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A B S T R A C T   

Pyrophosphate- or phosphide-based iron/cobalt electrocatalysts were prepared from the metal (R,S)− 2- 
hydroxyphosphonoacetates to evaluate the effects of metal composition, N-doping and P-enrichment on the 
electrocatalytic activity. Rietveld and Pair Distribution Function analysis were used to determine phase 
composition. Irrespectively of the amorphous or crystalline nature, all pyrolyzed solids transformed under OER 
operation into biphasic Fe/CoO(OH), composed of discrete clusters (size ≤ 20 Å). Carbon paper-supported 
Fe0.2Co0.8O(OH) electrocatalysts displayed the best OER performances (overpotentials of 270–279 mV at 10 
mA⋅cm− 2), attributable to the formation of highly active bimetallic intermediate species. For HER, increased 
concentration of o-CoP in phosphide-based electrocatalysts resulted in improved performance, up to an over-
potential of 140 mV. Employed as anode in alkaline water splitting, amorphous Fe-doped cobalt pyrophosphate 
and phosphide-derived electrocatalysts showed a cell voltage of 1.58 V at 10 mA⋅cm− 2, with comparable stability 
to that of RuO2 and requiring lower voltage demand at high current densities.   

1. Introduction 

Transition metal-based electrocatalysts have garnered considerable 
attention as potential alternative materials for commercial noble metal 
catalysts in electrochemical technologies for energy conversion and 
storage, such as fuel cells and water electrolyzers [1,2]. Among them, 
phosphorus-containing electrocatalysts, especially metal phosphides 
and phosphates, are particularly attractive owing to their widely tunable 

compositions and properties [3,4]. Although some issues related to 
catalytic efficiency and low electronic conductivity await management, 
the potential of P-containing transition metal electrocatalysts is still 
promising as they are prone to tailoring by using different synthetic 
strategies. A prominent methodology starts from coordination polymer 
precursors, such as metal phosphonates (MPs), which upon pyrolysis in 
different conditions lead to electrocatalytically active metal phosphides 
and/or polyphosphates [5–7]. This approach offers several advantages, 
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such as: (i) affordable synthesis, (ii) variability in metal coordination 
that can be further modified using, e.g., secondary auxiliary ligands 
(SAL), (iii) homogeneous dispersion of metal sites and (iv) controllable 
incorporation of heteroatoms (N, S, etc.) with the organic ligand [8,9]. 

Transition metal phosphides (TMPs), especially cobalt and nickel 
phosphides (MxP; M = Co, Ni), are among the most promising catalysts 
for HER [10], where the metal:P molar ratio plays a crucial role in 
enhancing the electrochemical properties [11,12]. Although the OER 
and ORR performances of P-containing electrocatalysts are still modest 
compared with those of precious-metal-based electrocatalysts, several 
strategies have been developed to boost their efficiency, including metal 
[13–19], boron, and/or heteroatom doping [20,21], e.g. nitrogen from 
organic sources such as melamine, urea, or imidazole, which have 
proven to enhance their intrinsic activities by formation of N-doped 
carbon/TMP heterostructures upon pyrolysis [22,23] or by forming 
mixed nitride- and phosphide-based composites supported on 
heteroatom-doped carbon [24]. Metal polyphosphates are also deemed 
as attractive materials for water oxidation in neutral and alkaline me-
dium [25,26], since the phosphate group may act as proton acceptor, 
stabilizer, and/or inducing distortions on the local metal geometry [26]. 
Doping iron polyphosphate, Fe5(PO4)4(OH)3⋅H2O, with Co2+ showed an 
efficient performance as bifunctional electrocatalyst for ORR and OER 
[27]. In general, the improvement of the intrinsic activity in 
phosphorous-containing electrocatalysts is facilitated through different 
synthesis strategies, such as designing dual-atom catalysts and/or 
modifying structural features (vacancies, increased active sites / surface 
area, etc.) [28,29]. 

Other reported strategies for optimizing the OER and HER activities 
include the formation of amorphous metal (oxy)hydroxides on Ni5P4 
nanosheets, which promote high electronic interaction and synergistic 
effects for promoting the catalytic pathway [30]. Additionally, poly-
crystalline metal (oxy)hydroxides can be grown on Fe metal [31] or 
NiFeP nanostructures [32], resulting in highly active and stable water 
splitting electrocatalysts. Carbon-integrated CoP nanowires/layered 
double hydroxides (LDHs) [33], FeP nanosheets-integrated CoP [34], 
nickel foam-supported bimetal phosphide (CoP@Ni2P) or Ir0.05-Co2P/-
Co2P2O7 [35,36], and carbon-supported Cu-doped CoP nanoparticles 
[37] catalysts have been also successfully tested in both HER and OER 
processes. 

In general, electrode materials are complex heterostructures in 
which amorphous and crystalline phases may coexist. In addition, the 
electrochemical processes may induce changes, such as crystalline-to- 
amorphous transitions, undetectable by conventional LXRD, or even 
giving rise to a full chemical transformation as in the case of the OER 
[38–42]. In this context, pair distribution function (PDF) analysis may 
provide valuable structural information relative to the 
intermediate-range structures, such as local disorders and domain sizes 
[43,44]. Hence, PDF analysis may aid in the understanding of 
short-range order structures and tracking their evolution during the 
electrochemical processes, which in turn may be correlated with specific 
material functionalities [45]. So, a PDF study demonstrated the presence 
of Ni2+ in FeOOH nanosheet-based catalyst [31]. Furthermore, differ-
ential PDF (d-PDF) analysis, which involves subtracting a reference PDF 
for a given material, allows differentiating samples before and after 
electrochemical test to track key structural changes influencing the 
properties of the catalysts [46–50]. 

Herein, we study thoroughly the heterostructure and electrocatalytic 
properties of several metal hydroxyphosphonoacetate-derived electro-
catalysts toward the OER, HER, and ORR. MPs were prepared by 
combining transition metal salts (Fe2+, Co2+) with the HPAA ligand, and 
used as precursors of metal pyrophosphate- or phosphide-based elec-
trocatalysts. In addition, a systematic study of the factors enhancing 
electrocatalytic performances was conducted by: (i) synthesizing 
bimetallic catalysts, (ii) using imidazole as SAL in the synthesis process 
or (iii) mixing the initial precursors with imidazole or phosphonoacetic 
acid as additional N or P sources, respectively. For establishing valuable 

structure/electrochemical performance relationships, Rietveld and PDF 
analyses were performed to comprehensively characterize and monitor 
the evolution and stability of the electrocatalysts. 

2. Experimental section 

2.1. Reagents and chemicals 

Iron (II) sulphate heptahydrate (FeSO4⋅7 H2O, ≥ 99 %), cobalt (II) 
chloride hexahydrate (CoCl2⋅6 H2O, ≥ 98 %), cobalt (II) nitrate hexa-
hydrate (Co(NO3)2⋅6 H2O, ≥ 98 %), and imidazole (C3H4N2, ≥ 99.5 %) 
were purchased from Sigma-Aldrich. Potassium hydroxide (KOH, ≥ 85 
%) and sulfuric acid (H2SO4, ≥ 98 %) were obtained from VWR. (R,S)−
2-hydroxyphosphonoacetic acid (HPAA, H2O3PCH(OH)COOH, 50 % v/ 
v) was acquired from BioLab. Carbon black (Super P® Conductive, > 99 
%), RuO2 (99.9 %), and phosphonoacetic acid (PAA, H2O3PCH2COOH, 
≥ 98 %) were supplied by Alfa Aesar. Deionized water (DI) was 
employed for all synthesis 

2.2. Synthesis of metal phosphonates FexCo1− x[HO3PCH(OH)CO2]⋅2 
H2O (0 < x < 1) (FexCo1− xHPA) 

All MPs were synthesized using the same synthetic procedure. For 
example, the CoHPA was synthesized using the following procedure 
2.38 g of CoCl2⋅6 H2O (10 mmol) and 2.2 mL of HPAA solution (10 
mmol) were added to 30 mL of DI and refluxed for 24 h. The solid was 
filtered, washed with DI, and dried at 60 ◦C in an oven. Bimetallic 
precursors were identically prepared but changing the metal molar ra-
tios of the corresponding metal salts. Reaction yield: ~70 % based on the 
metal salts. 

2.3. Synthesis of imidazole-containing cobalt phosphonate, 
Co3[(HO3PCHOHCO2)2(C3H3N2)2]⋅2 H2O (CoHPAIm) 

0.278 g of imidazole (4 mmol) and 0.22 mL of HPAA solution (1 
mmol) were dissolved in 10 mL of DI water. Then, 0.5 mmol of Co 
(NO3)2⋅6 H2O was slowly added until a homogeneous solution was ob-
tained and the pH was adjusted to 7, with a 1 M NH3 aqueous solution. 
The reaction was carried out in a Teflon-lined autoclave at 200 ◦C for 4 
days. The resulting polycrystalline solid was prepared following the 
same procedure described above. Reaction yield (based on metal salt): 
~75 %. Elemental analysis (weight %) for CoHPAIm, Calcd: C 18.33, H 
2.46, N 8.55. Found: C 18.55, H 2.49, N 8.20. 

2.4. Derivatization of the precursors 

The as-prepared MPs were physically mixed with imidazole (Im) in 
different proportions (30:70, 50:50 and 70:30 wt/wt%), or phospho-
noacetic acid (PAA), using PAA:MP molar ratios of 1:1 for Fex-

Co1¡xHPA, or 2:1 for CoHPAIm. The mixed samples were grounded for 
15 min in an agate mortar prior to pyrolysis. 

2.5. Pyrolysis of the precursors 

MPs or derivatized samples (60 mg) were pyrolyzed inside a tubular 
furnace (Thermolyne® 21100) under controlled N2 or 5 %-H2/Ar at-
mospheres (40 mL⋅min− 1) at 500–1000 ◦C, with a heating/cooling rate 
of 5 ◦C⋅min− 1, and holding times of 2 h in N2, and 3 h (CoHPAIm) or 5 h 
(FexCo1¡xHPA) in 5 %-H2/Ar. 

2.6. X-ray diffraction characterization 

Empyrean PANalytical (Cu Kα1,2) or D8 ADVANCED (Mo Kα1) dif-
fractometers were utilized to collect the LXRPD patterns. The amor-
phous content of selected metal phosphide-based catalysts was 
determined through Rietveld analysis, employing 25 wt% of Cr2O3 
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(NIST 674b) as internal standard [51]. 
SXRPD data were acquired at BL04-MSPD beamline of ALBA syn-

chrotron (Spain) [52]. The crystal structure of CoHPAIm was deter-
mined using a simulated annealing approach implemented in EXPO2014 
[53], starting from a HPA ligand, two Co2+ ions, and an imidazole 
molecule as initial fragments. The water molecule was identified using a 
difference Fourier map, while the position of H atoms could not be 
determined. Rietveld method [54] was used for the refinement of the 
crystal structure using the program GSAS-II [55]. Soft constraints with a 
weight factor of 15 were applied to ensure reasonable geometries in 
terms of bond distances and angles. Isotropic ADPs were independently 
refined for each metal and P atoms, while another set of ADPs were 
refined for the remaining atoms. 

For PDF analysis, a wavelength of 0.3257(1) Å (38 keV) was chosen . 
For each sample, the final dataset was obtained by merging four pat-
terns, each one measured for 38 min from 1◦ to 130◦ (2θ). D-PDF 
analysis of post-chronoamperometry samples was carried out by sub-
tracting the carbon paper PDF from that of the catalyst sample deposited 
on the CP. Both samples were enclosed in 1.0 mm diameter capillaries. 
Experimental PDF data were acquired using the PDFgetX3 software 
[56], utilizing three optimized values of Qmax: 27 Å− 1 for highly crys-
tallinity samples, 18 Å− 1 for semicrystalline/amorphous compounds, 
and 16 Å− 1 for post-chronoamperometry samples. PDF data were ana-
lysed using the program PDFgui [57]. Nickel was used as standard for 
the determination of the instrumental parameters Qdamp (0.003706 Å− 1) 
and Qbroad (0.0123706 Å− 1). Scale factors, unit cell parameters, ADPs, 
and delta2 parameters were optimized for all PDF analyses [58,59]. 
Atomic positions were optimized for Fe, Co and P atoms in crystalline 
Fe-doped cobalt pyrophosphate, and for Co and O atoms in cobalt (oxy) 
hydroxides. 

2.7. Elemental, thermal and microstructural characterization 

Elemental analyses (C, H, N) were conducted using a Perkin-Elmer 
2400 analyzer. Thermal analysis data were measured by a TA in-
struments (SDT-Q600 analyzer), employing open platinum crucibles 
under a N2 flow in the range of 25–1000 ◦C and a heating rate of 
10 ◦C⋅min− 1. N2 adsorption− desorption isotherms were measured using 
an ASAP 2020 Micromeritics instrument at − 196 ◦C. ICP-OES analyses 
were performed on a Perkin–Elmer Optima 7300DV spectrophotometer. 
Raman spectra were measured on a NRS-5100 JASCO spectrometer, 
utilizing 532 nm (Nd:YAG laser) excitation line and an acquisition time 
of 10 s. XPS studies were carried out on a Physical Electronics ESCA 
5701 spectrometer. SEM images was performed on a HeliosNanolab 650 
FEI. HRTEM and HAADF-STEM-EDX were conducted using a F200X 
Talos FEI. 

2.8. Electrochemical measurements 

A VSP-128 BioLogic workstation was used for conducting the elec-
trochemical tests on a three-electrode configuration. The glassy carbon 
rotating disk electrode (Metrohm, area: 0.196 cm2) was utilized as 
working electrode. A platinum rod served as counter electrode, and the 
Ag/AgCl was used as the reference electrode. For the preparation of the 
working electrode, 4 mg of catalysts and 1.3 mg of a superconductive 
carbon were dispersed by sonification in a 1:1 v/v mixture of ethanol/ 
water (470 μL) and 30 μL of Nafion® (5 wt%) for 1 h. Subsequently, 5 μL 
of the catalyst ink was drop-coated onto the GCE surface and air-dried 
(final catalyst loading of ~0.20 mg⋅cm− 2). For stability tests, the 
working electrodes were prepared with a catalyst loading of 1 mg⋅cm− 2 

supported on a hydrophobic CP (1 ×1 cm2, MGL370 AvCarb). For 
comparison purposes, measurements were also performed using 20 wt% 
Pt/C (HISPEC® 3000) and RuO2 as working electrodes under identical 
conditions. 

Current densities were normalized with respect to the electrode 
surface area. Additionally, the potentials (vs. Ag/AgCl) were 

transformed to the reversible hydrogen electrode (RHE) scale using the 
Eq. (1) [60]:  

E(RHE) = E(Ag/AgCl) + 0.205 + 0.059⋅pH                                             (1) 

The corresponding gas (N2 for OER and HER, or O2 for ORR) was 
bubbled over the electrolyte before each measurement and maintained 
throughout the electrochemical tests to guarantee the gas saturation of 
the solution. In general, CVs were recorded at a scan rate of 20 mV⋅s− 1. 
Subsequently, LSVs were obtained at a scan rate of 10 mV⋅s− 1 for GCE 
measurements and at 5 mV⋅s− 1 for CP measurements. All CVs and LSVs 
were corrected for iR-compensation (95 %) to account for the ohmic/ 
solution resistance. Stability measurements were analyzed through CA 
responses at a specific potential value. 

For OER measurements, a 1.0 M KOH solution was employed with a 
RDE rotation speed of 1600 rpm. CVs and LSVs were performed within 
the potential range of 1.0 and 1.7 V. The OER overpotential was 
determined using Eq. (2) [60]:  

η = E(RHE) − 1.23                                                                         (2) 

HER measurements were conducted in a 0.5 M H2SO4 electrolyte. CV 
experiments were perfomed within the potential range of − 0.5 and 0 V, 
while LSV curves were recorded from − 0.8 V to 0 V with RDE rotation at 
2000 rpm. The Tafel slopes for OER and HER were calculated using Eq. 
(3) [60]:  

η = a + b log j                                                                               (3) 

where η represents the overpotential, b is the Tafel slope and j the cur-
rent density, respectively. EIS measurements were performed at a spe-
cific potential with an AC amplitude of 5 mV over a frequency range of 
100 kHz to 0.1 Hz. ECSA values of the materials was estimated based on 
the double-layer capacitance (Cdl) obtained from CVs with variable scan 
rates in the non-Faradaic potential region. By plotting the capacitive 
current at a specific potential against the scan rate, a linear curve was 
obtained, and the Cdl value was determined as half the slope of the fitted 
line [61]. The ECSA value was estimated using Eq. (4):  

ECSA = Cdl/Cs                                                                               (4) 

where Cs is assumed to be ~ 40 µF⋅cm− 2 in 1.0 M KOH solution [62]. 
TOF values can be calculated from Eq. (5):  

TOF = i/4Q                                                                                    (5) 

where i represents the current intensity and Q is the charge under the 
baseline-corrected voltametric peak obtained by integration, assuming a 
faradaic efficiency of 100 % [63]. 

ORR measurements were performed in a 0.1 M KOH solution with 
the RDE rotation at 1600 rpm. CVs and LSVs were recorded within the 
potential range of 0.2–1.2 V. Tafel plots for ORR were calculated and 
derived from the kinetic current using the Koutecký-Levich Eqs. (6–8): 

1
i

=
1
iL
+

1
iK

=
4Id

Bω1/2 +
1
iK

(6)   

B = 0.62 n F A Co(Do)2/3 v− 1/6                                                          (7) 

ik =
i × iL

iL − i
(8)  

where i represents the measured current, iL and iK are the diffusion- 
limiting and kinetic currents, ω is the electrode rotation rate (rad⋅s− 1), 
F is the Faraday constant, A is the electrode area, CO is the bulk con-
centration of O2 in 0.1 M KOH (1.2⋅10− 6 mol⋅cm− 3), DO is the diffusion 
coefficient of O2 in 0.1 M KOH (1.9⋅10− 5 cm2⋅s− 1) and v is the kinematic 
viscosity of the electrolyte (1.09⋅10− 2 cm2⋅s− 1). For the determination of 
the transfer electron number (n) and the %HO2

- production for ORR, 
RRDE measurements were conducted using a GCE with a concentric 
platinum ring Eqs. (9− 10): 
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n =
4Id

Id + Ir/N
(9)  

%HO−

2 =
200Ir

(IdN + Ir)
(10)  

where N is the current collection efficiency of the platinum ring (0.37), 
and Id and Ir represent the disk and ring currents, respectively. To access 
the stability of the catalyst with and without the addition of methanol, 
CA measurements at 0.5 V were carried out. 

2.9. Alkaline water splitting 

The water splitting experiments were performed on a PGSTAT302N 
AUTOLAB electrochemical workstation with a two-electrode homemade 
electrochemical cell. The catalyst loading drop-coated onto the CP 
(1 ×1 cm2, AvCarb MGL370) was 1.0 mg⋅cm− 2 for all electrodes. CVs 
and LSVs were conducted in the range of 1.0 – 2.0 V, using the same scan 
rates as mentioned earlier for CP measurements, in 1.0 M KOH. The 
theoretical quantity of released gas was determined using Faraday’s law 
(Eq. 11) 

n(H2,O2) =
i⋅t
Z⋅F

(11)  

where n(H2,O2), i, t, Z, and F are the number of moles, current intensity, 
time, number of electrons involved in the reaction (Z = 4 for O2; Z = 2 
for H2), and the Faraday constant, respectively. The quantity of exper-
imental gas generated was determined using the water displacement 
method, considering Dalton’s law (Eq. 12) with an estimated water 
vapor pressure of 0.03 atm under ambient conditions: 

Ptotal = Pgas +PH2O (12) 

Subsequently, the volume of gas produced in the water displacement 
experiments was estimated using Eq. (13):  

P⋅V = n⋅R⋅T                                                                                 (13) 

Here, V represents the volume of gas produced, R is the gas constant and 
T the temperature. The Faradaic efficiency of the oxygen production 
process was calculated using Eq. (14): 

Faradaic efficiency =
experimental μmol of O2

theoretical μmol of O2
x100 (14)  

3. Results and discussion 

3.1. Characterization of the as-synthesized electrocatalyst precursors 

Layered isostructural monometallic and bimetallic hydrox-
yphosphonoacetate precursors, denoted FexCo1¡xHPA (0 < x < 1) 
(Fig. S1), were prepared as described elsewhere [64,65] and their 
chemical compositions are showed in Table S1. The bimetallic phos-
phonates exhibit features of solid solutions as evidenced by the 
congruent variations of their unit cell parameters, which were deter-
mined by Rietveld refinement (Table S2). To increase the P or N content 
of the final catalysts, selected metal hydroxyphosphonoacetate com-
pounds were additionally combined with PAA or Im, respectively. The 
resulting precursors are denoted P-FexCo1¡xHPA and Im-Fex-

Co1¡xHPA, respectively. 
Moreover, attempts to synthesize nitrogen heteroatom-containing 

cobalt phosphonates by using imidazole as a SAL allowed to isolate a 
new crystalline solid, CoHPAIm, with formula 
Co3[(HO3PCHOHCO2)2(C3H3N2)2]⋅2 H2O. Its crystal structure was 
solved from SXRPD. The final structural data as well as the Rietveld plot 
can be found in Table S3 and Fig. S2 respectively. The asymmetric part 
of its unit cell contains two crystallographic independent Co atoms, one 
HPA ligand and one imidazolate ion ligand (Fig. S3). Co1 is octahedrally 

coordinated by two chelating bidentate HPA, via the phosphonate atom 
O(4) and the oxygen atom O(7) of the carboxylate group, and two 
monodentate phosphonate O(3). Co2 is pentacoordinated through a 
chelating bidentate HPA, OH group (O2) and carboxylate O(6), one 
monodentate phosphonate O(5), one water molecule and one apical 
monodentate imizadolate (N4). The layer structure is formed by chains 
of negatively charged, phosphonate-bridged Co1 complexes, [Co 
(HO3PCHOHCO2)2]n

2-, extending along the c-axis. These chains are 
further interconnected through positively charged Co2 complexes, [Co 
(C3H3N2)⋅H2O]+. Packing of the layers occurs in the a-axis direction, 
with the imidazolate groups situated in the interlayer region in an 
interdigitated fashion and separated 4.9 Å to each other. The layers are 
held together only by Van der Waals interactions. 

3.2. Structural and morphologic analysis of pyrolyzed materials 

FexCo1¡x@T-N2 (T = pyrolysis temperature) materials were ob-
tained by pyrolytic treatment of the FexCo1¡xHPA precursors under N2 
atmosphere at 500, 700, and 1000 ◦C and their compositions are sum-
marized in Table S4. Thermal analysis of a representative precursor 
revealed that several stepwise solid-state transformations occur (Fig. S4) 
when the compounds are heated up to 1000 ◦C in N2. All the solids 
pyrolyzed at 500 ◦C were amorphous, while pyrolysis at 700 ◦C yielded 
semicrystalline metal pyrophosphates (Fig. S5). In addition, pyrolysis of 
monometallic iron precursors at 1000 ◦C led to mixed iron pyrophos-
phates/phosphates. Morphologically, the samples pyrolyzed at 500 ◦C 
consist of irregular micrometric agglomerates (Fig. S6), composed in 
turn of nanosized particles creating porous sponge-like microstructures 
(Fig. 1a). The progressive particle sintering upon increasing the pyrol-
ysis temperature results in a significant decrease of BET surface areas 
(Fig. S7), ranging from 33.0 m2⋅g− 1 (Fe0.2Co0.8@500-N2) to 2.4 m2⋅g− 1 

(Fe0.2Co0.8@1000-N2), in line with an increased crystallinity (Fig. S6). 
As observed by HRTEM (Fig. 1b), the spacings of the fringes for the 
sample Fe0.2Co0.8@ 700-N2 correspond to the interplanar lattice dis-
tances between the (302) or (020) atomic planes, characteristic of 
monoclinic Co2P2O7 (PDF 01-084-2126). Regardless of particle size and 
crystallinity degree, HAADF-EDX mapping reveals a homogeneous 
elemental (Fe, Co, P, and O) distribution inside the particles for all 
studied pyrophosphate-based materials. 

The synchrotron PDF patterns for selected materials are displayed in  
Fig. 2. As illustrated for Fe0.2Co0.8@ 500-N2, amorphous cobalt pyro-
phosphates exhibit a very low degree of atomic order, which is consis-
tent with a material composed of nanoclusters with undetected 
interatomic distances beyond 7 Å. In contrast, Fe0.2Co0.8@ 700-N2 
maintains structural correlations over a wider range of r distances 
(Fig. 2a). The PDF pattern, refined in both the low (1.4–10 Å) and the 
intermediate (10–50 Å) r-ranges (Fig. 2b), is adequately fitted with the 
crystal structure of m-Co2P2O7. The final values for the unit cells and 
ADP parameters are given in Table S5. The relatively good agreement 
factors in the low and intermediate r-ranges, Rw = 22.44 % and 17.50 %, 
respectively, indicates that the aforementioned m-Co2P2O7 is present in 
material Fe0.2Co0.8@ 700-N2 and denotes the formation of a solid so-
lution, coexisting with a little or nothing of other amorphous non- 
carbonaceous phases. At first glance, the atomic arrangements in 
amorphous (500 ◦C) and semicrystalline metal pyrophosphate (700 ◦C) 
solids are similar in the low r-range (Fig. 2c) since the peak positions for 
the former roughly match with those corresponding to individual atom- 
atom distance contributions in the refined local structure of 
Fe0.2Co0.8@ 700-N2 (Fig. 2c). 

Pyrolysis of the MP precursors in 5 %-H2/Ar, at 750–850 ◦C, led to 
essentially metal phosphide-based materials, denoted FexCo1¡x@T-H2 
(T = pyrolysis temperature). Rietveld phase quantifications and 
elemental analysis of the obtained compounds are shown in Table S6. 
Monometallic cobalt catalysts led to a mixture of the orthorhombic 
phases Co2P (PDF 00-032-0306) and CoP (PDF 01-089-4862), while 
formation of iron phosphides from the corresponding monometallic 
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Fig. 1. HRTEM and HAADF-EDX images for (a) Fe0.2Co0.8@ 500-N2 and (b) Fe0.2Co0.8@ 700-N2 electrocatalysts (inside: Fourier transform pattern) highlighting the 
elemental distributions: Fe, Co, P, and O. 

Fig. 2. (a) Comparison between the experimental PDF patterns of Fe0.2Co0.8@ 500-N2 and Fe0.2Co0.8@ 700-N2. (b) Experimental (blue circles) and fitted (red solid 
line) PDF patterns for Fe0.2Co0.8@ 700-N2 in the low and high r-regions (difference curve is shown as a green solid line). (c) Experimental PDF pattern for 
Fe0.2Co0.8@ 500-N2 with the individual interatomic distances obtained from the refined local structure of Fe0.2Co0.8@ 700-N2. 
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precursor was incomplete, even at a pyrolysis temperature of 850 ◦C. On 
the other hand, bimetallic Fe/Co precursors promoted the formation of 
metal phosphide-based solid solutions, isostructural with the o-Co2P 
and/or o-CoP phases. These results are comparable with those obtained 
by PDF analysis, in both, the low and intermediate r-ranges (Fig. S8 and 
Table S7). In the case of Co@ 800-H2 and Fe0.2Co0.8@ 800-H2, the PDF 
fits reveal that these solids are composed of the crystalline phases o-Co2P 
(66.5–74.8 wt%) and o-CoP (33.5–25.2 wt%), without additional con-
tributions associated with non-carbonaceous amorphous phases, as 
evidenced by the Rw parameter. 

Aiming at improving the electrocatalytic performance of metal 
phosphide-based catalysts, modifications in catalyst preparation were 
brought about by using additional N and P sources [66], leading to 
variations in carbonaceous content and composition of the crystalline 
phases (Tables S6 and S7). Thus, as determined by Rietveld (Table S6) 
and PDF analyses (Fig. S9), pyrolysis of the Co2+- precursors in presence 
of PAA caused an increase in the percentage of the P-rich cobalt phos-
phide phase, o-CoP (≥ 90 wt%). For the solid solution 
P-Fe0.2Co0.8@ 800-H2, the content of the phase o-CoP was slightly 
lower (83.7 wt%) than for the monometallic cobalt derivative (97.2 wt 

%). The amorphous quantification, determined by Rietveld refinement 
(not showed), revealed that Co@ 800-H2 contained 8.1 wt% of amor-
phous fraction, including the carbon residue. For the case of derivatized 
electrocatalysts P-Co@ 800-H2 and Im-Co@ 800-H2, the high amor-
phous content of 24.1 and 22.7 wt%, respectively, is attributable not 
only to the carbonaceous fraction (Table S6), but also to the presence of 
amorphous metal phosphides, as no other phases could be identified by 
PDF analysis. Nevertheless, the XPS spectra of cobalt phosphide cata-
lysts reveal the formation of a thin oxidized superficial coverage sur-
rounding the metal phosphide particles [67,68]. These spectra show Co 
2p3/2 contributions of Co-O-P bonds (782.2 and 784.9 eV) and P 2p 
signals of P-O (133.9 eV) bonds, together with those attributable to Co-P 
(778.8 eV) and P-Co (129.8 and 130.9 eV) in metal phosphide envi-
ronments (Fig. S10). Since the P 2p signals are compatible with P atom 
exhibiting a charge close to − 1 [69], the valence state of Co should be 
close to + 1. In addition, the Co-P peak at 778.8 eV, which is shifted to 
higher binding energy compared to the Co metal peak (777.9 eV), is in 
accordance with cobalt carrying a partial positive charge [70]. 

For the N-containing catalysts, XPS indicates that N is incorporated 
into the carbon matrix as pyrrolic, pyridinic and graphitic nitrogen 

Fig. 3. Comparison of TEM images corresponding to the electrocatalysts (a) Co@ 800-H2 and (b) P-Co@ 800-H2. (c, d) HRTEM images of P-Co@ 800-H2. (e) 
HAADF-EDX images of P-Co@ 800-H2 highlighting the elemental distributions: C, Co and P. 
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species (Fig. S11) [71], with more than 50 % corresponding to the 
pyrrolic form. Furthermore, premixing precursors with PAA resulted in a 
considerable decrease in particle size (Fig. 3a,b), from 150 to 370 nm in 
Co@ 800-H2 to 80 nm in P-Co@ 800-H2, as well as an increment in the 
carbonaceous content (Table S6) which embeds the metal phosphide 
particles (Fig. 3c,d). The spacing of the fringes observed in HRTEM is 
characteristic of the (302) atomic plane of o-CoP phase. On the other 
hand, the inclusion of imidazole as SAL in cobalt precursors (CoHPAIm) 
favored the formation of monophasic o-Co2P catalyst at a temperature as 
low as 650 ºC (Table S6). As revealed for P-Co@ 800-H2 (Fig. 3e), 
HAADF-EDX mapping suggests a homogeneous distribution of the ele-
ments within the particles. In addition, the Raman spectra in the 
carbon-region shows two bands, D and G (1350 and 1588 cm− 1, 
respectively), attributed to graphitic-based materials (Fig. S12) [72]. 
The intensity ratio of D/G (~ 1) suggests that the carbon coating is 
disordered [72]. 

3.3. Electrochemical performance 

3.3.1. Oxygen evolution reaction 
The OER activity of the pyrolyzed derivatives is summarized in 

Fig. S13 and their overpotential (η10) values are given in Tables S4 and 
S6. For comparison purposes, the RuO2 benchmark electrocatalyst is 
also included. It must be stressed that under the tested conditions of OER 
(1.0 M KOH), all pyrolyzed materials transformed into the electro-
catalytic active cobalt (oxy)hydroxide phases, CoO(OH). So, when 
immersed Fe0.2Co0.8@ 500-N2 in 1 M KOH for 24 h (Fe0.2Co0.8@500- 
N2-KOH), this solid transformed into a crystalline phase corresponding 
to the polymorph R-3m of CoO(OH) (Fig. S14). This was further 
confirmed by HAADF-EDX analysis, that indicates a very low phospho-
rous content (< 1 %). On the other hand, conversion of cobalt phosphide 
to CoO(OH) has been described in other studies [11,73]. 

It was noted that the electrochemical activity of cobalt-based cata-
lysts follows a specific order according to the material source: crystalline 
metal pyrophosphate < amorphous metal pyrophosphate < crystalline 
P-enriched metal phosphide. Among the metal pyrophosphate-derived 

catalysts, the best performance was achieved for the bimetallic mate-
rial Fe0.2Co0.8@ 500-N2, which exhibits an η10 value of 298 mV, when 
compared with the monometallic Co@ 500-N2 (355 mV). 

While the amorphous pyrophosphate-based materials may be ex-
pected to be more reactive than their crystalline counterparts to trans-
form into the active CoO(OH) catalyst, the fact that phosphide-based 
materials led to the most active OER catalysts deserves a further study. 
FexCo1¡x@ 800-H2, consisting mainly of o-Co2P phase, showed the 
maximum OER activity for a composition x = 0.2 (η10 = 324 mV) 
(Fig. S13 and Table S6). This OER performance could be even improved 
by increasing the P content of the catalyst. So, the material P- 
Fe0.2Co0.8@ 800-H2, mainly composed of o-CoP (83.7 wt%), displayed 
the lowest ƞ10 value (280 mV) surpassing significantly to that of 
Co@ 800-H2 (361 mV) and the reference electrocatalyst RuO2 
(306 mV) (Fig. 4a). Additionally, P-Fe0.2Co0.8@ 800-H2 also achieves 
the fastest reaction kinetics (30.2 mV⋅dec− 1), which is slightly faster 
than that of the amorphous Fe0.2Co0.8@ 500-N2 (34.5 mV⋅dec− 1) 
(Fig. 4b). These Tafel slopes are indicative of a four-electron transfer 
process in which the rate-determining step is the transfer reaction of the 
third electron [74]. Overall, the electrochemical activity of 
P-Fe0.2Co0.8@ 800-H2 and Fe0.2Co0.8@ 500-N2 ranks among the most 
active metal phosphonate-derived OER electrocatalysts in alkaline 
conditions (Table S8). 

To enlighten the OER process, the charge-transport kinetics were 
determined by EIS (Fig. 4c). The EIS curves show a depressed semicircle 
with similar values of solution resistance Rs ~ 5 Ω, regardless of the 
electrocatalyst used (Table S9). The electrode response of EIS data was 
fitted by using two serial R-CPE elements. The high frequency process is 
attributed to surface porosity of the catalyst (Rp); while the low fre-
quency process is typically associated with the charge-transfer resis-
tance (Rct) [75]. The Rp values are comparable for the different 
electrocatalyst, ranging from 1 to 3 Ω, indicating that differences in OER 
activity are due to different Rct values. In particular, 
P-Fe0.2Co0.8@ 800-H2 exhibits the lowest Rct value (5.3 Ω). For more 
in-depth information about the intrinsic properties of these electro-
catalysts, an ECSA analysis was conducted (Fig. S15). Generally, higher 

Fig. 4. OER data for selected electrocatalysts in 1.0 M KOH: (a) LSV curves; (b) Tafel plots; (c) EIS spectra at 300 mV (the inset shows the equivalent circuit model); 
(d) electrochemical double layer capacitances at 0.95 V; (e) long-term CA response at corresponding overpotential; and (f) evolution of the overpotential and Tafel 
slope values before (filled icons) and after (empty icons) CA stability tests for carbon paper-supported catalysts. 
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ECSA values are indicative of greater number of active sites in an elec-
trocatalyst. Fe-doping in cobalt catalysts produces a considerable in-
crease in Cdl, and consequently higher ECSA values (Fig. 4d). Thus, both 
P-Fe0.2Co0.8@ 800-H2 (29.6 m2⋅g− 1) and Fe0.2Co0.8@ 500-N2 
(18.1 m2⋅g− 1) showed 1.5–2-fold ECSA values as compared with their 
monometallic counterparts. The ECSA values can be also correlated with 
particle characteristics, thus P-Fe0.2Co0.8@ 800-H2 with smaller parti-
cle size [76] and less agglomeration [77] (Fig. S16) show a larger active 
surface area than that of Fe0.2Co0.8@ 500-N2, upon conversion to CoO 
(OH). On the other hand, the Rct values for the metal 
pyrophosphate-derived increase in the order Fe0.2Co0.8@ 500-N2 
(6.9 Ω) < Fe0.2Co0.8@ 700-N2 (176.8 Ω) < Fe0.2Co0.8@ 1000-N2 
(498.9 Ω), suggesting that lowering the reaction resistance is correlated 
with an increased surface area, in accordance with ECSA analysis 
(Fig. S17) [78]. For this series of pyrophosphate-based catalysts, the 
calculated TOF values, used for estimating the OER intrinsic activity, 
were around 0.10 s− 1, which is significantly lower than that of 
P-Fe0.2Co0.8@ 800-H2 (0.28 s− 1, at ƞ10 of 280 mV). These differences 
suggest that the relatively high apparent activity of 
P-Fe0.2Co0.8@ 800-H2 does not arise only from the higher ECSA but is 
also the result of more active catalytic sites on this catalyst, possibly due 
to electronic modulation effects from the combination of Fe and Co [79]. 

The electrochemical stability of the most active electrocatalysts is 
compared with that of commercial RuO2 in Fig. 4e. As observed, the 
activity of Fe0.2Co0.8@ 500-N2/CP remains the most stable, with a 
decay after 24 h of the current density of only 6.7 %, compared to those 
of P-Fe0.2Co0.8@ 800-H2/CP and RuO2/CP (11.8 % and 12.6 %, 
respectively). Nevertheless, LSV curves show that P-Fe0.2Co0.8@ 800- 
H2/CP (270 mV) still achieves the lowest ƞ10 value, slightly better than 
that of Fe0.2Co0.8@ 500-N2/CP (279 mV) and RuO2/CP (285 mV), and 
with remarkable kinetics for a 24-hour CA test (Figs. 4f and S18). 

Post-reaction d-PDF analysis of Fe0.2Co0.8@ 500-N2 and P- 
Fe0.2Co0.8@ 800-H2 are shown in Fig. 5a. As observed, the peaks 
diminish quickly with the increasing r, indicating the formation of 
nanocrystalline CoO(OH) with a smaller domain size for the metal 
phosphide-derived catalyst (size ~ 20 Å). Significantly, the pre- 
immersed semicrystalline solid in KOH, Fe0.2Co0.8@ 500-N2-KOH, 
exhibiting larger particle size (Fig. S19), displayed a much higher η10 

value (334 mV) (Fig. S20). Differently to that previously observed for 
cobalt catalyst film formed in borate or phosphate electrolytes [44,80], 
the small clusters resulting from Fe0.2Co0.8@ 500-N2 and 
P-Fe0.2Co0.8@ 800-H2 fit better to a mixture of CoO(OH) polymorphs, 
R -3m and P63/mmc, which could be identified by using the software 
structureMining (Fig. 5b) [81]. The corresponding d-PDF analysis is 
shown in Fig. 5c. Fitting only could be carried out in the region 1.6 – 8 Å 
owing to disorder in the layer/cluster stacking. The final values for unit 
cells and ADP parameters are given in Table S10. The polymorph 

composition in both types of catalysts was similar, which show enlarged 
c-axis for the R-3m polymorph, in comparison with the crystalline CoO 
(OH) compound. This variation in the c parameter could be related with 
the presence of adsorbed phosphate groups [44]. The presence of 
phosphorous as a minor component was revealed by HAADF-EDX 
(Fig. S21) analysis and P 2p XPS spectra (Fig. S22). HAADF-EDX anal-
ysis also indicates the presence of iron homogenously distributed in the 
catalyst particles. The signal in the Co 2p3/2 region, at 780.7 eV, is 
compatible with an oxygen environment surrounding Co3+ ions [82,83]. 

Regarding to the active site characteristics, recent operando XAS and 
Raman, combined with RRDE studies have demonstrated the existence 
of structural reconstructions upon conversion of Fe-doped cobalt phos-
phides to the corresponding mixed metal (oxy)hydroxide, in which 
highly active oxo-bridged Co4+ and Co4+ / Fe4+ intermediate species are 
formed. That is not the case when the bimetallic (oxy)hydroxide is 
directly used. Thus, the bimetallic catalysts derived from metal phos-
phide exhibit much higher OER activity [84]. Since our results are in 
accordance with those previously reported, we assume that a similar 
structural reconstruction occurs for the electrocatalysts prepared in this 
work, at least for those phosphide-based materials. 

3.3.2. Hydrogen evolution reaction 
For the monometallic cobalt catalyst, the performance is sustained at 

~ 200 mV, even at pyrolysis temperatures as low as 650 ºC upon N- 
doping if N is incorporated as SAL (Fig. S23 and Table S6). Indeed, 
Co@ 800-H2, composed of a mixture of o-Co2P and o-CoP, exhibit a ƞ10 
value of 208 mV, although N-doping did not significantly modify the 
performance of the catalysts (199 mV for the CoIm@750-H2 catalyst). 
Moreover, doping the cobalt derivatives with Fe had no beneficial effect 
on the activity compared with Co@ 800-H2. The increase in the Fe- 
content led to an enrichment of o-Co2P, α-Fe2P2O7 and/or mixed FexP 
phases at the expense of the most active phase, o-CoP, giving rise to a 
significant decay in activity [73,85,86]. 

Since P-rich TMP phases have been reported to lead to more active 
HER electrocatalysts [85,87], the effect of adding an extra P source (as 
PAA) has been evaluated. As expected, the ƞ10 values decreased for both 
cobalt-based phosphides, from 208 to 140 mV, for P-Co@ 800-H2, and 
from 199 to 165 mV for P-CoIm@ 750-H2 (Fig. 6a and Table S6), which 
can be explained by a pyrolytic transformation exclusively to the most 
active phase, o-CoP ≥ 91 wt%. 

Tafel slope values (Fig. 6b) vary in the range of 70–80 mV⋅dec− 1, 
indicating a HER mechanism controlled by the Volmer-Heyrovský route 
[88]. The EIS data for selected catalysts (Fig. 6c and Table S9) reveal 
similar solution resistance (Rs) and charge transfer resistance (Rp), but 
different Rct values. P-Co@ 800-H2 exhibits the lowest total resistances 
(Rt = Rp + Rct) indicating faster proton discharge kinetics. In addition, 
the ECSA value for this catalyst experienced a 1.5-fold increase (Fig. 6d 

Fig. 5. Post-OER synchrotron PDF patterns: (a) experimental carbon-subtracted patterns of Fe0.2Co0.8@ 500-N2 (blue) and P-Fe0.2Co0.8@ 800-H2 (red). (b) 
Comparison of the PDF patterns with those calculated for R-3m (gray) and P63/mmc (black) CoO(OH) polymorphs in the low r region (*characteristic contributions of 
polymorphs), and (c) d-PDF fits including both polymorphs. 
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and Fig. S24), which agrees with a decrease in particle size as confirmed 
by TEM analysis. 

Moreover, the relatively high activity of P-Co@ 800-H2 for HER is 
accompanied by a remarkable stability for 24 h with low decays of 
current densities, 5.4 % (Fig. 6e). Consistent with the CA results (Fig. 6f), 
the LSV curve remain steadily after CA test. Furthermore, d-PDF analysis 

and XPS analysis (Fig. S25 and Table S7) indicate that this catalyst is 
chemically stable in HER operating conditions, although a certain 
nanoparticle agglomeration seems to occur upon conducting HER tests, 
as revealed by TEM (Fig. S26). For some representative cases, we have 
constated that phosphide-based electrocatalysts systematically exhibit 
better HER performance than the metal pyrophosphate-based ones, 

Fig. 6. HER evaluation of selected electrocatalysts in 0.5 M H2SO4: (a) LSV curves; (b) Tafel plots; (c) EIS spectra at 180 mV (inset shows the equivalent impedance 
circuit model); (d) electrochemical double layer capacitances at 0.05 V; (e) long-term CA response of selected catalysts and (f) LSV curves before (straight line) and 
after (dashed line) CA stability tests (arrows indicate the overpotential variation). 

Fig. 7. ORR evaluation of the selected catalysts in 0.1 M KOH: (a) CV curves in O2 (line) and N2 (dashed lines)-saturated electrolyte; (b) LSV curves; (c) Tafel plots; 
(d) HO2

- yield and the corresponding electron-transfer number; (e) long-term CA measurement at 0.5 V; and (f) CA responses on addition of methanol. 
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which may be ascribed to the presence of low valence metal centers (M0/ 
M+) in the former materials [84]. 

3.3.3. Oxygen reduction reaction 
LSV curves (Fig. S27) reveal that H2-pyrolysis is more effective than 

N2-pyrolysis to improve the ORR activity of the catalysts in terms of 
onset (Eonset) and half-wave potential (E1/2) values (Tables S4 and S6). In 
addition, incorporating a second metal or an additional source of 
phosphorus (as PAA) has no significant effect on the ORR performance. 
In contrast, the effect of N-doping of the carbonaceous substrate was 
found as the most relevant factor to improve the performance, regardless 
of whether imidazole was physically mixed with the precursor prior to 
pyrolysis or used as a SAL upon synthesis (Figs. S28). Moreover, no 
appreciable changes in activity were observed by modifying the Im / 
CoHPA molar ratio in the range of 0.5–2 because both N-content and the 
pyrrolic / pyridinic ratio remains practically invariable, as determined 
by elemental analysis (Fig. S29 and Table S6) and XPS (Fig. S11). 

Co@ 800-H2 and the corresponding N-doped derivative, Im- 
Co@ 800-H2, were selected as representative electrocatalysts to study 
more in depth the ORR properties. Displacements to higher potential 
values of the oxygen reduction peak, only occurring in O2-saturated 
electrolyte (Fig. 7a), reveal a significantly improvement of the ORR 
performance for the N-doped catalyst relative to its counterpart. The 
former exhibits an oxygen reduction peak at ~ 0.78 V, slightly lower 
than that of Pt/C benchmark catalyst (0.84 V). As compared with 
Co@ 800-H2, the N-containing catalyst displays not only a remarkable 
increase in the Eonset and E1/2 values, but also in the limiting current 
density (jlim ~ − 5 mA⋅cm− 2) (Fig. 7b). Moreover, Im-Co@ 800-H2 
presents a reaction kinetics slightly better than that of Pt/C benchmark 
catalyst (Figs. 7c and S30). 

RRDE measurements were used for determining the number of 
electrons transfer per oxygen molecule (n). Based on RRDE tests, the 
calculated n values for the selected catalysts showed a considerable 
variation together with the HO2

− yield in the potential region 0.2–0.8 V 
(Fig. 7d). In the case of Co@ 800-H2, n was around 3.5 and a HO2

− yield 
of ~ 20 %. It is also worth noting that Im-Co@ 800-H2 exhibits similar 
values to that of Pt/C benchmark catalyst (n = 4, HO2

− yield ~ 5 %). In 
summary, the results obtained for Im-Co@ 800-H2 reveals not only a 
high intrinsic activity, but also a favorable reaction kinetics in alkaline 
media. 

The durability of Im-Co@ 800-H2 after 15 h was confirmed by CA 
measurements (Fig. 7e), with a current decay about 9.4 %, nearby to 
that of the Pt/C catalyst (6.8 %). In contrast to that observed for Pt/C 
catalyst, CA tests for Im-Co@ 800-H2 conducted after adding methanol 
to KOH electrolyte displayed the absence of oscillations in the current 
density (Fig. 7f), which is indicative of a strong methanol tolerance and 
superior ORR selectivity, desirable for application to direct methanol 
and/or alkaline fuel cells [89]. As illustrated for Im-Co@ 800-H2/CP, 

post-reaction d-PDF analysis showed that no conversion into CoO(OH) 
occurs in this case, but an enrichment in the o-CoP phase at the expense 
of the o-Co2P phase took place (Fig. S31 and Table S7), although the 
coverage of cobalt phosphide particles by a layer of oxidized phosphate 
makes not evident the presence of these particles, as revealed by XPS 
data. Similarly, to that observed for HER tests, nanoparticle agglomer-
ation also occurred upon conducting ORR tests (Fig. S32). 

3.4. Alkaline water splitting 

Several experiments intended to test the capability of the prepared 
catalysts as anode for overall water splitting in 1.0 M KOH solution have 
been conducted in a homemade assembled alkaline water electrolyzer 
(Fig. S33). 

The P-Fe0.2Co0.8@ 800-H2(+)||20 %-Pt/C(-) and Fe0.2Co0.8@ 500- 
N2(+)||20 %-Pt/C(-) couples showed cell voltages of 1.58 V (at 
10 mA⋅cm− 2), which are comparable to that displayed by the RuO2(+)|| 
20%-Pt/C(-) (1.59 V) couple (Fig. 8a). On applying a voltage of 1.58 V 
for 24 h (Fig. 8b), the observed decays for P-Fe0.2Co0.8@ 800-H2(+)|| 
20 %-Pt/C(-) and Fe0.2Co0.8@ 500-N2(+)||20 %-Pt/C(-) couples were in 
the range of 12.1–15.6 %, similar to that of the RuO2(+)||20 %-Pt/C(-) 
couple (13.7 %). While current densities at low potentials were similar 
for the three tested cells, on applying higher potentials the systems P- 
Fe0.2Co0.8@ 800-H2(+)||20 %-Pt/C(-) and Fe0.2Co0.8@ 500-N2(+)||20 
%-Pt/C(-) achieved lower decays than the commercial couple RuO2(+)|| 
20 %-Pt/C(-) even generating higher current densities (Fig. S34). 
Interestingly, for higher current densities, the cell voltage required was 
even lower for the non-noble metal anode systems when compared with 
the noble metal benchmark couple. These results confirm the high OER 
activity of Fe-doped cobalt catalysts, showing performances better than 
the expensive RuO2 commercial catalyst. Moreover, the produced 
amounts of hydrogen and oxygen gases are in good agreement with the 
theoretical values (Fig. 8c), giving rise to a Faraday efficiency close to 95 
% after 70 min of operation. Thus, these results indicate superior 
durability and capability toward alkaline water splitting devices for the 
former electrode couples. XPS and TEM analysis for Fe0.2Co0.8@ 500- 
N2 and P-Fe0.2Co0.8@ 800-H2 after water splitting are shown in 
Figs. S35 and S36, respectively. As observed in the Co 2p3/2 and P 2p 
spectra no appreciable shifts of the binding energies are observed for 
none of the tested electrocatalysts. In both cases, a residual phosphorous 
content is still detected suggesting that oxidized phosphorous species are 
strongly adsorbed on the catalyst surfaces. Regarding the morphology, 
iron-containing cobalt (oxy)hydroxide nanoparticles appear clearly 
agglomerate after water splitting tests (Fig. S36). 

4. Conclusions 

From metal phosphonate derivatives FexCo1− x[HO3PCH(OH)CO2]⋅ 

Fig. 8. (a) Polarization curves; (b) CA response, at a cell potential of 1.58 V for various electrodes couples in 1.0 M KOH; (c) Number of moles of generated gas, 
experimental and theoretical, for the couple P-Fe0.2Co0.8@ 800-H2(+)||20 %-Pt/C(-). 

Á. Vílchez-Cózar et al.                                                                                                                                                                                                                         



Applied Catalysis B: Environmental 337 (2023) 122963

11

2 H2O, a variety of pyrophosphate- and phosphide-based Fe/Co elec-
trocatalysts have been prepared. Modulation of the electrochemical 
properties has been further implemented by N-doping and control of the 
phases present in the electrocatalysts with additional phosphorus sour-
ces. A follow-up of the stability and chemical evolution of the electro-
catalysts was carried out by synchrotron PDF analysis. In OER operating 
conditions, all pyrolyzed materials transformed into Fe/Co (oxy)hy-
droxides, composed of a mixture of small clusters (size ≤ 20 Å in 
diameter) derived from the polymorphs P63/mmc and R − 3m. The best 
electrocatalytic performance for OER was obtained for the carbon paper- 
supported P-enriched solid solution, P-Fe0.2Co0.8@ 800-H2/CP, with 
ƞ10 = 270 mV and a phase composition of o-CoP (83.7 wt%) and o-Co2P 
(16.3 wt%). In contrast, the same Fe/Co composition in the form of 
pyrophosphate, Fe0.2Co0.8@ 500-N2/CP, provided a slightly higher 
overpotential (279 mV), which is attributed to the formation of sub-
nanosize clusters of Fe-doped CoO(OH) in both cases. Moreover, P- 
enriched cobalt phosphide displayed a remarkable HER activity in acidic 
conditions (ƞ10 = 140 mV). N-doping in the surrounding carbonaceous 
support was found as the most simple and efficient strategy to improve 
the ORR performance for cobalt electrocatalysts, for which the reduction 
occurred via a four-electron mechanism. Lastly, we emphasize that both, 
amorphous Fe0.2Co0.8 pyrophosphate and crystalline phosphide elec-
trocatalysts, used as anode in an alkaline water splitting system, showed 
a cell voltage (1.58 V at 10 mA⋅cm− 2) comparable to that of the noble 
metal-based benchmark system RuO2(+)||20 %-Pt/C(-) (1.59 V) and 
exhibited a similar stability for 24 h. Moreover, the cell voltage required 
at high current densities was even lower for the non-noble metal anode 
systems, when compared with the noble metal benchmark couple. 
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[52] M. Bazaga-García, Á. Vílchez-Cózar, B. Maranescu, P. Olivera-Pastor, 
M. Marganovici, G. Ilia, A. Cabeza, A. Visa, R.M.P. Colodrero, Synthesis and 
electrochemical properties of metal(II)-carboxyethylphenylphosphinates, Dalton 
Trans. 50 (2021) 6539–6548, https://doi.org/10.1039/D1DT00104C. 

[53] A. Altomare, C. Cuocci, C. Giacovazzo, A. Moliterni, R. Rizzi, N. Corriero, 
A. Falcicchio, EXPO2013: a kit of tools for phasing crystal structures from powder 
data, J. Appl. Crystallogr 46 (2013) 1231–1235, https://doi.org/10.1107/ 
S0021889813013113. 

[54] H.M. Rietveld, A profile refinement method for nuclear and magnetic structures, 
J. Appl. Crystallogr 2 (1969) 65–71, https://doi.org/10.1107/ 
S0021889869006558. 

[55] B.H. Toby, R.B.Von Dreele, GSAS-II: the genesis of a modern open-source all 
purpose crystallography software package, J. Appl. Crystallogr 46 (2013) 544–549, 
https://doi.org/10.1107/S0021889813003531. 
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