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Abstract: Tuning asymmetric coordination of metal single-atom (SA) sites can provide a new 

opportunity for optimizing the electronic structure of catalysts to achieve highly efficient 

catalysis, however, achieving such controllable design remains a grand challenge. Herein, we 

report asymmetrically coordinated Co-N4P SA sites as a new catalyst system for achieving 

superior dehydrogenation catalysis of formic acid (HCOOH). X-ray absorption fine structure 

results show that the Co atom is coordinated by four N atoms and one asymmetric P atom, 

forming the unique Co-N4P SA sites. The asymmetrically coordinated Co-N4P SA sites exhibit 

a dehydrogenation activity of 2185.5 h-1 with 100% selectivity and outstanding stability for 

HCOOH under mild conditions, which is 5-fold higher than that of symmetrically coordinated 

Co-N4 SA sites. Theoretical calculations further reveal that the asymmetric P sites not only 

boost the C-H bond cleavage of HCOO* by largely reducing the energy barrier but also 

facilitate the proton adsorptions to achieve the fast generation of H2 in Co-N4P SA sites, 

which is the key reason for achieving efficient dehydrogenation of HCOOH. This work opens 

a new way for rationally designing novel SA sites to achieve efficient catalysis. 
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Introduction 

The increasing energy demand drives researchers to search for renewable energy for 

building an energy-sustainable society [1-3]. Hydrogen (H2), as a clean energy, has attracted 

great attention because of its high energy density, zero pollution and zero-carbon emission [4-7]. 

Among various H2 production methods [8-13], the dehydrogenation of formic acid (HCOOH) is 

a promising and sustainable approach due to its high volumetric (53 g·L-1) and gravimetric 

(4.4 wt%) H2 storage capacities, high energy density (1.77 kW·h·L-1), favorable 

thermodynamics characteristics, nontoxicity and liquid state at room temperature [14-16]. 

Especially, HCOOH is a renewable organic molecule, which can be synthesized from the 

sustainable routes of CO2 hydrogenation or biomass partial oxidation [17-21]. The key for 

dehydrogenation catalysis is the development of high-performance catalysts with high activity, 

high selectivity and outstanding stability. 

Noble metal-based nanocatalysts have exhibited certain activity and selectivity towards 

HCOOH dehydrogenation [22-27], however, they experience the drawbacks of their scarce and 

high cost. In light of this, exploring non-noble metal single atom (SA) sites with the 

maximum utilization efficiency and excellent catalytic performance provides a promising 

opportunity for dehydrogenation catalysis of HCOOH [28-40]. However, the well-known 

non-noble metal SA sites with symmetrical coordination environments usually show limited 

catalytic activity and selectivity for HCOOH dehydrogenation [41-44]. 

Herein, we report a new strategy to introduce asymmetric P atoms into symmetrically 

coordinated Co-N4 SA sites on nitrogen-doped carbon nanowires network, forming unique 

asymmetrically coordinated Co-N4P SA sites, for greatly boosting for dehydrogenation 

catalysis of HCOOH under a mild condition. As-synthesized asymmetrically coordinated 

Co-N4P SA sites display 5-fold higher activity than that of symmetrically coordinated Co-N4 

SA sites, along with high selectivity of 100% and superb stability towards HCOOH 

dehydrogenation under mild conditions. DFT calculations reveal the electronic perturbation 

induced by the asymmetric coordination environment in Co-N4P SA sites promotes the C-H 

bond cleavage of HCOO* by reducing the energy barrier but also accelerates the fast 

generation of H2 through improved proton adsorptions in Co-N4P SA sites. 

Results and discussion 
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The Co-N4P SA sites supported on nitrogen-doped carbon nanowires network were 

synthesized by combining wet-chemical and pyrolysis strategies (Supporting Information for 

details) (Figure S1). Both scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) images of Co-N4P SA sites show that the support of Co-N4P SA sites has 

nanowire network-like morphology (Figure S2 & 1a). We find that the formation of 

nanowires network-like morphology is only dependent on the feeding amounts of 

Co(NO3)2·6H2O (Figure S3 & S4), and asymmetric coordination of SA Co sites can be 

achieved by tuning the pyrolysis way and feeding amounts of triphenylphosphine (PPh3) and 

Co(NO3)2·6H2O (Figure S5 & S6). The high-angle annular dark-field scanning TEM 

(HAADF-STEM) image of Co-N4P SA sites shows that there are countless bright spots, 

representing Co atoms (Figure 1b). The corresponding energy dispersive spectroscopy-STEM 

(STEM-EDS) mapping results demonstrate that C, N, Co and P elements of Co-N4P SA sites 

are uniformly dispersed across the nitrogen-doped carbon nanowires network (Figure 1c & 

S7). 

As a control, the Co-N4 SA sites supported on nitrogen-doped carbon nanowires network 

with different loading amounts were further synthesized by the similar synthetic method 

except for the absence of PPh3 (Supporting Information for details). The Co species from the 

Co-N4 SA sites, as well as Co-N4P SA sites, are also atomically dispersed onto the 

nitrogen-doped carbon nanowires network (Figure S8 & S9). The Co contents of 

as-synthesized Co-N4 SA sites and Co-N4P SA sites on nitrogen-doped carbon nanowires 

network were determined by inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES). According to the ICP-AES results, as-synthesized various Co-N4 SA sites and 

Co-N4P SA sites were denoted as 2.8 wt% Co-N4 SA sites, 4.1 wt% Co-N4 SA sites, 5.5 wt% 

Co-N4 SA sites and 5.3 wt% Co-N4P SA sites, respectively (Table S1). The contents of N and 

P in 5.3 wt% Co-N4P SA sites were evaluated to be nearly 11.4 % and 2.8 % respectively, 

determined by the EDS and X-ray photoelectron spectroscopy (XPS) spectra, confirming that 

the stoichiometric ratio of N: P in 5.3 wt% Co-N4P SA sites is 9: 1 (Figure S10 & Table S2). 
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Figure 1. Microscopic characterization of 5.3 wt% SA Co-N4P sites. (a) TEM image, (b) 

HAADF-STEM image and (c) elemental maps of 5.3 wt% Co-N4P SA sites. 

To analyze the atomic structure of 5.3 wt% Co-N4P SA sites, the soft X-ray absorption near 

edge structure (XANES), Raman, powder X-ray diffraction (PXRD) and XPS spectra were 

carried out. The C K-edge spectrum of 5.3 wt% Co-N4P SA sites contains four peaks located at 

279.8, 280.9, 284.6 and 300.4 eV, attributed to the antibonding orbitals of π*(C-N), π*(C=C), 

π*(C-P) and σ*(C-C), respectively (Figure S11) [49,50]. Noted that the peak located at 279.8 eV 

suggests the existence of the C-N-Co bonds in the chemical environment of 5.3 wt% Co-N4P 

SA sites. Two characteristic peaks can be observed at 1604.1 and 1387.8 cm-1 in Raman spectra 

of both 5.5 wt% Co-N4 SA sites and 5.3 wt% Co-N4P SA sites, corresponding to the G-peak and 

D-peak of the nitrogen-doped carbon nanowires network, respectively (Figure 2a). The C-N, 

C-P and C=C bonds of 5.3 wt% Co-N4P SA sites can be further verified by high-resolution C 1s 

XPS spectrum (Figure S12a). The P-C and P-N bonds were monitored by high-resolution P 2p 

XPS spectrum (Figure S12b). Theoretical P 2p XPS spectrum of 5.3 wt% Co-N4P SA sites is 

consistent with the experimental result (Figure S12b). The high-resolution N 1s XPS spectrum 

in 5.3 wt% Co-N4P SA sites was fitted into three peaks, involving a pyridinic N peak at 398.8 eV, 
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a graphitic N peak at 399.8 eV and a pyrrolic N peak at 401.1 eV (Figure 2b) [47,48]. 

Hard XANES and the extended X-ray absorption fine structure (EXAFS) at Co K-edge were 

carried out to reveal the detailed structure information of 5.3 wt% Co-N4P SA sites. The Co 

K-edge absorption edge of 5.3 wt% Co-N4P SA sites locates between those of cobalt 

phthalocyanine (CoPc) and CoP in the black dotted box of Figure 2c, suggesting that Co atoms 

in 5.3 wt% Co-N4P SA sites possess fewer positive charges than that of CoPc, and more positive 

charges than that of CoP (Table S3). Theoretical C K-edge and Co K-edge XANES spectra are 

well matched with the experimental results (Figure S11 & S13), further confirming the atomic 

structure of 5.3 wt% Co-N4P SA sites. Note that the coordination environment difference 

between 5.5 wt% Co-N4 SA sites and 5.3 wt% SA Co-N4P sites can be attributed to the existence 

of Co-N-P bond in 5.3 wt% Co-N4P SA sites, leading to strong electronic transfer between Co, P 

and N [45,46]. The Fourier transform (FT) EXAFS peak at 1.58 Å in 5.3 wt% Co-N4P SA sites 

locates between those of CoPc at 1.56 Å and CoP at 1.83 Å, confirming that the Co-N-P bond 

exists on nitrogen-doped carbon nanowires network (Figure 2d). Compared with the Co foil, 

CoPc and CoP, no Co-Co bond peak was observed in EXAFS spectra, verifying that no Co 

nanoparticles or clusters exist in 5.3 wt% Co-N4P SA sites (Figure 2d). These results 

demonstrate that all Co atoms are atomically dispersed on nitrogen-doped carbon nanowires 

network. 

The FT-EXAFS fittings in R and K spaces were also carried out to reveal the atomic structure 

of 5.3 wt% Co-N4P SA sites (Figure 2e, 2f & Table S3). The fitting analysis result shows that 

the average coordination number of Co atom for the first coordination shell is 4.0 ± 0.2, and the 

average Co-N bond length is 1.58 Å in the 5.3 wt% Co-N4P SA sites. Wavelet transform (WT) 

of Co K-edge EXAFS oscillations was used to further prove the atomic dispersion of the Co 

atoms in 5.3 wt% Co-N4P SA sites. The intensity maximum values at 6.8 and 5.3 Å-1 are 

ascribed to Co-P and Co-Co bonds in the WT contour plots of Co foil and CoP standard samples, 

respectively (Figure 2g & 2h). The WT contour plot of 5.3 wt% Co-N4P SA sites shows only 

one intensity maximum value at 4.1 Å-1, attributed to both Co-N and Co-N-P bonds (Figure i). 

These results confirm the existence of Co-N-P bond in 5.3 wt% Co-N4P SA sites. In detail, the 

isolatedly dispersed Co atoms are asymmetrically coordinated by four N atoms with one 

asymmetric P atom on the nitrogen-doped carbon nanowires network (the inset of Figure 2f). 
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Figure 2. Chemical structure and atomic coordination environment of 5.3 wt% Co-N4P 

SA sites. (a) The Raman spectra of 5.5 wt% Co-N4 SA sites and 5.3 wt% Co-N4P SA sites. (b) 

High-resolution XPS spectrum of N 1s for 5.3 wt% Co-N4P SA sites. (c) Normalized XANES 

profiles, (d) EXAFS spectra in R space, (e) EXAFS fitting curve and (f) k3-weight FT-EXAFS 

fitting curves for 5.3 wt% Co-N4P SA sites on nitrogen-doped carbon nanowires network at 

Co K-edge. (g-i) Wavelet transform of Co foil, CoP and 5.3 wt% Co-N4P SA sites on 

nitrogen-doped carbon nanowires network. 

The catalytic performance of 5.3 wt% Co-N4P SA sites towards HCOOH dehydrogenation 

was investigated in a typical reaction set-up (Figure S14), and benchmarked with 2.8 wt% 

Co-N4 SA sites, 4.1 wt% Co-N4 SA sites and 5.5 wt% Co-N4 SA sites. Before evaluating 

HCOOH dehydrogenation performance, all the catalysts were pretreated under Ar/H2 (95/5 

v/v) atmosphere at 280 oC for 30 min. The treated 2.8 wt% Co-N4 SA sites, 4.1 wt% Co-N4 

SA sites, 5.5 wt% Co-N4 SA sites and 5.3 wt% SA Co-N4P sites show excellent dispersion in 

water (Figure S15). The HCOOH dehydrogenation begins as soon as catalyst (2.8 wt% Co-N4 

SA sites, 4.1 wt% Co-N4 SA sites, 5.5 wt% Co-N4 SA sites or 5.3 wt% Co-N4P SA sites) and 
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HCOOH are mixed, even at the mild temperature condition (Upper inset of Figure 3a). 

Using 5.3 wt% Co-N4P SA sites as a representative catalyst, we first optimized the reaction 

conditions of HCOOH dehydrogenation including catalyst concentration and HCOOH 

concentration (Table S4 & S5). 

We find that all as-synthesized catalysts show high selectivity of over 99% towards 

HCOOH dehydrogenation. However, the 5.3 wt% Co-N4P SA sites show the highest activity 

by following the order of 5.3 wt% Co-N4P SA sites >> 5.5 wt% Co-N4 SA sites > 4.1 wt% 

Co-N4 SA sites > 2.8 wt% Co-N4 SA sites (Figure 3a), and compared with other reported 

non-noble metal catalysts (Table S6), the 5.3 wt% Co-N4P SA sites exhibit higher activity 

towards HCOOH dehydrogenation. Obviously, with increasing the Co loading amount of 

Co-N4 SA sites, the HCOOH dehydrogenation reaction rate correspondingly increases. 

However, under the same amount of Co active sites, the catalytic activity of 5.3 wt% Co-N4P 

SA sites is 5.0 times higher than that of 5.5 wt% Co-N4 SA sites (Figure 3a). The gas 

chromatography (GC) result shows that produced gas from 5.5 wt% Co-N4 SA sites and 5.3 

wt% Co-N4P SA sites are composed of H2 and CO2 with the mole ratio of 1/1, and no CO was 

detected in the gas mixture (CO detection limit: ~2 ppm) (Figure 3b). 

Furthermore, HCOOH dehydrogenation reaction rate is closely related to reaction 

temperature, the HCOOH dehydrogenation reaction rate increases with the elevated 

temperature. The decomposition ratio of HCOOH nearly reaches 100%, and the TOF values 

of 5.3 wt% Co-N4P SA sites are 2185.5, 986.8, 589.5 and 321.8 h-1 at 100 oC, 90 oC, 80 oC 

and 70 oC, respectively (Figure 3c & 3d). In addition, the slope value of the line plotted by 

the ln (rate) versus ln (CCo) is 1.02 (Figure S16), where the rate and CCo represent the 

HCOOH dehydrogenation rate and the 5.3 wt% Co-N4P SA site concentration respectively, 

confirming that the HCOOH dehydrogenation is pseudo-first-order kinetic over 5.3 wt% 

Co-N4P SA sites. These results verify that optimal low-cost Co-N4P SA sites can be served as 

a promising candidate catalyst for thermocatalytic H2 generation from liquid HCOOH. 
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Figure 3. HCOOH dehydrogenation performance of different catalysts. (a) HCOOH 

decomposition catalyzed by 2.8 wt% Co-N4 SA sites, 4.1 wt% Co-N4 SA sites, 5.5 wt% Co-N4 

SA sites and 5.3 wt% Co-N4P SA sites, respectively. (b) GC of generated mixture gas during 

the HCOOH dehydrogenation over 5.5 wt% Co-N4 SA sites and 5.3 wt% Co-N4P SA sites at 

100 °C, respectively. (c) Effect of temperature on the catalytic activity of HCOOH 

dehydrogenation over 5.3 wt% Co-N4P SA sites from 70 to 100 °C. Reaction conditions: 

HCOOH, 0.8 mL; H2O, 9.2 mL; Catalyst, 25 mg; T, as specified. (d) TOF of 5.3 wt% Co-N4P 

SA sites at different temperatures. 

To investigate the HCOOH oxidation for H2 generation on the 5.3 wt% Co-N4P SA sites, 

DFT calculations were performed. In 5.3 wt% Co-N4P SA sites, we notice that the bonding 

orbitals have been mostly focused on the Co SA sites (Figure 4a). The asymmetric 

introduction of the P atom has perturbed the electronic distributions near the Co sites, which 

dominates the anti-bonding orbitals. The Co sites and neighboring N atoms lead to the 

formation of a reactive region, which guarantees the electron transfer from the catalyst surface 

to the intermediates. The detailed electronic structure has been revealed by the projected 

partial density of states (PDOS) (Figure 4b). Notably, Co-3d orbitals exhibit a sharp peak 
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close to the Fermi level (EF) at EV -0.87 eV, which plays as the active site for the stable 

adsorptions of HCOOH. Meanwhile, the s, p orbitals of both N and C sites display the broad 

ban, which is able to achieve efficient site-to-site electron transfer. Notably, the broad P-3s, 3p 

orbitals show an evident overlapping with Co-3d orbitals and s, p orbitals of C, N atoms. The 

high electron density near EF also leads to efficient electron transfer for the HCOOH 

oxidization.  

For the Co SA sites, we have compared the electronic structure with different Co-based 

compounds (Figure 4c). It is noted that Co-3d orbitals in 5.3 wt% Co-N4P SA sites have 

shown a much higher d-band center than those in Co metal and CoO, indicating the improved 

reactivity. The Co species in 5.3 wt% Co-N4P SA sites has shown a similar electronic structure 

to that in Co3O4, indicating the high valence states of Co sites. Moreover, the PDOS of 

different types of N sites also confirms the electronic modulations induced by the introduction 

of asymmetric P sites and Co sites (Figure 4d). The graphitic N sites display the electron-rich 

feature with low reactivity. Notably, the s, p orbitals of the pyridinic N sites have 

demonstrated high electron density near the EF. With the introduction of P atoms, N-s, p 

orbitals have downshifted. The anchoring of Co SA site has further induced the downshifting 

of N-s, p orbitals due to the electron transfer from Co to N sites. The pyrodinic N sites 

connecting Co SA sites and P atoms show the lowest position in PDOS.  

For the key intermediates of HCOOH oxidization, the electron transfer efficiency 

determines the conversion of intermediates (Figure 4e). From the HCOOH towards CO2*, the 

s, p orbitals of the intermediates demonstrate a nearly linear upshifting trend, supporting the 

smooth oxidation process on the 5.3 wt% Co-N4P SA sites. Such a linear correlation also 

confirms that HCOO* is the key reactant during the HCOOH oxidation. To further unravel the 

reaction mechanism of HCOOH oxidation for H2 generation, energetic investigations were 

performed. The adsorption energies of key intermediates HCOOH and proton have been 

compared in different sites on the 5.3 wt% Co-N4P SA sites (Figure 4f). For the HCOOH, we 

notice that Co SA sites demonstrate the most stable adsorptions for HCOOH. Meanwhile, the 

nearby C and N sites both support a relatively strong binding trend with HCOOH, which is 

attributed to the formed electroactive region. As a comparison, the proton adsorption is mostly 

favored on P sites, both N and C sites have displayed an unfavored binding trend for proton, 

which hinders the dehydrogenation process. These different adsorption trends reveal that Co 
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SA sites act as the main active sites for HCOOH oxidation and the P sites are the key factor in 

promoting the dehydrogenation process. This combination guarantees highly efficient 

HCOOH oxidation and H2 generation. 

 

Figure 4. HCOOH hydrogenation over the 5.3 wt% Co-N4P SA sites deciphered by DFT 

calculations. The 3D contour plot of electronic distribution near Fermi level of (a) 5.3 wt% 

Co-N4P SA sites. Blue isosurface = bonding orbitals and green isosurface = anti-bonding 

orbitals. The PDOS comparison of 5.3 wt% Co-N4P SA sites. Orange balls = Co, blue balls = 

N, pink balls = P and grey balls = C. (c) The comparison of Co-3d orbitals. (d) The 

site-dependent PDOS of N-s, p. (e) The PDOS of key intermediates for the oxidation of 

HCOOH. (f) The adsorption energies of HCOOH and H on different sites. (g) The reaction 

trend of HCOOH oxidation on Co-N4P SA sites and Co-N4 SA sites. 

The reaction energies further confirm the high reaction preference for HCOOH oxidation 
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on the 5.3 wt% SA Co-N4P sites (Figure 4g). For both the Co-N4P and the Co-N4 SA sites, the 

initial dehydrogenation of HCOOH prefers the O-H dissociation than the C-H dissociation to 

form the HCOO*, where the formation of COOH* meets a large energy barrier of 0.43 eV 

and 1.53 eV, respectively. For the following C-H dissociation, Co-N4P SA sites show a subtle 

energy barrier of 0.08 eV, which is much smaller than that on Co-N4 SA sites (1.43 eV), 

leading to significantly improved catalytic performances for H2 generation on Co-N4P SA 

sites. Although the Co-N4 shows a slightly lower reaction energy of -0.50 eV than that of 

-0.32 eV on Co-N4P, the larger energy barrier for the C-H dissociation significantly limits the 

catalytic performances of H2 generation on Co-N4 SA sites. Therefore, the reaction energy 

comparison further supports the efficient HCOOH oxidation for H2 generation on 5.3 wt% SA 

Co-N4P sites. The complete reaction pathway of HCOOH has been displayed in Figure 5. 

 

Figure 5. The selective dehydrogenation process of HCOOH on 5.3 wt% Co-N4P SA sites. 

White balls = H, grey balls = C, blue balls = N, red balls = O, pink balls = P and purple balls 

= Co. 

The HCOOH dehydrogenation stability of 5.3 wt% Co-N4P SA sites was further evaluated 

in a 2.0 M aqueous HCOOH solution at 100 oC. The 5.3 wt% Co-N4P SA sites can maintain 

the initial selectivity, activity and excellent dispersion in aqueous HCOOH solution after five 

successive runs (Figure S17). The atomic phase of Co species and Co loading amounts of 5.3 

wt% Co-N4P SA sites after five successive runs were analyzed by using STEM and ICP-AES, 
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respectively. There are no obvious changes in the size of Co species, and the size of Co 

species still remains atomic-level scale on the nitrogen-doped carbon nanowires network 

(Figure S18). After five successive runs, the HAADF-STEM image of 5.3 wt% Co-N4P SA 

sites shows that there are still countless isolated bright spots representing Co atoms with the 

same Co amount (Table S7). These results indicate that the 5.3 wt% Co-N4P SA sites are 

sufficiently stable and recycled for HCOOH dehydrogenation under mild condition. 

Conclusions 

In summary, we report a new strategy to synthesize a class of asymmetrically coordinated 

SA Co-N4P sites for achieving highly efficient HCOOH dehydrogenation under the mild 

condition. We find that asymmetric coordination of SA Co sites is highly dependent on the 

pyrolysis way and feeding amounts of PPh3 and Co(NO3)2·6H2O. The XAFS spectroscopy 

and XPS spectroscopy results confirm the Co atoms of SA Co-N4P sites are coordinated by 

the four N atoms with one asymmetric P atom. The as-made SA Co-N4P sites exhibit 100% 

selectivity, high activity (2185.5 h-1), excellent hydrophilicity, and outstanding stability 

towards HCOOH dehydrogenation. The catalytic activity of SA Co-N4 sites is increased from 

429.0 h-1 to 2185.5 h-1 based on the asymmetrically coordinated way. DFT calculations 

unravel that the asymmetric P atoms enable the stable binding of proton simultaneously to 

accelerate the efficient dehydrogenation of HCOOH at the Co SA sites, revealing the optimal 

electronic structures for high activity and selectivity. This work supplies an advanced strategy 

to optimize the design of SA sites for broad applications in different catalytic reactions.  
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