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The area of non-noble metals based electro-catalysts with electrochemical activity and sta-

bility similar or superior to that of noble metal electro-catalyst for efficient hydrogen pro-

ductionfromelectrolyticandphotoelectrochemical (PEC)water splitting isasubjectof intense

research. In the current study, exploiting theoretical first principles study involving deter-

mination of hydrogen binding energy to the surface of the electro-catalyst,we have identified

the (Cu0.83Co0.17)3P: x at.%S systemdisplayingexcellent electrochemical activity forhydrogen

evolution reaction (HER). Accordingly, we have experimentally synthesized (Cu0.83Co0.17)3P: x

at. % S (x ¼ 10, 20, 30) demonstrating excellent electrochemical activity with an onset over-

potential for HER similar to Pt/C in acidic, neutral as well as basic media. The highest elec-

trochemical activity is exhibited by (Cu0.83Co0.17)3P:30 at. % S nanoparticles (NPs) displaying

overpotential to reach 100 mA cm�2 in acidic, neutral and basic media similar to Pt/C. The

(Cu0.83Co0.17)3P:30 at. % S NPs also display excellent electrochemical stability in acidic media

for long term electrolytic and PEC water splitting process [using our previously reported

(Sn0.95Nb0.05) O2: N-600 nanotubes (NTs) as the photoanode]. The applied bias photon-to-

current efficiency obtained using (Cu0.83Co0.17)3P:30 at. % S NPs as the cathode electro-

catalyst for HER in an H-type PEC water splitting cell (~4%) is similar to that obtained using

Pt/C (~4.1%) attesting to the promise of this exciting non-noble metal containing system.
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Introduction
Achieving sustainable, economic and clean energy supply by

replacing hitherto technologies for energy production based

on combustion of fossil fuels is one of themajor energy related

technological hurdles facing the globe today [1e6]. Incessant

large dependence and consequent, vast consumption of fossil

fuels has contributed to excessive emissions of greenhouse

gases which has led to global climatic changes over the years

placing significant stress on the environment [1e5]. Hence, at

the risk of significantly compromising the environment, it is

imperative to identify efficient, clean (low carbon footprint)

and environmentally friendly energy sources that can be

manufactured and produced in an economical fashion. This

will enable the society to transition from an energy economy

driven largely by fossil fuel based energy sources to non-

carbonaceous fuels based economy with the aim of meeting

the colossal global energy demandwithminimumemission of

greenhouse gases and thus, ensuring a sustainable society

driven by environmental recyclable resources of solar, wind,

and water [1,4,7e12]. Along these lines, hydrogen has been

identified as the primary potential energy source due to its low

carbon footprint, high energy density (120 MJ/kg for H2 higher

than 44.4 MJ/kg for Gasoline) and the ability to offer clean,

reliable and affordable energy supply for meeting the

tremendous global energy demand [13]. In addition, hydrogen

is an important chemical with a global production rate of 50

billion kg per year that is mainly used in petroleum refining

and production of ammonia based fertilizers as well as other

important industrial chemicals [14].

Current approaches for H2 production mainly involve

steam reforming of natural gas, coal gasification and the

partial oxidation of hydrocarbons [15,16]. The drawbacks of

these processes are high operating temperature and emission

of CO2, the undesired greenhouse gas pollutant [15,16]. With

the increase in global demand of H2 on the grounds of its

important applications mentioned above, processing of vast

amount of fossil fuels is not viable. Hence, it is of utmost

importance to produce hydrogen from non-carbonaceous and

environmentally friendly tools with minimum emission of

greenhouse gases.

Electricity driven water splitting (water electrolysis

coupled to renewable energy source such as solar, wind, etc.)

and photoelectrochemical (PEC) water splitting (where elec-

tricity is generated from suitable semiconductor material

used as the photoanode and then used in tandem to drive the

HER to produce H2 at the cathode) are promising approaches,

as they involve production of hydrogen from non-

carbonaceous sources with no emission of greenhouse gases

whatsoever and no toxic byproducts [17,18]. In these pro-

cesses, electricity is used for driving the water splitting reac-

tion (DGo¼ 237.13 kJmol�1 or 1.23 eV) [19]. However, one of the

factors limiting the commercial development of electrolytic

water splitting process is the high capital cost, mainly due to

the use of expensive precious noble metal electro-catalysts

(e.g. Pt, IrO2) that albeit exhibit excellent electrochemical ac-

tivity with minimum overpotential and long term electro-

chemical stability. The development of PEC water splitting

systems is however, constrained by insufficient solar-to-
hydrogen (STH) efficiency and limited long term stability.

Moreover, the use of noble metal electro-catalysts (Pt, Pd)

could be a concern for future applications in PEC systems.

The development of novel non-noblemetals based electro-

catalyst exhibiting similar/superior electrochemical activity

withminimumoverpotential and stability than state of the art

electro-catalyst (Pt/C) for hydrogen evolution reaction (HER),

which constitutes half of the water splitting reaction, will be a

significant breakthrough in reduction of capital cost of water

splitting cells. In addition to proton exchange membrane

(PEM) based water electrolysis and PEC water splitting

involving operation in acidic media (pH~0), HER is also very

important in the microbial electrolysis cell (MEC) which in-

volves production of hydrogen from wastewater (neutral

media, pH~7) through microbes assisted degradation of

organic waste and electrolytic water splitting for generation of

hydrogen in basic media (pH~14) [20]. An ideal non-noble

metals based HER electro-catalyst should exhibit superior

electrochemical active surface area, high electronic conduc-

tivity, superior charge transfer kinetics, high current density

at low overpotential, excellent electrochemical activity for

HER and superior long term electrochemical stability for

continuous H2 production over long period of operation in

acidic, neutral as well as basic media.

In the pursuit of identification and development of cheap,

highly electrochemically active and stable electro-catalysts

for HER, there have been many pioneering studies reported

on non-noble metals based nitride and sulfide based electro-

catalysts exhibiting promising performance for HER such as

MoS2 [21,22], CoSe2 [23], Co0.6Mo1.4N2 [24], MoSe2 [25], NiMoNx

[26], WS2 [27], etc. Earth-abundant transition metal phos-

phides (TMPs) are also important materials exhibiting good

electronic conductivity and are widely utilized as catalysts in

hydrodesulfurization (HDS), hydrodenitrogenation as well as

anodematerials for Li ion batteries [28e32]. Both HDS and HER

rely on reversible binding of hydrogen on the catalyst surface.

In HDS, hydrogen dissociates on the catalyst surface and re-

acts with sulfur forming H2S which creates a reactive sulfur

vacancy site [14], while in HER, the protons bind to the electro-

catalyst surface promoting HER and accordingly generating H2

gas [28]. Thus, TMPs are also considered as active electro-

catalysts for HER. On the basis of these developments, there

has correspondingly been significant research efforts directed

to the study of TMPs as electro-catalysts for HER such as Ni2P

[33,34], CoP [20,28,35,36], MoP [37], FeP [32,38], WP [39], WP2
[40], etc., wherein, these electro-catalysts have shown

noticeable electrochemical activity for HER.

With the principle aim of this study targeted at the design

and development of cheap non-noble metals based electro-

catalysts displaying similar/superior electrochemical activity

for HER and stability than that of Pt/C, in this report we

describe copper phosphide (Cu3P) based electro-catalyst sys-

tem that has been studied as a potential electro-catalyst for

HER, on the grounds of promising HER performance displayed

by self-supported Cu3P nanowire arrays [41]. In the present

study, therefore, theoretical first-principles electronic struc-

ture calculations involving determination of the hydrogen

binding energy (DGH*) to the surface of specific electro-

catalysts, has been carried out to identify and develop
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suitable Cu3P based electro-catalyst systems exhibiting

excellent electrochemical activity for HER similar to that of

noble metal electro-catalyst system (Pt). Based on the theo-

retical calculations, cobalt doped copper phosphosulfide

denoted as (Cu0.83Co0.17)3P: x at. % S (x ¼ 10, 20, 30) of different

compositions have been explored as a suitable electro-

catalyst system for HER, for the very first time and presented

in this report to the best of our knowledge. Cobalt is selected

as the preferred dopant for Cu3P on the grounds of its ability to

offer promotional effect in MoS2 as reported earlier [42,43].

Thus, the incorporation of cobalt in Cu3P is expected to offer

increased number of catalytically active sites (due to a

decrease in DGH*) resulting in improved catalytic activity

(lower polarization losses) for HER, which is verified by the

theoretical first-principles electronic structure calculations

reported in this study [42e46]. The rationale for selection of

sulfur is that the most active sites for TMPs in HDS reaction

are considered to be phosphosulfide formed during the reac-

tion and thus, sulfur is known to play an important role in

improving the catalytic activity of metal phosphides for HDS

[31,47,48]. Hence, sulfur is incorporated in Cu3P to achieve

electronic and molecular states similar to that seen during

HDS operating conditions and thus, achieve excellent elec-

trochemical activity for HER. In addition, incorporation of S

into the Cu3P lattice will offer improved electronic conduc-

tivity which will potentially also enable fast charge transfer

kinetics. Thus, the simultaneous incorporation of Co and S

into the Cu3P lattice offers unique opportunity for tailoring the

electronic structure, physical, electronic and electro-catalytic

properties of Cu3P to match the noble metal electro-catalyst

systems. As a result, the (Cu0.83Co0.17)3P: x at. % S (x ¼ 10, 20,

and 30) has been explored for the first time in this report, to

the best of our knowledge as the universal electro-catalyst

system for HER in electrolytic water splitting encompassing

all three acidic, neutral and basic media in this study.

In addition, (Cu0.83Co0.17)3P:S is also studied as HER electro-

catalyst in PEC water splitting cell using (Sn0.95Nb0.05)O2:N-600

nanotubes (NTs) as the photoanode [8]. The photo-

electrochemical characterization has been carried out in anH-

type cell, in which the cathode (where HER occurs) and pho-

toanode (where water oxidation reaction takes place) are

separated by the Nafion 115 membrane (DuPont) [8]. As re-

ported earlier by us [8], the maximum applied bias photon-to-

current efficiency (ABPE) of ~4.1% was obtained using

(Sn0.95Nb0.05)O2:N-600 NTs as the photoanode and Pt (wire) as

cathode at an applied potential of ~0.75 V (vs RHE), which is

the highest ABPE obtained so far compared to other semi-

conductor materials studied as photoanode for PEC water

splitting such as TiO2, ZnO and Fe2O3 [8,10,49e52]. However,

with the goal of completely replacing Pt with novel non-noble

metals based electro-catalyst exhibiting excellent electro-

chemical activity for HER and stability similar/superior than

that of Pt/C, the (Cu0.83Co0.17)3P:S system is also studied herein

as the HER electro-catalyst to achieve similar/superior ABPE

than that of Pt/C. This combined approach will help in pro-

gressing towards non-noble metals based electro-catalysis

which will result in significant reduction in the capital cost

of electrolytic and PEC water splitting system and thus, likely

aid in their commercial development for efficient and eco-

nomic production of hydrogen in environmentally friendly
manner. This is indeed a very relevant and represents an

important part of today's intense research activity which will

offer massive environmental, economic and technological

benefits in the short as well as long term.

Thus, the present report documents for the first time the

theoretical and experimental studies focused on detailing the

electrochemical performance of nanostructured cobalt doped

copper phosphosulfide system, i.e., (Cu0.83Co0.17)3P: x at. % S

(x ¼ 10, 20, 30) of different compositions serving as cathode

electro-catalysts for HER in electrolytic and photo-

electrochemical water splitting [using our previously reported

(Sn0.95Nb0.05)O2:N-600 NTs as the photoanode], synthesized

using a simple synthesis route at low temperature of 250 �C.
Computational methodology and details

The electro-catalytic activity of an electro-catalyst can be

described by a parameter, DGH* which is the free energy of

adsorbed hydrogen atom on the electro-catalyst surface. DGH*

is desired to be close to 0 eV, which indicates the ease of

adsorption and desorption of hydrogen atoms from the

electro-catalyst surface [53e55]. DGH* is represented by the

following relation: DGH* ¼ DEH* þ DZPE - TDS. The reaction

energy DEH* is calculated using the density functional theory

methodology (DFT) as following:

DEH* ¼ E(Mat þ nH) e E(Mat þ (n-1) H) e 1/2 E(H2),

where E(Me þ nH) is the total energy of a metal surface slab

with the n hydrogen atoms adsorbed on the surface,

E(Me þ (n-1)H) is the total energy of the corresponding metal

surface slab with (n-1) hydrogen atoms (after removal of one

hydrogen atom from the given site) and E(H2) is the total en-

ergy of the hydrogen molecule in the gas phase.

Cu3P has a hexagonal crystal structure P63cm (group# 185)

with 24 atoms in the unit cell with the following lattice pa-

rameters: a¼ b¼ 6.959 Å and c¼ 7.143 Å [56]. For estimation of

DEH*, the crystallographic surface (0001) has been chosen with

the active sites located above Cu 4b-type of the lattice sites as

shown in Fig. 1a. Co and S atoms are also shown in this figure.

In all the calculations, 1 monolayer of H-coverage of the (0001)

surface has been considered. Also, the zero point energy

correction DZPE minus the entropy term TDS has been taken

equal to 0.24 eV, as it was used by Nørskov et al. [55], for cal-

culations of DGH* for all materials considered in that study.

All the surface slabs consist of five cupper and two phos-

phorus layers with fixed three lower copper and one phos-

phorus layers with the lattice parameters corresponding to

the calculated bulk crystal structures. The remaining three top

layers were allowed to relax together with all the adsorbed

hydrogen atoms on the surface. The slab was separated from

its image by a vacuum layer of ~20�A. Since, the purpose of the

present theoretical study is to bring to light the effects of Co

and S elements on the overall catalytic activity of Cu3P, only

one composition of each dopant has been chosen for the

calculation of DGH* and other properties of the corresponding

compounds. Thus, accordingly, the free energies of hydrogen

adsorption to the surface have been calculated for pure Cu3P,

(Co0.17Cu0.83)3P and (Co0.17Cu0.83)3P0.5:S0.5 compositions. These

https://doi.org/10.1016/j.ijhydene.2018.02.147
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Fig. 1 e (a) Surface slab of Cu3P structure doped with Co and S. Red box is the unit cell used in all DFT calculations. Small blue

balls e Cu, small green e Co, large yellow e P, large orange e S, the smallest black e hydrogen atoms attached to the surface

on active sites. Vectors a, b, and c correspond to the bulk crystal structure lattice parameters, (b) Calculated total density of

electronic states for pure Cu3P, (Co0.17Cu0.87)3P, and (Co0.17Cu0.87)3P0.5:S0.5; Fermi level is set to zero energy. Labels indicate

major contributions from corresponding projected electronic states. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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compositions have been chosen from the crystallographic

consideration of the Cu3P elementary unit cell.

In the present study for all the DFT calculations, the Vienna

Ab-initio Simulation Package (VASP) has been used within the

projector-augmented wave [57] method [58e60] and the

generalized gradient approximation for the exchange-

correlation energy functional in a form suggested by Perdew

and Wang [61]. This program calculates the electronic struc-

ture and via the Hellmann-Feynman theorem, the inter-

atomic forces are determined from first-principles. The stan-

dard PAW potentials were employed for the Cu, Co, P, and S

potentials containing eleven, nine, five, and six valence elec-

trons, respectively.

For all the materials considered in this study, the plane

wave cutoff energy of 520 eV has been chosen to maintain a

high accuracy of the total energy calculations. The lattice

parameters and internal positions of atoms were fully opti-

mized employing the double relaxation procedure and

consequently, theminima of the total energies with respect to

the lattice parameters and internal ionic positions have been

determined. This geometry optimization was obtained by

minimizing the HellmaneFeynman forces via a conjugate

gradient method, so that the net forces applied on every ion in

the lattice are close to zero. The total electronic energies were

converged to within 10�5 eV/un cell resulting in the residual

force components on each atom to be lower than 0.01 eV/
�A/atom thus, allowing for an accurate determination of the

internal structural parameters for the material. The

Monkhorst-Pack scheme was used to sample the Brillouin

Zone (BZ) and generate the k-point grid for all the materials

considered in the present study.
Results and discussion

Theoretical study illuminating the effect of Co and S on the
electrochemical activity and structural stability of the
selected (Cu,Co)3P:S compounds

The electro-catalytic activity of virtually any electro-catalyst

is expected to depend on the electronic structure as well as

the electronic conductivity, while the long term stability of the

electro-catalyst is assumed to qualitatively depend on the

cohesive energy of the system. The effect of compositions on

the electronic and catalytic properties as well as the compo-

sitional effects on the structural stability of the material could

be understood from the theoretical considerations.

As mentioned in earlier section of the manuscript, the

main purpose of the computational component of the present

study is to explore the effects of Co and S dopants on the

electro-catalytic activity as well as the structural and chemi-

cal stability of Cu3P during HER. For these purposes the elec-

tronic structure, hydrogen adsorption free energies DGH* as

well as the cohesive energies have been considered as a

qualitative measure of the structural and chemical stability,

and they have all been calculated for the different materials

considered in the current study.

It should be noted that for a good HER electro-catalyst, it is

essential that the free energy of adsorbed H (DGH*) should be

close to 0 such that the hydrogen atomswould be able to easily

adsorb and desorb from the surface during HER. Thus, the task

of identifying a good electro-catalyst material for HER could

partially be reduced to estimation of the free binding energy of

https://doi.org/10.1016/j.ijhydene.2018.02.147
https://doi.org/10.1016/j.ijhydene.2018.02.147


Table 1 e Calculated free energy of hydrogen adsorption
DGH*, the electronic density of states at the Fermi level,
and cohesive energy -Ecoh for all materials considered in
the present study.

Materials DGH*

(in eV)
N(EF) el./eV/
unit cell

-Ecoh
(in eV/f.unit)

Cu3P 0.31 1.5 13.96

(Co0.17Cu0.83)3P 0.16 10.1 14.94

(Co0.17Cu0.83)3P0.5:S0.5 0.10 11.7 14.48

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 7 8 5 5e7 8 7 1 7859
the hydrogen to the electro-catalytic surface. Modification of

the electro-catalytic surface electronic structure by changing

the chemical composition in suchaway that the resultingDGH*

becomes close to zero, may also substantially improve the

electro-catalytic activity of the material. For these purposes

therefore, the hydrogen binding free energy (DGH*) has been

obtained from DFT calculations by subtracting the free energy

of the pristine electro-catalyst surface and a half of a hydrogen

molecule in the gas phase from the corresponding free energy

of the electro-catalyst surface with hydrogen atom bonded to

the site. The methodology is very similar to that presented by

Nørskov et al. in previous report [55].

Table 1 shows a tabulation of the free energies DGH*, den-

sity of states at the Fermi level, and cohesive energies for all

the different materials considered in the present study. It can

be seen that the hydrogen adsorption to the surface of pure

Cu3P is tooweak and quite far from the optimal value resulting

in an inferior expected electro-catalytic activity for HER. It

may be explained from the electronic structure consideration

that since Cu-3d electrons locate relatively deep below the

Fermi level the hybridization between these electrons and H-

1s states located above the Fermi level becomes very weak

thus, making adsorption of hydrogen atoms practically

impossible (Fig. 1b).

An introduction of Co into the Cu3P lattice substituting for

Cu decreases DGH* noticeably bringing its value toward the

more optimal energy value. In this case, new Co-3d electronic

states are created locating in the vicinity of the Fermi level and

hybridize with H-1s electrons more strongly resulting in

stronger interaction between hydrogen atoms and the mate-

rial's surface. Such a modification of the electronic structure is

expected to improve theelectro-catalytic activityof theelectro-

catalyst (Fig. 1b). Further substitution of phosphorus for sulfur

in (Cu,Co)3P results in the hydrogen adsorption energy being

even more close to the zero value of ~0.1 eV. This indicates a

further increase in the strength of the hydrogen-surface

interaction due to the stronger HeS bonds compared to the

HeP bonds (bond dissociation energies for diatomicmolecules

are 353.6 kJmol�1 vs. 297.0 kJmol�1 respectively [62]. This effect

of the sulfur addition is expected to noticeably further improve

the electro-catalytic activity of (Cu,Co)3P:S compound. Thus,

using theconcept of the free energyof thehydrogenadsorption

to the electro-catalytic surface, the present study has shown

positive effect of introduction of Co and S on the expected

catalytic activity of Cu3P electrocatalyst for HER.

Another goal of the present study as outlined earlier is to

investigate the effect of Co and S doping on the electronic

conductivity of Cu3P. Since, in general the metallic conduc-

tivity is proportional to the density of states at the Fermi level
N(EF), it provides an opportunity to qualitatively estimate the

influence of those dopants on the overall electronic conduc-

tivity of Cu3P. The electronic structure of Cu3P calculated in

the present study demonstrates slight metal-type conductiv-

ity with non-zero density of the electronic states at the Fermi

level (Fig. 1b) which is opposite to the experimental data

indicating this material is a semiconductor with a narrow

band gap ~0.8 eV between the valence and conduction elec-

tronic zones [63]. This discrepancy with experimental data

attributes to the inherent inability of the DFT methodology to

reproduce correctly the band gaps of insulators and semi-

conductors with the well-known tendency of DFT to under-

estimate the corresponding band gap energy values on

average by 30e50%. Also, some materials with narrow band

gaps may very well be presented as metal-type conductors.

Nevertheless, in the case of Cu3P, the value of N(EF) is very

small indicating poor electronic conductivity of the com-

pound. The introduction of Co into the system however,

changes the electronic structure in such a way that the pres-

ence of Co-3d electrons in the vicinity of the Fermi level in-

creases the number of electrons and thus, improves the

overall electronic conductivity of the material (Fig. 1b). An

additional introduction of S into the (Cu,Co)3P lattice by

substituting for P atoms further improves the conductivity

(Fig. 1b), since sulfur atoms bind to lower number of Cu

valence electrons than phosphorus atoms (2 instead of 3

electrons for each S atom) rendering some of Cu valence

electrons readily available in the system and thus increasing

the number of total charge carriers at the Fermi level, as

indicated in Table 1. Such an increase in the electronic con-

ductivity also positively contributes to the overall electro-

catalytic activity of the material along with hydrogen

adsorption energy to the surface of the doped material.

The last aspect to be highlighted in the present theoretical

study is the structural and electrochemical stability of the

system for which the cohesive energy Ecoh can be considered

as a qualitative indicator. The higher the Ecoh (the more

negative value), the more durable is the electro-catalyst ma-

terial and thus, can be expected to display long term stability

and durability when considered over the entire duration of the

long term HER electro-catalytic process. Ecoh calculated for all

the materials are collected in Table 1. It can be again seen that

an introduction of Co into the Cu3P lattice substantially im-

proves the overall stability of (Co0.17Cu0.83)3P due to the pres-

ence of much stronger CoeP bonds in comparison to CueP

[calculated Ecoh for pure Cu3P is �13.96 eV/f.un. vs. �14.94 eV/

f.un. for (Co0.17Cu0.83)3P]. However, further introduction of S

into the (Co0.17Cu0.83)3P compound results in relative lowering

of the cohesive energy that occurs mainly due to the lower

ionic charge of S2� vs. P3� and thus, leads to significantly

weakening the electrostatic component of CueS and CoeS

bonds than those of CueP and CoeP ionic bonds. Neverthe-

less, even the relatively less stable (Co0.17Cu0.83)3P0.5:S0.5

compound is more stable than pure Cu3P, which makes this

material likely more stable and capable of withstanding the

harsh electrochemical conditions during HER as validated by

the experimental results discussed in the sections to follow.

Thus, based on the results of the DFT study, (Cu,Co)3P:S is

expected to demonstrate improved electro-catalytic activity

due to quite optimal hydrogen adsorption energy and high
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Fig. 2 e (a) The XRD patterns of pure Cu3P nanopartciles (NPs), (Cu0.83Co0.17)3P NPs and (Cu0.83Co0.17)3P:S NPs of different S

concentration in wide angle 2q scan, (b) The bright field TEM image of (Cu0.83Co0.17)3P:30S NPs, (c) SEM micrograph with EDX

spectrum of (Cu0.83Co0.17)3P:30S NPs, (d) Elemental x-ray maps of (Cu0.83Co0.17)3P:30S NPs.
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electronic conductivity together with good structural and

chemical stability which altogethermake thismaterial a likely

good candidate for demonstrating structural stability and high

electro-catalytic performance response suitable for HER. The

theoretical results presented here are accordingly experi-

mentally verified by synthesizing and characterizing different

compositions of (Cu0.83Co0.17)3P: x at. % S (x ¼ 10, 20, 30) cor-

responding to different S concentrations to systematically

study and illustrate the effect of different S concentrations on

the electrochemical properties of (Cu0.83Co0.17)3P:S that are

further discussed in the following sections of the manuscript.

Synthesis and characterization of theoretically predicted
(Cu0.83Co0.17)3P nanoparticles (NPs) and (Cu0.83Co0.17)3P:x
at.% S NPs (x ¼ 10, 20, 30) compositions for HER

Structural characterization of Cu3P, (Cu0.83Co0.17)3P and
(Cu0.83Co0.17)3P:x at.% S NPs (x ¼ 10, 20, 30)
The XRD pattern of the pure Cu3P NPs (Fig. 2a) synthesized by

heat treatment of CuCl2.2H2O and NaH2PO2$xH2O in UHP-

argon atmosphere at 250 �C and subsequent water-wash

shows a hexagonal structure (JCPDS card no: 71-2261) with

lattice parameters, a ¼ b ¼ 0.6959 nm, c ¼ 0.7413 nm and a

molar volume (Vm) ~31.2 cm3 mol�1, which is in good agree-

ment with the literature value [64]. The XRD patterns of

(Cu0.83Co0.17)3P NPs and (Cu0.83Co0.17)3P:S NPs of different S

concentration, shown in Fig. 2a, show peaks corresponding to

single phase hexagonal structure similar to that of Cu3P

without any other peaks of undesired secondary phase. This

suggests incorporation of Co and S in lattice of Cu3P for

(Cu0.83Co0.17)3P:S NPs of different composition. The lattice

parameters and molar volume of (Cu0.83Co0.17)3P NPs and

(Cu0.83Co0.17)3P:S NPs of different S concentration (calculated

using the least square refinement technique) are given in

Table 2.

The lattice parameters andmolar volume of (Cu0.83Co0.17)3P

NPs are slightly lower than that of pure Cu3P NPswhich can be

due to the smaller ionic radius of cobalt ion than that of

copper ion [65]. However, there is a slight increase in the
lattice parameters and molar volume of (Cu0.83Co0.17)3P:S NPs

in comparison to pure Cu3P NPs and (Cu0.83Co0.17)3P NPs. The

lattice parameters and molar volume of (Cu0.83Co0.17)3P:S NPs

increase slightly with increase in S concentrations indicating

the slight lattice expansion upon incorporation of S which is

similar to earlier reports [66,67]. The TEM bright field image of

the representative composition of (Cu0.83Co0.17)3P:30S NPs,

shown in Fig. 2b, shows that the nanoparticles are in the range

of ~7e10 nm. The HRTEM image (Fig. 2b) shows lattice fringes

with a spacing of ~0.27 nm which corresponds well with the

(112) inter-planer spacing of Cu3P and indicates lattice

expansion which is in agreement with the XRD analyses

which is similar to earlier reports [66e68]. The SEM image

along with the EDX pattern of the same representative

composition (Cu0.83Co0.17)3P:30S NPs, is shown in Fig. 2c. The

EDX pattern confirms the presence of Cu, Co, S and P in

(Cu0.83Co0.17)3P:30S NPs (Fig. 2c). The quantitative elemental

composition analysis (from EDX) of (Cu0.83Co0.17)3P:30S NPs

shows themeasured elemental composition of Cu, Co, S and P

to be close to the nominal composition (Fig. 2c). Elemental x-

ray maps of Cu, Co, S and P, shown in Fig. 2d, indicates a ho-

mogeneous distribution of elements in the representative

composition of (Cu0.83Co0.17)3P:30S NPs with no evidence of

any segregation at any specific site.

Chemical oxidation states of Cu, Co, S and P were also

studied using x-ray photoelectron spectroscopy (XPS) analysis

performed on NPs of pure Cu3P and (Cu0.83Co0.17)3P:30S NPs,

respectively. The XPS spectrum in the Cu 2p3/2 region for pure

Cu3P NPs shows a peak ~932.9 eV (Fig. 3a), which is similar to

earlier report [41]. The XPS spectrum in the P 2p region for pure

Cu3P NPs, shown in Fig. 3b, shows two peaks at ~129.5 eV and

~133.8 eV. The peak at ~932.9 eV in the Cu 2p3/2 region and the

peak at ~129.5 eV correspond to binding energies of Cu and P

in pure Cu3P NPs [41,69]. The peak at ~133.8 eV in the P 2p

region corresponds to oxidation of P related to presence of

(PO4
3�) forming possibly owing to air exposure during handling

of pure Cu3P NPs (Fig. 3b) [14]. It is noteworthy to note that the

peak at ~932.9 eV in the Cu 2p3/2 region of pure Cu3P NPs re-

flects higher binding energies than that of metallic Cu
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Fig. 2 e (continued).
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(~932.6 eV) [70] and the peak at ~129.5 eV in P 2p region of pure

Cu3P NPs is at a lower binding energies than that of elemental

P (~130.2 eV) [69], respectively. This indicates presence of Cu

(metal centers) with positive partial charge (dþ) and P (pendant

bases) with negative partial charge (d�) close to metal center

and thus, suggesting transfer of electrons from Cu to P and

modification of the charge density of Cu and P in pure Cu3P

NPs [20]. There is also a positive shift of ~0.5 eV seen in peak in

the Cu 2p3/2 region for (Cu0.83Co0.17)3P:30S NPs, which can

possibly be due to transfer of electrons from Cu to S and

correspondingly, modification of the charge density of phos-

phosulfide (Fig. 3a) [67]. The XPS spectrum of

(Cu0.83Co0.17)3P:30S NPs in the P 2p region shows only one peak

at ~129.5 eV corresponding to P in Cu3P [69] or CoP [71] (Fig. 3b).

However, the peak corresponding to oxidized P (at ~133.8 eV
which is seen for pure Cu3P as discussed earlier) arising due to

air exposure of the phosphide material during handling is

absent for (Cu0.83Co0.17)3P:30S NPs (Fig. 3b) which can be due to

likely stabilization of phosphide towards oxidation following

the incorporation of S in the phosphide (as also seen earlier

[14,71]). The exact reason is unknown at present warranting

further study.

The XPS spectrum in the Co 2p3/2 region for

(Cu0.83Co0.17)3P:30S NPs, shown in Fig. 3c, shows a peak at

~779.5 eV (which corresponds to Co in CoP [28]) is shifted by

~0.3 eV to higher binding energy than that of the typical peak

(at ~779.2 eV) in the Co 2p3/2 region of CoP [28], which can be

due to transfer of electrons from Co to S [67]. The peak at

~779.5 eV in Co 2p3/2 region of (Cu0.83Co0.17)3P:30S NPs (Fig. 3c)

is also at higher binding energies than that of metallic Co
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Table 2 e Results of structural and electrochemical characterization for HER of pure Cu3P NPs, (Cu0.83Co0.17)3P NPs,
(Cu0.83Co0.17)3P:S NPs and Pt/C in 0.5 M H2SO4 electrolyte solution at 26 �C.

Electro-
catalyst

Lattice
parameter (nm)

Molar
volume

(cm3 mol�1)

Onset
over

potential
(mV, RHE)

Overpotential (mV, RHE) to reach Current
density

at (�0.05V)
(mA cm�2)

Rct

(U.cm2)10 mA
cm�2

20 mA
cm�2

100 mA
cm�2

Cu3P a ¼ b ¼ 0.6959, c ¼ 0.7413 31.20 190 519 813 >1048 0.01 65.29

(Cu0.83Co0.17)3P a ¼ b ¼ 0.6958, c ¼ 0.7411 31.19 80 237 363 >809 0.085 31.3

(Cu0.83Co0.17)3
P:10S

a ¼ b ¼ 0.696, c ¼ 0.7414 31.22 10 97 155 >567 3.19 21.29

(Cu0.83Co0.17)3
P:20S

a ¼ b ¼ 0.6962, c ¼ 0.7415 31.24 10 52 70 185 8.67 10.31

(Cu0.83Co0.17)3
P:30S

a ¼ b ¼ 0.6963, c ¼ 0.7417 31.26 10 46 58 105 17.2 7.00

Pt/C e e 10 43 51 95 17.6 6.32
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(~778.4 eV) [28] and the peak at ~129.5 eV in the P 2p region of

(Cu0.83Co0.17)3P:30S NPs (Fig. 3b) is at lower binding energies

than that of elemental P (~130.2 eV) [69], respectively. Similar

to the discussion above for pure Cu3P NPs, this also suggests

the presence of Co (metal centers) with positive partial charge

(dþ) and P and S (pendant bases) with negative partial charge

(d�) close to metal center and thus, implying transfer of elec-

trons from Co to P and S in (Cu0.83Co0.17)3P:30S NPs and

possible modification of the resulting charge density.

The XPS spectrum of (Cu0.83Co0.17)3P:30S NPs in the S 2p

region (Fig. 3d) showsonepeak at ~161 eV corresponding to the

sulfide (S2�) showingnopresenceofanyoxidizedsulfur species

suchassulfate (whosepeakappears inS2p3/2 regionat~168eV)

[72,73]. The proton relays are incorporated in a metal complex

electro-catalyst for HER arising from the pendant acid-base

groups which are present close to the metal center where the

HER is known to occur [20,74,75]. The active sites for metal

complex hydrogenase enzyme also have pendant bases which

are close to the metal centers [20,76]. The (Cu0.83Co0.17)3P:30S

NPs considered in this study exhibit metal centers Cu, Co (dþ)
and pendant bases P, S (d�) positioned close to the metal cen-

ters [20]. Thus, (Cu0.83Co0.17)3P:30S NPs considered herein is

expected to exhibit hydrogen evolution mechanism for HER

similar to that of the metal complex hydrogenase enzyme re-

ported [20]. Accordingly, Cu, Co and P, S in (Cu0.83Co0.17)3P:30S

NPs can offer hydride-acceptor and proton-acceptor centers,

respectively [20]. These results collectively thus, show modi-

fication of the electronic structure of Cu3P due to incorporation

of Co andS into the lattice of theparent phosphide, Cu3Pwhich

can likely result in a more catalytically active phase offering

superior electrochemical response compared to that of pure

Cu3P NPs.

Electrochemical characterization of Cu3P,(Cu0.83Co0.17)3P and
(Cu0.83Co0.17)3P:x at % S NPs (x ¼ 10, 20, 30) compositions for
HER in electrolytic water splitting
The electrochemical activity of Cu3P, (Cu0.83Co0.17)3P and

(Cu0.83Co0.17)3P:S NPs of different S concentration has been

studied by performing linear scan voltammetry in 0.5 M H2SO4

electrolyte solution at 26 �C using a total loading of

0.7 mg cm�2. The iRU corrected LSV curves of commercial Pt/C

(Pt loading ¼ 0.4 mgPt cm
�2) and Ti foil (current collector) are

shown in Fig. 4a. The Ti foil (current collector) as expected
shows very poor electrochemical activity for HER and thus,

has minimal contribution to the current density obtained in

comparison to other active electro-catalysts used in this

study. The onset of HER starts at ~80 mV (vs RHE) for

(Cu0.83Co0.17)3P NPs which is lower than that of pure Cu3P NPs

(~190 mV vs RHE that is similar to earlier report [41]) (Table 2).

This clearly suggests a reduction in the reaction polarization

[7,9,11] due to the incorporation of cobalt into the Cu3P lattice

which is in agreement with the results of theoretical study

discussed earlier (Fig. 1). Following incorporation of sulfur for

all the compositions considered in the current study, the NPs

of the (Cu0.83Co0.17)3P:S system all show excellent perfor-

mance for HERwith an onset overpotential of ~10mV (vs RHE).

This response is not only similar to that of commercial Pt/C

(Fig. 4a and Table 2) but also significantly lower than that of

pure Cu3P NPs (~190 mV vs RHE). Thus, simultaneous incor-

poration of S and Co into the Cu3P lattice offers significant

reduction in the onset overpotential of HER to the extent of

~180 mV (significantly reduced reaction polarization) and also

offers reaction polarization similar to that of commercial Pt/C

(similar onset overpotential). These results correlate well with

results of theoretical study (discussed earlier) which predicts a

minimum reaction polarization for (Cu0.83Co0.17)3P:S than that

of pure Cu3P, due to the modification of the electronic struc-

ture following the simultaneous incorporation of Co and S into

the Cu3P lattice. It is also important to note that the onset

overpotential for HER (~10 mV vs HER) obtained in this study

for (Cu0.83Co0.17)3P:30S NPs is the lowest onset overpotential

obtained for HER thus far in the published open literature to

date, compared to other reported non-noblemetals based HER

electro-catalysts, to the best of our knowledge (Table S1). This

shows the excellent promise of Co and S acting as effective

dopants in improving the electrochemical activity of the

parent phosphide, Cu3P.

Nanoparticles (NP) of (Cu0.83Co0.17)3P exhibit current den-

sity of ~0.085 mA cm�2 at (�0.05 V vs RHE, which is a finite

potential required to overcome overpotential losses near 0V,

standard potential of HER), the standard representative po-

tential selected following literature reports for measuring

electrochemical activity for HER [20,32,34,77e83]. which is

eight-fold higher than that of pure Cu3P NPs (~0.01 mA cm�2)

(Fig. 4a and Table 2). Additionally, (Cu0.83Co0.17)3P NPs show an

overpotential of (>809 mV) (vs RHE) to reach a current density
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Fig. 3 e The XPS spectra of pure Cu3P NPs and (Cu0.83Co0.17)3P:30S NPs in the (a) Cu 2p3/2 region, (b) P 2p region, (c) Co 2p3/2

region (d) S 2p region.
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of 100 mA cm�2 which is lower than that of pure Cu3P NPs

showing an overpotential of (>1048 mV) (vs RHE) to reach the

current density of 100mA cm�2, respectively (Fig. 4a and Table

2). This improvement in overpotential is mainly due to

~110 mV lower onset overpotential (lower reaction polariza-

tion) and improved reaction kinetics (lower activation polari-

zation [7,9,11], also confirmed by the Electrochemical

Impedance Spectroscopy (EIS) analysis discussed later) of

(Cu0.83Co0.17)3P NPs (onset overpotential ¼ ~80 mV vs RHE)

than that of pure Cu3P NPs (onset overpotential ¼ ~190 mV vs

RHE) (Fig. 4a and Table 2). However, despite this improvement,

the current density of the (Cu0.83Co0.17)3P NPs at (�0.05 V vs

RHE) (~0.085 mA cm�2) is ~99.5% lower than that of Pt/C

(~17.6 mA cm�2) and correspondingly, the overpotential

required to reach the current density of 100mA cm�2 is higher

than that of commercial Pt/C which shows an overpotential of

~95 mV (vs RHE, similar to earlier reports [20,32,34,78e83]) to

reach the identical current density of 100 mA cm�2, respec-

tively (Fig. 4a and Table 2). This ismainly due to ~70mVhigher

onset overpotential and poor reaction kinetics of

(Cu0.83Co0.17)3P NPs than that of commercial Pt/C (Fig. 4a and

Table 2).

It is also important to note that the NPs in the

(Cu0.83Co0.17)3P: S system exhibit almost two-orders of
magnitude higher current density at (�0.05 V vs RHE) than that

of pure Cu3P NPs and the Co doped phosphide, (Cu0.83Co0.17)3P

NPs (Fig. 4a and Table 2). This result is indeed in agreement

with the results of the theoretical study (as discussed above)

and is a reflection of the significant reduction in reaction po-

larization and possibly lower activation polarization for

(Cu0.83Co0.17)3P:S than that of pure Cu3P. The current density at

(�0.05 V vs RHE) for the NPs of the (Cu0.83Co0.17)3P: S system

increases with increase in S dopant concentration with the

highest current density value obtained for (Cu0.83Co0.17)3P:30S

NPs (~17.2 mA cm�2) (Fig. 4a and Table 2). In addition, the

overpotential required to reach the current density of

100 mA cm�2 for all of the sulfur doped (Cu0.83Co0.17)3P:S NPs

decreases with increase in S concentration with the lowest

value of 105 mV obtained for (Cu0.83Co0.17)3P:30S NPs (Fig. 4a

and Table 2). Thus, despite the onset overpotential of

(Cu0.83Co0.17)3P:S NPs of different S concentration being same

(~10mV vs RHE), the increase in electrochemical activity of the

sulfur doped (Cu0.83Co0.17)3P:S NPs with increase in S concen-

tration with the highest activity displayed by

(Cu0.83Co0.17)3P:30S NPs indicates improvement in reaction

kinetics (decrease in activation polarization) with increase in S

concentration with the highest obtained for

(Cu0.83Co0.17)3P:30S NPs. The sulfur doped composition of
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Fig. 4 e (a) The iRU corrected linear scan voltammogram (LSV) curves for HER of pure Cu3P NPs, (Cu0.83Co0.17)3P NPs,

(Cu0.83Co0.17)3P:S NPs of different S concentration, Ti foil (current collector) and commercial Pt/C, obtained in 0.5 M H2SO4

electrolyte solution at 26 �C using scan rate of 1 mV s¡1, (b) EIS spectra of (Cu0.83Co0.17)3P NPs, (Cu0.83Co0.17)3P:S NPs of

different S concentration and commercial Pt/C obtained at (¡0.05 V vs RHE) in 0.5 M H2SO4 electrolyte solution at 26 �C in the

frequency range of 100 mHz to 100 kHz (Amplitude ¼ 10 mV), (c) EIS spectrum of Cu3P NPs obtained at (¡0.05 V vs RHE) in

0.5 M H2SO4 electrolyte solution at 26 �C in the frequency range of 100 mHz to 100 kHz (Amplitude ¼ 10 mV).
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(Cu0.83Co0.17)3P:30S NPs show a current density of

~17.2 mA cm�2 at (�0.05 V vs RHE) and overpotential of

~105mV (vs RHE) to reach the current density of 100mA cm�2,

which is almost comparable to that of Pt/C (Fig. 4a and Table

2). Thus, the sulfur doped composition of (Cu0.83Co0.17)3P:30S

NPs display outstanding electrochemical performance for

HER, almost comparable to that of commercial Pt/C (Fig. 4a

and Table 2) which is due to similar reaction polarization and

similar activation polarization for (Cu0.83Co0.17)3P:30S NPs and

commercial Pt/C. It is noteworthy that the overpotential of

~105 mV (vs RHE) shown by (Cu0.83Co0.17)3P:30S NPs to reach

current density of 100mA cm�2 in acidicmedia in this study is

the lowest obtained so far compared to other reported non-

noble metals based HER electro-catalysts, to the best of our

knowledge (Table S1).
All of the NPs in the (Cu0.83Co0.17)3P: S show excellent

electrochemical performance, even in neutral and basic

media. The iRU corrected LSV curves of (Cu0.83Co0.17)3P:S NPs

and Pt/C in 1 M potassium phosphate buffer (pH 7) and 1 M

KOH (pH 14) are shown in Figs. S1 and S2 (Supporting infor-

mation), respectively. It is clearly noticeable that all of the NPs

in the (Cu0.83Co0.17)3P: S system show similar onset over-

potential (similar reaction polarization) for HER as that of

commercial Pt/C (~10 mV vs RHE) in both neutral and basic

media (Table S2 and Table S3). The current density at (�0.05 V

vs RHE), the potential selected to overcome overpotential

losses near 0V standard potential of HER and once again

following literature reports as accepted standard for electro-

chemical activity for HER [20,32,34,77e83] for all of the NPs in

the (Cu0.83Co0.17)3P: S system increases with increase in S
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concentration with the highest values of 5.1 mA cm�2 and

3.55 mA cm�2 obtained for (Cu0.83Co0.17)3P:30S NPs in both

neutral and alkaline pH, respectively. Correspondingly, the

overpotential required to reach the current density of

100 mA cm�2 for all the NPs in the (Cu0.83Co0.17)3P: S system

decreases with increase in S concentration and the lowest

values of 382 mV and 540 mV in neutral and alkaline pH,

respectively obtained for (Cu0.83Co0.17)3P: 30S NPs in both

neutral and basic media (Fig. S1-S2, Table S2 and Table S3 in

Supporting information). Thus, the electrochemical activity

for HER of NPs in the (Cu0.83Co0.17)3P: S system increases with

increase in S concentration in both neutral and basic media

similar to the acidicmedia with the highest response obtained

for (Cu0.83Co0.17)3P:30S NPs in both neutral and basicmedia. As

mentioned above, the (Cu0.83Co0.17)3P:30S NPs show excellent

performance for HER in neutral media with current density at

(�0.05 V vs RHE) (~5.1 mA cm�2) and the overpotential

(~382 mV vs RHE) required to reach current density of

100 mA cm�2 both of which are almost comparable to that of

commercial Pt/C (~5.3 mA cm�2 at �0.05 V vs RHE and over-

potential of ~330 mV vs RHE; similar to earlier reports [32])

(Fig. S1 and Table S2). Additionally, in basic media, the

(Cu0.83Co0.17)3P:30S NPs exhibit excellent electrochemical ac-

tivity for HER with current density at (�0.05 V vs RHE)

(~3.55 mA cm�2) and similarly, the overpotential required to

reach current density of 100 mA cm�2 comparable to that of

commercial Pt/C (~3.8 mA cm�2 at �0.05 V vs RHE) (Fig. S2 and

Table S3). It is also noteworthy to note that the overpotential

shown by (Cu0.83Co0.17)3P:30S NPs to reach current density of

100 mA cm�2 in both, neutral and basic media reported in this

study is the lowest obtained so far compared to other reported

non-noble metals based HER electro-catalysts, to the best of

our knowledge (Table S4 and Table S5). The above results

clearly suggest that the introduction of Co and S as co-dopants

in the Cu3P lattice offer a synergistic alteration of the elec-

tronic, atomic/molecular structure (which is in agreement

with results of theoretical study) leading to excellent electro-

chemical performance for HER, almost comparable to that of

commercial Pt/C.

Electrochemical impedance spectroscopy and Tafel slopes

Based on the above, the reaction kinetics of HER for NPs of

Cu3P, (Cu0.83Co0.17)3P, and for the various sulfur doped NPs in

the (Cu0.83Co0.17)3P:S system including commercial Pt/C were

studied using electrochemical impedance spectroscopy (EIS).

Accordingly, EIS was carried out to determine the charge

transfer resistance (Rct) in 0.5 M H2SO4 electrolyte solution

(pH~0) at (�0.05 V vs RHE) in the frequency range of 100 mHz-

100 kHz at 26 �C at an amplitude of 10 mV, using the circuit

model RU(RctQ1) for fitting the experimental data, where RU is

the ohmic resistance, which includes contribution mainly

from electrolyte and electrode. Similarly, Rct is charge transfer

resistance and Q1 is the constant phase element representing

the contribution from the capacitance behavior of the electro-

catalyst surface.

The EIS plot of the electro-catalysts show a well-formed

semicircular arc (Fig. 4bec). The diameter of semi-circular

arc is used to determine the charge transfer resistance (Rct).

The Rct for all the NPs of the (Cu0.83Co0.17)3P: S system is
significantly lower than that of (Cu0.83Co0.17)3P NPs and pure

Cu3P NPs (Fig. 4bec and Table 2) clearly reflecting significant

improvements in the kinetics of HER (significant decrease in

activation polarization) upon the incorporation of the dual

dopants, Co and S into the Cu3P lattice resulting in superior

electrochemical activity for HER of all the NPs in the

(Cu0.83Co0.17)3P:S system contrasted to that of (Cu0.83Co0.17)3P

NPs and pure Cu3P NPs, respectively. Correspondingly, the Rct

for all the NPs of the (Cu0.83Co0.17)3P:S system decreases with

increase in S concentration with the lowest value of Rct ob-

tained for (Cu0.83Co0.17)3P:30S NPs (~7 U cm2), suggesting

improvement in reaction kinetics (decrease in activation po-

larization) and thus, improved electrochemical activity, with

increase in S concentration with the highest current value of

17.2 mA cm�2 at �0.05V vs RHE obtained for

(Cu0.83Co0.17)3P:30S NPs (exhibiting lowest activation polari-

zation in this study) (Fig. 4bec and Table 2). It should also be

noted that Rct for (Cu0.83Co0.17)3P:30S NPs (~7 U cm2) is nine-

fold lower than that of Cu3P NPs (~65.29 U cm2), five-fold

lower than that of (Cu0.83Co0.17)3P NPs (~31.3 U cm2) and

almost comparable to commercial Pt/C (~6.32U cm2) (Fig. 4bec

and Table 2). Thus, (Cu0.83Co0.17)3P:30S NPs shows outstanding

electrochemical performance for HER with the reaction ki-

netics (activation polarization) being almost similar to that of

Pt/C.

The Tafel slope of pure Cu3P NPs, (Cu0.83Co0.17)3P NPs,

(Cu0.83Co0.17)3P:10S NPs, (Cu0.83Co0.17)3P:20S NPs and

(Cu0.83Co0.17)3P:30S NPs and commercial Pt/C, calculated from

iRU corrected Tafel plots (in 0.5 M H2SO4), are 96 mV dec�1,

55 mV dec�1, 50 dec�1, 40 mV dec�1, 32 mV dec�1 and 31.6 mV

dec�1 (similar to earlier reports [32,78,79,82,84]), respectively

(Fig. 5aec). The lower Tafel slopes for all the NPs of the

(Cu0.83Co0.17)3P: S system corresponding to different S con-

centrations compared to that of pure Cu3P NPs and

(Cu0.83Co0.17)3P NPs is again a reflection of the superior reac-

tion kinetics of all the NPs of the (Cu0.83Co0.17)3P: S system than

that of pure Cu3P NPs and (Cu0.83Co0.17)3P NPs which is also

seen in EIS analysis (Fig. 4bec). The Tafel slope for

(Cu0.83Co0.17)3P: S NPs decreases with increase in S concen-

tration with the lowest value obtained for (Cu0.83Co0.17)3P:30S

NPs (32 mV dec�1), suggesting clearly an enhancement in the

reaction kinetics (increase in number of electrons involved in

HER) resulting in superior electrochemical activity for HER,

which increases with increase in S concentration with the

highest electrochemical response of 17.2 mA cm�2 at �0.05V

vs RHE obtained for (Cu0.83Co0.17)3P:30S NPs (Fig. 5aec). It is

again of interest to note that the Tafel slope of

(Cu0.83Co0.17)3P:30S NPs (32 mV dec�1) is almost similar to that

of commercial Pt/C (31.6 mV dec�1) indicating almost similar

reaction kinetics and thus, similar electrochemical activity of

(Cu0.83Co0.17)3P:30S NPs and commercial Pt/C (Fig. 5aec) for

HERwhich is known to primarily proceed through the Volmer-

Tafel mechanism for both (Cu0.83Co0.17)3P:30S NPs and com-

mercial Pt/C [21,32]. The Tafel slope of (Cu0.83Co0.17)3P:30S NPs

(32 mV dec�1) is the lowest Tafel slope obtained so far

compared to other reported non-noble metals based HER

electro-catalysts published in the open literature, to the best

of our knowledge (Table S1). These results collectively taken

again show that the incorporation of dual dopants, Co and S

into the Cu3P lattice offers unique modification of the
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Fig. 5 e (a) Tafel plot of pure Cu3P NPs, (b) Tafel plot of (Cu0.83Co0.17)3P NPs, (c) Tafel plot of (Cu0.83Co0.17)3P:S NPs of different S

concentration and commercial Pt/C.
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electronic structure (as predicted by the first principles ab-

initio studies discussed above and also seen in XPS analysis)

exhibiting significantly lower reaction polarization and lower

activation polarization than that of the parent Cu3P, resulting

in excellent electrochemical activity with the highest elec-

trochemical activity of 17.2 mA cm�2 current density at

�0.05V vs RHE obtained for (Cu0.83Co0.17)3P:30S NPs, which is

almost similar to that of Pt/C (~17.6 mA cm�2).

Electrochemical stability test

The long term electrochemical stability of (Cu0.83Co0.17)3P:30S

NPs is studied by performing chronoamperometry (CA) test

wherein the electrodewasmaintained at constant potential of

(�0.05 V vs RHE) and the loss in current density (i.e., electro-

chemical activity) is studied for the period of 24 h. The CA

curve of (Cu0.83Co0.17)3P:30S NPs, shown in Fig. 6a, alongside

that of commercial Pt/C, depicts negligible loss in current

density (~1.6%) at the end of 24 h which is similar to that of

commercial Pt/C (~1.5%). The LSV curve obtained after 24 h of

exposure of the (Cu0.83Co0.17)3P:30S NPs to the CA test (Fig. 6b)

clearly depicts negligible loss in electrochemical activity. The
inductively coupled plasma optical emission spectroscopy

(ICP-OES) analysis of electrolyte solution (0.5 M H2SO4)

collected after 24 h of CA test of (Cu0.83Co0.17)3P:30S NPs in-

dicates very minimal amount of elements (~0 ppm) having

leached out from electrode in the electrolyte solution (Table

S6). These results show excellent long term electrochemical

stability of (Cu0.83Co0.17)3P:30S NPs, under HER operating con-

ditions similar to that of Pt/C.

Electrochemical characterization of (Cu0.83Co0.17)3P:30S NPs as
HER electro-catalyst in H-type photoelectrochemical (PEC)
water splitting cell using (Sn0.95Nb0.05)O2:N-600 nanotubes
(NTs) as the photoanode
The NPs containing 30 at. % S, namely (Cu0.83Co0.17)3P:30S NPs

is studied as electro-catalyst for HER in H-type PEC water

splitting cell using (Sn0.95Nb0.05)O2:N-600 nanotubes (NTs) as

the photoanode/working electrode. The photoanode and

cathode compartments were separated by Nafion 115 mem-

brane in H-type cell [8]. Chronoamperometry (CA) test was

conducted for (Sn0.95Nb0.05)O2:N-600 NTs (photoanode) under

illumination (100 mW cm�2) by applying a constant potential

of ~0.75 V (vs RHE) for 24 h using (Cu0.83Co0.17)3P:30S NPs (total

https://doi.org/10.1016/j.ijhydene.2018.02.147
https://doi.org/10.1016/j.ijhydene.2018.02.147


Fig. 6 e (a) The variation of current vs time in the chronoamperometry (CA) test of (Cu0.83Co0.17)3P:30S NPs and commercial

Pt/C, performed in 0.5 M H2SO4 electrolyte solution at a constant potential of (¡0.05 V vs RHE) at 26 �C for 24 h, (b) The iRU

corrected linear scan voltammogram (LSV) curve for HER of (Cu0.83Co0.17)3P:30S NPs, obtained in 0.5 M H2SO4 electrolyte

solution at 26 �C using scan rate of 1 mV s¡1, before and after 24 h of CA test, (c) Amount of H2 evolved at cathode as a

function of irradiation time for (Cu0.83Co0.17)3P:30S NPs and Pt/C as cathode electro-catalyst for HER and (Sn0.95Nb0.05)O2:N-

600 nanotubes (NTs) as photoanode/working electrode, obtained in 0.5 M H2SO4 solution at 26 �C under illumination

(100 mW cm¡2) in chronomaperometry test of (Sn0.95Nb0.05)O2:N-600 NTs performed at a constant potential of ~0.75 V (vs

RHE) at 26 �C for 24 h, (d) Applied bias photon-to-current efficiency (ABPE) as a function of irradiation time for

(Cu0.83Co0.17)3P:30S NPs and Pt/C as cathode electro-catalyst for HER and (Sn0.95Nb0.05)O2:N-600 nanotubes (NTs) as

photoanode/working electrode, obtained in 0.5 M H2SO4 solution at 26 �C under illumination (100 mW cm¡2) in

chronomaperometry test of (Sn0.95Nb0.05)O2:N-600 NTs performed at a constant potential of ~0.75 V (vs RHE) at 26 �C for 24 h.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 7 8 5 5e7 8 7 1 7867
loading¼ 0.7 mg cm�2) as the cathode electro-catalyst for HER

in 0.5 M H2SO4 electrolyte solution (pH~0) at 26 �C. It should be

mentioned that 0.75 V (vs RHE) is chosen for the CA test, since

a maximum ABPE of ~4.1% was obtained using (Sn0.95Nb0.05)

O2:N-600 nanotubes (NTs) as semiconductor material for

photoanode as mentioned earlier, and Pt as cathode electro-

catalyst for HER, as well as reported by us in an earlier publi-

cation [8]). During the CA test, the amount of H2 gas (generated

at the cathode) was measured after each 1 h interval using a

gas chromatograph (helium as the carrier gas, Agilent 7820A)
and further used for the determination of the applied bias

photon-to-current efficiency (ABPE). For comparison, the ABPE

was also determined using Pt/C (Pt loading¼ 0.4 mgPt cm
�2) as

the cathode electro-catalyst, using similar procedure followed

for (Cu0.83Co0.17)3P:30S NPs.

The amount of H2 generated at the cathode as a function of

irradiation time for (Cu0.83Co0.17)3P:30S NPs and Pt/C used as

the cathode electro-catalyst, is shown in Fig. 6c. It is note-

worthy to see that the amount of H2 evolved at the cathode

using the 30 at. % S containing NPs of (Cu0.83Co0.17)3P:30S as
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electro-catalyst is almost similar to that of commercial Pt/C.

This can again be considered to be due to similar reaction

polarization (similar onset overpotential) and similar activa-

tion polarization (similar reaction kinetics) for both

(Cu0.83Co0.17)3P:30S NPs and commercial Pt/C, as discussed

earlier in the LSV studies (Fig. 4a and Table 2) and EIS analysis

(Fig. 4bec and Table 2). Correspondingly, the ABPE is deter-

mined using the equation [85e89]:

ABPE ¼ DGo$nH2 � V:I
P:A

� 100

where, nH2 ¼ H2 evolution rate (mol sec�1).

DGo ¼ Gibbs free energy for generating 1 mol of H2 from

water (237130 J mol�1).

P ¼ Total incident power (W cm�2).

A ¼ Area irradiated by incident light (cm2).

I ¼ Photocurrent (A).

V ¼ Bias voltage applied (0.75 V vs RHE) to (Sn0.95Nb0.05)

O2:N-600 NTs (photoanode/working electrode).

The plot of ABPE as function of irradiation time is shown in

Fig. 6d. The ABPE obtained using (Cu0.83Co0.17)3P:30S NPs (~4%)

is almost similar to that obtained using commercial Pt/C as

cathode electro-catalyst for HER (~4.1%). Also, it should be

noted that the ABPE of ~4% is obtained using materials (for

both, the cathode and the photoanode) completely devoid of

any precious metals (e.g. Pt) in this study. Furthermore, the

ABPE of ~4% obtained using (Cu0.83Co0.17)3P:30S NPs as HER

electro-catalyst and (Sn0.95Nb0.05)O2:N-600 NTs as photoanode

in H-type PEC water splitting cell is the highest ABPE obtained

thus far in the open published literature compared to other

semiconductormaterials studied as photoanode for PECwater

splitting based on TiO2, ZnO and Fe2O3 to the best of our

knowledge [8,10,49e52]. In addition, the minimal loss in ABPE

(~1.8%) for (Cu0.83Co0.17)3P:30S NPs at the end of 24 h of irra-

diation shows excellent electrochemical stability of

(Cu0.83Co0.17)3P:30S NPs similar to that of Pt/C (~1.7% loss in

ABPE at the end of 24 h) for continuous H2 production in the

PEC water splitting cell used in the current study for both the

(Cu0.83Co0.17)3P:30S NPs and Pt/C system using (Sn0.95Nb0.05)

O2:N-600 NTs as the photoanode.

The present theoretical and experimental study demon-

strates excellent electrochemical performance of

(Cu0.83Co0.17)3P:30S NPs, almost similar to that of commercial

Pt/C in acidic, neutral and basic media. This can be attributed

to the introduction of Co and S in the Cu3P lattice, resulting in

novel and unique modification of the electronic structure, as

indicated by the first principle studies outlined earlier above

(Fig. 1) and confirmed by XPS analysis (Fig. 3aed). The system

correspondingly exhibits onset overpotential as seen in LSV

plot (Fig. 4a and Table 2), reaction kinetics (charge transfer

resistance) as studied in EIS analysis (Fig. 4bec and Table 2)

and Tafel slope (Fig. 5aec and Table 2), electrochemical ac-

tivity in PEC water splitting cell in acidic media (H2 yield and

ABPE) (Fig. 6ced), almost similar to that of commercial Pt/C.

These results collectively thus, demonstrate the potential of

(Cu0.83Co0.17)3P:30S NPs clearly as a replacement of the state of

the art commercial Pt/C and with further systemmodification

it is possible that the system can achieve even superior elec-

trochemical activity for HER than that of Pt/C. A thorough

fundamental study for (Cu,Co)3P:S electro-catalyst material
involving DFT studies and experimental approaches for Co-

doped Cu3P with different Co content (10-50 at.%) and S-

doped Cu3P with different S content (10-50 at.%) to study the

surface electronic structure, bulk electronic and electro-

chemical properties along with testing of the electro-catalysts

in 2-electrode PEC water splitting system, long term stability

assessment by chronopotentiometry test (at the overpotential

of 50 mA/cm2, 100 mA/cm2 and 200 mA/cm2) and post-

stability characterization analyses will be planned in the

future and reported in the subsequent publications. The pre-

sent report of its excellent electrochemical performance and

stability for HER in both electrolytic water splitting (i.e., water

electrolysis) and PEC water splitting indeed is a testimonial of

a hallmark breakthrough achieved in the pursuit of identifi-

cation and development of low cost, highly active and robust

non-noble metals based electro-catalyst for HER for replacing

the expensive state of the art commercial Pt/C electro-catalyst

used at present.
Conclusions

The present study shows that the sulfur and cobalt doped

(Cu0.83Co0.17)3P: S nanoparticles (NPs) system serves as a po-

tential cathode electro-catalyst for HER. The system was

identified using theoretical first principles studies. The XRD

patterns of the synthesized (Cu0.83Co0.17)3P:S NPs clearly

indicate the formation of single phase with hexagonal struc-

ture (similar to that of Cu3P). The XPS analysis conducted also

showed modification in the electronic structure upon incor-

poration of Co and S into the Cu3P lattice, leading to superior

electrochemical activity for HER. The present study thus

clearly demonstrates (Cu0.83Co0.17)3P:S NPs of different S con-

centration exhibiting excellent electrochemical activity for

HER with onset overpotential of ~10 mV (vs RHE) which is

similar to that of commercial Pt/C in all three electrolyte

conditions of acidic, neutral and basicmedia and is indeed the

lowest obtained so far compared to other reported non-noble

metals based HER electro-catalysts in the open literature. The

highest electrochemical performance is obtained for

(Cu0.83Co0.17)3P:30S NPs, which showed overpotential to reach

current density of 100 mA cm�2, almost similar to that of

commercial Pt/C in acidic, neutral and basic media and lower

than other reported non-noble metals based HER electro-

catalysts. These results bode well with the results of the

theoretical study. Additionally, the (Cu0.83Co0.17)3P:30S NPs

showed excellent electrochemical activity for HER as cathode

electro-catalyst in PEC water splitting system using

(Sn0.95Nb0.05)O2:N-600 nanotubes (NTs) as photoanode in

acidic media. An ABPE od ~4% obtained using

(Cu0.83Co0.17)3P:30S NPs is almost similar to that of commercial

Pt/C as cathode electro-catalyst for HER (~4.1%) and the

highest obtained so far using completely non-noble metals

based materials (for cathode and photoanodes based on

literature reports for TiO2, ZnO and Fe2O3), to the best of our

knowledge. Furthermore, the (Cu0.83Co0.17)3P:30S NPs exhibit

excellent long term electrochemical stability for HER in acidic

media similar to that of Pt/C in bothwater electrolysis and PEC

water splitting cell. Hence, the present study demonstrates

(Cu0.83Co0.17)3P:30S NPs as potential electro-catalyst for
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replacing Pt/C for HER in electrolytic and photo-

electrochemical water splitting system due to its excellent

electrochemical performance and stability. The results re-

ported here is anticipated to offer significant reduction in the

capital cost of electrolytic and PEC water splitting systems for

achieving efficient and economic hydrogen generation to

address the global energy crisis. It is also likely that this sys-

tem will ensure sustainable development of modern society

utilizing clean non-carbonaceous fuels leading to an energy

efficient economy.
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