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SUMMARY

The segregation (or exsolution) of nanoparticles (NPs) on the
surface of perovskite oxide parents has emerged as an advanced
technology to design functional materials for renewable energy.
However, this process relies heavily upon lengthy reduction
(800–1,200 K) in hydrogen-rich environments to facilitate the elec-
tron transfer from hydrogen to oxides, making this process costly.
Here, we show that, in addition to thermal driving forces, photo-illu-
mination can drive electron donation and facilitate the electron har-
vesting on perovskite directly. This results in segregation of NPs at
room temperature with the assistance of trialkyl amine as a hole
acceptor. A proton-coupled electron transfer catalytic cycle is sug-
gested to explain this unusual electron transfer pathway, which is
redox neutral and an intrinsically closed cycle. The practicality of
this process is demonstrated by the improved performance in a trial
electrocatalytic oxygen evolution reaction. This work suggests a
promising design principle for perovskite functionalization.

INTRODUCTION

The segregation (or exsolution) of nanoparticles (NPs) covering the perovskite oxide

(ABO3) surface has emerged as an advanced strategy unlocking material function-

ality for versatile catalytic applications such as fuel cells and water splitting.1–3 It pro-

duces well-confined NPs with tunable composition, transformable morphology,

regeneration potential, and superior robustness against coking and coarsening.4–8

Various catalytic transition metal cations can be incorporated into the B-site of

perovskite oxide with even distribution in crystal lattice after annealing in oxygen-

rich gas. Nevertheless, in reducing atmosphere, these cations are partially egressed

from their B-site hosts and segregate on the surface as NPs with socketed modality.

This traditional route is a heterogeneous process in which low partial pressure of ox-

ygen (PO2) and high temperature are essentially required. The enrichment of

surface electrons donated by H2 benefits the yield of numerous metallic NPs, which

simultaneously helps the reconfiguration of new stoichiometry.

State-of-the-art structural engineering via phase evolution, non-stoichiometry con-

struction (A-site cation deficiency), and lattice strain control could drastically facili-

tate cations segregation.9–11 The electrochemical poling is even able to shorten

the timescale of this process by orders of magnitude due to the emergence of tran-

sient ultra-low PO2.
12 However, to overcome kinetic restriction of cation diffusion,

most cases (including transition metals [e.g., Cu, Ni, Co, Fe, Mn], noble metals

[e.g., Pt, Ru, Pd, Rh], and alloy derivates [e.g., Co-Fe, Ni-Fe, Ni-Cu]) still need to
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be elicited at high temperature (�900 K), or at least intermediate temperature

(600�900 K) for some particular species (e.g., Ag, Ni-Pt) at the expense of a huge

amount of thermal-energy input (Figure 1A). Although the ‘‘socketed’’ modality of

segregated NPs grants enhanced metal-support interaction and stability,13 the ten-

sion of coarsening/agglomeration due to high temperature is still difficult to

completely migrate. The prediction based on Gibbs-free energy indicated that the

segregation of metals from oxides (i.e., thermo-driven reduction process) was ther-

modynamically favorable even at room temperature (Figure S1). However, the H2-

temperature programmed reduction (H2-TPR) result, which briefly demonstrates

the minimum onset temperature of thermo-driven reduction, clearly suggests that

it is unrealistic at room temperature (Figure S1). Thereby, it is essentially pivotal to

explore other routes targeting efficient surface segregation of NPs under mild con-

dition in terms of energy efficiency and development feasibility.

In organic photochemistry, single electron transfer between an electron acceptor

and an electron donor can be triggered under photo-illumination at room tempera-

ture, which is conventionally prohibited without photoexcitation.14 Within such a

process, trialkyl amine was highly often used as a single electron reducing reagent.15

On the other hand, it is noted that many perovskite oxides are semiconductors that

can absorb light and drive the formation of photo-excited electrons and holes.16

Moreover, previous literatures have shown that these photo-generated electrons

in semiconductor or transition metal oxides exhibit the potential to reduce them-

selves to form corresponding metal (as electron acceptor).17,18 Such a phenomenon

could, in turn, provide a new opportunity for the construction of NPs/perovskite ar-

chitecture in an energy-efficient way. Following this line of thinking, here we demon-

strate a readily accessible strategy to initiate NPs segregation on the perovskite sur-

face at room temperature. With the synergistic assistance of trialkyl amine (e.g.,

tributylamine [TBA]) and photo-illumination, we speculate that an intrinsically closed

organic proton-coupled electron transfer (PCET) catalytic cycle effectively leads to

the segregation of Ni NPs with a rich population and even distribution (schematic

shown in Figure 1B 1–4,9,10,12,13,19–51).

RESULTS AND DISCUSSION

SFTNi Selection

To exemplify this concept, the Ni and Ti doped the SrFeO3 perovskite with a cubic

symmetry: SrFe0.85Ti0.1Ni0.05O3�d (SFTNi) was selected. We first utilized density

functional theory (DFT) calculations to give an estimated segregation tendency of

each element in our material system. The d-band center of the Ni atom is located

at �0.32 eV, which is closer to Fermi level than that of the Fe atom at �0.37 eV

and that of the Ti atom at �3.31 eV. The estimated values of segregation energy

calculated by DFT were �2.76 and �5.23 eV for Ni and Fe from the SFTNi superlat-

tice, respectively. These results suggest that the reduction of Ni ion was much more

favorable (Figure S2). Broader exemplification was also shown by the investigation of

a series of B-site substituted system (SrFe0.85Ti0.1M0.05O3�d, where M = Ni, Co, Cu,

Pd). We showed that the feasibility of segregation of B-site dopants was closely

related to its corresponding d-band center position. The closer the d-band center

was to Fermi level, the lower the segregation energy that was required (Figure S3).

These findings are consistent with a previous report19 and our results that only Ni

segregation can be found after thermo-driven reduction on SFTNi (Figure S1).

From the perspective of electron transfer, the thermo-driven reduction relied on the

electron transfer between H2 and the perovskite. Differently, the photo-excited
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segregation was realized via the photo-induced electron transfer among the organic

reductant, solvent, and perovskite. This synergistic effect played an irreplaceable

role in photo-excited NPs segregation, and neither TBA nor photo-illumination

could realize this process successfully on its own (Figure S4). On one hand, at ground

state, the electron transfer from the highest occupied molecular orbital (HOMO) of

Figure 1. Speculated Mechanism of Photo-Excited Segregation of Nanoparticles on Perovskite Oxide

(A) Summary of segregated NPs parameters (NPs size versus temperature) from representative reports. References were used for

Figure 1B.1–4,9,10,12,13,19–51

(B) The schematic diagram of photo-excited segregation conception. h+ and e– present the hole and electron excited by photo-illumination,

respectively. H+ represents proton. TBA represents tributylamine.

(C) Prohibited electron transfer from amine to the perovskite without illumination. The CB and VB present conduction band and valence band,

respectively.

(D) Unfeasible segregation triggered by photo-illumination alone.

(E) The proposed reaction pathway of photo-excited segregation of SrFe0.85Ti0.1M0.05O3-d. (M = segregated transition metals).
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TBA to electron acceptor was usually hindered due to its high reduction potential

(Figure 1C).52 On the other hand, under photo-illumination only, the inter-band elec-

tron transfer in the perovskite from the hybridized metal3d-O2p state near the top of

the valence band (VB) to the unoccupied conduction band (CB) of the perovskite was

theoretically possible as long as the photon energy is larger than its bandgap.53 In

our system, SFTNi showed an estimated band gap of �2.0 eV (Figure S5), and the

standard reduction potential of SFTNi (0.784 V versus RHE) was much more positive

than that of water reduction of 0 V (versus RHE). Thus, the photo-excited electrons

prefer to trigger ‘‘segregation of Ni’’54 (Note S1; Tables S2–S4). Further, the calcu-

lated energy of photo-excited electron was also higher than the reaction enthalpy

of NiOx to Ni0 (Note S2), further buttressing the theoretical feasibility of Ni segrega-

tion by using photo-excited electron. However, the reality is that the recombination

of the photo-excited electron-hole pair was usually much faster than the electron

transfer in multi-step chemical reactions, which leads to low segregation efficiency

(Figure 1D).55 Therefore, the introduction of an external reducing reagent/electron

donor is a promising resolution for efficient photo-excited segregation, since it helps

suppress the electron-hole pair recombination and simultaneously facilitates the

electron transfer.

An outline of the speculated mechanism for photo-excited segregation with the

assistance of trialkyl amine on SFTNi was illustrated in Figure 1E.With the absorption

of the photon, the promoted electron with the concomitant hole can be created by

interband transitions in the perovskite. The VB bears a more positive potential

(�1.9 V versus RHE) than the HOMO of TBA (�0.638–1.638 V versus RHE for alkyl

amines).56 Therefore, the photo-generated hole in the VB oxidized the TBA (I) to

the corresponding amine radical cation II, followed by hydrogen radical abstraction

by the VB to afford the iminium ion III. With the assistance of reaction from I to II, the

photo-generated electron in CB transfers to the active M site with one proton (from II

to III) to theproductM-OHuponprotonation. ThegeneratedM-OHwas very prone to

being reduced through the PCET pathway, the metal was produced in its metallic

form (surface segregation), and the stoichiometric H2O was released. The iminium

ion III hydrolyzed with the released H2O to perfectly close the catalytic cycle. Here,

the argon (Ar)-saturated deionized (DI) water was used as a solvent mainly because

such polar and protic solvents were generally favored for PCET and suppressed the

reversion of PCET.57 In this practical transformation, the semiconductor material it-

self serves as a photosensitizer, and its band gap falls in the range of the visible light

spectrum. From the universal viewpoint, most of the perovskite oxide candidates

obtain an optical bandgap within the solar-light-spectrum range, advocating the po-

tential generality of this method taking advantage of visible light as a driving force.

Morphology illustration of SFTNi after photo-excited segregation (PS-SFTNi) was

shown in Figures 2A and 2B. The surface-rich NPs with a smaller average size

(�15–25 nm) and even spatial distribution were detected. The study of selected

area electron diffraction (SAED) for an individual particle further confirmed the

pure metallic nickel nature (Figure 2B). Parallel comparison of different paths illus-

trated that, as compared to high-temperature H2 reduction, photo-excited segrega-

tion can generate equally high-concentrated and fine NPs with a much more energy-

efficient method (Figure S6).

The evolution of surface chemistry of the material during photo-excited segregation

was preliminarily analyzed by X-ray photoelectron spectroscopy (XPS). Significant

shifts of binding energy peaks of Ni 2p3/2 and O 1s spectra were observed on mate-

rials treated by H2-driven and photo-excited segregation, respectively (Figure S7;
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Table S1). The Ni K-edge X-ray absorption near-edge structure (XANES) spectra of

the SFTNi samples after photo-illumination were further shown in Figure 2C with the

reference of Ni foil. The main XANES features of Ni in SFTNi samples were similar to

those of octahedra-coordinated Ni(III) in the nickel-doped ferrite perovskite,58 indi-

cating its high oxidation state. It is confirmed that Ni absorption edge energy

dynamically shifted toward to lower values by �1.1 eV for PS-SFTNi, suggesting

the partial nucleation of nickel sites to a lower average oxidation state. Also, the

decreased pre-edge area of PS-SFTNi (shown in inset) indicates the change of Ni

local symmetry and coordination due to the formation of metallic Ni. With the

consideration that the bulk Ni cations have low diffusivity to migrate to the surface

and get involved into photo-excited segregation at room temperature, it can be in-

ferred that the Ni cations near the surface should make a major contribution to the

NP segregation phenomenon.

OER Probe Reaction

To elucidate the practicability of material after photo-excited segregation, the oxy-

gen evolution reaction (OER) was chosen as the probe reaction. The Ni-based cata-

lysts are promising substitutions for noble metal catalysts due to their high theoret-

ical catalytic activity and low cost.59,60 The Tafel plot (Figure 3A) for PS-SFTNi

revealed a low slope of 85.4 mV$dec–1 (millivolt per decade of electrical current den-

sity), which was comparable to IrO2 (83 mV$dec–1) and Ba0.5Sr0.5Co0.8Fe0.2O3-c

(BSCF) (84 mV$dec–1), further stating its more favorable reaction kinetics than SFTNi

after H2 treatment (HE-SFTNi) (101 mV$dec–1), and pristine SFTNi (126.6 mV$dec–1).

The polarization curves for different catalysts shown in Figure 3B demonstrated that

the OER onset overpotentials (h) of SFTNi, HE-SFTNi, and PS-SFTNi were at 410,

340, and 290 mV, respectively, suggesting the significant improved performance

of SFTNi after the photo-excited segregation. Besides, the value of required overpo-

tentials to achieve a current density of 10 mA cm�2 were also measured, which is a

metric relevant to solar fuel synthesis.61 The linear sweep voltammetry (LSV) curve

of PS-SFTNi indicated that the operational overpotential of PS-SFTNi was 477 mV,

which is superior to the benchmark OER catalyst of BSCF (h = 510 mV) and compa-

rable to IrO2 (h = 450 mV). Also, this value was much lower than those of HE-SFTNi

(h = 558 mV) and pristine SFTNi (h = 650 mV). The mass normalized activity (MA) of

Figure 2. Characterization of NPs by Photo-Excited Segregation

(A) SEM images of PS-SFTNi. The scale bar is 200 nm.

(B) High-resolution TEM image of PS-SFTNi. Selected area electron diffraction (SAED) of an individual Ni particle was shown in inset of Figure 2B. The

scale bar is 10 nm.

(C) Ni K-edge X-ray absorption near edge structure (XANES) characterizations of PS-SFTNi, SFTNi, and Ni foil. The zoom-in of pre-edge area is shown in

the inset.
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PS-SFTNi (h = 500 mV) can reach 52 A$g–1, which was much higher than those of HE-

SFTNi (40 A$g–1) and pristine SFTNi (10 A$g–1) (Figure 3C). The electrical impedance

spectra (EIS) of the samples were also obtained to compare the charge transport

process inside the electrodes (Figure 3D). The charge transfer resistance (Rct) of

PS-SFTNi (�95 U) was smaller than HE-SFTNi (�119 U) and pristine SFTNi (�240

U), suggesting that PS-SFTNi possessed a facile charge-transfer rate and kinetics

due to the exposure of a larger number of active sites.

Enlightened by the PCET catalytic cycle in organic photochemistry, we have shown

that the synergetic effect between photo-illumination and photo-organic reductant

of trialkyl amine can offer an economic avenue toward the construction of the ‘‘NPs/

perovskite’’ heterostructure. Benefitting from this method, the material shows sur-

face decoration of the metal particle with a rich population and better catalytic per-

formance in a probe reaction trial. Beyond that, this approach demonstrates the po-

tential to utilize the combination of intrinsic (bandgap engineering) and extrinsic

(organic photochemistry) material-driving forces for the design of the functional

perovskite.

Figure 3. Catalytic Performance Comparison of SFTNi Series Materials

(A) Tafel plots of various catalysts for oxygen evolution reaction (OER).

(B) Linear sweeping voltammogram (LSV) for OER.

(C) Mass normalized activity (MA) at an overpotential of h = 0.5 V for various catalysts.

(D) Electrochemical impedance spectra (EIS) of the SFTNi series electrodes recorded at 1.67 V

versus RHE under the influence of an alternating current (AC) voltage of 10 mV.
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EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Yifei Sun (yfsun@xmu.edu.cn).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The authors declare that the data supporting the findings of this study are available

within the article and the Supplemental Information. All other data are available from

the lead contact upon reasonable request.

Methods

Detailed experimental sections, figures, tables, and supporting notes are listed in

Supplemental Experimental Procedures. Supporting information is available free

of charge from the online library or from the author.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.

2020.100243.
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