rate performance and good capacitance retention as compared to physical 

due to formation of stable functional groups. Second, if we talk about preparation methods, mostly 

hydrothermal, solvothermal, co-precipitation, sintering, chemical deposition methods and some other 

methods have been discussed. Bus only one material (NiP50CNT50) prepared by sonochemical approach. 

This preparation process opens a new gateway in preparing nanocomposites with superb electrochemical 

performance. The reasons are due to molecular level grafting aided with acoustic cavitation effect. This 

uniformly formed nanoscale layered structure on molecular level results in very rich faradic reaction due to 

highest exposed surface area, conduction layered structure which makes these materials potential as positive 

electrode materials in energy storge devices (supercapacitors) applications.   
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Figures 

 

Figure 1: Illustration presented the synthesis and FE-SEM image of symmetric supercapacitors (SSC) 

of CNTs @ VPO @ CNFs (c, d) [85] ; FESEM images of exfoliated VOPO4 (a), MWCNT-VOPO4 

hybrid film (c) [93]; schematic representation and SEM image of NiP50CNT50 composite (e, f) [95] 

—reproduced with permission. 

 

Figure 2: Schematics representation and SEM image of ZnP-rGO composite (a, b) [108] ; Schematic 

preparation and SEM image of Mn3(PO4)2/100 mg GF composite (c, d) [109] ; Schematic synthesis 

and SEM image of Co3(PO4)2/20 mg GF (e, f) [111] — reproduced with permission. 
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Figure 3: Schematic representation and SEM image of P-CSs@Ni1-Co2-P NSs (a, b) [117] ; Schematic 

presents morphology transformation with the addition of  carbon dots in different amounts and 

electronic diffusion flow path, TEM image of CDs/NZP-10 (c, d) [123]; Representation of phosphate 

self-assembly of FePO4-PPY and FePO4-CNTs . Firstly, different metal precursors reacted with 

surfactant (SDBS). At 90 ˚C, reduction reaction caused through precursors. (Inset) TEM image of 

finally formed sheet (e) [125] — reproduced with permission.   

 

Figure 4: Schematic synthesis and SEM image of bimetallic Ni-Co-P/POx/C (a, b) [137] ; Schematic 

preparation of NiCo(PO4)3 (c),  SEM image of NiCo (PO4)3/GF (d) [140], schematic synthesis of NiMn 

(PO4)2 and NiMn (PO4)2/GF composite (e) high magnification image of  NiMn (PO4)2/GF(f) [141] — 

reproduced with permission  
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Figure 5: Schematic synthesis of NCZP-PANI/CNTs nanocomposite (a); SEM and HRTEM images 

of NCZP100 (b, c); and layered mixed metal phosphate – PANI/CNTs nanocomposite (d) [146]- 

reproduced with permission 

 

Figure 6: Characteristics of TMPs/Carbon based nanocomposites  
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Figure 7: Specific capacity comparison of all TMPs/Carbon based materials and their respective 

pristine  

 

Figure 8: Ragone plot of all previously reported studies 
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Figure 9: Cyclic performance of all previously reported studies 
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Tables 

Table 1: Electrochemical performances of different UMPs and their hybrids with CNTs 

Electrode Synthesis 

method 

Device Specific 

capacity  

(C g-1)/ 

capacitance 

(F g-1) 

Energy 

density 

(Wh kg-1) 

Power 

density 

(W kg-1) 

Cyclic 

stability 

Ref. 

MnPO4· 

H2O/MWCNT 

Hydrothermal - 765 15 350 94 @ 

5000 

cycles 

[96] 

MWCNT @ 

VOPO4. 2H2O 

Vaccum 

filtering 

- 236  65.6 1476 - [93] 

Ni2P @ CNT Microwave 

irradiation 

Ni2P @ 

CNT 

//AC 

854 33.5 387.5 84 @ 

5000 

cycles 

[99] 

CNTs @ VPO 

@ CNFs 

Carbonization CNTs @ 

VPO @ 

CNFs SSCD  

576.1  

69.1  3200 

109 @ 

10000 

cycles 

[85] 

NiP50CNT50 Sonochemical 

method 

NiP50CNT 

50//AC 

845 

(Specific 

capacity) 

94.5 340 95 @ 

5000 

cycles 

[95] 
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Table 2: Electrochemical performances of different UMPs and their composites with graphene 

Electrode Synthesis 

method 

Device Specific 

capacity  

(C g-1)/ 

capacitance 

(F g-1) 

Energy 

density 

(Wh kg-1) 

Power 

density 

(W kg-1) 

Cyclic 

stability 

(%) 

Ref. 

Ni3 

(PO4)2/90

mg GF 

Hydrothermal 

 

Ni3 (PO4)2/90 

mg GF//C-FP 

- 

49 499 

92 @ 

2000 

cycles 

[76] 

Co3 

(PO4)2/20

mg GF 

Co- 

precipitation 

Co3 (PO4)2/20 

mg GF//ppAC 

57 mAh g-1 

52 847 

80 

@10000 

cycles 

[111] 

Co3 

(PO4)2.4H

2O/GF 

Hydrothermal Co3 

(PO4)2.4H2O/

GF// C-FP 

57 mAh g-1 

24 468 

99 @ 

10000 

cycles 

[113] 

ZnP-rGO Hydrothermal rGO//ZnP_rG

O 

167.2 

(Specific 

capacity) 

24.26 510 

71 @ 

2000 

cycles 

[108] 

NFPy-

CNT 

Simple stirring NFPy-CNT// 

rGO 

517 

(Specific 

capacity) 

0.08 

mWh· cm-

2 

7.56 

mW· 

cm-2 

86 @ 

8000 

cycles 

   

[161] 

        

Ni–P @ 

Ni HL/CC 

Hydrothermal Ni–P @ Ni 

HL/CC-

1h//AC 

281 (Specifi

c capacity) 
27.6 942.8 

86  @ 

10,000 

cycles 

[162] 

 

Fe2O3 @ 

GO 

Chemical 

precipitation 

Fe2O3 @ GO// 

Ni3(PO4)2 @ 

GO 

1392.6  

67.2 200.4 

88 @ 

1000 

cycles 

   

[163] 

Ni3(PO4)2/

rGO-300 

hydrothermal-

calcination 

Ni3(PO4)2/rGO

-300 //AC 

1726  

57.4 160 

94 @ 

1000 

cycles 

[148] 

Amorpho-

us nickel 

phosphate 

(P2) 

Chemical bath 

deposition 

P2 //rGO ~1031  

45.3 1500 

80 @ 

3000 

cycles 

   

[164] 

Ni2P-

CNFs 

Chemical 

blowing 

pyrolysis 

Ni2P-CNFs 

//CNFs 

145 mAh g-1  

42 413 

88 @ 

6000 

cycles 

[165] 

Ni(OH)2/

Ni(PO3)2 

Hydrothermal Ni(OH)2/Ni(P

O3)2//rGO 

1477  

67 775 

81 @ 

8000 

cycle 

[166] 

Mn3(PO4)2

/100 mg 

GF 

Hydrothermal Mn3(PO4)2/10

0 mg GF//AC 

270  

7.6 360 

96 @ 

10000 

cycles 

   

[109] 

GO/Mn 

PO4· H2O 

nanowire 

Hydrothermal - 288  5.78 9000 85 @ 

1000 

cycles 

[155] 
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Table 3: Electrochemical performances of different BMPs and their composites with CNTs 

Electrode Synthesis 

method 

Device Specific 

capacity  

(C g-1)/ 

Capacitance 

(F g-1) 

Energy 

density 

(Wh kg-1) 

Power 

density 

(W kg-1) 

Cyclic 

stability 

(%) 

Ref. 

NZP60 Sonochemical  NZP60//

AC 

1143 89.2  630 99.86 @ 

5000 

cycles  

[127] 

NMP:MWC

NTs 

Hydrothermal NMP:M

WCNTs

//AC 

812  

78 698 

90 @ 

5000 

cycles 

   

[128] 

CDs/NZP-

10 

Hydrothermal CDs/NZ

P-

10//AC 

1887  

33.7 824.9 

90.6 @ 

6000 

cycles 

[123] 

P-CSs @ 

Ni1-Co2-P 

NSs 

Hydrothermal 

carbonization 

P-

CSs@N

i1-Co2-P 

NSs//A

C 

1040.3  

16.5  750 
78 @ 20 

A g-1 
[117] 

FePO4-

CNTs 

Solvothermal  - 20.8 mF cm-2 
- - -  

N-

CNTs@NiC

oP/CoP 

Hydrothermal - 152, mAh g-1  

- - 
61% @ 30 

A g-1 
[125] 

CNPMM1:1 Hydrothermal - 2334 mAhg−1 - - -  
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Table 4: Electrochemical performances of different BMPs and BMPs/Gra composites 

Electrode Synthesis 

method 

Device Specific 

capacity  

(C g-1)/ 

Capacitance 

(F g-1) 

Energy 

density 

(Wh kg-1) 

Power 

density 

(Wh kg-1) 

Cyclic 

stability 

(%) 

Ref. 

NiCo(PO4)

3 /GF 

Hydrother

mal 

NiCo 

(PO4)3/GF//

AC 

86.4 mAh g-1   

34.8 377 

95 @ 

10000 

cycles 

[140] 

Ni1.38Co1.62 

(PO4)2· 

8H2O 

Binder-free 

CBD 

method 

Ni1.38Co1.62 

(PO4)2· 

8H2O 

//rGO 

446 (specific 

capacity) 
36.2 160 

83.7 @ 

4000 

cycles 

[167] 

 ZAPG2 Microwave 

synthesis 

ZAPG2//rG

O 416  59.9 153.4 

89.4 @ 

5000 

cycles 

[160] 

Ni-Co-

P/POx/C 

Low-

temperatur

e 

phosphatin

g method. 

Ni-Co-P/ 

POx/C//rG

O/ NF 
583 (specific 

capacity) 
37.59 800 

83.6 @ 

5000 

cycles 

[137] 

CG-CNT Hydrother

mal 

carbonizati

on 

CGCNT_P

800 //AG 

CNT_P800 
133  10 - 

93 @ 

10,000 

cycles 

[143] 

        

NiMn(PO4)

2/GF 

Hydrother

mal 

NiMn(PO4)

2/GF//ppA

C 

97 mAh g – 1  35.42 538 

97.8 @ 

10,000 

cycles 

[141] 

 

  

https://doi.org/10.33961/jecst.2024.00024


 

44 

DOI: 10.33961/jecst.2024.00024 

Table 5: Effect of hierarchical structure, surface area, and porosity of different TMPs 

Material Morphology Surface area 

(m2 g-1) 

Pore size 

(nm) 

Ref. 

MnPO 

4·H2O/MWCNT Nanosheets 

19.6 m2/g 20 

[96] 

MnPO4·H2O 11.8 17.5 

Ni3(PO4)2 - 16.96 - [147] 

NiP50CNT50 - 32.4 - [95] 

NiPH-120 Hollow 

microsphere 

175.5 6..33 
[161] 

NiP-600 72.1 7.12 

Ni3(PO4)2/rGO-

300 

Ni3(PO4)2 particles 

on rGO nanosheets 

198.72 2-10 [148] 

NMP:MWCNTs amorphous NMP 

balls covered with  

MWCNT 

285.4 13.2 

[128] 

NMP Amorphous balls 209.2 18 

CNP Flower like micro 

hexagonal structure 

5.3 8.7 

   

[131] CNPMM1:1 Flower like micro 

cuboid structure 

11.7 29.4 

NiCo(PO4)3 Nanoplatelets 2.9 

1-18 [140] NiCo(PO4)3/GF Nanoplatelets on 

graphene sheets 

6.1 
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