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ABSTRACT 

Atomic metal on graphene for electrochemistry  

by 

Chenhao Zhang 

As the limit in downsizing metal morphology is sought, the concept of single-atom 

catalysts (SACs) has emerged since it maximizes transition metal atom utilization and 

includes high exposed atom efficiency for a range of reactions. However, the preparation 

of SACs remains challenging because the high free energy of individual metal atoms leads 

to metal aggregation, affording nanoclusters or nanoparticles. A strong interaction between 

metal atoms and the supporting substrate is a desirable approach to anchor and stabilize 

these atomically dispersed metal sites. Because of its high specific area, large electron 

mobility and tunable surface chemistry, graphene, a well-defined 2D structure, is a 

promising substrate to support these single-atomic active sites for electrocatalytic 

applications.  

This thesis begins with the investigation of a general synthetic approach towards 

the atomic dispersion of metal atoms on nitrogen-doped graphene derived from graphene 

oxide. Herein, a series of atomic transition metal dispersed on nitrogen-doped graphene are 

synthesized and investigated as efficient electrocatalyst for the oxygen reduction reaction 

(ORR), CO2 reduction reaction (CO2RR) and nitrogen reduction reaction (NRR). In 

Chapter 1, single atomic dispersed rutheniums on nitrogen doped graphene are disclosed 

as efficient catalytic sites for ORR in acidic medium. This reaction is important in proton-
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exchange membrane fuel cells (PEMFC) that convert chemical energy liberated from the 

electrochemical reaction between hydrogen and oxygen into electrical energy, which is 

considered as a possible main source of power for next-generation automobiles. Chapter 2 

describes the electrocatalytic performance of atomic iron on nitrogen-doped graphene for 

direct reduction of CO2 to CO in aqueous solution. Nitrogen-doping were also found to 

play vital roles in the enhancement of CO conversion. Finally, a preliminary result in 

Chapter 3 demonstrates that atomic Mo catalytic sites anchoring on a holey nitrogen-doped 

graphene framework possess an intriguing activity toward electrochemical N2 reduction to 

NH3 with excellent selectivity under ambient conditions. The holey nitrogen-doped 

graphene is an efficiency substrate for dispersing and bonding atomic Mo species, which 

are considered to be the active site for NRR. In general, aberration-corrected high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) and X-ray 

absorption fine structure analysis (XAFS) reveals the existence of nitrogen-coordinated 

atomic metal moieties embedded on the nitrogen-doped graphene substrate. The 

electrochemical reaction mechanism on those isolated metal atoms surrounded by nitrogen 

atoms embedded in nitrogen-doped graphene is further investigated through density 

functional theory calculations. The nitrogen doped graphene substrate not only provides a 

stabilizing matrix for the metal atoms, but also impacts the electronic density of the metal 

atoms due to strong nitrogen-metal interactions, which may lead to their enhanced 

electrocatalytic activity in ORR, CO2RR and NRR. This work has built a bridge between 

homogenous and heterogenous catalysts, expanding the possibility of designing and 

engineering atomic structures of graphene with transition metals toward electrochemical 

applications. 
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Chapter 1 

Single-Atomic Ruthenium Catalytic Sites on 

Nitrogen-Doped Graphene for Oxygen 

Reduction Reaction in Acidic Medium 

This section was copied from reference 72 with minor reformatting 

1.1.  Introduction 

Fuel cells, which directly convert the chemical energy from fuel into electricity, 

have been recognized as promising candidates for efficient and clean energy conversion1-

3. A problem is that the sluggish four-electron oxygen reduction reaction (ORR) at the 

cathode in fuel cell system remains a major technical challenge and severely limits its 

widespread commercialization4-6. Currently, expensive and chemically sensitive Pt-based 

alloys are the most effective ORR electrocatalyst in proton exchange membrane fuel cells 

(PEMFCs), which are commonly reliable system for practical application7. But due to the 

harsh acidic environment and high oxidation potential required for PEMFC cathode 

operation, few materials are stable enough to be considered as ORR electrocatalysts for 
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PEMFCs8. Several approaches have been implemented to reduce the usage of Pt, such as 

dispersing the Pt catalyst in the form of small nanoparticles or by alloying Pt nanoparticles 

with more abundant metals9-11. However, the Pt nanoparticles tend to agglomerate into 

larger particles that can be more easily poisoned during long-term practical operation, 

leading to considerable degradation of performance. Hence much effort has been devoted 

to replacing the Pt-based electrocatalysts for ORR, and especially for use in acid media 

which is a required condition of PEMFCs8, 12-13.  

As the limit in downsizing metal morphology, the concept of single-atom catalysts 

(SACs) has emerged since it maximizes the exposed atom efficiency14. However, the 

preparation of SACs remains challenging because the high surface free energy of 

individual metal atoms leads to metal aggregation, affording nanoclusters or nanoparticles, 

particularly under harsh acidic reaction conditions15. An effective strategy to overcome this 

obstacle is to lower the surface free energy by anchoring the metal atoms in their isolated 

form on the supporting substrate through a strong metal–support interaction.  Recent 

advances have reported a series of SACs prepared by co-precipitation, atomic layer 

deposition, galvanic replacement reaction and incipient wetness impregnation on various 

metals or metal oxide surfaces16-19. An essential component for electrochemical 

applications is a conductive and redox-inert supporting material.  Graphene has a 

combination of a large specific area, high electrical conductivity and excellent chemical 

stability, making it a promising candidate for a catalyst support material in PEMFCs20-22. 

While there has been much progress in metal nanoparticles loaded on graphene-based 

catalysts for ORR, the SAC systems are far less explored.23-24  
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We recently demonstrated that the individual Co atoms could be incorporated with 

nitrogen-doped graphene through heat-treating graphene oxide (GO) and small amounts of 

Co salts in a gaseous NH3 atmosphere25. Materials characterization showed that the Co 

atoms were highly dispersed and embedded into the lattice of the N-doped graphene layer, 

acting as the active sites for the hydrogen evolution reaction (HER). This facile protocol 

provides a new route to reach the atomic level of metal dispersion on the surface of 

graphene, as well as the formation of N-coordinated transition metal centers (M-Nx). 

Related systems have been investigated as potential alternatives for ORR active site in 

electrocatalysts26-27. However, to date, only Fe and Co with nitrogen coordination sites (Fe-

Nx, Co-Nx) are generally found to possess activity and durability towards ORR in acidic 

media28-29. While several improvements were recently attained by modified synthesis 

strategies, including maximizing the specific surface area or increasing the density of active 

sites, the ORR catalytic performance is still largely hampered by the intrinsic 

electrochemical properties of the Fe-Nx or Co-Nx moieties30-34. Thus, there is a drive to 

discover other ORR active sites with improved catalytic activity. Ru complexes were 

extensivly investigated in hydrogenation, olefin metathesis and water oxidation, however 

they have seldom been explored for ORR35-38. Here, we report the synthesis of atomically 

dispersed Ru species embedded on a nitrogen-doped graphene matrix (Ru-N/G) via a facile 

technique using GO containing trace amounts of Ru salts as the precursor. The isolated 

atomic Ru-N4 moieties in Ru-N/G have been confirmed and characterized by X-ray 

adsorption fine structure analysis (XAFS) and high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM). This Ru and nitrogen-doped 
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graphene-based catalyst exhibits high performance and stability towards ORR in an acidic 

media with extraordinarily low overpotential. Computational studies suggest that a Ru-oxo 

species with nitrogen coordination contributes favorably to the origin of oxygen reduction 

activity.  

1.2. Synthesis and characterization 

 

Figure 1.1. Synthesis and Characterization of Ru-N/G catalyst. (a) Schematic 

illustration of the synthetic process for the Ru-N/G catalyst annealed at 750 °C with NH3 
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(Ru-N/G-750). I. GO is dispersed in deionized water. II. Ru(NH3)6Cl3 is added into a GO 

solution followed by lyophilization; the dashed lines indicate the interaction between the 

Ru cation and GO. III. Formation of the Ru-N/G-750 after annealing at 750 °C with NH3. 

The conversion of O2 to H2O is depicted. (b) Representative SEM image, (c) TEM image 

on a lacey carbon grid, (d) and high-resolution TEM image of Ru-N/G-750, and (e) 

Aberration-corrected HAADF-STEM image. (f, g) High resolution N 1s and Ru 3p3/2 XPS 

spectra, respectively. 

As shown in Figure 1.1a, the first step for synthesis of Ru-N/G involves the 

dispersion of GO (prepared by the improved Hummers’ method39) in deionized water, and 

a solution of hexaammineruthenium(III) chloride (Ru(NH3)6Cl3) was then added into the 

dispersed GO solution followed by bath sonication. With abundant oxygen-containing 

functional groups such as hydroxyl, carboxyl, and carbonyl moieties, GO possesses a 

strong interaction and sorption capacity of metal cations in aqueous solution40-41. The Ru 

content loading was carefully controlled to 0.62 wt% in GO to ensure that sufficient 

isolation between Ru atoms could be achieved. In order to remove the water and minimize 

the restacking of GO, a lyophilization process was performed on the homogeneous solution 

to obtain a GO foam with distributed Ru ions. Subsequently, upon annealing the GO foam 

at high temperature in the presence of NH3, nitrogen doping and reduction of GO were 

carried out simultaneously, producing both the conductive skeleton and nitrogen binding 

sites for Ru atom incorporation onto the graphene surface42. Inductively coupled plasma-

atomic emission spectroscopy (ICP-AES) revealed that the Ru loading in the Ru-N/G 

catalyst annealed at 750 °C (Ru-N/G-750) was 1.7 wt% Ru after the annealing procedure. 
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The surface morphology of Ru-N/G-750 was probed with scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). The SEM images show 

that for the Ru-N/G-750, a graphene flake-like structure was preserved after high 

temperature annealing under NH3 (Figure 1.1b). High resolution TEM images clearly 

resolve the thin wrinkled morphology of Ru-N/G-750 and the absence of metal 

nanoparticles on graphene sheets (Figure 1.1c, d). The presence of Ru atoms on the 

graphene was further confirmed by aberration-corrected HAADF-STEM images (Figure 

1.1e). Except for a small number of Ru aggregates with sizes of 1 to 2 nm, the majority of 

Ru was observed as uniformly distributed bright dots in the sub-angstrom-resolution 

HAADF image; the bright dots are heavy element atoms on the graphene surface. The small 

size (~ 1 Å) and homogeneous dispersion of these bright dots in the carbon matrix indicated 

that each bright dot corresponds to a single individual Ru atom. In addition, the selected-

area energy-dispersive X-ray spectroscopy (EDS) and elemental mapping analysis also 

confirmed a coherent existence of Ru and N doping throughout the material. In Raman 

spectra measurements, the typical graphitic D and G bands are at ~ 1350 and 1580 cm-1, 

and a 2D band is at ~ 2700 cm-1. The absence of a hexagonal diffraction pattern in the 

selected area electron diffraction (SAED) implies that most of the support consists of 

turbostratic or defective multilayer graphene. X-ray photoelectron spectroscopy (XPS) 

characterization was performed to investigate the elemental composition of the catalyst. 

The N 1s spectrum was deconvoluted into peaks at 398.4, 400.2, and 401.4 eV, which are 

associated with pyridinic N (58.6%), pyrrolic N (22.9%) and graphitic N (18.5%), 

respectively (Figure 1.1f). In agreement with previous studies, the nitrogen species of Ru-
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N/G-750 was dominated by the pyridinic nitrogen, which are generally considered 

potential metal-coordination sites25, 34, 43. Furthermore, detailed XPS analysis of Ru-N/G-

750 showed the Ru 3p3/2 peaks at 463.0 eV (Figure 1.1g). Although Ru is typically analyzed 

in XPS by following the signals from the 3d photoelectrons, here we used the 3p3/2 spectra 

instead in order to avoid strong interference from the carbon substrates. Compared to the 

3p3/2 peaks at 461.2 eV for Ru metal and 463.2 for RuO2[ref 44], the Ru in the Ru-N/G-750 

catalyst is likely to be present in an oxidation state close to Ru(III) or Ru(IV). 

1.3. Electrochemical measurement of ORR activity 
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Figure 1.2. Electrochemical ORR measurement of Ru-N/G catalysts. (a) Rotating disk 

electrode (RDE) voltammograms of Ru-N/G-Tannealing (Tannealing = 550, 650, 750 or 800 °C) 

catalysts prepared with different annealing temperature on glassy carbon electrodes in an 

O2-saturated 0.1 M HClO4 solution at a rotation rate of 1,600 rpm. The catalyst loading 

was 0.32 mg cm-2 for all samples.  (b) RDE voltammograms of Ru-N/G-750 in O2-saturated 

0.1 M HClO4 solution at rotation rate of 1,600 rpm, with Fe-N/G-750 and Pt/C as 

references. The inset shows the enlarged view of ORR currents near the onset region. (c) 

Cyclic voltammograms (CV) of Ru-N/G-750 in O2-saturated and Ar-saturated 0.1 M 

HClO4 at 20 mV s-1. (d) ORR Tafel plots of Ru-N/G-750, Fe-N/G-750 and Pt/C catalysts 

derived from the corresponding RDE data. 

 

To evaluate the ORR electrocatalytic performance of the Ru-N/G catalyst, rotating 

disk electrode (RDE) measurements were carried out in acidic electrolyte (0.1 M HClO4) 

at a rotation speed of 1600 rpm. The Ru-N/G catalysts were prepared at various annealing 

temperatures (Tannealing) under NH3 in the range of 550 to 800 °C to find an optimum 

nitrogen doping condition. These products are designated as Ru-N/G-550, Ru-N/G-650, 

Ru-N/G-750 and Ru-N/G-800, respectively. The RDE polarization curves of Ru-N/G 

catalysts is depicted in Figure 1.2a. As can be seen, for the Ru-N/G-750 catalyst, the 

appearance of a reduction current started at +0.89 V vs reversible hydrogen electrode 

(RHE), reflecting its exceptionally low overpotential. However, for Ru-N/G-650, the onset 

potential was much more negative at +0.76 V, and for Ru-N/G-550, it was even more 

negatively shifted to +0.62 V. The polarization curves of the reduction currents also differ 
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among the samples. For instance, at +0.45 V vs RHE, the reduction current densities were 

0.86 mA/cm2 for Ru-N/G-550, 2.34 mA/cm2 for Ru-N/G-650, and 4.81 mA/cm2 for Ru-

N/G-750, values that correlate with Tannealing from 550 to 750 °C. With the annealing 

temperature elevated to 800 °C, a significant decrease of both the limiting current and slope 

of Ru-N/G catalyst occurred in the RDE voltammogram. When the annealing temperature 

rose above 850 °C in NH3, a striking shrinkage and weight loss of graphene could be 

observed during thermal treatment, accompanied by appearance of large Ru particles on 

the edges. The collapse of the graphene skeleton and emergence of Ru particles could be 

ascribed to the agglomeration of Ru species under high temperature, and simultaneous 

decomposition of NH3 and graphene etching induced by Ru particles.45-46 Thus far, Ru-

N/G-750 stands out as the best ORR catalyst among the series. Figure 1.2b illustrates the 

comparison of Ru-N/G-750 with other benchmark catalysts, including a commercial Pt/C 

(20 wt% Pt on Vulcan carbon black, Alfa Aesar) catalyst and Fe/nitrogen doped graphene 

(Fe-N/G-750)47, which was prepared under a similar protocol (see Methods for details). It 

can be seen that Ru-N/G-750 exhibited extraordinary ORR activity with an onset potential 

at 0.89 V and half-wave potential (E1/2) at 0.75 V, and its onset potential is ~ 70 mV more 

positive than that of the Fe-N/G-750 catalyst, even comparable with that of Pt/C (20 wt%) 

catalyst in acidic electrolyte. In CV measurements, the Ru-N/G-750 catalyst exhibits a 

well-defined oxygen reduction peak at ~ 0.81 V (vs RHE) in O2-saturated solution, and a 

quasi-rectangular double-layer capacity current in Ar-saturated electrolyte is observed 

(Figure 1.2c). The electrochemically active surface areas were also measured by double-

layer capacitance measurement as 475 
2

ECSAcm  . When plotting the current density on a 
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logarithmic scale vs working potential, the ORR Tafel slope of Ru-N/G-750 catalyst was 

determined to be 134 mV/decade, in sharp contrast with that of Pt/C and Fe-N/G-750, that 

are ~ 85 mv/decade (Figure 1.2d), which is closest to the theoretical 120 mV/decade while 

assuming that the first electron transfer step is the rate-determining step in the ORR 

mechanism48.  

 

Figure 1.3. Electron transfer number, stability, methanol crossover, and 

chronoamperometric measurements of Ru-N/G catalysts. (a) RDE voltammograms of 

Ru-N/G-750 at different rotating rates from 400 to 1,600 rpm in O2-saturated 0.1 M HClO4; 

the inset is the corresponding Koutecky-Levich plots at different potentials. (b) Plots of 

H2O2 yield and number of electron transfer of Ru-N/G-750 calculated from rotating ring-

disk electrode (RRDE) voltammograms in O2-saturated 0.1 M HClO4 at a rotating rate of 

1600 rpm; the inset shows the disk current and ring current. (c) Mass activity and current 

density at 0.70 V (versus RHE) of the Ru-N/G-750 and the Pt/C catalysts for the ORR. (d) 
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Endurance test of the Ru-N/G-750 catalyst for 10000 cycles in O2-saturated 0.1 M HClO4. 

(e) Chronoamperometric curves of a methanol crossover test with Ru-N/G-750 and Pt/C at 

+0.70 V vs RHE. 1 M methanol was added at t = 400 s. (f) Chronoamperometric curves of 

stability test with Ru-N/G-750 and Pt/C at +0.70 V vs RHE. 

 

ORR polarization curves of the Ru-N/G-750 catalyst at different rotation rates were 

measured to determine whether the ORR on Ru-N/G-750 occurs by a four-electron or two-

electron pathway to the H2O or H2O2 products. On the basis of the Koutecky-Levich 

equation, the electron-transfer number was calculated to be 3.92 from the slope of J−1 and 

ω−1/2 (Figure 1.3a). To further validate this result, we also performed RRDE measurements 

to detect the generation of reactive intermediate species during the reaction, thereby 

determining the four-electron selectivity of ORR on Ru-N/G-750 (Figure 1.3b). The 

average electron transfer number is ~ 3.9 and the H2O2 yield is less than 3% at potentials 

for PEMFCs operation in acidic electrolyte, which were calculated from the disk and ring 

currents. The result from RRDE measurements was in accord with the electron-transfer 

number based on the Koutecky-Levich plot (K-L plot), showing that the 4-electron 

pathway directly to H2O is dominant in the ORR process catalyzed by Ru-N/G-750 in 

acidic media. Normalized to the metal loading, the mass activity of the ORR for the Ru-

N/G-750 catalysts at the 0.70 V vs RHE was 7.5 times greater than the commercial Pt/C 

(Figure 1.3c), which suggest that the single Ru atoms can notably increase the utilization 

of metal, with the additional benefit of lowering the cost of the catalyst for the ORR. 

Furthermore, cycling durability tests in O2-saturated electrolytes were carried out to 
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examine the long-term stability of the Ru-N/G-750 catalyst under working conditions. 

After 10000 cycles between 0.6 and 1.0 V (vs RHE) at a scan rate of 100 mV s-1, the catalyst 

retains up to 93% of its initial saturated current and only undergoes an 18 mV negative 

shift of the half-wave potential after cycling, along with a retention of 89.8% in 

chronoamperometric measurements after a 10000s test at 0.7 V, indicating its remarkable 

durability (Figure 1.3d, f). In addition, the resistance of the catalyst to methanol crossover, 

which is essential for the application of this catalyst in a direct methanol fuel cell (DMFC)49, 

was assessed by adding 1 M methanol during the chronoamperometric measurements on 

ORR (Figure 1.3e). As shown in Figure 1.3e, compared to the dramatic change of current 

caused by oxidation of methanol on Pt/C50, no noticeable current change was observed for 

Ru-N/G-750 after the addition of methanol in electrolyte.   
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Figure 1.4. Carbon monoxide tolerance, thiocyanate poisoning, H2O2 yield testing in 

alkaline electrolyte and OER measurement of Ru-N/G catalysts. (a) 

Chronoamperometric curves of Ru-N/G-750 and Pt/C at +0.6 V vs RHE. The addition of 

carbon monoxide (CO) is illustrated in the plot. (b) ORR polarization curves of Ru-N/G-

750, Pt/C and Fe-N/G-750 in 1 M KOH electrolyte. (c) Plots of H2O2 yield and number of 

electron transfer of Ru-N/G-750 calculated from rotating ring-disk electrode (RRDE) 

voltammograms in O2-saturated 0.1 M KOH at a rotating rate of 1600 rpm; the inset shows 

the disk current and ring current. (d) ORR polarization plots of Ru-N/G-750 with and 

without 10 mM KSCN in 0.1 M HClO4, indicating that ORR performance largely came 

from metal-centered catalytic sites in Ru-N/G-750 catalyst. 
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Moreover, as the major factor responsible for degradation of Pt-based 

electrocatalysts in practical applications, the carbon monoxide (CO) poisoning effect on 

the Ru-N/G-750 catalyst was evaluated by injecting CO during the ORR measurement 

(Figure 1.4a)51. Similarly, there was no significant current loss with Ru-N/G-750, whereas 

ORR current on the labile Pt/C catalyst was completely quenched by CO. It is worthy to 

note that the Ru-N/G-750 catalyst also exhibited apparent ORR activity with high 4e- 

pathway selectivity in alkaline media (Figure 1.4b, c). Taken together, the above durability 

testing results demonstrate that Ru-N/G-750 is an effective electrocatalyst for ORR with a 

four-electron pathway, and is free from both methanol crossover and CO poisoning effects. 

 

 

Figure 1.5. ORR measurement and TEM images of Ru-G-750, 2Ru-N/G-750 and N/G-

750 control samples. (a) RDE voltammograms of Ru-G-750, 2Ru-N/G-750 and N/G-750 
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in comparison with Ru-N/G-750. (b,c) TEM images of Ru-G-750. (d,e) TEM images of 

2Ru-N/G-750, both showing the appearance of Ru nanoparticles on graphene layers. 

 

As control samples, Ru-containing graphene without N-doping (Ru-G-750) and 

pure N-doped graphene (N/G-750) were prepared to elucidate the role of Ru and N doping 

towards the ORR activity. The results show that the absence of Ru or N doping both lead 

to a marked decrease of ORR currents in the voltammograms (Figure 1.5a). On introducing 

thiocyanate ions SCN− into the acidic electrolyte (10 mM), the increased overpotential and 

the significantly decreased current density also suggest the existence of metal-centered 

catalytic sites for ORR in Ru-N/G-750 catalyst (Figure 1.4d). The catalyst with the Ru 

loading doubled in the precursor (2Ru-N/G-750) was also synthesized with a similar 

protocol in an attempt to increase active sites in the catalyst.52 Unexpectedly, the 2Ru-N/G-

750 exhibited an even lower reduction current than Ru-N/G-750. The morphology of these 

catalyst was examined by TEM imaging (Figure 1.5b-e). In contrast to nanoparticle-free 

Ru-N/G-750 catalyst, Ru-based nanoparticles on graphene sheets were observed both in 

Ru-G-750 and 2Ru-N/G-750. This phenomenon is presumed to be the result of Ru 

agglomeration on the graphene sheets during thermal treatment. As discussed above, the 

defective GO precursor will react with NH3 to produce N-doped graphene, which provides 

a C-N lattice that serves as ligands to coordinate with a limited number of Ru atoms. 

Without the N-doping, Ru atoms are likely not incorporated into the graphene lattice; 

instead they would aggregate due to the high surface energy of individual atoms (Figure 

1.5b, c)14. The higher loading of Ru also leads to the generation of Ru-based nanoparticles 
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that are observed in TEM images of 2Ru-N/G-750, potentially due to the limited graphene 

substrate N binding sites (Figure 1.5d, e)53.  

 

Figure 1.6. ORR measurement and current density of Ru-N/G catalysts with 

controlled Ru loadings. (a) RDE voltammograms of Ru-N/G-750 catalyst series with 

various relative Ru loading in GO precursor (0.25, 0.5, 1.0, 1.5 and 2.0, 1.0 stands for 

original Ru-N/G-750 catalyst) measured in O2-saturated 0.1 M HClO4 solution, with a 

rotation rate of 1,600 rpm. (b) The current densities for Ru-N/G-750 catalysts with different 

Ru loading.  

A set of Ru-N/G catalysts with various relative Ru loading were also prepared and 

their detailed ORR performance were evaluated by RDE measurements (Figure 1.6a). The 

results showed that the Ru-N/G-750 catalyst demonstrated the best electrocatalytic activity 

for ORR in terms of onset potential and current density. In combination with the HAADF-

STEM images and electrochemical characterization, these results provide reasonable 

evidence that catalytic ORR activity of Ru-N/G-750 in acidic condition originates from the 
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presence of both N and atomic Ru species, and excludes the contribution of Ru-based 

nanoparticles for the majority of the ORR activity.   

1.4. X-ray absorption fine structure analysis  

 

Figure 1.7. X-ray absorption fine structure analysis of Ru-N/G catalysts. (a) Fourier 

transform magnitudes of the experimental Ru K-edge EXAFS spectra of the Ru-N/G 

samples prepared under different conditions along with reference materials. The Fourier 

transforms are not corrected for phase shift. (b) Wavelet transform (WT) for the k3-

weighted EXAFS signal of sample Ru-N/G-750. The maximum at 5.5 Å-1 is associated 

with the Ru-N(O) contributions. (c) The normalized Ru K-edge XANES spectra and first 

derivative curves (the inset) of different samples and references. (d-f) Comparison between 

the experimental Ru K-edge XANES spectrum of Ru-N/G-750 and the theoretical 
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spectrum calculated from the depicted structures using the full-potential finite difference 

method (FDM). The vertical dashed lines are provided to guide the eye. 

 

Table 1.1. Ru K-edge EXAFS curve Fitting Parametersa 

sample shell N R (Å) σ2 (Å2) ΔE0 

(eV) 

R, 

% 

Ru foilb 
Ru−Ru 12 2.68 0.005 1.2 0.01 

RuO2
c Ru-O 6 1.98 0.003 -8.2 0.03 

2Ru-N/G-750d 
Ru−N (O) 

Ru−Ru 

0.8 

9.5 

1.96 

2.67 

0.007 

0.005 

0.3 

0.1 

0.5 

Ru-N/G-800e 
Ru−N(O) 

Ru−C 

Ru−Ru 

4.5 

1.9 

1.4 

2.06 

2.69 

2.69 

0.006 

0.017 

0.009 

-6.0 

-6.0 

-5.6 

0.01 

Ru-G-750d 
Ru−C(O) 

Ru−Ru 

2.8 

6.2 

2.02 

2.67 

0.008 

0.005 

-9.8 

-10.0 

0.3 

Ru-N/G-750f 
Ru−N 

Ru−O 

Ru−C 

4.1 

0.7 

3.8 

2.07 

1.99 

2.73 

0.006 

0.014 

0.015 

-6.4 

-6.4 

-6.4 

0.2 
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aN, coordination number; R, distance between absorber and backscatter atoms; σ2, Debye–

Waller factor to account for both thermal and structural disorders; ΔE0, inner potential 

correction; R factor (%) indicates the goodness of the fit. Error bounds (accuracies) that 

characterize the structural parameters obtained by EXAFS spectroscopy were estimated as 

N ± 20%; R ± 1%; σ2 ± 20%; ΔE0 ± 20%. S0
2 was fixed to 0.94 as determined from Ru foil 

fitting. Bold numbers indicate fixed coordination number (N) according to the crystal 

structure. bFitting range: 3.0 ≤ k (/Å) ≤ 12.7 and 1.8 ≤ R (Å) ≤ 3.0. cFitting range: 2.7 ≤ k 

(/Å) ≤ 13.5 and 1.0 ≤ R (Å) ≤ 2.0. dFitting range: 1.8 ≤ k (/Å) ≤ 12.0 and 1.0 ≤ R (Å) ≤ 3.0. 

eFitting range: 1.8 ≤ k (/Å) ≤ 11.0 and 0.8 ≤ R (Å) ≤ 2.8. fFitting range: 1.8 ≤ k (/Å) ≤ 11.0 

and 0.8 ≤ R (Å) ≤ 2.6. 

The structure of the active sites in Ru–N/G catalysts was further investigated by 

extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge 

structure (XANES) spectroscopies. The EXAFS Fourier transforms and wavelet 

transforms are shown in Figure 1.7a and 1.7b, and Figure 1.8, and the assignment of the 

signals from 1.0 to 5.0 Å to either Ru–N(O) or Ru–Ru interaction is based on an EXAFS 

wavelet transform analysis of the references. The detection of WT intensity maxima near 

9.2 Å-1 corresponding to the Ru-Ru bond in 2Ru-N/G-750, Ru-N/G-800, and Ru-G-750 

reveal the presence of Ru nanocrystallites having the size relation of 2Ru-N/G-750 > Ru-

G-750 > Ru-N/G-800, while only one WT intensity maximum at 5.4 Å-1 is well resolved 

at 0.8-3.0 Å in Ru-N/G-750 and can be associated with the Ru-N(O) contribution. Hence, 

more Ru content loading and higher annealing temperatures would lead to the formation 

of metallic Ru, whereas almost all Ru exists as mononuclear Ru centers in the Ru-N/G-750 
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sample. The bonding environment for the Ru atoms in Ru-N/G-750 is then investigated by 

least-squares EXAFS curve fitting analysis (Figure 1.8 and Table 1.1). The coordination 

numbers of the Ru-N/O bonding in the first coordination sphere are estimated to be 4.1 and 

1.3 at distances of 2.07 and 1.99 Å, respectively, suggesting that the Ru-N/O bonding may 

adopt a square-pyramidal or a distorted octahedral configuration, similar to the Fe-N/O 

bonding coordination reported in Fe-N-C catalysts54. However, the number of light atoms 

in the second coordination sphere of Ru, 3.8 at a distance of 2.73 Å, is much smaller than 

that of the FeNxCy moieties based on the porphyrinic architecture (which are expected to 

be larger than 10)54. It is noted that a rather similar coordination was proposed in pyridinic-

N-based CoNxCy moieties in Co-N-C catalysts55. 
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Figure 1.8. Comparison between the experimental Ru K-edge XANES spectrum of 

Ru-NG-750 and the theoretical spectra. All RuNxCy moieties were enclosed in a 

graphene sheet; various axial oxygen or nitrogen ligands was considered in the calculation. 

The depicted structures are calculated for using muffin-tin (MT) approximation. It is shown 

that all the post-edge features d, e, and f are well reproduced except for the near-edge 
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feature a, b, and c. The non-MT effect was examined by full-potential FDM calculation, 

and it can be observed that for the positions and intensities of all the features the structure 

model in (b) gives rise to the best agreement with the experimental spectrum. 

 

Due to the higher sensitivity to the arrangement of atoms around the photo-absorber, 

XANES was applied to better identify the active site structure. From Figure 1.7c, it can be 

observed that the entire XANES spectra of 2Ru-N/G-750 and Ru-G-750 are much closer 

to the reference of metallic Ru which confirms the formation of large fractions of Ru 

nanocrystallites, while the overall profiles for Ru-N/G-800 and Ru-N/G-750 are drastically 

different from those of RuO2 and metallic Ru, which suggests the existence of the Ru-N 

species. Moreover, the derivative XANES of Ru-N/G-750 and Ru-N/G-800 are similar to 

that of RuO2, implying that their stable valence states are +3 to +4, compatible with the 

XPS results. The pre-edge peak, which is due to a 1s-4pz shakedown transition 

characteristic for a square-planar configuration56 show weak intensity for Ru-N/G-750, 

thereby calling for axial ligands. Similar results were observed in Fe-N-C and Co-N-C 

catalysts54-55; however, the XANES profile for Ru-NG-750 (Figure 1.7c) shows a dramatic 

difference from the result of Fe-N-C and Co-N-C catalysts, suggesting the probability of a 

distinct coordination architecture for RuNxCy moieties. We then resorted to XANES 

simulation of various DFT-optimized architectural models. The calculation was first 

validated by the excellent agreement between the experimental spectra and the calculated 

results for Ru foil and RuO2 (Figure 1.8). Just as expected, the agreement between the 

experimental and the simulated spectra for the RuN4 moiety represented by a porphyrinic 
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or pyridinic geometry is unsatisfactory particularly for the post-edge features (e.g., the 

shoulder d), even with various axial oxygen or nitrogen ligands considered. However, 

surprisingly, we found that all the post-edge features d-f are well reproduced by the 

structure of Ru-N4 moieties embedded in a graphene sheet (Figure 1.8). The discrepancies, 

presented for the near-edge features a-c in Figure 1.8, can be due to the non-muffin-tin 

effect. Since the pre-edge peak intensities are well established to be directly proportional 

to the coordination deviation of the photo-absorbers from centrosymmetry57, significant 

improvements are achieved by the full-potential FDM calculation that fairly reproduces 

this tendency (Figure 1.7d-f). By contrast, we found that the enclosed Ru-N4 moieties 

having one oxygen molecule ligand along the five-member rings direction in the axial 

position of graphene sheet plane could best reproduce all the features of the experimental 

spectrum, particularly for the weak pre-edge peak a and the relative intensities between 

peaks b and c (Figure 1.7e).  Moreover, this structure is in accord with the EXAFS results 

as it has four nitrogen atoms and one adsorbed oxygen atom in the first coordination sphere 

and five light atoms in the second coordination sphere. Therefore, the combination of 

EXAFS and XANES analysis on Ru-N/G-750 catalysts free of Ru crystalline structures 

has revealed the existence of RuNxCy moieties enclosed in a graphene sheet, in marked 

contrast with the reported FeNxCy or CoNxCy moieties based on porphyrinic or pyridinic 

architectures, respectively. 

1.5. DFT calculation of ORR mechanism on active sites 
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Figure 1.9. DFT calculation of ORR mechanism on Ru-N4 related active sites. (a) Free 

energy diagram of the ORR on selected nitrogen-coordinated metal moieties embedded on 

graphene sheets. The proposed associative mechanism involves the following steps: (1) 

O2+* → O2
* (2) O2

* + H+ + e- 
→ OOH* (3) OOH* + H+ + e-

→ O* + H2O (4) O* + H+ + e- 

→ OH* (5) OH* + H+ + e- → H2O, where * denotes the active site on the catalyst surface. 

(b) Proposed reaction scheme of the associative mechanism for the ORR on Ru-oxo-N4 

moiety in acidic medium.  

 

In order to understand the mechanism and the active site of the oxygen reduction 

pathway on the Ru/N doped graphene, we performed spin-polarized density functional 

theory (DFT) calculations using the Vienna ab initio Simulation Package (VASP)58. It is 

well established that the associative mechanism is a more favorable pathway compared to 

the dissociative mechanism for O2 reduction on a mononuclear metal catalytic site on a 

graphene surface59-60. Thus, four intermediates, which can be generated in succession by 

the associative mechanism: O2*, OOH*, O* and OH* (with the asterisk denoting the active 

site), with stepwise addition of H+ and electrons to form two molecules of H2O, were 
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considered in our reaction models. The calculated free-energy diagrams of the ORR 

intermediates bound on the active site at 1.23 V with optimized geometries are presented 

in Figure 1.9a. Following the result of X-ray absorption characterization, we first calculated 

the reaction pathway on the Ru-N4 moieties enclosed in the graphene sheet, a structure with 

axial oxygen molecule that has the best fitting agreement with experimental XANES 

results, as the potential ORR catalytic site of Ru-N/G-750 (black line in Figure 1.9a). 

Meanwhile, the ORR pathway on active sites with Fe-N4 moieties embedded on graphene 

has been calculated for comparison (red line in Figure 1.9a).  

 

 

Figure 1.10. DFT calculation of ORR intermediates and pathway on Ru-oxo-N4 active 

sites (a) Free energy diagram for the ORR on Ru-oxo-N4 and Ru-N4 moieties embedded 

on graphene sheets, at a potential of USHE = 1.23 V. (b) The formation energies of Ru-N4 
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embedded on graphene with a NH3 molecule and Ru-N3O structures embedded on 

graphene with a H2O molecule. The formation energy is calculated as follows: Ef=E-ERu-

nN*EN2/2-nO*EO2/2-nH*EH2/2-nC*Egraphene, where ERu, EN2, EO2, Egraphene are the free 

energies of Ru and N2, O2, H2 and graphene in bulk, respectively. It shows that the 

formation energy of Ru-N4 is lower than that of Ru-N3O structure, suggesting that the 

equatorial O coordinating with Ru might react with NH3 to form the more stable Ru-N4 

structure during the annealing process. (c) Top view and side view of the optimized 

adsorption structures for ORR intermediates on Ru-oxo-N4 moieties embedded on 

graphene layer: (a) Ru-oxo-N4 (b) O2, (c) OOH, (d) O, and (e) OH. 

 

Table 1.2. Adsorption energy (Ead) values ORR intermediates on nitrogen-

coordinated metal moieties on graphene layer. All results are in unit of eV. 

 O2 OOH* O OH 

Ru-N4
 -1.84 -0.924 -1.96 -1.26 

Fe-N4
 -1.00 -0.07 -0.66 -0.43 

Ru-oxo-N4
 -0.28 0.49 -0.41 -0.07 

 

 

A comparative calculation of ORR intermediates of mechanism was also performed 

for potential Ru-oxo-N4 and Ru-N4 moieties embedded on graphene sheets (Figure 1.10).  

It is shown that after the formation of Ru-oxo-N4 intermediate (set as 0 eV) from the 
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starting Ru-N4 moiety with axially adsorbed O2 (0.12 eV) as the initial activating step, it 

requires much more overpotential to reduce this site back to the Ru-N4 structure (from 0 

eV to 1.96 eV, Path B) compared to the final energy of the catalytic cycle of ORR (Path 

A). Therefore, Ru-oxo-N4 based Path A is the more probable pathway for ORR to proceed. 

Nevertheless, in contrast with the electrochemical result, DFT calculations unveil that the 

Gibbs free-energy of intermediates on the Ru-N4 moiety are largely more negative than that 

of the Fe-N4 moiety, indicating that the chemical adsorption of oxygen species on Ru-N4 

is so strong that the activation energy barrier and ORR overpotential will both be 

significantly increased as ~ 1.26 eV at 1.23 V. In addition, high-valent Ru-oxo (Ru=O) 

species have been extensively reported for participating in various catalytic oxidation 

reactions. Thus, the Ru-oxo-N4 moiety was postulated as a possible explanation for ORR 

activity here37, 61-63. As the blue line shows in Figure 1.9a, in the case of the Ru-oxo-N4 

moiety, due to the higher oxidation state of Ru center, the reaction intermediates’ free 

energies are positively shifted from the Ru-N4 moiety and are more suitable for ORR 

catalysis. The first reduction step of chemisorbed O2 to form OOH, with a reaction barrier 

of ~ 0.76 eV at 1.23 V, appears to be the overall rate-limiting step in the oxygen reduction 

pathway (Figure 1.10a and Table 1.2). The reaction barrier on Ru-oxo-N4 site is 

comparable to that for the Fe-N4 moiety (0.94 eV), which is widely considered as an 

efficient non-platinum ORR catalytic site in acidic medium. Figure 1.9b summarizes our 

proposed mechanism of ORR on the Ru-N/G-750 catalyst. Ru-N4 moiety embedded in 

graphene layer with axial oxygen molecule from best-fit XANES analysis (Figure 1.7e) 

was selected as the initial architecture in ORR pathway. The dissociation of axial absorbed 
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oxygen on embedded Ru-N4 moiety first leads to the formation of the Ru-oxo-N4 center, 

on which the O2 molecule is chemical adsorbed, instead of converting to unfavorable Ru-

N4 moiety (Figure 1.10a). Subsequently, the activated O2 molecule captures a proton from 

acidic electrolyte with simultaneous electron transfer through graphene, forming the OOH 

species (as the rate-limiting step). Once the peroxide species is generated, it will undergo 

direct reduction to form H2O and adsorbed O*, according to the experimentally observed 

four-electron pathway. Next, the absorbed O atom is further reduced via proton-coupled 

electron transfers, giving rise to OH* and the second H2O molecule. The DFT calculation 

result is also consistent with the observed low overpotential of Ru-N/G-750 in the 

electrochemical test and positively shifted Ru 3p3/2 peaks in XPS spectra after testing, 

suggesting that the high valent Ru-oxo-N4 moieties are likely the origin of ORR catalytic 

performance, particularly under oxidative acidic conditions.  
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1.6. Electrochemical performance and improvement for phosphoric 

acid fuel cell  

 

Figure 1.11. Electrochemical ORR performance of Ru-N/G-750 in comparison with 

other transition metals dispersed on nitrogen-doped graphene (M-N/G-750) in PAFC. 

(a) ORR polarization curves of Ru-N/G-750 and M-N/G-750 series in 99 wt% H3PO4 at 

180°C ranging from 0.9-0.4 V vs RHE. (b) Endurance test for ORR polarization curves of 

Ru-N/G-750 before and after 1000 CV cycles from 0.9-0.4 V in vs RHE 99 wt% H3PO4. 

 

As one of the most mature and widely commercialized fuel systems for large-scale 

energy supply, the phosphoric acid fuel cell (PAFC), is an important part for the 

development of fuel cell applications. PAFC operates at between 150 ºC and 220 ºC, so it 

has more tolerance than PEMFC against impurities such as carbon monoxide. However, 

the harsh operation condition also leads to a challenge on the selection of the electrocatalyst. 

So far only platinum-based alloys could serve as stable ORR catalysts for PAFC. Here, in 
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order to examine the PAFC applicability and performance of our single atomic ruthenium 

embedded on nitrogen-doped graphene (Ru-N/G-750), we also synthesized a series of other 

transition metals dispersed on nitrogen-doped graphene (designated as M-N/G-750) with 

the same procedures used for Ru-N/G-750. These catalysts were used in preliminary tests 

as electrocatalysts for PAFC. The polarization curves of ORR were tested in 99 wt% H3PO4 

at 180 °C (scan range: 0.9-0.4 V vs RHE, scan rate: 2 mV/s), with a Pt/H2 reference 

electrode and a Pt wire counter electrode. The electrocatalysts was loaded on carbon fiber 

paper (CFP) substrate on the surface of phosphoric acid as a working electrode during the 

measurement. The hydrophobic and porous CFP substrate provides a three-phase contact 

for gaseous oxygen, H3PO4 electrolyte and catalyst to maxmize the gas diffusion for 

oxygen. The ORR polarization curves of different transition metals on nitrogen-doped 

graphene catalysts were measured, as shown in Figure 1.11a. Under these extremely harsh 

condition composed of high temperature and concentrated acid, the ORR activity of 

iron/nitrogen doped graphene is highly diminished, potentially caused by damage of active 

site. However, the ruthenium/nitrogen doped graphene still shows a well-defined ORR 

catalytic activity. The durability of Ru-N/G-750 was then assessed by continuously CV 

scanning (50 mV/s). After 1000 cycles, the ORR current on Ru-N/G-750 retained 91.2% 

of its original current at 0.4 V (vs RHE) (Figure 1.11b). The weight percentage of Ru on 

graphene before (3.4 wt%) and after (3.5 wt%) cycling for 1000 times underscored the 

stability. This was further investigated by energy-dispersive X-ray spectroscopy (EDS), 

and the steady Ru percentage indicates a strong tolerance and oxidative stability for the Ru 
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moiety at the high temperature in phosphoric acid, indicating its potential applicability to 

replace platinum as an ORR catalyst in PAFC. 

 

Figure 1.12. Synthesis and characterization of the Ru-NC-850 catalyst. (a) Schematic 

illustration of the synthetic process for the Ru-NC-850 catalyst from ZIF-8 with Ru doping 

and pyrolysis at 850 °C under Ar. I. ZIF-8 is synthesized from Zn2+ and imidazole. II. ZIF-

8 is dispersed in hexane, and then Ru(NH3)6Cl3 aqueous solution is added into the mixture 

followed by sonication to obtain Ru-ZIF-8. III. Formation of the Ru-NC-850 after pyrolysis 
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at 850 °C in Ar atmosphere. (b) Representative SEM image of Ru-ZIF-8 precursor. (c,d) 

TEM images of Ru-NC-850 on a lacey carbon grid. (e,f) XPS survey spectrum of Ru-ZIF-

8 and Ru-NC-850. (g) High resolution N 1s spectrum of Ru-NC-850. 

 

Despite the intriguing performance of Ru-N/G-750 in PAFC having been achieved, 

the ORR activities of these atomic Ru embedded on nitrogen doped graphene are still 

comparatively sluggish in phosphoric acid medium, as manifested by lower operational 

current density and larger overpotentials (40-400 mV) than commercial Pt nanoparticle 

(NPs) with carbon black (Pt/C) catalyst. In order to further improve the electrocatalytic 

performance of the ruthenium on nitrogen-doped graphene for ORR in PAFC as potential 

substitution for Pt-NPs based electrocatalyst, both higher loading of Ru active sites and 

efficient oxygen transportation during operation will be necessary. The nitrogen-doped 

graphitic carbon (CN) derived from the pyrolysis of metal–organic frameworks (MOFs), 

especially zeolite imidazolate frameworks (ZIFs), have been considered as an effective 

strategy for isolating and capturing single metal atoms on nitrogen-doped carbonaceous 

substrate. As a subclass of metal–organic frameworks, ZIFs possess interconnected large 

three-dimensional molecular-scale cages and tunnels that are accessible through small 

apertures. Those cavities could act as hosts to encapsulate the metal salts for homogenous 

introduction of metal species. As shown in Figure 1.12a, a type of zeolite imidazolate 

framework-8 (ZIF-8), comprising sodalite coordination of Zn2+ ions with 2-

methylimidazole, was used as precursor and template to obtain a nitrogen-doped porous 

carbon structure with atomic metal dispersion with nitrogen coordination throughout the 
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carbon matrix. In the first step, a double solvents method with hexane and Ru(NH3)6Cl3 

aqueous solution was utilized to guarantee the full introduction of immobilization of Ru 

salts within the micropores of ZIF-8 structure. The Ru-containing ZIF-8 precursor was then 

thermally pyrolyzed in tube furnaces under Ar atmosphere at elevated temperature of 

850 °C for 2 h. The volatile Zn metal with its relatively low boiling temperature (907 °C) 

is evaporated and removed along with the Ar flow during the thermal pyrolysis 

procedure.  Finally, the Ru-NC-850 catalyst is prepared through constructing coordination 

interaction between Ru and N. A polyhedral hollow structure can be observed (Figure 1.2 

c,d) from the high resolution transmission electron microscopy (HRTEM) images, which 

is partially inherited from the morphology of Ru-ZIF-8 precursor (Figure 1.12b). No 

characteristic aggregation signal of Ru-based metal, metal oxide, or metal carbide 

nanoparticles observed in the TEM images of Ru-NC-850 (Figure 1.12d), excluding the 

formation of large NPs and suggesting that Ru atoms are anchored uniformly on the porous 

nitrogen-doped carbon. The absence of Zn and existence of Ru signal in Ru-NC-850 after 

Ru-ZIF-8 pyrolysis was revealed through XPS survey spectra (Figure 1.12e, f). The Ru 

mass loading was determined to be 5.2 wt% by ICP-AES. With high resolution N 1s XPS 

spectroscopy (Figure 1.12g), deconvoluting peaks at 398.4 eV, 399.9 eV, 401.0 eV are 

assigned to pyridinic-N (49.5 at%), pyrrolic-N (19.3 at%), and graphitic-N (23.9 at%) 

moieties, respectively, showing the majority of pyridinic-N. 

https://pubs.acs.org/doi/10.1021/jacs.8b00814#fig1
https://pubs.acs.org/doi/10.1021/jacs.8b00814#fig1
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Figure 1.13. Electrochemical ORR measurement of the Ru-NC-850 catalysts. (a) RDE 

voltammograms of Ru-NC-850 catalysts and reference Ru-N/G-750 on glassy carbon 

electrodes with loading of 0.32 mg cm-2 in an O2-saturated 0.1 M HClO4 solution at a 

rotation rate of 1,600 rpm.  (b) Cyclic voltammograms of Ru-NC-850 catalysts and 

reference Ru-N/G-750 loaded on CFP substrate in 99% phosphoric acid electrolyte at 

180 °C. 

 

The electrochemical ORR catalytic activity of the Ru-NC-850 in both 0.1 HClO4 

aqueous solution and 99 wt% H3PO4 electrolytes were tested, in comparison with the Ru-

N/G-750 catalyst. Figure 1.13 showed the ORR polarization curves of the Ru-NC-850 and 

original Ru-N/G-750, respectively. As expected, the ZIF-derived N-doped porous carbon 

frame gave an improved ORR current density and performance. While the Ru-NC-850 

exhibited remarkable catalytic activity in 0.1 HClO4, a current density of 5.1 mA cm−2 was 

achieved with applied potential of 0.6 V vs RHE (Figure 1.13a), which was much higher 

than that of Ru-N/G-750 (3.8 mA cm−2 at 0.6 V vs RHE) with the same catalyst loading. 
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For evaluating the ORR performance in PAFC, the CV measurement were also conducted 

in 99 wt% H3PO4 at 180 °C. As shown in Figure 1.13b, the significantly increased current 

densities (128 mA cm−2 at 0.4 V vs RHE) and ORR onset potential (0.77 V vs RHE) were 

also observed on Ru-NC-850 compared to Ru-N/G-750, which is possibly resulting from 

efficient oxygen transportation facilitated by the porous carbon skeleton and enriched Ru-

Nx active sites. 

 

Figure 1.14. ORR polarization curves and cyclic voltammograms of Ru-NC-850 and 

Fe-NC-850 catalysts in PAFC. (a) RDE voltammograms of Ru-NC-850 catalysts and Fe-

NC-750 on glassy carbon electrodes in an O2-saturated 0.1 M HClO4 solution at a rotation 



 
49 

 

rate of 1,600 rpm. (b) LSV voltammograms of Ru-NC-850 catalysts and Fe-NC-750 on 

CFP electrodes in 99% phosphoric acid electrolyte at 180 °C. (c, d) Cyclic voltammograms 

of Ru-NC-850 catalysts and Fe-N/G-750 in 99% phosphoric acid electrolyte at 25 °C with 

O2 and N2 saturation, respectively. 

 

 Except for the Ru-Nx based carbonaceous catalyst here, atomic iron with nitrogen 

coordination (Fe-Nx) on carbon substrate have recently been reported as promising 

candidates of SACs to catalyze the cathodic oxygen reduction reaction. So far, however, 

the application of Fe-Nx based material as electrocatalyst for ORR in fuel cells are only 

explored in PEMFC with aqueous electrolyte. To investigate the possibility of Fe-Nx as 

catalytic sites for ORR in PAFC at higher temperature, we synthesized the atomic Fe 

embedded on porous nitrogen-doped carbon (Fe-NC-850) through the ZIF-8 based 

approach instead of FeCl3 as metal source. Figure 1.14a shows the RDE voltammogram 

results of Fe-NC-850 and Ru-NC-850 for ORR in 0.1 M HClO4 solution, which are 

comparable to the results of Fe-N/G-750 and Ru-N/G-750 in terms of the similarity with 

their onset potential and current densities. Contrarily, in 99 wt% H3PO4 electrolyte, a 

drastic difference between Ru-NC-850 and Fe-NC-850 catalysts in LSV voltammograms 

could be observed as shown in Figure 1.14b, indicating an inferior ORR activity of Fe-Nx 

sites in phosphoric acid. For further understanding the origin of this intriguing difference 

between Ru-Nx and Fe-Nx based catalysts, cyclic voltammetry measurements of Ru-NC-

850 and Fe-NC-850 were performed in 99 wt% H3PO4 with Ar and O2 atmosphere, 

respectively (Figure 1.14c, d). A strong Fe2+/3+ redox-couple localized at 0.41 V was 
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appeared in the CV curves with Ar saturated phosphoric acid (Figure 1.14d), which 

undergoes a significant cathodic shift from ~0.8 V in 0.1 M HClO4 according to literature. 

Since Fe2+/3+ redox-couple potential and Fe2+ species were proven to be correlated with the 

mechanistic origin of ORR activity, this cathodic shift of Fe2+/3+ redox potential in 99% 

H3PO4 is able to explain the lagged ORR onset potential and activity of Fe-NC-850 in 

Figure 1.14b. In comparison, no obvious redox peak and shifted ORR onset potential were 

observed for Ru-NC-850 catalyst in 99% H3PO4 electrolyte, implying different ORR 

mechanism on Ru-Nx based active sites and corresponding stable oxygen reduction 

activities for PAFC.  

 

Figure 1.15. Mass activities and current densities for electrochemical ORR 

performance of Ru-NC-850, Ru-N/G-750 and commercial Pt/C catalysts as reference 

in PAFC. (a) Cyclic voltammograms of Ru-NC-850, Ru-N/G-750 and commercial Pt/C 

(20 wt%) loaded on CFP substrate in 99 wt% H3PO4 electrolyte at 180 °C with current 

densities of mA cm-2 and (b) with mass activity of current per milligram of metal loading 

(A mg-1
metal). 
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In addition, we also compared the current density and mass activity of Ru-NC-850 

with that of commercial Pt/C (20 wt%) to evaluate the commercial applicability in PAFC 

(Figure 1.15). The current density and ORR activity of the Ru-NC-850 catalyst is much 

higher than original Ru-N/G-750 catalyst and approached that of Pt/C with a comparable 

onset potential (Figure 1.15a). The mass activity of metal is another critical factor for the 

economic availability of electrocatalysts. Considering the ratio of metal loading (5.3 wt% 

Ru in Ru-NC-850, 1.7 wt% Ru in Ru-N/G-750 and 20 wt% Pt in Pt/C), the ORR mass 

activities for these catalysts were calculated and plotted in Figure 1.15b.  The mass activity 

of Ru-NC-850 at 0.4 V vs RHE is approximately 2.4 times exceeding that of Pt/C, showing 

the preeminent advantage of atomic efficiency for SAC because most of the metal atoms 

are exposed to electrolyte.  The superior mass activity and enhanced current density of Ru-

NC-850 in phosphoric acid and aqueous solution makes the atomic Ru-Nx based 

electrocatalyst a promising alternative for practical ORR catalysis in both PAFC and 

PEMFC. 

 

1.7. Conclusion 

A Ru-N/G catalyst on which the Ru was atomically dispersed was successfully 

synthesized and demonstrated as an efficient ORR electrocatalyst in acidic medium. The 

Ru-N/G catalyst was readily prepared by annealing GO and Ru salts under an NH3 

atmosphere. This catalyst showed excellent catalytic performances with superior onset 
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potential, electron transfer number, durability, tolerance against methanol crossover and 

carbon monoxide poisoning in acidic medium. It was found that the ORR activity of this 

graphene-based material is strongly determined by the incorporation of a small amount of 

Ru. HAADF-STEM characterization supported the conclusion that homogenously 

dispersed Ru atoms were present on the nitrogen doped graphene. The formation of 

nanoparticles or the absence of nitrogen doping both weakened the ORR activity in the 

control samples. Based on these results, the isolated Ru atoms with nitrogen coordination 

are suggested to be the dominant active sites in the catalyst. The quantitative analysis of 

the EXAFS and XANES has revealed the existence of Ru-N4 moieties embedded in 

graphene sheets with axial oxygen adsorption. DFT calculations further indicated that ORR 

catalytic activity of Ru-N/G-750 preferably originated from the Ru-oxo-N4 moieties 

instead of Ru-N4 during the oxidative electrocatalytic condition. These finding shed lights 

on future designs for high performance electrocatalysts for ORR in acid medium including 

the application of PEMFC and PAFC.    

 

1.8. Experimental Methods 

Material synthesis. 

All chemicals were purchased from Sigma-Aldrich unless otherwise specified. GO 

was synthesized from graphite flakes (∼150 µm flakes) using the improved Hummers’ 

method.39  
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General preparation of metal/nitrogen doped graphene 

An aqueous suspension of GO (2 mg mL−1) was first prepared by adding 100 mg of 

GO into 50 mL deionized water and sonicating for 24 h (Fisher scientific, model FS110H). 

A 0.0125 M solution of metal salt was prepared using Ru(NH3)6Cl3 (for the Ru catalyst) or 

FeCl3 (for the Fe catalyst), respectively. 0.5 mL of the metal salt solution was added into 

the GO solution and the mixture was sonicated for 3 h. This precursor solution was freeze-

dried for at least 24 h to produce a precursor foam. The dried GO foam was then placed in 

the center of a 1-inch quartz tube furnace (calibrated using a k-type thermocouple probe). 

After pumping and purging the system with Ar 3×, the temperature was ramped at 

20 °C min−1 up to 750 °C while feeding Ar (100 sccm) and NH3 (50 sccm) at room pressure. 

The reaction was carried out for 1 h, then the furnace was cooled to room temperature under 

Ar protection. The final product of metal/nitrogen doped graphene was then obtained. The 

temperature controlled Ru-N/G samples were prepared by varying the annealing 

temperature (550, 650, 750 and 800 °C), with the rest of the procedure kept the same. The 

Ru-G-750 catalyst were prepared with the no NH3 present during the annealing process, 

and the 2Ru-N/G-750 catalyst was prepared by doubling the amount of Ru(NH3)6Cl3 added 

into the precursor solution, with annealing temperature kept the same. The pure nitrogen 

doped graphene (N/G-750) was synthesized without the addition of Ru(NH3)6Cl3 in the 

precursor solution. 

Characterizations 
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TEM images were conducted on a JEOL-2100F field emission gun TEM equipped 

with an EDS detector at an acceleration voltage of 200 kV. SEM images were acquired on 

a JEOL 6500F SEM. Aberration-corrected TEM and HAADF-STEM measurements were 

carried out at 80 keV using a FEI Titan Themis3 S/TEM equipped with image and probe 

spherical aberration correctors. Chemical compositions and elemental oxidation states of 

the samples were investigated by XPS spectra with a base pressure of 5 × 10−9 Torr. The 

survey spectra were recorded in a 0.5-eV step size with a pass energy of 140 eV. Detailed 

scans were recorded in 0.1 eV step sizes with a pass energy of 26 eV. The elemental spectra 

were all shifted with respect to C 1s peaks at 284.5 eV as reference. XRD analysis was 

performed by a Rigaku D/Max Ultima II (Rigaku Corporation) configured with a Cu Kα 

radiation, graphite monoichrometer and scintillation counter. Quantitative analysis of Ru 

loading was carried using a PerkinElmer Optima 4,300 DV ICP-AES. A Renishaw Raman 

microscope using 514-nm laser excitation at room temperature with a laser power of 5 mW 

was employed to obtain Raman spectra. 

 

Device fabrication and electrochemical measurement  

RDE and RRDE experiments were conducted in an electrochemical cell (AUTO 

LAB PGSTST 302) using a Pine Instrument rotator (model: AFMSRCE) which connected 

to a CH Instruments electrochemical analyzer (model 608D), which an Hg/Hg2SO4 

reference electrode and a Pt wire counter electrode. A catalyst ink was prepared by 

dispersing 4 mg of catalyst and 80 µL of 5 wt% Nafion solution in into 1 mL of 4:1(v/v) 

water/ethanol with 3 h sonication, and 16 µL of the catalyst ink was loaded onto a glassy 
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carbon electrode (5 mm in diameter). A flow of O2 (~ 100 sccm), generated from a constant 

stream bubbling in the cell solution, was maintained over the electrolyte during the 

measurement to ensure continuous O2 saturation. CV was carried out with potential ranging 

from 0.1 to 1.1 V (vs RHE) at a scan rate of 20 mV s-1 (the electrolyte was sparged with Ar 

gas for Ar saturation). ORR activity was recorded in O2-saturated 0.1 M HClO4 electrolyte 

with linear sweep voltammetry (LSV) performed with potential ranging from 1.2 to 0.1 V 

(vs RHE) at a scan rate of 5 mV s-1 with rotation speed of 1600 rpm. Measurements were 

all carried out in 0.1 M HClO4 (pH 1). For RRDE experiments, the electrode rotation speed 

was set as 1600 rpm (scan rate, 0.05 V/s; platinum data collected from anodic sweeps), 

while the Pt ring electrode potential was held at 1.2 V vs RHE. 

 

X-ray absorption spectra data collection, analysis, and modelling 

Ru K-edge X-ray absorption spectra were acquired at room temperature in 

fluorescence mode at beamline BL14W1 of Shanghai Synchrotron Radiation Facility 

(SSRF) using a Si(311) double-crystal monochromator. The storage ring of SSRF was 

operated at 3.5 GeV with a current between 150 to 210 mA. The energy was calibrated 

using Ru foil, while the incident and fluorescence x-ray intensities were monitored by using 

standard Ar-filled ion chamber and 7-element high-purity Germanium detectors, 

respectively. The XAFS raw data were background-subtracted, normalized, and Fourier 

transformed by the standard procedures with the ATHENA program64. Least-squares curve 

fitting analysis of the EXAFS  χ(k) data was carried out using the ARTEMIS program64 
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with the theoretical scattering amplitudes, phase shifts and the photoelectron mean free 

path for all paths calculated by ab-initio code FEFF9.05.65  

The Ru K-edge theoretical XANES calculations were carried out with the 

FDMNES code in the framework of real-space full multiple-scattering (FMS) scheme 

using Muffin-tin (MT) approximation for the potential65-67. The energy dependent 

exchange-correlation potential was calculated in the real Hedin-Lundqvist scheme, and 

then the spectra are convoluted using a Lorentzian function with an energy-dependent 

width to account for the broadening due both to the core-hole width and to the final state 

width. A cluster of 5.0 Å radius having ~ 30 atoms surrounding the absorber was used for 

the self-consistency and a cluster of 11.0 Å radius having ~ 140 atoms for FMS, satisfactory 

convergence being achieved. Due to the important non-MT effects in asymmetrical or 

sparse systems, the full potential approach on the basis of FDM was also applied to some 

archetypical structural models using a relatively smaller cluster of 8.0 Å radius having ~ 

80 atoms. Generally, the RuNxCy moieties were built based on three architectures, namely 

the porphyrinic and pyridinic ones, and those enclosed in a graphene sheet; the probability 

of various axial oxygen or nitrogen ligands was considered in the calculation. 

 

DFT modeling 

The structural relaxation and electronic energy calculations are computed by 

density functional theory implemented in Vienna Ab-initio Simulation Package 

(VASP)68,69 with Perdew, Burke and Ernzerhof functionals70-71. The graphene supercell is 

5  6 with 12 Å spacing in aperiodic direction to eliminate the interaction of periodic 
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images of the systems. The K-point mesh is 3  3  1. The force for relaxation is converged 

to less than 0.01 eV/Å. The Gibbs free energy G is calculated as G = Eelec + EZPE-TSvib. 

EZPE is the zero point energy estimated for the adsorbed species under harmonic 

approximation. Svib is the vibrational entropy estimated as in eq 1: 

𝑆𝑣𝑖𝑏 = ∑ [
𝛽𝜀𝑖

exp(𝛽𝜀𝑖)−1
− ln[1 − exp(−𝛽𝜀𝑖)]]𝜀𝑖

 (eq 1) 

 𝜀𝑖 is the vibrational energy of adsorbed molecules as calculated within DFT. The 

configurational entropy is neglected. Based on computational hydrogen electrode model 

the chemical potential of H++e- can be calculated as in eq 2: 

𝜇(𝐻+) + 𝜇(𝑒−) =
1

2
𝜇(𝐻2(𝑔)) − 𝑒𝑈 (eq 2) 

The chemical potential of H2 is used in 1 atm, while H2O is under 0.034 atm, 

corresponding to the vapor pressure of liquid water at 300 K. 
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Chapter 2 

Electrochemical CO2 Reduction with Atomic 

Iron-Dispersed on Nitrogen-doped Graphene 

This section was copied from reference 50 with minor reformatting 

2.1.  Introduction 

The use of CO2 as a feedstock in the electrochemical synthesis of fuels or chemicals 

using renewable electricity is a promising but challenging approach to carbon neutrality.1-

3 The ideal reaction pathway is direct conversion of CO2 into liquid fuels or other high 

value hydrocarbons.4 However, this reduction process involves multi-proton coupled 

electron transfer steps, imposing high thermodynamic and kinetic barriers on the 

electrochemical reduction of CO2.
5-6 In addition, only few materials such as Cu and 

recently discovered N-doped graphene quantum dots are capable of reducing CO2 to high 

order hydrocarbons and oxygenates, but with a wide distribution of C1-C3 products.7-9 An 

alternative method is the electrocatalytic reduction of CO2 into CO, which can be 

subsequently converted into hydrocarbons and oxygenates in H2 stream through the well-

known Fischer-Tropsch process.10-11 Among all pure transition metals, silver and gold have 



 
69 

 

been found to be the most efficient and selective electrocatalysts for reducing CO2 to CO.12-

13 A variety of earth abundant materials and metal free heteroatom-doped nanostructured 

carbons have been investigated to replace the noble-metal based catalysts.14-17 By 

introducing non-precious transition metals (e. g., Fe, Co and Mn) into the nitrogen-doped 

carbon frameworks, the nitrogen-doped carbon-supported transition metal (M-N-C) 

materials with unsaturated metal coordination have proven to be effective electrocatalysts 

for the oxygen reduction reaction (ORR) in fuel-cell research.18-20 These structures have 

also sparked considerable interest as a potential class of active sites for electrochemical 

CO2 reduction.21 However, the typical synthetic approach involves mixing the metal salt 

with solid carbon and nitrogen composite precursors followed by pyrolysis at elevated 

temperature, inevitably resulting in the aggregation of the metal species and formation of 

metal-based nanoparticles.  

Recently, single-atom catalysts (SACs) have been investigated for heterogenous 

catalysis as they surpass conventional catalysts in terms of having a high specific activity 

with a significantly reduced amount of metal usage.22 Despite achieving remarkable 

performance, the high energy of  mobile individual metal atoms retards preparation and 

application of SACs.  A strong interaction between metal atoms and the supporting 

substrate is a desirable approach to anchor and stabilize these atomically dispersed metal 

sites. Because of its high specific area, large electron mobility and tunable surface 

chemistry, graphene, a well-defined two-dimensional (2D) structure, is a promising 

substrate to support these single-atomic active sites for electrocatalytic applications.23 The 

introduction of heteroatom dopants such as nitrogen and sulfur is found to tune the 
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electronic properties of graphene. The dopants facilitate the dispersion of metal atoms 

embedded into the graphene through the strong interaction between heteroatoms and 

metal.24-26 The reactivity of SACs, the lower limit in metal morphology, differs from their 

nanocrystal or nanocluster counterparts. Thus, such graphene-based SACs are expected to 

serve as a platform for the investigation of new active sites and mechanisms 

forelectrochemical CO2 reduction. 

In this work, we focus on exploring the structure of a catalytic Fe-N-C active site 

on a graphene substrate that leads to electrochemical reduction of CO2. To this end, we 

employed graphene oxide (GO) as the precursor and immobilized the Fe atoms on graphene 

through N bonding by annealing a mixture of GO and FeCl3 in an Ar/NH3 atmosphere at 

700-800 °C, leading to an atomically dispersed Fe on nitrogen-doped graphene (Fe/NG). 

A high loading of individual Fe atoms on the graphene was achieved while excluding the 

formation of any large Fe-based nanocrystals. The existence of nitrogen-confined 

individual Fe atoms in the graphene layers was confirmed by a combination of aberration-

corrected high-angle annular dark-field scanning transmission electron microscopy 

(HAADF) and X-ray fine structure analysis (XAFS). Electrochemical measurements 

revealed that the Fe/NG catalyst possess a remarkable Faradic efficiency (FE) of CO 

formation up to ~80% with a low overpotential in aqueous solution. The evidence from 

systematic structure analysis and control experiments reveals that isolated Fe-N4 structures 

are responsible for the reduction of CO2 to CO. DFT calculations further suggest that the 

Fe-N4 moiety formed from nitrogen-doped graphene likely contributes to the origin of the 

electrochemical CO2 reduction activity.  
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2.2. Synthesis and characterization 

 

 

Figure 2.1. Schematic of the synthesis process of the Fe/NG catalyst. (a) GO suspension 

in deionized water, (b) Fe/NG precursor foam obtained from GO through a lyophilization 

process, and (c) the final Fe/NG product obtained through the Ar/NH3 annealing process 

at 650-800 °C. 

 

An illustration of the synthetic process for the atomic iron-dispersed nitrogen-doped 

graphene (Fe/NG) is shown in Figure 2.1. In a typical process, 200 mg of GO, prepared 

using the improved Hummer’s method, was dispersed in 100 mL of deionized water.27 An 

aqueous solution of FeCl3 (0.0125 M, 1.5 mL) was added to the GO solution followed by 

bath sonication. Due to the presence of oxygen-containing functional groups (such as epoxy, 

hydroxyl, carboxyl, and carbonyl) on the surface and edges of GO, it possesses a high 

adsorption capacity to metal cations in aqueous solution through the electrostatic 
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interactions.28-29 To achieve atomic-scale Fe dispersion on graphene layers, the Fe content 

was as low as 0.52 wt% (based on the weight of GO). The homogeneous mixture was dried 

by lyophilization to form a 3D GO foam with uniformly distributed Fe ions and minimized 

GO restacking. Subsequently, the GO foam was annealed at elevated temperatures (650-

800 °C) in Ar/NH3 for 1 h, during which nitrogen doping and reduction of GO 

simultaneously occurred.24 The introduction of N dopant is expected to immobilize the Fe 

atoms on the graphene surface through metal-nitrogen interactions to form Fe/NG. 

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) determined that the 

Fe loading was 1.25 wt% in the final Fe/NG product after annealing at 750 °C (Fe/NG-

750). 
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Figure 2.2. Physical and morphological characterization of Fe/NG-750. (a) SEM image 

of Fe/NG-750 catalyst.  (b,c) TEM and HRTEM images of Fe/NG-750 catalyst. (d) The 

electron energy loss spectroscopy (EELS) atomic spectra of Fe/NG-750, C K edge, N K 

edge, and Fe L edge (inset) are labelled. (e) STEM image and EDS mapping of Fe/NG-750 

catalyst. (f, g) Low and high magnification aberration-corrected HAADF-STEM images of 

Fe/NG-750 catalyst, respectively. Bright dots representing some of the isolated Fe atoms 

are highlighted by circles. (h, i) High-resolution XPS spectra of N 1s and Fe 2p3/2 peaks, 

respectively. 
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Figure 2.3. Raman, SAED characterization and ELLS mapping of Fe/NG-750 catalyst. 

(a) Raman spectra (excited with 532 nm laser) and (b) SAED pattern of Fe/NG-750 catalyst. 

No detectable metal nanoparticle phase exists. (c) EELS elemental mapping of Fe/NG-750 

catalyst and elemental distribution of elements N, O and Fe, respectively. 

 

To examine the surface morphology of Fe/NG-750 catalyst, scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) imaging were performed. 

The SEM images show mainly an interconnected foam structure with “flake-like” graphene 
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sheets of Fe/NG-750 after annealing under NH3 (Figure 2.2a). In the Raman spectra, the 

typical graphitic D and G bands can be clearly identified at ~ 1350 cm-1 and 1580 cm-1, 

respectively, and a 2D band appears at ~2690 cm-1 (Figure 2.3a). High resolution TEM 

(HRTEM) images show the thin and crumpled morphology of Fe/NG-750 sheets without 

the formation of large metal-based nanoparticles (Figure 2.2b, c). The absence of 

hexagonal diffraction pattern in selected area electron diffraction (SAED) implies that the 

catalyst consists of defective multilayer graphene (Figure 2.3b). However, the existence of 

both N and Fe species on the graphene substrate is evident from the electron energy loss 

spectroscopy (EELS) signal analysis (Figure 2.2d). The energy-dispersive X-ray 

spectroscopy (EDS) and EELS elemental mapping analyses further confirms a 

homogeneous Fe and N doping distribution over the graphene sheets without detecting Fe 

nanoparticles (Figure 2.1e and Figure 2.3c). Using aberration-corrected high angle annular 

dark field scanning transmission electron microscopy (HADDF-STEM) technique in sub-

angstrom resolution (Figure 2.2f, g); the bright dots corresponding to individual Fe atoms 

could be clearly observed on the graphene surface due to the sensitive Z-contrast of heavy 

elements. Given the sub-angstrom size and good dispersion of these bright dots in the 

graphene matrix, we determine that the Fe species predominantly exist as monatomic Fe 

sites. There are some sub-nanometer-sized nanoclusters (3-4 Å) with a few Fe atoms. To 

elucidate the profile of elemental composition and related chemical states, X-ray 

photoelectron spectroscopy (XPS) characterization of Fe and N in Fe/NG-750 were further 

investigated (Figure 2.2h, i). The high-resolution N 1s spectrum is deconvoluted into three 

major components: 398.4 eV for pyridinic-N (56.0 at%), 399.9 eV for pyrrolic-N (22.1 
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at%), and 401.0 eV for graphitic-N (16.2 at%), respectively (Figure 2.2h). The dominate 

pyridinic-N on graphene are generally known as efficient metal-coordination sites.20, 30 The 

oxidation status of Fe was also analyzed by XPS based on the Fe 2p photoelectrons signals 

(as shown in Figure 2.2i), in which two pairs of peaks could be assigned to the Fe2+ (710.6 

and 723.7 eV) and Fe3+ (712.9 and 726.0 eV), with a satellite peak at 717.8 eV. This 

devolution result suggests that the majority of Fe3+ species were reduced to the Fe2+ species 

in Fe/NG-750 during the thermal treatment in Ar/NH3 atmosphere.  

2.3. Electrocatalytic performance of CO2 reduction  

 



 
77 

 

Figure 2.4. Electrocatalytic performance of CO2 reduction to CO over the Fe/NG 

catalysts. (a) Linear sweep voltammetry (LSV) curves of the Fe/NG-750 catalyst on glassy 

carbon electrodes in Ar- or CO2-saturated 0.1 M KHCO3 aqueous solution at the scan rate 

of 20 mV s-1, with a catalyst loading of 0.32 mg cm-2.  (b) Potential-dependent FE of CO 

for electrochemical CO2 reduction on Fe/NG catalysts prepared at different annealing 

temperatures (in aqueous 0.1 M KHCO3). (c) Partial current densities of CO on Fe/NG 

catalysts derived by corresponding potential-dependent FE data. (d) Chronoamperometric 

curves of stability test with Fe/NG-750 at -0.60 V vs RHE in the CO2-saturated 0.1 M 

KHCO3 solution. 

 

The CO2 reduction activity of Fe/NG-750 catalyst was initially investigated using 

linear sweep voltammetry (LSV) in CO2 saturated 0.1 M KHCO3 electrolyte with a 

standard three-electrode configuration. As illustrated in Figure 2.4a, a reductive current 

rises sharply as the potential sweeps to more negative than -0.30 V vs the reversible 

hydrogen electrode (RHE), suggesting a low overpotential for CO2 reduction on the 

Fe/NG-750 catalyst. On the contrary, the onset potential with a significant current increase 

is cathodically shifted in Ar-saturated 0.1 M KHCO3 electrolyte, which originated from the 

hydrogen evolution reaction (HER) since hydrogen was the only product detected. 

Moreover, the Fe/NG-750 in the CO2 saturated electrolyte exhibits approximately 2-fold 

higher current density at -0.80 V (vs RHE) than that of HER during Ar purging. The 

comparison of polarization curves indicates that the Fe/NG-750 catalyst is more active 

towards electrocatalytic CO2 reduction than to HER.  In order to quantify the activity and 
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selectivity of Fe/NG-750 towards the CO2 reduction, the electrochemical reduction was 

operated in a potentiostatic mode. The cathodic compartment was continuously saturated 

with CO2 at a constant flow rate of 10 mL/min and vented directly into the gas-sampling 

loop of a gas chromatograph (GC) to quantitatively analyze the gas-phase products. Liquid 

products formed in the CO2 reduction were identified by 1H nuclear magnetic resonance 

(NMR) spectroscopy after completion of the electrolysis. Carbon monoxide (CO) is the 

primary product detected by GC, while a trace amount of methane (CH4) with a Faradaic 

efficiency (FE) < 5% emerges at potentials more negative than -0.30 V vs RHE. In 

particular, a maximum FE of ~80% was achieved towards CO at -0.60 V vs RHE for 

Fe/NG-750 (Figure 2.4b). With higher overpotentials applied to the Fe/NG-750 catalyst, 

both FEs and partial current densities of CO production gradually drop since the 

competitive HER becomes dominant as H2 evolution is detected on the surface of electrode 

(Figure 2.4b), which is also in agreement with the LSV results in Figure 2.4a.  

 

Figure 2.5. Double-layer capacitance measurements for determining the 

electrochemical active surface area for the Fe/NG-750 on electrode. (a) CVs measured 
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in a non-Faradaic region with scan rate of 5 mV to 100 mV s-1. (b) The cathodic (red line) 

and anodic (blue line) currents measured at 0.10 V vs RHE as a function of the scan rate. 

The average of the absolute value of the slope is taken as the double-layer capacitance of 

the electrode. 

 

 

Figure 2.6. Electrocatalytic performance of Fe/NG-750 as cathode material in Li–

CO2 batteries. (a) Discharge/charge cycle curves of Fe/NG-750 in LiCF3SO3-TEGDME 

(mole ratio of 1: 4) at the current density of 0.08 mA cm-2 under a CO2 atmosphere.  (b) 

The initial discharge curves of the batteries with Fe/NG-750 cathodes at a current density 

of 0.08 mA/cm-2 under a CO2 atmosphere. 

 

Additionally, the electrochemically active surface area (ECSA) of Fe/NG-750 were 

determined by measuring the double-layer capacitance of 275 
2

ECSAcm (Figure 2.5 a, b). 

The Brunauer-Emmet-Teller (BET) surface areas of Fe/NG-750 were measured as 152.7 
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m2 g−1. The Li-CO2 battery galvanostatic discharge and charge of Fe/NG-750 was also 

tested at the current density of 0.08 mA cm-2, in a potential gap of 2.4–3.1 V under CO2.
31 

It delivered a capacity of 1150 µAh during discharge, showing the catalytic activity of 

Fe/NG-750 towards the discharging process of Li–CO2 batteries (Figure 2.6). 

 

 

Figure 2.7 TEM characterization of Fe/NG-800 control sample. (a, b) Representative 

HRTEM images and (c) SAED pattern of the Fe/NG-800, showing the appearance of 

metallic Fe nanoparticles at the edges of graphene and nanoparticle-induced etching of 

graphene by NH3.  
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Figure 2.8 TEM characterization of 2Fe/NG-750 control sample. (a, b) Representative 

HRTEM images and (c) SAED pattern of the 2Fe/NG-750, showing the appearance of 

Fe3O4 and metallic Fe nanoparticles at the edges of graphene.  

 

Figure 2.9.  XPS survey spectrum of Fe/NG control samples prepared at different 

annealing temperatures. 
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To elucidate the influence of nitrogen doping and to determine the optimal Fe/NG 

preparation conditions, Fe/NG catalysts were synthesized (denoted as Fe/NG-Tannealing) at 

a range of annealing temperatures in an Ar/NH3 atmosphere, and subsequently were 

evaluated for CO2 reduction. As shown in Figure 2.4b, for Fe/NG-700 (prepared at 700 °C), 

although the triggering potential for CO production is similar compared to that for Fe/NG-

750, both FEs of CO and CH4 are slightly lower at identical operating potentials (Figure 

2.4b). With further decreasing the annealing temperature to 650 °C, intriguingly the 

Fe/NG-650 exhibits negligible activity towards CO2 reduction. Meanwhile, an elevated 

annealing temperature at 800 °C also results in a negative shift of initial potential and 

drastic decrease of FEs. The highest FE of CO is ~12% at -0.57 V (vs RHE) for Fe/NG-

800, in sharp contrast to ~80% at -0.57 V for Fe/NG-750. Moreover, the aggregation of 

metallic Fe nanoparticles with diameters of ~20 nm was observed from HRTEM and SAED 

measurements of Fe/NG-800 (Figure 2.7); these have been shown to have low 

electrochemical CO2 reduction activity.32,33 Therefore, the annealing temperature should 

has significant effect on the catalytic activity, and should correlate to structural changes of 

the Fe active site. The highest nitrogen content among the series was achieved at 700-

750 °C, based on XPS analysis, agreeing well with the optimum CO2 reduction 

performance (Figure 2.9). The continuous potentiostatic electrolysis was further performed 

to evaluate the stability of the Fe/NG-750 catalyst, which is essential for the practical 

application of electrocatalysts. As shown in Figure 2.4d, the Fe/NG-750 catalyst maintains 

its selectivity and shows negligible decay of reduction current during the 10 h testing at -

0.60 V vs RHE, revealing its excellent long-term stability during electrochemical operation. 
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With the goal of investigating the role of Fe structure in CO2 reduction activity, the 

Fe concentration in the Fe/NG catalyst was varied by doubling or halving the amount of 

FeCl3 added in the GO precursor, with the products referred to as 2Fe/NG-750 or 

0.5Fe/NG-750, respectively. Except for the amount of FeCl3 added, the procedure was the 

same as for the Fe/NG-750 catalyst. HRTEM and SAED measurement reveals that the 

2Fe/NG-750 catalyst is composed of Fe3O4 and metallic Fe nanoparticles with diameters 

of 10-20 nm dispersed on the N-doped graphene surface (Figure 2.8). As expected, the 

2Fe/NG-750 catalyst exhibits trivial selectivity towards CO production (FE < 10%), 

confirming that the activity originates from the atomic-scale Fe instead of Fe-based 

nanoparticles. Interestingly, 0.5Fe/NG-750 catalyst also shows high FEs of CO2 towards 

CO reduction (74% at -0.57 V), which is comparable to that of Fe/NG-750. This 

phenomenon suggests that the same catalytically active sites likely exist in both 0.5Fe/NG-

750 and Fe/NG-750. To further study the composition of active sites, we prepared nitrogen-

doped reduced graphene oxide without Fe incorporation (NG-750) and Fe-containing 

graphene without N-doping (Fe-G-750) as reference samples. Under identical testing 

conditions, there is no significant activity towards the CO2 reduction observed for NG-750, 

excluding the contribution from the nitrogen-doped reduced graphene oxide substrate. The 

activity difference between NG-750 and previously reported N-doped CVD grown 

graphene may result from structure and crystallinity divergence.34 The Fe/G-750 composite 

exhibits poor electrochemical activity towards CO2 reduction as well. Based on the 

performance results above, we can conclude that the synergistic effect between N and 

atomic Fe species on graphene contributes to the electrochemical CO2 reduction activity of 
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Fe/NG-750 and 0.5Fe/NG-750, instead of N-doped graphene or Fe-based nanoparticles 

themselves. The enhancement of activity in sub-nanometer or SACs with M-N-C structures 

has also been previously reported or proposed for other reactions.18, 35-36 

2.4. XAFS characterization of Fe moieties on nitrogen-doped graphene 

 

Figure 2.10. Dependence of catalytic activity and XAFS investigation on the Fe 

moieties. (a) FE of CO for electrochemical CO2 reduction in case of Fe/NG control samples 

prepared under different conditions in comparison with Fe/NG-750. (b) Fourier transform 
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magnitudes of the experimental Fe K-edge EXAFS spectra of the Fe/NG control samples 

along with FePc, Fe foil and Fe3O4 reference samples. (c) The normalized Fe K-edge 

XANES spectra of Fe/NG control samples. (d) Normalized Fe K-edge XANES spectra of 

0.5Fe/NG-750 catalyst (black line) and FePc reference (red line); the inset shows the 

enlarged view of pre-edge features.  

 

To gain insight into the chemical origin of catalytic activity for electrochemical 

CO2 reduction in Fe/NG-750 and 0.5Fe/NG-750, X-ray absorption fine structure (XAFS) 

spectroscopy at Fe K-edge, a sensitive analytical technique for identifying the arrangement 

of atoms around the photo-absorber, was used to further probe the chemical state and 

coordination structure of Fe. Figure 2.10b shows the k3-weighted extended XAFS (EXAFS) 

Fourier transforms of Fe K-edge for Fe/NG-750 and control samples, as well as the 

reference spectra of commercial Fe phthalocyanine (FePc), Fe3O4 and Fe foil for 

comparison. It is found that both Fe/NG-750 and 0.5Fe/NG-750 exhibit peaks at 1.56 Å, 

corresponding to the bond length of Fe-N in FePc, revealing the coordination between Fe 

and N on nitrogen-doped graphene. The EXAFS spectrum of Fe/NG-800 shows stronger 

Fe-Fe coordination peak intensity at 2.09 Å compared to that of Fe/NG-750, which is 

consistent with the HRTEM results that more Fe nanocrystals are formed in the sample 

(Figure 2.7). Conversely, the spectrum of 2Fe/NG-750 is more like that of a Fe3O4 and 

metallic Fe mixture, with two strong peaks at 1.41 Å and 2.21 Å that are assigned to Fe-O 

and Fe-Fe, respectively, by reference to the spectra for Fe3O4 and Fe foil. The absence of 

the Fe–Fe signal in the EXAFS spectrum of 0.5Fe/NG-750 catalyst indicates that formation 
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of metallic Fe nanoclusters was avoided. Combined with the electrochemical performance, 

the results suggest that CO2 reduction activity in Fe/NG-750 and 0.5Fe/NG-750 samples is 

predominantly derived from the active sites with Fe-N coordination. The significantly 

reduced activity for Fe/NG-800 and 2Fe/NG-750 sample is attributed to the more Fe-based 

nanoparticles formed in the sample. This leads to the conclusion that temperatures above 

800 °C or an excessive amount of Fe produces fewer catalytic sites with Fe-N coordination. 

The local and electronic environment of Fe sites in Fe/NG samples was further investigated 

through X-ray absorption near-edge structure (XANES) spectroscopy, exploiting its higher 

sensitivity to the arrangement of atoms around the photo-absorber (Figure 2.10c). 

Compared to the reference spectrum of FePc (black line), the lower pre-edge shoulder 

feature at 7118 eV in the XANES profile of 0.5Fe/NG-750 is the signal due to the broken 

square-planar D4h symmetry. This result is in line with the pyridinic Fe–N4 square-

pyramidal based geometry.20, 37  
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Figure 2.11. Linear combination fit (LCF) of XANES spectra of Fe/NG-750 and 

Fe/NG-800. (a) XANES spectrum of Fe/NG-750 and linear combination fit from XANES 

reference spectra of FePc and Fe foil. (b) XANES spectrum of Fe/NG-800 and linear 

combination fit from XANES reference spectra of FePc and Fe foil 

 

Through the linear combination fitting (LCF) of XANES spectra on pre-edge using 

FePc and Fe foil as references, the relative ratios of Fe-N bonds (from Fe-N4 sites) to Fe-

Fe bonds (from metallic Fe nanocrystals) in the 0.5Fe/NG-750, Fe/NG-750 and Fe/NG-

800 were calculated; these values were: 100%:0%, 70.3%:29.7%, and 41.2%:58.8%, 

respectively, consistent with the TEM and HAADF-STEM observations (Figure 2.11). 

Together with the enhanced CO2 reduction activity and Fe-N signal intensity of Fe/NG-

750 and 0.5Fe/NG-750 in comparison with 2Fe/NG-750 and Fe/NG-800, it can be 

concluded that the catalytic activity of the catalyst is strongly correlated with the 

monatomic dispersion of the Fe on nitrogen-doped with Fe-N4 based configuration.  
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2.5. DFT and PDOS investigation of CO2RR mechanism  

 

Figure 2.12. Theoretical calculations and proposed mechanism on the nitrogen-

coordinated Fe catalytic site. (a) Free energy diagram for electrochemical CO2 reduction 

to CO on Fe-N4 moieties embedded on graphene sheets. The proposed associative 

mechanism involves the following steps: (1) CO2 + * + H+ + e- → COOH* (2) COOH* + 

H+ + e- 
→ CO* + H2O (3) CO*  

→ CO + *, where * denotes the active site on the catalyst 

surface. (b) Top view of the optimized structures for Fe-N4 moieties embedded on graphene 

layer and potential nitrogen-substitution. 

 

To further understand the mechanism of CO2 reduction reaction on Fe-N4 moieties 

embedded in N-doped graphene, a density functional theory simulation implemented in 

VASP38 has been performed. The Computational Hydrogen Electrode model has been 

applied to calculate the free energy diagram (see Methods for details).39 The pathway in 

which CO2 is reduced to CO through a carboxyl (*COOH) intermediate with two protons 

and electrons transferred was considered.40 Figure 2.12a shows the calculated free energy 
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diagrams of the CO2 reduction intermediates bound on Fe-N4 moieties with optimized 

geometries. The adsorption of a CO2 molecule initially occurs on the Fe catalytic site with 

concerted protonation and electron transfer, leading to the formation of *COOH. After the 

formation of the Fe-N4-COOH intermediate, it can undergo further proton-electron transfer 

reduction to form a CO* adduct and release one H2O molecule. The main product CO is 

finally generated from the dissociation of weakly bonded CO* adduct. We find that the 

potential limiting step is the formation of (*COOH) species via protonation. As a result, 

the formation of *COOH with an energy barrier of 0.63 eV could be considered as the 

potential limiting step in this reduction pathway on Fe-N4 moiety, which is higher than the 

experimentally observed overpotential value of ~0.3 V.  

 

Table 2.1. The adsorption energy (Ead) values of CO2 reduction intermediate on Fe-

N4 moieties on nitrogen-doped graphene. All results are in eV units. 

 COOH* CO* 

Fe-N4
 

0.70 -0.40 

Fe-N4+Ng(1) 0.54 -0.38 

Fe-N4+Ng(2)
 

0.48 -0.31 

Fe-N4+2Ng(2) 0.36 -0.14 
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Figure 2.13. The partial density of states (PDOS) of the Fe-N4 moieties embedded on 

graphene layer and graphene layer with two graphitic nitrogen Ng(2) substitution 

(Fe-N4+2Ng(2)). (a) d orbitals of Fe. (b) 5σ orbitals of O in CO molecule binding on Fe in 

Fe-N4 and Fe-N4+2Ng(2) structure. The dashed lines indicate the corresponding Fermi 

level. For the formation step of COOH*, the raised Fermi level and d-band center in Fe-

N4+2Ng(2) are observed, which causes the binding energy of COOH* intermediate with 

Fe site is stronger in the Fe-N4+2Ng(2) than the Fe-N4 system. For the CO desorption step, 

the more occupied antibonding state 5𝝈* and smaller difference between 5𝝈 and 5𝝈* 

suggest a weaker CO binding in the Fe-N4+2Ng(2) than the Fe-N4 system 

 

In addition, nitrogen doping on graphene matrix had demonstrated a synergic effect 

to facilitate some catalytic pathways.41-43 Thus, three free energy diagrams with different 

graphitic nitrogen doping configurations are considered, as illustrated in Figure 2.12b and 

Table 2.1. We find that the nitrogen substitution on graphene improves the catalytic activity 

of the Fe-N4 moieties by lowering the energy barrier of COOH* formation, as well as 

facilitating the CO* desorption step according to the free energy diagram. The energy 
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barrier for *COOH decreases from 0.63 eV (only Fe-N4 motif in graphene) to 0.29 eV (Fe-

N4 motif with two graphitic N), which is in consistent with our experimental data. 

Moreover, since the CO adsorption energy decreased from 0.5 eV to 0.3 eV, CO will tend 

to be released as more stable gaseous product rather than adsorbed CO*.6, 44 The partial 

density of states (PDOS) of FeN4 and Fe-N4+2Ng(2) systems are further calculated, 

suggesting the change of occupied DOS with additional nitrogen substitution on graphene 

could facilitate the formation COOH* and the releasing of CO* (Figure 2.13). These results 

indicate a potential promotional effect of nitrogen-doping on graphene for electrochemical 

CO2 reduction. Therefore, the highly efficient activity of CO2 reduction to CO could be 

attributed to the synergetic effect of the Fe-N4 moieties and nitrogen-doping on the 

graphene surface. 

 

2.6. Conclusion  

In summary, we have demonstrated the syntheses of low content atomic Fe 

dispersed on nitrogen-doped graphene for high-performance reduction of CO2 to CO in 0.1 

M KHCO3. Detailed structural characterizations including HRTEM, HAADF-STEM, EDS 

revealed the homogenous dispersion of Fe atoms on the nitrogen-doped graphene substrate. 

The as-prepared catalyst achieves an impressive activity for electrochemical reduction of 

CO2 to CO at moderate overpotentials, along with high selectivity and long-term stability. 

The formation of Fe nanoparticles or the absence of nitrogen doping both lowered the CO2 

reduction activity in the control samples, which established a structure-property correlation 
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between the atomic distribution of Fe on nitrogen-doped graphene and the electrocatalytic 

performance. The synchrotron-radiation characterizations and theoretical simulations 

indicated that the pyridinic Fe-N4 structure and nitrogen-doping were found to play vital 

roles in the enhancement of CO conversion. The introduction of trace Fe atoms in nitrogen-

doped graphene matrices can form the Fe-N4 sites for enhanced CO2 adsorption and 

improved CO2 activation. This work has built a bridge between homogenous and 

heterogenous catalysts, expanding the possibility of designing and engineering atomic 

structures of graphene with earth-abundant metals toward efficient and selective 

electrochemical CO2 reduction in aqueous solution. 

2.7. Experimental Methods 

General preparation of Fe/NG materials 

As a representative example, 200 mg of GO was dispersed in 400 mL of deionized 

water. Afterward, an aqueous FeCl3 solution of the appropriate concentration was added 

into the GO solution followed by bath sonication. The mixture was then lyophilized to form 

a 3D GO foam with uniformly distributed Fe ions. The 3D GO foams were annealed at 

various temperatures under Ar (100 sccm) and NH3 (50 sccm) at room pressure for 

simultaneous nitrogen doping and GO reduction. The samples prepared at 650 °C, 700 °C, 

750 °C and 800°C were designated as Fe/NG-650, Fe/NG-700, Fe/NG-750 and Fe/NG-

800, respectively. The Fe modified reduction of GO, nitrogen doping reduction of GO and 

double Fe content N-doping reduction of GO annealed at 750 °C are designated as Fe-G-

750, NG-750 and 2Fe/NG-750, respectively.  
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Characterization 

TEM images were attained on a JEOL-2100F field emission gun TEM equipped 

with an EDS detector at an acceleration voltage of 200 kV. SEM images were acquired on 

a JEOL 6500F SEM. Aberration-corrected TEM and HAADF-STEM measurements were 

carried out at 80 keV using a FEI Titan Themis3 S/TEM equipped with image and probe 

spherical aberration correctors. Chemical compositions and elemental oxidation states of 

the samples were investigated by XPS spectra with a base pressure of 5 × 10−9 Torr. The 

survey spectra were recorded in a 0.5-eV step size with a pass energy of 140 eV. Detailed 

scans were recorded in 0.1 eV step sizes with a pass energy of 26 eV. The elemental spectra 

were all shifted with respect to C 1s peaks at 284.5 eV as reference. XRD analysis was 

performed by a Rigaku D/Max Ultima II (Rigaku Corporation) configured with a Cu Kα 

radiation, graphite monoichrometer and scintillation counter. Quantitative analysis of Fe 

loading was carried using a PerkinElmer Optima 4,300 DV ICP-AES. A Renishaw Raman 

microscope using 532-nm laser excitation at room temperature with a laser power of 5 mW 

was employed to obtain Raman spectra. X-ray absorption fine structure experiments were 

performed at Taiwan Light Source (TLS, Beamline 17C1). The sample is pressed into a 

thin pellet and the data is collected in transmission mode using ion-chamber as the detector. 

Electrochemical measurements. 

Electrochemical measurements were measured in a three-electrode system at an 

electrochemical workstation. The carbon fiber paper with the catalyst layer was cut into 1 

cm × 2 cm rectangles acting as the working electrode. The RuO2 and Ag/AgCl electrodes 

(with saturated KCl solution) served as the counter electrode and the reference electrodes, 
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respectively. In a typical synthesis of the working electrode, a catalyst ink was prepared by 

dispersing 4 mg of catalyst and 80 µL of 5 wt% Nafion solution into 1 mL of 4:1 (v/v) 

water/ethanol with 3 h sonication bath, and 0.5 mL of the catalyst ink was loaded and dried 

into a carbon fiber paper (1 cm × 2 cm). 

The electrochemical measurements for CO2 reduction were performed in a CO2-

saturated 0.1M KHCO3 electrolyte (pH 6.8). A flow of CO2 (~ 10 sccm), generated from a 

constant stream bubbling in the cell solution, was purged into the KHCO3 solution during 

the measurement to remove residual air and ensure continuous CO2 saturation. The gas 

products of CO2 electrochemical reduction were detected by an online micro gas 

chromatography (GC) equipped with a TCD detector and Molsieve 5Å column once every 

10 min. After 30 min continuous electrolysis, the KHCO3 solution was collected and 

analyzed on a Bruker 600 MHz 1H NMR spectrometer to identify the liquid products. The 

LSV measurements were carried out in the potential range of 0.10 to -1.2 V (vs RHE) with 

scan rate of 20 mV s-1 (the electrolyte was sparged with Ar gas for Ar saturation). The 

durability tests were performed by keeping the working potential at -0.60 V (vs RHE) for 

36,000 s. 

 

DFT simulation. 

The Fe-N4 moieties in N-doped graphene are modeled by a 5  6 graphene supercell 

with one Fe-N4 moiety including a 12 Å vacuum region. The Perdew-Burke-Ernzerhof 

functional[47] is used to describe the exchange-correlation effect and the cut off energy is 

400 eV. The convergence force in structural relaxation is 0.01 eV/Å. The K point mesh is 
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gamma point centered grid with 3  3  1. All calculations are spin polarized. The free 

energy is calculated as G = 𝐸𝐷𝐹𝑇 + 𝐸𝑍𝑃𝐸 − 𝑇𝑆𝑣𝑖𝑏, where EDFT and EZPE is the electronic 

and zero point vibrational energy obtained from DFT calculations and ∆Svib is the 

vibrational entropy which is calculated as 𝑆𝑣𝑖𝑏 =  𝑘𝐵𝑇 ∑ [− ln (1 − 𝑒
−

𝜀𝑖
𝑘𝐵𝑇) +3𝑁

𝑖

𝜀𝑖

𝑘𝐵𝑇(𝑒

𝜀𝑖
𝑘𝐵𝑇−1)

] where N is the number of atoms in adsorbate, i is the vibrational energy, and 

T is 300K.  

 

 

2.8. References 

1. Aresta, M.; Dibenedetto, A.; Angelini, A., Catalysis for the valorization of exhaust 

carbon: from CO2 to chemicals, materials, and fuels. technological use of CO2. Chem. Rev. 

2014, 114, 1709-1742. 

2. Appel, A. M.; Bercaw, J. E.; Bocarsly, A. B.; Dobbek, H.; DuBois, D. L.; Dupuis, M.; 

Ferry, J. G.; Fujita, E.; Hille, R.; Kenis, P. J. A.; Kerfeld, C. A.; Morris, R. H.; Peden, C. H. 

F.; Portis, A. R.; Ragsdale, S. W.; Rauchfuss, T. B.; Reek, J. N. H.; Seefeldt, L. C.; Thauer, 

R. K.; Waldrop, G. L., Frontiers, opportunities, and challenges in biochemical and chemical 

catalysis of CO2 fixation. Chem. Rev. 2013, 113, 6621-6658. 

3. Otto, A.; Grube, T.; Schiebahn, S.; Stolten, D., Closing the loop: captured CO2 as a 

feedstock in the chemical industry. Energy Environ. Sci. 2015, 8, 3283-3297. 



 
96 

 

4. Benson, E. E.; Kubiak, C. P.; Sathrum, A. J.; Smieja, J. M., Electrocatalytic and 

homogeneous approaches to conversion of CO2 to liquid fuels. Chem. Soc. Rev. 2009, 38, 

89-99. 

5. Kortlever, R.; Shen, J.; Schouten, K. J. P.; Calle-Vallejo, F.; Koper, M. T. M., Catalysts 

and reaction pathways for the electrochemical reduction of carbon dioxide. J. Phys. Chem. 

Lett. 2015, 6, 4073-4082. 

6. Peterson, A. A.; Nørskov, J. K., Activity Descriptors for CO2 Electroreduction to 

methane on transition-metal catalysts. J. Phys. Chem. Lett. 2012, 3, 251-258. 

7. Li, C. W.; Kanan, M. W., CO2 reduction at low overpotential on Cu electrodes resulting 

from the reduction of thick Cu2O films. J. Am. Chem. Soc. 2012, 134 , 7231-7234. 

8. Schouten, K. J. P.; Kwon, Y.; van der Ham, C. J. M.; Qin, Z.; Koper, M. T. M., A new 

mechanism for the selectivity to C1 and C2 species in the electrochemical reduction of 

carbon dioxide on copper electrodes. Chem. Sci. 2011, 2, 1902-1909. 

9. Wu, J.; Ma, S.; Sun, J.; Gold, J. I.; Tiwary, C.; Kim, B.; Zhu, L.; Chopra, N.; Odeh, I. N.; 

Vajtai, R.; Yu, A. Z.; Luo, R.; Lou, J.; Ding, G.; Kenis, P. J. A.; Ajayan, P. M., A metal-free 

electrocatalyst for carbon dioxide reduction to multi-carbon hydrocarbons and oxygenates. 

Nat. Commun. 2016, 7, 13869. 

10. Rofer-DePoorter, C. K., A Comprehensive mechanism for the Fischer-Tropsch 

synthesis. Chem. Rev. 1981, 81, 447-474. 

11. Jahangiri, H.; Bennett, J.; Mahjoubi, P.; Wilson, K.; Gu, S., A review of advanced 

catalyst development for Fischer-Tropsch synthesis of hydrocarbons from biomass derived 

syn-gas. Catal. Sci. Tech. 2014, 4, 2210-2229. 



 
97 

 

12. Chen, Y.; Li, C. W.; Kanan, M. W., Aqueous CO2 reduction at very low overpotential 

on oxide-derived Au nanoparticles. J. Am. Chem. Soc. 2012, 134, 19969-19972. 

13. Kim, C.; Jeon, H. S.; Eom, T.; Jee, M. S.; Kim, H.; Friend, C. M.; Min, B. K.; Hwang, 

Y. J., Achieving Selective and Efficient Electrocatalytic activity for CO2 reduction using 

immobilized silver nanoparticles. J. Am. Chem. Soc. 2015, 137, 13844-13850. 

14. Tatin, A.; Comminges, C.; Kokoh, B.; Costentin, C.; Robert, M.; Savéant, J.-M., 

Efficient electrolyzer for CO2 splitting in neutral water using earth-abundant materials. 

Proc. Natl. Acad. Sci. 2016, 113, 5526-5529. 

15. Li, Q.; Fu, J.; Zhu, W.; Chen, Z.; Shen, B.; Wu, L.; Xi, Z.; Wang, T.; Lu, G.; Zhu, J.-j.; 

Sun, S., Tuning Sn-Catalysis for electrochemical reduction of CO2 to CO via the core/shell 

Cu/SnO2 structure. J. Am. Chem. Soc. 2017, 139, 4290-4293. 

16. Wu, J.; Yadav, R. M.; Liu, M.; Sharma, P. P.; Tiwary, C. S.; Ma, L.; Zou, X.; Zhou, X.-

D.; Yakobson, B. I.; Lou, J.; Ajayan, P. M., Achieving highly efficient, selective, and stable 

CO2 reduction on nitrogen-doped carbon nanotubes. ACS Nano 2015, 9, 5364-5371. 

17. Asadi, M.; Kumar, B.; Behranginia, A.; Rosen, B. A.; Baskin, A.; Repnin, N.; Pisasale, 

D.; Phillips, P.; Zhu, W.; Haasch, R.; Klie, R. F.; Král, P.; Abiade, J.; Salehi-Khojin, A., 

Robust carbon dioxide reduction on molybdenum disulphide edges. Nat. Commun. 2014, 

5, 4470. 

18. Bezerra, C. W. B.; Zhang, L.; Lee, K.; Liu, H.; Marques, A. L. B.; Marques, E. P.; Wang, 

H.; Zhang, J., A review of Fe–N/C and Co–N/C catalysts for the oxygen reduction reaction. 

Electrochim. Acta 2008, 53, 4937-4951. 



 
98 

 

19. Jaouen, F.; Proietti, E.; Lefevre, M.; Chenitz, R.; Dodelet, J.-P.; Wu, G.; Chung, H. T.; 

Johnston, C. M.; Zelenay, P., Recent advances in non-precious metal catalysis for oxygen-

reduction reaction in polymer electrolyte fuel cells. Energy Environ. Sci. 2011, 4, 114-130. 

20. Zitolo, A.; Goellner, V.; Armel, V.; Sougrati, M.-T.; Mineva, T.; Stievano, L.; Fonda, 

E.; Jaouen, F., Identification of catalytic sites for oxygen reduction in iron- and nitrogen-

doped graphene materials. Nat. Mater. 2015, 14, 937-942. 

21. Zhao, S.; Yin, H.; Du, L.; He, L.; Zhao, K.; Chang, L.; Yin, G.; Zhao, H.; Liu, S.; Tang, 

Z., Carbonized Nanoscale Metal–Organic Frameworks as High Performance 

Electrocatalyst for Oxygen Reduction Reaction. ACS Nano 2014, 8, 12660-12668. 

22. Zhao, S.; Wang, Y.; Dong, J.; He, C.-T.; Yin, H.; An, P.; Zhao, K.; Zhang, X.; Gao, C.; 

Zhang, L.; Lv, J.; Wang, J.; Zhang, J.; Khattak, A. M.; Khan, N. A.; Wei, Z.; Zhang, J.; Liu, 

S.; Zhao, H.; Tang, Z., Ultrathin metal–organic framework nanosheets for electrocatalytic 

oxygen evolution. Nat. Energy 2016, 1, 16184. 

23. Tripkovic, V.; Vanin, M.; Karamad, M.; Björketun, M. E.; Jacobsen, K. W.; Thygesen, 

K. S.; Rossmeisl, J., Electrochemical CO2 and CO Reduction on Metal-Functionalized 

Porphyrin-like Graphene. J. Phys. Chem. C 2013, 117, 9187-9195. 

24. Yang, X.-F.; Wang, A.; Qiao, B.; Li, J.; Liu, J.; Zhang, T., Single-Atom Catalysts: A 

New Frontier in Heterogeneous Catalysis. Acc. Chem. Res. 2013, 46, 1740-1748. 

25. Liu, M.; Zhang, R.; Chen, W., Graphene-Supported Nanoelectrocatalysts for Fuel Cells: 

Synthesis, Properties, and Applications. Chem. Rev. 2014, 114, 5117-5160. 



 
99 

 

26. Li, X.; Wang, H.; Robinson, J. T.; Sanchez, H.; Diankov, G.; Dai, H., Simultaneous 

Nitrogen Doping and Reduction of Graphene Oxide. J. Am. Chem. Soc. 2009, 131, 15939-

15944. 

27. Masa, J.; Xia, W.; Muhler, M.; Schuhmann, W., On the Role of Metals in Nitrogen-

Doped Carbon Electrocatalysts for Oxygen Reduction. Angew. Chem. Int. Ed. 2015, 54, 

10102-10120. 

28. Fei, H.; Dong, J.; Arellano-Jimenez, M. J.; Ye, G.; Dong Kim, N.; Samuel, E. L. G.; 

Peng, Z.; Zhu, Z.; Qin, F.; Bao, J.; Yacaman, M. J.; Ajayan, P. M.; Chen, D.; Tour, J. M., 

Atomic cobalt on nitrogen-doped graphene for hydrogen generation. Nat. Commun. 2015, 

6, 8668. 

29. Marcano, D. C.; Kosynkin, D. V.; Berlin, J. M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; 

Alemany, L. B.; Lu, W.; Tour, J. M., Improved Synthesis of Graphene Oxide. ACS Nano 

2010, 4, 4806-4814. 

30. Romanchuk, A. Y.; Slesarev, A. S.; Kalmykov, S. N.; Kosynkin, D. V.; Tour, J. M., 

Graphene oxide for effective radionuclide removal. Phys. Chem. Chem. Phys. 2013, 15, 

2321-2327. 

31. Romanchuk, A. Y.; Kuzenkova, A. S.; Slesarev, A. S.; Tour, J. M.; Kalmykov, S. N., 

Cs(I) and Sr(II) Sorption onto Graphene Oxide. Solvent Extr. Ion Exch. 2016, 34, 594-602. 

32. Zhang, C.; Sha, J.; Fei, H.; Liu, M.; Yazdi, S.; Zhang, J.; Zhong, Q.; Zou, X.; Zhao, N.; 

Yu, H.; Jiang, Z.; Ringe, E.; Yakobson, B. I.; Dong, J.; Chen, D.; Tour, J. M., Single-Atomic 

Ruthenium Catalytic Sites on Nitrogen-Doped Graphene for Oxygen Reduction Reaction 

in Acidic Medium. ACS Nano 2017, 11, 6930-6941. 



 
100 

 

33. Liu, Y.; Wang, R.; Lyu, Y.; Li, H.; Chen, L., Rechargeable Li/CO2-O2 (2 : 1) battery and 

Li/CO2 battery. Energy Environ. Sci. 2014, 7, 677-681. 

34. Liu, C.; Cundari, T. R.; Wilson, A. K., CO2 Reduction on Transition Metal (Fe, Co, Ni, 

and Cu) Surfaces: In Comparison with Homogeneous Catalysis. J. Phys. Chem. C 2012, 

116, 5681-5688. 

35. Liu, C.; He, H.; Zapol, P.; Curtiss, L. A., Computational studies of electrochemical CO2 

reduction on subnanometer transition metal clusters. Phys. Chem. Chem. Phys. 2014, 16, 

26584-26599. 

36. Wang, Q.; Zhou, Z.-Y.; Lai, Y.-J.; You, Y.; Liu, J.-G.; Wu, X.-L.; Terefe, E.; Chen, C.; 

Song, L.; Rauf, M.; Tian, N.; Sun, S.-G., Phenylenediamine-Based FeNx/C Catalyst with 

High Activity for Oxygen Reduction in Acid Medium and Its Active-Site Probing. J. Am. 

Chem. Soc. 2014, 136, 10882-10885. 

37. Deng, D.; Chen, X.; Yu, L.; Wu, X.; Liu, Q.; Liu, Y.; Yang, H.; Tian, H.; Hu, Y.; Du, P.; 

Si, R.; Wang, J.; Cui, X.; Li, H.; Xiao, J.; Xu, T.; Deng, J.; Yang, F.; Duchesne, P. N.; Zhang, 

P.; Zhou, J.; Sun, L.; Li, J.; Pan, X.; Bao, X., A single iron site confined in a graphene 

matrix for the catalytic oxidation of benzene at room temperature. Sci. Adv. 2015, 1, 

e1500462. 

38. Liu, W.; Zhang, L.; Liu, X.; Liu, X.; Yang, X.; Miao, S.; Wang, W.; Wang, A.; Zhang, 

T., Discriminating Catalytically Active FeNx Species of Atomically Dispersed Fe–N–C 

Catalyst for Selective Oxidation of the C–H Bond. J. Am. Chem. Soc. 2017, 139, 10790-

10798. 



 
101 

 

39. Tang, H.; Yin, H.; Wang, J.; Yang, N.; Wang, D.; Tang, Z., Molecular Architecture of 

Cobalt Porphyrin Multilayers on Reduced Graphene Oxide Sheets for High-Performance 

Oxygen Reduction Reaction. Angew. Chem. Int. Ed. 2013, 52, 5585-5589. 

40. Sun, J.; Yin, H.; Liu, P.; Wang, Y.; Yao, X.; Tang, Z.; Zhao, H., Molecular engineering 

of Ni-/Co-porphyrin multilayers on reduced graphene oxide sheets as bifunctional catalysts 

for oxygen evolution and oxygen reduction reactions. Chem. Sci. 2016, 7, 5640-5646. 

41. Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson, K. O.; Solomon, E. 

I., A Multiplet Analysis of Fe K-Edge 1s → 3d Pre-Edge Features of Iron Complexes. J. 

Am. Chem. Soc. 1997, 119, 6297-6314. 

42. Kresse, G.; Furthmuller, J., Efficient iterative schemes for ab initio total-energy 

calculations using a plane-wave basis set. Phys. Rev. B 1996, 54 (16), 11169-11186. 

43. Peterson, A. A.; Abild-Pedersen, F.; Studt, F.; Rossmeisl, J.; Norskov, J. K., How copper 

catalyzes the electroreduction of carbon dioxide into hydrocarbon fuels. Energy Environ. 

Sci. 2010, 3, 1311-1315. 

44. Hansen, H. A.; Varley, J. B.; Peterson, A. A.; Nørskov, J. K., Understanding Trends in 

the Electrocatalytic Activity of Metals and Enzymes for CO2 Reduction to CO. J. Phys. 

Chem. Lett. 2013, 4, 388-392. 

45. Gracia-Espino, E., Behind the Synergistic Effect Observed on Phosphorus–Nitrogen 

Codoped Graphene during the Oxygen Reduction Reaction. J. Phys. Chem. C 2016, 120, 

27849-27857. 



 
102 

 

46. Yin, H.; Zhang, C.; Liu, F.; Hou, Y., Hybrid of Iron Nitride and Nitrogen-Doped 

Graphene Aerogel as Synergistic Catalyst for Oxygen Reduction Reaction. Adv. Funct. 

Mater. 2014, 24, 2930-2937. 

47. Liang, J.; Jiao, Y.; Jaroniec, M.; Qiao, S. Z., Sulfur and Nitrogen Dual-Doped 

Mesoporous Graphene Electrocatalyst for Oxygen Reduction with Synergistically 

Enhanced Performance. Angew. Chem. Int. Ed. 2012, 51, 11496-11500. 

48. Zhu, G.; Li, Y.; Zhu, H.; Su, H.; Chan, S. H.; Sun, Q., Curvature-Dependent Selectivity 

of CO2 Electrocatalytic Reduction on Cobalt Porphyrin Nanotubes. ACS Catal. 2016, 6, 

6294-6301. 

49. Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized gradient approximation made 

simple (vol 77, pg 3865, 1996). Phys. Rev. Lett. 1997, 78, 1396-1396. 

50. Zhang, C.; Yang, S.; Wu, J.; Liu, M.; Yazdi, S.; Ren, M.; Sha, J.; Zhong, J.; Nie, K.; 

Jalilov, A. S.; Li, Z.; Li, H.; Yakobson, B. I.; Wu, Q.; Ringe, E.; Xu, H.; Ajayan, P. M.; Tour, 

J. M., Electrochemical CO2 Reduction with Atomic Iron-Dispersed on Nitrogen-Doped 

Graphene. Adv. Energy Mater. 2018, 8, 1703487. 

 



 
103 

 

2.9. Experimental Contributions 

Chenhao Zhang designed and performed the synthesis, sample characterization, 

electrocatalytic experiments and wrote the paper. Jingjie Wu and Hui Xu carried out some 

of sample characterization and electrocatalytic experiment. Shize Yang and Sadegh Yazdi 

performed the HAADF-STEM and EELS characterization. Mingjie Liu and Boris I. 

Yakobson help to perform the DFT calculation and to study the CO2 reduction mechanism; 

Jun Zhong assisted with analysis and discussion of EXAFS and XANES results. Pulickel 

M. Ajayan and James M. Tour supervised the entire project and corrected the manuscript. 

All authors discussed the results. 

 

 

 



 
104 

 

Chapter 3 

Atomic Molybdenum Anchoring on Holey 

Nitrogen-doped Graphene for Efficient 

Nitrogen Reduction Reaction 

This section was mostly adapted from unpublished manuscript  

3.1.  Introduction 

Nitrogen, as the one of the most abundant elements, is essential for the growth, 

reproduction and biosynthesis in both plants and animals. It constitutes the skeletons of 

proteins, nucleotides and other ubiquitous biological molecules that comprise the 

hereditary material and life’s blueprint for all cells and living organism.1 Although 

molecular dinitrogen (N2) is the major component on earth that comprises ~78% of the 

Earth's atmosphere, the covalent N≡N triple bond with high bond energy of 940.95 kJ mol-

1 makes it one of the most stable molecules in chemistry and strongly limits its reactivity.2 

Due to the increase in human population, human-made nitrogen-containing fertilizers are 

crucial for the production of sufficient food to support approximately half of the global 
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population.3 The industrial conversion of N2 in the atmosphere to NH3 relies heavily on the 

energy-intensive Haber–Bosch process that uses high temperature and pressure (350–

550 °C, 150–350 atm).4-5 Despite its appealing capacity, a search for processes that do not 

use the harsh conditions and high energy consumption in Haber–Bosch process has been 

ongoing for decades.6 Moreover, the requirement for the H2 feedstock that is often 

produced from the steam reforming of fossil fuels, leads to large concomitant emission of 

CO2. Taken together, the Haber–Bosch process for NH3 synthesis currently results in 1–2% 

of the world’s annual energy supply consumption.7 Therefore, it is desirable to find a more 

sustainable and economical process for N2 fixation and NH3 production.8 

In nature, the fixation of N2 to NH3 is a fundamental process occurring in 

microorganisms such as bacteria via the nitrogenase enzymes, in which NH3 is 

synthesized from atmospheric N2, H2O, transferred electrons and energy provided by 

adenosine triphosphate (ATP) on a MoFe-cofactor under ambient conditions (N2 + 

6H+ + nMg-ATP + 6e– (nitrogenase) → 2NH3 + nMg-ADP + nPi).9-10 Heuristically, the 

mechanism of the nitrogen reduction reaction (NRR) in nitrogenase has recently inspired 

the investigation of alternative electrochemical processes to directly reduce N2 to NH3 at 

room temperature and pressure.11-13 However, up to now, few strategies have been 

developed to optimize the NH3 production rate or to alleviate the thermodynamic 

requirements using different electrocatalytic approaches. A series of transition-metal based 

(e.g., Fe, Ru, and Mo) molecular catalysts have been designed and synthesized in order to 

achieve homogeneous catalytic activity for NRR.14-16 Even though these molecular 

catalysts sometime exhibit intriguing activities, the poor durability, weak attachment and 
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electron transfer from catalyst to electrodes generally limit their practical applications. On 

the other hand, for heterogenous catalysts, much attention has focused on noble-metal 

based (e.g., Au, Ru, and Pd) nanoparticle electrocatalysts, and these reported studies 

experimentally demonstrated the difficulties for NRR proceeding on the electrode interface 

in aqueous electrolytes with an average Faradaic efficiency of ~5%.17-19 Generally, there 

are three main challenges towards achieving a high Faradaic efficiency for NRR on 

traditional heterogenous catalysts: (1) Most heterogenous catalysts, either metal or non-

metal-based, have a weak-binding adsorption for molecular N2, limiting the first activation 

step of N2 through M*-N2; (2) Large overpotential is usually found to be essential for NRR 

on heterogenous catalysts in order to protonate the intermediate species and make the 

reaction kinetically feasible. (3) The competing hydrogen evolution reaction (HER), 

leading to a deteriorated Faradaic efficiency for NRR, could easily occur with the large 

overpotential for traditional metal-based heterogenous catalysts. Only a few bulk metals 

(e.g., Re, Sc, Y, and Zr) are capable of suppressing the HER at low potentials but they still 

lack effective activities to obtain acceptable NRR performances.11, 20-21 Therefore, single-

atom catalysts (SAC), which established a bridge between molecular homogenous catalyst 

and heterogenous catalyst, could be promising candidates to combine the advantages and 

avoid the disadvantages of molecular and heterogenous catalysts, delivering an improved 

electrochemical NRR performance under ambient conditions.22-24 

Herein, we have developed atomic Mo catalytic sites anchored on a holey nitrogen-

doped graphene framework (Mo/HNG), which achieved an efficient activity toward N2 

electrochemical reduction to NH3 with excellent selectivity under ambient conditions. 
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Holey nitrogen-doped graphene (HNG) with a continuous porous skeleton and abundant 

edges containing nitrogen-coordination sites was prepared through a convenient potassium 

salt assisted activation method; the HNG was then used as substrates for the subsequent 

Mo loading.25-26 At -0.3 V vs reversible hydrogen electrode (RHE) in 0.05 M H2SO4, 

Mo/HNG exhibited an excellent Faradaic efficiency (FE) of 14.2% for NH3 production 

with partial reduction current density of -25.8 μA cm-2, which is one of the highest reported 

performances for a heterogenous electrocatalyst. Moreover, Mo/HNG catalysts also had 

high catalytic stability toward N2 electrochemical reduction at different applied potentials, 

suggesting Mo/HNG as a durable NRR electrocatalyst for applications and a possible 

alternative for the thermal Haber-Bosch process. 
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3.2. Synthesis and characterization 

 

Figure 3.1. Synthesis and morphological characterization of the Mo/HNG catalyst. (a) 

Schematic illustration of the synthetic process for preparation of the Mo/HNG-750 catalyst. 

(b) SEM image of HNG-750. (c, d) TEM and HRTEM images of HNG-750. (e) TEM and 

HRTEM images of the NG-750 control sample. (f) HRTEM images of the Mo/HNG-750 

catalyst (g) The energy-dispersive X-ray spectroscopy (EDS) mapping spectra of Mo/NG-

750 catalyst, C, N, and Mo are labelled. 
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As illustrated in Figure 3.1a, the synthetic strategy for the atomic Mo catalytic sites 

anchoring on the HNG catalyst generally includes two steps: the synthesis of HNG through 

simultaneous nitrogen doping and potassium salt assisted activation of GO, and subsequent 

introduction of Mo on HNG with nitrogen coordination. In the first step, a solution of 

potassium chloride (KCl) was added into the dispersed GO solution followed by bath 

sonication. Lyophilization of the solution was performed to obtain a GO foam with evenly 

distributed KCl. After that, the GO/KCl foam was annealed under Ar/NH3 atmosphere at 

750 °C for 1 h to obtain HNG-750. The reduction and nitrogen doping were achieved 

simultaneously for GO, which is consistent with our previous results. Moreover, a 

potassium salt induced activation and etching process occurred on graphene with high 

temperature treatment, resulting in the appearance of copious pores on the surface of HNG-

750, as shown in the transmission electron microscopy (TEM) images. The surface 

morphology of HNG-750 was further probed with scanning electron microscopy (SEM) in 

Figure 3.1b, exhibiting a typical stacked graphene sheet network. Based on high resolution 

TEM (HRTEM) images (Figure 3.1c, d), the micropores are uniformly distributed on 

nitrogen-doped graphene with diameters ranging from 4 nm to 8 nm. In comparison, we 

also synthesized nitrogen-doped graphene at an annealing temperature of 750 °C (NG-750) 

from GO through the same protocol except without the addition of KCl to the precursor. A 

continuous surface of nitrogen-doped graphene was observed on NG-750 without the 

porous structure in HNG-750 (Figure 3.1e). For the second step of Mo introduction, an 

acetonitrile (CH3CN) solution of molybdenum(V) chloride (MoCl5) was mixed with the 



 
110 

 

as-prepared HNG-750 followed by bath sonication. The Mo content was controlled at 0.96 

at% based on the weight of HNG-750 to avoid potential aggregation. With abundant 

nitrogen coordination sites on HNG, including pyridinic and pyrrolic nitrogen, HNG-750 

functioned as a supporting ligand to react with MoCl5 and anchor the Mo species. 

Mo/HNG-750 was then obtained following filtration and ethanol washing of the solid. The 

TEM image of Mo/HNG-750 shows the absence of any Mo-based nanoparticles on the 

graphene surface (Figure 3.1f). The homogenous distribution of the C, N, and Mo elements 

throughout the graphene framework was further confirmed by energy-dispersive X-ray 

spectroscopy (EDS) mapping spectrum (Figure 3.1g). The Mo mass loading was 

determined to be up to 4.5 wt% according to inductively coupled plasma atomic emission 

spectrometry (ICP-AES). 
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Figure 3.2. XPS, XRD and Raman characterization of HNG-750 and Mo/HNG-750. 

(a) High-resolution XPS spectra of N 1s peak of HNG-750 and comparison with NG-750. 

(b) Raman spectra of HNG-750 and NG-750. (c) XPS survey spectra of Mo/HNG-750 

catalyst and HNG-750. (d) XRD spectra of Mo/HNG-750 catalyst and HNG-750. (e) High-

resolution XPS spectra of Mo 3d peak of Mo/HNG-750. (f) High-resolution XPS spectra 

of N 1s peak of Mo/HNG-750 and HNG-750. 

 

To investigate the structures and compositions of HNG-750 and Mo/HNG-750, we 

performed a series of characterization studies, including X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), and Raman measurements. In the high-resolution N 1s 

XPS spectra of HNG-750 (Figure 3.2a), four deconvoluted peaks at 398.4 eV, 399.9 eV, 
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401.0 eV and 403.1 eV were designated to pyridinic-N (54.8 at%), pyrrolic-N (15.8 at%), 

graphitic-N (20.4 at%), and N-oxides (8.9 at%), respectively. Notably, in comparison with 

NG-750, the ratio and intensity of pyridinic-N peak is significantly increased in HNG-750. 

The pyridinic N atoms are considered to be preferentially located at the edges of 

graphene.27-28 During the thermal annealing and nitrogen-doping process, more nitrogen 

species are likely introduced or migrate to the exposed in-plane edges of the pores of HNG, 

leading to an elevated ratio of pyridinic-N. Raman spectra given in Figure 3.2b show that 

the intensity of D band (~1350 cm-1) to G band (~1580 cm-1) ratio (ID/IG) of HNG-750 was 

1.11, obviously larger than that of NG-750 (ID/IG = 0.95), presumably because of more 

defects and holey structure existing in the graphene layers.29 After reaction between HNG-

750 and MoCl5, atomic Mo moieties are anchored by the HNG substrate to obtain Mo/NG-

750. The XPS survey spectrum of Mo/NG-750 verified the existence of a Mo signal (Figure 

3.2c). Figure 3.2d shows the XRD spectra of Mo/HNG-750 and HNG-750. Both Mo/HNG-

750 and HNG-750 exhibited a broad peak at ~24°, which is attributed to the (002) facets 

of graphene (Figure 3.3c). No characteristic peak of Mo-based nanocrystalline species was 

observed in the XRD pattern of Mo/HNG-750, which is in accordance with the HRTEM 

results. The high resolution XPS Mo 3d signal of Mo/NG-750 shows two well-separated 

spin-orbit component sharp peaks at 232.4 eV and 235.6 eV (assigned to Mo 3d5/2 and Mo 

3d3/2), indicating a potential uniform valence state of Mo in Mo/NG-750 close to Mo(V) or 

Mo(VI). As for high resolution N 1s XPS spectrum of Mo/HNG-750, it is intriguing that a 

conspicuous shoulder peak appears at 399.7 eV compared to that of HNG-750, possibly 

caused by pyridinic-N species bonded to Mo sites (Mo-Nx), as shown in Figure 3.2f with 
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the estimated deconvolution. This distinctive difference also strongly supports the 

existence of coordination between molybdenum and nitrogen in the Mo/HNG-750 catalyst. 

3.3. Electrochemical characterization of NRR activity 

 

Figure 3.3. Electrocatalytic performance of N2 reduction to NH4
+/NH3 over the 

Mo/HNG-750 catalyst. (a) Schematic illustration of reaction cell for NRR 
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measurements. (b) Linear sweep voltammetry (LSV) curves of the Mo/HNG-750 catalyst 

on CFP electrodes in Ar- or CO2-saturated 0.05 M H2SO4 aqueous solution at the scan 

rate of 5 mV s-1.  (c) UV-vis absorbance curves and concentration-absorbance calibration 

curve of colorimetric NH4
+ detection using indophenols blue method with a series of 

standard concentration. The absorbance at 679 nm was measured by UV-vis 

spectrophotometer. (d) Chronoamperometric curves of measurements with Mo/HNG-750 

at various electrode potentials ranging from -0.2 V to -0.6 V vs RHE in the N2-saturated 

0.05 M H2SO4 solution. (e) Potential-dependent Faradic efficiency (FE) of NH4
+/NH3 for 

NRR on Mo/HNG-750 and Mo-NG-750 catalysts calculated from chronoamperometric 

measurements. (f) Partial current densities of NH4
+/NH3 on Mo/HNG-750 and Mo-NG-

750 catalysts derived by corresponding potential-dependent FE data. 

 

Further electrochemical measurements were conducted to evaluate the 

electrocatalytic activity of the Mo/HNG-750 towards N2 reduction. A schematic 

illustration of the reaction cell with three-electrode configuration is shown in Figure 3.3a. 

The electrocatalysts was deposited on a carbon fiber paper (CFP) electrode as the working 

electrode with the use of Ag/AgCl as the reference electrode and 0.05 M H2SO4 as the 

electrolyte. The Pt mesh counter electrode was separated from the working and reference 

electrode by a Nafion 117 membrane in order to provide sufficient ion exchange between 

the two chambers, as well as avoid the permeation of reaction products. N2 gas was purged 

into the chamber of the working cathode electrode, where N2 and H+ combine with 

transported electrons from electrode to generate the N2 reduction product. The balance 

https://pubs.acs.org/doi/full/10.1021/jacs.7b04393#fig3
https://pubs.acs.org/doi/full/10.1021/jacs.7b04393#fig3
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oxygen evolution reaction (OER) of H2O to O2 and H+ steadily occurred at the Pt mesh 

counter anode as balance. Based on the Nernst equation, the standard potential for the 

reduction of N2 to NH3 is 0.098 V vs RHE (Ag/AgCl KCl saturated reference electrode has 

been calibrated on RHE). 

Preliminarily, a comparison study of the linear sweep voltammetry (LSV) curves 

of Mo/HNG-750 under Ar and N2-saturated 0.05 M H2SO4 electrolyte was performed 

(Figure 3.4b). For Mo/HNG-750, the current density in N2-saturated electrolyte was 

slightly higher than that in Ar-saturated electrolyte at the potential ranging from -0.15 to -

0.40 V vs RHE, indicating a possible interaction between Mo/HNG-750 catalyst with 

molecular N2 during the electrochemical sweeping. With applied potential below -0.50 V 

vs RHE, the current density of Mo/HNG-750 in N2-saturated electrolyte resembles that in 

Ar-saturated electrolyte, suggesting that the HER is the predominate reaction in this 

circumstance. The NRR catalytic performance of Mo/HNG-750 was further tested through 

chronoamperometric measurements at various electrode potentials ranging from -0.2 V to 

-0.6 V in N2-saturated 0.05 m H2SO4 electrolyte. After each 5000 s test for Mo/HNG-750 

at the selected constant potential, the electrolyte in the chamber of the working electrode 

was collected (Figure 3.4d). In order to quantify the concentration of NH4
+/NH3 product in 

electrolyte, a colorimetric indophenols blue method was employed with a calibrated 

standard curve (Figure 3.4c).30 The potential production of hydrazine was also examined 

with a p-(dimethylamino)benzaldehyde-based method.31 As a control sample, we also 

synthesized the atomic molybdenum on nitrogen-doped graphene (Mo-NG-750) catalyst 

through NH3 annealing of GO/MoCl3 precursor with the previously reported method, 
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which was tested with the same electrochemical measurement for NRR. The corresponding 

Faradaic efficiencies (FEs) of Mo/HNG-750 and Mo-NG-750 with various electrode 

potentials are plotted in Figure 3.4e. Figure 3.4f also shows the calculated corresponding 

partial current densities of Mo/HNG-750 and Mo-NG-750 for NH4
+/NH3 production. 

Interestingly, at all applied potentials, Mo/HNG-750 exhibited much higher Faradic 

efficiencies and partial current densities for NH3 production than that of Mo-NG-750. This 

suggests that the HNG graphene structure is critical for the formation of Mo-based active 

sites towards NRR in comparison with regular nitrogen-doped graphene. The FE of 

NH4
+/NH3 production for Mo/HNG-750 reached the maximum value of 14.2% at -0.3 V 

vs RHE, where it is only 6.2% for Mo-NG-750. The Mo/HNG-750 in the N2 saturated 

electrolyte exhibits approximately 2.5 times higher NH4
+/NH3 production yields than that 

of Mo-NG-750. For both Mo/HNG-750 and Mo-NG-750, the partial current densities of 

NH4
+/NH3 production drastically increased when the applied potential shifted from -0.2 V 

to -0.3 V vs RHE, showing the range of onset potential for electrochemical NRR 

occurrence. After -0.3 V vs RHE, the partial current densities gradually drop since the 

competitive HER becomes the predominate reaction on electrodes. Moreover, the 

hydrazine concentration was below the detection limits for the results of Mo/HNG-750 and 

Mo-NG-750, demonstrating their high electrochemical selectivity towards NH3. 

3.4. Conclusion 

In conclusion, to address the challenge of industrial N2 fixation under ambient conditions, 

we designed and demonstrated that the direct electrochemical reduction of N2 to NH3 in 
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aqueous electrolyte could be achieved using atomic Mo anchored on HNG as an 

electrocatalytic catalyst. At -0.3 V vs RHE, Mo/HNG-750 exhibited a FE of 14.2% for 

NH4
+/NH3 production with partial current density of -25.8 μA cm-2. The HNG is an efficient 

substrate for dispersing and bonding atomic Mo species as Mo-Nx moieties, which are 

considered to be the active site for NRR. This work provides a new strategy for the 

synthesis of SACs and paves the way for further research in the application of SACs toward 

electrochemical N2 reduction. Further identification for the detailed chemical structure of 

Mo-Nx moieties on Mo/HNG-750 catalyst still needs to be performed by XAFS 

characterization and model fitting. The mechanism of electrochemical nitrogen reduction 

on Mo/HNG-750 will also need to be revealed through subsequent DFT calculation with 

the structure of Mo-Nx. 
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