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a b s t r a c t

Electrocatalysis plays an increasingly important role in converting atmospheric molecules (e.g., N2, CO2

and H2O) to value-added products (e.g., NH3, C2H4 and H2). However, developing a simple strategy for

preparing catalysts with high performance for the effective conversion of clean energy is still full of chal-

lenges. Herein, we describe a straightforward, one-step reduction method to achieve the formation of Pt

nanoparticles (NPs) and the vacancy engineering of TiO2–x nanofibers (NFs) simultaneously, which can be

accomplished in 5 min. Furthermore, a Pt/TiO2–x nanofibrous aerogel (NA) with an ordered cellular archi-

tecture is prepared through a directional freezing technology. The Pt/TiO2–x NA with excellent mechanical

properties can be made into a self-supporting electrode for electrocatalytic N2 reduction reaction (NRR),

showing high NH3 yield rate (4.81 × 10–10 mol/s cm–2) and Faraday efficiency (14.9%) at –0.35 V vs. RHE.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Energy, which vitally relates to human life from manufactur-

ing to transportation, is essential for modern economies. With

the growth of global population, the increase of energy demand

and intensification of global climate change, developing sustain-

able pathways with fossils to produce fuels and chemicals is crucial

to energy security [1]. Electrocatalysis, which can utilize renew-

able power (solar, wind and hydro) as the driving force to con-

vert atmospheric molecules (e.g., N2, CO2 and H2O) to products

with higher values (e.g., NH3, C2H4 and H2), is a good choice [2–4].

During the conversion process, catalysts for improving the reaction

rate, efficiency and selectivity play a key role. Hence, developing

advanced catalysts with high performance is imperative.

In recent years, supported metal catalysts have been widely

concerned in electrocatalysis benefiting from the strong metal–

support interaction (SMSI), which is very important to tune the

stability and selectivity of catalysts [5]. Currently, two approaches

are mainly adopted to improve the SMSI: reducing the size of

the loaded metal particles and constructing vacancies (e.g., by het-

eroatom doping or amorphization) on the support [6,7]. Decreasing

the particle size to nanoscale, especially to single atoms (SAs), can
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ensure the maximum exposure of active sites and improve the cat-

alyst performance, since the processes of reactants adsorption and

products desorption take place on the active sites [8]. However,

the unachievable high-loading and difficulty in large-scale produc-

tion of SAs greatly limit their practical applications [9]. Loading

ultrasmall-size nanoparticles (NPs) on the support still dominates

current research.

Vacancy engineering of the support is another approach to en-

hance the SMSI by changing the chemical structure of the support

and improving the charge transfer [7,10]. However, the present va-

cancy engineering strategies are either time-consuming with mul-

tiple steps or energy-consuming with harsh synthesis conditions

[11–13]. Although the introduction of doping ions is a simple

method to construct vacancies in the support, one more process

is needed to load metal NPs [14]. Besides, carbon fiber paper is

usually used as the matrix to load the catalyst by polymer binder,

which makes most active sites unable to contact the reactants in

electrocatalysis [15]. Under these circumstances, developing a new

method for metal NPs loading and vacancy engineering simultane-

ously is imperative.

Herein, the formation of Pt NPs and the vacancy engineering

of TiO2–x NFs are implemented simultaneously through a simple

NaBH4 reduction. By pouring NaBH4 solution (80 °C) into the dis-

persion with H2PtCl6 and TiO2 NFs without other harsh conditions,
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Fig. 1. (a) Illustration of the preparation procedure of Pt/TiO2–x NA. (b) Digital image showing the ultralight feature of Pt/TiO2–x NA (2 mg/cm3). FESEM images showing (c)

the ordered lamellar structure, (d) the interlaminar cellular structure and (e) the lamellar wall of Pt/TiO2–x NA. (f) Low- and (g) high-magnification TEM images of Pt/TiO2–x

NF and the inset in (g) presents the size distribution of Pt NPs. (h) HRTEM image and (i) HAADF image and the corresponding EDX maps of Pt/TiO2–x NF.

the Pt4+ is reduced and loaded on the TiO2 NFs immediately, and

the TiO2 NFs are reduced by NaBH4 in 5 min to form TiO2–x NFs

with abundant oxygen vacancies (OVs). Furthermore, the Pt/TiO2–x

NFs are prepared into a Pt/TiO2–x NA with good mechanical proper-

ties by a freeze-drying process. As an application presentation, the

Pt/TiO2–x NA is used as a self-supporting catalyst for the N2 reduc-

tion reaction (NRR) and the optimum NH3 yield rate and Faraday

efficiency (FE) are at –0.35 V vs. RHE, being 4.81 × 10–10 mol s–1

cm–2 and 14.9%, respectively.

The illustration for the preparation of Pt/TiO2–x NA is shown in

Fig. 1a. Firstly, 0.5 g of flexible TiO2 nanofibrous membrane, whose

average fiber diameter was 184 nm (Fig. S1 in Supporting informa-

tion), was cut into small pieces and dispersed in 20 mL of water

to prepare a TiO2 NFs dispersion. Then, a small amount of H2PtCl6
solution was dropped into the dispersion. After being sonicated for

1 h and stirred for another 2 h, the dispersion was transferred to

a screw bottle. Subsequently, 180 mL of hot water (80 °C) with

NaBH4 was poured into the screw bottle under vigorous stirring.

The dispersion was changed from yellow to gray immediately and

the TiO2 NFs were reduced in 5 min in the presence of NaBH4

[16]. After being cooled naturally to ambient temperature, the dis-

persion was centrifuged and washed several times alternately with

0.1 mol/L HCl and water to obtain 47.5 mL of Pt/TiO2–x NFs dis-

persion. After that, 2.5 mL of SiO2 sol working as the binder was

dropped into the dispersion and stirred for 2 h [13]. The color

of the dispersion remained unchanged during this process, show-

ing the stability of the Pt/TiO2–x NFs (Fig. S2 in Supporting in-

formation). Finally, the dispersion was poured into a homemade

mold, directionally frozen by a cold plate, and freeze-dried to ob-

tain a Pt/TiO2–x NA. For comparison, TiO2–x NA and TiO2 NA were

also prepared (Fig. S3 in Supporting information). Benefiting from

its ultralight feature, the Pt/TiO2–x NA can stand on the tip of a

flower (Fig. 1b). An ordered cellular architecture of Pt/TiO2–x NA

can be seen in Figs. 1c and d, the field emission scanning elec-

tron microscopy (FESEM) images, which is caused by the fiber self-

assembly with oriented growth of ice crystals during the direc-

tional freezing progress [13,17]. The bonding structure caused by

the SiO2 sol wrapping around the TiO2 NFs in Fig. 1e can maintain

the stability of the Pt/TiO2–x NA [18]. Under the transmission elec-

tron microscopy (TEM) observation in Figs. 1f–h, it can be seen the

successful loading of Pt NPs (3.9 nm) on the surface of TiO2 NFs.

The energy dispersive X-ray (EDX) mapping spectra of a Pt/TiO2–x

nanofiber in Fig. 1i further prove the uniform distribution of Pt

NPs. The loading amount of Pt NPs is 4.9 wt%, as tested by in-

ductively coupled plasma optical emission spectrometer (ICP–OES).

Moreover, the Pt/TiO2–x NA has a large Brunauer−Emmett−Teller

(BET) surface area of 70.99 m2/g (Fig. S4 in Supporting informa-

tion), which is a vital factor to the electrocatalytic reaction.

Good mechanical properties are the prerequisite for self-

supporting catalysts. Benefiting from the excellent mechanical

properties of TiO2 NFs (Fig. S5 in Supporting information) and

the resilient bonding among the TiO2 NFs caused by the elas-

tic Si−O−Si bonds, the Pt/TiO2–x NA (10 mg/cm3, bulk density)

can bear a compression strain up to 40% (Fig. 2a) [13,19]. From

the quantitative characterization of the mechanical properties, the

Pt/TiO2–x NA has a plastic deformation about 16.9% at a com-

pression strain up to 40% during the first stress–strain cycle un-

der different maximum compression (Fig. 2b). Furthermore, the

stability of the mechanical properties was measured through a

compression–resilience cycle test at 25% compression strain in

Fig. 2c and more than 12% plastic deformation occurs after 100

compressions. The viscoelastic properties of the Pt/TiO2–x NA were
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Fig. 2. (a) Digital images showing the compression and resilience process at a large compressive strain (ε = 40%). (b) Compressive stress–strain plots of Pt/TiO2–x NA under

different maximum strains. (c) Selected compressive stress–strain plots of Pt/TiO2–x NA over 100 cycles compression (ε = 25%). (d) Dynamic mechanical property of Pt/TiO2–x

NA at an oscillatory ε = 1%. (e) In-situ FESEM images showing the microstructure evolution of Pt/TiO2–x NA during the compression and resilience process (compressive

ε = 40%).

also demonstrated in Fig. 2d, and the stability of modulus and

damping ratio from the frequency-dependent tests (0.1–1 Hz) in-

dicates the dynamic mechanical response of the Pt/TiO2–x NA is

good [19]. Unmissably, the mechanical properties and viscoelas-

tic properties of the Pt/TiO2–x NA are not so good as those of

the TiO2 NA in our previous work because of the poor mechan-

ical properties of TiO2 nanofibrous membrane (Fig. S5) and the

shorter average fiber length (Fig. S6 in Supporting information)

in the Pt/TiO2–x NA, which is not conducive to enhance the in-

teraction among fibers through entanglement [13,20,21]. To pro-

vide insight into the elasticity mechanism, in-situ FESEM observa-

tions at a maximum compression strain of 40% were performed

in Fig. 2e. During the compression process, the compression work

was transformed into elastic potential energy by the bending of

nanofiber bundles among the ordered cellular architecture (Fig. S7

in Supporting information). The elastic potential energy was re-

leased with the stress decreasing during the resilience process [15].

However, when the bending degree exceeded the bearing limit, the

fiber bundles would be broken, as marked by the yellow circles in

Fig. 2e and caused the plastic deformation of the Pt/TiO2–x NA.

The X-ray diffraction (XRD) patterns of the TiO2 NA, TiO2–x NA

and Pt/TiO2–x NA are shown in Fig. 3a, revealing that the crystalline

structures of TiO2 remain unchanged after NaBH4 reduction. The

diffraction peaks of Pt (JCPDS #04–0802) can be observed, in con-

sistent with the above TEM results [22]. The TiO2 NA displays the

typical Raman active modes of anatase TiO2 with the characteristic

peaks at 143.9, 197.2 and 639.8 cm–1 (Eg), 397.3 cm–1 (B1
g), and

515.6 cm–1 (A1
g) in Fig. 3b [23]. Compared to the TiO2 NA, the

strongest band coming from external vibration of the Ti–O bond

at 143.9 cm–1 shifts to higher wavenumbers in the TiO2–x NA and

Pt/TiO2–x NA by 5.01 cm–1 and 2.92 cm–1, respectively (Fig. 3b, in-

set), demonstrating the existence of oxygen vacancies caused by

the decrease of oxygen species [24]. Because of the charge bal-

ance, the formation of each OV will, in turn, produce a pair of Ti3+,
which can be confirmed by the electron paramagnetic resonance

(EPR) and X-ray photoelectron spectroscopy (XPS) measurements

[25]. The distinct signal at g = 2.003 and g = 1.96 corresponding

to OVs and Ti3+, respectively, can be found in Fig. 3c [26]. Notably,

the instability of surface Ti3+ makes it easy to be oxidized in aero-

bic environment (air or water) [27]. So the obvious Ti3+ EPR signals

in Fig. 3c indicate the presence of bulk Ti3+, accounting for its high

stability during the NA preparation process, which is inevitably il-

luminated in air or water. In the high-resolution Ti 2p XPS spec-

trum of TiO2 NA (Fig. 3d), two peaks assigned to Ti4+ at 457.5

and 464.3 eV can be observed, corresponding to Ti 2p3/2 and Ti

2p1/2, respectively. After reduction, these peaks shift to lower bind-

ing energies in the TiO2–x NA and Pt/TiO2–x NA, demonstrating that

electrons are withdrawn from deficient oxygen atoms [28]. The O

1s XPS spectra (Fig. 3e) for the three samples contain two peaks

which are associated with lattice oxygen (529.9 eV) and OVs (531.8

eV) [12]. The increased peak area of OVs in the TiO2–x NA and

Pt/TiO2–x NA indicates that more surface defects were produced

after NaBH4 reduction. The Pt 4f XPS spectrum in Fig. 3f pro-

vides further evidence for the presence of metallic Pt in Pt/TiO2x

NA from the peaks of Pt0 at 71.2 and 74.5 eV [29]. Considering

that H2PtCl6 (Pt4+) was chosen as the Pt source, some metallic

Pt species should be reduced by the surface OVs of TiO2–x with

charge transfer from OVs to Pt NPs, causing the peak intensity or

shift degree of the Pt/TiO2–x NA lower than that of the TiO2–x NA

in Figs. 3b–e [30].

An H-type cell (three-electrode system), separated by a Nafion

212 membrane, was used for the NRR performance. According

to the linear sweep voltammetry (LSV) curves (Fig. 4a), the cur-

rent density in N2-saturated 0.1 mol/L Na2SO4 electrolyte is much

higher than that in Ar-saturated 0.1 mol/L Na2SO4 electrolyte be-

tween –0.8 V to –0.2 V vs. RHE, implying the effective N2 reduction

performance of the Pt/TiO2–x NA [31]. From Fig. 4b, the chronoam-

perometric curves, no obvious fluctuation in the current can be

observed at different potentials, indicating good stability during

the electrocatalytic process [32,33]. In order to quantify the NH3

yield of the Pt/TiO2–x NA at different potentials, indophenol blue

method was employed. According to the standard curves and UV-

vis absorption spectra of electrolyte, which were dyed by indophe-

nol blue, after 2 h reaction in Fig. S8 (Supporting information),

the NH3 yield rate and FE could be further calculated. As plot-

ted in Fig. 4c, the optimum NH3 yield rate occurred at –0.35 V vs.

RHE for the Pt/TiO2–x NA, which were 4.81 × 10–10 mol s–1 cm–2

and 14.9%, respectively. These values rank our Pt/TiO2–x NA as an

advanced catalyst towards electrocatalytic NRR, as compared with

other noble metal/TiO2 or TiO2-based catalysts (Table S1 in Sup-

porting information). As a comparison, the NRR performance for

TiO2 NA, TiO2–x NA and Pt/TiO2–x NA at –0.35 V vs. RHE were also

measured in Fig. 4d. The Pt/TiO2–x NA shows the best performance,

proving that the higher vacancy concentration and the interaction
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Fig. 3. (a) XRD patterns of TiO2 NA, TiO2–x NA and Pt/TiO2–x NA. (b) Raman spectra of TiO2 NA, TiO2–x NA and Pt/TiO2–x NA and inset is the magnification of Eg peak.

(c) EPR spectra of TiO2 NA, TiO2–x NA and Pt/TiO2–x NA. (d) Ti 2p and (e) O 1s XPS spectra of TiO2 NA, TiO2–x NA and Pt/TiO2–x NA. (f) Pt 4f XPS spectrum for Pt/TiO2–x NA.

Fig. 4. (a) LSV curves of Pt/TiO2–x NA in N2- and Ar-saturated 0.1 mol/L Na2SO4 electrolytes. (b) Chronoamperometric curves and (c) NH3 yield rates and FE for Pt/TiO2–x

NA at different potentials (V vs. RHE). (d) The comparison of NH3 yield rates and FE at optimum potential for TiO2 NA, TiO2–x NA and Pt/TiO2–x NA at –0.35 V vs. RHE.

(e) Cycling tests and (f) a longtime electrolysis for Pt/TiO2–x NA at –0.35 V vs. RHE.

between Pt and TiO2–x is beneficial to improve the catalytic activity

in electrocatalytic NRR. It is also proved by the N2 temperature-

programmed desorption (N2–TPD) spectra in Fig. S9 (Supporting

information) that the Pt/TiO2–x NA has the highest desorption tem-

perature, meaning that the presence of Pt NPs and OVs effectively

enhance the N2 chemisorption, which is favorable for the improve-

ment of NRR performance [34]. Considering the stability of cata-

lysts is a critical parameter in practical applications, cycling tests

and a longtime electrolysis for the Pt/TiO2–x NA at –0.35 V vs. RHE

were assessed. As observed in Fig. 4e, the NH3 yield rate and FE

do not significantly change during 5 successive tests, showing the

excellent recyclability for N2 reduction. Besides, no obvious fluc-

tuation of current density and FE after 12 h electrolysis in Fig. 4f

suggests that the Pt/TiO2–x NA has good electrochemical durabil-

ity. The possible byproduct hydrazine was not detected after 12 h

electrolysis by the Watt and Chrisp method (Fig. S10 in Supporting

information).

In conclusion, we utilize a convenient strategy to achieve

the Pt NPs formation and the vacancy engineering of TiO2–x

NFs simultaneously. Under the function of NaBH4, the whole re-

duction process can be completed in 5 min. Benefiting from

the high stability of OVs in the Pt/TiO2–x NFs in air and wa-

ter, the Pt/TiO2–x NA can be prepared after a freeze-drying

process. The nanofiber bundles among the ordered cellular ar-

chitecture, induced by the oriented growth of ice crystals,

endow the Pt/TiO2–x NA with excellent mechanical proper-

ties to work as a self-supporting electrode for electrocatalysis,

achieving high NH3 yield rate (4.81 × 10–10 mol s–1 cm–2)

and FE (14.9%) at –0.35 V vs. RHE with excellent stability for elec-

trocatalytic NRR.
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