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Abstract

:

The development of electrocatalysts for oxygen evolution reactions (OERs) is of great significance for hydrogen production. Defect engineering is an effective strategy to improve the OER performance of electrocatalyst by regulating the local electronic and atomic structures of electrocatalysts. Here, we successfully synthesized defective Prussian blue analogues (PBAs) with rich CN vacancies (D-NiFe PBA) as efficient OER electrocatalysts. The optimized D-NiFe PBA exhibited an overpotential of 280 mV at 10 mA cm−2 and a superior stability for over 100 h in KOH electrolytes. The formation of CN vacancies in the NiFe PBA could effectively inhibit the loss of Fe active sites, promote the reconstruction of the NiFe oxygen (hydroxide) active layer in the OER process, and further improve the electrocatalytic activity and stability of the VCN-NiFe PBA. This work presents a feasible approach for the wide application of vacancy defects in PBA electrocatalysts.
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1. Introduction


With the worsening of the global climate, carbon neutrality is being considered as a national strategy by many counties. Hydrogen production from water electrolysis is an important technique for future hydrogen energy production to replace transitional fossil energy [1]. However, hydrogen production performance mainly depends on the performance of the half oxygen evolution reaction (OER) because the OER suffers from a sluggish four-electron process. Since electrocatalysts can effectively reduce the OER energy barriers and accelerate the reaction kinetics, developing efficient electrocatalysts for the OER has aroused wide research interest [2,3]. Currently, several noble metal oxides, such as RuO2 and IrO2, are the most widely used OER electrocatalysts. However, their rarity, high cost, and unstable features limit their large-scale application. Therefore, developing efficient and low-cost OER electrocatalysts has become extremely important for industrial hydrogen production [4].



Prussian blue analogues (PBAs) have been widely applied as electrocatalyst for water oxidation in recent years owning to their defined structure, low cost, easy modification, and stability. Generally, the formula of PBAs is AxM[Fe(CN)6]y·mH2O (0 ≤ x ≤ 2, y < 1), where A represents an alkali metal and M represents a transition metal [5,6]. In PBA nanomaterials, nitrogen-ligated M cations and carbon-ligated Fe sites are bridged by cyanide (CN) groups to form an open framework [7]. Although PBA electrocatalysts have been reported previously in the literature, the inherent poor conductivity of PBAs still limits the further improvement of their OER efficiency [8,9,10]. Therefore, continuously improving the electrocatalytic performance of PBAs is still challenging.



Defect engineering is an effective strategy to enhance the OER performance of electrocatalysts, which can regulate the local electronic and atomic structures of electrocatalysts. Recently, Yu et al. reported that nitrogen plasma treatment can overcome the energy barrier and break the bond between the transition metal and CN groups, resulting in unusual CN vacancies that can facilitate electron transfer and improve the OER performance [11]. Jiang et al. demonstrated that CN vacancies could effectively regulate the local electronic structure and coordination environment of Ni–Fe sites. The obtained PBA with abundant CN vacancies exhibited an impressive OER activity (267 mV at 20 mA cm−2) [5,12,13,14,15]. Although several methods for creating CN vacancy defects in PBAs have been reported, these methods suffer from high costs, large energy consumptions, and expensive instruments. Therefore, exploiting simple and efficient methods with low energy consumption in order to construct defective PBAs with rich CN vacancies is of great significance.



Several studied have demonstrated that the NaBH4 reduction method is a mature manner for the generation of defects in various materials. Xiang et al. prepared two-dimensional ZnCo2O4 nanosheets with abundant oxygen vacancies based on the reduction of NaBH4 [16]. Yan et al. also employed NaBH4 as a reducing agent to synthesize CoFe2O4 nanosheets containing rich oxygen vacancies [17]. Wang et al. successfully prepared Co3O4 via the NaBH4 reduction method, which exhibited a better electrocatalytic activity in the OER compared with P-Co3O4 NSA [18]. All the above studies verified that the NaBH4 reduction method has been used well to produce defects in various electrocatalysts. To the best of our knowledge, to date, constructing D-PBAs with rich CN vacancies using NaBH4 as a reduction agent has not been reported.



Herein, CN vacancies (VCN) were successfully generated in NiFe PBAs via the NaBH4 reduction strategy. A concentration of VCN in the defective NiFe PBAs (D-NiFe PBA) as high as 24% was reached. The experimental results showed that the overpotential of the D-NiFe PBA (280 mV at 10 mA cm−2) was substantially reduced compared with that of the NiFe PBA (450 mV at 10mA cm−2). Moreover, the D-NiFe PBA was electrocatalytically stable for over 100 h in alkaline electrolytes. The reported approach paves the way for the development of high-performance electrocatalysts for industrial hydrogen production.




2. Materials and Methods


2.1. Materials Reagents and Synthesis Conditions


In this process, 1.95 mL (1 M) NiCl2 and 1.05 mL (1 M) K3Fe(CN)6 aqueous solutions were ultrasonically mixed together and kept static at room temperature. After four hours, NiFe PBA was obtained. Subsequently, a 0.2 g mL−1 NaBH4 aqueous solution was added to the above mixture under vigorous stirring, and was then kept static for 24 h. Finally, the black D-NiFe PBA was separated by centrifugation at 10,000 rpm, completely washed with water and ethanol, and then dried at 60 °C for 24 h.




2.2. Physical Characterization


Powder X-ray diffraction (PXRD) patterns were obtained on a Bruker D8 Advance X-ray Diffractometer by using Cu–Kα radiation (λ = 0.15418 nm) with a 2θ range from 10° to 80° at a scan speed of 0.1° s−1. Scanning electron microscopy (SEM) images were obtained with a Hitachi SU8010 electron microscope (Hitachi, Tokyo, Japan) with an accelerating voltage of 3 kV. A Talos-F200X (TEM) (Thermo Scientific, Waltham, MA, USA) transmission electron microscope was used to acquire the TEM, HRTEM, and EDX mapping images at 200 kV. X-ray photoelectron spectroscopy (XPS) was carried out by using a PHI5000 Versa Probe III XPS spectrometer (ULVAC-PHI, Tokyo, Japan) equipped with an achromatic Al–Kα (1486.6 eV) X-ray source. The binding energy scale of the spectrometer was calibrated by using the position of the C1s peak at 284.6 eV. A Bruker VECTOR-22 FTIR spectrometer was used to record the Fourier transform infrared (FT–IR) spectra ranging from 4000 to 400 cm−1. Elemental analysis (EA) and inductively coupled plasma mass spectrometry (ICP-MS) measurements (Agilent 7500, Tokyo, Japan) were conducted to analyze the samples. EPR spectra were obtained from a JEOL JES-FA300 EPR spectrometer (Bruker Instruments, Bremen, Germany).




2.3. Electrochemical Characterization


All electrochemical measurements were carried out on a CHI660E electrochemical workstation (Chen Hua, Shanghai, China) with a three-electrode system in KOH electrolyte (1 M). A platinum (Pt)-foil electrode and a saturated-glycerol electrode were used as the counter and reference electrodes, respectively, wherein, a glass carbon RDE (4 mm in diameter; area: 0.1256 cm2 )was selected as catalyst substrate. For the preparation of the working electrodes, 5 mg of catalyst and 1 mg of conductive carbon black were added into 1 mL of an aqueous solution containing 20 µL of 5 wt% Nafion and ultrasonicated for 30 min to obtain a uniformly dispersed black suspension. Then, 10 mL of the suspension was dropped onto the electrode surface and dried at room temperature. The calculated active substance loaded on glass carbon RDE was about 0.39 mg cm−2. The potentials in this work were converted to RHE, yielding the equation E RHE = 0.098 V + 0.059 × pH + EHg/HgO (RHE). A commercial IrO2 catalyst obtained from Aladdin was used for comparison. All polarization curves were gained from linear sweep voltammetry (LSV) at a scan rate of 1 mV s−1 until stability was achieved, which for the OER was between 1.2 and 1.8 V (vs. RHE). A linear trend was observed through the current density (vs. RHE) versus the scan rate. The electrochemical impedance spectrum (EIS) of the D-NiFe PBA was tested at a potential of 1.524 V vs. RHE (amplitude 5 mV) in 1 M KOH solution over a frequency range from 100 mHz to 100 kHz. The electrochemically active surface area (ECSA) was evaluated with cyclic voltammogram (CV) measurements at non-faradaic overpotentials. The CV measurements were performed at various scan rates (20, 40, 60, 80, and 100 mV s−1) in the range of 0.924–1.024 versus RHE. The double-layer capacitance (Cdl) was tested by plotting Δj = ( j+ − j−)/2 at 0.974 V vs. RHE against the scan rate. The ECSA was evaluated by the following equation: ECSA = Cdl/0.04 mF cm−2 per cm2. For long-term stability testing, the catalyst was dropped onto carbon paper (area: 1 × 1 cm2; mass loading: 0.39 mg cm−2).





3. Results and Discussion


The schematic diagram for the synthesis of the D-NiFe PBA is shown in Figure 1. First, the NiFe PBA sample was prepared by the co-precipitation method according to a previous study [3]. Then, the D-NiFe PBA was obtained via the reduction of NaBH4. The NaBH4 could break the Fe-C and Ni-N bonds in the Fe-CN-Ni unit of the NiFe PBA and generate CN− diffusion away from the NiFe PBA lattices, resulting in the formation of VCN in the NiFe PBA. The PXRD patterns of the prepared NiFe PBA are shown in Figure 2a. The NiFe PBA corresponded to a Ni2Fe(CN)6 · xH2O crystal structure (JCPDS No.14-0291), and no additional peaks of impurities were detected, indicating the high purity of the NiFe PBA. In addition, the PXRD spectrum of the D-NiFe PBA was basically consistent with that of the NiFe PBA, implying that the crystal structure of the NiFe PBA did not alter remarkably after the NaBH4 reduction [11]. The surface morphology of the D-NiFe PBA was examined via SEM and TEM, as shown in Figure 2b,c. The D-NiFe-PBA presented a two-dimensional nanosheet, which is beneficial for enhancing the number of active sites exposed on the surfaces [19]. The SEM image indicates that the NiFe PBA was formed of small nanoparticles that were interconnected with each other to form 3D nanonetworks, as shown in Figure S1a. In addition, Figure S1b provides the elemental mapping results. Clearly, Ni, Fe, C, and N elements were well-distributed throughout the whole sample. The HRTEM image of the D-NiFe PBA is shown in Figure 2d. The lattice spacing of 0.505 nm was assigned to the (200) plane of the Ni2Fe(CN)6 · xH2O [3]. In addition, the EDX result shown in Figure 2e showed a homogeneous distribution of Ni, Fe, C, and N elements, and all the elements in the D-NiFe PBA were evenly distributed with no significant C and N discoloration.



Raman spectra, FTIR spectra, ICP-MS, and EA characterizations were obtained to evaluate the structural changes of the NiFe PBA before and after the NaBH4 reduction. As depicted in Figure 3a, the Raman spectrum of the NiFe PBA exhibited two prominent peaks concentrated at 2095 and 2142 cm−1, both corresponding to the CN vibrations of FeII-CN-NiII and FeII-CN-NiIII [20,21,22], respectively. By contrast, the Raman peak of the D-NiFe PBA was negatively shifted, which indicated an increase in VCN in the D-NiFe PBA [23]. Figure 3b shows the FT–IR spectra of the NiFe PBA and D-NiFe PBA, where the band at 2081 and 1632 cm−1 corresponded to the characteristics of the CN group in the PBA [12,24,25]. The spectra of the D-NiFe PBA were almost identical to those of the NiFe PBA, and slight peak decreases in the D-NiFe PBA were observed, which suggested the presence of VCN [23]. Furthermore, according to the ICP-MS result shown in Table S1, the content of VCN in the NiFe PBA and the D-NiFe PBA was calculated according to ICP-MS (measuring Fe and Ni) and EA (measuring C and N). The ICP-MS and EA results all proved that the volumetric atomic ratios of Fe/Ni and C/N of the PBA remained constant after the NaBH4 reduction, but the atomic rates of N/Ni and C/Fe decreased with time, and the results indicated that only VCN and no other vacancy defects were present in the NiFe PBA. After calculation, the D-NiFe PBA had a VCN content of approximately 24%.



The surface chemical states of the NiFe PBA and D-NiFe PBA were further investigated by XPS measurement. In the Ni 2p3/2 XPS spectra (Figure 4a), the peaks at 859.5 and 856.3 eV were attributed to Ni3+ and Ni2+ in the NiFe PBA, respectively. Compared to the NiFe PBA, the peaks of the D-NiFe PBA were slightly shifted toward higher binding energies. Meanwhile, the peaks of Fe2+ at 708.2 eV and Fe3+ at 710.3 eV for Fe 2p3/2 in the D-NiFe PBA shown in Figure 4b were shifted toward a lower binding energy than that of the NiFe PBA, indicating electron transfer between the Ni and Fe, which led to an increase in the Ni oxidation state [26,27]. The higher oxidation states of Ni in the D-NiFe PBA were more easily reconstructed during the OER via the formation of a NiFeOOH active layer, which led to the better OER activity of the D-NiFe PBA. In addition, the binding energy of the N 1 s peaks (Figure 4c) located at 397.9 eV corresponded to the C=N in the NiFe PBA, which confirmed the formation of the PBA. However, the two de-convoluted peaks in the D-NiFe PBA corresponded to C=N (397.9 eV) and Ni-N (398.5 eV), which may be due to the formation of VCN [28,29]. In addition, the O 1s XPS spectra of the NiFe PBA and D-NiFe PBA are shown in Figure S2. The peaks centered at the binding energies of 529.9, 531.44 and 533.05 eV were assigned to oxygen–metal bonds (M = Ni or Fe), hydroxyl groups, and absorbed molecular water molecules, respectively. The intensity of the M-O peak increased after the NaBH4 reduction, indicating the formation of surface M-O bonding that was induced by the NaBH4 reduction [30,31]. In order to demonstrate the generation of VCN in the NiFe PBA after the NaBH4 reduction, electron paramagnetic resonance (EPR) spectrometry was employed. As shown in Figure 4d, the EPR signal mainly originated from the unpaired electrons of the Ni3+ (t2g6eg1) species, suggesting that the generation of CN vacancies when increasing the oxidation state of Ni [32]. The D-NiFe PBA showed a symmetric signal at a magnetic field of g = 2.00, indicating the presence of VCN in the lattice [14,33]. The EPR intensity of the D-NiFe PBA was much stronger than that of the NiFe PBA, which implied that the NaBH4 treatment generated a large amount of VCN. This was consistent with reports in the literature [5,34].



The electrocatalytic activity of the D-NiFe PBA and NiFe PBA for the OER was assessed in a 1M KOH solution. As shown in Figure 5a, the onset potential of the D-NiFe PBA (1.51 V) was compared to that of the NiFe PBA (1.68 V) and IrO2 (1.59 V). This indicated that the electrocatalytic performance of the D-NiFe PBA was significantly improved. The D-NiFe PBA showed oxidation peaks at around 1.4 V prior to the oxygen evolution, which were ascribed to the oxidation of Ni2+ to Ni3+. To avoid the interference of the oxidation peaks of Ni2+ to Ni3+, the overpotential at a current density of 10 mA cm−2 was used as a benchmark for the comparison of the OER activity [30,31]. The Tafel plots of the samples are depicted in Figure 5b, and the Tafel slope of the D-NiFe PBA (67.92 mV dec−1) was much smaller than that of the NiFe PBA (141.94 mV dec−1) as well as most of the previously reported results (Table S2), indicating the high OER kinetics of the D-NiFe PBA. Furthermore, EIS was employed to obtain the Rct values of the catalysts at a 280 mV overpotential, and the corresponding Nyquist plot is shown in Figure S3. Both the NiFe PBA and D-NiFe PBA presented two capacitive arcs over the entire frequency range of the Nyquist plot. Impressively, this revealed that the D-NiFe PBA had a lower charge transfer resistance than of NiFe PBA, indicating the better OER kinetics in the D-NiFe PBA.



To demonstrate the activity origin of the prepared catalyst, the ECSA was determined by measuring the capacitive current associated with double-layer charging from the scan-rate dependence of the CVs (Figure S4). The capacitance currents shown in Figure 5c were obtained from the corresponding CV curves. The Cdl of the D-NiFe PBA was calculated to be 11.26 mF cm−2, which was almost 28 times as high as that of the NiFe PBA (0.39 mF cm−2). This result suggested that the D-NiFe PBA exhibited a superior intrinsic activity [35]. Moreover, Figure 5d clearly shows that the D-NiFe PBA exhibited remarkable stability for over 100 h under an applied current density of 10 mA cm−2.



This excellent OER activity was closely dependent on the formation of VCN.



Although a remarkably improved OER activity was achieved in the D-NiFe PBA, the D-NiFe PBA would undergo a transformation into the corresponding metal hydroxides phases during the OER process, which could function as an active catalytic species to proceed the OER. Therefore, a series of characterizations were carried out to investigate the cycled D-NiFe PBA. From the SEM findings before and after the 24 h OER cycling test shown in Figure S5, the D-NiFe PBA changed from thin nanosheets to thick nanosheets with obvious aggregation. The FT-IR spectrum was obtained, as shown in Figure S6, where the D-NiFe PBA exhibited three bands at 3650, 880, and 640 cm−1 after 24 h of activation, which corresponded to O-H, Fe-OH, and Ni-OH bending, respectively. Meanwhile, the Fe-OH bond at 880 cm−1 in the NiFe PBA was only detected in trace amounts after the 24 h OER test [3,13,36]. In addition, PXRD was also used to study the structural change of the products after the OER reaction (Figure S7). The results confirmed the formation of NiOOH and FeOOH in the D-NiFe PBA, as shown in Figure S5. However, FeOOH could not be found in the NiFe PBA. The reason was attributed to anion exchange between [Fe(CN)6]3− and OH− in the NiFe PBA during the OER, leading to Fe leaching and a rapid degradation of the catalytic activity, while Fe in the D-NiFe PBA could be incorporated into the active species to form Fe-OH bonds, and this phenomenon was also evidenced in a previous study [3,7]. In comparison, the excellent catalytic performance of the D-NiFe PBA was attributed to the much-more-exposed active sites from the rich CN vacancies and the formation of a NiFe oxygen (hydroxide) active surface layer during the OER. Apart from this, the energy-dispersive X-ray spectroscopy (EDX) results shown in Figure S8 showed that most of the iron species in the D-NiFe PBA was well retained after the 24 h OER reaction. In contrast, the NiFe PBA lost most of its Fe species after 24 h of continuous OER reaction. These results were in good agreement with the XRD and IF-IR results of the D-NiFe PBA after the 24 h OER reaction, indicating the excellent catalytic stability of the D-NiFe PBA in the OER.




4. Conclusions


In conclusion, we successfully synthesized a D-NiFe PBA electrocatalyst with rich VCN by a simple and convenient NaBH4 reduction approach. The VCN not only modulated the local electronic structure and coordination environment of the Ni and Fe sites in the D-NiFe PBA but also enabled the D-NiFe PBA to produce highly active NiFe oxygen (hydroxide) species in the OER process that facilitated the OER. Compared with the initial NiFe PBA, the OER performance of the D-NiFe PBA was substantially enhanced (280 mV at 10 mA cm−2), and it had a superior stability over 100 h even in alkaline electrolytes. This reported approach promises to open the possibility of performance enhancement for other PBA electrocatalysts.
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Figure 1. The schematic illustration of the synthetic process of D-NiFe PBA. 
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Figure 2. (a) PXRD spectra of NiFe PBA and D-NiFe PBA. (b) SEM images of D-NiFe PBA. (c) TEM images of D-NiFe PBA. (d) HRTEM images of D-NiFe PBA. (e) EDX element mapping for D-NiFe PBA. 
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Figure 3. (a) FT-IR spectra (b) Ramam spectra of NiFe PBA and D-NiFe PBA. 
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Figure 4. (a) Ni 2p spectra, (b) Fe 2p XPS spectra, (c) N 1s spectra, and (d) EPR spectra of NiFe PBA and D-NiFe PBA. 






Figure 4. (a) Ni 2p spectra, (b) Fe 2p XPS spectra, (c) N 1s spectra, and (d) EPR spectra of NiFe PBA and D-NiFe PBA.



[image: Colloids 07 00014 g004]







[image: Colloids 07 00014 g005 550] 





Figure 5. (a) LSV curves, (b) Tafel plot, (c) Cdl obtained from the data in CV curves recorded at different scanning rates for NiFe PBA, D-NiFe PBA and IrO2, (d) Current density as a function of scan rate for D-NiFe PBA. 
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