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Exploitation of abundant but intermittent and diluted renewable energy sources, 

such as sunlight or wind,
1
 requires efficient energy storage technologies. The cost-

effective conversion of these energy sources into a chemical form via the production of a 

fuel is one of the greatest challenges of the century. Hydrogen is such a fuel which can be 

simply produced via water electrolysis, when the electricity is derived from renewable 

energy sources (photovoltaics, turbines…).
2
 Promising devices, based on proton 

exchange membrane (PEM) technology, rely on the use of noble metal (Pt, Ir…)-based 

electrocatalysts but, due to the low abundance and consequent high cost of such precious 

metals, the long-term viability of these systems is questionable. Instead the transition to 

a Hydrogen economy requires the design and construction of efficient systems that 

utilize earth-abundant elements.
3
 While important reports have been made recently 

regarding the use of cobalt,
4-12

 nickel 
13

 and manganese
9,14

 oxide materials as robust 

electrocatalysts for water oxidation (OER), few such materials exist for hydrogen 

evolution (HER).
15-18

 We found that a robust nano-particulate electrocatalytic material, 

H2-CoCat can be electrochemically prepared from aqueous cobalt salts in a phosphate 
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buffer. This material consists of metallic cobalt coated with a cobaltoxo/hydroxo-

phosphate layer in contact with the electrolyte and mediates H2 evolution from neutral 

aqueous buffer at modest overpotentials Remarkably, it can be converted upon anodic 

equilibration into the O2-CoCat cobalt-oxide film
4
 described by Kanan and Nocera 

catalysing O2 evolution. The switch between the two catalytic forms is fully reversible 

and corresponds to a local interconversion between two morphologies and compositions 

at the surface of the electrode. After deposition, the noble-metal-free coating thus 

functions as a robust, bifunctional and switchable catalyst.  

 

Innovative breakthroughs based on cobalt compounds appeared in the past decade
19

 

for electrocatalytic HER
4-8

. We
20-22

 and others
23-25

 reported that a series of cobaloxime and 

diimine-dioxime
21

 compounds display remarkable properties for proton reduction with low 

overpotential requirements.
26

 However, practical utilization of molecular catalysts requires 

their grafting with retention of the catalytic activity onto an electrode material,
16

 which in the 

specific case of Co catalysts has so far been prevented by synthetic issues.
19

 We thus turned 

toward a more direct and smoother method based on the reductive electrodeposition of a 

cobalt-based material, since this methodology recently proved successful for the preparation 

of MoS2- 
27,28

  or NiMo-based materials
29,30

 HER catalysts. We here establish that reduction of 

Co(NO3)2
.
6H2O from an aqueous phosphate buffer (KPi, 0.5 mol.L

–1
, pH 7) at a F-doped 

SnO2 (FTO) electrode is a straightforward and highly convenient preparation of very stable 

electrocatalytic materials for H2 evolution. Similar results are obtained if the water-soluble 

diimine dioxime cobalt(III) complex [Co(DO)(DOH)pnCl2] ((DOH)(DOH)pn = N
2
,N

2
’-

propanediylbis(2,3-butandione 2-imine 3-oxime); Figure S1) or the cobaloxime 

[Co(dmgBF2)2(H2O)2] (dmgH2 = dimethylglyoxime) are used as cobalt precursors under the 

same conditions. 

 

Figure 1 reports the current densities obtained during a linear sweep voltammetry 

experiment (plain black trace, 0.05 mV.s
–1

) of a Co(NO3)2.6H2O solution (0.5 mmol.L
–1

) in 

KPi (0.5 mol.L
–1

, pH 7) at an FTO electrode. A reductive process is observed with onset at –

0.9 V vs Ag/AgCl. Simultaneous chromatographic monitoring of H2 production (dotted black 

trace) indicates that no hydrogen is produced at this point. If the electrode potential is 

switched to more negative values (below –0.95 V vs Ag/AgCl) H2 is produced. To provide 

more insights into the reductive process at work at the onset of the wave, we carried out an 
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electrolysis experiment at –0.9 V vs Ag/AgCl for 1 hour (Q=0.1 C.cm
–2

geometric), which 

resulted in a grey coating of the electrode. The scanning electronic micrograph (Figure 2a) 

shows isolated nanoparticles with an average ~10 nm in diameter.  Performing the same 

electrolysis but at –1.0 V vs Ag/AgCl for 3 hours yields a film of ~2 m thickness made from 

larger particles (100 nm) as shown by Figure 2b. During this experiment the current density 

stabilizes to a value of 2 mA.cm
–2

geometric. Neither the use of a longer electrolysis time nor a 

second electrolysis experiment in a new Co
2+

 solution could increase the current density.
 
The 

modified electrode was then transferred to a Co-free KPi electrolyte and studied for its 

electrocatalytic properties under conditions described above. Figure 1 (red traces) reports 

current density (plain) and specific rate of H2 evolution (dotted) traces as a function of the 

electrochemical potential values scaled versus the Reversible Hydrogen electrode (RHE), 

from which overpotential values can be directly obtained. Hydrogen evolution could be 

detected for overpotential values as low as 50 mV (Inset in Figure 1) and overpotential values 

of 270 mV and 385 mV are required to reach current density values of 0.5 and 2 mA.cm
–

2
geometric

 
respectively. With such an electrode, the faradaic yield is found to be quantitative 

within the experimental accuracy. It should be noted that these overpotential values are much 

lower than those reported with cobalt-based molecular catalysts assayed under aqueous 

solutions. For instance, Co macrocycles generally require overpotentials of 500 mV to 700 

mV
19

 and a recently described pentadentate polypyridyl cobalt complex catalyzes H2 evolution 

with onset of the catalytic current occurring for an overpotential of 660 mV.
31

 Our catalytic 

material, hereafter named H2-CoCat, appears to be stable as long as the electrode is kept at a 

potential more negative than about –0.6 V vs Ag/AgCl. When poised at a more positive 

potential, or left at open-circuit potential, the catalytic film readily dissolves in the electrolyte 

yielding Co(II) species. By ICP-MS titration of Co(II) ions in the electrolyte after full 

redissolution, we determine that 1.0 10
–6

 mol of cobalt are deposited per geometric cm
2
, from 

which we derive an H2-evolution turnover frequency of 80 h
-1

 per Co center at 385 mV 

overpotential. 
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Figure 1. Linear voltammetry experiments. Black: current densities (plain) recorded at a FTO electrode (1 cm
2
) 

in phosphate buffer (KPi, 0.5 mol.L
–1

, pH 7) containing Co(NO3)2.6H2O (0.5 mmol.L
–1

) at a low scan rate (0.05 

mV.s
–1

) with simultaneous GC monitoring of H2 evolution (dotted): N2 was continuously bubbled through the 

electrolyte at a constant flow (5 mL.min
–1

) during the experiment and the concentration of H2 in the output gas 

was determined every 2nd min by gas chromatography. This allowed determining the specific rate of H2 

evolution which is reported in the right scale. With the right and left scales used, superimposition of both current 

density and H2 evolution rate traces shows quantitativity of the faradaic yield. Red: current densities (plain) and 

specific rate of H2 evolution (dotted) recorded at a FTO electrode previously modified by controlled potential 

electrolysis for 3 h at –385 mV vs RHE in the Co-containing solution described above and then transferred into a 

cobalt-free buffer. Inset: blow-up of the low overpotential region showing evolution of H2 with 50 mV onset 

overpotential. 
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Figure 2. SEM images of electrodes modified by electrolysis at (a, left) –0.9 V vs Ag/AgCl for 1h 

([Co(DO)(DOH)pnCl2], 0.5 mmol.L
–1

, ITO, 0.1 C.cm
–2

geometric) and (b, right) –1.0 V vs Ag/AgCl  for 3h 

(Co(NO3)2.6H2O or [Co(DO)(DOH)pnCl2], 0.5 mmol.L
–1

, FTO, 6.5C.cm
–2

geometric) vs. RHE in phosphate buffer 

(KPi, 0.5 mol.L
–1

, pH 7) containing; (c) SEM image of a H2-CoCat film on FTO electrode equilibrated at 1.16 V 

vs Ag/AgCl for 90 min. in a cobalt-free 0.5 mol.L
–1

 KPi, pH 7 electrolyte (d) SEM image of H2-CoCat film on 

FTO electrode initially equilibrated at –1.0 V Vs Ag/AgCl and taken out of the solution just after a potential 

switch to 1.16 V vs Ag/AgCl before equilibration of the current. 

 

Figure 3 also shows that H2-CoCat, displays much higher performances than a bulk 

cobalt foil. Tafel analysis (inset in Figure 3) gives a Tafel slope of 140 mV/decade and 

exchange current density of 10
–5.5

 A.cm
–2

geometric. This value is significantly higher than that 

found for metallic cobalt (10
–6

 A.cm
–2

geometric) or electrodeposited MoS2 catalysts (10
–6.5

 

A.cm
–2

geometric).
28

 NiMo-based materials exhibit current densities between 10
–6 

and 10
–4 

A.cm
–

2
geometric.

30
 We also compared H2-CoCat with a similar cobalt coating described by Soto et al.

32
 

but deposited from NH4Cl solution (pH 5.6) and with another nanoparticulate metallic Co 

coating reductively obtained from a Co
2+

-containing LiClO4 solution (pH 7).
33

 Surface 

morphologies of the three samples were characterized using atomic force microscopy (Figure 

S6) and RMS roughness values of 87, 60 and 160 nm
 
were determined for H2-CoCat and the 

coatings deposited from NH4Cl and LiClO4 respectively. Cobalt quantification after oxidative 

dissolution of the films gave surface concentrations of 1.0 and 2.9 10
–6

 molCo.cm
–2

geometric for 

the latter two samples respectively, in the range of that of H2-CoCat. Polarisation curves 

(Figure S4) show that H2-CoCat is superior to the other two samples. This definitively speaks 

for H2-CoCat being distinct in composition and intrinsically more active than previously 

described Co-based coatings. We note that molecular cobalt complexes combined with 

carbon–based materials also yield active electrocatalytic electrodes for H2 evolution.
34,35

 Yet 

these studies lack a detailed characterization of the surface state of the electrode material 

which would allow comparison with H2-CoCat. 
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Figure 3. Linear voltammetry experiments recorded at a FTO electrode (1 cm
2
)  in phosphate buffer (KPi, 0.5 

mol.L
–1

, pH 7) at a low scan rate (0.05 mV.s
–1

)
 
for a FTO electrode modified with H2-CoCat (□) and at a Co foil 

electrode (▲) Potentials have been converted to RHE. The corresponding Tafel plots are shown in the inset. 

 

The structure of H2-CoCat was characterized by X-ray photoelectron spectroscopy 

(XPS), Energy Dispersive X-ray (EDX) spectroscopy, X-ray absorption spectroscopy (XAS), 

in particular near-edge structure (XANES) and extended X-ray absorption fine-structure 

(EXAFS). 

 The XPS spectrum of freshly electro-deposited H2-CoCat, recorded under limited air 

exposure conditions, shows the presence of cobalt, phosphorus and oxygen (Figure 4) and was 

comparable to that of commercially available Co3(PO4)2
.
xH2O. No significant signals are 

found in the N1s region when [Co(DO)(DOH)pnCl2] or [Co(dmgBF2)2(H2O)2] are used as 

cobalt precursors confirming that the organic ligand is completely split up from with the 

cobalt ion during the cathodic deposition process. The P2p region of both samples displays two 

sharp peaks with 133.4 eV and 134.4 eV binding energies (ratio of 2:1) corresponding to the 

2p3/2 and 2p1/2 core levels of central phosphorus atom in phosphate species.
36

 In the Co region, 

two broad sets of signals corresponding to 2p3/2 (782 eV) and 2p1/2 (798 eV) core levels are 
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observed, excluding the presence of metallic cobalt (778.0 eV) at the surface of the H2-CoCat 

coating. O1s signals are centered for both materials at 531.7 eV. P/Co/O ratios are however 

significantly different with a slight excess of cobalt and oxygen for H2-CoCat (2:3.9:11.6) as 

compared to Co3(PO4)2
.
xH2O (2:3:11.1). As the Co2p and O1s core levels binding energies

37
 of 

cobalt oxides and hydroxides are in the same range as those of cobalt phosphate, we 

tentatively describe the surface of electrodeposited H2-CoCat as a combination of cobalt(II) 

phosphate with a cobalt oxo/hydroxo species CoxOy(OH)z, probably in the Co(II) state as 

observed for native cobalt oxide/hydroxide that forms at the surface of metallic cobalt. 

EDX spectra (Fig. S2a) confirm the presence of Co, P and O together and additional 

signals arise from silicon and tin from FTO coated glass substrate. Since EDX, which probes 

deeply into the cathodically deposited film, indicates a Co/P ratio of 5:1, whereas XPS, which 

probes only a few nanometers below the surface, indicates a 1:2 Co/P ratio, we conclude that 

H2-CoCat is not homogeneous in composition between bulk and surface. 

 

 

 
Figure 4: XPS survey (left), Co2p (middle), O1s (right up) and P2p (right down) core levels spectra of H2-CoCat 

deposited on FTO substrate (red) and commercial Co3(PO4)2
.
 xH2O (black).  

 

The absence of crystalline features in the powder low-angle X-ray diffraction pattern 

recorded at low angles and in the electron diffraction patterns recorded in a transmission 

electron microscope indicates the amorphous nature of H2-CoCat. For insight into the atomic 

structure, X-ray absorption spectra were collected at the Co K-edge after H2-CoCat formation 

and fast freezing of the still-wet electrode in liquid nitrogen (quasi-in situ measurements).
7
 

When deposition (paralleled by catalytic H2 evolution) was achieved at –1.0 V vs. Ag/AgCl, 

XANES and EXAFS measurements suggest a dominating contribution of the hexagonal close-

packed phase of metallic cobalt (Fig. 5 and Fig. S3). However, the magnitude of EXAFS 

oscillation is by about 40% smaller than observed for a Co metal foil and furthermore the edge 
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spectra (inset in Figure 5) suggest a sizeable non-metallic contribution. An appropriate 

subtraction of the metallic contribution results in an EXAFS spectrum that suggests the 

presence of light atoms (O, N, C) in the first Co coordination sphere (Fig. S3d), but the 

determination of bond lengths by EXAFS simulations is prevented by noise in conjunction 

with uncertainties in the approach used to correct for the dominating contributions of the 

metallic cobalt. 

                                

 
Figure 5. Fourier-transformed EXAFS spectra collected at the Co K edge. Red trace: H2-CoCat equilibrated at –

1.0 V vs Ag/AgCl. Blue trace: H2-CoCat equilibrated at +1.16 V vs Ag/AgCl for 4 min. Black trace: Co metal 

foil (hexagonal close-packed state). The XANES spectra of the film formed at –1.0 V vs Ag/AgCl and of metallic 

cobalt are shown in the inset. The blue arrows mark features that are assignable to the contribution (~50%, Fig. 

S6) of a phase of edge-sharing CoO6 octahedra to the spectrum of the film equilibrated at +1.16 V vs Ag/AgCl 

(blue line).  

 

 

 

All these data indicate that the new material is made of nanoparticles with a cobalt 

oxo/hydroxo phosphate component mostly located at the surface and metallic cobalt in the 

bulk.  

 

 Poising the H2-CoCat electrode at a fairly positive potential (+1.16 V vs. Ag/AgCl) 

resulted in a stable anodic current density of 1 mA.cm
–2

 (Fig. S7) and concomitant oxygen 

evolution with quantitative faradaic yield. SEM observations of the electrode after 90 min 
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(Figure 2c) shows a homogeneous thin film, with cracks originated from drying, very similar 

to those obtained for the O2-CoCat material (also named CoPi) reported in 2008 by Kanan and 

Nocera.
4,7

  

In order to characterize the electrocatalytic material after this redox shift a detailed analysis by 

EDX, XPS and XAS has been carried out. According to EDX spectra (Fig S2b) the Co:P ratio 

is 1:2.5, which differs significantly from the 2:1 ratio previously reported for O2-CoCat.
4
 XPS 

analysis confirms the large phosphorus accumulation in the oxidized film (Fig S8). On the 

other hand, the XANES and EXAFS spectra (Fig. 4 and S9) of H2-CoCat films equilibrated at 

+1.16 V vs. Ag/AgCl, indicate that about 50% of the Co film has undergone a transformation 

resulting in a Co oxide material, consisting of clusters of edge-sharing Co
III

O6 octahedra,
7,8,38

 

similar to that found in O2-CoCat.  

 

After cathodic deposition (black trace in Figure 6), alternate switches between oxidative 

(+1,775 V vs. RHE,  blue traces in Figure 6) and reductive conditions (–385 mV vs. RHE, red 

traces in figure 6) show that the deposited  material catalyzes both water oxidation and  H2 

evolution  respectively. Importantly we could not evidence any decrease in activity for both H2 

and O2 evolution after several switches. From the current densities and chromatographic 

measurements, we derive turnover frequencies of 10 and 80 h
-1

 per Co center at 545 and 385 

mV overpotential for O2 and H2 evolution respectively. We conclude that the material 

reported here enjoys a fast redox-dependent interconversion between the H2-CoCat form and 

the  O2-CoCat form, catalytically competent for H2 and O2 evolution respectively. In order to 

determine whether this reversible transformation proceeds through the complete dissolution of 

one form of the CoCat film followed by the electrodeposition of the other form, we stopped 

the experiment before current stabilization after a switch from reductive to oxidative 

conditions. SEM analysis then reveals the coexistence of different domains at the surface of 

the electrode (Figure 2d) corresponding to both morphologies. This clearly stands for a 

progressive and local transformation of the material.  
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Figure 6. (a) Charge passed through a FTO electrode (1 cm

2
) during controlled potential coulometry initially at –

1.0 V vs. Ag/AgCl (3h, H2-CoCat deposition) in 0.5 mol.L
–1

 KPi, pH 7 electrolyte containing Co(NO3)2.6H2O 

(0.5 mmol.L
–1

) and after transfer to a cobalt-free 0.5 mol.L
–1

  KPi, pH 7 electrolyte, with potential switching 

between oxidative (blue, 1.16 V vs. Ag/AgCl) and reductive conditions (red, –1 V vs. Ag/AgCl); (b) Specific 

rates of hydrogen (red) and oxygen (blue) evolution quantified through gas chromatography measurements during 

the same experiment. N2 was continuously bubbled through the electrolyte at a constant flow (5 mL.min
–1

) during 

the experiment and the concentration of O2 and H2 in the output gas was determined every 2 min by gas 

chromatography.  

 

First-row transition metals, namely Ni and Co, still display exchange current densities (<10
–6

 

A.cm
–2

geometric) lower than those of platinum (10
–3

 A.cm
–2

geometric) for catalytic H2 evolution 

(HER).
39,40

 However Photo-Electro-Chemical (PEC) water-splitting devices require only low 

current densities (few mA.cm
–2

geometric
29,41-43

) since their activity is limited by the photon flux 

from the sun but must be made from abundant and cheaply processed materials both for light 

harvesting
18,44,45

 and catalysis (both HER
18,30

  and OER
46,47

) to be economically viable. 

Oxidatively (O2-CoCat
4
) or reductively (MoS2- 

27,28
, NiMo-based materials

29,30
) deposited 

OER and HER catalysts are fulfilling such requirements and are thus potential alternatives to 

platinum. Further investigation of new compositions and new nanostructures based on 

abundant metals should thus provide improved electrocatalytic materials. We report here a 

new HER electrocatalytic material for such applications, namely H2-CoCat consisting of 

metallic cobalt coated with a cobalt oxo/hydroxo phosphate layer, as shown from detailed 

spectroscopic and microscopic characterizations with catalytic performances significantly 

improved with respect to metallic cobalt.  

  H2-CoCat is remarkable for the following reasons. First, it is easily prepared by 
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electroreduction of simple divalent cobalt salts. Second, H2-CoCat is a robust and active 

electrocatalytic material for hydrogen evolution working at low overpotentials (>50 mV) and 

under strictly neutral conditions. Third, it can be converted upon anodic equilibration into the 

O2-CoCat cobalt-oxide film
4
 catalysing O2 evolution. The switch between the two catalytic 

forms is fully reversible and corresponds to a local interconversion between two morphologies 

at the surface of the electrode and two types of non-metallic atomic structures. After 

deposition, the coating thus functions as a robust, bifunctional and switchable catalyst. To the 

best of our knowledge, comparable properties have never been observed yet for any non-noble 

metal catalyst.  

This behaviour is possible because such electrodeposited materials are in equilibrium 

with solution metal ions, depending on the applied electrochemical potential. This has the 

advantage of allowing self-repair to take place as demonstrated by D. Nocera for O2-CoCat.
4
 

In that specific case, Co
2+

 ions are released in the solution at mild potential and can be 

redeposited under strong anodic conditions. We show here that these Co
2+

 ions can also be 

redeposited under cathodic conditions, but now forming H2-CoCat. This process is reversible 

and O2-CoCat can be prepared  either from H2-CoCat or by anodic oxidation of metallic 

cobalt.
48

 These findings thus open up new possibilities with respect to simple and 

simultaneous electrodeposition of OER and HER catalysts from the same phosphate-buffered 

electrolyte, as well as self-repair at both electrodes. This could work in an artificial-leaf 

device,
29,41-43

 even in the absence of a proton-conducting membrane separating (photo)anode 

and (photo)cathode (e.g., substitution of expensive Nafion membranes by an inexpensive 

mesh for separation of gas bubbles). Such an ingeniously simple approach may also be 

applicable toward photo-electrodeposition on heterogeneous semiconductor nanoparticles.
49,50

 

 

 

Methods 

 

Before starting the deposition, the FTO substrate is cycled hundreds of times between –1 V 

and +1 V in 0.5 M potassium phosphate buffer (KPi), pH 7.0 to ensure the stability and 

reproducibility of experiments. Catalyst films were grown by controlled potential electrolysis 

of freshly prepared 0.5 mM Co(NO3)2 solution and in 0.5 M KPi, pH 7.0. Performing the 

electrolysis at –1V (vs Ag/AgCl) gives rise to a catalyst film of several micrometer thickness 

formed by nanoparticles after a course of around three hours. During this time, a film is 

formed on the working electrode surface. After the film formation is completed, the substrate 
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is transferred to a cobalt-free 0.5 M KPi, pH 7.0, with potential switching between oxidative 

(+1.16 V vs. Ag/AgCl) and reductive conditions (–1 V vs. Ag/AgCl). 
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