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The oxygen evolution reaction is of paramount importance in

clean energy generation and storage. While the common approach

in search of active, durable and cost-effective oxygen evolution

catalysts involves the development of novel materials, it is equally

important to tune the properties of existing materials so as to

improve their catalytic performance. Here, we demonstrate the

general efficacy of electrochemical lithium tuning in organic electro-

lyte on enhancing the oxygen evolution catalytic activity of olivine-

type lithium transition metal phosphates, a widely-researched family

of cathode materials in lithium ion batteries. By continuously extract-

ing lithium ions out of lithium transition metal phosphates, the

materials exhibited significantly enhanced water oxidation catalytic

activity. Particularly, the electrochemically delithiated Li(Ni,Fe)PO4

nanoparticles anchored on reduced graphene oxide sheets afforded

outstanding performance, generating a current density of 10mA cm�2

at an overpotential of only 0.27 V for over 24 h without degradation in

0.1 M KOH, outperforming the commercial precious metal Ir catalysts.

The surging global demand for energy, along with the depletion

of fossil fuels and the associated adverse environmental impact,

has stimulated intense research efforts on sustainable energy

conversion and storage systems.1 A great number of promising

energy conversion technologies, such as water electrolyzers, solar

fuel synthetic reactors and rechargeable metal-air batteries, are

limited by the sluggish kinetics of the oxygen evolution reaction

(OER).2–7 Even with the state-of-the-art catalysts, namely IrO2

and RuO2, a substantial overpotential (Z) is still needed to

achieve practical operating current densities (B0.3 V to reach

10 mA cm�2 current).8 In addition, the high cost and the scarcity

of such precious-metals further impede their implementation on

a large scale. Therefore, the importance of developing highly

efficient and durable OER electrocatalysts that are based exclu-

sively on earth-abundant elements can hardly be overemphasized.

Various non-noble metal based OER catalysts have been

reported as competitive alternatives, including first-row transition

metal oxides and their derivatives,9–16 perovskites,17,18 layered

double hydroxides,19–23 carbon-based nonmetal catalysts,24–26

as well as amorphous Co–phosphate and Ni–borate materials.27,28

Nevertheless, most of the nonprecious metal catalysts developed

so far still underperform the noble metal benchmark. While the

continuous search for novel catalytic materials with optimized

composition and structure is undoubtedly crucial, it is equally

important to controllably tune the properties (such as morpho-

logies, oxidation states, electronic structures and so on) of

the existing materials so as to improve their catalytic

performance.20,29–31 Compare to other tuning methods, electro-

chemical lithium tuning by means of lithium ion intercalation

and extraction in battery cells represents a unique, promising

tuning strategy, due to the fact that the charge–discharge of a

battery cell is a dynamic process that spans a wide potential range.

Therefore, by precisely controlling the charge–discharge potential,

we can tune the materials in a continuous manner in order to
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Broader context

Water electrolyzers, solar fuel synthetic reactors and rechargeable metal–

air batteries are promising technologies to meet the future demand for

clean and sustainable energy resources. However, all of these technologies

are severely limited by the sluggish kinetics of the oxygen evolution

reaction (OER). As a result, the development of highly active, durable water

oxidation catalysts that are based on earth-abundant elements is of

paramount importance. In the past decade, the research in the area of

OER catalysts has been focused on the development of new materials with

novel chemistries as well as structures. However, it is equally important to

tune the properties of existing materials so as to enhance their catalytic

performance. This paper shows that by electrochemically extracting

lithium from the well-studied battery materials, the olivine-type lithium

transition metal phosphates, their OER performance can be improved

dramatically. The demonstrated general efficacy of electrochemical tuning

provides an orthogonal method in search for better electrocatalysts.
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pinpoint the optimized structures and properties of the catalysts.

Our previous studies have demonstrated the effectiveness of

electrochemical tuning on improving the electrocatalytic activities

of layered materials, such as MoS2 and LiCoO2.
29–31 The success

motivates us to wonder whether electrochemical tuning is effec-

tive beyond layered structures and can thus be applied to improve

the catalytic activities of other battery materials. Since there is

a large pool of materials available as battery electrodes, the

demonstrated general efficacy of electrochemical tuning could

offer a brand new direction to obtain efficient heterogeneous

catalysts.

Herein, we demonstrate the general efficacy of electro-

chemical tuning on olivine-type lithium transition-metal phos-

phates LiMPO4 (M = Fe, Mn, Co, Ni) for improved OER

performance. While LiMPO4 compounds have been widely

researched as cathode materials for lithium-ion batteries,32 to

the best of our knowledge, there has been no report on them as

OER catalysts. By continuously extracting lithium ions out of

submicron LiCoPO4 particles (denoted as LCoP) in organic

electrolyte, the material exhibited remarkably enhanced OER

performance in alkaline medium. Noticeably, when LiMPO4

particles were reduced to nanoscale and grown directly on

reduced graphene oxide (rGO) sheets, such electrochemical

tuning can afford catalysts with unprecedentedly high OER

activity that are among the best OER catalysts reported so

far. Particularly, the delithiated Li(Ni,Fe)PO4/rGO composite

(denoted as De-LNiFeP/rGO) showed the best OER performance

with an overpotential as low as B0.274 V to achieve 10 mA cm�2

current density in 0.1 M KOH and an outstanding long-term

stability (10 mA cm�2 over 24 h without obvious degradation),

exceeding the performance of the benchmark Ir-based catalysts.

The electrochemical tuning process is schematically illus-

trated in Fig. 1. In brief, submicrometer-sized LiMPO4 particles

and LiMPO4/rGO composites were synthesized via sol–gel and a

previously reported two-step approach, respectively.33,34 The

products were then drop casted onto carbon fiber paper sub-

strate (loading 0.5 mg cm�2) and assembled into a pouch

battery cell configuration acting as the cathode, combined with

Li metal as the anode and 1 M LiPF6 in 1 : 1 w/w ethylene

carbonate/diethyl carbonate as the electrolyte. The electro-

chemical tuning was carried out by charging the materials to

different voltages following the reaction LiMPO4- Li1�xMPO4 +

xLi+ + xe� (see ESI†).

We first study LCoP particles since numerous Co-basedmaterials

have been proven to be promising OER catalysts.12–14,17,18,27 The

morphology of LCoP was characterized by scanning electron micro-

scopy (SEM, Fig. 2a), which showed that the particles are of

submicrometer size. The X-ray diffraction (XRD) pattern

(Fig. S1, ESI†) confirmed the phase purity of LCoP. The OER

performance of LCoP before and after electrochemical tuning

was investigated in alkaline medium (0.1 M KOH) in a standard

three-electrode system (see details in ESI†). The potential

required to reach a current density of 10 mA cm�2 was chosen

to compare the performance of the catalysts for the value

represents the current density from a device with 12% solar

to hydrogen efficiency, which is at the upper end of a realistic

device.2 As can be seen from Fig. 2c, for LCoP before electro-

chemical tuning, a large Z (B550 mV) was needed to reach the

current density of 10 mA cm�2 and the anodic current

increased very slowly by applying higher Z, indicating the

poor OER kinetics of the pristine LCoP. However, when LCoP

particles were charged to increasingly higher potentials during

electrochemical tuning (denoted as De-LCoP followed by char-

ging voltage), the linear sweep voltammetry (LSV) curves left

shifted continuously. Fig. 2d shows the relationship between

the average potential at 10 mA cm�2 and the electrochemical

tuning potential in which a pronounced enhancement in OER

activity can be observed beyond 4.9 V vs. Li+/Li, corresponding

to the lithium extraction potential. The best OER performance

was obtained by charging LCoP to 5.0 V vs. Li+/Li and no

significant improvement was seen upon further increasing

the charging potential. The saturation in OER performance

over 5.0 V could be due to the reason that the material has

reached its fully charged state as well as the decomposition of

organic electrolyte at elevated potential that blocks the surface

active sites. Table 1 summarizes the parameters describing the

Fig. 1 Schematic illustration of the electrochemical tuning process.

Fig. 2 (a) SEM image of the submicron LCoP particles. (b) A typical

charging curve of LCoP. (c) LSV polarization curves (iR corrected, vs.

reversible hydrogen electrode, RHE) of LCoP charged to different potentials,

pristine LCoP and Co3(PO4)2 particles in 0.1 M KOH (loading = 0.5 mg cm�2).

(d) Plots of the electrochemical tuning potentials of LCoP versus the

required OER potentials to reach 10 mA cm�2 current density.
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OER performance of the pristine and the delithiated LCoP.

Compare to LCoP, the delithiated LCoP above 5.0 V had an

almost 130 mV lower Z at 10 mA cm�2, and the Tafel slope was

decreased fromB100 mV dec�1 (pristine LCoP) toB 52 mV dec�1

(De-LCoP 5.0 V). Such a significant improvement confirmed the

efficacy of electrochemical tuning on olivine-type LiMPO4 materials.

Notably, delithiated LCoP was also much more active for OER than

crystalline Co3(PO4)2 particles of similar size (Fig. S2, ESI†), indicat-

ing that the special olivine structure of the De-LCoP could be

accounted for the good OER performance.

It is well-recognized in the battery community that the

inherently low ionic and electronic conductivities of LiMPO4

due to the robust covalent bonding of PO4
3� severely limits the

charge–discharge kinetics of these materials.35 Such disadvant-

ages are also believed to be adversely affecting the performance

of LiMPO4 when used as electrocatalysts. In recent years, several

strategies have been devised to improve the conductivity and

stability of LiMPO4 in its charged state, including reducing the

particle size to nanoscale, combining the particles with conduc-

tive materials such as carbon as well as doping LiMPO4 with

Fe.36–38 Following the abovementioned rationale, we synthesized

LCoP and Fe-doped LiMPO4 (for higher electronic conductivity)

nanoparticles directly anchored on rGO (denoted as LMP/rGO) in

seek of even better OER catalysts.

SEM (Fig. 3d inset, Fig. S3, ESI†), XRD (Fig. S4, ESI†) and

energy-dispersive X-ray spectroscopy (EDX, Fig. S5 and Table S1,

ESI†) were conducted to identify the morphology, phase and

composition of the synthesized LMP/rGO hybrid materials respec-

tively. The content of rGO was measured to be approximately

15 wt% via thermogravimetric analysis (TGA, Fig. S6, ESI†). All the

samples were charged to various potentials vs. Li+/Li during

electrochemical tuning (Fig. S7–S11, ESI†). Consistent with LCoP,

the OER polarization curves shifted to the left for the all samples

with increasing tuning potential. Appreciable improvements in

OER performance can be observed above 4.80 V (Co2+/3+) for LCoP/

rGO and LCoFeP/rGO, above 4.30 V (Mn2+/3+) for LMnFeP/rGO and

Table 1 Summary of the OER activities of LCoP charged to various potentials

Sample
Average potential at
10 mA cm�2 (V vs. RHE) Tafel slopes (mV dec�1) Sample

Average potential at
10 mA cm�2 (V vs. RHE) Tafel slopes (mV dec�1)

De-LCoP 5.1 V 1.654 77 � 1 De-LCoP 4.9 V 1.691 73 � 5
De-LCoP 5.0 V 1.655 52 � 5 De-LCoP 4.8 V 1.698 83 � 6
De-LCoP 4.98 V 1.662 67 � 3 Pristine LCoP 1.781 100 � 2
De-LCoP 4.95 V 1.668 69 � 2 Co3(PO4)2 1.791 109 � 3

Fig. 3 (a, b) LSV polarization curves of the pristine and delithiated LMP/rGO hybrids in 0.1 M KOH (loading = 0.5 mg cm�2). The electrochemical tuning

potentials are 5.0 V for De-LCoP/rGO and De-LCoFeP/rGO, 4.5 V for De-LMnFeP/rGO and 5.1 V for De-LNiFeP/rGO and De-LCoNiFeP/rGO. (c) OER

potentials at 10 mA cm�2 current density of the various De-LMP/rGO in 0.1 M KOH (loading = 0.5 mg cm�2). (d) LSV polarization curves of De-LNiFeP/

rGO and Ir/C in 0.1 and 1 M KOH. The inset is the SEM image of LNiFeP/rGO. (e) Tafel plots of De-LNiFeP/rGO and Ir/C in 0.1 M KOH.

(f) Chronopotentiometry curves of De-LNiFeP/rGO and Ir/C at the current density of 10 mA cm�2 in 0.1 and 1 M KOH.
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above 5.00 V (Ni2+/3+) for LNiFeP/rGO, corresponding to the

potential of the M3+/2+ redox couples of the major transition metal

elements in these materials.39 Noticeably, there are two distinct

improvement steps for LCoNiFeP/rGO (Fig. S11, ESI†), which are

above 4.80 V and 5.00 V, corresponding to the redox potential of

Co2+/3+ and Ni2+/3+ respectively. Fig. 3a and b show the best OER

polarization curves of the delithiated LMP/rGO hybrids (denoted

as De-LMP/rGO) in comparison with their pristine counterparts.

For all the samples, the potential at 10 mA cm�2 was decrease

by around 65–130 mV after the electrochemical tuning process

(Fig. S7–S11, ESI†), demonstrating the effectiveness of electro-

chemical tuning on improving the OER performance of olivine-

type LiMPO4. Finally, the performance of the De-LMP/rGO hybrids

was better than the submicron-sized LCoP, which confirmed that

the reduced size, the introduction of Fe and the association with

rGO did facilitate the charge transport of LiMPO4.

It can be seen from Fig. 3c that De-LNiFeP/rGO yielded the

best OER performance with a potential as low as 1.50 V vs. RHE

at 10 mA cm�2, which was among the most active non-precious

metal OER electrocatalysts (Table S3, ESI†). For comparison, a

commercial Ir/C catalyst (20 wt% Ir on Vulcan carbon black

purchased from Premetek Co.) with the same loading was also

tested (Fig. 3d). In 0.1 M KOH, De-LNiFeP/rGO exhibited a

lower onset potential (B1.45 V vs. RHE) than Ir/C (B1.50 V vs.

RHE). In addition, compare to Ir/C, the Z of De-LNiFeP/rGO at

10 mA cm�2 was reduced by 45 mV and the anodic current

density increased more rapidly. In 1 M KOH, the onset potential

of De-LNiFeP/rGO was reduced to B1.47 V vs. RHE, greatly

outperforming that of Ir/C (B1.50 V vs. RHE). Note that the

peak around 1.43 V of De-LNiFeP/rGO in 1 M KOH is attributed

to the Ni oxidation process.40 Moreover, the catalytic kinetics

of the two catalysts were examined by Tafel plots (Fig. 3e).

The Tafel slope of De-LNiFeP/rGO is approximately 57.5 mV dec�1

in 0.1 M KOH, which is lower than that of Ir/C (B65.4 mV dec�1),

suggesting its favorable reaction kinetics. In addition to high

OER catalytic activity, De-LNiFeP/rGO also exhibited excellent

stability in alkaline solutions (Fig. 3f). When galvanostatically

biased at 10 mA cm�2 in 0.1 M KOH, the catalyst has a nearly

constant operating potential for over 13 h (B7 mV increase

after 13 h) while the operating potential of Ir/C increased

considerably (420 mV) after 13 h. In 1 M KOH, De-LNiFeP/

rGO operated continuously for 24 h with only B14 mV increase

in operating potential, whereas the Ir/C catalyst decayed rapidly

within only 6 h (B50 mV increase). These results indicate that

LNiFeP/rGO hybrid after electrochemical tuning can afford OER

catalysts of high efficiency and durability outperforming the

commercial benchmark catalyst.

Various characterizations were carried out to account for the

improved OER performance of LiMPO4 after electrochemical

tuning. First of all, the morphology of the catalysts after

delithiation was characterized by SEM (Fig. S12 and S13, ESI†),

from which no obvious changes can be observed. Therefore, the

enhanced catalytic activity was unlikely the result of morpho-

logical changes induced by the electrochemical tuning. How-

ever, the electrochemically active surface area (ECSA) of the

catalysts after tuning increased considerably as estimated from

measurements of the electrochemical double-layer capacitance

(EDLC). The EDLC of LCoP was only B1.25 mF cm�2 whereas

that of De-LCoP was B11.20 mF cm�2 (Fig. 4a–d), which

increased by nearly 10 times after delithiation. Similarly, all

the LMP/rGO hybrids after electrochemical tuning exhibited

increased EDLC (Fig. S14 and Table S2, ESI†) of B1.5–4 times.

The result indicates that the number of electrochemically active

sites for water oxidation was increased significantly due to

Fig. 4 (a, c) EDLC curves of LCoP and De-LCoP 5.0 V respectively with different scan rates; (b, d) plots of current densities at 0.25 V versus scan rates of

LCoP and De-LCoP 5.0 V respectively. (e) Powder XRD patterns of LCoP, LCoP 4.8 V and LCoP 5.0 V. (f) Localized XRD patterns of LCoP and LCoP 5.0 V

with 2y ranging from 28–381. (g) Li/Co atomic ratio of LCoP, LCoP 4.8 V and LCoP 5.0 V obtained by ICP-MS.
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electrochemical tuning, shedding light on the improved OER

performance. Noticeably, there exists a positive correlation

between the electrochemical tuning potential and the EDLC

(Fig. S17, ESI†). With increasing electrochemical tuning

potential, the EDLC area of LCoP increases accordingly. The

saturation in EDLC above 5.0 V, as mentioned previously, could

be attributed to the fact that the material is fully charged as well

as the decomposition of the organic electrolyte at high voltage

that blocks the active surface sites. Therefore, continuously

extracting Li ions will create more active sites for OER. As the

increase in EDLC for LCoP is the most significant, it shows

the greatest amount of overpotential reduction at 10 mA cm�2

(126 mV). In addition, as can be observed from the XRD spectra

(Fig. 4e), the crystal structure of the olivine-type LiMPO4

catalysts remained unchanged after electrochemical tuning,

which is consistent with existing studies.41–43 Nevertheless, a

slight right-shift of the XRD peaks can be observed due to the

shrinking lattices after delithiation (Fig. 4f),44,45 and the induc-

tively coupled plasma-mass spectroscopy (ICP-MS) analysis

further corroborated the extraction of Li+ by electrochemical

tuning (Fig. 4g and Fig. S15, ESI†). Thus, unlike the crystal

structures of the previously reported phosphate based OER

catalysts and the Co3(PO4)2 control in this work,46,47 such an

unique lithium-deficient transition metal phospho-olivine

structure that can be obtained only via electrochemical route

may be responsible for a higher catalytic activity.48 Moreover, it

is believed that the transition metals M (2+) in LiMPO4 were

oxidized for charge compensation when lithium ions were

extracted upon electrochemical tuning.49,50 To confirm the

increase in valency, X-ray photoelectron spectroscopy (XPS)

was performed on the catalysts before and after delithiation

(Fig. S20, ESI†). As can be observed from the spectra, the XPS

peaks of the transition metals all shifted to higher binding

energy after delithiation, indicating the increased oxidation

states of the metal centers. Since transition metal centers of

high valency that are capable of buffering the multi-electron

processes necessary for water oxidation are generally regarded

as catalytically active sites,51–54 the enhanced OER performance

of the delithiated LiMPO4 is also originated from the increased

oxidation state of the metal centers. Finally, in an important

study by the Shao-Horn group, a design principle for OER

catalysts was established that materials with the most active

OER activity shall be the ones with high covalency of transition

metal–oxygen bonds.17 Larger O-2p character of the active M

center was reported to promote the surface charge transfer to

absorbates (e.g. O2
2� and O2�), which is the rate determining

step in OER. Such principle has been successfully applied to

various transition metal OER catalysts systems,55,56 and we

believe is also insightful in explaining the enhanced OER

performance of LMP after electrochemical tuning, from a

theoretical perspective. From previous studies, delithiation is

characterized by the shift of the M-3d bands to lower energies

and the increased covalent hybridization between the M-3d and

O-2p states.57 The phenomenon is especially pronounced for

delithiated Ni containing LMP,58 further explaining the notable

OER performance of De-LNiFeP/rGO.

In summary, we employed an electrochemical tuning

(delithiation) strategy in organic electrolyte to effectively improve

the OER performance of olivine-type LiMPO4 in aqueous solution.

Noticeably, the LNiFeP/rGO hybrids upon tuning exhibited unpre-

cedentedly high OER electrocatalytic performance in alkaline

solutions, outperforming the commercial Ir/C catalyst in both

activity and stability. The improved OER performance could be

attributed to the synergistic effect of the increased electrochemi-

cally active site density, the higher valency of the transition metal

centers and the increased covalent hybridization between the

M-3d and O-2p states. The study represents a successful appli-

cation of electrochemical tuning beyond layered materials and

the clearly demonstrated general efficacy of the methodology

opens up new venue to fine tune the existing materials for more

efficient and durable heterogeneous catalysts in the area of

energy research.
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