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Interfacial Effects Improve Catalytic Oxidation

The fabrication of multicomponent active sites, par-

ticularly metal-metal hydroxide and oxide interfaces, to 

facilitate the activation of reagents has emerged as an 

effective method to prepare heterogeneous catalysts 

with improved activities. For example, Pt/FeOx interfaces 

exhibit excellent catalytic performance in the oxidation 

of CO.1,2 The structure and reactivity of such catalysts can 

be modeled with well defined synthetic nanoparticles.

A research team led by Nanfeng Zheng (Xiamen 

University, China), Lin Gu (Chinese Academy of Sciences, 

China) and Jyh-Fu Lee (NSRRC, Taiwan) has developed 

a novel, collaborative Fe-OH-Pt interface that activates  

dioxygen to achieve efficient catalytic oxidation of CO 

near 23 °C.3 The Fe-OH-Pt interface was fabricated on 

depositing sub-monolayer iron hydroxide on fine Pt 

nanocrystals with a colloidal method. The structure of 

the Fe-OH-Pt interface was characterized with a scan-

ning transmission electron microscope with atomic 

resolution, X-ray absorption fine structure (XAFS) spec-

troscopy at BL17C1 of the TLS, and X-ray photoelectron 

spectroscopy (XPS).

Despite exhibiting a large catalytic activity to oxi-

dize CO, the Pt/Fe(OH)x catalyst failed to work steadily, 

particularly in dry streams. The conversion of CO de-

creased from 100% to 27% in 70 min when the reaction 

condition was switched from humid air to dry air. Even in 

a humid reaction stream, the Pt/Fe(OH)x catalyst began 

to degrade beyond 8 h near 23 °C, as Fig. 1(d) shows. The 

loss of activity was proposed to result from an instability 

of the interfacial Fe-OH-Pt sites. As the oxidation of CO 

is an exothermic reaction, the thermal stability of the 

Pt/Fe(OH)x catalyst was evaluated on subjecting the Pt/

Fe(OH)x catalyst to thermal treatment at 453 K in dried 

air for 2 h, followed by measurements of XPS. After that 

treatment, ratio AOH/AO of intensities of lines in the O 1s 

XPS decreased significantly, indicating that thermally 

induced decomposition of the overgrown Fe(OH)x layer 

occurred. The limited stability of the Pt/Fe(OH)x catalyst 

is likely due to the easy dehydration of Fe(OH)x sub-

monolayers into three-dimensional iron oxide-hydroxide 

or iron oxide, similar to the natural process to form rust. 

For the Pt/Fe(OH)x catalyst, this dehydration decreases 

the number of active Fe-OH-Pt interfacial sites and thus 

deactivates the catalyst.

To prevent the loss of these Fe-OH-Pt sites, doping 

an overgrown Fe(OH)x sub-monolayer with Ni2+ was un-

dertaken. In contrast to Fe3+, Ni2+ forms a stable, layered 

structure of Ni(OH)2 with Ni in an environment of nearly 

perfect octahedral coordination. The overgrown Ni(OH)2 

sub-monolayer can thus spread over the Pt surface more 

readily than Fe(OH)x. Ni/Fe hydroxides have been widely 

prepared as hydrotalcite-like compounds. The easy forma-

tion of hydrotalcite-like Ni/Fe hydroxides was expected 

to stabilize catalytically active Fe-OH-Pt interfacial sites 

through the strong interaction between Ni(OH)x and 

Fe(OH)x. Moreover, Ni(OH)2 species are active in the dis-

sociation of adsorbed water molecules and in proton 

transport. All these unique features of Ni(OH)2 make Ni2+ 

an ideal dopant to stabilize the catalytically active Fe-

OH-Pt sites on the surface of Pt nanocrystals.

As Fig. 1(a) illustrates, FeNi(OH)x hybrid sub-mono-

layers were deposited on nanocrystalline Pt seeds, with 

an evident boundary gap 0.3 nm. STEM-EDS measure-

ments showed clearly that Fe(OH)x and Ni(OH)x were 

atomically evenly interconnected with each other on the 

surface of the obtained Pt/FeNi(OH)x nanoparticles (Fig. 

This report features the work of Guangxu Chen, Nanfeng Zheng, and their co-workers published in Science 344, 495 (2014).
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1(b)). As an overgrowth of FeNi(OH)x on Pt nanocrystals 

did not block all Pt sites, Pt sites were present with Ni 

and Fe on the outermost surface of the Pt/FeNi(OH)x 

nanoparticles. XANES (Fig. 1(c))  and EXAFS analyses of 

Pt/FeNi(OH)x enabled a conclusion that the oxidation 

state of Ni was +2 and in a nearly perfect octahedral co-

ordination as in Ni(OH)2 with Ni-O bond distances 0.205 

± 0.001 nm. More importantly, doping with Ni2+ altered 

neither the local structure nor oxidation state +3 of Fe in 

the hydroxide layer, and is expected not to modify the 

catalytically active Fe-OH-Pt interfacial sites. The O 1s 

XPS spectrum of Pt/FeNi(OH)x displayed a major signal at 

531.3 eV corresponding to -OH groups with  AOH/AO ratio 

7.5, indicating that the overgrown Fe-Ni layer on Pt was 

predominantly in the form of hydroxide.

The Pt/FeNi(OH)x hybrid nanoparticles exhibited 

significantly enhanced stability to oxidize CO. Further-

more, the Pt/FeNi(OH)x catalyst was stable in the reac-

tion stream for more than 28 h with no decreased activ-

ity near 23 °C (Fig. 1(d)), while readily achieving 100% 

conversion of CO to CO2. For comparison, nanoparticles 

with a Ni(OH)2 sub-monolayer grown on Pt nanocrystals, 

denoted Pt/Ni(OH)x, were prepared and characterized. 

This Pt/Ni(OH)x catalyst performed worse than Pt/Fe(OH)x. 

These results confirmed the hypotheses that the Fe-OH-

Pt interfaces are catalytically active sites for the oxidation 

Fig. 1:  (a) Representative large-angle annular dark-field STEM image of a Pt/FeNi(OH)x nanocomposite. (b) STEM-EDS elemental mapping of a single Pt/
FeNi(OH)x nanoparticle. (c) XANES at the Ni K-edge of Pt/FeNi(OH)x nanocomposite. (d) Reaction performance of various catalysts as a function of 
time on stream. Reaction conditions were 1% CO, 16% O2, N2 balance, temperature 303 K, space velocity 400 L g-1

Pt h
-1, humidity  50 ± 5%, pressure = 0.1 

MPa. (Reproduced from Ref. 3)
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of CO, and that Ni2+ doping stabilizes the Fe-OH-Pt inter-

face during catalysis. After thermal treatment (2 h at 453 

K) under a reactive atmosphere, ratio AOH/AO of the Pt/

FeNi(OH)x catalyst remained 7.1. 

Although the overgrowth of Fe/Ni-OH sub-mono-

layers on Pt nanocrystals creates efficient and stable 

interfaces for CO oxidation, it is not an ideal structure for 

practical catalysts because most Pt atoms are not locat-

ed on the surface. To maximize the utilization of Pt and 

Fe/Ni-OH-Pt interfaces as well, an alloy-assisted strategy 

was developed. Accordingly, trimetallic PtFeNi nanocrys-

tals were first prepared on thermally reducing the metal 

precursors under a CO atmosphere and then aging in 

air for several days to yield a highly active catalyst. The 

mean diameter of the PtFeNi nanoparticles was 4.9 ± 0.5 

nm. STEM analyses revealed that the PtFeNi nanoparti-

cles possess core-shell structures with Pt-enriched cores. 

Each individual nanoparticle was apparently single-crys-

talline with fcc structure, but further STEM investigations 

revealed a lumpy feature on the surface of the air-aged Pt-

FeNi nanoparticles. As characterized with elemental map-

ping, these PtFeNi nanoparticles exhibited compositional 

heterogeneities in the form of small interwoven domains 

(less than 0.35 nm) on their surfaces. Both XANES and XPS 

spectra confirmed oxidation states Pt 0, Fe +3 and Ni +2. 

EXAFS analyses revealed that Fe and Ni in the PtFeNi 
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A Li battery based on LiFePO4 (LFP) prevails in appli-

cations in electric vehicles because of its property of 

superior safety after a car collision and low cost, but the 

poor conductivity of LFP prevents it from popular appli-

cations. To solve the problem, LFP of sub-μm size should 

be used. In addition, doping with a supervalent cation (Zr, 

Nb, V, Cr, and Ni etc.) has proved to be an efficient way to 

improve the electrochemical performance, including the 

intrinsic electronic conductivity, the Li-ion diffusivity and 

the durability.1 The influence of added vanadium on the 

structural evolution and electrochemical performance of 

50-nm LFP powder was systematically investigated with 

X-ray powder diffraction (XRPD) and X-ray absorption 

near-edge structure (XANES) in situ.2

  With a small proportion of a vanadium additive, 

both the highly disordered and inactive triphylite phase3 

and the remnant heterosite phase are significantly de-

creased, especially upon higher C-rate cycling or after 

cycling many times. These vanadium additives also fa-

cilitate the reversibility of heterosite and triphylite phase 

transitions on the cathode, therefore the cycle stability 

of this Li battery.

To understand the influence of a vanadium addi-

tive on the chemical state changes of Fe ion in a local 

structural region (short-range ordering) at varied rates 

of charging (0.2 C, 0.5 C and 1 C) as shown in Fig. 1, the 

phase fraction changes were estimated with linear com-

bination function analysis. 

Figures 2(a)-(b) illustrate the evolution of intensities 

of signals for (301) reflections for LiFePO4/FePO4 (LFP/

FP) and LiFePO4: V/FePO4:V (LFPV/FPV) at varied C-rates, 

Vanadium Powers the Lithium-Ion Battery

This report features the work of Chih-Hao Lee, and his co-workers published in J. Power Sources 270, 449 (2014).

catalyst are both six-coordinate with respect to oxygen. 

The core level XPS spectrum of O 1s displayed a signal at 

531.5 eV corresponding to –OH groups. These XAFS and 

XPS results demonstrated that PtFeNi nanoparticles pos-

sess the same interfacial sites discussed above for the Pt/

FeNi(OH)x catalyst. 

More importantly, the developed alloy-assisted 

strategy allowed the preparation of practical catalysts 

with maximally utilized Pt. As determined by titration 

with CO, the PtFeNi catalyst showed a Pt dispersion 

63.9%, indicating that Pt atoms were highly dispersed on 

the surface of the catalyst. The catalytic performance of 

the PtFeNi catalyst in CO oxidation was enhanced 1.4-1.8 

times that of the overgrown Pt/FeNi(OH)x catalyst having 

the same proportion of Pt. The PtFeNi catalyst exhibited 

great stability, both in a reaction stream and during pro-

longed storage: no decay of catalytic activity was experi-

enced after more than one month in the reaction stream 

of CO with humid air. Even after storage near 23 °C in 

ambient air for one year, no deterioration of catalytic 

performance of the PtFeNi catalyst was found. The excel-

lent catalytic performance of the PtFeNi catalyst makes 

it a promising candidate for practical applications to 

remove CO from humid air or a H2-rich stream. (Reported 

by Jyh-Fu Lee)
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Fig. 1:  XRPD and XANES are measured in situ to investigate the chemical states and phase evolution of a LiFePO4 cathode with and without a vanadium 
additive.
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including the potential curves and the relative variation 

of LFP and FP phase fractions during charging and dis-

charging. The phase fractions of LFP and FP are obtained 

from the integrated area of (301) reflections relative to 

that at the beginning of charging and discharging of 

0.2 C. In Fig. 2(a), significant portions of the FP phase 

remnants are found at the end of electrochemical cycles 

for 0.5 C and 1 C, indicating the incomplete charge/

discharge cycle on increasing the C-rate. In contrast, as 

shown in Fig. 2(b), such remnant phenomenon is almost 

absent in LFPV, indicating an easy triphylite and het-

erosite phase transformation. 

To portray the full scheme of structural evolution, 

XANES was employed in situ to obtain the variation of 

electronic structure on these two cathode materials 

upon charge and discharge cycling. Clear isosbestic 

points are observed in the real-time absorption spectra, 

which provide a direct indication of two mixed phases. 

It also shows a two-phase transition mechanism for the 

delithiation/lithiation reaction of LFP (LFPV).

Fig. 2:  Variation of phase fractions of (a) LFP/FP and (b) LFPV/FPV estimated from XRPD patterns in situ at rates 0.2 C, 0.5 C and 1 C of charge and discharge. 
The corresponding electrochemical charge and discharge curves are denoted with solid lines.
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The energy shift of the edge shoulder (D) is gener-

ally proportional to the oxidation state of Fe. The absorp-

tion edge of Fe shifts to increased energy as the volume 

of the cell increases. This condition indicates the transfor-

mation of Fe(II) into Fe(III), which corresponds to a phase 

transition from LFP to FP upon delithiation. During lithia-

tion, the changes of Fe oxidation states are reversible; it 

can hence serve as an index to estimate the chemical 

oxidation state of Fe in our work. In the case of a small 

C-rate, the position of D is found to shift reversibly from 

7123.7 to 7127.5 eV in a single charge-discharge cycle. 

This effect indicates a reversible transition of chemical 

state of Fe ions in LFP during delithiation and lithiation. 

The range of energy shift of D is progressively narrowed 

from 3.8 eV to 2.3 eV on increasing the C-rate from 0.2 C 

to 1.0 C. This condition implies an irreversible chemical 

redox reaction with rapid rates of charging and discharg-

ing at the LFP cathode. In contrast, with a vanadium 

additive, this narrowing phenomenon is almost absent, 

even at large C-rates, as clearly shown by the range of 

shift of the edge position (D) in a complete electrochem-

ical charge-discharge cycle. The chemical environments 

of LFPV are reversible during the charge and discharge 

cycling.

As Fig. 4(a) shows, the chemical state of Fe was 

found to transfer symmetrically between LFP and FP 

during the charge and discharge cycling at a small C-rate 

(0.2 C). This result, which refers to the equilibrium redox 

kinetics for Fe ions to accept and to donate charge to 

their local coordination when bulk LFP/FP phases are 

driven with a small current density, is expected. The 

redox kinetics of Fe become progressively unbalanced 

on increasing the C-rate to more than 0.5. In this case, 

Fig. 3:  Normalized Fe K-edge XANES spectra in situ at charge rate 0.2 C. D 
is the position of the absorption edge of each XANES spectrum.
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Fig. 4:  Results of linear-combination fitting analysis of Fe K-edge spectra for (a) LFP/ FP and (b) LFPV/FPV at charge and discharge rates 0.2 C, 0.5 C and 1 C.
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an incomplete chemical state of Fe ions form FP to LFP 

is found. Presumably, this unbalanced transition of the 

chemical state of the Fe ion can be attributed to a pres-

ence of a substantial energy barrier (i.e. solid electrolyte 

interface layer) that hinders a transition of chemical state 

of Fe and Li ion diffusions between FP and LFP during 

the charge and discharge cycles of a Li battery at a large 

C-rate. In contrast (see Fig. 4(b)), a perfectly symmetric 

transition of the Fe chemical state between LFPV and 

FP was found even on charging or discharging the LIB 

cycling at 1.0 C. Such a phenomenon provides direct 

evidence to prove that vanadium additives substantially 

decrease the energy barrier and thus facilitate the redox 

chemical kinetics of Fe to accept and to donate their 

valence charge during the transition of chemical state 

between LFPV and FP in a LIB. 

Compared to the FP to LFP phase transition (see 

Fig. 5), the extents of reversible LFP estimated from 

XANES are much greater than those of XRPD analysis; 

the phenomenon is especially evident at discharge rates 

greater than 0.5 C. The nearly recovered valence state of 

Fe is direct evidence that a substantial amount of highly 

disordered triphylite phase is found after completing a 

charging and discharging cycle as the crystalline phase 

recovery is incomplete. In contrast, with the vanadium 

additive (see Fig. 5(b)), this phenomenon is not signifi-

cantly observed: the crystalline triphylite phase is fully 

recovered. 

In summary, from the results of testing half-cell Li 

batteries, we found that, during discharge, the greater 

is its rate, the more the highly disordered LFP phase is 

formed. This irreversible LFP to FP phase transition re-

sults in capacity losses during the charge and discharge 

cycle. In contrast, the remnant effects are insignificant for 

the case of Li battery with a LFPV cathode. These values 

are significantly smaller than that in LFP without added 

vanadium. The highly reversible phase transformation 

is explicable as a formation of easy paths for diffusion in 

the presence of Li vacancies in an adequate proportion 

Fig. 5:  Relative amounts of (a) LFP and (b) LFPV versus charge/discharge 
rate (0.2 C, 0.5 C and 1 C) as obtained from XRPD and XANES data.
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(vacancy effect), due to charge balance of incorporation 

of supervalent vanadium in LFP during the electrochem-

ical redox cycles. (Reported by Chih-Hao Lee)
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Nanosheets Deliver Great Power Density

The tremendous development of portable electronics and 

hybrid electric vehicles has led to urgent and increasing 

demand for high-energy storage devices. In recent years, 

much research effort has been undertaken to develop 

more efficient devices such as supercapacitors (SC), bat-

teries and fuel cells for this purpose. In particular, electro-

chemical capacitors (EC), known also as pseudocapacitors, 

are gaining great popularity because of their ability to store 

energy, with the advantage of delivering the stored energy 

much more rapidly than batteries and fuel cells—implying 

power density. To become primary devices for power sup-

ply, SC must be developed further to improve their ability 

to deliver high energy and power simultaneously. For this 

reason, much effort is devoted to the investigation of pseu-

docapacitive transition-metal-based oxides and hydroxides 

and mixed metal oxides and hydroxides, mainly because 

they can produce much greater specific capacitances than 

typical carbon-based electric double-layer capacitors and 

electrically conducting polymers.

The rational design of nanoarchitectures with specific 

functions is a key requisite to increase the energy and pow-

er density of electrical storage systems. Energy extracted 

from the electrode material depends strongly on the tex-

tural and morphological effects at the interface between 

electrolyte and material. Recent reports have emphasized 

the relation between structure and activity of the electrode 

material that accentuates the importance of the surface 

morphology on the charge storage performance.1 Charge 

storage is well known to involve an insertion or extraction 

of protons or ions in the first few nanometers at the surface 

of electrode materials for pseudocapacitors. Iron oxyhy-

droxide lepidocrocite (γ-FeOOH) with open two-dimen-

sional (2D) permeable channels might be favorable for EC, 

as scientists recently described birnessite-type MnO2 with 

layered nanostructures to facilitate ion transport and to ex-

hibit excellent capacitive performance.2 In particular, the 2D 

layered structure with satisfactory interlayer conductivity 

of γ-FeOOH might greatly benefit EC. The design of anode 

materials based on γ-FeOOH with layered characteristics 

is expected to be an ideal microstructural solution to de-

crease the diffusion length of ions, to increase the contact 

area with electrolyte and to improve active material utiliza-

tion, which enhances the electrochemical performance. A 

research team led by Yan-Gu Lin (NSRRC), Yu-Kuei Hsu (Na-

tional Dong Hwa University) and Li-Chyong Chen (National 

Taiwan University) has cooperatively developed γ-FeOOH 

nanosheet (NS) anodes with distinct layered channels to 

improve electrochemical performance.3 The proposed 

NS-structure of γ-FeOOH on carbon cloth is depicted in 

Figs. 1(a) and 1(b). Novel γ-FeOOH NS were prepared via a 

simple one-step electroplating route without assistance of 

template or surfactant. The need of binder or conducting 

additive, which adds contact resistance and mass, becomes 

eliminated in this case.

To elucidate the mechanism of energy storage and 

the variation of oxidation state of the active metal of the 

γ-FeOOH NS electrode during charge and discharge cycles, 

synchrotron-based X-ray absorption spectra (XAS) were 

recorded in situ at BL17C1 of the TLS. X-ray absorption near-

edge structure (XANES) spectra of γ-FeOOH NS electrodes 

in situ are presented in Fig. 1(c). Although the variation of 

shape of all spectra is slight, a clear shift of energy of the 

adsorption signal, toward greater energy with applied po-

tential, is recognizable. The absorption threshold energy 

(E0) is linearly correlated with the oxidation state of Fe in 

the γ-FeOOH NS electrodes (Fig. 1(d)). According to E0 de-

rived from the XANES spectra during charge and discharge 

cycles in situ, the average oxidation state of Fe in γ-FeOOH 

NS electrodes was determined in the sequence shown 

in Fig. 1(e). The results clearly confirm a large electronic 

This report features the work of Yan-Gu Lin and his co-workers published in Small 10, 3803 (2014).



061Energy Science

and ionic conductivity of the γ-FeOOH 

NS electrode in Li2SO4 electrolyte and 

a continuous and reversible faradaic 

redox transition of γ-FeOOH NS. Figure 

1(f ) shows the Fourier-transformed (FT) 

magnitude of Fe K-edge EXAFS spectra of 

the γ-FeOOH NS electrode in Li2SO4 elec-

trolyte measured at several potentials in a 

sequence. The first FT maximum about 1.5 

Å is attributed to an interaction of central 

Fe atoms with six coordinated oxygen 

atoms in the first coordination shell (i.e. 

Fe-O bond within a [FeO6] octahedral 

unit). The second FT maximum located 

near 2.7 Å corresponds to the nearest Fe 

atoms between neighboring [FeO6] octa-

hedral sites (i.e. Fe-Fe interatomic distance 

between neighboring [FeO6] units). The 

interatomic distance of the Fe-O bond progressively de-

creases with applied potential increased from -0.8 to -0.1 V, 

originating from an oxidation from Fe2+ to Fe3+. A decreased 

Fe-Fe distance was concurrently observed, indicating that 

the [FeO6] octahedral units contract. In this case, Li+ is the 

primary working species that can intercalate into the 2D 

layered channels between the [FeO6] units; the Fe-Fe dis-

tance would be expected to increase. In contrast, oxidation 

of the electrode led to a clearly decreased Fe-Fe distance, 

which is attributed to the desertion of Li+ from the γ-FeOOH 

NS structure. In a Li+ operative electrolyte, both Fe-O and 

Fe-Fe signals shift in the same direction, toward larger Fe-O 

and Fe-Fe interatomic distances upon lithiation and back to 

smaller distances upon delithiation. As noted in Fig. 1(f ), the 

intensity of the FT Fe-O maximum increases with applied 

potential increasing from -0.8 to -0.1 V. This result indicates 

that the relief of distortion in γ-FeOOH NS under deinter-

calation might restore a symmetric oxygen distribution in 

a [FeO6] octahedral unit. The redox transition during rapid 

charge and discharge cycling is hence charge-compensat-

ed by the reversible insertion and desertion of Li+ into and 

from 2D layered channels between the [FeO6] octahedral 

units. Accordingly, a pseudocapacitive mechanism of the 

γ-FeOOH NS electrode, based on Li+ as working ion in the 

Fig. 1:  (a) and (b): Scheme and SEM image of γ-FeOOH on carbon cloth, respectively. (c) Fe 
K-edge XANES spectra of the γ-FeOOH NS electrodes in situ in Li2SO4 electrolyte with 
applied potential increasing from -0.8 to -0.1 V. (d) Relation between edge position and 
Fe average oxidation state for γ-FeOOH NS electrodes at varied applied potentials. (e) 
Variation of Fe oxidation state with respect to applied potential. (f ) Fe K-edge EXAFS 
spectra of the γ-FeOOH NS electrodes in situ in Li2SO4  electrolyte with applied potential 
increasing from -0.8 to -0.1 V. (Reproduced from Ref. 3)
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Li2SO4 electrolyte, was proposed:   Fe(III)OOH+Li+↔LiFe(II)

OOH . 

An efficient energy-storage system was developed 

based on layered γ-FeOOH NS anodes. The microstruc-

tural influence on pseudocapacitive performance of the 

obtained γ-FeOOH NSs was systemically investigated via 

XAS in situ. These results regarding mechanisms of charge 

storage in electrodeposited γ-FeOOH NS show that Li+ can 

reversibly insert into or desert from the 2D channels be-

tween the [FeO6] octahedral subunits, depending on the 

applied potential. This process charge-compensates the 

Fe2+/Fe3+ redox transition upon charging and discharging, 

and thus contributes to an ideal pseudocapacitive behavior 

of the γ-FeOOH electrode. The work demonstrated here 

provides insight into the design and optimization of high-

performance pseudocapacitors.
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