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4  C h a p t e r  4  

CoP As An Acid-Stable Active Electrocatalyst For The 

Hydrogen-Evolution Reaction: Electrochemical Synthesis, 

Interfacial Characterization And Performance Evaluation 

Saadi, F. H.; Carim, A. I.; Verlage, E.; Hemminger, J. C.; Lewis, N. S.; Soriaga, M. P. The 

Journal of Physical Chemistry C 2014, 118, 29294. DOI: 10.1021/jp5054452 

4.1 Introduction  

 The previous two chapters have focused on acid-stable, earth-abundant HER 

catalysts that consist of Group VI transition metals and chalcogenides. Another family of 

promising hydrogen evolution catalysts that was discovered during my time at Caltech is 

the transition metal phosphide group. Recently, crystalline nanoparticles of Ni2P, MoP, 

and CoP have been reported as acid-compatible HER catalysts that exhibit low 

overpotentials in acidic electrolytes.16-21 Additionally, Ni-P and Co-P alloys have been 

studied as alkaline-stable HER catalysts, although the exact compositions and activities 

were irreproducible among different samples.22-26 In this chapter we describe a facile 

electrochemical method for the synthesis of a cobalt phosphide film that displays high 

HER activity and significant operando acid-stability. 
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4.2 Cobalt phosphide electrodeposition and characterization 

4.2.1 Characterization of films prior to electrocatalysis 

 Scanning-electron micrographs (SEM) of the as-deposited thin film (Figures 

4.1A, 4.1B, and 4.1C) showed the surfaces to be relatively smooth but with micron-sized 

spherical clusters randomly and loosely distributed throughout. Energy-dispersive X-ray 

spectroscopy (EDS) indicated that the surface was composed primarily of cobalt and a 

minor amount of phosphorous in a Co:P ratio of 20:1 (Figure 4.2). EDS also yielded the 

same 20:1 ratio for the clusters. 

 

Figure 4.1: Scanning-electron micrographs of the films before (A, B, and C) and after 

(D, E, and F) voltammetry. A: An As-deposited thin film showed the presence of quasi-

spherical clusters on the surface. B and C: The film underneath the particles appeared 
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uniformly roughened. D: Post-electrolysis film showed close-packed plateau-topped 

islands on the surface. E and F: The tops of the mesa-like islands were flat and relatively 

smooth. 

 

Figure 4.2: Energy-dispersive X-ray spectroscopy of the films before and after 

voltammetry. The Co:P atomic ratio decreased from 20:1 to 1:1 after the voltammetric 

experiments. 

 

 Figures 4.3A and 4.3B show high-resolution X-ray photoelectron spectra of the 

samples in the Co and P regions, respectively. The peaks at 778 eV and 793 eV in Figure 
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4.3A correspond to the 2p3/2 and 2p1/2 peaks of zerovalent Co. All of the other peaks are 

associated with oxidized cobalt, Co3O4 (CoO.Co2O3).28-31 The large peak in Figure 4.3B 

at 133 eV is assigned to orthophosphate, probably as the cobalt salt Co3(PO4)2.32,33 The 

observed broadening is consistent with an unresolved overlap of the 2p3/2 and 2p1/2 

states.34 Based on Equation (4.1), the Co:P atomic ratio was determined to be 8:1. The 

latter is considerably smaller than the EDS-determined ratio (20:1) because X-rays 

emanate deeper from the sample bulk compared to photoemitted electrons. This 

difference in the Co:P ratio implies surface segregation of phosphorus in the as-prepared 

sample. 
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Figure 4.3: High-resolution X-ray photoelectron spectra of (A) Co 2p region of the as-

deposited thin film; (B) P 2p region of the as-deposited thin film; (C) Co 2p region after 

voltammetry; (D) P 2p region after voltammetry. 

 

 The Raman spectrum of the as-deposited cobalt phosphide film (Figure 4.4) 

exhibited a broad, asymmetric band centered at 590 cm-1 which is characteristic of 

amorphous cobalt oxide35. The shoulders at 487, 522, and 690 cm-1 are consistently 

assigned to Co3O4 stretching modes (Eg, F2g, and A1g).36 Additional peaks at 925, 98,1 

and 1067 cm-1 were also observed and are consistent with P-O stretching modes (ν1 

symmetric, ν1 symmetric, and ν3 anti-symmetric respectively).37,38  
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Figure 4.4: Raman spectra before and after voltammetry. The peaks at ca. 600 cm-1 

correspond to Co-O vibrational modes, whereas those at ca. 1100 cm-1 are attributable to 

P-O modes. 

 

4.2.2 Electrochemistry 

 Figure 4.5 displays the cyclic current vs. potential data for the cobalt phosphide 

thin film in aqueous 0.500 M H2SO4. In the first scan (Figure 4.5A), initially from the 

open-circuit potential (-0.075 V) to 0.025 V vs RHE, a large anodic current was observed 

that was not replicated in subsequent runs. After that first cycle, in all experiments, the 

overpotential (η) needed to drive 10 mA cm-2 of cathodic current was 85 mV (RHE). This 

overpotential was significantly lower than those observed for the Co-on-Cu and pure-Cu 

control experiments (Figure 4.5B). Figure 4.5C shows a representative steady-state Tafel 

plot for the cobalt-phosphide film, which yielded a slope of 50 mV dec-1 and an exchange 

current density of 0.20 mA cm-2. Figure 4.5D compares the Tafel plot of the subject 

compound with those of other HER catalysts. Only platinum outperformed the 

electrodeposited cobalt-phosphide film under the stated test conditions. 
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Figure 4.5: (A) Cyclic voltammetric data for cobalt phosphide thin films on glassy 

carbon in aqueous 0.50 M H2SO4. (B) Current density vs potential data for Pt (gray), the 

third scan of CoP (black), Co (blue) and Cu (red). (C) Tafel plot of CoP from the current 

density vs potential data in (B). (D) Tafel plots that compare the activity of the film in 

0.50 M H2SO4 with that of Pt,21 CoP nanoparticles,21 Ni2P nanoparticles,20 CoSe thin 

films,41 MoSe2 thin films,42 and MoS2 thin films.9 

 

 Two methods were implemented to assess the operando stability of the 

catalytically active film in highly acidic environments. In one, the sample was cycled, 
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uninterrupted, between 0.0 V and -0.14 V vs RHE in 0.5 M H2SO4 for 24 h and the 

ensuing cyclic voltammogram (CV) was compared with that for first cycle (Figure 4.6A). 

The CV data indicated an increase in η from 85 mV to 100 mV after the day-long test. 

The other stability-assessment method was based on chronopotentiometry, in which a 

constant current density of 10 mA cm-2 was delivered over 24 h while the electrode 

potential, i.e. the value of η, was monitored (Figure 4.6B). The average increase in η 

from the two methods was 17.5 ± 4.5 mV.  

 

Figure 4.6: (A) Current density vs potential data in 0.50 M H2SO4, for the first cycle and 

after uninterrupted scans over 24 h. (B) Chronopotentiometry in 0.50 M H2SO4 at a 

constant current density of 10 mA cm-2. 

 

4.2.3 Post-electrochemistry film characterization 

 Figures 4.1D, 4.1E, and 4.1F show SEM images of the film obtained after the 

HER catalysis experiments. The most notable difference between these images and the 

pre-electrochemistry images of Figures 4.1A, 4.1B, and 4.1C is that the film surface was 
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no longer marred with loosely distributed quasi-spheres but was instead covered with 

close-packed plateau-topped particles that resembled micron-sized mesas. The tops of the 

mesa-like particles were relatively flat and smooth. Post-electrochemistry EDS 

measurements (Figure 4.2) indicated that Co:P ratio in the film decreased twenty-fold to 

1:1. 

 Figures 4.3C and 4.3D, respectively, show high-resolution XPS spectra of the 

sample in the Co and P regions. Comparison of Figure 4.3C with Figure 4.3A clearly 

indicates that all peaks attributable to cobalt oxides have diminished; the two major peaks 

represent Co 2p3/2 and Co 2p1/2 states in the stoichiometric CoP.21,32,39 Close inspection 

of Figures 4.3B and 4.3D reveals that the relative intensities of the post-electrochemistry 

phosphide peaks at 129 and 131 eV increased, whereas that of the phosphate peak at 133 

eV decreased significantly. Based on Equation (4.1), the atomic ratio of cobalt and 

phosphorous after the hydrogen-evolution experiments decreased from 8:1 to 1:1, in 

agreement with the EDS results. 

 The Raman spectrum (Figure 4.4) after electrochemistry showed the absence of 

peaks at 600 cm-1, thus providing clear evidence that the catalytically active film did not 

contain cobalt oxide.  

4.3 Discussion 

 When a clean copper disk electrode is immersed in an aqueous solution of 0.15 M 

H3BO3, 0.10 M NaCl, 0.30 M NaPO2H2, and 0.2 M CoCl2 and applied with a potential of 

-1.2 V, the following deposition reactions are expected to occur:40 

Co2+ + 2e– → Co E° = -0.28 V  (4.2) 
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H2PO2
– + 2H+ + e– → P + 2H2O E° = -0.248 V  (4.3) 

A spontaneous Co-P compound formation reaction then occurs to give the net reaction: 

Co2+
 + H2PO2

– + 2H+ + 3e– → CoP + 2H20 E° ≈ -0.28 V  (4.4) 

 While a few stoichiometric compositions of cobalt phosphide are known (e.g., 

Co3P and Co2P),25,32 the 1:1 ratio explicitly shown in Equation (4.2) is based upon the 

post-electrocatalysis XPS, and EDS results. The as-deposited film, whether examined by 

EDS, XPS or Raman spectroscopy, showed a preponderance of higher-valent Co and P 

species such as Co2O3, CoO, and orthophosphate salts. This behavior may be a 

consequence of the air-oxidation of the sample when removed from the deposition 

solution, rinsed with Nanopure water, and transferred to the XPS instrument. 

 The large anodic current observed in the first voltammetric cycle is consistent 

with expectations for the quantitative anodic dissolution of metallic cobalt to the divalent 

cation, Co2+, which is desorbed into solution. Under HER conditions, dissolution of CoO 

and Co2O3 evidently also takes place as indicated by the complete loss of cobalt oxides, 

as well as by the significant decrease in the Co:P atomic ratio observed in the post-

catalysis XPS and EDS data. The magnitude of the orthophosphate XPS peak in the as-

prepared sample was substantially diminished after the HER cycles. This decrease was 

consistent with expectations for the cathodic reduction of interfacial orthophosphate 

species; when the film was removed from solution, in the absence of applied potential, 

the reduced products readily reverted to the orthophosphates. Thus, ex-situ surface 

spectroscopy showed non-zero, but substantially diminished, orthophosphate coverage; 

this is as expected for samples that were briefly exposed to air during sample transfer. 

The net result is an example of an operando purification, with the deposit changing 
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chemically from a composite of active and inert substances to solely the catalytically 

functional material. 

 For the electrodeposited cobalt phosphide film, spectral results from XPS showed 

that the binding energy of cobalt was significantly lower than either the Co2+ or Co3+ 

species. This is to be expected since a previous study on metal monophosphides has 

revealed the covalent nature of the cobalt-phosphorous bond.39 The covalently bonded 

CoP is better represented as Coδ+Pδ-, where δ+ and δ- denote partial, non-integer, charges; 

consequently, the Co peaks would be closer to those of the zerovalent metal. If the 

interaction between cobalt and phosphorus were purely ionic, the designation would have 

been [Co3+][P3-], and the Co peak would be that for the Co3+ species. 

 The overpotential (η) necessary to deliver a proton-reduction current density of 10 

mA cm-2, a catalytic-activity metric that is an order of magnitude higher than in natural 

photosynthesis, was 85 mV for electrodeposited CoP. In addition, the CoP electrodeposits 

displayed stability in acidic environments, in that after 24 h of uninterrupted HER-

voltammetric cycles, η increased by only 17.5 ± 4.5 mV. The results for the 

electrodeposited CoP micron-sized particles are comparable to those obtained using CoP 

nanoparticles.21 In terms of η, the comparative catalytic performance of the CoP film is as 

follows (Figure 4.5): ηPt < ηCoP Film = ηCoP NP, ηNi2P < ηCoSe2 < ηMoS2 < ηMoSe2. 

 

4.4 Conclusion 

 Cobalt phosphide was prepared, as a film on a copper substrate, by cathodic 

deposition from a boric acid solution of Co2+ and H2PO2
–. Surface structural and 
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compositional analysis of the film prior to the electrocatalysis measurements indicated 

that the film consisted of micron-sized spherical clusters located randomly and loosely on 

a slightly rough surface. The composition of both the clusters and surface consisted of 

cobalt in the metallic, phosphide, and amorphous-oxide forms (CoO•Co2O3), and of 

phosphorus as phosphide and orthophosphate. The higher-valent species that originated 

from air-oxidation were remediated upon HER electrocatalysis in sulfuric acid. The 

operando film purification yielded a functional electrocatalyst with a Co:P stoichiometric 

ratio of 1:1. The post-HER surface was densely packed with micron-sized mesa-like 

particles whose tops were flat and smooth. The CoP eletrodeposit showed an overvoltage 

of 85 mV at a current density of 10 mA cm-2, and exhibited operando stability in acidic 

solution, characterized by an increase in η of 18 mV after 24 h of uninterrupted operation. 

In terms of η, the comparative catalytic performance of CoP is: ηPt < ηCoP Film ≤ ηCoP NP, 

ηNi2P < ηCoSe2 < ηMoS2 < ηMoSe2. 

 

4.5 Experimental 

 All chemical reagents were analytical grade and used without further purification. 

Ultra-clean water with resistivity higher than 18.2 MΩ cm was generated from a 

Barnstead Nanopure system (Thermo Scientific, Asheville, NC). Unless otherwise 

specified, all experiments were performed under ambient laboratory conditions.  

 Rotating-disk electrode substrates. Copper disks (Alfa Aesar, Ward Hill, MA) 

that were used as deposition substrates were 5 mm diameter, 4 mm thickness, and 99.999 

% purity. The disks were metallographically burnished on a LaboPol-5 polisher (Struers 
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Inc., Cleveland, OH), initially with 15-µ SiC (Buehler, Lake Bluff, IL) and subsequently 

with progressively decreased grit size (9, 6, 3 to 1 µ) diamond paste. The disks were then 

cleaned with a 0.06-µ colloidal suspension of silica and sonicated for 5 min in Nanopure 

water. 

 Electrochemistry. Electrochemical experiments were performed in a 100-mL 

four-port glass cell that was equipped with a 99%-pure graphite rod (Alfa Aesar) that 

served as a counter electrode, and a saturated calomel electrode (SCE) (CH Instruments, 

Austin, TX) as reference. The SCE was calibrated (266 mV) against a reversible 

hydrogen electrode (RHE) in 0.5 M H2SO4. Potential control was accomplished with a 

BioLogic SP-200 potentiostat (Biologic, Grenoble, France). The uncompensated cell 

resistance was determined from a single-point high-frequency impedance measurement 

and was compensated (85 %) by the built-in positive-feedback software.  

 The cobalt phosphide film was electrodeposited onto a Cu disk from a 250-mL 

solution that consisted of 0.928 g (0.15 M) of boric acid, H3BO3, (Alfa Aesar), 0.584 g 

(0.10 M) sodium chloride, NaCl, (Macron Fine Chemicals, Center Valley, PA), 3.48 g 

(0.30 M) sodium hypophosphite, NaPO2H2, Alfa Aesar) and 4.759 g (0.2 M) cobalt 

chloride, CoCl2, (Alfa Aesar). The pH of the solution, prior to and after the 

electrodeposition experiments, was 5.0. The rotating disk electrode (RDE) was rotated at 

a frequency of 6.67 Hz (400 rpm) with the potential maintained at -1.2 V vs SCE for 15 

min. For control experiments, a cobalt-only film was prepared based on the same 

procedure but in the absence of NaPO2H2. 

 Hydrogen-evolution catalysis measurements were performed in a 0.50 M H2SO4 

solution that was prepared from 18 M H2SO4 (Sigma Aldrich, St. Louis, MO) by use of 
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ultrapure water. In the HER experiments, the solution and the RDE cell were saturated 

with 99.999 % H2(g) (Air Liquide, Plumsteadville, PA) and the RDE was rotated at 26.67 

Hz (1600 rpm). Voltammetric data were obtained by cycling the potential between 0.0 V 

and -0.14 V vs RHE at a scan rate of 1 mV s-1. The operando stability of the films was 

evaluated by continuous cyclic voltammetry over a 24 h period. Chronopotentiometry at 

constant current density of 10 mA cm-2 was also performed during which the potential of 

the cobalt phosphide film was monitored over a 24 h period. 

Interfacial Characterization 

 Scanning-electron micrographs were obtained using a Nova NanoSEM 450 

microscope (FEI, Hillsboro, OR) with an accelerating voltage of 15 kV and a working 

distance of 5.0 mm. Low-magnification micrographs (> 10 nm per pixel) were acquired 

with an Everhart-Thornley detector whereas higher-magnification micrographs were 

obtained with a through-the-lens detector. Energy-dispersive X-ray spectra (EDS) were 

collected in the SEM at an accelerating voltage of 15 kV using a silicon drift detector 

(Oxford Instruments, Abingdon, United Kingdom). Inca software (Oxford Instruments, 

Abingdon, United Kingdom) was used to interpret the EDS spectra. 

 XPS data were obtained using an AXIS Ultra DLD instrument (Kratos Analytical, 

Manchester, UK) at a background pressure of 1 × 10-9 Torr. High-intensity excitation was 

provided by monochromatic Al Kα X-rays, 1486.6 eV in energy and 0.2-eV resolution at 

full width at half maximum. Photoelectrons were collected at 0º from the surface normal 

at a retarding (pass) energy of 80 eV for the survey scans, whereas a pass energy of 20 

eV was used for the high-resolution scans. The peak energies were calibrated against the 

binding energy EB of the adventitious C 1s peak. For quantitative analysis, the XPS peaks 
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were fitted using CasaXPS software (CASA Ltd, Teignmouth, United Kingdom) to 

symmetric Voigt line shapes composed of Gaussian (70%) and Lorentzian (30%) 

functions that employed a Shirley background.27 For both the Co and P peaks, the fitting 

was constrained to maintain a 2:1 ratio between the areas of the 2p3/2 and 2p1/2 peaks, 

with EB separations of 0.85 eV and 15 eV for P and Co, respectively. The atomic or 

molar ratio between Co and P was obtained from Equation (4.1): 

"#$
"%

= 	 (#$ )#$
(% )%

 (4.1) 

*Co*P=	.Co/Co.P/P (4.1) 
where N is the number of atoms, A is the total area of the photoemission peaks, and S the 

sensitivity factor. Values for S (0.486 for P and 3.59 for Co) were provided by the 

instrument manufacturer. 

 Raman spectra of the films were obtained with a Renishaw inVia Raman 

microprobe (Renishaw, Wotton Under Edge, United Kingdom) equipped with a Leica 

DM 2500M microscope (Leica Microsystems, Buffalo Grove, IL), a Leica N Plan 50x 

objective (numerical aperture = 0.75), a 1800 lines mm-1 grating and a CCD detector 

configured in a 180° backscatter geometry. A 532-nm diode-pumped solid-state laser 

(Renishaw RL532C50) was used as the excitation and a 20-µW radiant flux was incident 

onto the surface of the sample. 
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