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Abstract


Single atom catalysts with isolated functional active atoms offer tremendous 

potential for many chemical reactions, including the kinetically limited oxygen 

evolution reaction. However, massive production of stably anchored single atoms 

remains a big challenge. Here we report a simple phosphating process to 

fabricate high-density Ir single atom catalysts on Ni2P. Careful structural 

analysis indicate that Ir atoms preferentially occupies the Ni sites at the top 

surface and the Ir-O-P/Ni-O-P bonding environments favors optimum 

absorption and desorption of OER intermediate species. The specific structure 

endows the IrSA-Ni2P catalyst a record low overpotential of ~149 mV at the 



current density of 10 mA·cm-2 in 1.0 M KOH, which is ~28 folds of the 

commercial IrO2 efficiency. In addition, transmission electron microscopy 

(TEM) and X-ray photoelectron spectroscopy (XPS) study directly revealed the 

transformation of Ni@Ir particles to IrSA-Ni2P hollow spheres. The exceptional 

“top-down” strategy provides a brand new approach to fabricate single atom 

catalysts for useful chemical reactions and energy conversion. 


Introduction


Electrochemical water splitting is regarded as one of the most promising pathways for 

producing hydrogen, which converts the sustainable-renewable energy into useful 

chemical energy. 1However, the hydrogen production efficiency is severely 

constrained by the sluggish kinetics of the oxygen evolution reaction (OER).2 To 

realize the industrial applications of electrolytic water splitting systems, catalysts with 

low overpotential, high mass activity, and high durability must be found to reduce the 

energy cost.3 Currently, precious metal oxide, such as IrO2 and RuO2 represents the 

benchmark OER activity.4 These precious metal catalysts are costly, scarce, and often 

short-living, which seriously hinders their industrial-scale applications.5 After 

decades’ effort, the state-of-the-art OER catalysts are reported to deliver an 

overpotential of around 200 mV at the current density of 10 cm·cm-2 in alkaline. 

Further reducing the reaction overpotential and enhancing the activity of OER 

catalysts remain challenging. 


Single-atom catalyst (SAC) with atomically dispersed active metal atoms stably 

anchored on a support is considered as one of the most promising strategy to 

minimize the usage of precious metals without compromising the catalytic 

performance.6-7 In addition, further enhancement of the activity and selectivity can be 

reached by careful tuning of the electronic structure between the doped single atom 

and surrounding support atoms.6, 8-9 Nowadays, various strategies have been 

developed to construct atomically distributed atoms including wet-chemistry method, 



atomic layer deposition(ALD), ball milling strategy, galvanic replacement method, 

and high-temperature pyrolysis.10-11 Nevertheless, most reported methods are based 

on a “bottom-up” strategy,12 which refers to obtaining the single atom catalysts from 

mononuclear or multinuclear metal precursors. However, isolated active atoms 

obtained through this route tend to migrate and aggregate during the preparation or 

application processes. In contrast, the “top-down” method can convert nanoparticles 

into well-dispersed single atom catalysts, which is simple and feasible in industrial 

applications. Most notably, SACs prepared with this top-down approach retains high 

thermodynamic stability and long-life in usage as well. A few factors governing the 

conversion process, such as high temperature, reaction time, migration of atoms, and 

precursor nanoparticles, need extensive research and tuning to successful application 

of top-down approach.13 In addition, the activity and stability of single atoms are also 

very important aspects, which can be tuned by adjusting the local coordination 

environment, such as ligand atoms, support, and structural distortion.14-15 It remains 

vitally challenging to provide in-depth insights into the formation mechanism of 

single atom and synthesize SACs at large scale.     


Here, we report the successful fabrication of Ir single atom catalysts on NixPy spheres 

through a simple top-down phosphating process. Elevated temperatures activate the 

diffusion of atoms, formation of NixPy, and debonding of the Ir-metal shell into well-

dispersed single Ir atoms on NixPy. The atomic and electronic structural features of 

different phosphating stages were tracked by transmission electron microscopy 

(TEM) and x-ray photoelectron spectroscopy (XPS) to further elucidate the formation 

mechanism of single atom catalysts. Furthermore, we extended the synthetic route to 

achieve other single atoms decorated Ni2P including Ru, Rh and Au. Together, our 

findings provide a general “top-down” synthetic strategy for developing highly 

efficient single atom decorated metal phosphide catalysts.    




Results and Discuss


Catalyst synthesis and characterization


 Figure 1. (a) Schematic illustration of the synthetic procedure. (b) corresponding 

STEM images of typical IrSA-Ni2P catalyst. (c) HAADF-STEM image and EDS 

elemental mapping images. (d) corresponding EDS spectrum and magnified spectrum 

of Ir-L characterised peaks (inserted), indicating the existance of Ir. (e) The XRD 



patterns of IrSA-Ni2P and IrSA-Ni12P5. (f-g) High-resolution HAADF-STEM image of 

Ir-SAs, suggesting Ir was atomically dispersed on the Ni2P substrate, the EELS Ir-M 

edge of brighter spots was inserted. 


To obtain the catalyst, certain amounts of nickel acetylacetone and Chloroiridium acid 

were dissolved into 10 mL OAm and 10 mL ODE at 1200C. The mixed solution was 

heated to 2200C and stored for 1 hour to aid the formation of Ir-Ni particle. Then 

triphenylphosphine (TPP) was added into the solution and heated to 280 0C to initiate 

the phosphating process. A heating process was followed to convert the Ni12P5 to 

Ni2P, as illustrated in Figure 1a. Aberration-corrected high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) was firstly carried out 

to analyze the morphology, element distribution and location of Nickle Phosphides-

based catalyst. The low-magnification STEM image of final products was displayed 

in Figure 1b that reveals the nanoparticle as hollow nanospheres with a diameter of 

20-60 nm. The EDS-mapping in Figure 1c presents the elemental distribution of Ir, Ni 

and P, which suggests that all elements are evenly distributed. The atomic ratio of Ir, 

Ni is 1:66 as determined by EDS spectrum analysis (Figure 1d). The heavy Ir atoms 

manifest higher contrast than nickle in such Z-contrast imaging mode. Atomic scale 

STEM analysis of iridium atoms in Figure 1 f-g clearly shows that iridium atoms 

were well dispersed on the Ni2P nanospheres. Detailed look at the edge of sphere 

(Figure 1g) reveals an amorphous Ni(PyOx) layer decorated with isolated iridium 

atoms (Figure S2). The density of iridium atoms at the edges or surfaces seems to be 

quite high as shown by STEM imaging in Figure 1g and EDS element line-profile 

(Figure S2c). The EELS in Figure 1g further confirmed the identity of these bright 

atoms to be Ir single atoms. The crystal structure of IrSA-Ni2P was further verified by 

Xray diffraction (XRD) (Figure 1e). The analysis of patterns verified the emergence 

of a crystalline Ni2P with no other phases. Compared with standard Ni2P (JCPDS No. 

03-0953) and Ni12P5 (JCPDS No. 22-1190) or prepared Ni2P and Ni12P5 XRD patterns 

(Figure S1), the Ir single atom doped Ni2P and Ni12P5 show same peak positions, 

indicating similar lattice constants between Ir single atom doped/undoped Ni2P and 

Ni12P5. Couple with the EDS, it is believed that most Ir atoms are resided on the 

surface of Ni2P or Ni12P5 other than incorporated in the lattice.  




Atomic and electronic structure recognition


Figure 2. (a) Atomic-resolution HAADF-STEM image and corresponding FFT 

(inserted) of IrSA-Ni12P5, projected along [001] zone axis of Ni12P5. (b) Atomic model, 

experimental and simulated HAADF-STEM images of IrSA-Ni12P5 (c) Intensity profile 

of the yellow line in the (b), with the matrix Ni column and the decorated Ir atom 

marked according to the HAADF intensity variation. (d) Atomic-resolution HAADF-

STEM image and corresponding FFT (inserted) of IrSA-Ni2P, projected along [101] 

zone axis of IrSA-Ni2P. (e) Atomic model, experimental and simulated HAADF-STEM 

images of IrSA-Ni2P (f) Intensity profile of the yellow line in the (e), with the matrix 

Ni column and the decorated Ir atom marked according to the HAADF intensity 

variation. (g) High-resolution XPS spectra of IrSA-Ni2P and Ni2P for P 2p and (h) Ir 

4f. (i) The Ni K-edge and (j) Ir L-edge XANES spectra of IrSA-Ni2P. Fourier-

transformed EXAFS spectra at (k) Ni K-edge and (l) Ir L-edge of IrSA-Ni2P catalyst 

and the references. the corresponding wavelet transforms for the Ni K-edge (m) and Ir 



L3−edge EXAFS (n) signals of IrSA-Ni2P.


Furthermore, detailed structure of isolated iridium atom position on phosphating 

nickel were carefully studied by atomic HAADF-STEM images. Figure 2a shows the 

HAADF-STEM image of IrSA-Ni12P5 particles view along [001] zone axis. Iridium 

atoms were found to evenly and separately embedded in the lattice of Ni12P5 revealed 

by brighter spots of Z-contrast images (Figure 2c). The comparison between 

simulated and experimental images in Fig. 3b confirms that the iridium atoms reside 

only in the surface Ni position of Ni12P5 crystal. The EDS-mapping in Figure S4a 

further confirmed the uniform dispersed iridium atoms. The HAADF-STEM image of 

IrSA-Ni2P particles view along [101] zone axis in Figure 2d-f reveals isolated iridium 

atoms with higher brightness. These Ir atoms were uniformly dispersed in the position 

of Ni atoms (labeled by red circle) in Figure 2d-f. The atomic model, experimental 

images and simulated images matched each other well, indicating the reliability of 

iridium location at the Ni sites. The atomic EDS-mapping of IrSA-Ni2P substantiated 

the highly dispersed feature of Ir in Ni2P consistent with the HAADF-images. In sum, 

both the Ir-Ni12P5 and Ir-Ni2P nanospheres show that iridium replaces the nickel sites.    


Since the coordination environment would severely determine the electronic 

structure, we explored the valance state of both Ir, Ni and P via X-ray photoelectron 

spectroscopy (XPS). The high-resolution XPS spectrum of P 2p in Figure 2g reveals 

the presence of Ni-P bond at 129.6 eV and 130.5 and Ni-O-P bond at 134.4 eV for 

pure Ni2P.16 However, negligible signals of phosphides were detected on the surface 

of IrSA-Ni2P. In addition to the Ni-O-P bond at 134.4 eV, a peak at 133.1 eV can also 

be detected, which could be attributed to Ir-O-P bond. In the high-resolution XPS 

spectra of Ir 4f region, notable features of iridium species with characteristic peaks at 

61.9 and 64.9 eV were found, which can be attributed to Ir4+.17 The peak at around 68 

eV can be attributed to Ni 3p. For the Ni 2p region, an obvious Ni-P characteristic 

peak at 851.9 eV can be detected Ni2P, whereas the peak disappears in IrSA-Ni2P 

samples, which is in good agreement with P 2p spectrum (Figure S8a). The result 

reveals that after Ir atoms were introduced on the surface of Ni2P, the surface Ni-P 

bonds are more likely to convert to Metal-O-P bond. The metal phosphates are 



supposed to be practical and preferable interface for OER process.18 


To further probe the local coordination environment of IrSA-Ni2P catalyst, X-ray 

absorption spectroscopy (XAS) was carried out. The K-edge Ni X-ray absorption 

near-edge structure (XANES) position of the pre-edge peak and white line peak for 

both IrSA-Ni2P and Ni2P are about at ~8333 and ~8350  eV, respectively (Figure 

2i). The white line peak decreases in intensity with Ir atoms introduction, indicating 

the decreased Ni valance than pure Ni2P.19 Meanwhile the pre-edge peak intensity 

increased could be related to a distortion of the octahedral coordination due to the 

incorporation of Ir.20 For the Ir L-edge XANES spectra, the absorption position of 

IrSA-Ni2P were close to that of IrO2, implying the similar oxidation state, which is the 

same trend from XPS. (Figure 2j). To clarify the change of local coordination 

geometry of Ni and Ir, the curve fitting of the Fourier transforms of the extended X-

ray absorption fine structure (EXAFS) for IrSA-Ni2P was performed (Figure 2k-i, 

S10-11 and Table S1-2). IrSA-Ni2P has one broad peak at around 1.9Å (Figure 2k), 

which could be separate into two different bonds (Ni-P at 2.1Å and Ni-Ir/Ni 2.5Å) 

(Table S1). Comparing with standard Ni2P, the peak Ir introduction will extend the Ni-

P bonding length, which implies the strong change of Ni geometer. The wavelet 

transforms (WT) signal show two intensity maxima at around 1.8Å and 2.1Å (Figure 

2m), which are respectively associated with the Ni-P and Ni-Ni/Ir paths, consistent 

with the Ni K-edge FT-EXAFS results. The FT k2 χ(k) of Ir foil displays peak at 

around 2.5 Å, corresponding to Ir-Ir interaction which does not appear in IrSA-Ni2P, 

confirming the absence of Ir nanoparticles, in line with the STEM observation. The 

peak of IrSA-Ni2P at ~2.25 Å is attributed to the scattering interaction between Ir and 

the first shell P (Ir-P). The wavelet transform plot for	 IrSA-Ni2P shows two wavelet 

transform plot maximal centers at around 2.0Å and 2.2Å related to Ir-P and Ir-Ni 

bonding, which consist with FT Ir EXAFS fitting results. (Figure 2n).


Oxygen evolution performance


Figure 3. (a) OER polarization curves of Ni2P, Ni12P5, IrSA-Ni2P, IrSA- Ni12P5 and 

commercial IrO2. (b) Histogram of current density at 1.53 V vs. RHE. (c) the 

corresponding Tafel plots of (a). (d) Time-dependent current density curves of IrSA-



Ni2P. (e) Comparison of the overpotential of IrSA-Ni2P, IrSA- Ni12P5 and recently 

reported OER electrocatalysts at 10 mA cm-2 in 1.0 M KOH.


The OER activities of Ni2P, Ni12P5, IrSA-Ni12P5 and IrSA-Ni2P were evaluated and 

compared to commercial IrO2. The tested samples were loaded in glass carbon (GC) 

as the working electrode via a typical three-electrode cell at room temperature and 

evaluated in N2-saturated 1.0m KOH solutions. The linear sweep voltammetry (LSV) 

curves employed to evaluate the activity of these samples were show in Figure 3a 

with a scan rate of 5 mV·s-1. It is evident that with an additional ~3 wt.% of Ir atoms, 

the IrSA-Ni12P5 and IrSA-Ni2P show considerably enhanced OER activities than their 

unmodified counterparts. In particular, the IrSA-Ni2P exhibited an outstanding 

overpotential of 149 mV at 10 mA·cm-2, which surpassed most reported OER catalyst 

in alkaline electrolyte (Figure 3e). Similarly, an overpotential of 178 mV is also 

obtained for IrSA-Ni12P5. In comparison, the overpotentials of Ni2P, Ni12P5 and 



commercial IrO2 under same condition are 349 mV, 371 mV and 324 mV, 

respectively. The Tafel plots derived from the LSV polarization curves in Figure 3b 

reveals that the IrSA-N2iP and IrSA-Ni12P5 show preeminent Tafel slope of 90.1 

mV·dec-1 and 91.3 mV·dec-1compared with Ni2P (98.5 mV·dec-1), Ni12P5 (94.6 

mV·dec-1) and commercial IrO2 (102.3 mV·dec-1). Consequently, the excellent onset 

potential and Tafel slope of IrSA-Ni2P is capable of delivering a current density of 154 

mA·cm-2 at overpotentials of 300 mV, which is almost 2.2 fold of IrSA-Ni12P5 (71.4 

mA·cm-2), 85.6 fold of Ni2P (1.8 mA·cm-2), 171.1 fold of Ni12P5 (0.9 mA·cm-2) and 

28 fold of commercial IrO2 (5.5 mA·cm-2), respectively (Figure 3c). 


The long-term stability of IrSA-Ni2P was measured by chronoamperometry curve at a 

potential of 1.38 (V vs. RHE) in Figure 3d. The sample exhibited a stable current 

density during the 12 h test, demonstrating stable and excellent electrochemical 

performance of the IrSA-Ni2P catalyst. The structural investigation of IrSA-Ni2P after 

the duration test was carried out at the atomic scale to understand their performance 

stability (Figure S3). According the HAADF-STEM images (Figure S3a) and EDS-

mapping (Figure S3c), no structural collapse or particle aggregation was found. The 

hollow structure and single Ir atoms features were perfectly maintained after the harsh 

electrochemical cycling (Figure S3b). Therefore, the IrSA-Ni2P not only shows 

extraordinary catalytic activity, but also excellent electrochemical stability, which 

made it a preeminent candidate for practical OER catalyst in industrial scale.


DFT Calculations 






Figure 4. (a) Surface Pourbaix diagram of a single Ir atom doped Ni2P (0001) surface 
(Ir@Ni2P(0001)). (b) Projected crystal orbital Hamilton populations (COHP) between 
chemisorbed *O and active metal centers on Ni2P (0001) and Ir@Ni2P (0001). These two surfaces 
are both covered by 3/2 ML *O. Red and blue regions stand for bonding and antibonding 
contributions, respectively. (d) Free energy diagrams of OER on Ni2P (0001) and Ir@Ni2P (0001). 
Insets show the optimized OER intermediates on Ir@Ni2P (0001). The spheres in blue, purple, 
green, white and pink (red) denote the Ni, P, Ir, H, and O (reaction site) atoms, respectively.

To gain insight into the excellent OER performance of Ir doped Ni2P, we investigate 

the OER activity of the stable Ni2P (0001) surface21-22 before and after Ir atoms 

anchoring using computational standard hydrogen electrode (SHE) model coupled 

with self-consistent theoretical overpotential method.23-24 Considering the harsh 

conditions of OER, we first construct the surface Pourbaix diagrams of Ni2P(0001) 

and Ir@Ni2P(0001), which are composed of the most stable surface phases at given 

electrode potentials and pH values (Figure S12 and S14). It is based on a balance 

achieved between Ni2P(0001) (Ir@Ni2P(0001)) and water, proton and electrons via 

the equations


                  * + H2O → *OH + H+ + e-                                         (1)


                     *OH → *O + H+ + e-                                           (2)


where asterisk (*) is the active site of catalyst. Our DFT results reveal that the 

phosphorus, Ir and Ni atoms exposed on these two surfaces are chemically active 

towards H2O, leading to the surface readily oxidized at OER operating conditions as 

shown in Figure 4a and S14. Specifically, for Ir@Ni2P(0001) the surface is 

chemisorbed by 5/4 monolayer (ML) *O at the potential U=1.02~1.55 V vs RHE; 

promoting potential will further oxidize the surface to reach a 3/2 ML of *O, as 



shown in Figure 4a. Similar cases are also observed on Ni2P(0001) (Figure S12). This 

is in line with our experimental observation showing that an oxide layer is generated 

on the sample after reaction. 


  We next explore the oxygen evolution reaction on 5/4 and 3/2 ML *O-covered Ni2P 

(0001) and Ir@Ni2P (0001) surfaces, respectively. Figure 4c provides the self-

consistent reaction scenario which means the OER can proceed on the specified 

surface under the potential at which that surface is stable. It is found that Ni2P (0001) 

and Ir@Ni2P (0001) both covered by 3/2 ML *O are the active surfaces for OER 

(Figure S13 and S15). The calculated overpotential on Ni2P (0001) is 0.66 V with the 

adsorption of *OH being potential limiting step (pds). This is due to the weak binding 

of Ni-O on the oxidized Ni2P (0001) surface. However, doping Ir significantly 

promotes the chemisorption of OER intermediates on Ni2P (0001), as evidenced by 

the enhanced binding energies of *OH, *O, *OOH, which are strengthened by 0.26, 

0.30 and 0.23 eV, respectively, as compared to those on Ni2P(0001) (Figure 4c). This 

is further verified by crystal orbital Hamilton population (COHP), which analyzes the 

interaction between *O intermediate and active metal centers, i.e., Ni on Ni2P (0001) 

and Ir on Ir@Ni2P(0001), as shown in Figure 4b. The integrated COHP (ICOHP), 

which reflects the bonding contribution quantitatively, increases from -2.19 eV (Ni-

*O bond) to -2.93 eV (Ir-*O bond), revealing that bonding strengthen of Ir-*O is 

greater than Ni-*O. As a consequence, the adsorption of *OH becomes facile on 

Ir@Ni2P(0001) with the overpotential reduced to 0.40 V, which surpasses commercial 

IrO2 (overpotential of 0.52 V, Figure S16 ), showing that Ir dopant plays a critical role 

in promoting OER activity of Ni2P. 


Structural evolution of catalyst


Figure 5. (a) HAADF-STEM and EDX maps of original Ni@Ir core-shell 

nanoparticles and (b) corresponding atomic HAADF-STEM image. (c) STEM and 

EDX maps of samples after phosphating at 220 ℃ for 2 hours. (d) corresponding 

atomic HAADF-STEM image. (e) STEM and EDX maps of samples after 

phosphating at 270 ℃ for 2 hours. (f) corresponding atomic HAADF-STEM image. 



(g) STEM and EDX maps of samples after phosphating at 320 ℃ for 2 hours. (h) 

corresponding atomic HAADF-STEM image. (i) Schematic showing the evolution of 

nanoparticles to single atoms.


The above finding suggests that the major contributing factor of enhanced catalytic 

efficiency is to obtain Ni-sites occupied iridium single atoms. To get further insight of 

the process, we tracked the process by studying the structure changes at different 

degrees of phosphating process. By phosphating the Ni@Ir with different 

temperatures (220℃!270℃ and 320 ℃) for 1 hours, the evolution during this 

process can be revealed. Initially, we study the structure of Ni@Ir particle before 

phosphating. Figure 5a presents a typical STEM images and EDS mapping at the 

initial Ni@Ir stage, which is a core-shell structure with iridium-shell and nickle-core. 

From the atomic imaging in Figure 5b, the brighter shell layer holds a d-spacing of 

about 2.34 Å that is attributed to (111) facet of pure iridium metal; whereas the 

relatively dark core region has a d-spacing of about 2.01 Å that is (111) facets of 



Nickle metal. The core-shell structure maintains well after phosphating at 220 ℃ for 

1 hour, where some P was incorporated into the shell (Figure 5c). Although the atomic 

STEM image in Figure 5d reveals that most iridium atoms still segregate, their 

periodic atomic arrangement disappeared. With increasing temperature, more P was 

introduced into the particles. The particles retain the morphology of solid spheres at 

270 ℃ (Figure 5e). At this stage, the initial Ir-shell became evenly distributed Ir 

atoms on the surfaces (Figure 5f). The iridium atom disbandment process was 

occurred before the phosphating process of nickle.25 After phosphating at 320 ℃ for 1 

hour, the solid spheres transformed into hollow spheres with evenly distributed 

iridium atoms as shown in Figure 5e. During phosphating process of nickle, 

Kirkendall diffusion takes place to result in the final nanosphere shape. Figure S5 

presents the HAADF-STEM images of structure at different phosphating degrees 

showing the disrupted of iridium shell. An in-situ STEM study was carried out to 

study the role of P during the structural evolution as well. Figure S6a displays the 

structure evolution of Ir-NiP-220 sample under vacuum condition. It is obviously 

without continuously P incorporated, the disrupted Ir atoms reassemble again (Figure 

S6b-c). In view of the above evidence, the overall transformation undergoes an initial 

iridium disbandment and following Kirkendall process (Figure 5i).


  


An ex-situ XPS study of surface composition and valance evolution was carried out to 

trace the phosphating reaction (Figure 6a). The two characteristic peaks of Ir 4f shift 

from 61.3 and 64.2 to 61.0 and 64 after phosphating at 220 or 270 ℃ for 1 hour, 

indicating the decrease valance after P incorporated at an initial phosphating stage. 

However, when reaction processed, the two peaks shifted to 61.7 eV and 64.7 eV, 

which is close to the Ir 4f peaks of IrSA-Ni2P. The positive shift of the binding energies 

at higher temperature demonstrates the formation of Ir-O-P. Notably, after treated at 

320 ℃, the intensity of Ir 4f peaks suppress the Ni 3p peak, indicating a higher Ir 

contents after surface composition rearrangement. In the P 2p region, the Metal-P 

peaks also decreased with the higher phosphating degree, which is also confirmed by 

Ni-P bonds at Ni 2p region (Figure S9). Moreover, the Ir-O-P peaks at around 133.2 

dominates the phosphate species.




To extend the scope of our synthetic strategy, we prepared three more single atom 

catalysts, including Ru, Rh and Au. The STEM images in Figure 6 b-d clearly 

demonstrate the successful preparation of well-dispersed Ru, Rh and Au single atom 

catalysts, respectively. The Ru sample was also analyzed using temperature-

dependent approach and shown to follow the same evolution process as Ir single atom 

catalyst (Figure S7a-b). The general applicability of this top-down strategy gives us 

hope to largely scale up the fabrication of single atom catalysts for useful chemical 

reactions. 


 


Figure 6. (a) ex-situ high-resolution XPS spectra of phosphating progress for Ir 4f 

and P 2p. (b-d) HAADF-STEM images of (b) Ru, (c) Rh and (d) Au single atoms 

doped Ni2P, inserted were corresponding EDS spectrum indicating the existence of 

specific atoms.


Conclusion


We demonstrated a simple top-down phosphating strategy for scalable synthesis of 



single atom catalysts. The STEM and XPS shows that the evolution from nanoparticle 

to single atom catalysts on hollow matrix is driven by kirkendall effect. The IrSA-Ni2P 

containing ~3wt% Ir exhibit a record low overpotential of 149 mV and 28 folds 

efficiency compared to commercial IrO2. The fabrication route is proven to be able to 

fabricate multiple other single atom catalysts including Au, Ru, Rh at a large scale. 

This work provides new pathways for fabricating atomically dispersed single atom 

catalysts for practical industrial use.  


Experiment 


Chemicals 


Oleylamie (>95%), Ammonia borane (>90%), octadecylene (>98%), Chloroiridium 

acid (50% metal base), nickel acetylacetone (> 95%), triphenylphosphine (>98 %), 

hexane (>97%), ethanol (>99%), IrO2 (>99.9%), potassium hydroxide (99.999 %), 

sulfuric acid (98%) and isopropanol (99%) were purchased from alddin. Nafion 

solution (4.5 wt. %) was purchased from sigma.


Synthesis of Ni2P nanoparticles


In Schlenk tube, 2 mmol nickel acetylacetone was dissolved into 10 mL OAm and 10 

mL ODE at 120℃ in Ar-filled glove box. The prepared transparent solution was 

heated to 220℃ and kept at this temperature for 1 hour. 8 mmol triphenylphosphine 

(TPP) was added into the solution and the solution was kept at 320℃ for 2 hrs before 

cooling down to room temperature. The black powder was collected and washed 

several times by hexane and ethanol at 10000 rpm for 5 min. The precipitation was 

redispersed in ethanol and dry in air at 60 ℃ for 12 hrs.


Synthesis of Ir-Ni12P5 nanoparticles


2 mmol nickel acetylacetone and amount of Chloroiridium acid (5 mg, 10 mg, 20 mg, 

40 mg) were dissolved into 10 mL OAm and 10 mL ODE at 1200C in Ar-filled glove 

box. The prepared transparent solution was heated to 220℃ and kept at this 

temperature for 1 hour. 8 mmol triphenylphosphine (TPP) was added into the solution 

and the solution was kept at 280 0C for 2 hrs before cooling down to room 

temperature. The precipitation was washed and collected in a way same to Ni2P.




Synthesis of Ir-Ni2P nanoparticles


20 mg Ir-Ni12P5 and 0.4 g NaH2PO3 were mixed in a porcelain ark. The porcelain ark 

was put in a tube furnace that is full of flowing Ar. In a heating rate of 50C /min, the 

tube furnace was heated to 300 0C and held for 2 hrs. After cooling down to room 

temperature, the black powders were dried in air at 60 0C for 12 hrs.


Heat treatment


20 mg of as-prepared Ir@Ni2P powder was put into a tube furnace under Ar flow at 

atmospheric pressure. Then the powder was heated to 350 0C for 1 hour, respectively. 


Electrochemical characterization


The as-prepared samples were loaded on carbon (EC 300) with mass percentage of 

20wt%. Isopropanol, water and Nafion solution (with volume ratio of 1:3:0.01) was 

used as solution for preparing the catalyst ink (2 mg of catalyst/mL). The ink was 

deposited on a polished glassy carbon electrode surface as the working electrode with 

catalyst loading of 0.013 mg/cm2. In a three-electrode system, 1.0 M KOH was used 

as electrolyte, Ag/AgCl and carbon rod was used as reference electrode and counter 

electrode, respectively. Before test, the working electrode was immersed into the 

electrolyte for 2 hrs. Line scan voltammetry (0.005 V/s) was used to characterize the 

catalytic performance.


Structural and chemical analysis


Bruker D8 X-ray diffractometer with Cu Kα radiation was utilized to probe the crystal 

structure. XPS measurements were conducted on the Axis Ultra DLD multitechnique 

surface analysis system and relative curves were calculated by C1s (284.8 eV). The 

aberration corrected STEM were performed using a double Cs-aberration corrected 

Themis G2 microscope at 300kV. The EDS mapping was acquired using a super-X 

EDS detector. XAS was performed at beamline 20-BM-D, Advanced Photon Source 

(APS) of Argonne National Laboratory (ANL). The ion chambers were used to collect 

Ir L-edge and Ni K-edge transmission signal. . Data reduction, data analysis, and 

EXAFS fitting were performed with the Athena, Artemis, and IFEFFIT software 

packages. Standard procedures were used to extract the EXAFS data from the 

measured absorption spectra.
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