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For the mass production of hydrogen, development of a highly durable, 

active, and affordable non-Pt electrocatalyst is essential to replace Pt-

based electrocatalyst. Herein, we introduce a simple and effective 

synthesis of highly durable and active non-Pt electrocatalyst for 

hydrogen evolution reaction. Using iron oxide nanoparticles as a 

precursor, we synthesized carbon shell coated iron phosphide 

nanoparticles. By a single heat treatment of polydopamine coated iron 
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oxide nanoparticles, carbonization of polydopamine coating and 

phosphidation of iron oxide nanoparticles to FeP nanoparticles are 

achieved simultaneously.  

In terms of their electrochemical performance, our nanoparticle 

catalysts show overpotential of 71 mV at 10 mA/cm2, which is 

compatible to that of commercial Pt catalyst, and remarkable durability 

under acidic conditions for 10,000 cycles without noticeable activity loss.  

The origin of long-term durability of carbon shell coated FeP 

nanoparticles was investigated experimentally. Extended X-ray 

adsorption fine structure analysis and electron energy loss spectroscopy 

line scan analysis reveal that the origin of long-term durability of our 

nanoparticles is resistance to surface oxidation, owing to the protective 

effect of carbon shell coating. Moreover, large-scale synthesis was 

conducted simply by scaling up the size of the reactor, which is an 

essential feature for mass production of hydrogen.  
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Chapter 1. Introduction 

 

Hydrogen economy is growing rapidly to solve environmental issues 

such as extensive pollution and green gas emission by fossil fuel. 

According to the research from Fuji economy, in 13 years, hydrogen 

economy will grow 48,000 times larger than the present status (from one 

hundred thousand US dollars to 44 billion US dollars).[1] To 

accommodate such exponential growth in the market, hydrogen 

production system should be developed to ensure the supply of hydrogen. 

Currently, 95 % of hydrogen is produced by steam reforming, which 

converts fossil fuel to hydrogen. However, current hydrogen production 

system cannot entirely solve the problems of fossil fuel since it depends 

on fossil fuel as hydrogen source. Moreover, building a steam reforming 

center takes a considerable time and budget. Thus, electrochemical water 

splitting system can be a promising substitute for the current hydrogen 

production system.  

Pt-based catalyst is well known for its outstanding performance in 

hydrogen evolution reaction of electrochemical water splitting. However, 

the high cost of platinum is the main obstacle for the industrialization of 

electrochemical water splitting system. Therefore, non-Pt electro-

catalysts which have good catalytic performance and long term 

durability for industrialization should be developed. There are various 

non-Pt electrocatalysts, including metal sulfides,[2-6] selenides,[7-8] 

carbides,[9-12] and phospides.[13-16] Among the transition metal 

phosphides such as Ni-P,[13,17] Co-P,[18-21] Fe-P,[14-15] iron phosphide is 
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suitable for mass production since iron is an inexpensive and abundant 

metal on earth.[22,23] Although iron phosphide is considered as a 

promising substitute for platinum, its low durability is a major problem 

against industrialization. Recent studies suggest that carbon 

encapsulation of nanoparticles(NPs) can overcome this problem via 

improving the overall durability of catalyst.[24-30] For instance, CoNi 

alloy NPs coated by graphene, reported by the Bao group, showed a good 

long-term durability.[31] Previous report from the Hyeon group showed 

that encapsulating FePt alloy with carbon shell can highly improve the 

thermal durability of the FePt alloy (up to 700 ℃).[32] By combining 

these two ideas, we concluded that carbon shell formation can provide 

physicochemical protection for nanocatalysts, including iron phosphide 

NPs.  

Herein, we introduce a simple synthetic method to produce carbon shell 

coated FeP NPs which have long term durability and high catalytic 

performance for hydrogen evolution reaction (HER). For the preparation, 

iron oxide NPs are synthesized by heat-up method and subsequently 

coated with polydopamine. Afterwards, polydopamine coated iron oxide 

NPs are annealed in the presence of phosphorous source. During the 

annealing, phosphidation of iron oxide NPs and carbonization of poly 

dopamine coating occur simultaneously, resulting in carbon shell coated 

FeP NPs. From our electrochemical test, our carbon shell coated FeP NPs 

showed overpotential of 71 mV at 10 mA/cm2, Tafel slope of 52 

mV/decade. In the long term durability test, the NPs showed no 

noticeable activity loss up to 10,000 cycles. The origin of long term 

durability of carbon shell coated FeP NPs is due to the resistance of 
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carbon shell against oxidation, which can be corroborated by extended 

X-ray adsorption fine structure (EXAFS) measurement. Furthermore, we 

synthesized our particles in large scale, demonstrating that the novel 

catalyst is feasible for industrialization 
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Chapter 2. Experimental Section 

 

2.1 Chemicals 

Iron (Ⅲ) acetylacetonate, oleylamine, dopamine hydrochloride, sodium 

hypophospite hydrate, sodium hydroxide, were purchased from Sigma-

Aldrich. Carbon support was purchased from Fuel Cell Store. Solvents 

including acetone, ethanol, hexane were purchased form Samchun. 

These chemicals were used without further purification steps.  

 

 

2.2 Preparation of Carbon Shell Coated FeP Nanoparticles 

Iron oxide nanoparticles are synthesized via heat-up method. Firstly, 

4.24 g of Fe(acac)3, 120ml of oleylamine were mixed, and the mixture 

was heated to 300 ℃ at 20 ℃ per minute from room temperature. 

Mixture was aged at 300 ℃ for 1 hour. The resulting iron oxide 

nanoparticles were washed with acetone and dried in vacuum oven for 

overnight, the nanoparticles were loaded on a carbon support. For 

polydopamine coating, as-synthesized nanoparticles were dispersed in 

dopamine chloride aqueous solution (3 mg/mL), buffered at pH 8.5 and 

stirred for 1 hour. After sample was obtained and dried by vacuum 

filtering at 70 ℃. For phosphidation of iron oxide nanoparticles and 

carbonization of dopamine, sample was annealed at 400 ℃ for 2 hour 

in a tube furnace under Ar flow. NaH2PO2 powder was placed at upper 

part of gas flow for phosphorus source. 
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2.3 Characterization 

High-resolution transmission electron microscopy images were 

obtained by a Technai F20 electron microscope at an accelerating voltage 

of 200 kV. The powder X-ray diffraction patterns were obtained by a 

Rigaku D/MAX 2500 with Cu Kα radiation (40 kV, 200 mA). The X-ray 

photoelectron spectroscopy data were obtained by a ThermoFisher 

Scientific Sigma Probe surface analysis instrument with Al Kα radiation. 

X-ray adsorption spectroscopy was measured at 8C beamline in the 

Pohang Accelerator Laboratory (Pohang, Republic of Korea). 

 

 

2.4 Electrochemical Measurements 

Pt/C or FeP/C (with and without carbon shell) catalyst was dispersed at 

2-propanol containing Nafion. At the glassy carbon electrode (PINE, 

rotating ring disk electrode) disk area of 0.2475 cm2
, 7 μL of dispersion 

was deposited. Electrochemical measurements were carried on using an 

Autolab potentiostat (PGSTAT302N) in a standard three-electrode cell 

with glassy carbon counter electrode and Ag/AgCl reference electrode. 

All potentials obtained are referenced as reversible hydrogen electrode 

(RHE) by H2 redox using a Pt wire as electrode. HER activity was 

measured under H2 saturated 0.5 M H2SO4 at 298 K, and were ir-

corrected based on impedance measurement, which was measured from 

100 kHz to 50 mHz at open circuit potential with 10 mV. Long term 

durability test was carried out by potential cycling from -0.25 to +0.1 V. 

The scan rate for cycling was fixed at 50 mV/s in all experiments. 

 



6 

Chapter 3. Results and Discussion 

 

3.1 Synthesis of Carbon Shell Coated FeP Nanoparticles 

The synthetic procedure of carbon shell coated FeP NPs is shown in 

Figure 1a. 7.6nm sized iron oxide NPs are synthesized by heat up 

method, which was previously reported by Sun group (Figure 1b).[33] 

Then NPs are attached to carbon support, and treated by polydopamine 

solution.[32,34,35] Polydopamine coated iron oxide NPs are thermally 

treated at 400 ℃ under Ar atmosphere, and NaH2PO2 powder was 

placed for phosphorus source. During the annealing, polydopamine 

coating is converted to carbon shell, and iron oxide NPs are converted to 

iron phosphate by phosphidation.[14,36,37]  

Full phosphidation of iron oxide into FeP is confirmed by X-ray 

diffraction (XRD) analysis (Figure 2). Via transmission electron 

microscopy (TEM), we can see that the NPs are embedded in a thin 

carbon shell and their size and shape are almost unchanged after the 

phosphidation process (Figure 1c). The thickness of carbon shell is 

controllable by changing the duration of polydopamine treatment. For 

electrochemical performance, the thickness of the carbon shell was set to 

less than 1 nm (Figure 1d). It is thick enough to provide physicochemical 

protection, but does not inhibit the catalytic reaction on the surface of the 

NPs. When there was no polydopamine coating process, aggregation of 

NPs was observed during the heat treatment (Figure 1e). It shows that in 

situ formed carbon shell prevents morphological change of NPs during 

the phosphidation step.  
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3.2 Electrochemical Performance of Carbon Shell Coated 

FeP Nanoparticles for Hydrogen Evolution Reaction 

To measure HER performance, electrochemical test for carbon shell 

coated FeP NPs (FeP/C) and without carbon shell is conducted. Then, 

the results were compared to those of commercial Pt/C electrocatalyst 

(Figure 3). The overpotential values of FeP/C with carbon shell and 

without carbon shell are measured to be 71 mV and 73 mV at the current 

density of 10 mA/cm2, respectively. From Figure 3, Tafel slope of FeP/C 

with a carbon shell is 52 mV/decade. Compared to that the value of 

commercial Pt/C is 30 mV/decade, it is considered as a close value to 

that of Pt in acidic media.[38-40] 

To determine the active site of FeP/C with a carbon shell, we conducted 

several experiments. For a control group, carbon support without iron 

oxide NPs was treated by polydopamine and phosphidation processes 

(“C with shell”). As shown in Figure 3, there is no noticeable catalytic 

activity from carbon shell. To determine the effect of phosphidation, 

carbon supported iron oxide NPs was treated by polydopamine and 

thermally annealed without phosphorous source (“FeOx /C with shell”). 

The poor activity of FeOx /C with shell concludes that there are no 

synergistic effects between interface of NPs and N-doped carbon 

shell.[40-42] These results confirm that carbon shell provides only 

physicochemical protection and the activity of FeP/C with carbon shell 

is solely related to FeP surface.  

The long term durability test was conducted at potential cycling in the 

range of -0.25 to +0.1 V with the scan rate of 50 mV/s. From Figure 4a, 

the activity of FeP/C with carbon shell is nearly unchanged during the 
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5,000 potential cycles. On the contrary, for FeP/C without carbon, 

overpotential is increased about 100 mV during the 5,000 potential 

cycles (Figure 4a). Remarkable long term durability was also confirmed 

by chronopotentiometry data (Figure 5). The overpotential of FeP/C 

with carbon shell is nearly unchanged in the range of 67-72 mV during 

the 44 h cycle at current density of 10 mA/cm2. On the other hand, 

overpotential of FeP/C without carbon shell showed a rapid degradation 

of activity in 25 h, resulting in the increase of overpotential from 68 mV 

to 93 mV. 

 

 

3.3 Structural Analysis of Highly Durable Carbon Shell 

Coated FeP Nanoparticles 

We conducted EXAFS analysis on Fe K-edge of the samples to 

elucidate the stability of carbon shell coated FeP nanoparticles. The 

values of both FeP/C with carbon shell NPs and FeP/C without carbon 

shell NPs before electrochemical reaction were similar. However, after 

the 5,000 cycles of electrochemical reaction, two sample showed the 

difference. The first coordination shell signal at R~1.7 Å of FeP/C 

without carbon shell NPs was slightly shifted to the left (Figure 4c). With 

respect to standard EXAFS data of hematite (Fe2O3) and magnetite 

(Fe3O4), shift of the EXAFS data to the left is due to an increasing 

contribution of Fe-O bond over Fe-P bond. In addition, electron energy 

loss spectroscopy (EELS) line scan analysis shows that surface oxidation 

occurred during the HER for FeP/C without carbon shell NPs (Figure 6). 

On the contrary, FeP/C with carbon shell NPs showed no noticeable 
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change in EXFAS data after the 5,000 cycles of electrochemical reaction 

(Figure 4d). From these results, we can assume that long term durability 

of carbon shell coated FeP NPs is due to carbon shell which serves as a 

protective layer that prevents FeP NPs from surface oxidation.  

Furthermore, we conducted a controlled oxidation experiment to 

reaffirm such assumption. We designed to expose FeP/C with and 

without carbon shell NPs at potential of 1.5 V vs RHE for 20 min, which 

is a harsh condition for surface oxidation,[43] to investigate the role of the 

carbon shell in preventing surface oxidation. As shown in Figure 7, HER 

activity of FeP/C with carbon shell nearly unchanged even after the 

exposure. On the other hand, FeP/C without carbon shell showed a 

dramatic decrease in HER activity. This result correlates with a recent 

report that evolution of (oxy)phosphates after high potential treatment up 

to 1.4 V leads to the decrease of HER activity.[44] Taken together, high 

oxidation resistance of FeP surface protected by carbon shell is the origin 

of high durability of FeP/C with carbon shell.   

 

 

3.4 Large scale Synthesis of Carbon Shell Coated FeP 

Nanoparticles for Hydrogen Evolution Reaction 

The main advantage of using non-Pt electrocatalyst over Pt 

electrocatalyst is cost efficiency, providing an affordable alternative to 

be readily applied in the industry. Also, large scale synthesis is essential 

for industrialization of the novel catalyst. Our method has the advantage 

of scaling up of FeP catalyst produced easily up to tens of grams, which 
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is controlled by size of the reactor (Figure 8). Our scaled up product 

showed excellent durability which can endure up to 10,000 potential 

cycles in the range from -0.25 to +0.1V with the scan rate of 50 mV/s 

(Figure 8). The result is indicative of a successful feasibility of FeP 

catalyst in large scale electrolysis applications. From our multiple 

sampling test, we showed that large scale product from our method has 

no difference compared to small scale product, indicating that large scale 

synthesis from our method does not affect the catalytic performance of 

electrocatalyst (Figure 9).  
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Chapter 4. Conclusion  

 

In summary, we synthesized a highly durable and highly active non-Pt 

electrocatalyst for HER by simple and effective method. Iron oxide 

nanoparticles was coated by polydopamine. Thickness of polydopamine 

coating can be easily controlled by changing the treatment time of 

polydopamine. After treatment, a single-step heat treatment of poly-

dopamine coated iron oxide NPs leads to formation of carbon shell 

coated FeP NPs. The carbon shell has two roles in catalyst. First, carbon 

shell prevents aggregation of iron oxide NPs during the heat treatment. 

Second, carbon shell acts as a protective layer for FeP surface, which 

prevents surface oxidation of FeP NPs under HER condition. To find out 

the origin of long term durability of carbon shell coated FeP NPs, we 

conducted EXAFS and EELS analysis and revealed that oxidation 

resistance of carbon shell provides such durability. In addition, we 

showed that our method can be easily scaled up to yield tens of grams of 

the catalyst simply by changing the size of the reactor. We believe that 

our method can be a promising method for mass production of hydrogen.  

**Many parts of this thesis have been published in “Dong Young 

Chung, Samuel Woojoo Jun, Gabin Yoon, Hyunjoong Kim, Ji Mun Yoo, 

Kug-Seung Lee, Taehyun Kim, Heejong Shin, Arun Kumar Sinha, Soon 

Gu Kwon, Kisuk Kang, Taeghwan Hyeon, and Yung-Eun Sung, “Large-

scale Synthesis of Carbon Shell-coated FeP Nanoparticles for Robust 

Hydrogen Evolution Reaction Electrocatalyst,” J. Am. Chem. Soc. 2017, 

139, 6669-6674.”  
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Figure 10. (a) Schematic illustration of carbon shell coated FeP NPs 

preparation. (b) TEM image of as-synthesized iron oxide NPs. (c), (d) 

TEM images of carbon shell coated FeP NPs (e) TEM image of FeP NPs 

prepared without carbon shell. 

 

 

 

 

 



13 

 

 

 

 

 

Figure 11. XRD patterns of iron oxide NPs, intermediate state (heat 

treatment at 250 ℃), FeP  
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Figure 12. Polarization curve for commercial Pt/C, FeP/C with and 

without carbon shell, C with shell, FeOx /C with shell. Inset shows Tafel 

plots of commercial Pt/C, FeP/C with and with our carbon shell. 

 

 

 



15 

 

 

 

 

Figure 13. (a) Polarization curve for FeP/C with (left) and without (right) 

carbon shell after 5000 potential cycles. (b) Plots of overpotential vs 

potential cycle for the FeP/C with and without carbon shell. (c) EXAFS 

analysis data of FeP/C without carbon shell before and after the cycles. 

(d) EXAFS analysis data of FeP/C with carbon shell before and after the 

cycles. 
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Figure 14. Chronopotentiometry data of FeP/C with and without carbon 

shell. 
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Figure 15. (a) EELS line scan data after 5,000 potential cycles of FeP/C 

with carbon shell. (b) EELS line scan data after 5,000 potential cycles of 

FeP/C without carbon shell. Red, blue, and green lines correspond to Fe, 

P, and O, respectively.   
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Figure 16. Polarization curve for FeP/C with and without carbon shell 

before and after surface oxidation. 
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Figure 17. Polarization curve for large scale synthesized FeP/C with 

carbon shell after 10,000 potential cycles. The product and its weight are 

shown in the inset. The mass ratio of FeP is 20%. 
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Figure 18. Polarization curve for small scale synthesized FeP/C with 

carbon shell (Standard) and large scale synthesized FeP/C with carbon 

shell (Portion 1-5). Portion 1-5 were sampled from the product and tested 

separately.  
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국문 초록 

 

수소 시장이 점점 커짐에 따라 수소의 대량 생산에 대한 

요구도 증가하고 있다. 수소의 대량 생산을 위해서는 내구성과 

활성이 좋고, 기존의 비싼 백금 촉매를 대체할 수 있는 값싼 

비(非)백금 촉매의 개발이 필수적이다.  

 이 논문에서 우리는 내구성과 활성이 좋은 수소 발생 

반응에 사용될 비 백금 촉매의 간단하지만 효과적인 합성 

방법을 소개한다. 산화철 나노입자를 전구체로 사용하여 

우리는 탄소 막에 쌓인 인화철 나노입자를 합성하였다. 

폴리도파민 처리된 산화철 나노입자에 열처리를 함으로써, 

탄소 막의 생성과 산화철 나노입자의 인화철로의 변화를 

동시에 이루었다.  

 합성된 입자들의 전기화학적 특성을 살펴보면, 과전압 값은 

10 mA/cm2 에서 71 mV 로 상용화된 백금 촉매와 

비교하였을 때 충분히 경쟁적인 성능을 보였다. 또한, 산성의 

환경에서 별다른 촉매 성능의 저하없이 10,000 번의 

사이클을 수행하는 압도적인 내구성을 보여주었다.  

 이러한 합성된 촉매의 우수한 내구성의 이유를 실험적으로 

밝혀내었다. 광역 X-선 흡수 미세구조 분석 장치 

(EXAFS)와 전자 에너지 손실 분광 스펙트럼 분석 장치 

(EELS)를 사용하여 합성된 촉매의 우수한 내구성은 탄소 
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막이 촉매 입자의 표면을 보호해줌으로써, 촉매의 표면 산화에 

저항성을 주기 때문이라는 것을 밝혀내었다.  

 또한 우리의 방식은 단순히 합성에 사용되는 반응 용기의 

크기를 증가시킴으로써 대용량 합성을 가능케 하여 수소의 

대량 합성 공정에 쓰일 수 있다는 점을 시사하였다.  

 

주요어: 나노입자, 수소 발생 반응, 비(非)백금 전기 촉매, 

내구성, 탄소 막 코팅, 산화 저항, 대용량 합성 

학번: 2016-20993 
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