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Abstract 

A cost-effective electrocatalyst should have a high dispersion of active atoms and a controllable surface 

structure to optimize activity. Additionally, bifunctional characteristics give an added benefit for the overall 

water splitting. Herein, we report the synthesis and fabrication of Fe-doped Cu/Cu3P supported on a flexible 

carbon cloth (CC) with a hydrophilic surface for efficient bifunctional water electrolysis under alkaline 

conditions. Surface doping of Fe in the hexagonal Cu3P does not alter the lattice parameters, but it 

promotes the surface metallicity by stimulating Cuδ+ and Cu0 sites in Cu3P, resulting in an augmented 

electroactive surface area. Cu2.75Fe0.25P composition exhibits unprecedented OER activity with a low 

overpotential of 470 mV at 100 mA cm−2. Under a two electrode electrolyzer system the oxygen and 

hydrogen gas was evolved with an unprecedented rate at their respective electrode made of same catalyst. 

Density functional theory further elucidates the role of the Fe center toward electronic state modulation, 

which eventually alters the entire adsorption behavior of the reaction intermediates and reduces the 

overpotential on Fe-doped system over pristine Cu3P. 

1. Introduction 

The generation of hydrogen and oxygen via water electrolysis is a promising environmentally friendly 

technique to meet future global terawatt energy demands.1,2 The oxygen evolution reaction (OER) is both 

thermodynamically and kinetically challenging, involving four concerted proton-coupled electron transfer 

steps. In compensating for this difficulty, ruthenium (Ru)/iridium (Ir)-based materials make excellent 
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catalysts for the OER in both acidic and alkaline solutions.3,4 The hydrogen evolution reaction (HER) is 

similarly optimized with Pt-based catalysts, but their high cost and low elemental abundance limit their 

application in large-scale water splitting. Therefore, it is necessary to develop highly efficient non-noble 

catalysts for the overall water electrolysis with low overpotential (OP) consumption for large-scale 

commercialization. 

Among the Earth-abundant electrocatalysts, first row 3d metal phosphides have received tremendous 

attention as HER catalysts due to their optimal binding energy with H in different reaction media, 

controllable bulk phase and oxidation state of the metal in phosphides, and corrosion resistivity.5 Since 

Schaak et al. first demonstrated the HER performance of facet-modulated Ni2P,6 a variety of transition 

metal phosphides, such as CoP,7 Cu3P,8,9 NixPy,5,10 FeP,11 and MoP,12 have been developed as efficient HER 

catalysts. On the other hand, metal non-oxides such as carbides,13 chalcogenides (including the biomimetic 

catalyst),14–18 nitrides,19 and phosphides,20,21 and layered hydroxides22 have been moderately investigated 

as an alternative to the conventional metal oxide OER catalysts. However, the role of active species and 

understanding of the OER mechanism in metal phosphide catalysts remain out of reach, which makes it 

difficult to modulate the metal phosphide electronically and topologically. It is generally believed that the 

metalloid nature of transition metal phosphides (TMPs) together with the in situ formed metal-

oxo/hydroxo species on pre-catalyst surfaces under OER conditions synergistically contribute to the 

enhanced oxygen evolution by the electrochemical cold working of TMP.23–25 In many cases, TMPs were 

even more active than the corresponding oxide/hydroxide catalysts of the same metallic entity.25,26 

Owing to its outstanding cycling performance and gravimetric specific capacity (363 mA h g−1), binary 

copper phosphide (Cu3P) has garnered most of the attention for exhibiting suitable charge–discharge 

properties in battery applications.27–29 Moreover, Cu3P is a metal-rich phosphide and does not suffer from 

solvent co-intercalation reactions.30 Cu3P has also been used in photocatalysis as a heterostructure, either 

with a metal or with another semiconductor.31,32 Even though recent studies indicate the potential of Cu3P 

as an HER electrocatalyst,9,33,34 its electronic and surface properties are not sufficiently understood for 

successful modulation for the bifunctional electrocatalytic reaction. 

Herein, we have developed a direct and effective approach to synthesize, for the first time, Fe-doped 

Cu/Cu3P via a simple hydrothermal reaction, followed by solid-state phosphidation on a 3D carbon cloth for 

bifunctional water splitting reactions. Fe doping at the surface promotes the formation of highly active 

metallic Cu0 nanoparticles. Moreover, the presence of Fe d-state density at the Fermi level dominates the 

adsorption behavior of reaction intermediates at the Fe sites of Fe-doped Cu3P system. Such topological 

and electronic modulation with the doping of 10 mol% Fe results in the reduction of the OER and HER OPs 

by 240 and 158 mV, as compared to the undoped catalysts at 100 mA cm−2. Finally, the post-

operando studies clearly reveal the surface active species and the underlying mechanism behind alkaline 

water electrolysis. 

2.1 Structural characterization 

The fabrication of flexible Fe-doped Cu/Cu3P film as a working electrode material is shown in Scheme 1. 

Cu3P and Fe-doped Cu3P were synthesized directly on a thoroughly cleaned carbon cloth 

substrate via thermal phosphidation of the Fe/Cu precursor film. The Fe/Cu precursor is detected as phase 

pure carbonated Cu(OH)2 (malachite; JCPDS: 01-075-1163) (Fig. S1a†). No peak was detected for an Fe-

containing compound. However, a clear Fe2+ peak was observed in the XPS of the post-hydrothermal 

product (Fig. S1b†). The synthesis method is detailed in the Experimental section. The morphology of the 

precursor and the final composite did not change after phosphidation at 300 °C. Unlike pristine Cu3P, Fe 



doping resulted in nanocucurbit morphology with a roughly spherical shape. The conditions for the thermal 

phosphidation are identical in all preparations, regardless of the doping percentage. As shown in Fig. 

S1c,† prior to the phosphidation, both doped and undoped Cu3P are isolated with a pure hexagonal phase 

(space group P63cm, JCPDS: 1-71-2261).28 The crystal cell parameter indicates a similar crystalline volume of 

Cu3P before and after the Fe doping (Table S1†). Importantly, the XRD pattern indicates the presence of 

metallic fcc Cu peaks appearing at 31°, 43.4° and 50.5° (Fig. S1c†).28 With an increase in the Fe doping, the 

relative peak intensity for fcc Cu increased, which means that the Fe center (as Fe2+) may promote the 

reduction of Cu2+ to Cu0.35 The occupancy of the Cu0 phase in Cu2.75Fe0.25P is calculated as 43% using the 

Rietveld refinement (Table S1†). The hexagonal phase of Cu3P is clearly retained and no XRD peak shifting 

occurs after Fe doping. The cell parameters and cell volume of Cu3P are unaltered after Fe doping. (Table 

S1†). This is similar to the theoretical observation of Fe-doped Cu2O crystals, which exhibits a slight change 

in the relative bond length of Cu–O after Fe doping.36 No distinct peak was observed for FeP or for any 

newly formed species. The scanning electron microscopy (SEM) images showed the top view of the Cu3P 

dendritic structure (Fig. 1a). The thick Cu3P wall can be observed in the transmission electron microscopy 

(TEM) image with a (110) facet exposed on the surface (Fig. 1b). The selected area electron diffraction 

pattern (SAED) indicated the polycrystalline nature of pristine Cu3P clearly indexed to the (300) and (222) 

planes (Fig. 1c).37 Fe-doped Cu/Cu3P uniformly covered each fiber of the carbon cloth, and efficiently 

utilized the surface of the carbon cloth (Fig. 1f). In both doped and undoped Cu3P, the small-sized Cu 

nanoparticles (at approximately 2 nm) were visible and flanked on the Cu3P support. It is worth noting that 

the Cu nanoparticles flanked onto the catalyst surface were found to be air-stable and unsusceptible to 

surface oxidation, because it did not show any oxide species on the well-resolved lattice fringes of the Cu 

(111) plane. The successful doping of Fe was further confirmed by the reduced lattice d-spacing of (110) 

plane of Cu3P (Fig. S2†). The addition of dopant metals with relatively high redox potentials compared to 

host metals (here Cu)38 could promote the electron transfer from the host metal to the dopant and 

increase the stability of the integrated system. Due to the elevation of the Fe doping, the building blocks of 

the nanostructure shrink slightly, but maintain their integral structure (Fig. S3†). As a result of this 

topological change, the surface hydrophilicity increased, as evidenced by the reduced contact angle with 

increased doping concentration (Fig. 1l). SEM energy dispersive X-ray spectroscopy (EDXS) reveals the 

presence of copper, iron and phosphorus with the empirical elemental compositions of Cu2.95Fe0.05P, 

Cu2.75Fe0.25P and Cu2.46Fe0.54P for the theoretical 2, 10, and 20 mol% doping of Fe, respectively (Fig. S4†). 

Furthermore, the inductively coupled plasma atom emission spectrometry (ICP-AES) analysis also closely 

matched the EDXS results (Table S2†). High-resolution X-ray photoelectron spectra (XPS) showed the 

surface and sub-surface chemical states of Cu and P before and after doping. Like pristine Cu/Cu3P, the 

deconvoluted peaks of Cu 2p3/2 in the Fe-doped Cu/Cu3P clearly indicated the presence of Cuδ+ and some 

Cu2+ at 932.40 eV and 934.39 eV, respectively, along with the satellite peak at 943.50 eV (Fig. S5†). 

Moreover, Fe doping led to a slight negative shift (0.34 eV) in the Cu 2p binding energy, as compared to the 

undoped Cu3P, indicating an electronic interaction between Cu and Fe.26 Fe is probably doped on the 

surface Cu site of Cu3P and majorly exposed as Fe2+. The BE values at 709.5 and 710.3 eV obtained from the 

deconvoluted peak of Fe 2p3/2 could be associated with Fe2+ and Fe3+ in Cu2.75Fe0.25P (as a representative 

catalyst) (Fig. S6†).39 In P 2p, two peaks at 129.3 and 130.0 eV can be assigned to the M–P bond, while the 

peak at 134.1 eV reflects the surface oxidized P species, usually arising due to air exposure (Fig. S7†).39,40Fig. 

2a shows the XPS valence-band spectra on a clean surface of Cu3P and Cu2.75Fe0.25P. The BE energy value for 

the Cu d-band center is 3.52 eV for Cu/Cu3P (undoped). However, the value shifted towards higher BE (0.72 

eV) after Fe doping. To further confirm, DFT calculations were performed on Cu3P and Fe-doped Cu3P bulk 

lattice using the experimental cell parameters (see the ESI† for computational details). DFT results show the 

shifting of the d-band center from −3.42 eV for Cu3P to −3.08 eV for Cu2.75Fe0.25P (Fig. 2b and c). Such d-
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band center shifting originates from the d-d hybridization between Cu-d and Fe-d states, as indicated by 

the density of states plot for the Fe-doped Cu3P doped system (inset in Fig. 2c). Moreover, the Fe d-state 

density of the Fe-doped Cu3P system lies at the Fermi level, which might have a significant influence on the 

adsorption behavior of the intermediates, and thereby on the reaction OP. 

 

Scheme 1. Fabrication of Cu3P and Fe-doped Cu3P grown on a carbon cloth (CC) as flexible electrodes for 

bifunctional water splitting. The as- prepared Cu3P and Fe-doped Cu3P crystallized as the hexagonal phase 

P63cm unit with almost the same cell volume. 

 

Fig. 1 (a) Top view of the SEM image of pristine Cu3P dendritic morphology; (b) low magnification TEM and 

HRTEM (inset) of pristine Cu3P; (c) TEM SAED pattern extracted from the selected area shown in the inset of 

Fig. 2b; (d) higher magnification TEM image of Cu3P surface with ultra-small dis- persed Cu nanoparticles; 

inset shows the HRTEM image of Cu nanoparticles; SEM image of (e) pure carbon cloth fiber and (f) Fe-

doped Cu3P (Cu2.75Fe0.25P) catalyst grown on a carbon cloth; (g–j) SEM EDX elemental mapping of Fe-doped 

Cu3P (Cu2.75Fe0.25P) grown on a carbon cloth; (k) SEM image of a Fe-doped Cu3P (Cu2.75Fe0.25P) surface; (l) the 

measured contact angle on different catalyst surfaces grown on a carbon cloth; (m) TEM image of Fe-doped 

Cu3P (Cu2.75Fe0.25P), which shows the nanocucurbit morphology and (n) the higher magnification TEM image 



of Fe-doped Cu3P (Cu2.75Fe0.25P) catalyst surface (inset shows the HRTEM image of Cu nanoparticles 

observed on the catalyst surface). 

 

Fig. 2 (a) Cu 3d valence band XPS of Cu3P and Fe-doped Cu3P (Cu2.75Fe0.25P); DOS plot for (b) pristine Cu3P 

and (c) Fe-doped Cu3P (theoretically one Fe atom doped in the pristine Cu3P slab). 

2.2 Electrochemical behavior 

A standard three-electrode configuration was employed to check the water splitting performance of the Fe-

doped Cu/Cu3P catalysts by directly dipping the fabricated electrode in an Ar-saturated 1 M KOH solution. 

The polarization curves for both HER and OER were recorded at a scan rate of 20 mV s−1 (without iR 

correction). Assessing the OER performances showed that the Cu2.75Fe0.25P catalyst reaches the current 

density of 100 mA cm−2 with an overpotential of 470 mV, which is lower than Cu2.95Fe0.05P (640 mV) and 

Cu2.46Fe0.54P (550 mV), indicating the optimized concentration for Fe doping for the electronic modulation 

of Cu3P (Fig. 3a). The current density value for Cu2.75Fe0.25P and IrO2 (as control) slightly starts to increase 

from 0 at approximately 1 V. The Tafel slopes were calculated from the LSV curve (Fig. 3b). The smallest 

slope value was obtained as 67.5 mV dec−1 for Cu2.75Fe0.25P, presumably indicating the OER kinetics with 

four electron transfers and O–O bond formation as rate-determining steps.41 This is typical of phosphide-

based catalysts.42 The open circuit potential (OCP) value indicates the thermodynamic tendency toward the 

oxidation of the electrocatalyst surface while scanning from negative to positive potential (Fig. 3c).43 The 

oxidized surface could be a passivation layer,44,45 an intermediate or active electrocatalyst surface 

generated in situ on the pre-catalyst surface.45,46 The OCP value reduced with increased Fe doping, 

indicating that more Fe, Cu and P sites were adsorbed by the reaction intermediates and, eventually, was 

oxidized. 

 

 

 

 

 

 

 

 



Fig. 3 (a) Anodic polarization curves for the Fe-doped Cu3P/CC electrode, which are compared with pristine 

Cu3P and commercial IrO2; (b) corres- ponding Tafel plots (c) open circuit potential (OCP) values observed 

after dipping the electrodes in the electrolyte solution; (d) cathodic polarization curve for various Fe-doped 

Cu3P/CC, which are compared with pristine Cu3P and commercial Pt/C; (e) the calculated overpotentials for 

the catho- dic and anodic half reactions based on the performance of different Fe-doped Cu3P catalysts and 

(f) the capacitive currents at 0.25 V as a function of scan rate for various catalysts deposited on a carbon 

cloth. 

The HER activity of the as-prepared catalysts was investigated under the same experimental conditions as 

in the OER and compared with Pt/C as the control (Fig. 3d). Like the OER activity, Cu2.75Fe0.25P exhibited 

remarkable results, even though it required a significant effort to get closer to Pt/C. At the onset potential 

of HER (0 V vs. RHE), Cu2.75Fe0.25P generated 10 mA cm−2, whereas Pt/C generated 45 mA cm−2. Cu2.46Fe0.54P 

(the highest Fe doping concentration) exhibited poor activity among all the catalysts, because Fe may act as 

a catalyst poison. With increased Fe doping concentration, the number of metallic Cu nanoparticles 

gradually increases, which could apparently enhance the HER activity. However, the Cu nanoparticles might 

not be the only factor. Furthermore, during the HER, no oxide or hydroxide species form, as they do in the 

OER. Thus, the reason for the drastic change in HER activity remains ambiguous to this point, but will be 

addressed later. The electrochemically active surface area (ECSA) was measured by extracting the double 

layer capacitance (Cdl) from the cyclic voltammogram under a different scan rate at the non-faradaic 

potential region (Fig. S8, 3f and detailed discussion in the ESI†). The maximum Cdl value obtained with 

Cu2.75Fe0.25P (5 μF cm−2) implies highly available active sites in the optimized Fe-doped Cu/Cu3P composite. 

It is understood from these experimental results that Fe2+ site in the Fe-doped Cu/Cu3P composites reduces 

the OP by altering the adsorption energies of OER intermediates, but the activity decreases if the catalyst is 

Fe–rich. This may be due to (i) the formation of FeOxHy,47 or (ii) Fe2+–Fe3+ pair-assisted charge transfer, 

leading to a decrease in the polarity of Cu3P surfaces.48 Thus, the role of the active sites turns out to be a 

critical center of interest, prompting us to focus on the DFT calculations and 

post operando characterization. 

DFT calculations have been performed to understand the adsorption behavior of the reaction 

intermediates and the reaction OP upon Fe substitution by considering the (0001) surface of Cu3P. The CuP-

terminated surface appears to be more stable than the Cu-terminated surface (see Fig. S9, Table S3 in the 

ESI†). We have considered all the possible sites for the adsorption of OER intermediates. The most 

preferential binding sites of the intermediates on the surface have been shown in Fig. 4a and b and the 

corresponding adsorption energies are provided in Table 1, whereas the adsorption energies for all the 

possible sites are provided in Table S4.† We found that Fe2+ is the primary adsorption site for the OER 

reaction intermediates. In-depth analysis on the bond lengths of the reaction intermediates revealed that 

the O–O bond distances of adsorbed-OOH are 1.49 and 1.46 Å for Cu3P and Fe-doped Cu3P, respectively. 

Therefore, *OOH in an Fe-doped system is more like O2 (bond distance, 1.21 Å), favoring the Fe-doped Cu3P 

as a better catalyst for the OER. Furthermore, the different adsorption behaviors of the systems also 

contribute towards the catalytic activity. Here, we have studied all the possible elementary reaction steps 

of the OER on the surface of Cu3P and Fe-doped Cu3P catalyst to calculate the overpotential of the reaction 

as proposed by Nørskov and co-workers.49,50 The OER is a four-electron water oxidation reaction and the 

most probable reaction steps in the alkaline medium are as follows [eqn (1)–(4)]: 

* + OH− → *OH + e−,(1) 

*OH + OH− → *O + H2O(l) + e−,(2) 

https://biblioproxy.cnr.it:3325/en/content/articlelanding/2020/NR/D0NR03414B#fn1


*O + OH− → *OOH + e−,(3) 

*OOH + OH− → * + O2(g) + H2O(l) + e−,(4) 

where, an asterisk (*) sign and *X (X = O, OH, and OOH) represent the catalyst surface and the adsorbed 

oxygenated species on the catalyst surface, respectively. 

 

Fig. 4 Adsorption behavior on the surface of (a) pristine and (b) Fe-doped Cu3P. Free energy diagram of OER 

on (c) pristine and (d) Fe-doped Cu3P (blue, grey and brown colors represent the Cu, P and Fe atoms, 

respectively). (e) Free energy diagram of HER on pristine and Fe-doped Cu3P. 

Table 1 Adsorption energies (eV) of the reaction intermediates on the most preferred sites 

 
 

Reaction intermediates Pristine Cu3P Fe-doped Cu3P 

 
 

*O −4.40 −4.89 

*OH −2.39 −3.02 

*OOH −3.13 −3.93 

*H −2.18 −2.23 

*H2O −0.26 −0.75 

*Sign denotes the adsorbed state. 



The reaction free energy (ΔG) associated with all these reaction steps is calculated using eqn (5):51 

ΔG = ΔE + ΔZPE − TΔS + ΔGU + ΔGpH,(5) 

where ΔE, ΔZPE, and ΔS are the difference in total energy, zero-point energy, and entropy, respectively. 

Here, ΔGU = −eU, where U is the applied potential and e is the number of transferred electrons. ΔGpH is the 

correction of the H+ free energy and depends on whether the reaction under consideration is alkaline or 

acidic (see the ESI† for computational details). 

Fig. 4c and d show the reaction free energy profile for the OER on Cu3P and Fe-doped Cu3P, respectively, in 

the presence/absence of applied electrode potentials. At U = 0, all the steps are endergonic on both the 

catalysts’ surfaces. Among the elementary steps, *OOH formation is the rate-limiting step. At equilibrium 

potential (U = 1.23 V), all the elementary steps except the *OOH formation step are exergonic on both the 

catalysts. However, all the elementary steps become exergonic on Cu3P and Fe-doped Cu3P at the potential 

3.08 and 2.82 V, respectively. Therefore, the OP is significantly reduced (by 0.26 V) on the Fe-doped system. 

We have also studied the free energy profile for the HER, considering the possible HER mechanism in the 

alkaline medium [eqn (6) and (7)].52,53 This reaction in alkaline media requires the first step of water 

dissociation. In the second step, the adsorbed hydrogen atom combines with an electron transferred from 

the catalyst surface and a proton from the electrolyte to form one hydrogen molecule. The elementary 

reactions are as follows [eqn (6) and (7)]: 

H2O(l) + e− + * → *H + OH−,(6) 

H2O(l) + e− + *H → H2(g) + OH−(7) 

The Gibbs free energy of the adsorbed H* is commonly used to evaluate the HER activity of catalysts,54 and 

we find that the Gibbs free energy for H adsorption (Fig. 4e) is 0.32 and 0.29 eV on the surface of Cu3P and 

Fe-doped Cu3P, respectively. It is worth noting that the HER in alkaline media requires an additional first 

step of water dissociation.55,56 Therefore, we have calculated the adsorption energy of a H2O molecule on 

both the Cu3P and Fe-doped surfaces. We find that H2O is strongly adsorbed in both these surfaces, 

showing the adsorption energy value of −0.26 and −0.75 eV on Cu3P and Fe-doped Cu3P surfaces. 

Therefore, considering both the water adsorption strength and H-adsorption free energy, Fe-doped Cu3P 

appears to be a more active catalyst than pristine Cu3P for the HER in alkaline medium. 

Finally, the overall water splitting reaction was performed using Cu2.75Fe0.25P both as the anode and the 

cathode catalyst in an assembled water electrolyzer system. The reference catalysts IrO2 and Pt/C loaded 

on a carbon cloth were used as an anode and a cathode, respectively, for comparison. As shown in the 

anodic polarization curve, the as-prepared catalysts exhibited high unsaturated current and achieved a 

current density of 100 mA cm−2 at a cell potential of 1.85 V, which is 110 mV larger than the benchmark 

catalyst (Fig. 5a). The performance, based on current results, is compared with the other non-noble-metal-

based bifunctional electrocatalysts (Table S5†). For the stability test, the cyclic voltammogram for the 

anodic current was collected after 500 cycles, and was close to the initial value exhibited for the two-

electrode (Cu2.75Fe0.25PIICu2.75Fe0.25P) OER process (Fig. 5b). In addition, the overall water splitting 

performance was measured under a constant potential (1.8 V) and showed a stable output current up to 32 

hours (Fig. 5c). The generation of the H2 and O2 gases under the same conditions was shown by recording a 

movie (see the ESI video†). The H2 and O2 gas evolution can be observed at the right and left side 

electrodes in the movie provided in the supplementary material. For the quantification of H2 and O2 gases 

evolved during the overall water splitting, the faradaic efficiency was measured under a controlled 



potential electrolysis for 60 min. As shown in Fig. 5d, the actual detected H2 and O2 volume along the 

reaction time fit well with the volume calculated from the charge transfer, indicating a near-100% faradaic 

efficiency. 

 

Fig. 5 (a) Anodic polarization curve for the overall water splitting using Fe-doped Cu3P (Cu2.75Fe0.25P); the 

activity was compared with the commer- cial IrO2 and Pt/C on a carbon cloth as the anode and cathode (the 

inset shows the gas bubble generated in the overall water splitting). (b) CV curve of the anodic current for 

Fe-doped Cu3P (Cu2.75Fe0.25P) after 500 cycles, (c) chronoamperometric test for the anode catalysts at a 

constant potential of 1.75 V (cell voltage), and (d) temporal plot for the amount of H2 and O2 gases evolved 

during the chronoamperometric run at 2.0 V (cell voltage). 

2.3 Post operando analysis 

In order to understand the structural transformation and active sites during electrochemical operations, 

post-operando microscopic and spectroscopic analyses were carried out for Cu2.75Fe0.25P. The post-OER 

catalyst exhibits a distinct layer on the main catalyst surface (Fig. 6a and b). The newly formed species had 

low crystallinity and were mainly composed of Cu2+ species. The XRD pattern confirms the presence of 

majorly Cu(OH)x along with a smaller amount of CuO (Fig. 6f). After the reaction, the deconvoluted Cu 

2p3/2 profile clearly reveals that the Cuδ+/Cu2+ peak intensity ratio decreased as compared to the pre-

reaction catalyst (Fig. 6g). The results indicate that, during OER, Cu0 could transform into meta-stable 

CuIII species as an active site, which eventually forms air-stable and detectable CuO and 

Cu(OH)x phases.57 We also observed notable changes in the Fe 2p profile after the OER, presumably due to 

the formation of Fe3+via the iron oxyhydroxide species (FeOxHy) (Fig. 6h).58 It is worth noting here that, in 

anode, Fe could exist in different virtual oxidation states higher than +4,59 but was not able to directly take 

part in the OER. The change of the oxidation state of Fe can provide electronic assistance and stability to 



the host metal (here Cu) active sites.60 Nevertheless, the contribution of P atoms cannot be avoided in the 

OER, because some reaction intermediates, in particular, OH* has a better adsorption stability on the P 

atoms and Cu–P bonds, as compared to only Cu atoms. The intense peak for P–O species in the XPS profile 

of post-OER catalyst may be an indication of this. On the other hand, after the HER, the integrated topology 

of the Cu2.75Fe0.25P catalyst did not change (Fig. 6c). However, the TEM images showed newly segregated 

particles (approximately 10 nm) with different thicknesses on Cu3P (Fig. 6d). Evidently, no Cu2+ species was 

detected in either XRD or XPS in the post-HER catalysts. It is suggested that under ambient conditions, 

metal phosphide nanoparticles are usually oxidized on their surface. In alkaline medium, without any 

applied potential, the polyphosphate anions on the nanoparticle surface are replaced by hydroxide ions to 

provide a hydroxide-dominant surface. In the cathode, both the oxidized P and metal species are 

electrochemically reduced, while the polyphosphate species are simultaneously dissolved in the electrolyte, 

resulting in a metal-rich phosphide surface. Whereas, in the anode, the sub-surface or even the inner 

species of metal phosphide nanoparticles are electrochemically oxidized, and the generated polyphosphate 

species continuously leach into the electrolyte, leading to a relatively thick hydroxide/oxide layer.61 This has 

been further supported by the systematic SEM EDXS analysis of cathode and anode after being involved in 

the bifunctional water splitting activity under different chronoamperometric conditions at the applied 

potential of 0.5, 1.5 and 2.5 V (Fig. 6e). For the anode catalysts, the relative intensity of oxygen peak 

increased while the phosporus peak reduced after formation of oxide surface on the pre-catalyst surface. 

However, the cathode catalyst did not show any such notable changes in their elemental composition. A 

minor change could be due to the in situ formed segregated species (CuP2 or Cu), but the pre-HER catalyst 

phase is majorly unchanged. While concluding on the role of metal sites, metallic Cu (Cu0 nanoparticle) has 

two advantages, which are (i) negative value for the hydrogen binding energy that facilitates the coupling 

of hydride ions and (ii) high affinity for adsorbing ˙OH, which is sufficient to facilitate the HER activity in an 

alkaline medium. Fe doping electronically assisted the stimulation of the metal-rich phase and created a 

distinct strong adsorption–desorption center for H and OH, which caused the (i) asymmetrical 

destabilization of the bonds in the water molecule62 and (ii) stabilization of the O 2p conduction band edge; 

these appear to provide beneficial properties for hybrid catalysts for bifunctional water splitting.63 



 

Fig. 6   (a) Post-OER SEM image (the inset shows the TEM image of the same catalyst) and (b) HRTEM of the 

Fe-doped Cu3P surface (Cu2.75Fe0.25P); (c) post-HER SEM and (d) TEM HADDF of the (the inset shows the 

bright-field TEM image of the same catalyst) Fe-doped Cu3P surface (Cu2.75Fe0.25P); (e) Large area SEM EDXS 

of Fe-doped Cu3P (Cu2.75Fe0.25P)/CC electrode used as cathode and anode during the overall water splitting 

at various applied voltages (1, 1.5 and 2.5 V); the chronoamperometric run was carried out for 15 minutes; 

the fate of the post-reaction catalyst surface was pictorially demonstrated, where Cu, Fe and P are 

represented with green, red and black spheres, respectively; (f) wide-angle powder XRD pattern of the 

post-reaction Fe-doped Cu3P (Cu2.75Fe0.25P); (g) Cu 2p and (h) Fe 2p XPS spectra of Fe-doped Cu3P 

(Cu2.75Fe0.25P) recorded before and after the electrochemical reaction. 

3. Conclusion 

In conclusion, we have developed a facile and flexible synthetic approach to grow a series of Fe-doped 

Cu/Cu3P nanoparticulate films over 3D electrodes. The Fe-doped Cu/Cu3P catalysts grown on a carbon cloth 

paper exhibit excellent bifunctional activity for OER and HER. Fe doping modulates both the electronic 

structure and the micromorphology of the catalyst, resulting in enhanced HER and OER in a synergistic way. 

At an optimized Fe doping level (Cu2.75Fe0.25P), the overpotential was reduced by 240 and 158 mV for OER 

and HER, respectively, as compared to the undoped catalyst at 100 mA cm−2. When used for overall water 

splitting, the Cu2.75Fe0.25P/CC electrode couple required an extra cell voltage of 120 mV to achieve the 

current densities of 100 mA cm−2, compared to the benchmark electrode couple composed of Pt/C and IrO2. 

DFT calculations indicate that Fe-doping alters the surface active sites towards Fe-center from the P-center 



which is primary in the pristine Cu3P catalyst, and reduced the reaction overpotential in Fe-doped system as 

compared to undoped catalyst. Post-operando studies clearly reveal the surface active species (oxide and 

hydroxide for the anode and metal and metal phosphide for the cathode) that took part in stabilizing and 

destabilizing the reaction intermediates, thus supporting the underlying mechanism behind alkaline water 

electrolysis. This work can provide a route map for further tuning the doped metal@metal phosphide pre-

catalysts for efficient bifunctional electrocatalysis in alkaline media. 

4. Experimental section 

4.1 Material synthesis 

Carbon cloth (CC) was cut into 2 × 3 cm pieces and cleaned by sonication in DI water, followed by ethanol 

for 30 min prior to using it as a substrate. In the three separate sets of reaction batches, 236.7, 217.4, and 

193.3 mg of Cu(NO3)2·3H2O was taken with 2.6 (2 mol%), 12.7 (10 mol%) and 25.3 mg (20 mol%) of FeCl2, 

respectively, and dissolved in 20 mL of water. 300 mg of urea and 40 mg of NH4F were added to the 

resulting mixture and stirred for 30 min to prepare a homogeneous solution, and then poured into a 25 ml 

Teflon-lined solvothermal container. The clean carbon cloth was immersed in the resultant solution, and 

this reaction system was kept at 150 °C for 18 h. After natural cooling, the as-obtained CuFe(OH)x was 

washed with water three times and dried at 60 °C. To synthesize Fe-doped Cu3P, the dried CuFe(OH)x/CF 

was placed in the upstream side of a horizontal tube furnace. 500 mg of NaH2PO2 was placed 4 cm away 

from CC/CuFe(OH)x, toward the side of the gas flow. Finally, it was heated at 300 °C for 2 h in a constant 

flow of Ar (50 ml min−1) at a heating rate of 2 °C min−1. To prepare the undoped Cu3P/CC, only 241.6 mg of 

Cu(NO3)2·3H2O was taken during the hydrothermal treatment. The subsequent procedure followed is 

similar to that for Fe-doped Cu3P. Commercial Pt/C and IrO2 were used to prepare the catalyst inks for the 

Pt/C/CC and IrO2/CC electrodes. The catalyst inks were prepared by mixing 5 mg of the catalyst with 20 μl 

of 5 wt% Nafion solution and 4 ml of isopropyl alcohol (99.7%, Merck). 

4.2 Electrochemical analysis 

All electrochemical measurements were performed using a multichannel potentiostat (VersaStat3, 

Princeton Applied Research, USA) electrochemical workstation at room temperature. The catalysts were 

evaluated in 1 M KOH aqueous solution using a conventional three-electrode configuration, in which 

Cu3−xFexP/CF was used as the working electrode, platinum wire as the counter electrode, and Hg/HgO 

(saturated KOH) electrode as the reference electrode. Linear sweep voltammetry (LSV) polarization curves 

were recorded at a scan rate of 20 mV s−1 without iR compensation. Chronopotentiometry (CP) curves was 

recorded at a constant potential mentioned with the plot. The electrochemical surface area (ECSA) was 

evaluated by the capacitance measurements in the non-faradaic potential region at various scan rates of 

20, 30, 40, 50, 60, 80 and, 100 mV S−1. The overall water splitting measurements were performed using 

Cu2.75Fe0.25P/CF as both the anode and cathode in a two-electrode configuration. The active geometric area 

of both electrodes was 1 × 1 cm. The mass of the catalyst was approximately 2 mg cm−2. All potentials in 

this work were reported with respect to RHE, which were converted according to the following equation: 

E (RHE) = E (Hg/HgO) + 0.098 + 0.059 pH. 

A sealed H-cell electrochemical reactor was taken and filled with electrolyte above the connecting bridge to 

isolate and measure the amount of gas evolved during the overall water splitting. The reactor was 

connected online with GC equipped with an isocratic pump and thermal conductivity detector. The 

automatic sampling method was used to inject headspace gases with 10 min of interval in a cyclic manner. 



The evolved H2 and O2 gases were emitted at a retention time of 1 and 1.5 min. The H2 and O2 gas evolution 

can be observed at the right and left side electrodes in the movie provided in the supplementary material. 
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