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ABSTRACT 

 

The Electrodeposition of Iron Phosphide Film for Efficient Hydrogen Evolution Reaction 

 

by 

 

Zhipeng Lu 

 

The rapidly developing world poses a high energy demand. Hydrogen is recognized as one of the most 

important renewable energy sources with some great features including cleanness, and high gravimetric 

energy density. Hydrogen is predominantly produced by steam-methane reforming process at present, 

which is an energy intensive and CO2 emission intensive process. Alternatively, the hydrogen evolution 

reaction (HER) by electrochemical water splitting is part of a sustainable and scalable process to produce 

H2. Currently, precious metal platinum is required to catalyze this reaction which limits its industrial 

application. Hence, the design of a highly efficient and low-cost electrocatalyst is in demand. Recently, 

metal phosphides were developed as a good substitute of platinum for HER catalysis. Some examples are 

nickel phosphide, cobalt phosphide, iron phosphide. All of them have shown excellent HER activity and 

stability. Among them, iron phosphide is particularly attractive because of the abundance of iron on earth. 

Traditionally, the synthesis of iron phosphide is based on high temperature process that generates highly 

corrosive and flammable phosphine byproduct. Thus, greener and more straightforward synthetic method 

is desired. Herein, an easy and cost-effective method is developed to electrodeposit iron phosphide (FeP) 

film on a copper electrode at room temperature. The pulsed electrodeposition method was used to 

electrochemically etch co-deposited metallic iron which improved the film’s stability. In addition, formic 

acid and pH are crucial to promoting FeP deposition and it was well explained by experiments of cyclic 

voltammetry, capacitance studies, electron microscopy, and inductively coupled plasma mass spectrometry. 
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The as-deposited FeP film was shown to be a highly active HER catalyst in all-pH conditions. The FeP 

modified electrode produced current densities of-10 mA/cm2 at a low overpotential of 66 mV in 0.5 M 

sulfuric acid (H2SO4, pH=0.3), 131 mV in 1.0 M phosphate buffer (PB, pH=6.4), and 110 mV in 1.0 M 

potassium hydroxide (KOH, pH=14.0) solution, as well as a Tafel slope of 55 mV/dec, 108 mV/dec, 60 

mV/dec, respectively. Electrochemical impedance studies revealed the low charge transfer resistance and 

fast HER kinetics of FeP electrocatalyst. More importantly, the film has excellent stability during HER 

catalysis under acidic and neutral conditions, as shown by long-term chronoamperometry, supported further 

with electron microscopy, and X-ray photoelectron spectroscopy. Specifically, the overpotentials increased 

diminutively 7 mV after 24 hours of electrocatalysis at a current density of -10 mA/cm2 in acidic solution. 

Similarly, only a 10 mV increase in overpotential was observed under neutral conditions. Overall, in this 

work, I was able to successfully demonstrate that a carefully controlled electrodeposition process provided 

a simple yet powerful method to synthesize heterogeneous iron phosphide catalyst that is highly efficient 

towards hydrogen evolution reaction. Via potentiostatic tuning of the deposition rate proceeding by 

electrochemical etching of phosphide reach inactive alloy, we were able to achieve a 2-D film that could 

find applications in large scale hydrogen production under wide range of industrial conditions.  
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Chapter 1. Introduction 

Energy is of great importance to human civilization. Expectedly, the world energy 

consumption increases year by year. The search for abundant, clean, and cheap energy supply 

has been the research focus of numerous scientists over decades.1,2 Currently, fossil fuel is 

still the largest energy source. Although it is a reliable energy source, it causes many problems 

such as air pollutions and global warming mostly via CO2 emission. More importantly, it 

cannot be easily regenerated thus not sustainable. In contrast, renewable energy sources 

include solar power, wind power, hydropower, biomass, geothermal power are much 

favorable due to its cleanness and abundance and broad geographic distribution. In addition, 

renewable energy can be coupled with chemistry and chemical engineering to generate high 

value-added products.  

1.1. Hydrogen Energy 

Hydrogen is a non-natural available but renewable resource than can be produced in a 

completely sustainable way.3 Hydrogen energy is a promising energy supply with various 

advantages. First, it has an extremely high gravimetric energy density of 143 MJ kg-1 which 

is three times higher than liquid gasoline.4 Second, it can be produced virtually any place in 

the world because of the precursor’s abundance. Third, it is clean energy with the nonharmful 

water as the only combustion product. Fourth, renewable energy can be used for its production. 

At last, it is an excellent energy carrier for storage to utilize those surplus energy generated 

by power plants. Although hydrogen energy is sometimes criticized because of the challenge 

in storage and transportation,5 it is still an appealing energy source considering all the 

advantages stated previously.  
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1.2. Hydrogen production 

Hydrogen can be produced from fossil fuels and water. At present, the steam methane 

reforming process and water-gas shift reaction are the dominant way for hydrogen production 

because of its low cost and because the production process was perfected over the years to 

exploit maximum efficiency.6 As shown in Scheme 1, this process is highly energy-intensive 

which requires 700 to 1000 °C and a metal catalyst. Besides, it generates a tremendous amount 

of CO2 as the byproduct. Even more, the precursor for this process natural gas is not a 

renewable source.  

 

Scheme 1. Steam reforming process and waster-gas shift reaction. 

 

Alternatively, hydrogen production by electrochemical water splitting can operate under 

milder conditions (room temperature) with easily available water precursor.7–11 The half-

reaction cathodic process of water electrolysis is named hydrogen evolution reaction (HER). 

As shown in Figure 1, HER has an activation energy barrier which is represented as 

overpotential, η. The overpotential which is defined as the difference between the equilibrium 

potential and applied potential directly relates to the energy efficiency of electrolysis.  

Therefore, the research on  efficient, cost effective HER electrocatalyst with low overpotential 

is in high demand.  
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Figure 1. LEFT: Electrochemical water splitting. Water is electrolyzed into hydrogen and 

oxygen;  RIGHT: the thermodynamics of HER which shows the relationship between applied 

electrode potential Eelec, thermmodynamic equilibrium potential E0 and overpotential ηH2
. 

Reproduced from Ref. 10 with permission from The Royal Society of Chemistry. 

 

At present, platinum derived electrocatalysts are the state-of-the-art, although its industrial 

application is limited by its scarcity and high cost; thus, it is urgent to utilize earth-abundant 

materials as a substitute for platinum. Many non-noble metal compounds such as 

phosphide,12–14 chalcogenide,15,16, and carbides17 have shown rather competitive catalytic 

performance as well as good stability for HER. In particular, iron phosphide (FeP) is 

highlighted because of its abundance and hence potential cost efficiency. Hitherto, several 

approaches have been demonstrated for the successful synthesis of iron phosphide and can be 

categorized as either a solution-phase reaction between organic iron precursor and tri-n-

octylphosphine18,19 or a gas-solid reaction named phosphorization.20–22 Although high-quality 

and even crystalline FeP materials can be obtained, these methods require high temperatures 

(ranging from 300-400 ℃) and may generate highly corrosive and flammable phosphine (PH3) 

as a byproduct resulting from the decomposition of a phosphide precursor. As a comparison, 
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electrodeposition offers an alternative synthetic route, featuring mild and electrochemically 

controlled experimental conditions, high-cost efficiency, easy set-up, and facile scale-up. In 

addition, this process is binder-free so that the catalyst is directly deposited on the electrode 

without drop casting steps to avoid material loss. The first report of direct electrodeposition 

of FeP film for HER applications was published by Sequeria et al.23 In their work, the as-

deposited iron phosphide generated under galvanostatic conditions was considerably iron-rich 

(Fe87P13) and relatively inefficient for HER (>350 mV at -10 mA/cm2 in 1.0 M NaOH). Very 

recently, Zhang-hui et al. used the similar electrodeposition strategy but with acid-etching to 

increase P to Fe ratio. With that, they were able to produce FeP film with better HER activity 

(η-10mA/cm
2 =140 mV in 1.0 M KOH and η-10mA/cm

2 =110 mV in 0.5 M H2SO4).
24 

Herein, we report a straightforward and cost-effective approach to prepare an iron 

phosphide film by electrodeposition under potentiostatic conditions. Instead of acid-etching, 

we applied pulsed electrodeposition strategy which simplified the procedure. More 

importantly, the as-prepared iron phosphide film has completely different morphology and 

much better catalytic activity for the HER at full pH range (0-14), which demonstrates its 

potential application in proton exchange membrane electrolysis (acid media),25 microbial 

electrolysis cell (neutral media)26 and industrial water electrolysis (basic media).27
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Chapter 2. Experimental Methods 

2.1. Materials 

2.1.1. Electrode Materials 

Copper foil (0.25 mm thick, 99.98%) were purchased from Sigma Aldrich. Graphite rod 

electrode (99.9995%) were purchased from Alfa Aesar. Platinum wire, saturated calomel 

electrode (SCE) were purchased from CH Instruments, Inc. Reversible hydrogen electrode 

Hydroflex® electrode was purchased from Gaskatel. 

 

2.1.2. Chemical Agents 

Sulfuric acid (99.999%), sodium phosphate dibasic (Na2HPO4, ≥ 99%), sodium 

phosphate monobasic (NaH2PO4, ≥99%) and potassium hydroxide (KOH, ≥85%) were 

purchased from Sigma Aldrich. Ferrous sulfate heptahydrate (FeSO4·7H2O, certified ACS 

grade) and formic acid (HCOOH, 99%) were purchased from Fisher. Sodium hypophosphite 

(NaH2PO2) was purchased from Riedelde Haën. Platinum on carbon black (20% Pt/C, 

HiSPEC® 3000), Nafion® D-520 (5% wt. in water and 1-propanol mixture) and graphite rod 

electrode (99.9995%) were purchased from Alfa Aesar. High-quality colloidal Ag paint was 

purchased from SPI Supplies, and two-part epoxy [HYSOL 9460] was purchased from 

McMaster-Carr. All chemicals were used as received without further purification and all 

aqueous solutions were prepared with ultrapure water (>18.2 MΩ.cm) obtained from 

Labconco® water purification system. 
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2.2. Electrode Preparation 

2.2.1. Fabrication of Copper Foil Electrode 

A small piece of copper foil was connected to a polyvinylchloride PVC-coated Cu wire 

using Ag paint. Then, the junction point and the copper foil were insulated with two-part 

epoxy except 0.2 cm2 [0.2 cm×0.5 cm × 2 (double sided)] of copper that was left exposed and 

defined the electrode surface area.  

 

2.2.2. Fabrication of Pt/C Electrode 

2 mg 20% Pt/C and 17.5 µl 5% Nafion were dispersed in 500 µl EtOH and sonicated for 

15 min to form a homogeneous solution. A 129.4 µl solution was drop casted on the Cu 

electrode and then dried in air at room temperature. The mass loading of Pt was 0.5 mg cm-2. 

 

2.2.3. Electrodeposition of FeP Film 

Copper foil electrode was used as the substrate electrode for iron phosphide film 

electrodeposition. Before electrodeposition, the copper foil was immersed in 1.0 M HCl for 5 

min to remove surface oxide layer, then washed with ultrapure water and acetone several times, 

and finally dried in N2 flow. The deposition electrolytes solution was obtained by dissolving 

5.0 g FeSO4·7H2O (0.72 M), 1.58 g NaH2PO2 (0.72 M) and 0.25 ml of formic acid (1 vol. %) 

in ultrapure water to reach a final volume of 25 ml. The pH was adjusted to 1.5 by adding 

sulfuric acid slowly and was measured by Accumet AB150 pH meter. Electrodeposition was 

performed using a standard three-electrode system. Copper foil, platinum wire, saturated 

calomel electrode (SCE) were used as working electrode, counter electrode and reference 
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electrode, respectively. The deposition potential was held at -1.7 V for 120 s, then immediately 

switched into -0.1 V for 240 s to remove excessively co-deposited metallic iron. These two 

steps were repeated seven more times to increase the thickness of film. Finally, a black FeP 

film was observed as a deposit on the copper foil and later rinsed with ultrapure water carefully 

and dried in air for further use. The mass loading is calculated as 2.6 mg/cm2 based on the 

mass difference before and after electrodeposition. Pictures of electrodeposition set-up, as-

deposited FeP electrode (Figure 2) and electrodeposition current-time profile (Figure 3) can 

be found below. All measurements were done at 25 ℃. 

 

   

Figure 2. Electrochemical deposition set-up (LEFT); Copper foil electrode before 

electrodeposition (MIDDLE); As-deposited FeP electrode (RIGHT). 
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Figure 3. Electrodeposition current-time profile. 

 

2.3. Characterizations 

2.3.1. Electrochemical Characterization 

Unless specified, electrochemical measurements were performed on an Autolab M204 

electrochemical workstation. Linear sweep voltammetry was performed with a three-electrode 

system configuration using a graphite rod and a Hydroflex® electrode as counter electrode 

and reference electrode, respectively. In addition, LSV were recorded at a scan rate of 2 mV/s 

to minimize capacitive current and was repeated multiple times until stable data were acquired. 

All LSV curves were IR-compensated and the current-interrupt method was used to measure 

uncompensated resistance (3 Ω in 0.5 M H2SO4 and 1.0 M KOH solution, 10 Ω in 1.0 M 

phosphate buffer).  

The electrochemical stability was evaluated using chronoamperometry with graphite rod 

electrode and SCE as counter and reference electrode, respectively. Specifically, a constant 
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current density of -10 mA cm-2 was applied for 24 h and the corresponding potential was 

recorded. The change in the overpotential demonstrated the stability of FeP film during HER. 

Electrochemical impedance spectra (EIS) were measured on Biologic SP-300 potential 

stats at an overpotential of 100 mV (vs RHE) in the frequency range of 0.01Hz – 100 kHz 

using a 5 mV amplitude AC signal. A graphite rod and a Hydroflex® electrode were used as 

counter electrode and reference electrode, respectively. The simulation of results by electrical 

equivalent circuit was done on EC-Lab® software.  

Cyclic voltammetry (CV) were performed to study electrodeposition mechanism and 

electrochemical active surface area. For electrodeposition mechanism study, it was recorded 

at a scan rate of 100 mV/s in the solutions of 0.72 M FeSO4, 0.72 M NaH2PO2, 0.72 M 

FeSO4+0.72 M NaH2PO2, 0.72 M FeSO4+0.72 M NaH2PO2+1 vol% HCOOH at pH=1.5, 

respectively. The applied potential range was 0.0 – 2.0 V vs SCE. For electrochemical active 

surface area study, it was recorded at various scan rate with a potential range of 0 – 150 mV 

vs RHE in 0.5 M H2SO4 solution. The capacitive current at 75 mV vs RHE was used to 

calculate the electrode’s capacitance. 

Faradaic efficiencies (FE) were evaluated using a three-electrode system. Graphite electro 

de and SCE electrode were used as counter and reference electrode, respectively. An inverted 

graduated cylinder filled with electrolyte solution was positioned above FeP electrode to 

collect H2 bubbles generated by electrolysis. A cathodic current of 10 mA was applied into 

the 0.2 cm2 working electrode until 40 coulombs of charge passed.  

All measurements were done at 25 ℃. 
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2.3.2. Electron Microscopic/Spectroscopic Characterization 

Scanning electron microscopy (SEM) images were collected using Thermo Scientific™ 

Apreo SEM at an accelerating voltage of 10.00 kV, at a working distance of 9.3 mm and at a 

beam current of 1.6 nA. Energy dispersive X-ray spectroscopy (EDX) data and elemental 

mapping data were collected at an accelerating voltage of 20.00 kV. X-ray photoelectron 

spectroscopy (XPS) data were collected using a Kratos Axis Ultra DLD system (Kra-tos 

Analytical, Manchester, UK).  The input X-rays were mono-chromated Al k-alpha (1486 eV) 

operating at 168 W. Survey data were taken at a pass energy of 160 eV (500 meV channel 

width), and high-resolution data at 20 eV (50 meV). Transmission electron spectroscopy 

(TEM) images were collected at Thermo Scientific™ Talos G2 at an accelerating voltage of 

200 kV. TEM samples were dispersed in ethanol (0.05 mg/ml) and sonicated for 30 min. Then, 

it was drop casted onto lacey carbon film 300 mesh Cu grids (Ted Pella) and air dried. 

 

2.3.3. Other Characterization (XRD, ICP-MS) 

X-ray diffraction (XRD) were done using Bruker Proteum system with Proteum CCD 

detector and Cu-K-alpha radiation source from MicroStar rotating anode.  

Inductively coupled plasma mass spectrometry (ICP-MS) was performed on Agilent 7900 

ICP-MS instruments to determine the elemental ratio of Fe to P. The electrochemical depos-

ited FeP films were scratched from electrode then they were digested in aqua regia and diluted 

with ultrapure water. The final concentration of acid was 2%. A series of external standards 

with different concentrations were used for calibration. 
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Chapter 3. Results and Discussions 

3.1. The Electrodeposition Mechanism 

The possible mechanism of FeP electrochemical deposition was shown in Scheme 2. 28,29 

 

Scheme 2. Possible mechanism of FeP electrodeposition. 

 

3.2. The Characterization of As-deposited FeP film 

The as-deposited FeP film was characterized by SEM, EDX, TEM, XRD, XPS and ICP-

MS. First, the ratio of Fe to P was determined to be 1.03 by ICP-MS, thus confirming the 

composition of FeP film. As seen in Figure 4, scanning electron microscopy image of the as-

deposited film showed that its film morphology resembled cracked clays. It leaded to a higher 

surface area compared to an uncracked film. The electrochemical etching of co-deposited 

metallic iron will leave vacant sites which might explain the formation of valleys. Energy 

dispersive X-ray spectroscopy (EDX) mapping was applied to demonstrate the spatial 

distribution of element iron and phosphorous. As shown in Figure 4, the surface of those 

plateaus was majorly composed of iron and phosphorous and the distribution was even. It 

confirmed the chemical nature of FeP film. Meanwhile, some copper was founded at the 

bottom of valley. Those signals should origin from the copper foil electrodes.  
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Figure 4. SEM images (TOP) and EDX mapping (BOTTOM) of as-deposited FeP film. 

 

To further investigate the chemical structure of the FeP film, X-ray photoelectron 

spectroscopy analysis was performed on the as-deposited electrodes. The Fe 2p spectrum was 

shown in Figure 5. Two predominant peaks at 707.1 eV and 720.1 eV were assigned to Fe 2p 

doublet indicative of Fe3+ in FeP, while the small peak at 710.5 eV as well as the small, broad 

peak at 724.0 eV were ascribed to the 2p 3/2 and 2p 1/2 of Fe3+ in oxidized Fe species arising 

from surface oxidation.21,22 In the P 2p region, the doublet at 129.3 eV and 130.1 eV indicated 
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phosphide bonded to iron. The peak at 132.9 eV was identified as P in the phosphate 

(PO4
3-).21,22 Overall, XPS demonstrated the identify of iron phosphide film.  

 

Figure 5. XPS of as-deposited FeP film, (a) Fe 2p band (b) P 2p band. Notes: red column 

(FeP), blue column (oxidized Fe or P species), CPS: counts per second. 

 

To understand the crystallinity of electrodeposited FeP material, transmission electron 

microscopy was used for characterization. As Figure 6 shown, no crystal lattice was observed. 

Based on the selected area electron diffraction, our material revealed the characteristic halo 
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ring pattern of amorphous material. The amorphous properties of FeP were further confirmed 

by the X ray diffraction (Figure 7). Only peaks from copper substrate were found and no 

crystalline FeP peaks were found.  

 

 

Figure 6. TEM (LEFT) image and SAED pattern of  FeP material. (Note: The diffraction 

spots in SAED came from the carbon membrane of the TEM grid but not from FeP.) 
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Figure 7. XRD spectrum of as-deposited FeP film. Note: XRD curve was shown after 

background subtraction. 

 

3.3. Electrochemical HER activity 

3.3.1 The Optimization Process 

Three parameters were investigated during the optimization process: 1). Deposition time; 

2). Deposition potential; 3). Etching potential. Results and discussions are shown below. 

Deposition time: We investigated the effect of deposition time by altering the number of 

deposition-etching cycles (See Figure 8a). More cycles correspond to higher deposition time 

and thicker film formation. As expected, the catalytic activity of the film increased as the 

number of cycles increased from 2 to 8. The film’s thickness reached a plateau above 8 cycles. 

Thus, 8 cycles were used for the optimized condition. 

Deposition potential: -1.7 V was found to be best condition for electrodeposition. At 

more negative potential (-2.5 V and -2.1 V) we observed extremely vigorous hydrogen 
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bubbling because of proton reduction. The tremendous amount of H2 gas generated at the 

electrode surface certainly inhibited film deposition and growth which can be seen by naked 

eyes. Since less material was deposited, it led to an inferior HER performance compared to 

the film deposited at lower applied potential (-1.7 V). At -1.7 V, the deposition process will 

be more mile and controlled. In contrast, using very low potentials (-1.3 V) produced lower 

HER activity because of insufficient deposition rate (See Figure 8b) 

Etching potential: Etching potential does not have a substantial impact on the film’s HER 

performance (Figure 8c). By changing etching potential, it only changed the rate of etching 

metallic iron. Given sufficient time, all iron would be etched. The final film has the same 

chemical structure and components and thus similar HER activity. The potential at -0.1 V vs 

SCE was used as the final condition. 

In addition, we found the electrochemical etching at -0.1 V vs SCE was crucial to remove 

the excessively co-deposited metallic iron. Without electrochemical etching, the deposited 

film is unstable under acidic solution. As soon as the un-etched film is exposed to 0.5 M 

H2SO4, there are gas bubbles (H2) generated at the electrode surface because metallic iron 

reacts rapidly with sulfuric acid. Thus, etching process was necessary to improve the film’s 

stability. In addition, this method produced phosphide-rich metal based electrocatalysts which 

were shown to be advantageous for HER and more resilient to corrosion. For instance, 

previous studies showed that Ni5P4 outperforms Ni2P and Ni12P5 with respect to HER 

catalysis.30,31 Moreover, previous studies showed that FeP is more active than Fe2P towards 

HER and that FeP2 nanoarray (η-10mA/cm
2 = 61 mV) was a better catalyst than FeP nanoarray(η-

10mA/cm
2 = 96 mV) in 0.5 M H2SO4.

32,33 Hence, the strength of the in-situ etching technique 
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stems from the ease of selectively stripping less active iron rich areas that interfere with the 

efficient catalysis by the phosphide rich elements. 
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Figure 8. Optimization of the (a) deposition cycles, (b) deposition potential, (c) etching 

potential. Deposition solution: 0.72 M FeSO4·7H2O, 0.72 M 1.58 g NaH2PO2 and 1 vol. % of 

formic acid  in ultrapure water. The pH was adjusted to 1.5 by adding sulfuric acid. 

 

3.3.2. The HER Activity of FeP Film 

With the optimized condition in hand, linear sweep voltammetry (LSV) was used to assess 

the electrocatalytic HER activity of iron phosphide film in acidic (0.5 M H2SO4, pH=0.3), 

neutral (1.0 M phosphate buffer, pH=6.4) and alkaline (1.0 M KOH, pH=14.0) solutions. In 

each solution, control experiments were first performed to confirm the necessity of each 

component for the successful deposition of an efficient electrocatalysts. As shown in Figure 

9 (a-c, black curve), the copper electrode before electrodeposition had no catalytic ability over 

the measured potential window. There was no catalytic current if iron precursors (Sample S1, 
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Figure 9a-c, red curve) or phosphide precursors (Sample S2, Figure 9a-c, green curve) were 

not added into the deposition solution.  

Intriguingly, the addition of formic acid contributed to the formation of a uniform film and 

enhanced catalytic activity (Sample S3, Figure 9a-c,  dark blue curve). In addition, the solution 

acidity (Sample S4, Figure 9a-c, light blue curve) played a crucial role in the electrodeposition 

process since low pH facilitated the generation of PH3 which reduced Fe2+ to form a FeP film 

(Scheme 2).28,29 The role of formic acid and solution pH were further studied and explained 

in Section 3.3.3. 

In acidic solutions, electrodeposited FeP film only required an overpotential of η= 66 mV 

(Figure 9, magenta curve) to obtain a current density of -10 mA/cm2. The result obtained under 

acidic conditions are unprecedented for the following reasons: I) this is competitively low 

overpotential even though no complex nanomaterials were needed for preparation (see Section 

3.5. Table 3). 23,34–42As a comparison, the benchmark HER catalyst Pt/C have an overpotential 

of 29 mV at the current density of -10 mA/cm2 (Figure 9, orange curve); II) our results did 

not differ significantly from results obtained using nanostructures prepared by much more 

complicated methods. (e.g. Callejas et al. reported η-10 mA/cm
2 = 50 mV with FeP nanoparticles 

18, Chung et al. reported η-10 mA/cm
2 = 71 mV with carbon-shell-coated FeP nanoparticles.20) 

Moreover, it was much better than other electrodeposited FeP film (η-10 mA/cm
2 =110 mV).24 

Additionally, the FeP film required relatively low over-potentials even at much larger current 

density (Figure 10) which inferred its applicability on high demanding industrial process. 
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Figure 9. Linear sweep voltammetry recorded at a scan rate of 2 mV/s in (a) 0.5 M H2SO4, 

(b) 1.0 M phosphate buffer, and (c) 1.0 M KOH; Notes: For S1-S4, controls experiments 

were performed on film obtained without FeSO4·7H2O (Sample S1), NaH2PO2 (Sample S2), 

HCOOH (Sample  S3) and H2SO4 (Sample S4) in the deposition solution. (d) Tafel plot of 

FeP film and Pt/C electrode in acidic, neutral, alkaline solution. 
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Figure 10. Linear sweep voltammetry of FeP recorded at a scan rate of 2 mV/s in acidic, 

neutral and alkaline solution in the high current density region. 

 

Next, we investigated the performance of the FeP film electrode in neutral (1.0 M 

phosphate buffer solution, PB) and alkaline (1.0 M KOH) solutions in order to evaluate the 

broader applicability of the FeP film over the full pH range. To obtain a current density of -

10 mA/cm2, overpotentials of 131 mV and 110 mV were required under neutral and alkaline 

conditions, respectively (Figure 9b-c, magenta curve). As for comparison, Pt/C electrode has 

the overpotentials of 54 mV in neutral solutions and 37 mV in alkaline solutions. In fact, our 

results are comparable to other electrodeposited materials such as CoS (165 mV at -10 

mA/cm2 in neutral media)43, CoP (94 mV at -10 mA/cm2 in alkaline media)44 and other 

electrodeposited FeP (140 mV at -10 mA/cm2 in alkaline media)24. For further comparisons 

among previously reported electrodeposited catalysts under neutral and alkaline conditions, 

see Section 3.5 Table 3).24,33,38–50 
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We further analyzed the HER kinetics using Tafel plot (log (current density) vs 

overpotential) in order to evaluate the catalyst performance under various applied 

overpotentials.51 In acidic solutions, FeP had a Tafel slope of 55 mV/dec (Figure 9d). In 

general, Tafel slope represents how much additional overpotentials are required to increase 

the current density by a decade. Thus, a lower Tafel slope is favored. In our case, the data 

shows that a low overpotential (55 mV) is additionally needed in order to increase the current 

density by an order of magnitude under kinetically controlled conditions. These results are 

comparable with state-of-the-art architecture of related metal phosphides such as Ni2P/Ti (46 

mV/dec),50 CoP/Ti (50 mV/dec),45 and FeP/C (52 mV/dec)20, and it is very similar to other 

electrodeposited FeP (59 mv/dec)24. Moreover, the exchange current density was  6.3 × 10-4 

A/cm2 based on Tafel plot. This is slightly better than FeP nanoparticle (4.3 × 10-4 A/cm2)18 

and FeP nanoarray (4.2 × 10-4 A/cm2)21. Moreover, the FeP electrode had Tafel slopes of 108 

mV/dec in neutral solutions and 60 mV/dec in alkaline solutions, which are comparable to 

other leading metal phosphide materials. (See Section 3.5. Table 3)  

To further understand HER kinetics, electrochemical impedance spectra (EIS) were 

performed and the data was fitted using an equivalent circuit. (See Figure 11). Charge transfer 

resistance (Rct) of Pt/C, FeP, sample S3 and sample S4 electrode were compared in acidic, 

neutral and alkaline solutions. As listed in Table 1, the Rct value of FeP electrode was only 

4.6 Ω in acidic solution. In general, Rct decreases in an order of Pt/C<FeP<sample S3<sample 

S4. Lower Rct corresponds to higher HER activity. Therefore, the EIS spectra were in well 

agreement with voltammetric studies where Pt/C>FeP>sample S3>sample S4 in terms of HER 

activity. Overall, it revealed the fast kinetics of electrodeposited FeP towards HER under all-

pH conditions. 
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Figure 11. EIS spectra of Pt/C, FeP, sample S3 and sample S4 electrode.  Note: Sample S3: 

film deposited without formic acid in deposition solution; Sample S4: film deposited without 
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sulfuric acid in deposition solution; Equivalent circuits: R1: solution resistance; Q2: constant 

phase element of the film; R2: resistance of the film, Q3: constant phase element of double 

layer, R3: charge transfer resistance Rct. 

 

Electrode Rct in 0.5 M H2SO4 (Ω) Rct in 1.0 M PB (Ω) Rct in 1.0 M KOH (Ω) 

Pt 2.2 58.8 5.3 

FeP 4.6 75.8 23.1 

S3 5.6 82.4 27.3 

S4 6.4 83.2 30.6 

 

Table 1. Charge transfer resistance Rct of Pt/C, FeP, sample S3 and sample S4 electrode. 

 

At last, faradaic efficiency (FE) was measured based on the relationship between hydrogen 

amounts generated and charges consumed. As shown in Figure 12, nearly 100 % FE were 

obtained in either acidic, neutral, or alkaline solutions. Thus, nearly all charges had been 

selectively used to reduce proton and generate hydrogen. 
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Calculation of faradaic efficiency 

𝑛(𝑡ℎ𝑒𝑜, 𝐻2) =
𝐼 ∗ 𝑡

2 ∗ (96485
𝐶

𝑚𝑜𝑙
)

, I = 0.010 A 

𝑡ℎ𝑒𝑛, 𝑉(𝑡ℎ𝑒𝑜, 𝐻2) =
𝑛𝑅𝑇

𝑃
, T = 298.15 K, P = 101.591 kPa 

𝑭𝒂𝒓𝒂𝒅𝒂𝒊𝒄 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 =
𝑉(𝑒𝑥𝑝, 𝐻2)

𝑉(𝑡ℎ𝑒𝑜, 𝐻2)
 

Figure 12. Faradic efficiency of FeP in (a) 0.5 M H2SO4, (b) 1.0 M PB, (c) 1.0 M KOH. 
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3.3.3. The Role of Formic Acid and Solution pH 

As mentioned previously in section 3.3.2., the formic acid and solution pH were of great 

importance to FeP film’s HER activity (Figure 9, sample S3 & S4). To further understand the 

role of formic acid and solution acidity during the electrodeposition, four methods were used: 

I) cyclic voltammetry; II) capacitance and electrochemically active surface area (ECSA) 

studies; III) electron microscopy; IV) ICP-MS. The results of cyclic voltammetry are shown 

in Figure 13. The reduction of FeSO4 began at -1.00 V vs SCE. The addition of NaH2PO2 only 

slightly changed the onset potential into -0.91 V vs SCE which indicates a high energy barrier 

for FeP deposition. However, the onset potential was significantly reduced to -0.68 V vs SCE 

by adding formic acid and adjusting pH into 1.5. It can be explained that the higher proton 

concentration facilitates the reduction of hypophosphite ion (Scheme 2, equation 1) as well as 

FeP deposition. Besides, formic acid may stabilize charged intermediates and thus decrease 

the energy barrier for electrodeposition.  

 

Figure 13. Cyclic voltammetry of Cu electrodes at the scan rate of 100 mV/s in the solutions 

of 0.72 M FeSO4, 0.72 M NaH2PO2, 0.72 M FeSO4+0.72 M NaH2PO2, 0.72 M FeSO4+0.72 

M NaH2PO2+1 vol% HCOOH at pH=1.5, respectively. 
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In addition to mechanistic benefits, the electrochemical active surface area was compared 

for FeP film deposited at various condition. The double layer charging region was used to 

determine the capacitance and to extract the electrochemical active surface area (Figure 14). 

FeP film deposited at the optimized condition had a capacitance of 444 mF/cm2, while it 

substantially dropped into 154 mF/cm2 or 217 mF/cm2 without the addition of formic acid or 

pH adjustment, respectively. It clearly demonstrated that formic acid and solution acidity 

somehow contributed to a larger surface area of film.  

 

 

Figure 14. Cyclic voltammograms recorded for FeP film deposited at (a) optimized conditions, 

(b) no formic acid additives, (c) no pH adjustment into 1.5, in 0.5 M H2SO4 at various scan 

rates in the double layer charging region. (d) Plot of capacitive current obtained at 75 mV vs 
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RHE against scan rate, and capacitive current= (|forward scan current| + |reverse scan 

current|)/2. 

 

Intrigued by the surface area change, electron microscopy was used to observe 

morphological changes. SEM images of various FeP films were collected (Figure 15). The 

uniformed FeP film is only formed under the optimized conditions. Both formic acid and 

sulfuric acid are crucial for a sufficient film growth and high film coverage. This explained 

the ECSA difference observed previously. To understand how the chemical structure of FeP 

film is changed by formic acid and solution acidity, we used ICP-MS to determine the Fe to 

P ratio of films. As listed on Table 2, the Fe to P ratio was 1.03 when FeP film was deposited 

under optimized conditions. This ratio was slightly higher (Fe:P=1.09) if formic acid was 

omitted from solution. However, it significantly increased to 1.90 if the film was deposited 

from a solution without addition of sulfuric acid. Again, it seems that low pH and high proton 

concentration facilitate the deposition of element P which corroborates the mechanism shown 

on Scheme 2 equation 1. The relatively higher Fe to P ratio may also relate to the lower HER 

activity of the corresponding film. 

(a).  
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(b).  

(c).  

Figure 15. SEM images of FeP film deposited from (a) optimized deposition solution, (b) 

deposition solution without formic acid added, (c) deposition solution without sulfuric acid 

added. 

 

Sample Fe to P ratio 

FeP (optimized solution) 1.03 

FeP (solution w/o formic acid, pH=1.5) 1.09 

FeP (solution w/o sulfuric acid, pH=2.2) 1.90 
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Table 2. Fe to P ratio analysis (from ICP-MS) of the films deposited from different solutions; 

Optimized solution: 0.72 M FeSO4·7H2O, 0.72 M NaH2PO2 and 1 vol. % formic acid in 

ultrapure water. The pH was adjusted to 1.5 by adding sulfuric acid. 

 

3.4. Stability 

To test FeP film stability, the HER was examined under continuous operation using a 

constant current density of -10 mA/cm2. As shown in Figure 16, the FeP was exceptionally 

stable in acidic and neutral solutions, while relatively less stable in alkaline solutions. In acidic 

solutions, the overpotentials increased diminutively 7 mV after 24 hours of electrocatalysis 

(Figure 16, black curve). Similarly, only a 10 mV increase in overpotential was observed in 

neutral solution (Figure 16, red curve). For comparison, the overpotential of FeP nanoparticle 

modified electrode increased  by 52 mV in acidic solution and 35 mV in neutral solution, over 

a shorter time period of 16 hours.18 Under basic conditions, a significant change (51 mV over 

24 hours) in overpotential was observed (Figure 16, green curve). In this case, it is worth 

noting that the overpotential only increased significantly in the first few hours then changed 

very slowly thereafter. We believe this feature supports that FeP film could be a stable catalyst 

for long term service, even though there is an initial slight loss of activity under alkaline 

conditions.  
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Figure 16. Potential-time response of the HER conducted in acidic, neutral, or alkaline 

solutions at -10 mA/cm2 over 24 hours. 

 

Intrigued by the dependence of the film stability on the media pH, we further characterized 

the FeP film via microscopy and spectroscopy to observe the corresponding changes after 

HER reaction. It is worth noting that the morphology of the FeP electrode did not change even 

after 10 hours of electrolysis in acidic, neutral or alkaline solutions at a current density of -10 

mA/cm2, which reconfirmed the high corrosion resistance of FeP electrode (Figure 17). To 

illustrate the elemental changes after HER, the EDX of FeP films after 10 hours of electrolysis 

were collected. Compared to the as-deposited film prior to catalysis, peaks of copper became 

notably higher which indicated the exposure of copper foil substrate and the thinning of FeP 

film (Figure 18). For the as-deposited FeP film, the ratio of Fe to P was 1.62. After 10 hours 

of electrolysis in acidic and neutral solution, the Fe:P ratio slightly changed to 1.39 and 1.61, 

respectively, suggesting that the film integrity was not compromised during long continuous 

catalysis. However, the phosphide content tremendously decreased after catalyzing HER in 

alkaline solutions, eventually reaching a Fe:P ratio of 3.16. The EDX results coincided with 
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the stability test results shown in Figure 16 and all together reflected a stable, morphologically 

resilient structure under acidic and neutral solutions. The slight instability in alkaline solution 

can be attributed to possible dissolution of phosphorous.  
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Figure 17. SEM images of FeP films after 10 h of HER at a current density of  -10 mA/cm2 in 

(a) 0.5 M H2SO4, (b) 1.0 M PB, (c) 1.0 M KOH. 

 

 

 

Figure 18. EDX of FeP films (a) as-deposited, (b) after 10 h of HER in 0.5 M H2SO4, (c) after 

10 h of HER in 1.0 M PB, (d) after 10 h of HER in 1.0 M KOH. 

 

X-ray photoelectron spectroscopy (XPS) analysis was performed on the as-deposited and 

post-HER electrodes to study compositions change on FeP film. As shown in Figure 19, peaks 

corresponding to oxidized iron species (710.5 eV, 724.0 eV) and phosphate (132.9 eV) were 

much higher after HER. On the other hand, the peaks of Fe3+ in FeP (707.1 eV, 720.1 eV) 
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virtually disappeared in alkaline conditions. Consequently, the XPS results are in-line with 

our stability and EDX measurements and indicates that FeP might be converted into iron 

oxides or iron oxide-hydroxide during catalysis in alkaline solutions as similar phenomenon 

has been observed on Co2P.52 

 

Figure 19. XPS spectra of Fe 2p and P 2p in various FeP films; (a) as-deposited; (b) after 10 

h of HER in 0.5 M H2SO4; (c) after 10 h of HER in 1.0 M PB; (d) after 10 h of HER in 1.0 

M KOH. 

 

3.5. Comparison with Other Electrocatalysts 

The comparison of electrodeposited FeP with other selected electrocatalysts were shown 

in Table 3. The overpotential at -10 mA/cm2 was used to assess catalyst’s HER activity. The 

Tafel slope was used to compare catalyst’s HER kinetics. 
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Electrode material Electrolyte Ƞ (-10 mA/m2) Tafel slope    

(mV/dec) 

Reference 

CoP 0.5 M H2SO4 85 50 [34] 

Mo-P-S 0.5 M H2SO4 200 36 [35] 

Co-doped NiSe2 0.5 M H2SO4 212 42 [36] 

CoSe 0.5 M H2SO4 135 62 [37] 

polymorphic CoSe2 0.5 M H2SO4 70 31 [38] 

Ni/Ni(OH)2 0.5 M H2SO4 190  

(20 mA/cm2) 

116 [39] 

Ni-Cu-P 0.5 M H2SO4 150 69 [40] 

Cu-Co-P 0.5 M H2SO4 262 59 [53] 

FeP 0.5 M H2SO4 110 59 [24] 

FeP 0.5 M H2SO4 66 55 this work 

CoS 1.0 M PB 165 93 [43] 

Ni-Co-S 1.0 M PB 280 93 [54] 

NiPx 1.0 M PB 230 101 [55] 

CoW(OH)x 1.0 M PB 74 150 [56] 

FeP 1.0 M PB 131 108 this work 

Fe87P13 1.0 M KOH 375 115 [23] 

CoP 1.0 M KOH 94 42 [44] 

Mo-S-P 1.0 M KOH 350 104 [35] 

Co-Fe-P 1.0 M KOH 169 57 [57] 

Co-doped NiSe2 1.0 M KOH 64 63 [36] 

NiSe2 1.0 M KOH 96 82 [46] 

Co-Ni-P 1.0 M KOH 103 33 [47] 

Ni-Co-P 1.0 M KOH 30 41 [48] 

Ni-Cu-P 1.0 M KOH 120 69 [40] 

Co-Fe-P 1.0 M KOH 73 43 [49] 

NiPx 1.0 M KOH 105 45 [58] 

Cu−Co−P 1.0 M KOH 231 86 [53] 

Ni-S 1.0 M KOH 330 77 [59] 

Co/CoP 1.0 M KOH 35 71 [60] 

Ni-P 1.0 M KOH 93 43 [61] 

FeP 1.0 M KOH 140 62 [24] 

FeP 1.0 M KOH 110 60 this work 

 

Table 3. Comparison of electrodeposited FeP with other HER catalysts. 
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Chapter 4. Conclusions 

We have developed a straightforward electrodeposition process to synthesize FeP film 

from earth-abundant iron and phosphorus precursors at room temperature. This method is 

much simpler and greener compared to conventional synthesis by high-temperature solution-

phase reaction or gas-solid phosphorization reaction. The deposition process includes 

electrodeposition at -1.7 V vs SCE followed by in-situ selective etching of metallic iron under 

an applied potential of -0.1 V. The in-situ etching is crucial to improve the catalyst’s stability. 

Formic acid and low solution pH can mechanistically facilitate the film deposition as 

evidenced by cyclic voltammetry. In addition, the film’s surface area was increased as shown 

in capacitance studies and electron microscopy studies. Moreover, ICP-MS studies 

demonstrated that low solution pH was of great importance to phosphide deposition which 

correlated well with the purposed deposition mechanism.  

The as-deposited film was fully characterized by SEM, TEM, EDX, XPS, and ICP-MS, 

and it was confirmed to be amorphous iron phosphide with a very high electrochemically 

active surface area. This catalyst exhibits excellent HER activity over the full pH range and 

functions favorably when compared to other precious metals based or delicately synthesized 

catalysts. Its HER kinetics were fast according to Tafel slope analysis and EIS studies. A 

Small Tafel slope and very low charge transfer resistance were observed under acidic 

conditions. Finally, this material retains remarkable stability over long-term continuous 

reaction in acidic and neutral solutions, making it a practical electrocatalyst for industrial 

applications. The good stability was explained by the negligible morphological changes and 

chemical structure changes after long term HER reaction. In contrast, the relative instability 

of FeP film under basic HER condition was believed to be the dissolution of element 
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phosphorus and the conversion of iron phosphide into iron oxide or iron oxide-hydroxide as 

evidenced by XPS and EDX. The main conclusion of this work is that a carefully controlled 

electrochemical deposition can outcompete complex materials synthesis for certain 

applications. Although it is typically attractive to think about and design fancy 3-D structures 

that exhibit interesting catalytic activities, sometimes the incremental idealization of a much 

simpler process is a better synthetic route. Proper electrochemical control of cost-effective 

catalysts such as FeP that outcompetes most of the known complex earth-abundant catalyst is 

such an example that was discovered here. 
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