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Metal-organic framework derived hollow nitrogen-doped carbon sphere 
with cobalt phosphide in carbon nanotube for efficient oxygen evolution 
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G R A P H I C A L  A B S T R A C T  

Herein, we present the fabrication of a hollow TMP-based carbon material for efficient oxygen evolution reaction, employing a combined approach of MOF-assisted 
sacrificial template and epitaxial growth methods.  
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A B S T R A C T   

The sluggish kinetics of the electrocatalytic oxygen evolution reaction (OER) pose a significant challenge in the 
field of overall water splitting. Transition metal phosphides have emerged as promising catalysts for OER by 
modulating the charge distribution of surrounding atoms. In this study, we employed self-sacrificing templates to 
fabricate hollow N-doped carbon spheres containing small-sized Co2P embedded within carbon nanotubes 
through high-temperature calcination and phosphorization, referred to as HNCS-CNT-CoP. The obtained HNCS- 
CNT-CoP electrocatalyst exhibited excellent OER performance in an alkaline electrolyte due to the optimization 
of OH* adsorption energy and the large specific surface area created by the hollow structure. It demonstrated a 
low overpotential of 302 mV at a current density of 10 mA cm− 2 and a low Tafel slope of 68.5 mV dec− 1, 
attributed to the electron transport facilitated by the in situ formed carbon nanotubes. Furthermore, theoretical 
calculations revealed a suitable reaction energy (1.17 eV) in the critical formation of Co2P-*OOH for HNCS-CNT- 
CoP, significantly lower than the the rate-determining step of HNCS-CNT-Co (10.08 eV). These findings highlight 
the significance of hollow structures and Co2P-doping in the design of highly active non-noble metal OER 
electrocatalysts, enabling the reduction of energetic reaction barriers for future applications.  
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1. Introduction 

Electrocatalytic water splitting has emerged as a viable and sus
tainable approach to addressing energy demands and environmental 
concerns in the pursuit of a carbon-free economy [1–6]. However, the 
oxygen evolution reaction (OER) occurring at the anode presents a 
significant challenge due to its low efficiency and energy-intensive na
ture [7,8]. While noble-metal oxides like RuO2 and IrO2 have demon
strated effectiveness in enhancing the OER kinetics, their high cost and 
limited availability hinder widespread applicability [9,10]. Conse
quently, transition-metal phosphides (TMPs) with favorable d-orbital 
electron configurations have attracted attention as promising alterna
tives, owing to their cost-effectiveness and robust chemical stability 
[11–15]. Additionally, TMPs exhibit superior electrical conductivity in 
comparison to metal oxides or sulfides, which is advantageous for 
facilitating rapid charge transfer during electrocatalytic processes 
[16,17]. Nonetheless, the rational design and synthesis of multifunc
tional non-noble metal-based TMPs toward OER remain a formidable 
challenge [18]. 

Metal-organic frameworks (MOFs) have emerged as promising pre
cursors for transition-metal phosphide (TMP) due to their large surface 
areas and tunable functional groups, garnering significant attention in 
the field of electrocatalytic water splitting [19–21]. Within this cate
gory, derivatives of zeolitic imidazolate framework (ZIF) possess 
inherently high graphitization and improved charge transport capabil
ities [22,23]. For instance, the integration of cobalt phosphide nano
particles (NPs) into porous N-doped carbon derived from ZIF-67 
showcases synergistic effects, where Co sites serve as hydroxyl acceptors 
and the negatively charged P atoms effectively capture protons, 
enhancing O2 desorption during OER [24–26]. However, traditional 
high-temperature pyrolysis methods often compromise ordered porous 
structures and lead to the aggregation of metal species [27]. In response, 
the formation of hollow nanostructures has been proposed as an effec
tive strategy to curtail particle agglomeration and improve catalytic site 
exposure [28,29]. The presence of capacious voids within these hollow 
structures facilitates enhanced contact between exterior and interior 
surfaces, promoting efficient utilization of catalytic sites [30,31]. 
Therefore, the development of hollow-structured TMPs holds substantial 
promise for maximizing catalytic potential and augmenting long-term 
durability in water splitting. 

Herein, we employed a comprehensive strategy that integrates MOF- 
assisted self-sacrificial templates and epitaxial growth methods to 

fabricate one type of TMP-based carbon catalyst for efficient OER. This 
method enabled the formed Co2P NPs within carbon nanotubes (CNTs) 
anchored onto hollow N-doped carbon spheres, denoted as HNCS-CNT- 
CoP, through the carbonization of imidazoles and simultaneous phos
phorization of Co atoms (Scheme 1). The resulting hollow structure, 
along with the presence of multi-walled carbon CNTs, served to establish 
conductive pathways for efficient electron transfer and effectively 
mitigate the severe corrosion of Co2P NPs. As an electrocatalyst for OER, 
HNCS-CNT-CoP demonstrated remarkable catalytic activity with a 
minimal overpotential of merely 302 mV at 10 mA cm− 2 and satisfactory 
stability (91.8%) during a continuous 10-hour electrocatalytic opera
tion. These superior performance stems from the unique hollow struc
ture of HNCS-CNT-CoP, which not only provides abundant 
electrocatalytic active sites but also facilitates rapid charge and mass 
transportation. 

2. Experimental section 

2.1. Chemicals 

All chemicals were employed without further purification. Zinc ni
trate hexahydrate (Zn(NO3)2⋅6H2O, AR, Aladdin), 2-methylimidazole 
(2-MI, AR, 99%, Aladdin), 1,3,5-benzenetricarboxylic acid (H3BTC, 
98%, Aladdin), dimethylacetamide (DMA, 99%, Aladdin), cobalt nitrate 
hexahydrate (Co(NO3)2⋅6H2O, AR, Aladdin), sodium hypophosphite 
(NaH2PO2⋅H2O, 99%, Aladdin), distilled water and ethanol (EtOH, 
moisture content ≤ 0.3% from Aladdin, 99.9% from J&K) were used as 
received. JM 20 wt% RuO2 and 5 wt% Nafion ionomer were procured 
from Alfa-Aesar and Aldrich, respectively. All reagents were of analyt
ical grade. All experiments were performed with high-purity N2, O2, H2, 
Ar gases and distilled water. 

2.2. Synthesis of Zn-BTC microspheres 

Initially, 1,3,5-benzenetricarboxylic acid (H3BTC, 90 mg) and zinc 
nitrate (186 mg) were dissolved in 60 mL of DMA in a pressure-resistant 
glass tube. The resulting solution was stirred for 20 min. Subsequently, 
the pressure-resistant glass tube was positioned in a heated aluminum 
block and maintained at 150 ◦C for 30 min. Following this thermal 
treatment, the white product was separated from the mixture and sub
jected to multiple rounds of centrifugation. The obtained product was 
further washed three times with DMA and EtOH, and finally dried to 

Scheme 1. Stepwise synthesis of hollow-structured and phosphatized HNCS-CNT-CoP for the efficient oxygen evolution.  
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obtain Zn-BTC microspheres [32]. Elemental analysis of Zn-BTC 
revealed: C, 35.25%; H, 3.14%; N, 2.56%. 

2.3. Synthesis of ZnO microspheres 

A quartz boat containing 200 mg of the prepared Zn-BTC was loaded 
into a chemical vapor deposition (CVD) tube furnace. The temperature 
was gradually raised at a rate of 10 ◦C min− 1 until reaching 500 ◦C. The 
sample was held at this temperature for 30 min under an air atmosphere. 
Subsequently, the tube furnace was allowed to cool naturally to room 
temperature, resulting in the formation of ZnO microspheres. The yields 
of its derivative ZnO microspheres was approximately 30%. 

2.4. Syntheses of ZnO@ZIF-8 and ZnO@ZIF-8-Co 

First, 20 mg of as-prepared ZnO microspheres were dissolved in 4 mL 
of deionized water to create solution A. Solution B was prepared by 
dissolving 165 mg of 2-MI in 12 mL of DMA. Subsequently, solution B 
was rapidly added into solution A while maintaining agitation at 900 
rpm and 70 ◦C for 5 h. Following the reaction period, the mixture was 
allowed to gradually cool to room temperature. The resulting white 
product was subjected to a thorough washing process using DMA and 
EtOH, followed by centrifugation. Finally, the obtained white product 
was dried at 85 ◦C for 12 h, yielding the core–shell ZnO@ZIF-8 material. 
To produce ZnO@ZIF-8-Co, the identical procedure was repeated for 
ZnO@ZIF-8 with the inclusion of 4 mg of Co(NO3)2. Subsequent to the 
reaction, the resultant mixture underwent washing, centrifugation, and 
drying, resulting in the formation of purple powder known as ZnO@ZIF- 
8-Co. 

2.5. Syntheses of HNCS and HNCS-CNT-Co 

To synthesize hollow N-doped carbon nanospheres (HNCS), a quartz 
boat containing ZnO@ZIF-8 (100 mg) was sealed and placed within a 
tube furnace. The furnace was initially purged with a mixed atmosphere 
of Ar (100 sccm) and H2 (100 sccm) for 5 min. The temperature was then 
ramped up to 1000 ◦C at a heating rate of 20 ◦C min− 1 and maintained 
for 30 min. After cooling to room temperature, a black powder was 
obtained, representing the HNCS material. For the preparation of hollow 
N-doped carbon nanospheres rich in carbon nanotubes (HNCS-CNT-Co), 
the same procedure was employed as described above, with the substi
tution of ZnO@ZIF-8-Co in place of ZnO@ZIF-8. The yields of HNCS and 
HNCS-CNT-Co were calculated to be ~ 15% after carbonization at 
1000 ◦C from the composite precursors. 

2.6. Synthesis of HNCS-CNT-CoP 

In this experiment procedure, 20 mg of HNCS-CNT-Co was combined 
with NaH2PO2 in a tube furnace, utilizing a mass ratio of 1:20. Subse
quently, the resulting underwent pre-exhaustion within an Ar (100 
sccm) atmosphere for 5 min. Following this pre-treatment step, the 
sample was subjected to carbonization, wherein the temperature was 
raised at a rate of 10 ◦C min− 1, attaining a final temperature of 900 ◦C, 
and then held steady at 900 ◦C for 2 h. After cooling naturally to room 
temperature, a black powder, denoted as HNCS-CNT-CoP, was obtained. 
The yields of HNCS-CNT-CoP was determined to be 10 ~ 15% following 
carbonization at 1000 ◦C from the composite precursor materials [33]. 

2.7. Physical characterization 

The obtained specimens were deposited onto meticulously cleaned 
silicon wafers for subsequent characterization. Field emission scanning 
electron microscopy (SEM) was employed to analyze their morpholog
ical features, while transmission electron microscopy (TEM) was utilized 
to observe lattice structures.Analysis of the crystalline surfaces and 
composition of the samples was conducted through Powder X-ray 

diffraction (PXRD) patterns obtained from an X-ray diffractometer 
operating at 40 kV and 40 mA. Preceding N2 sorption assessments, 
thermal activation was carried out at 100 ◦C for 10 h. N2 isotherms were 
evaluated utilizing a Micromeritics ASAP 2020 analyzer. To investigate 
the carbon materials, Raman spectroscopy was carried out employing a 
laser micro Raman spectrometer with an excitation wavelength of 532 
nm. Additionally, X-ray photoelectron spectroscopy (XPS) was con
ducted to analyze the elemental valence of the products. 

2.8. Electrochemical analysis 

(1) Preparation of three electrodes: All electrochemical measure
ments were conducted using a traditional three-electrode cell in a 
CHI760 electrochemical system. A platinum grid served as the counter 
electrode, while an Hg/Hg2Cl2 electrode was used as the reference 
electrode, both immersed in a 1.0 M KOH solution. The reference elec
trode potential (ERHE) was corrected using the following equation: ERHE 
= ESCE + 0.2415 V + 0.059*pH V, where ESCE is the measured potential 
relative to the saturated calomel electrode (SCE). The working elec
trodes were prepared as follows: the catalyst (2.5 mg) was dispersed in a 
mixture of ethanol (150 μL), H2O (75 μL), and Nafion solution (5 wt%, 
25 μL) using ultra-sonication. The resulting homogeneous suspension 
was dropwise added onto a polished glassy carbon electrode with a 
catalyst loading of ~ 0.2 mg cm− 2. The electrode was then dried at room 
temperature prior to electrochemical testing. 

(2) Electrochemical test procedure: Linear sweep voltammetry (LSV) 
was performed with a scan rate of 5 mV s− 1 to study the electrochemical 
behavior. Electrochemical impedance spectroscopy (EIS) measurements 
were conducted over a frequency range of 1000 kHz to 0.01 Hz. The 
electrochemically active area (ECSA) was determined by conducting 
cyclic voltammetry (CV) tests at various sweep rates within the non- 
Faraday voltage window range. The electron transfer number was 
calculated using the ring-disk electrode (RRDE) technique. To minimize 
O2 interference on the disk electrode, the ring electrode potential was 
maintained at 0.40 V with a rotation speed of 1500 rpm. The Faraday 
efficiency (FE) was determined by analyzing the circle current, ring 
current, and the collection efficiency of the ring-disk electrode. 
Furthermore, the stability of the material was evaluated by subjecting it 
to a constant overpotential of 1.55 V vs. RHE for a duration of up to 10 h. 

2.9. Theoretical calculation 

The density functional theory was used to carry out all the calcula
tions with the Perdew-Burke-Ernzerh exchange–correlation functional 
of generalized gradient approximation and the projector-augmented 
wave method, which was implemented through Vienna Ab-initio 
Simulation Package (VASP).The input model structure file is created 
by VESTA [34]. The plane wave-basis expansion cutoff energy was fixed 
at 450 eV, and atomic relaxation was conducted until the force exerted 
on atoms was less than 0.02 eV Å− 1 and energy was concurrently 
converged to 1 × 10− 6 eV. 

The Gibbs free energy change (ΔG) of each lithiation step was 
defined as: 

ΔG = ΔE+ΔZPE − TΔS,

where ΔE is the electronic energy difference directly obtained from DFT 
calculations, ΔZPE is the change in zero-point energy, T is the temper
ature (T = 298.15 K) and ΔS is the change in the entropy, respectively 
[35]. The zero-point energy and entropy were obtained through vibra
tional frequencies. 

Conventionally, in an alkaline electrolyte, the anode reactions after 
oxygen adsorption can be written as:  

H2O ↔ OH* + H+ + e− (1)  

OH*↔O* + H+ + e− (2) 
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O*+H2O ↔ OOH* + H+ + e− (3)  

OOH*↔ O2* + H+ + e− (4)  

3. Results and discussion 

The facile synthesis process of core–shell ZnO@ZIF-8 and ZnO@ZIF- 
8-Co via seed epitaxial growth could be simply illustrated in Fig. 1a. First 
of all, SEM analysis revealed the smooth-surfaced Zn-BTC microspheres 
with an average size of 2.3 μm (Fig. 1b, 1f, S1). A subsequent direct 
oxidation in air preserved the spherical morphology, yielding well- 
defined ZnO microspheres (Fig. 1c, 1 g, S2-S3), characterized by a 
slightly rougher surface without significant shrinkage. Subsequent 
treatment involved the partial conversion of the ZnO surface into a ZIF-8 
shell by introducing excessive 2-MI, resulting in complete coating with 
ZnO (Fig. 1d, 1h, S4). In this process, the added 2-MI ligand served both 
as an etchant to facilitate the dissolution of ZnO into Zn(II) ions and as a 
coordinated to form MOF shell[36]. Similarly, a ZIF-67 shell could also 
be developed atop the initial ZIF-8 shell, as indicated by the alteration in 

powder color from white to purple (Fig. 1e, 1i, S5-S8). In Fig. 1j, the 
obtained ZnO exhibited diffraction peaks that perfectly matched with 
ZnO (JCPDS-PDF#65–3411) [32], where the peaks located at 31.5◦, 
34.3◦ and 36.3◦ were assigned to the (100), (002), and (101) planes, 
respectively. Conversely, the diffraction angles at 7.4◦, 10.7◦, and 12.7◦

observed in ZnO@ZIF-8 and ZnO@ZIF-8-Co aligned with the simulated 
MOF patterns. Notably, the N2 isotherms of both Zn-BTC and ZnO 
exhibited characteristic Type-III curves, while the desolvated samples 
with MOF shells displayed Type-I isotherms, consistent with the trend 
observed in pore size distribution (PSD) (Fig. 1k). Lastly, the total pore 
volumes of MOF-containing samples were significantly higher at 0.16 
and 0.35 cm3 g− 1, respectively, while the specific surface area of 
ZnO@ZIF-8-Co (425.2 m2 g− 1) surpassed that of ZnO@ZIF-8 (238.8 m2 

g− 1) as documented in Table S1. The carbonization process of ZnO- 
based precursors led to the evaporation of most internal Zn species, 
culminating in the formation of hollow nanostructures. SEM and TEM 
images (Fig. 2a-2f, S9-S10) revealed the preservation of intact hollow 
morphology across all carbon materials. Among them, HNCS-CNT-Co 
was distinguished by the presence of numerous multi-walled CNTs 
onto the carbon surface, attributed to the efficacious catalytic action of 

Fig. 1. (a) Stepwise synthesis of ZnO@ZIF-8-Co. SEM images of (b/f) Zn-BTC, (c/g) ZnO, (d/h) ZnO@ZIF-8 and (e/i) ZnO@ZIF-8-Co; (j) PXRD patterns; (k) N2 
isotherms and PSD curves (inset). 
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Co NPs (Fig. 2b, 2e, S11-S12) [37]. HNCS-CNT-Co further underwent a 
phosphatization process, resulting in P-atom doping while maintaining 
the integrity of the hollow structure and the presence of surface-grown 
CNTs (Fig. 2c, 2f, S13-S15). Fig. 2g showed that HNCS-CNT-Co 
exhibited a characteristic diffraction peak at 44.2◦, corresponding to 
the (1 1 1) crystal plane of metallic Co (JCPDS-PDF#01–1255) [38]. In 
contrast, HNCS-CNT-CoP displayed the Co diffraction peak and an 
additional peak at 40.8◦ assigned to the (1 1 1) crystal plane of Co2P 
(JCPDS-PDF#54–0413) [39]. Furthermore, Fig. 2h-2j revealed lattice 
fringes measuring 0.22 and 0.20 nm within HNCS-CNT-CoP, corre
sponding to the (1 1 1) plane of Co2P and the (1 1 1) plane of Co, 
respectively. The spacing of 0.34 nm between adjacent carbon layers 
was ascribed to the graphite carbon (0 0 2) surface. Energy dispersive 
spectroscopy (EDS) and element mapping images demonstrated a uni
form dispersion of Co, P, and N elements throughout the carbon matrix 
(Fig. 2k, 2l). The non-agglomeration of Co NPs could be attributed to the 
presence of ZIF-8 within the precursor. This spatial isolation allows for 
the relatively dispersed and homogeneous distribution of Co/Co2P NPs 
in Fig. S16, thereby facilitating subsequent electrocatalytic reactions. 

Raman spectra were collected to characterize and compare the de
gree of graphitization in the investigated carbon nanomaterials 
(Fig. 3a). Notably, two distinct Raman peaks were identified at 1331 and 

1577 cm− 1, corresponding to defective or disordered carbon and 
graphitic carbon, respectively [40]. The relative intensity ratios of the D 
band to the G band (ID/IG) were calculated for HNCS-CNT-CoP (1.23) 
and HNCS-CNT-Co (1.08). These values were much lower than that of 
HNCS (1.58), indicating that the presence of multi-walled CNTs con
tributes to enhanced graphitization degree. Phosphorization resulted in 
the formation of cobalt phosphide, inducing partial degradation of the 
graphitic carbon layer and consequently increasing defects in HNCS- 
CNT-CoP. The hysteresis loops observed in Fig. 3b-3c indicated Type- 
IV isotherms for all three catalysts, confirming the existence of meso
porous structures. The specific surface areas of HNCS, HNCS-CNT-Co, 
and HNCS-CNT-CoP were determined as 142.8, 161.3, and 112.0 m2 

g− 1, respectively, along with pore volumes listed in Table S1. In this 
case, the growth of cobalt phosphide led to a partial obstruction of 
certain pores, resulting in slightly elevated specific surface area and pore 
volume in unphosphatized HNCS-CNT-Co. Overall, the formed CNTs 
effectively enhance the pore environment and conductivity, thereby 
facilitating efficient electron transfer among the active materials. 

The X-ray photoelectron spectroscopy (XPS) analysis presented in 
Fig. 4a and S17-S19 confirmed the presence of C, N, O, Co, P, and Zn 
elements for HNCS-CNT-CoP. In the high-resolution C 1 s spectrum 
(Fig. 4b), four main peaks were discerned: C–C (284.8 eV), C–N 

Fig. 2. SEM/TEM images of (a/d) HNCS, (b/e) HNCS-CNT-Co and (c/f) HNCS-CNT-CoP; (g) PXRD patterns, (h-j) HRTEM images, (k) EDS spectrum and (l) elemental 
mappings of HNCS-CNT-CoP. 

Fig. 3. (a) Raman spectra, (b) N2 isotherms and (c) PSD curves of HNCS, HNCS-CNT-Co and HNCS-CNT-CoP.  
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Fig. 4. (a) XPS full spectrum of HNCS-CNT-CoP; The deconvoluted spectra of (b) C 1 s, (c) N 1 s, (d) O 1 s, (e) P 2p and (f) Co 2p for HNCS-CNT-CoP.  

Fig. 5. (a) LSV curves; (b) The overpotential comparison; (c) Tafel plots; (d) Nyquist curves; (e) Cdl plots; (f/g) LSV curves/ring current of HNCS-CNT-CoP on RRDE; 
(h) Chronoamperometry at 1.52 V and (i) LSV curves of HNCS-CNT-CoP before and after 10 h. 

Q. Sun et al.                                                                                                                                                                                                                                     



Journal of Colloid And Interface Science 652 (2023) 1338–1346

1344

(285.7 eV), C––O (286.9 eV), and O-C––O (290.5 eV), indicating a sig
nificant content of hybrid carbon and abundant defect sites. The 
deconvoluted N 1 s spectrum (Fig. 4c) showed three peaks at 398.6, 
400.8, and 402.7 eV, corresponding to pyridinic N, pyrrolic N, and 
graphitic N, respectively. The presence of graphitic N and pyridinic N is 
anticipated to augment the overall electrocatalytic performance by 
acting as active adsorption species [41]. Within the O 2p spectrum 
revealed three oxygen species at 531.5, 532.7, and 533.4 eV, attributed 
to Co-O, C–O, and P–O, respectively (Fig. 4d). Moreover, the decon
voluted P 2p spectrum in Fig. 4e displayed three main peaks at 130.1, 
132.5, and 133.8 eV, corresponding to P-Co, P–C, and P–O, respec
tively. In the Co 2p region, discernible peaks assigned to Co-P were 
observed at 778.9 and 793.8 eV, indicative of higher binding energy 
compared to HNCS-CNT-Co (Fig. 4f, S20). This suggests electron 
transfer from Co to P owing to the elevated electronegativity of P atoms, 
leading to lattice distortion and modification of electronic structure at 
the atomic level, thereby amplifying the intrinsic activity of HNCS-CNT- 
CoP [42]. Peaks situated at 782.1 and 797.9 eV, along with two satellite 
peaks approximately at 788.5 and 803.9 eV, were attributed to oxidized 
species resulting from the partial oxidation of phosphide. Additional 
peaks in the Co 2p spectrum could be attributed to the Co-N bond (785.6 
and 800.8 eV), signifying robust electronic coupling between Co species 
and N-doped carbon, facilitating charge transfer at the catalytic active 
site. 

The OER activity of carbon-based electrocatalysts was initially 

assessed using linear sweep voltammetry (LSV) in Fig. 5a. Remarkably, 
HNCS-CNT-CoP exhibited notably lower overpotential (η10/50) values of 
302/382 mV at 10/50 mA cm− 1 (Fig. 5b) compared to RuO2 (327/461 
mV), HNCS (450/592 mV), and HNCS-CNT-Co (396/473 mV). The Tafel 
slopes for HNCS-CNT-CoP, RuO2, HNCS, and HNCS-CNT-Co were 
determined to be 68.5, 80.0, 98.9, and 74.3 mV dec− 1, respectively, 
indicating the superior catalytic kinetics for HNCS-CNT-CoP (Fig. 5c). In 
Fig. 5d, electrochemical impedance spectroscopy (EIS) confirmed that 
the order of charge transfer resistance as HNCS-CNT-CoP < HNCS-CNT- 
Co < RuO2 < HNCS, aligning well with the LSV and Tafel results. To 
further underscore the effectiveness of phosphorization, the electro
chemically active surface area (ECSA) was further calculated by 
measuring the double layer capacitance (Cdl). Evidently, HNCS-CNT- 
CoP showed a much higher Cdl value (45.49 mF cm− 2) compared with 
RuO2 (11.99 mF cm− 2), HNCS (1.97 mF cm− 2), and HNCS-CNT-Co (3.46 
mF cm− 2), indicating an increased number of defect sites induced during 
the phosphorization process (Fig. 5e, S21). Furthermore, Fig. 5f, S22 
demonstrated that the negligible ring current (Iring) in relation to the 
disk current (Idisk), indicating that the OER reaction on the HNCS-CNT- 
CoP catalyst closely followed a 4-electron transfer process. The Faradaic 
efficiency (FE) was verified using the RRDE technique to present a 
detected Iring of ~ 39.6 μA and a remarkably high FE of 100% at a fixed 
Idisk of 200 μA (Fig. 5g, S23). The endurance of HNCS-CNT-CoP in OER 
was assessed using a chronopotential curve in Fig. 5h, S24, demon
strating an impressive current density retention of nearly 91.8% at a 

Fig. 6. (a) Arrhenius plots and Ea of Co2P and Co; (b) Optimized atomic structures of Co2P and Co; (c) Schematic illustration of the OER mechanism for Co2P; (d) 
Gibbs free-energy diagram, (e) The calculated PDOS curves and (f) The charge density difference plots for Co2P-*OH and Co-*OH. 
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constant potential of 1.52 V over a 10-hour duration. Minimal variation 
of approximately 3 mV was observed in the LSV curves before and after 
the Chronoamperometric test (Fig. 5i). Additionally, extended testing at 
a constant potential of 1.52 V for 500 h was conducted as shown in 
Fig. S24, underscoring the catalyst’s capability to uphold a current 
density of up to 80.54%. SEM and TEM characterization following the 
electrochemical test further confirmed the well-preserved hollow 
morphology of the catalyst, thereby substantiating its robust long-term 
stability (Fig. S25-26). These findings emphasize the advantageous 
synergy derived from P-doping and the hollow structure of HNCS-CNT- 
CoP, contributing to heightened conductivity, promoting electron 
transfer, and the provision of abundant active sites for efficient OER. 
This positions HNCS-CNT-CoP as a competitive candidate among the 
previously reported Co-based electrocatalysts listed in Table S2. 

We systematically assessed the OER performance of two catalysts, 
namely HNCS-CNT-CoP and HNCS-CNT-Co, at different temperatures 
and subsequently analyzed the activation energy (Ea) of these samples. 
Fig. S27 depicts the increasing trend of OER current for both catalysts as 
electrolyte temperature rises. Upon examination of the Arrhenius plots 
in Fig. 6a, it becomes evident that the calculated Ea values for HNCS- 
CNT-CoP, at varying overpotentials, are notably lower than those 
observed for HNCS-CNT-Co. This suggests that the further phosphida
tion of the material induces alterations in its electronic structure, 
thereby enhancing catalytic activity. Furthermore, we conducted den
sity functional theory (DFT) calculations, focusing on the constructed 
Co2P and Co structures based on the (111) surface, to gain deeper in
sights into their respective OER behavior (Fig. 6b). The theoretical 
analysis involves four consecutive proton-coupled electron transfer 
steps, giving rise to the generation of three intermediate species (*OH, 
*O, and *OOH) as shown in Fig. 6c, S28-29.[15] Fig. 6d, Table S3 
illustrate that all the OER steps associated with Co2P involve energeti
cally uphill processes at U = 1.23 V. The third step, which involves the 
formation of Co2P-*OOH, acts as the rate-determining step (RDS) for 
Co2P, exhibiting an energy barrier of 1.17 eV, significantly lower than 
the RDS of Co (10.08 eV). The partial density of states (PDOS, Fig. 6e) 
reveals that the center energy of the d-band of Co2P (− 0.895 eV) is 
comparatively lower than that of Co (− 0.829 eV). Further insight into 
the electronic structure is offered through the charge density difference 
plots of Co2P and Co (Fig. 6f, S30). These plots visually demonstrate the 
formation of covalent bonds between P atoms and Co atoms, resulting in 
an intensified electron cloud density around the Co sites within the co
ordinated environment. This intricate electronic interaction fosters an 
environment conducive to enhancing both the rate and efficiency of the 
OER reaction. 

4. Conclusion 

In this study, we have successfully fabricated multi-level porous 
carbon nanomaterials by utilizing a self-sacrificing template involving 
amorphous Zn-BTC microsphere. Controlled phosphorization coupled 
with carbonization treatment led to the formation of hollow N-doped 
carbon spheres housing Co2P NPs within a matrix of multi-walled CNTs. 
The optimized HNCS-CNT-CoP exhibited a markedly improved OER 
activity with lower overpotential of a mere 302 mV at 10 mA cm− 2 and 
Tafel slope of 68.5 mV dec− 1 than other similar materials in the litera
tures [43,44]. Moreover, it also showcased commendable long-term 
stability, positioning HNCS-CNT-CoP as a promising non-noble metal 
electrocatalyst. Furthermore, corroborative theoretical calculations 
confirmed the critical step involving the formation of Co2P-*OOH as the 
RDS for HNCS-CNT-CoP, marked by a remarkably low energy barrier of 
1.17 eV, a distinct advantage when compared to its control counterpart. 
The surface modification strategy advanced in this work represents a 
novel approach toward the development of high-performance catalysts 
for practical applications in overall water splitting. 
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