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Short Communication

Iron and Hafnium Co-Doped Ni,N
Nanostructures as An Active Catalyst
for Alkaline Water Oxidation

Wan-Xin Feng’, Yang Yang
College of Chemistry and Chemistry Engineering, Shaanxi Key Laboratory of Chemistry Additives for Industry,
Shaanxi University of Science & Technology, Xi’an 710021, China

The exploration of highly efficient electrocatalysts is critical to the oxygen evolution reaction (OER). Here, we synthesized
iron and hafnium co-doped Ni,N (Fe, Hf-Ni,N) nanostructure and grew on nickel foam substrate to fabricate a three-
dimensional (3D) electrode. The Fe, Hf-Ni,N catalyst exhibits an excellent OER performance with a small overpotential of
only 198 mV at 10 mA cm? and a lower Tafel slope of 89 mV dec™ in basic electrolyte. This may be due to the fact that the
doping of Fe and Hf modulate the electronic interactions of Ni,N, thus increasing the OER activity. In addition, the Fe, Hf-
Ni,N shows a considerable electrochemical stability, which has not weakened after 105 h operation. This work provides a
useful approach for improve the OER performance of catalysts in the future.

Introduction

With the growing severity of energy crisis and environmental problem, green, clean, and sustainable energy sources
are getting more and more valued [1-3]. While solar, wind and tidal energy are intermittent, hydrogen does not have this
problem and is therefore considered one of the most promising clean energy sources [4]. Hydrogen production from water
splitting, with water as the unique raw material, is regarded as the most clean and sustainable method [5]. However, the slow
kinetics of oxygen evolution reaction (OER) affects the efficiency of water splitting [6]. Thus, it is essential that exploring a
highly efficient electrocatalyst to increase the OER efficiency [7, 8]. At present, noble metal catalysts, such as iridium and
ruthenium oxides, are regarded as the most effective electrocatalysts, but their large-scale applications are hampered by
their high cost and scarcity [9]. Therefore, development of highly active catalysts contained transition-metal elements is
extremely urgent.

Among the most candidates for catalyzing the OER, transition-metal nitrides have got lots of attention from researchers
based on their unique electronic structure and sufficient reserves, especially nickel nitride (Ni,N) [10]. However, the further
development of Ni,N was limited to low activity for the OER. Metal element doping is an effective way to improve the
catalytic activity of Ni,N, which can optimize the electronic structure and lowers the reaction energy barrier. Previous work
demonstrates that the doping of Fe can modulate the electronic structure of the catalyst and increase the OER and HER
activities [11]. Furthermore, hafnium (Hf) is a transition metal with a silvery luster, which has several stable oxidation states
(from 0 to +4) and exhibit considerable corrosion resistance [12]. However, up to now there is no study on the improvement
of intrinsic activity of Ni,N toward the OER via co-doping of Fe and Hf.

Here, we prepared Fe and Hf co-doped Ni N (denoted as Fe, Hf-Ni,N) grown on the nickel foam to form an efficient
electrode for the OER using the hydrothermal and high-temperature nitridation processes. This electrode only requires an
overpotential of 198 mV to achieve ata current density of 10 mA cm™? and a Tafel slope of 89 mV dec compared with the pure
Ni,N. This indicates that dual-incorporation of Fe and Hf is indeed able to improve the intrinsic OER activity of Ni,N, which
is mainly because the dual-doping of Fe and Hf promotes the electron interaction among the Ni, Fe, and Hf and accelerates
the electron transfer efficiency. Notably, Fe, Hf-Ni,N also exhibits an outstanding electrochemical stability toward the OER.

Results and discussion

We firstly prepared NiFeHf layered double hydroxides (LDH) by a simple hydrothermal process using Ni (NO,),-6H,0
(98%, Macklin), FeClz-4HZO (98%, Macklin), HfCl4 (99.5%, Macklin), and urea (99%, Aladdin) precursors in the presence
of nickel foam substrate at 120 °C for 6 h. And then the synthesized NiFeHf LDH was thermal azotized at 350 °C for 3 h
under the NH, (99.999%) atmospheres. Figure la shows the XRD patterns of various nitrides, which indicates that Fe, Hf-
Ni,N is match with Ni,N (JCPDS # 10-0280) with no impurity peaks [13]. TEM image (Figure 1b) shows that Fe, Hf-Ni,N
sample is consistent of nanosheets. HRTEM image of Fe, Hf-Ni,N sample (Figure 1c) exhibits two sets of lattice stripes with
0.199 and 0.229 nm, which can be attributed to the (111) and (110) crystal planes, respectively. The SAED pattern (Figure
1d) displays three diffraction rings, which corresponded to the (113), (112), and (002) crystal planes, respectively. This result
agrees with the diffraction peaks at 78.5, 58.8, and 42.4° in the XRD pattern of Fe, Hf-Ni,N sample. The HAADF-STEM and
corresponding maps (Figure le-j) demonstrates the homogeneous distribution of Ni, Fe, Hf, and N elements on the surface
of Fe, Hf-Ni,N sample.
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Figure 1: Materials characterization of Fe, Hf-Ni,N sample. (a) XRD patterns. (b)
TEM image. (c) HRTEM image. (d) SAED pattern. (e)-(j) HAADF-STEM image
and corresponding EDX elemental mappings.

Furthermore, high-resolution XPS was used to study the oxidation state and
electron transfer of Fe, Hf-Ni N, Fe-Ni,N, and Ni,N catalysts. As shown in the Ni
2p XPS spectra (Figure 2a), the Ni 2p, | peaks at 854.95 eV and 851.86 eV in Fe, Hf-
Ni,N samples can be attributed to Ni** feature, which undergo a slightly negative
shift compared to Ni,N [14-16]. This could be due to electrons transfer from Fe and
Hf to Ni, which will accelerate the OER rate [17]. Peak fitting for Fe 2p of Fe, Hf-Ni,N
sample (Figure 2b) reveals that the 2p, , peak at 710.62 eV corresponded to the Fe** [15].
Compared to Fe-Ni,N sample, we also see a slightly negative shift of Fe peak for Fe,
Hf-NisN, which indicates that Fe attracts electrons from Hf, thus strengthening the
electron interactions [18]. The Hf 4f spectra (Figure 2c) shows two peaks at 15.64 eV
(4f,)) and 17.28 eV (4f, ), which can be assigned to Hf > and Hf ** [19, 20], respectively.
N Is spectra of Fe, Hf-Ni,N (Figure 2d) exhibits three peaks at 396.78, 398.90, and
401.47 eV, which corresponds to Ni-N, Fe-N, and N-H species, respectively [21]. These
results reveal that Fe and Hf have successfully been doped into Ni,N nanostructures.
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Figure 2: High-resolution XPS spectra for (a) Ni 2p, (b) Fe 2p, (c) Hf 4f, and (d) N
1s of Fe, Hf-Ni,N, Fe-Ni,N, and Ni,N catalysts.

To study the effect of OER performance of Ni,N via Fe and Hf co-doping, we make
a series of electrochemical measurements in a typical three-electrode configuration in
an Oz-saturated 1.0 M KOH solution. The LSV curves (Figure 3a) shows that the Fe,
Hf-Ni,N electrode has the smallest overpotential (198 mV) at 10 mA cm compare with
those of Fe-Ni N (265 mV), Ni,N (305 mV), and commercial IrO, (308 mV), indicating
the better catalytic performance of Fe, Hf-Ni, N electrode. Similarly, as shown in Figure
3b, Fe, Hf-NisN electrode exhibits the lowest Tafel slope among various electrodes,
suggesting the faster reaction kinetics. To probe the effect of electrochemical surface
area (ECSA) on the OER performance, we measured the double-layer capacitance
(C,) of all electrodes that is half of the ECSA. Figure 3c displays the C, of various
electrodes, which indicates that Fe, Hf—Ni3N electrode possess the largest C, than
other reference electrodes. This reveals that Fe, Hf-Ni,N electrode exposed the more
active sites. Additionally, the reproducibility of OER performance indicators is
essential for the fairly evaluation of catalytic performance. Figure 3d-f demonstrates
that the overpotential, Tafel slope, and C, are highly accurate and repeatable. The
electrochemical stability of Fe, Hf-Ni,N electrode was evaluated at a constant current
density of 10 mA cm™ Figure 3g indicates a slight decrease after 105 h operation
and maintain potential of 98.1%, suggesting an excellent stability. These results
demonstrate that Fe and Hf co-doping are favorable to improve the OER performance
of Ni,N.
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Figure 3: (a) LSV curves, (b) Tafel plots, (c) C,, plots of Fe, Hf-Ni,N, Fe-Ni,N
and NiN catalysts. The values of (d) n,,, Tafel slope, and (f) C, of dlﬁerent
electrodes Error bars refers to the standard deviations for three mdependent
measurements. (g) Electrochemical stability test of Fe, Hf-Ni,N sample at 10 mA
cm? for 105 h.

Conclusion

In summary, we have successfully doped Fe and Hf into Ni,N (Fe, Hf-Ni,N) via
hydrothermal and thermal nitridation processes. The Fe, Hf- N1 ,N@NF electrode
only requires 198 mV to reach at 10 mA cm™ and a low Tafel slope of 89 mV dec. The
excellent OER performance are mainly attributed to the strong electronic interaction
among Ni, Fe, and Hf in Fe, Hf-Ni N@NF electrode. Furthermore, this three-
dimensional electrode exhibits the outstanding electrochemical stability in alkaline
electrolyte. This work also provides a useful avenue to enhance the OER performance
of transition-metal based nitrides.
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