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Compared to noble metals, transition metal oxides (TMOs) have positive development prospects in the field
of electrocatalysis, and the synergy between the elements in multi-element TMO-based materials can
improve their catalytic activity. However, it is still a challenge to synthesize multi-component TMO-
based catalysts and deeply understand the effects of components on the catalytic performance of the
catalysts. Here, we demonstrate multi-element ultra-small-sized nanofibers for efficient hydrogen
production. The ternary NiFeCoO nanofiber-based electrode reached an overpotential of 82 mV at the
current density of 10 mA cm~2 with a Tafel slope of 56 mV dec™t in 1 M KOH, which are close to those
of Pt plate (66 mV at 10 mA cm™2; the Tafel slope is 32 mV dec™). In addition, the current density
maintained 97% of its initial value after 10 h operation. We used the ternary NiFeCoO nanofiber-based
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1. Introduction

The rapidly growing concerns of the energy crisis and global
warming have inspired researchers to develop efficient tech-
nologies for obtaining renewable and clean energy to replace
traditional fossil fuels. As a zero-carbon-emission green energy
carrier, hydrogen energy has attracted much attention. The use
of hydrogen energy does not result in any pollution, and its by-
product of water can be recycled easily." Solar-driven water
electrolysis can produce hydrogen economically and environ-
mentally; therefore, the combination between a solar cell and
water electrolyzer is particularly rational. Alternatively, in pho-
toelectrochemical (PEC) cells, electricity generated from a solar
cell can be utilized to drive electrochemical transformations.”™*

The real potential of water splitting is much higher than the
theoretical potential value (1.23 V).* A key factor to realize high-
efficiency water splitting systems is the development of highly
active, stable, and low-cost electrocatalysts for the hydrogen
evolution reaction (HER).® Currently, platinum-based catalysts
are still the most effective electrocatalysts for HER. However, Pt
plate-based electrocatalysts suffer from the prohibitive cost and
scarcity of Pt, which limits their commercial use for industry.”
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electrode as an efficient counter

electrode in photoelectrochemical hydrogen production to

demonstrate the versatility of these nanofibers.

Compared to noble metal-based catalysts, non-noble metal
catalysts have been attracting much attention because of their
excellent catalytic performance.®** Among them, -earth-
abundant transition metal (M = Fe, Co and Ni)-based mate-
rials, including transition metal alloys,® oxides,' hydroxides,™
phosphides,” sulfides® and nitrides," have been extensively
studied as water-splitting electrocatalysts.”"” Compared with
other types of metal compounds, the compositions and struc-
tures of transition metal oxide (TMO) are more diverse,
providing electronic and crystal structure flexibility with various
ideal physical/chemical properties. In addition, TMOs are more
competitive due to their low cost, earth abundant resources,
flexible adjustability, environmental friendliness, good stability
and ease of synthesis.”®” The HER catalytic performance of
TMOs has been greatly improved through various strategies,
such as doping,”* oxygen-vacancy engineering,*® morphology
engineering,”® and valence engineering.® Currently, different
types of TMOs have been synthesized, including single metal
oxides,”” metal (hydroxy) hydroxides,?® perovskite oxides,>*°
spinel oxides,*" and oxide-containing hybrids.** These materials
may exhibit great potential as building blocks for HER. We
summarized the catalytic performance of the TMO-based cata-
lysts in Table S1.f Although researchers found that a Janus
nickel-iron oxide nanoparticle catalyst exhibited an efficient
HER with comparable performance to that of Pt/C,* it is still
a challenge to synthesize multi-component ultra-small-sized
TMO catalysts via a simple approach and deeply understand
the effects of the components on the catalytic performance of
the catalysts. Electrospinning technology can produce nano-
structured one-dimensional nanofibers with multiple
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compositions with continuous processing.** After sintering, the
nanofibers have a high specific surface area, aspect ratio, and
porosity, as well as a large number of active sites.>** There are
still few reports of the preparation of binary and ternary TMO-
based nanofibers as catalysts for use in the HER.

In this study, we demonstrated the fabrication of binary
oxides (Fe.Co,0O, Fe,Ni,O, Co,Ni,O) and ternary NiFe,Co,0
nanofibers for effective generation of H, under alkaline condi-
tions. These as-prepared nanofibers with an average diameter of
100 nm were prepared via electrospinning using renewable
cellulose acetate (CA) and acetylacetone metal salts as spinning
solutions and further sintered at 450 °C. Compared to single
metal oxide-based catalysts, the binary and the ternary metal
oxide-based catalysts exhibited better catalytic performance.
The samples of NiFeCoO and FeCoO nanofibers coated on Ni
foam (NiFeCoO-NF and FeCoO-NF) achieved a benchmark HER
current density of 10 mA cm™ > with overpotentials of 42.4 mV
and 66.4 mV in 1 M KOH solution, respectively. The synergistic
effect of the different metal oxides explained the improved
catalytic performance of the obtained catalysts. Furthermore,
we expanded the application of the ternary metal oxide
nanofiber-based electrodes as the counter electrode in photo-
electrochemical (PEC) H, production using quantum dots/TiO,
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as the photoanode and Na,S/Na,SO; as the electrolyte to
demonstrate the versatility of these nanofibers.

2. Results and discussion
2.1 Fabrication and structure of the as-prepared nanofibers

Electrospinning was used to produce hybrid nanofibers from
a precursor solution containing CA and Co/Fe/Ni salts. Tin
paper was used to collect the nanofibers. The obtained thin
membrane was placed on the middle of the graphite plates to
form a tandem structure, heated to 450 °C and maintained at
this temperature for 30 min in air to remove the CA. The
detailed preparation procedure is illuminated in Fig. S1.1 With
an identical preparation procedure, we could not obtain the
CoO nanofibers; instead, nanobelts were observed, as shown in
Fig. S2.1 In order to fairly compare the catalytic properties of the
as-prepared nanofibers with different compositions, we
designed and prepared unary metal oxides (FeO and NiO),
binary metal oxides (Fe,Co,0, Fe,Ni,O and CoyNi,O) and ternary
metal oxides (Ni,Fe,Co,0).

By optimizing the electrospinning parameters (e.g. voltage
and moisture), the electrospun nanofibers had typical diame-
ters in the range of 70-105 nm (Fig. S3, Table S2t), which could
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Fig.1 SEMimages of the (a) FeCoO and (b) NiFeCoO samples. (c) XRD patterns of the FeNiO, FeCoO, CoNiO and NiFeCoO samples. TEM images
of the (d) FeCoO and (e) NiFeCoO samples. HRTEM images of the (f) FeCoO and (g) NiFeCoO samples. SAED patterns of the (h) FeCoO and (i)

NiFeCoO samples.
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result in their greater surface areas compared to nanofibers
with large diameters. Fig. S41 shows a typical SEM image of the
FeO and NiO samples with average diameters of 75 &+ 20 nm and
95 £ 26 nm, respectively. As shown in Fig. 1a, the FeCoO
nanofibers showed uneven fiber fineness and random distri-
bution with a web-like morphology, with a typical diameter of 85
+ 27 nm. Fig. S5at shows a typical SEM image of the FeNiO
sample, with an overall diameter of 75 £ 20 nm. The CoNiO
fibers have an average diameter of 85 + 30 nm (Fig. S5bt). The
SEM image of the NiFeCoO fibers showed a similar morphology
to that of the FeNiO sample, with a mean diameter of 65 +
17 nm (Fig. 1b). The presence of Fe, Co, and Ni elements was
observed in the EDX patterns and XPS spectra for all the types of
samples (Fig. S6-5171).

To investigate the crystallite structure of the different ob-
tained nanofibers, XRD patterns of these samples were ob-
tained. Fig. S18f confirms that the FeO sample is hexagonal
Fe,O; (PDF 89-0597), and the NiO sample is cubic NiO (PDF 73-
1523). Fig. 1c shows the typical XRD patterns of the binary and
ternary metal oxide samples (FeCoO, FeNiO, CoNiO and NiFe-
Co0). The peaks at 30.3°, 35.7°, 43.2° and 63.2° of the FeCoO
sample are assigned to the (220), (311), (400) and (440) planes of
cubic CoFe,0, (PDF 01-1121). For the FeNiO sample, the peaks
at 30.4°, 35.1°, 43.3° and 62.8° are assigned to the (220), (311),
(400) and (440) planes of cubic NiFe,O, (PDF 74-2081). Simi-
larly, the peaks of the CoNiO sample at 31.2°, 36.8° and 43°
correspond to the (220), (311) and (400) planes of cubic NiC0,0,
(PDF 74-2081). For the XRD pattern of the NiFeCoO sample, the
diffraction peaks are among those of CoFe,O,, NiFe,O, and
NiCo,0,. All the samples exhibited peaks at 38°, 45° and 65°.
These peaks are assigned to the diffraction peaks of Al. During
the electrospinning process, Al foil was used to collect the
fibers. Al foil should be present in the samples for XRD
measurements. Meanwhile, during further experiments, we
sonicated the powders and centrifuged the samples dispersed
in ethanol. We found that very small Al fragments were
precipitated on the bottom of the tubes, confirming the exis-
tence of Al in the samples. We did not detect the signal of Al in
the samples for the electrodes due to the efficient separation.
Based on the XRD diffraction peaks, we calculated the average
crystal sizes of the six samples according to the Scherrer equa-
tion. The FeO, NiO, FeCoO, FeNiO, CoNiO and NiFeCoO
samples have average crystal sizes of 23.72, 10.26, 12.52, 10.93,
8.97 and 19.89 nm, respectively (Fig. S197). Except for the FeO
and NiFeCoO samples, all the samples have typical crystal sizes
in the range of 9-13 nm. The formation of larger sizes in the
NiFeCoO sample compared to the binary samples may be due to
the lower concentration of each precursor, which could affect
the process of nucleation and growth.

The TEM results reveal that the unary Fe,O; and NiO nano-
fibers have very small diameters (less than 50 nm) with clear
lattice fringes and diffraction patterns (Fig. S207-21), which is
consistent with the XRD results. The TEM images of FeCoO,
FeNiO and CoNiO show a similar morphology to the NiO sample
(Fig. 1d, S22 and S237). The HRTEM image of the FeCoO sample
reveals clear lattice fringes with distances of 2.53 A and 2.52 A
and an angle of 50.87°, which match well with the (311) and
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(131) planes of CoFe,O, (PDF 01-1121) (Fig. 1f). The SAED
pattern further confirms the presence of FeCoO, FeNiO and
CoNiO cubic crystals (Fig. 1h, S22 and $237).

Fig. 1e shows a typical TEM image of the NiFeCoO nano-
fibers, which shows that the diameter of the NiFeCoO nano-
fibers is about 50 nm. Fig. 1g shows the HRTEM image of the
NiFeCoO nanofibers. The lattice spacings of the two planes with
an angle of 75° were measured to be 1.95 A and 2.28 A.
According to the XRD results, we found that the structures of
CoFe,0,, NiFe,0, and NiCo,0, are very similar (CoFe,O, PDF
01-1121:a=b =c=8.39, a« = =y = 90°; NiFe,O, PDF 74-2081:
a=>hb=c=8.3379,a = =y = 90°; NiC0,0, PDF 73-1702: a =
b =c¢ = 8.114, a = § = v = 90°). Therefore, the two planes
labeled in Fig. 1g can be indexed to the (331) and (004) planes of
CoFe,0,, NiFe,0, or NiCo,0,. The SAED pattern also reflects
the same information (Fig. 1i). The slightly diffused rings were
indexed to the (311), (400) and (440) planes of CoFe,0,4, NiFe,0,
or NiCo,0,. Because the EDX pattern and XPS spectrum of the
NiFeCoO sample confirmed the existence of Fe, Co, Ni and O
elements (Fig. S16 and S17t), we inferred that the products of
the NiFeCoO sample were mixture phases of CoFe,0,, NiFe,0,
and NiCo,0,. This is also consistent with the XRD analysis.

High-resolution Fe, Co and Ni XPS spectra were used to
further determine the surface status of the samples. The high-
resolution Fe 2p, Co 2p and Ni 2p spectra of all the samples
show spin-orbit splitting into 2p;, and 2p;, components
(Fig. 2a-k). The satellite peaks were found for all the samples. For
the nanofibers containing Fe element, the high resolution 2p;/,
peaks of the FeO sample at 724.08 eV and 724.48 eV, 724.33 eV
and 724.21 eV correspond to FeCoO, FeNiO, and NiFeCoO,
respectively. The slight increase in binding energy indicates the
variation of the valence state of Fe in the different components.
For Co element, the 2p,/, peak of the FeCoO sample was located
at 796.78 eV. In contrast, the 2p,, peak of the CoNiO sample was
located at 796.37 eV, indicating that the valence states of Co
element in the two samples are different. Furthermore, the Co 2p
spectrum of the NiFeCoO sample can be fitted into eight separate
peaks: the peak at 796.14 eV is ascribed to Co®* 2p,, and the peak
at 797.24 eV corresponds to Co>" 2p,,,, which implies that there
are two valence states of Co element in the NiFeCoO sample,
consistent with the XRD findings (CoFe,O, and NiCo,0,). The
2p4/» peaks of the NiO, FeNiO, CoNiO and NiFeCoO samples are
located at 872.73 eV, 872.93 eV, 873.05 eV and 871.79 eV, which
correspond to NiO, FeNiO, CoNiO and NiFeCoO, respectively.
These results indicated that the binding energy between Fe/Co/Ni
and O is slightly different among the TMOs with different
compositions, which might affect the HER activity. Based on the
XPS results, we also calculated the element ratios, as shown in
Table S3.7 The element ratio of Fe/Co is 1 :1.39 in the FeCoO
sample, and that of Fe/Ni in the FeNiO sample is 1.66 : 1. The
element ratio of Co/Ni in the CoNiO sample is 1 : 1.06 and that of
Fe/Co/Ni in the NiFeCoO sample is 1.16 : 1.31 : 1.

2.2 HER performance

To investigate the HER catalytic performance, the LSV curves
were measured over the nanofibers and a Pt plate catalyst. Six

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(aand b) Fe 2p and Co 2p high-resolution XPS spectra of the FeCoO sample. (c and d) Ni 2p and Fe 2p high-resolution XPS spectra of the
FeNiO sample. (e and f) Co 2p and Ni 2p high-resolution XPS spectra of the CoNiO sample. (g—i) Fe 2p, Co 2p and Ni 2p high-resolution XPS
spectra of the NiFeCoO sample. (j) Fe 2p high-resolution XPS spectra of the FeO sample. (k) Ni 2p high-resolution XPS spectra of the NiO sample.

different samples were drop-dried on glassy carbon electrode
for testing in 1 M KOH (Fig. 3a). The NiFeCoO electrode and
FeCoO electrode exhibited significantly improved activity, with
overpotentials of 192 mV and 124 mV at the current density of

10 mA cm ™ ?; these are not as good as that of Pt plate (66 mV) but  lower than the overpotential of Pt plate (424 mV) and of the
much higher than those of the other four samples. The over- other four samples [566 mV (FeO), 883 mV (NiO), 582 mV
potentials of 438 mV, 686 mV, 397 mV and 465 mV at the (FeNiO) and 578 mV (CoNiO)].

current density of 10 mA cm 2 correspond to FeO, NiO, FeNiO
and CoNiO, respectively.

In addition, the NiFeCoO electrode and FeCoO electrode
exhibited excellent catalytic performance at high current
density. At a current density of 50 mA cm 2, their overpotentials
were 312 mV (NiFeCoO) and 243 mV (FeCoO), which were much

As shown in Fig. 3b, the FeCoO catalysts have the smallest
Tafel slope (82 mV dec '), suggesting more favorable HER

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4,1758-1769 | 1761
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(a) Polarization curves for NiO, CoNiO, FeO, FeNiO, Pt plate, NiFeCoO and FeCoO samples in 1.0 M KOH. (b) Tafel plots of the Pt plate,

FeCoO, FeNiO, CoNiO, NiFeCoO, FeO and NiO samples in 1.0 M KOH. (c) Polarization curves for the Pt plate, Ni foam, FeCoO-NF and NiFeCoO-
NF samples. (d) Tafel plots of the Pt plate, Ni foam, FeCoO-NF and NiFeCoO-NF samples. (A) Experiments were performed in 1.0 M KOH; (3¢)

experiments were performed in 0.25 M Na,S/0.35 M Na,SOs.

reaction kinetics than that of the other samples. The NiFeCoO
catalysts have a Tafel slope of 90 mV dec . Although the Tafel
slopes of FeCoO and NiFeCoO are not comparable to that of the
Pt plate electrode (32 mV dec™ '), these results implied that
samples containing Fe and Co elements have higher catalytic
activity than those containing Ni, consistent with the reported
results in the literature.**** The HER catalytic performance of
the unary samples was lower compared to that of the binary and
ternary samples, which can be attributed to the lack of synergy
between the elements.

To further improve the catalytic performance of the nano-
fibers, we deposited the nanofibers onto Ni foam (NiFeCoO-NF
and FeCoO-NF). As shown in Fig. 3c, the overpotentials of
NiFeCoO-NF and FeCoO-NF reached 82 mV and 66 mV,
respectively, at the current density of 10 mA cm™ 2, which are
comparable to that of Pt plate (66 mV). For comparison, we also
measured the overpotential of the Ni foam, which showed
172 mV at the current density of 10 mA cm ™2 in 1 M KOH. At
a current density of 50 mA cm >, their overpotentials reached
210 mV (NiFeCoO-NF), 199 mV (FeCoO-NF) and 344 mV (Ni
foam), which are consistent with the trend at a current density
of 10 mA cm™2 In addition, in 0.25 M Na,S/0.35 M Na,SO;

1762 | Nanoscale Adv., 2022, 4, 1758-1769

instead of 1 M KOH, NiFeCoO-NF also exhibited much smaller
overpotentials (137 mV at 10 mA cm™?; 312 mV at 50 mA cm %)
than Pt plate (148 mV at 10 mA cm™2; 469 mV at 50 mA cm ™ 2).
Its Tafel slope is 56 mV dec™' in 1 M KOH and 84 mV dec™" in
0.25 M Na,S/0.35 M Na,SO;. FeCoO-NF exhibited the smallest
overpotentials (127 mV at 10 mA cm™%; 301 mV at 50 mA cm %)
in 0.25 M Na,S/0.35 M Na,SO;. Although the Tafel slope of
FeCoO-NF is not comparable to that of the commercial Pt/C
electrode (31 mV dec™ "), its Tafel slope (47 mV dec™' in 1 M
KOH and 80 mV dec ' in 0.25 M Na,$/0.35 M Na,S0j) is still
lower than that of other samples, as shown in Fig. 3d and S24.}

To investigate the component effects of different compo-
nents of binary and ternary metal oxides, the FeCoO samples
were fabricated with identical Fe contents, but different cobalt
contents (Fig. S251). The overpotential value of the FeCoO
sample (Fe:Co = 2:1) was higher than that of the FeCoO
sample (Fe : Co = 2 : 2) at the current density of 10 mA cm™? in
1 M KOH (279 for the former and 124 mV for the latter). At
a current density of 50 mA cm™>, their overpotentials reached
374 mV [FeCoO (Fe : Co = 2 : 1)] and 243 mV [FeCoO (Fe : Co =
1:1)], which are consistent with the trend at a current density

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of 10 mA em 2. This result confirms that Co has better catalytic
activity compared to Fe in FeCoO.

To investigate the relationship between the average diameter
and the catalytic performance, new NiFeCoO samples were
fabricated with different diameters (Fig. S261). The over-
potential of NiFeCoO (65 + 17 nm) reached 192 mV at the
current density of 10 mA cm ™2 in 1 M KOH, which is lower than
that of NiFeCoO (110 £ 30 nm) (397 mV). At a current density of
50 mA cm” 2, their overpotentials reached 312 mV NiFeCoO (65
+ 17 nm) and 511 mV NiFeCoO (110 + 30 nm), which are
consistent with the trend at a current density of 10 mA cm ™2
With the decrease of the diameter, the overpotential of the
electrode decreases. The specific surface area was calculated
compared to that of the fiber with a diameter of 50 nm as
a function of the fiber diameter, as shown in Fig. S27. The
result shows that the smaller the diameter of the fiber, the
larger the specific surface area. It is implied that a smaller
diameter fiber may increase the contact area and the density of
the active sites, thereby increasing the catalytic activity.*®

In order to understand the catalytic performance of the
nanofibers, we studied the effect of the chemical composition
by performing EIS measurements. The semicircle in the Nyquist
plot, attributed to the charge transfer resistance R, is related to
the kinetics of the electron transfer, and a lower diameter
semicircle corresponds to a faster reaction rate.** The EIS curves
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were modeled using a simplified Randles equivalent circuit,
which consists of a resistor in series (R;) with a parallel
arrangement of a resistor (R.) and a constant phase element
(Fig. 4d).

As shown in Fig. 4a, the FeCoO and NiFeCoO coated glassy
carbon electrodes exhibited smaller R, values of 25.86 Q and
37.78 Q, respectively, compared to the electrodes based on
FeNiO (344.63 Q) and CoNiO (442.28 Q) in 1 M KOH (see the
summary in Table S47). For the nanofibers deposited on the Ni
foam, FeCoO-NF and NiFeCoO-NF held R, values of 7.91 Q and
12.1 Q, compared with Ni foam (17.4 Q) and Pt plate (1.38 Q), in
1 M KOH (Fig. 4b and Table S57); this suggests that the Ni foam
can enhance the rate of electron transfer. In addition, the
FeCoO-NF and NiFeCoO-NF-based electrodes exhibited R
values of 9.18 Q and 13.02 Q in 0.25 M Na,S/0.35 M Na,SO;
(Fig. 4c and Table S67).

These EIS results explain the trend of the overpotentials and
Tafel plots for the nanofiber-based electrodes and prove that the
FeCoO and NiFeCoO nanofiber-based electrodes have superior
electron transfer properties, which is a very important factor for
HER.

The stability of all the samples on the glassy carbon electrode
was not good. The FeCoO and NiFeCoO samples only retained
71.7% and 91% of their original values, respectively, in 1 M
KOH after 10 h of operation (Fig. S287). This could be due to the
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(a) Nyquist plots of the FeNiO, CoNiO, FeCoO and NiFeCoO samples in 1 M KOH. (b) Nyquist plots of Ni foam, Pt plate, FeCoO-NF and

NiFeCoO-NF in 1 M KOH. (c) Nyquist plots of Ni foam, Pt plate, FeCoO-NF and NiFeCoO-NF in 0.25 M Na,S/0.35 M Na,SOs. (d) Equivalent circuit.
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fact that the thin nanofiber/Nafion membrane does not have
good attachment on the glassy carbon electrode. After a long-
term stability test, some catalysts fell off the surface of the
glassy carbon electrode, which would affect their stability.

To improve the catalytic stability, we replaced the glassy
carbon electrode with porous Ni foam. Chronoamperometry
measurements showed the catalytic stability of the Ni foam, as
shown in Fig. 5b. The current density retained 61% of its orig-
inal value in 1 M KOH. Meanwhile, the retained current density
of the Ni foam increased to 58% of its original value in 0.25 M
Na,S/0.35 M Na,SO;, which can be attributed to the formation
of highly catalytic Ni,S. Impressively, the NiFeCoO coated on
the Ni foam exhibited excellent long-term stability; it main-
tained 97% of its initial value in 1 M KOH and 97% in 0.25 M
Na,S/0.35 M Na,SOj; after 10 h of continuous testing (Fig. 5a),
which is much better than Pt plate electrode (62.5% in 1 M KOH
and 24.8% in 0.25 M Na,S/0.35 M Na,SO;) (Fig. 5c). The
improved stability in Ni foam suggests improved mechanical
stability due to the intrinsic nature of the Ni foam. As shown in
Fig. 5d, the current density of the FeCoO-NF based electrode
retained 94% of its original value in 1 M KOH and 62% in
0.25 M Na,S/0.35 M Na,SO; after 10 h of continuous testing. The
excellent stability of the nanofiber-based electrodes compared
to Pt plate suggests that they are suitable for long-stable oper-
ation for H, production.

Paper

Additionally, the FeCoO-NF and NiFeCoO-NF electrodes
exhibited enhanced stability for the HER, and their current
density underwent almost no decay after 10 h of electro-
chemical testing (Fig. 5). As shown in Fig. S29, after a 10 h test,
we recorded the polarization curves of the electrodes. The
overpotential of FeCoO-NF changed slightly (85 mV at a current
density of 10 mA cm™ > and 264 mV at a current density of 50 mA
cm?). The overpotential of NiFeCoO-NF was 99 mV at a current
density of 10 mA cm ™2, and the overpotential changed more
slightly at a current density of 50 mA em™> (220 mV). This result
further showed that the FeCoO-NF and NiFeCoO-NF samples
have good catalytic stability. In order to verify the good stability
in the NiFeCoO-NF and FeCoO-NF samples, we explored the
structure and composition changes of the sample after 10 hours
of electrochemical testing, using HRTEM and XPS (Fig. S30 and
S31t). We found that there was no significant structure or
composition variation after 10 h testing, indicating that
NiFeCoO-NF and FeCoO-NF are very stable during the HER.

The electrochemical active surface area (ECSA) plays a key
role in high intrinsic HER activity.** To estimate the ECSAs of
the catalysts under the working conditions, the electrochemical
double-layer capacitance (Cq;) was measured by CV in a non-
redox potential region (Fig. S32a and bt).*® The linear slope is
equivalent to twice the Cq.*” As shown in Fig. S32¢,T the Cq; of
FeCoO-NF was calculated to be 32.2 mF cm™ 2, which is higher
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than that of NiFeCoO-NF (30.3 mF cm™?). The turnover
frequency (TOF) values of FeCoO-NF and NiFeCoO-NF were
calculated to be 0.131 s~ and 0.107 s~ respectively, at an
overpotential of 100 mV at pH 14 (Fig. S32df), which confirms
the high intrinsic catalytic HER activity of the FeCoO-NF and
NiFeCoO-NF samples. Fe**, Co®* and Co>" can all promote the
adsorption of water on the surface of a catalyst, which could
facilitate the transfer of electrons to water molecules, thereby
accelerating the Volmer reaction (H,O + e~ — H* + OH"). In
addition, Ni*" can act as an H* acceptor to further promote the
Volmer reaction.*® The synergy between the three elements of
iron, cobalt and nickel promotes the progress of the catalytic
reaction. Based on our results, the iron, cobalt and nickel oxides
all serve as active centers, even though the catalytic activity of
the iron and cobalt oxides is better than that of the nickel oxide.
Generally, compared to a single metal oxide (e.g. NiO), the
incorporation of Fe or Co can promote the adsorption of water
on the surface of a catalyst; this can facilitate the transfer of
electrons to water molecules, thereby accelerating the Volmer
reaction.>***® As shown in Fig. 4a and Table S4, the R values
of FeCoO (25.86 Q) and NiFeCoO (37.78 Q) are much lower than
that of FeNiO (344.63 Q) or FeNiO (442.28 Q), confirming that
the samples containing Fe and Co have better catalytic perfor-
mance compared to the samples containing Ni.>***® In addi-
tion, the addition of Ni to the oxides can improve the stability of
FeCoO. In summary, FeCoO-NF has higher HER catalytic
activity than NiFeCoO-NF, but its long-term stability is not as
good as that of NiFeCoO-NF in 1 M KOH and 0.25 M Na,S/
0.35 M Na,SO;. This can be attributed to the fact that the
increase of cobalt content improves the catalytic activity, but the
overactive catalytic activity leads to a decrease in stability.
Combining the two indicators of catalytic activity and stability,
NiFeCoO-NF is more suitable for use as a HER catalyst.

2.3 PEC performance

As a proof of concept, we used the as-fabricated ternary NiFe-
CoO nanofibers-Ni foam as a counter electrode for PEC

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrogen production. Platinum was used as the benchmark. A
typical three three-electrode configuration was used for PEC
hydrogen generation. A TiO, mesoporous film sensitized with
CdSe/CdS quantum dots (QDs) was used as the photoanode,
and saturated Ag/AgCl was used as the reference electrode. The
electrolyte contained 0.25 M Na,S and 0.35 M Na,SO; (pH ~ 13).
The typical morphology of CdSe/CdS is shown in Fig. 6a. Fig. 6b
and c shows that the photocurrent density (J) is related to the
amount of H, evolved at the counter-electrode. J reaches its
saturation at ~11 mA cm™ > with a potential vs. RHE of 0.25 V,
which is a slight decrease in J compared to that of Pt plate (11.5
mA cm ?), indicating that the nanofiber-based counter elec-
trode is suitable to replace the Pt plate. Similar behavior was
obtained during long-term stability testing, as displayed in
Fig. 6d, where J maintained 90% of its initial value after 2 h
illumination. Considering that the nanofiber-based Ni foam has
much better stability in the 0.25 M Na,S and 0.35 M Na,SO;
electrolyte, the replacement of Pt plate with nanofibers may
contribute to the potential commercial application of the QDs-
based PEC hydrogen generation.

3. Conclusion and perspectives

In summary, we demonstrated multi-component TMO ultra-
small-sized nanofibers for efficient HER. The nanofibers were
prepared using environmentally friendly cellulose as the spin-
ning solution via a simple electrospinning and further anneal-
ing approach. The as-prepared nanofibers have an ultra-small
diameter of less than 105 nm with an average crystallite size of
less than 25 nm. The binary and ternary TMO contained pure or
mixture phases of CoFe,0,, NiFe,O, and NiCo,0,. Benefiting
from the synergy effect of multiple crystals, the NiFeCoO-NF
based electrode achieved a current density of 10 mA cm™ > at
a low overpotential of 82 mV with a Tafel slope = 56 mV dec™ "
in 1 M KOH, which are close to those of Pt plate. More impor-
tantly, the current density maintained 97.13% of its initial value
after 10 h operation. In the PEC cell, the device has a J value of
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~11 mA cm 2 and good stability in 0.25 M Na,S and 0.35 M
Na,SO; upon 100 mW cm™? illumination, which are compa-
rable to those of a counter electrode using Pt plate. These results
indicated that the current fabricated multi-element ultra-small-
sized nanofibers are suitable as efficient catalysts for the HER.
Considering the excellent catalytic properties of the binary and
ternary nanofibers, they may be useful for Li-ion batteries,
supercapacitors and CO, reduction.

4. Experimental section

4.1. Materials

CA (acetyl content 39.8 wt%, hydroxyl content 3.5 wt%), iron(ur)
acetylacetonate  (C;5H,1FeOg), cobalt(m) acetylacetonate
(C15H,1C00¢), and nickel(n) acetylacetonate (NiC,oH;40,) were
purchased from Aladdin Inc. Acetone and N,N-dimethylaceta-
mide were purchased from Sinopharm Chemical Reagent Co.
Ltd. All chemicals were used as purchased.

4.2 Preparation of nanofibers

Before the spinning process, a stock solution was prepared by
mixing the metal salts with CA. For the binary and ternary metal
oxide stock solutions, the mass ratio was 1 for all samples.
Typically, CA (1.6 g) was dissolved in a mixed solution of acetone
(5.32 g) and N,N-dimethylacetamide (2.68 g) with magnetic
stirring for 4 h. Subsequently, C;5H,;FeOg (0.13 g), C15H,,C004
(0.13 g), and NiC;,H;40, (0.13 g) were added to the CA solution,
and the solution was maintained under stirring for 12 h. The as-
prepared stock solution was further sonicated for 20 minutes
before electrospinning. The stock solution was electrospun
using an HZE (HZ-01) electrospinning unit with a 21 G needle at
a flow rate of 0.2 mL h™" and an applied voltage of 25 kV over
a collection distance of 20 cm. The as-prepared nanofiber film
was collected and calcined in a muffle furnace at 450 °C for 0.5 h
with a heating rate of 1 °C min™" under air atmosphere.

4.3 Preparation of nanofiber-based electrodes

One milligram of as-prepared nanofibers was mixed with 100 pL
of a mixture of water, ethanol, and Nafion with a volume ratio of
1:8:1. Then, 20 pL of as-fabricated ink was dropped onto the
glassy carbon electrode. For Ni foam, the thickness was 0.5 mm,
and the front and back sides were sealed with epoxy glue,
leaving only 0.25 cm” of exposed Ni foam on the front. Then, 60
uL of as-fabricated ink was dropped onto the Ni foam and dried
naturally with a typical size of 0.25 cm?.

4.4 Fabrication of PEC anode

A drop-casting approach was used to prepare TiO, mesoporous
film.*~* The as-prepared CdSe/CdS QDs were synthesized and
were dispersed in 50 mL toluene before electrophoretic depo-
sition (200 V for 1 h).>* Finally, two cycles of ZnS were coated on
the photoanode using successive ionic layer adsorption and
reaction.>
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4.5 Structural characterizations

The morphology of the samples was characterized by field
emission SEM using a JEOL JSM7001F FE-SEM equipped with
an EDS. Transmission electron microscopy and SAED were
performed using a JEOL JEM-2010 Plus TEM. XRD patterns were
acquired using a Philips X' Pert diffractometer equipped with
a Cu Ka radiation source (A = 0.15406 nm). XPS was performed
in a VG Escalab 220i-XL equipped with a hemispherical analyzer
recorded for a twin anode X-ray source. The fine structure of the
photoelectron lines was analyzed using Casa XPS software
(2.3.19 version).

4.6 Electrochemical characterizations

The measurements were recorded using a CHI 760E electro-
chemical workstation. Electrochemical measurements were
conducted at room temperature using 1 M KOH (50 mL, pH =
14) and 0.25 M Na,S/0.35 M Na,SO; (50 mL, pH = 13) as the
electrolyte, respectively. A standard three-electrode setup was
used with nanofibers, Pt plate, and Ag/AgCl (1 M KCl) acting as
the working, counter, and reference electrodes, respectively.

EIS of the as-prepared nanofiber films was performed in
potentiostatic mode at open circuit potential, applying a sinu-
soidal voltage with an amplitude of 10 mV and scanning
frequency from 100 kHz to 100 mHz. The EIS was modeled
using a simplified Randles equivalent circuit, which consists of
a resistor in series (R;) with a parallel arrangement of a resistor
(R.t) and a constant phase element, in Zview software. The LSV
was performed with a scan rate of 5 mV s~ in the voltage region
of —800 to —1600 mV. Chronoamperometric curves (I-t) were
measured with a constant current density to prove the stability
of the as-prepared electrocatalysts.
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