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Transition metal phosphides (TMPs) have recently emerged as a new class of pre-catalysts that can

efficiently catalyze the oxygen evolution reaction (OER). However, how the OER activity of TMPs varies

with the catalyst composition has not been systematically explored. Here, we report the alkaline OER

electrolysis of a series of nanoparticulate phosphides containing different equimolar metal (M ¼ Fe, Co,

Ni) components. Notable trends in OER activity are observed, following the order of FeP < NiP < CoP <

FeNiP < FeCoP < CoNiP < FeCoNiP, which indicate that the introduction of a secondary metal(s) to

a mono-metallic TMP substantially boosts the OER performance. We ascribe the promotional effect to

the enhanced oxidizing power of bi- and tri-metallic TMPs that can facilitate the formation of MOH and

chemical adsorption of OH� groups, which are the rate-limiting steps for these catalysts according to

our Tafel analysis. Remarkably, the tri-metallic FeCoNiP pre-catalyst exhibits exceptionally high apparent

and intrinsic OER activities, requiring only 200 mV to deliver 10 mA cm�2 and showing a high turnover

frequency (TOF) of $0.94 s�1 at the overpotential of 350 mV.

Introduction

The oxygen evolution reaction (OER) is a half-cell reaction that

is essential for a number of electrochemical devices such as

water electrolyzers and metal–air batteries.1,2 The OER involves

four concerted proton-coupled electron transfer steps, and is

both thermodynamically and kinetically demanding. Without

a catalyst, the OER usually takes place at a high overpotential

leading to a large energy loss. Presently, ruthenium (Ru)/

iridium (Ir)-based materials are the state-of-the-art OER cata-

lysts, which show excellent catalytic activity in both acidic and

alkaline solutions.3,4 However, Ru and Ir are precious and

among the rarest metals in the Earth's crust, and hence prac-

tically they cannot be employed on a large scale. Moreover,

recent studies have pointed out that both RuO2 and IrO2 suffer

from dissolution under high anodic potentials and exhibit poor

long-term operational stability.5–7 To enable widespread

deployment of electrochemical energy conversion devices, in

particular water electrolyzers, developing efficient and durable

OER catalysts comprising low-cost earth-abundant elements is

becoming a pressing need and has drawn considerable atten-

tion in recent years.

Lately, metal non-oxides including carbide,8,9 chalco-

genide,10–13 nitride,14,15 and phosphide16–21 have been extensively

investigated as alternatives to the conventional metal oxide OER

catalysts. Although an in-depth molecular-level understanding

of the OER process taking place on TMP catalysts currently still

remains out of reach, it is generally believed that the metalloid

nature of TMP together with the metal-oxo/hydroxo species in

situ formed on TMP under OER conditions synergistically

contribute to the enhanced oxygen evolution. In this sense, TMP

is a good pre-catalyst for OER, and it has been proven to bemore

active, in many cases, than the corresponding oxide/hydroxide

containing the same TM species, likely due to the fact that

more catalytically active sites can be exposed during the elec-

trochemical coldworking of TMP during the OER.22 Using TMP

as OER pre-catalysts, a benchmark anodic current density of

10 mA cm�2 has been achieved at an overpotential (h) as low as

200–300 mV in concentrated alkaline solution (e.g. 1.0 M

KOH),21,23–25 and this outperforms many non-precious OER

catalysts reported recently and favorably compares to RuO2/IrO2

noble metal catalysts. At present, many researches on TMP pre-

catalysts are focused on nanostructure engineering with an aim

to expose more catalytically active sites to improve the catalytic

activity.21,26–29 Besides, doping TMP with a secondary transition

metal (TM) is also an effective approach to enhancing the

catalytic performance. Bi-metallic TM(A+B)P pre-catalysts with an
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optimal atomic ratio of metal A over metal B (1 : 1 in most

previous reports), e.g. nano-porous (Co0.52Fe0.48)2P,
18

Ni0.51Co0.49P lms,19 NiCoP nano-plates,20 FeCoP nanoarrays,23

and NiCoP/GO nanoparticles,24 have demonstrated OER

performance much better than that of the mono-metallic

counterparts (i.e. TMAP and TMBP). Furthermore, h10 of tri-

metallic Fe10Co40Ni40P was reported to be small as 250 mV in

1.0 M KOH, substantially outperforming other mono- or bi-

metallic TMP catalysts tested under the same conditions.30

Notwithstanding remarkable progress, the intrinsic electro-

catalytic activity of TMP pre-catalysts, reected by the turnover

frequency (TOF), remains low. For instance, assuming all metal

cations are catalytically active, the TOF value calculated for

hierarchically porous urchin-like Ni2P – one of the most active

TMP OER catalysts reported by far (with a h10 as low as 200 mV),

is only 1.5 � 10�2 s�1 at h ¼ 350 mV.21 Moreover, how the

number of TM components (i.e. mono-metallic, bi-metallic, or

tri-metallic) and their specic combinations (i.e. FeCo, FeNi,

CoNi, or FeCoNi) affect the OER activity of TMP pre-catalysts has

not been systematically explored yet. Herein, we report the

fabrication and electrocatalytic OER performance of a series of

TM (TM ¼ Fe, Co, and Ni) monophosphide nanoparticles (NPs)

supported on carbon nanobers (CNFs) for use as pre-catalysts.

We have studied the inuence of catalyst composition on both

the apparent and intrinsic OER activities, which shows a clear

ascending trend as the number of TM species in TMPs

increases. Remarkably, the tri-metallic phosphide FeCoNiP

exhibits the best OER performance among others, requiring

only an overpotential of 200 mV to deliver 10 mA cm�2 (with

a TM loading of merely 0.06 mg cm�2) and showing a high TOF

value of $0.94 s�1 at h ¼ 350 mV. This is by far the best OER

activity achieved by TMP based pre-catalysts.

Results and discussion

The TMP pre-catalysts were prepared by chemical reduction of

the corresponding TM cations in the presence of sodium

borohydride (NaBH4) and CNFs in ethylene glycol (EG) solution,

followed by a post-phosphorization treatment at 300 �C using

sodium hypophosphite (NaH2PO2) as the source of phosphorus.

To ensure the deposition of TM NPs on CNFs, the CNFs were

rst pre-treated in acid to make the surface hydrophilic. Seven

phosphides with different TM components were obtained,

which are denoted as FeP, NiP, CoP, FeNiP, FeCoP, CoNiP, and

FeCoNiP, respectively. For bi- and tri-metallic catalysts, only

TMPs having equimolar TM components (i.e. with an atomic

ratio of 1 : 1 or 1 : 1 : 1) were investigated, given that TMPs with

such a composition turned out to be most active for OER as

demonstrated by recent theoretical and experimental studies

about TMP-based catalysts.18–20,23,31 Our inductively coupled

plasma mass spectroscopy (ICP-MS) analyses conrmed that

the atomic ratios of TM components in bi- and tri-metallic

phosphide pre-catalysts are close to 1 : 1 and 1 : 1 : 1, respec-

tively, and the total loading of TM species in each TMP sample

is ca. 20 wt% (Fig. S1, ESI†).

The morphology and microstructure of all TMP pre-catalysts

were examined by transmission electron microscopy (TEM).

Aer acid-treatment, most CNFs retained the hollow tubular

structure, though the graphitic layers of the ber walls became

distorted and some CNFs were partially unzipped (Fig. S2, ESI†).

The TMP NPs were found to load on both the inner and outer

walls of CNFs with a high density. These NPs are highly crys-

tallized and have a typical diameter of 3–6 nm (Fig. 1 and S3–

S8†). Owing to the small crystallite size, the X-ray diffraction

(XRD) patterns of all TMP pre-catalysts either display broad

humps or are featureless without any resolvable diffraction

peaks (Fig. S9, ESI†). Fig. 1a shows a representative low-

magnication TEM image of FeCoNiP, where dense distribu-

tion of NPs on CNF are clearly distinguished, in stark contrast to

the bare CNF support (Fig. S2, ESI†). Although the standard

powder diffraction crystallographic data of Fe–Co–Ni–P

compounds are not available, our extensive high-resolution

TEM (HRTEM) imaging and fast Fourier-transform electron

diffraction (FFT-ED) analyses indicated that these FeCoNiP NPs

may adopt an orthorhombic structure with lattice constants of

a ¼ 5.6046 Å, b ¼ 3.4899 Å, and c ¼ 6.4018 Å (Fig. 1b), similar to

that of Fe1.4Co0.6P (ICDD no. 04-014-4290, a ¼ 5.7716 Å, b ¼

3.5431 Å, and c ¼ 6.6145 Å). Examinations were also carried out

in the high-angle annual dark-eld scanning transmission

electron microscopy (HAADF-STEM) mode, where the nano-

particulate feature of FeCoNiP and its distribution on CNF can

be seen more clearly (Fig. 1c). The elemental mapping result

manifests that Fe, Co, Ni, and P elements all cover the CNF

surface uniformly, as evidenced in Fig. 1d–h. TEM investiga-

tions of mono- and bi-metallic TMP pre-catalysts were per-

formed, and the results are shown in Fig. S3–S8 (ESI†).

The electrocatalytic activity of the TMP pre-catalysts towards

the OER was investigated in 1.0 M O2-saturated KOH using

cyclic voltammetry (CV) and electrochemical impedance spec-

troscopy (EIS). The catalyst ink was prepared by dispersing 5 mg

of pre-catalyst powders in a mixture of 1 mL ethanol and 50 mL

Fig. 1 Morphology and microstructure of FeCoNiP pre-catalysts. (a)

TEM image, (b) HRTEM image. Insets: particle size distribution,

zoomed view of a single FeCoNiP NP and the corresponding FFT-ED

pattern. (c) STEM-HAADF image. (d–h) Elemental maps of C, Fe, Co, Ni

and P.
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Naon solution. 50 mL of ink was then cast on a glassy carbon

(GC) electrode, leading to a loading of ca. 0.3 mg cm�2 for each

pre-catalyst (TM loading: ca. 0.06 mg cm�2). Prior to the cata-

lytic test, pre-activation was carried out by repetitive CV scans at

5 mV s�1 in the potential range of 1.0–1.6 V vs. reversible

hydrogen electrode (RHE) until a steady state CV curve was

obtained. Fig. 2a shows the cathodic branches of iR-corrected

CV curves of all samples aer pre-activation (Fig. S10, ESI†). The

h value needed at a specic anodic current density has been

broadly used as an extrinsic performance indicator of OER

catalysts.32,33 The h values needed for all TMP pre-catalysts to

deliver 10, 20, 50, and 100 mA cm�2 (i.e. h10, h20, h50, and h100)

are compared in Fig. 2b. From the polarization curves, several

notable trends have been observed: (i) h value decreases as the

number of TM species in TMPs increases, namely, h (mono-

metallic TMP) > h (bi-metallic TMP) > h (tri-metallic TMP); (ii)

in the low h region (e.g. h < 350 mV), the apparent OER activity

follows the order: FeP < NiP < CoP < FeNiP < FeCoP < CoNiP <

FeCoNiP (Fig. 2b). To reach the benchmark current density of 10

mA cm�2, FeP needs a h value of 325 mV, while FeCoNiP merely

demands a h value of 200 mV, showing a signicant improve-

ment in OER activity. Even to afford a high current density of

100 mA cm�2, h100 of FeCoNiP is as low as 270 mV. More

signicantly, a superior mass activity of 5000 mA mgFeCoNi
�1

can be obtained at h¼ 330 mV (Fig. S11, ESI†); (iii) in the high h

region (e.g. h > 400 mV), the trend (i) is still valid, but the order

in the apparent OER activity has changed to FeP < CoP < NiP <

FeCoP < FeNiP < CoNiP < FeCoNiP. From the above observa-

tions, we conclude that for the phosphide pre-catalysts with the

same arity of TM species, the TMPs containing Fe are the least

active for OER, e.g. for mono-metallic TMPs, FeP is not as active

as NiP and CoP, and for bi-metallic TMPs, the activity of FeNiP

and FeCoP is lower than that of CoNiP; having Co in TMPs helps

reduce h in the low overpotential region, as evidenced by the

activity trend of FeP < NiP < CoP for mono-metallic TMPs, and of

FeNiP < FeCoP < CoNiP for bi-metallic TMPs; while having Ni in

TMPs is benecial for boosting the anodic current in the high

overpotential region, as illustrated by the change in activity

trend shown above, i.e. FeP < CoP < NiP for mono-metallic TMPs

and FeCoP < FeNiP < CoNiP for bi-metallic TMPs. In the whole

overpotential range under investigation, tri-metallic FeCoNiP

showed the best OER performance, outperforming most non-

precious OER electrocatalysts reported recently (Table S1,

ESI†) as well as the state-of-the-art commercial RuO2 NPs (h10 ¼

276 mV, Fig. S12, ESI†).

The OER kinetics of TMP pre-catalysts was studied by the

Tafel analysis. Interestingly, the Tafel slope reduces as the

number of TM species in the TMPs increases, following the

same order as observed in the low h region, i.e. FeP > NiP > CoP

> FeNiP > FeCoP > CoNiP > FeCoNiP (Fig. 2c and S13†). The

Tafel slope of FeP is 132mV dec�1, indicating that the discharge

of OH� was the rate-limiting step for FeP; while the Tafel

slope of the other TMP pre-catalysts falls in the range of

60–120 mV dec�1, which implies that chemical adsorption of

OH� on the pre-catalyst might limit the reaction rate.34 The

exchange current density (j0) is a measure of the intrinsic kinetic

rate of a reaction, and a high j0 is usually an indication of a good

OER electrocatalyst.5,34 In consistence with the OER activity

trends observed, j0 of bi- and tri-metallic TMP pre-catalysts is

signicantly higher than that of mono-metallic TMP pre-

catalysts (Fig. 2d), suggesting that the OER kinetics is

substantially promoted in mixed TMPs. This was further

corroborated by EIS analyses performed at 1.45 V vs. RHE

(Fig. 2e and S14†), where the charge transfer resistance (Rct)

values of all TMP pre-catalysts follow the same order as that of h,

the Tafel slope and j0, conrming that the bi- and tri-metallic

TMP pre-catalysts show remarkably improved charge transfer

kinetics during the OER, compared to the mono-metallic

counterparts. In addition, the equivalent series resistance (Rs),

which to a certain extent reects the ohmic resistance of TMPs,

of each pre-catalyst was also extracted from the EIS Nyquist plot

and compared in Fig. S14.† The Rs values of all TMPs show the

following trend in a narrow range of 0.6–0.7 U: Rs (mono-

metallic TMP) > Rs (bi-metallic TMP) > Rs (tri-metallic TMP).

This indicates that the introduction of secondary TM species

may enhance the electrical conductivity of TMP materials.

Fig. 2 OER performance of different TMP pre-catalysts measured in

1.0 M O2-saturated KOH electrolyte. (a) iR-corrected polarization

curves (i.e. the cathodic branches of the CV curves shown in Fig. S10,

ESI†) of the TMP pre-catalysts, recorded at a scan rate of 5 mV s�1 in

the potential range of 1.0 to 1.8 V vs. RHE. (b) The overpotentials

needed to deliver anodic current densities of 10, 20, 50 and 100 mA

cm�2 for all TMP pre-catalysts. (c) Tafel slopes, (d) exchange current

densities, and (e) charge transfer resistance (Rct) values measured at

1.45 V vs. RHE. (f) TOF values calculated at h ¼ 300, 350, 400 and

450 mV.

3472 | Chem. Sci., 2018, 9, 3470–3476 This journal is © The Royal Society of Chemistry 2018
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The electrochemical double-layer capacitance (Cdl) of each

TMP pre-catalyst was calculated using CV in the non-faradaic

region (Fig. S15 and S16, ESI†).32 Although it is challenging to

precisely estimate the number of catalytically active sites, Cdl

provides the information about the electrocatalytically acces-

sible surface area which correlates with the number of active

sites.32 As shown in Fig. S16,† the introduction of a secondary

TM(s) helps to improve Cdl. For instance, Cdl of FeNiP is higher

than that of both FeP and NiP, and Cdl of FeCoNiP is superior to

that of all bi-metallic TMPs.

However, since the Cdl value of a smooth surface for each

TMP catalyst is unknown, it is impossible to calculate the

specic activity of TMPs to appraise their intrinsic activity.

Therefore, we assess the intrinsic OER activity of TMPs using

TOF, assuming all TM species in TMPs are catalytically active

(i.e. the lower limit). Fig. 2f shows the TOF values of all the TMP

pre-catalysts at h ¼ 300, 350, 400 and 450 mV, respectively. The

trend in TOF for all TMP pre-catalysts is found to be the same as

that observed for the apparent OER activity (Fig. 2b), indicating

that the promotional effect of bi- and tri-metallic phosphides on

OER is an intrinsic property. Remarkably, the TOF value of

FeCoNiP can be as high as 0.47 and 0.94 s�1 at h ¼ 300 and

350 mV, respectively, signicantly higher than that of ultrathin

CoNiP nanosheet (0.028 s�1),16 NiCo–porphyrin (0.12 s�1),35

NiFeOx/CFP nanoparticle (0.012 s�1),36 nano-porous Ni0.75V0.25-

LDH nanosheet (0.0216 s�1)37 and NiCo-UMOFNs nanosheet

(0.18 s�1)38 at h¼ 300mV, making it rank among themost active

non-precious OER electrocatalysts reported in the literature

(Table S1, ESI†).

In order to elucidate the impact of CNF supports on the OER

activity, supportless FeCoNiP NPs were synthesized using the

same solution-based chemical reduction method in the absence

of CNFs, followed by a phosphorization treatment under the

same conditions as those used to synthesize other TMP pre-

catalysts. These supportless FeCoNiP NPs are crystallized, but

have much larger particle size (20–40 nm) than that of CNF-

supported FeCoNiP (Fig. S17a–c†). The OER performance of

the supportless FeCoNiP as well as bare CNF powders (CNF-P,

i.e. CNFs subjected to acid-treatment and phosphorization)

was compared to that of supported FeCoNiP pre-catalysts. The

CNF-P only generated negligible anodic current up to 1.8 V vs.

RHE, indicating that it is catalytically inactive for OER and that

the performance observed in FeCoNiP pre-catalysts should

primarily originate from the tri-metallic phosphide (Fig. S17d†).

This was conrmed by the electrocatalytic measurement of

supportless FeCoNiP, which only required 268 mV to deliver 10

mA cm�2, showing high OER activity. EIS study showed that the

CNF-supported FeCoNiP has much smaller Rct (4 U), compared

to the supportless FeCoNiP (Rct ¼ 11 U), indicating that the CNF

supports can help improve charge transport leading to fast

charge transfer kinetics (Fig. S17e†). Furthermore, Cdl of the

CNF-supported FeCoNiP was calculated to be 30 mF cm�2

(Fig. S17f and g†), substantially higher than that of supportless

FeCoNiP (17 mF cm�2). This indicates that the CNF supports

can offer many nucleation sites during the wet chemical

reduction of metal cations, allowing for the formation of

FeCoNiP NPs with very small particle sizes (few nm) and thereby

being able to provide more catalytically active sites. Similar

roles of carbon-based supports were also reported previously in

carbon nanotube supported NiFe layered double hydroxide OER

catalysts.39

In the past few decades, considerable efforts have been

devoted to rationalizing the OER activity of different catalytic

materials based on a given “descriptor”. The “d-band” model

and the orbital occupancy theory have successfully accounted

for the trends in OER activity for transition metals/alloys and

perovskite transition metal oxides, respectively. Recent studies

on the correlation between the outer electrons and the OER

activity of metal oxides further suggest that the number of

valence electrons is likely the hidden parameter behind all

successful OER descriptor models proposed by far.34,40 However,

all these approaches are subject to the limitation of the scaling

relations, predicting aminimum h value of 370� 20mV to drive

the OER.5,34

It was recently demonstrated that developing mixed TM

oxides or doping a secondary TM element into a metal oxide is

an effective way of breaking the thermodynamic limitation of

the scaling relations,41 which may lead to a substantial

enhancement in OER activity. The introduction of a secondary

TM(s) species into a metal oxide would alter its electronic

structure that essentially determines its catalytic properties.34

Having this in mind and considering that the electrocatalytic

activity usually only occurs in the near-surface region of cata-

lysts, we have investigated all TMP pre-catalysts using X-ray

photoelectron spectroscopy (XPS). Fig. 3a–c present the core

level XPS spectra of Fe 2p3/2, Co 2p3/2 and Ni 2p3/2. A binding

energy (BE) shi towards a higher BE value has been observed

for FeCoNiP relative to bi-metallic TMPs as well as for bi-

Fig. 3 High resolution core level XPS spectra of (a) Fe 2p3/2, (b) Co 2p3/2,

(c) Ni 2p3/2 and (d) P 2p of the TMP pre-catalysts.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 3470–3476 | 3473
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metallic TMPs relative to mono-metallic TMPs. More interest-

ingly, according to the P 2p spectrum (Fig. 3d), the TM–P peaks

located at ca. 130 eV show a regular red shi in BE values for all

TMP pre-catalysts, and the BE values decrease following the

order FeP > NiP > CoP > FeNiP > FeCoP > CoNiP > FeCoNiP, in

consistence with that observed for OER activity. This suggests

that partial electron transfer from TM cations to P is enhanced

as a secondary metal(s) is introduced into the TMP, and thereby

gives rise to the formation of high-valence-state TM species with

more oxidizing power. As indicated by our Tafel analysis, the

rate-limiting step for all TMP pre-catalysts except FeP may be

a chemical step aer the rst electron transfer step, described

as follows (Krasil'shchikov's path 2):34

MOH + OH�
/ MO� + H2O (1)

This chemical adsorption process can be facilitated by the

presence of high-valence-state TM species due to the enhanced

local electrostatic interaction between metal cations and OH�

groups, leading to fast OER kinetics, as evidenced by the trend

in the Tafel slope (Fig. 2c). This reasonably explains why the

OER activity and the TM–P BE shi of TMP pre-catalysts

consistently follow the same trend. In other words, the

observed trend in OER activity to a large extent reects the

electronic structure change in TMP as the number of TM

components changes. The unique electronic structure effect of

multi-metallic TMPs on the OER activity was further veried by

comparing the OER performance of tri-metallic FeCoNiP to that

of physical mixtures of CoNiP + FeP, FeCoP + NiP and FeNiP +

CoP (Fig. S18, ESI†). Both the apparent OER activity and TOF

value of FeCoNiP pre-catalysts are remarkably higher than those

of the physically mixed TMPs, suggesting that the intrinsic

synergy among different TM species in FeCoNiP indeed plays

a determinative role in the enhanced OER activity.

The stability of all TMP pre-catalysts was evaluated using

chronopotentiometry (CP) at a constant current density of 10

mA cm�2, as shown in Fig. 4. The h value needed to maintain 10

mA cm�2 decreases gradually in the rst 2–3 h and then gets

stabilized up to at least 24 h, exhibiting excellent long-term

stability. The initial potential drop indicates that an activation

process exists for all TMP pre-catalysts. In fact, electrochemical

in situ de-phosphorization/oxidation has recently been reported

in many non-oxide based OER catalysts, and it is believed to

help promote the OER performance, as more electrocatalytic

active sites would likely be exposed during the electrochemical

coldworking.12,13,18,20,27,42,43 We have examined the microstruc-

ture and composition of the FeCoNiP pre-catalysts aer the

activation (Fig. S19†), i.e. aer repetitive CV scans at 5 mV s�1 in

the potential range of 1.0–1.6 V vs. RHE for 30 cycles. The results

showed that densely distributed NPs still retained on the

surface of CNFs aer activation, but the P content was

remarkably decreased, indicating that the initial phosphide was

largely converted to (oxy)hydroxide during the activation.

Notwithstanding the composition change, the OER perfor-

mance remained excellent during the whole long-term stability

test. Furthermore, we also investigated the chemical states of

FeCoNiP pre-catalysts aer the OER electrolysis for 2 and 24 h,

respectively, using XPS (Fig. S20†). A blue shi in binding

energy was observed in the Fe, Co and Ni XPS spectra for both

post-OER samples, implying that the valence states of the

catalysts became higher upon OER,44 compared to those of the

as-prepared FeCoNiP pre-catalysts. Besides, the faradaic

efficiency of FeCoNiP pre-catalysts was monitored as a function

of OER electrolysis time at a constant current density of

50 mA cm�2, and an efficiency close to 100% was obtained

(Fig. S21, ESI†).

Conclusions

In summary, we have synthesized a series of transition metal

phosphide pre-catalysts with different compositions on

carbon nanober supports using a simple and cost-effective

solution-based chemical reduction method followed by

a post-phosphorization treatment. We have systematically

investigated the inuence of the pre-catalyst composition on

the oxygen evolution activity, and observed prominent

promotional effect in bi- and tri-metallic TMPs. The trend of

TMP pre-catalysts in OER activity is in good agreement with

that in chemical shi of TM–P bonds, indicating that the

electronegativity plays a determinative role in the OER

performance of metal monophosphide pre-catalysts.

Remarkably, the tri-metallic FeCoNiP pre-catalysts exhibit

both high apparent and intrinsic OER activities, requiring

merely 200 mV to afford a benchmark current density of 10 mA

cm�2 with a pretty low mass loading and showing a high TOF

value of $0.94 s�1 at the overpotential of 350 mV. Moreover,

they also exhibit excellent long-term stability and can sustain

galvanostatic OER electrolysis for 24 hours without degrada-

tion. Our research provides important insight into the activity

trend of metal phosphide pre-catalysts and offers useful

design guidelines for this specic class of earth-abundant

OER pre-catalysts. It is worth mentioning that the simple

fabrication procedures and the carbon supported structure

compatible with industrial electrocatalysts will enable the

TMP pre-catalysts we report here to nd practical applications
Fig. 4 Chronopotentiometric curves for TMP pre-catalysts recorded

at a constant current density of 10 mA cm�2.
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in electrochemical energy conversion devices where the OER is

involved.
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