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Abstract

The self-assembly of two-dimensional (2D) nanostructures into one-dimensional (1D) nanoarchitectures may 

result in materials which combine the unique physicochemical properties of 2D nanostructures with the 

excellent charge transport properties of 1D architectures. Herein, we report, the self-stacking of 2D nickel-

cobalt (Ni-Co) phosphate nanoplates into 1D chain-like architectures with the assistance of metal glycerates 

as self-templates. This unique self-assembly process is driven by the adsorbed ethyl glycerate on the surface 

of the individual nanoplates, which promotes the subsequent growth of the new nanoplate on top of the 

previously formed nanoplate, thereby leading to the self-stacking of these nanoplates along the vertical 

direction. The flexibility of the proposed method is also highlighted by the feasible preparation of nickel 

phosphate with the same self-assembled structure. When tested as a catalyst for oxygen evolution reaction 

(OER) in an alkaline medium, the bimetallic Ni-Co phosphate (derived from Ni-Co-TEP) with the nanoplate-

assembled chain-like structure displays much lower overpotential (η10= 310 mV) and Tafel slope (74 mV dec-

1) than its pristine counterparts. The enhanced OER activity of this bimetallic catalyst may be attributed to: (i) 

the highly interconnected structure and the bimetallic composition which promote improved charge transport; 

(ii) the porous chain-like structure which provides increased number of active sites and facilitates; (iii) the 

presence of Ni3+ and Co3+ active sites (nickel-cobalt (oxy)hydroxides) which can promote the chemisorption 

of OH- and facilitate electron transfer from the OH− to the surface Ni/Co sites during OER.

Page 2 of 34

ACS Paragon Plus Environment

Chemistry of Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



3

1. Introduction

Achieving the precise control over the orientation and spatial arrangement of nanomaterials is highly desirable 

to promote good interconnectivity between nanoparticles, generate anisotropic properties, and achieve 

superior functional performance. The self-assembly of nanoparticles can be achieved either through naturally-

driven interactions (e.g., depletion attraction, capillary forces, dipole-dipole interactions) or with the assistance 

of external templates or surface modifications.1 These external templates typically include polymers, patterned 

matrix, and large molecules. Recently, two-dimensional (2D) nanomaterials have been intensively researched 

owing to their high-surface-area to volume ratios, unique physicochemical properties, and good mechanical 

stability. As a consequence, they have been widely employed in the fields of energy storage and conversion, 

sensing, and optoelectronics. The self-organization of 2D nanostructures (e.g., nanosheets, nanoplates, 

nanoflakes) into hierarchical 3D structures (e.g., flower-like, urchin-like, star-like, etc.) has been frequently 

observed in various inorganic materials, such as metal oxides,2-3 phosphates,4-5 sulfides,6-7 phosphides,8-9 and 

hydroxides,10-11. In addition, the self-assembly of 0D nanostructures, such as nanocrystals or nanoparticles 

into one-dimensional (1D) nanoarchitectures, such as supertubes and superlattice chains, has previously been 

achieved by solvent-induced association of clusters and confined assembly, respectively.12-13 In contrast, the 

self-assembly of 2D nanostructures into 1D architecture is rarely reported due to the difficulty in confining 

the growth of 2D nanostructures in one particular direction. Such self-assembled structures may not only 

inherit the uniqueness of 2D nanostructures but also the excellent charge transport of 1D nanomaterials. 

However, to date, such self-assembly process has been largely limited to common 2D layered materials, such 

as graphene oxide and metal dichalcogenides (e.g., molybdenum disulfide (MoS2), tantalum disulfide (TaS2), 

and tungsten diselenide (WSe2).14

Electrocatalytic water splitting provides a green and sustainable approach for generating clean hydrogen 

energy. Water electrolysis involves two major reactions, namely oxygen evolution reaction (OER) and 

hydrogen evolution reaction. The OER process suffers from sluggish kinetics involving multi-step proton-

coupled electron transfer, which leads to high overpotentials. To accelerate this process, state-of-the-art 

catalysts based on iridium oxide (IrO2) or ruthenium oxide (RuO2) are usually employed. However, the 

scarcity and high cost of these catalysts have motivated scientists to search for alternative low-cost 

Page 3 of 34

ACS Paragon Plus Environment

Chemistry of Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



4

electrocatalysts for OER based on non-precious metals, such as metal hydroxides,15-17 metal oxides,18-20 metal 

sulfides,21-23 metal phosphides,24-26 metal phosphates,27-29 and so on. Among them, transition metal phosphates 

have attracted increasing attention for water splitting reactions due to their layered structures, high 

electrochemical activities, open frameworks with large channels/cavities, and wide variations in valence 

states. Previously, various metal phosphate nanostructures have been investigated for electrocatalytic OER. 

For instance, 1D cobalt pyrophosphate (CoP2O7) nanowires and nanobelts exhibited overpotentials (η10) of 

359 and 371 mV to reach a current density of 10 mA cm-2 and Tafel slopes of 54.1 and 57.9 mV dec-1, 

respectively.30 In comparison, 2D CoP2O7 nanoleaves and nanorhombuses displayed higher overpotentials of 

390 and 424 mV and Tafel slopes of 81.6 and 119 mV dec-1, respectively. Nanosheet-assembled flower-like 

zinc-cobalt phosphate catalyst exhibited an overpotential of 382 mV and a Tafel slope of 83.2 mV dec-1.29 The 

nanosheet-assembled flower-like structures contributed to the increase of active sites and improved the 

electron transfer. Similarly, 3D flower-like bimetallic cobalt-based phosphide catalysts assembled of ultrathin 

nanosheets (CoM-P-3DHFLMs) exhibited enhanced OER activities with low overpotentials ranging from 292 

to 318 mV, owing to their sheet-assembled 3D hierarchical structures.8 These previous studies highlight the 

benefits of self-assembled nanoarchitectures for enhancing the OER performance of metal phosphate-based 

catalysts. However, to the best of our knowledge, the self-assembly of 2D metal phosphate nanostructures into 

1D architectures has rarely been reported. 

In this work, we report the self-assembly of uniform Ni-Co phosphate nanoplates into porous 1D chain-

like particles through the solvothermal reaction of uniform Ni-Co glycerate particles with triethyl phosphate 

(TEP) at 180 °C, followed by annealing in air at 600 °C. Here, the utilization of metal glycerate as the precursor 

is essential for generating ethyl glycerate during the solvothermal reactions, which is responsible for the self-

stacking of these nanoplates into chain-like structures. Interestingly, using the same method, but replacing the 

Ni-Co glycerate with nickel glycerate and cobalt glycerate, amorphous nickel phosphate chain-like particles 

(Ni-Co-TEP-600) and holey cobalt pyrophosphate (Co-TEP-600) microplates are obtained, respectively, thus 

confirming the flexibility of the proposed strategy. The electrocatalytic properties of the bimetallic Ni-Co 

phosphate sample (Ni-Co-TEP-600) derived from Ni-Co-TEP towards OER were evaluated and compared 

with its pristine counterparts (Ni-TEP-600 and Co-TEP-600). The electrochemical measurements reveal the 
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5

superior catalytic activity of the bimetallic Ni-Co phosphate (Ni-Co-TEP-600) chain-like particles towards 

OER compared to amorphous nickel phosphate (Ni-TEP-600) chain-like particles and holey cobalt 

pyrophosphate (Co-TEP-600) microplates, as indicated by their lower overpotential and Tafel slope. 

Furthermore, this bimetallic phosphate catalyst also exhibits high electrochemical stability for OER with a 

negligible change in activity after 16 h of cycling. The possible mechanisms behind the enhanced OER activity 

of this bimetallic phosphate catalyst have also been proposed.

2. Experimental Section

2.1. Chemicals

Nickel(II) nitrate hexahydrate (Ni(NO3)2∙6H2O (99.5%)), cobalt(II) nitrate hexahydrate (Co(NO3)2∙6H2O) 

(99.5%), 2-propanol (C3H8O, >99.5%), and ethanol (C2H6O, 99.5%) were purchased from Wako Reagent 

Japan. Triethyl phosphate ((C2H5)3PO4) (≥99.8 %) and Nafion was purchased from Sigma-Aldrich Japan. All 

chemicals were used directly without any further purification.

2.2. Synthesis of metal glycerate templates

The metal glycerate templates, including nickel glycerate, cobalt glycerate, and nickel-cobalt (Ni-Co) 

glycerate were prepared by solvothermal methods in accordance with our previous reports.31-33 To prepare the 

nickel glycerate particles, 0.5 mmol of Ni(NO3)2∙6H2O was initially dissolved in 40 mL of 2-propanol 

followed by the addition of 8 mL of glycerol into this solution under vigorous stirring. The final mixture 

solution was subsequently transferred into a 100 mL Teflon-lined stainless-steel autoclave and reacted at 180 

°C for 16 h in an electric oven. The resulting precipitate was filtered by centrifugation, washed several times 

with ethanol and then dried at 60 °C overnight. Similar synthetic procedures were used to synthesize the cobalt 

glycerate spheres, except by replacing Ni(NO3)∙6H2O with Co(NO3)∙6H2O. To prepare the Ni-Co glycerate 

spheres, 0.25 mmol of Ni(NO3)2∙6H2O and 0.25 mmol of Co(NO3)2∙6H2O (Ni : Co molar ratio = 1:1) were 

first mixed together under stirring. The rest of the synthetic procedures were identical to those used for 

preparing nickel glycerate spheres.
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6

2.3. Template-assisted fabrication of metal-TEP particles (TEP = triethyl glycerate) 

Fabrication of nanoplate-assembled chain-like Ni-Co-TEP particles. In a typical procedure, 0.03 g of the 

nickel-cobalt glycerate powder was first dispersed in 20 mL of ethanol followed by sonication for 10 min until 

the powder became well-dispersed. In the next step, 800 µL of triethyl phosphate (TEP) was added dropwise 

into this suspension under mild stirring. After continuous stirring for 2 h, the final suspension was transferred 

into a 100 mL Teflon-lined stainless-steel autoclave and solvothermally-reacted in an electric oven at 180 °C 

for 16 h. The resulting product was collected by centrifugation and washed with ethanol twice, before being 

dried at 60 °C overnight. 

Fabrication of nanoplate-assembled chain-like Ni-TEP particles. The experimental steps for preparing the 

nanoplate-assembled chain-like Ni-TEP particles were similar to those used for synthesizing Ni-Co-TEP but 

by replacing the nickel-cobalt glycerate powder with nickel glycerate powder.

Fabrication of holey Co-TEP microplates. The synthetic procedures for preparing the holey Co-TEP 

microplates were identical to those used for preparing chain-like Ni-TEP particles, except by replacing the 

nickel glycerate powder with cobalt glycerate powder.

2.4. Conversion of metal-TEP precursors to metal phosphates

The as-prepared Ni-TEP, Co-TEP, and Ni-Co-TEP samples were calcined in air at 600 °C for 2 h at heating 

rate of 1 °C min-1 to obtain porous nickel phosphate, cobalt phosphate, and nickel-cobalt phosphate materials, 

respectively, which retained the original shapes of the respective metal-TEP precursors. These calcined 

samples are labeled as Ni-TEP-600, Co-TEP-600, and Ni-Co-TEP-600, respectively. 

2.5. Characterization

X-ray diffraction (XRD) patterns of the samples were collected using a Rigaku RINT 2500X diffractometer 

with Cu Kα radiation (λ= 1.54 Å). The crystallite size was calculated using the Scherrer’s equation:

                                                D =                                                                                   (1)                                             
𝐾 ∙ 𝜆𝐵 ∙ 𝑐𝑜𝑠𝜃

where D is the crystallite size, λ is the X-ray wavelength, β is the width of the peak (full width at half maximum 

(FWHM)), θ is the Bragg angle and K is the Scherrer constant. Scanning electron microscopy (SEM) imaging 

was conducted on a Hitachi SU-8000 instrument operated at 5 kV and transmission electron microscopy 
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7

(TEM) observation was performed using a JEOL JEM 2100 operated at 200 kV. The elemental contents of 

the samples were analyzed by ICP-OES (Inductively coupled plasma-optical emission spectrometry) using a 

Hitachi SPS3520UV-DD instrument. X-ray photoelectron spectroscopy (XPS) measurements were carried out 

with a ThermoFisher Scientific ESCALAB250Xi with Al Kα radiation. Nitrogen (N2) adsorption-desorption 

isotherms were recorded at 77 K using a BELSORP-mini II Sorption System. The surface areas and pore 

volumes of the products were approximated via Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda 

(BJH) methods, respectively. Prior to the BET analysis, all samples were degassed in vacuum at 150 °C for 

16 h to eliminate the adsorbed moisture.

2.6. Electrochemical measurements

Electrochemical measurements of the as-prepared catalysts were conducted using an electrochemical 

workstation (CHI-660E, CH Instruments, USA) with a three-electrode configuration. Saturated calomel 

electrode (SCE) and graphite rod were utilized as reference and counter electrodes, respectively and 1.0 M 

KOH solution was employed as the electrolyte. The working electrode was fabricated by dispersing 4 mg of 

the catalyst in 950 μL of water. Next, 50 μL of Nafion solution was added into this suspension and the resulting 

suspension was sonicated for 1 h to produce a homogeneous ink. Then, 5 μL of the catalyst ink (loading= 

0.283 mg cm-2) was dropped onto the glassy carbon electrode (GCE) with a standard diameter of 3 mm and 

dried under ambient atmosphere. Prior to the OER measurements, the KOH electrolyte was bubbled with 

nitrogen for 0.5 h and the metal phosphate electrodes were stabilized in 1.0 M KOH solution via cyclic 

voltammetry (CV) for 100 cycles until the CV curves become stable. The polarization curves were obtained 

by linear sweep voltammetry (LSV) measurements at a fixed scan rate of 5 mV s-1. The potential difference 

between our SCE reference electrode and the standard reversible hydrogen electrode (RHE) (HydroflexTM 

Model ET070, USA) was determined to be 0.250 V. Therefore, all measured potentials were converted to 

RHE by employing the equation:

                                                           ERHE = ESHE + (0.250 + 0.059 x pH)                                                     (2)

The iR compensation was calculated as (potential (V)- internal impendence) x current. The internal impedance 

takes into account the electrolyte impedance and the electrode impedance. The BET surface area-normalized 

current density (jBET) was calculated by employing the equation34:
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8

                                                 jBET =                                                                  (3)
𝑰𝟏𝟎 ∙  𝑺𝑩𝑬𝑻 ∙  𝒎

where I is the current (mA), SBET is the BET surface area (m2 g-1), and m is the mass loading (0.283 mg cm-2). 

The overpotential (η) was determined according to the formula:

                                                                   η (V) = E (RHE) – 1.23 V                                                            (4)

Tafel plots were derived from the LSV curves, and the Tafel slope was calculated using the equation:

                                                                            η = a + b log j                                                                       (5)

 where η, a, b, and j refer to the overpotential, exchange current density, Tafel slope, and current density, 

respectively. The Nyquist plots were obtained by electrochemical impedance spectroscopy (EIS) 

measurements in the frequency range of 1-100,000 Hz at a potential of 1.4 V versus RHE with an amplitude 

of 5 mV. The stability of the optimum catalyst (Ni-Co-TEP-600) was assessed by chronoamperometry 

measurement at a constant overpotential of 310 mV for 16 h in 1.0 M KOH solution using a three-electrode 

system.

3. Results and discussion

3.1. Morphology, composition, and formation mechanism

XRD patterns of the metal glycerate precursors show a sharp peak at 12° and a shoulder peak at around 36° 

which are the characteristic peaks of metal glycerates (Figure S1). Among the metal glycerate precursors, 

cobalt glycerate shows the highest degree of crystallinity, while nickel glycerate shows the poorest 

crystallinity. As expected, the Ni-Co glycerate sample exhibits a moderate degree of crystallinity in between 

nickel and cobalt glycerates. The morphologies of these three metal glycerate templates are depicted in Figure 

1a-c. The nickel glycerate precursor is composed of irregular aggregates (Figure 1a). In contrast, both cobalt 

glycerate and nickel-cobalt glycerate particles exhibit uniform spherical morphology with diameters in the 

range of 400-500 nm (Figure 1b, c). These metal glycerate particles serve as sacrificial templates for the 

formation of metal-TEP products. XRD patterns of the metal-TEP samples clearly indicate the phase 

transformations of the metal glycerate precursors as a result of the solvothermal reactions with TEP at 180 °C 

(Figure 1d). From Figure 1d, it is evident that the Ni-TEP, Co-TEP, and Ni-Co-TEP samples share similar 
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9

diffraction patterns. The coordination between Ni/Co and TEP results in two strong peaks at 6.5°,13.1°, 19.7°, 

21.1°, and 36.8° which are the characteristic peaks of orthorhombic metal-TEP with layered structures.35-37 

Figure 1. SEM images of (a) nickel glycerate, (b) nickel-cobalt glycerate, and (c) cobalt glycerate particles. 

(d) XRD patterns of Ni-TEP (i), Ni-Co-TEP (ii), and Co-TEP (iii). (e) FTIR spectra of pure TEP (i), Ni-TEP 

(ii), Co-TEP (iii), and Ni-Co-TEP (iv). (f) UV-vis spectra of Ni-TEP (i), Co-TEP (ii), and Ni-Co-TEP (iii).  

To further confirm the formation of metal-TEP, FTIR measurements were carried out. Similar to the 

XRD results, the FTIR spectra of Ni-TEP, Co-TEP, and Ni-Co-TEP are identical (Figure 1e). Furthermore, a 

comparison of the FTIR spectra of pristine TEP and metal-TEP (e.g., Ni-TEP) reveal some similarities (Figure 

S2). For example, the metal-TEP samples and pure TEP share the symmetric stretching vibrations of C-H in 

CH2 and CH3 modes at around 2867 cm-1 and 2910 cm-1, respectively (Figure 1e).38-39 In addition, they both 

display the IR peaks of asymmetric C-H at around 2930 cm-1 and 2978 cm-1. Moreover, metal-TEP and pure 

TEP share common IR bands between 1365-1485 cm-1 indexed to the C-H bending vibration. The IR bands 

originating from phosphorus compound appear at around 1297 cm-1, and 1171 cm-1 in metal-TEP, which are 

indexed to P=O stretching vibration and P-O-Et rocking vibration, respectively.40-42 The asymmetric stretching 

vibration of P-O in pentavalent mode at 970 cm-1 in pristine TEP is shifted to a higher wavenumber between 

984-989 cm-1 in metal-TEP samples, while the symmetric stretching vibration of P-O at 1015 cm-1 in pure 

TEP is shifted to 1042 cm-1 in metal-TEP samples. These shifts may be attributed to the interactions between 
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10

the metal center and TEP.43-44 Furthermore, metal-TEP and pristine TEP share a common IR band at ~796 cm-

1, which corresponds to the P-O-P stretching vibration. The new IR band appearing at around 772 cm-1 in 

metal-TEP corresponds to the P-O-C stretching vibration. In addition, the disappearance of the P=O band at 

around 1297 cm-1 in metal-TEP samples may be attributed to the interactions between TEP and Ni or Co 

metal, which causes the breakdown of the P=O bond in TEP (Figure S2). The additional peak at around 577 

cm-1 in metal-TEP samples indicates the bonding between oxygen and metal (Ni or Co), which is not observed 

in the FTIR spectrum of pristine TEP.45-48 Using the FTIR spectra of Ni glycerate and Ni-TEP as examples, it 

is clear that the majority of IR bands belonging to the glycerate compound disappears after the solvothermal 

reaction (except for some shared bands, such as C-H (1300-1480 cm-1) and metal-oxygen bands (500-600 cm-

1)), thus suggesting the successful transformation to metal-TEP (Figure S3). 

UV-vis spectroscopy was used to identify the possible formation of metal complexes from the reactions 

between the metallic constituents in the metal glycerate precursors and TEP during the solvothermal reaction 

(Figure 1f). The UV-vis spectrum of Ni-TEP shows strong bands at 429, 489, and 689 nm, along with a broad 

band at 757 nm (Figure 1f (i)). In comparison, the UV-vis spectrum of Co-TEP displays broad bands at 479 

nm and 564 nm (Figure 1f (ii)). These characteristic bands originate from the metal (Ni or Co) to TEP charge 

transfer transition.49 As expected, the UV-vis spectrum of Ni-Co-TEP shows a combination of the UV-vis 

spectra of Ni-TEP and Co-TEP (Figure 1f (iii)). In all three samples, the characteristic band of TEP is 

observed at around 213 nm, which confirms the formation of metal-TEP complexes. Based on the above XRD, 

FTIR, and UV-vis results, the products obtained from the solvothermal reactions can be confirmed to be metal-

TEP.
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11

Figure 2. The morphological evolution of the Ni glycerate particles under increasing reaction time with TEP: 

(a) 0 h,  (b) 2 h, (c) 4 h, (d) 8 h, and (e) 16 h. (f) Schematic illustration depicting the formation mechanism of 

the nanoplate-assembled chain-like Ni-TEP particles from Ni glycerate particles. The morphological 

transformation of the Ni-Co glycerate particles under increasing reaction time with TEP: (g) 0 h, (h) 2 h, (i) 4 

h, (j) 8 h, and (k) 16 h (insets of Figure 2i-k display the high-magnification SEM images of these nanoplates). 

(l) Schematic diagram showing the formation mechanism of nanoplate-assembled chain-like Ni-Co-TEP 

particles from Ni-Co glycerate spheres. The shape evolution of the Co glycerate particles under increasing 

reaction time with TEP: (m) 0 h, (n) 2 h, (o) 4 h, (p) 8 h, and (q) 16 h. (r) Schematic illustration showing the 

formation mechanism of the holey Co-TEP nanoplates from Co-glycerate spheres.
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Figure 3. SEM images of (a, b, c) Ni-TEP, (d, e, f) Ni-Co-TEP, and (g, h, i) Co-TEP obtained from the 

solvothermal reactions of nickel glycerate, cobalt glycerate, and nickel-cobalt glycerate precursors, 

respectively, with triethyl phosphate (TEP) at 180 oC for 16 h.

Time-dependent reactions were performed to understand the formation mechanisms of the metal-TEP 

particles. The morphological evolution of the nickel glycerate precursor with increasing reaction time is 

depicted in Figure 2a-e. The initial nickel glycerate precursor (0 h) consists of irregular aggregates (Figure 

2a) which become partially deconstructed into smaller nanoparticles after 2 h (Figure 2b). After 4 h, the quasi-

spherical particles are completely broken down into tiny plate-like particles and start to self-assemble into 1D 

chain-like particles, however, they are still aggregated to each other (Figure 2c). Prolonging the reaction time 

to 8 h leads to larger aggregated chain-like particles (Figure 2d). After 16 h, these chain-like particles become 

well separated from each other (Figure 2e). A schematic illustration depicting the formation mechanism of 

the nanoplate-assembled chain-like Ni-TEP particles is given in Figure 2f. The shape evolution of the Ni-Co 

glycerate with prolonged reaction time with TEP and the corresponding schematic illustration of the formation 
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process of Ni-Co-TEP are given in Figure 2g-k and Figure 2l, respectively. Different from nickel glycerate, 

the nickel-cobalt glycerate precursor displays a highly uniform spherical morphology with diameters of ~400-

500 nm (Figure 2g). After 2 h, these spheres are broken into small aggregated particles (Figure 2h) which 

subsequently grow into highly uniform spherical nanoplates with sizes of around 150-200 nm after 4 h (Figure 

2i). Extending the reaction time to 8 h leads to the transformation of the spherical nanoplates to quasi-

hexagonal nanoplates with rough edges, as seen in Figure 2j. After 16 h, these nanoplates successfully self-

assemble into uniform 1D chain-like particles (Figure 2k). The SEM image in the inset of Figure 2k reveals 

the hexagonal morphology of the nanoplate assembling the chain-like Ni-Co-TEP particles.

Similar to Ni-Co glycerate, the cobalt glycerate precursor also possesses a highly uniform spherical 

morphology (Figure 2m). These spherical particles become completely deconstructed into small nanoparticles 

after 2 h of reaction with TEP (Figure 2n). After 4 h, these nanoparticles slowly aggregate together to form 

some microplates (Figure 2o), however the complete transformation into microplates is only achieved after 8 

h (Figure 2p). These microplates exhibit large diameters in the range of 2-5 μm. Interestingly after 16 h, larger 

microplates with numerous holes are formed (Figure 2q). The sizes of these holes vary from 200 to 250 nm. 

The morphological evolution of Co-TEP is schematically illustrated in Figure 2r. In the early growth stage 

of Co-TEP, the small particles of cobalt glycerate react with TEP to form large microplates. These quasi-

hexagonal microplates are formed from the stacking of smaller plates on top of each other. However, due to 

the much larger size of Co-TEP, the stacking rate of these plates is significantly slower than those observed 

in Ni-TEP and Ni-Co-TEP. As a result, the growth rate is uneven among the different plates and the incomplete 

growth of the smaller plates leaves behind numerous holes on the surface of the large microplates.

Another interesting observation is that in the initial stage (up to 8 h), the growth mechanism of Ni-Co-

TEP closely resembles that of Co-TEP. However, beyond this point, the self-stacking behavior of Ni-TEP 

becomes the more dominant mechanism and the final structure of Ni-Co-TEP follows that of Ni-TEP. Based 

on the time-dependent experiments, 16 h was selected as the optimum reaction time. SEM images of the 

optimum Ni-TEP, Co-TEP, and Ni-Co-TEP samples are given in Figure 3a-i. From Figure 3a-f, it can be 

seen that both Ni-TEP and Ni-Co-TEP share similar chain-like structures which are formed by the self-

stacking of nanoplates along the vertical direction. However, the lengths of the chain-like particles, as well as 
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the assembling nanoplates are much smaller in the case of Ni-TEP compared to Ni-Co-TEP. In comparison, 

the Co-TEP product exhibits microplate structure with many visible holes on the surface (Figure 3g-i). Some 

degree of self-stacking of the microplates is observed, however it is far less extensive than those observed in 

Ni-TEP and Ni-Co-TEP.

Figure 4. (a) XRD patterns and (b) FTIR spectra of (i) Ni-TEP-600, (ii) Ni-Co-TEP-600, and (iii) Co-TEP-

600 after calcination at 600 °C.

The self-assembly of the Ni-Co-TEP nanoplates into chain-like structures is believed to be driven by the 

unique interactions between glycerate ions and TEP. ICP analysis was carried out to determine the metal to 

phosphorus (P) ratio, which can help to determine the growth mechanism. Based on the ICP results (Table 

S1), the metal to P ratio is close to 1:1 in all samples, indicating that one metal binds only with one TEP 

molecule. Therefore, we propose the formation mechanism as follows. In the initial stage, the metal glycerate 

particles dissociate to form metal ions and glycerate ions. Next, the ethyl group from ethanol reacts with 

glycerate ions to form ethyl glycerate and releases OH¯ as a product. These OH¯ ions induce the dissociation 
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of TEP by releasing one of the ethyl groups followed by the attachment of the OH¯ ions onto TEP. At this 

stage, TEP is converted to diethyl phosphate (DEP), having resonance between the P=O and P-O forms. When 

DEP, hydroxyl and metal ions react to form metal-DEP, and water is released as a by-product. The FTIR 

analysis of the supernatant obtained after the solvothermal reaction reveals the presence of ethyl glycerate, as 

indicated by the presence of three strong peaks between 2975 and 2885 cm-1, indexed to C-H stretching 

vibrations as well as several narrow, weak peaks in the range of 1454-1248 cm-1 attributed to C-H bending 

vibrations (Figure S4).50-52 Moreover, the change of P=O to P-O is confirmed by the lowering of the intensity 

of the IR band at 1297 cm-1 compared with the P=O band of TEP (Figure S2). Based on these results, the 

overall reaction may be described by the equation:

           (6)2(Ni/Co)(C3H5O4)
2 +2P(OC2H5)

3O + 2C2H5OH→Ni2[P(OC2H5)
2O2]

2
O + 4C3H5O4 ― C2H5 + H2O

It is proposed that the stacking of these nanoplates is driven by the presence of ethyl glycerate which 

serves as a structure-directing agent. At the later stage of the reaction (i.e., after 8 h), ethyl glycerate becomes 

sufficiently adsorbed on the surface of the nanoplates and promotes the growth of the new plate on top of the 

previously formed nanoplate, thereby limiting the lateral growth of the nanoplates. This leads to the self-

assembly of the nanoplates in the vertical direction to generate the 1D chain-like architecture. This model is 

supported by the fact that when the Ni-Co glycerate particles were replaced with nickel and cobalt nitrate salts 

as the metal precursors to obtain the Ni-Co-TEP, the nanoplate-assembled chain-like morphology was not 

obtained (Figure S5).

The obtained Ni-TEP, Ni-Co-TEP, and Co-TEP precursors were calcined in air at 600 oC to obtain the 

corresponding metal phosphate products. Figure 4a (i-iii) displays the XRD patterns of Ni-TEP, Ni-Co-TEP, 

and Co-TEP samples calcined at 600 °C (the products are denoted as Ni-TEP-600, Ni-Co-TEP-600, and Co-

TEP-600). The Ni-TEP-600 sample is completely amorphous as a result of the amorphization of Ni-TEP 

during heat treatment. This is supported by the TG-DTA analysis, where an endothermic peak is observed at 

420 oC, followed by another weight loss originating from the decomposition of organic compounds present in 

the Ni-TEP precursor (Figure S6a). Similar to Ni-TEP-600, the bimetallic Ni-Co-TEP-600 sample is also 

mostly amorphous with a single pronounced peak at around 43.5°. A comparison between Figure 4a (ii) and 

(iii) suggests that this single peak may be indexed to the ( 14) plane of cobalt pyrophosphate (CoP2O7). The 2
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average crystallite size of Ni-Co-TEP-600 is measured to be 116 nm according to the Scherrer’s formula. The 

transformation of Ni-Co-TEP into amorphous Ni-Co phosphate seems to take place at ~400 oC, as indicated 

by the considerable weight loss in the TG curve of Ni-Co-TEP at this temperature and the exothermic peak in 

the DTA curve at ~400 °C (Figure S6b). The recrystallization of amorphous Ni-Co phosphate occurs at 700 

oC, as indicated by the exothermic peak observed at the same temperature in the DTA curve of Ni-Co-TEP. 

In contrast, at 600 °C, the Co-TEP precursor is readily transformed into monoclinic cobalt pyrophosphate 

(Co2P2O7), as supported by the presence of major peaks at 29.7°, 30.1°, 35.1°, 35.3°, 42.8°, 43.5, and 58.4°, 

corresponding to ( 22), (102), (130), (220), ( 32), ( 14), and ( 21/ ) planes, respectively (ICSD No. 84-1 2 2 4 334

2126-Table S2) (Figure 4a (iii)). This phase transformation to CoP2O7 phase is likely to occur at around 600 

°C based on the exothermic peak at the same temperature in the DTA curve (Figure S6c). 

Figure 5. (a, b) SEM and (c) TEM images of Ni-TEP-600 (insets of (b) and (c) show the surface morphology 

and pore size distribution histogram of Ni-TEP-600). (d, e) SEM and (f) TEM images of Ni-Co-TEP-600 

(insets of (d) and (e) show the surface morphology and pore size distribution histogram of Ni-Co-TEP-600). 
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(g, h) SEM and (i) TEM images of Co-TEP-600 (insets of (h) and (i) show the surface morphology and pore 

size distribution histogram of Co-TEP-600). 

FTIR spectroscopy was used to further confirm the formation of metal phosphate species in the calcined 

metal-TEP samples. From Figure 4b (i-iii), it can be observed that the calcined metal-TEP samples (Ni-TEP-

600, Ni-Co-TEP-600, and Co-TEP-600) display very identical IR spectra. The broad peak between 3300-3500 

cm-1 is assigned to the stretching vibration of O-H group, while the peaks at around 1050 and 930 cm-1 are 

indexed to the antisymmetric and symmetric stretching vibrations of PO4
3-, respectively.53 The peaks at 752, 

754, and 751 cm-1 in the FTIR spectra of Ni-TEP-600, Ni-Co-TEP-600, and Co-TEP-600, respectively, can 

be assigned to the P-O-P stretching vibration.54 Moreover, the peaks at 540, 548, and 546 cm-1 in the FTIR 

spectra of Ni-TEP-600, Ni-Co-TEP-600, and Co-TEP-600, respectively, are assignable to the out-of-plane 

bending mode of PO4
3-.55

Figure 5 displays the SEM and TEM images of the products obtained by the calcination of Ni-TEP, Ni-

Co-TEP, and Co-TEP precursors in air at 600 oC (i.e., Ni-TEP-600, Ni-Co-TEP-600, and Co-TEP-600). As 

seen in Figure 5a, b, the Ni-TEP-600 product is highly uniform and retains the chain-like structure of the 

original Ni-TEP precursor. These chain-like particles formed by the assembly of fused nanoplates, as observed 

in Figure S7a. The SEM image of the single nanoplate assembling the chain-like Ni-TEP-600 particle reveals 

its hexagonal morphology and rough surface texture (Figure S7b). These chain-like particles exhibit 

numerous pores, as seen from the TEM image in Figure 5c. These pores are generated by the evaporation of 

organic by-products of TEP. The HRTEM image of Ni-TEP-600 (taken from the area inside the white box in 

Figure S8a) confirms the amorphous nature of this sample (Figure S8b), which is in good agreement with 

the XRD observation (Figure 4a (i)). Similar to Ni-TEP-600, the Ni-Co-TEP-600 product also shows a chain-

like architecture which is assembled by the fusing of small nanoplates, as seen in Figure 5d, e. Compared to 

the Ni-Co-TEP precursor (pre-calcination), the chain-like Ni-Co-TEP-600 particles are considerably more 

porous (Figure S7c, e). SEM images of the single nanoplates assembling the chain-like Ni-Co-TEP and Ni-

Co-TEP-600 particles clearly indicate the transition from a smooth hexagonal shape to a quasi-hexagonal 

shape with rough surface texture (Figure S7d, f). The porous nature of these chain-like Ni-Co-TEP-600 
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particles is further supported by TEM images given in Figure 5f and Figure S8c. The corresponding HRTEM 

image of Ni-Co-TEP-600 shows its largely amorphous structure (Figure S8d), which is consistent with the 

XRD result in Figure 4a (ii). In comparison, the Co-TEP-600 microplates exhibit many visible holes or 

macropores with sizes ranging from 50 to several hundred nanometers, as seen in Figure 5g, h. The holey 

structure of Co-TEP-600 can be further observed from the TEM images given in Figure 5i and Figure S8e. 

In contrast to Ni-TEP-600 and Ni-Co-TEP-600, the Co-TEP-600 product is highly crystalline as it shows clear 

lattice fringes with measured d-spacing of 0.321 nm and 0.302 nm, indexed to the (200) and ( 22) planes of 1

CoP2O7 (Figure S8f). The average pore sizes of Ni-TEP-600, Ni-Co-TEP-600, and Co-TEP-600 are measured 

to be 8.8 nm, 18.8 and 113 nm, respectively (insets of Figure 5c, f, and i), based on a measurement of 100 

different pores from the TEM images of the calcined metal-TEP samples.

The changes in morphology and porosity of the bimetallic Ni-Co-TEP sample with increasing calcination 

temperature are given in Figure S9. The Ni-Co-TEP-400 sample maintains the nanoplate-assembled chain-

like morphology of the original Ni-Co-TEP precursor with some visible small pores on the surface of each 

nanoplate, originating from the initial decomposition of organic by-products of TEP (Figure S9a). In 

comparison, the Ni-Co-TEP-600 sample exhibits more visible pores resulting from further decomposition of 

these organic by-products. In addition, there is a greater degree of fusion between the nanoplates assembling 

the 1D chain-like particles at 600 °C (Figure S9b). However, at 800 °C, recrystallization of the Ni-Co 

phosphate occurs, leading to the complete fusion of the nanoplates into 1D chain-like structure with barely 

visible pores, as seen in Figure S9c. Although at 800 °C, better crystallinity can be obtained due to 

recrystallization of the metal phosphate products (based on the DTA curves in Figure S6a-c), the lack of pores 

and significant fusion of the particles at 800 °C will be disadvantageous for electrochemical applications. On 

the other hand, at 400 °C, the phase transformation to metal phosphate is not yet completed for Ni-TEP and 

Ni-Co-TEP samples (Figure S6, b). As such, we have selected 600 °C as the optimum calcination temperature 

for all TEP samples. In order to confirm the porous nature of the calcined metal-TEP products, N2 adsorption-

desorption measurements were carried out at 77 K. The BET specific surface areas (SSAs) of Ni-TEP-600, 

Ni-Co-TEP-600, and Co-TEP-600 are 52, 31, and 26 m2 g-1, respectively, with the corresponding pore volume 

being 0.78, 0.26, and 0.12 cm3 g-1 (Figure S10). 
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Figure 6. High-resolution Ni 2p (a), P 2p (b), and O 1s (c) spectra of Ni-TEP-600. High-resolution Co 2p (d), 

P 2p (e), and O 1s (f) spectra of Co-TEP-600. High-resolution Ni 2p (g), Co 2p (h), P 2p (i), and O 1s (j) 

spectra of Ni-Co-TEP-600.

XPS analysis was employed to investigate the surface elemental states of Ni-TEP-600, Ni-Co-TEP-600, 

and Co-TEP-600 (Figure 6). For Ni-TEP-600, the binding energies for Ni 2p3/2 and Ni 2p1/2 are centered at 

approximately 856.7 eV and 874.6 eV with two shake-up satellite peaks (862.0 eV and 880.5 eV), which 

correspond to Ni2+ species (Figure 6a).56-57 The main peak centered at 133.8 eV in the high-resolution P 2p 

spectrum of Ni-TEP-600 is assigned to the P-O bond, which indicates the formation of phosphate species 

(Figure 6b).58 The deconvoluted O 1s spectrum of Ni-TEP-600 reveals two peaks at 531.4 eV and 532.7 eV, 
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indexed to O-H and P-O-H species, respectively (Figure 6c). In the case of Co-TEP-600, the high-resolution 

Co 2p spectrum displays two distinct peaks at 781.70 eV and 797.80 eV, assigned to Co 2p3/2 and Co 2p1/2, 

respectively (Figure 6d). The binding energy difference between the Co 2p3/2 and Co 2p1/2 peaks is 16.1 eV, 

which is indicative of Co2+ species. For Co-TEP-600, the P 2p peak is centered at around 133.7 eV, indicating 

the pentavalent state of phosphorus in this sample and supports the presence of phosphate species (Figure 6e). 

Similar to Ni-TEP-600, the high-resolution O 1s spectrum of Co-TEP-600 also shows two peaks indexed to 

O-H and P-O-H species at 531.2 eV and 532.3 eV, respectively (Figure 6f). In the case of Ni-Co-TEP-600, 

the high-resolution Ni 2p spectrum features two peaks at 856.7 eV and 874.7 eV, corresponding to Ni 2p3/2 

and Ni 2p1/2, respectively (Figure 6g). These peaks indicate the Ni2+ state of the Ni species in Ni-Co-TEP-

600.56-57 The Co 2p3/2 and Co 2p1/2 peaks of Ni-Co-TEP-600 are located at 782.1 eV and 798.0 eV, respectively 

(Figure 6h), with a binding energy difference of 15.9 eV, which is indicative of Co2+. The presence of 

phosphate species in Ni-Co-TEP-600 is indicated by the single intense peak at 133.8 eV (Figure 6i). The 

deconvoluted O 1s spectrum of Ni-Co-TEP-600 also reveals two main peaks indexed to O-H and P-O-H at 

531.5 eV and 532.9 eV, respectively (Figure 6j).

3.2. OER performance

Inspired by the unique self-assembled architectures, the electrocatalytic activities of Ni-TEP-600, Ni-Co-TEP-

600, and Co-TEP-600 towards oxygen evolution reaction (OER) were evaluated in 1.0 M KOH electrolyte. 

The linear sweep voltammetry (LSV) curves of the three catalysts (normalized by geometric surface area) are 

presented in Figure 7a. A strong peak is observed at 1.35 V for the bimetallic Ni-Co-TEP-600 catalyst which 

may be attributed to the oxidation of Co species from Co2+ to Co3+ (based on post-OER XPS analysis below). 

The onset potential is defined as the potential at which the current starts to increase. From the LSV curves, 

the onset potentials of Ni-TEP-600, Ni-Co-TEP-600, and Co-TEP-600 are determined to be 1.54 V, 1.49, and 

1.56 V, respectively. The overpotentials required to produce a current density of 10 mA cm-2 (ƞ10) are 400 

mV, 340 mV, and 310 mV for Ni-TEP-600, Co-TEP, and Ni-Co-TEP-600, respectively. The OER kinetics of 

the catalysts were evaluated by deriving Tafel plots from the LSV curves. As seen in Figure 7b, the Tafel 
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slope of the Ni-Co-TEP-600 catalyst is 68 mVdec-1, which is lower than those of Ni-TEP-600 (141 mV dec-

1) and Co-TEP-600 (74 mV dec-1), respectively. 

Figure 7. (a) LSV curves (normalized by geometric surface area), (b) Tafel plots, and (c) BET surface area-

normalized LSV curves of Ni-TEP-600, Co-TEP-600, Ni-Co-TEP-600. (d) Capacitive currents as a function 

of scan rate plots of Ni-TEP-600, Co-TEP-600, and Ni-Co-TEP-600 towards OER in 1.0 M KOH solution. 

(e) Nyquist plots of Ni-TEP-600, Co-TEP-600, and Ni-Co-TEP-600 at a potential of 1.4 versus RHE. (f) 

Stability test of the Ni-Co-TEP-600 for OER in 1.0 M KOH solution at a fixed overpotential of 310 mV for 

16 h.

The BET surface area-normalized LSV curves shown in Figure 7c indicate that the intrinsic activity for 

OER is in the order of Ni-Co-TEP-600> Co-TEP-600 > Ni-TEP-600, which is good agreement with the 

geometric surface area-normalized LSV curves. This finding confirms the superior intrinsic catalytic activity 

of the bimetallic Ni-Co phosphate (Ni-Co-TEP-600) catalyst for OER compared to its pristine counterparts 

(Ni-TEP-600 and Co-TEP-600). The corresponding BET surface area-normalized current densities of the Ni-

Co-TEP-600, Ni-TEP-600, and Co-TEP-600 catalysts at a potential of 1.6 V (versus RHE) are 0.0354, 0.0179, 

and 0.00357 mA cm-2, respectively. Furthermore, as summarized in Table S3, the Ni-Co-TEP-600 catalyst 

exhibits better catalytic activity for OER compared to Ni-Co phosphate plates,58 1D and 2D CoP2PO7 
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nanostructures,30 ordered mesoporous cobalt phosphate,27 NaCo(PO3)3/graphitized carbon hybrid,59 flower-

like cobalt-zinc phosphate,4 and (Fe4Co1)P2O7@N-C hybrid.60

It has been previously reported that the OER activity is influenced by several factors, including specific 

surface area, electrochemical active surface area (ECSA), charge transfer, and the electronic structure of the 

surface of the catalyst.32 The superior activity of the Ni-Co-TEP-600 catalyst may be attributed to several 

factors. One of the important parameters affecting the performance of an OER catalyst is the electrochemical 

active surface area (ESCA). Higher ECSA implies a larger number of active sites present on the catalyst. This 

parameter is represented by the electrochemical double-layer capacitance (Cdl) which can be obtained from 

the CV curves. The CV measurements were performed in 1.0 M KOH solution in the potential range of 1.34-

1.44 versus RHE at various scan rates from 10 to 100 mV s-1. The Cdl values were determined from half of the 

slopes of current density versus scan rate plots. As evident in Figure 7d, the Ni-Co-TEP-600 catalyst has 

around 2-3 times higher ECSA (44.0 mF cm-2) than Ni-TEP-600 (12 mF cm-2) and Co-TEP-600 (16 mF cm-

2). This trend indicates the larger number of electrochemical active sites on the bimetallic Ni-Co-TEP-600 

catalyst than on Ni-TEP-600 and Co-TEP-600, which accounts for its superior OER activity. The trend in 

ECSA is notably different from the trend in BET specific surface area, as unlike BET, the ECSA is influenced 

by a combination of various factors, such as potential and testing conditions, including electrolyte pH and 

electron conductivity.61 Furthermore, a previous study found that there were no strict correlations between 

BET specific surface area and ECSA for many transition metal-based catalysts.62

The second reason behind the superior activity of the Ni-Co-TEP-600 catalyst is its lower charge transfer 

resistance compared to both Ni-TEP-600 and Co-TEP-600 catalysts, as seen in Figure 7e. The lower charge 

transfer resistance of the Ni-Co-TEP-600 catalyst may be attributed to its nanoplate-assembled chain-like 

structure which can provide good interconnection between the particles to enable fast electron transport and 

the bimetallic composition which can promote improved conductivity. The presence of numerous pores on 

the Ni-Co-TEP-600 catalyst may facilitate easier electrolyte infiltration into the chain-like structures and 

promotes good electrical contact with the electrolyte, therefore enhancing the overall surface reactions.63 The 

stability of the optimum catalyst (Ni-Co-TEP-600) was checked by chronoamperometric measurement for 16 

h at a fixed overpotential of 310 mV. As shown in Figure 7f, the current density increases over the first 4 h 
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due to surface activation (from the formation of active metal (oxy)hydroxide species, as supported by the post-

OER XPS analysis below) before decreasing to reach a stable state. However, the current density never drops 

below 10.0 mA cm-2 throughout the measurement. This indicates the good electrochemical stability of the 

bimetallic Ni-Co-TEP-600 catalyst.

To gain additional insights into the active sites, post-OER XPS analysis of the best catalyst (Ni-Co-TEP-

600) was performed and comparison of the XPS spectra of Ni-Co-TEP-600 before and after cycling is given 

in Figure S11a-h. As shown in Figure S11b, the post-OER Ni 2p spectrum of the Ni-Co-TEP-600 catalyst 

reveals the formation of Ni3+ species (NiOOH), as indicated by the negative shifts of Ni 2p3/2 and Ni 2p1/2 

peaks to lower binding energies of 856.0 eV and 873.7 eV, respectively. Similarly, the Co2+ species is also 

partially converted to Co3+ species (CoOOH), after cycling, as verified by the appearance of Co 2p3/2 and Co 

2p1/2 peaks at 780.6 eV and 796.2 eV (corresponding to Co3+), respectively, while the Co2+ peak intensity is 

severely reduced compared to that prior to the stability test (Figure S11c, d).64-65 This confirms that during 

OER, the conversion of some Co2+ species to Co3+ (CoOOH) took place. The complete disappearance of the 

P 2p signal is observed after cycling, as seen in Figure S11f. Further, the post-OER O 1s spectrum reveals an 

increase in the intensity of the O-H peak, accompanied by a considerable reduction in the intensity of the P-

O-H peak (Figure S11h).66 These results indicate that the real catalytic sites may originate from the phosphate-

derived Ni-Co oxyhydroxide.67 Transition metal cations with high oxidation states, (e.g., Ni3+ and Co3+ present 

in Ni-Co-TEP-600) have been widely reported to be active sites for OER owing to their lower coordination 

numbers which can promote the chemisorption of OH− and facilitate the electron transfer from the OH− to the 

surface Ni/Co sites during OER.63, 68-69 Furthermore, these high-valent Ni and Co species have been reported 

to exhibit enhanced electrophilicity70 and promote the deprotonation of OOH species to form O2.63 In addition, 

the presence of Ni cations in the cobalt oxyhydroxide system can synergistically enhance the OER activity 

according to previous DFT simulation studies.71-72 It has been reported that the phosphate group on the surface 

of metal phosphate-based catalysts may cause distortion of the nickel or cobalt geometry, which increases the 

stability from the Jahn-Teller effect and enhances the electronic interactions between Ni and Co metals and 

oxygen, thereby accelerating the rate of oxygen evolution.73-75 
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The post-OER SEM images of the metal phosphate-based catalysts (i.e., Ni-TEP-600, Ni-Co-TEP-600, 

and Co-TEP-600) are given in Figure 8.  From Figure 8a-i, it can be observed that chain-like architectures 

of the Ni-TEP-600 and Ni-Co-TEP catalysts, as well as the microplate structure of the Co-TEP-600 catalyst, 

are well-retained after the OER measurement. Interestingly, the formation of sheet-like structures is observed 

on the surface of both Ni-Co-TEP-600 and Co-TEP-600 catalysts after OER (Figure 8d-i), which supports 

the formation of active metal (oxy)hydroxide species on the surface of these catalysts, as identified earlier by 

XPS (Figure S10). In contrast, no significant change is observed on the surface of the Ni-TEP-600 catalyst 

after OER (Figure 8a-c), which indicates the limited presence of metal (oxy)hydroxide species. This may 

explain the lower activity of Ni-TEP-600 for OER compared to Ni-Co-TEP-600 and Co-TEP-600. The high 

structural stability of the chain-like Ni-Co-TEP-600 particles accounts for the good electrochemical stability 

of this catalyst for OER (Figure 7f). 

Figure 8. Post-OER SEM images of (a) Ni-TEP-600, (b) Ni-Co-TEP-600, and (c) Co-TEP-600 catalysts.
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4. Conclusions

In summary, this work has demonstrated the successful self-assembly of 2D bimetallic Ni-Co phosphate 

nanoplates into porous 1D chain-like particles through the mild solvothermal reaction of Ni-Co glycerate 

particles (as self-templates) with TEP, followed by post-synthetic calcination in air at 600 °C. The unique self-

stacking phenomenon is believed to be promoted by the adsorption of ethyl glycerate on the surface of the 

nanoplates, which confines the growth of the new nanoplate on top of the previously formed nanoplate. The 

electrochemical measurements reveal the lower overpotential and Tafel slope of the optimum Ni-Co-TEP-600 

catalyst (310 mV and 68 mV dec-1) compared to Co-TEP-600 (340 mV and 74 mV dec-1) and Ni-TEP-600 

(400 mV and 141 mV dec-1). The BET-normalized LSV curves reveal that the intrinsic activity for OER is in 

the order of Ni-Co-TEP-600 > Co-TEP-600 > Ni-TEP-600, thus confirming the superior activity of the 

bimetallic Ni-Co phosphate catalyst for OER. The enhanced OER activity of this bimetallic catalyst compared 

to its pristine counterparts may be attributed to (i) the increased number of active sites (as evidenced by its 

higher ECSA); (ii) lower charge transfer resistance (as supported by the EIS measurements) due to the 

bimetallic composition and the nanoplate-assembled chain-like structure which can provide improved charge 

transport, and (iii) the formation of active Ni-Co (oxy)hydroxide species on its surface (as identified by post-

OER XPS analysis). More importantly, the Ni-Co-TEP-600 catalyst exhibits good stability for OER with 

negligible change in current density after 16 h of continuous cycling as a result of the high structural stability 

of the chain-like structure (based on the post-OER SEM analysis). It is expected that the proposed template-

assisted strategy may provide a useful method for producing novel 2D nanomaterials which are uniquely 

assembled of 1D nanostructures for a wide variety of applications, such as catalysis, energy storage and 

conversion, sensors, and so on. 
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TABLE OF CONTENT (TOC) DESCRIPTION

This work reports the self-stacking of nickel-cobalt phosphate nanoplates into porous 1D chain-like particles 

through template-assisted method for efficient oxygen evolution reaction.
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