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Abstract

Efficient electrolysis of water is vital to realize the sustainable development of energy, but it is still a challenge. Herein, we
propose a common approach to prepare amorphous noble metal alloy nanosheets as advanced bifunctional catalysts to drive
the efficient electrochemical water splitting by rapidly annealing metal acetylacetonate (metal =Ru,Co,Fe) and alkali salts,
which allows to optimize their catalytic properties by tuning the introduction of transition metals. In particular, as-prepared
amorphous RuCoFe nanosheets achieve not only an extremely low overpotential of 2.04 mV at 10 mA cm™2 for hydrogen
evolution reaction under alkaline media, but also a high-performance and stable overall water electrolysis with a potential
of mere 1.56 V at 10 mA cm~2. Considering the advantages of polymetallic amorphous nanosheets electrocatalysts, our
proposed synthetic strategy could be versatile and applicable toward further developing other functional polycompounds for

energy generation, storage and conversion.
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1 Introduction

To develop, the energy conversion based on "electrochemi-
cal water cycle" is a significant way to realizing a green
energy future, where the electrolyzed water is converted into
hydrogen and supplied to the fuel cell to generate electricity
[1]. At present, the overall electrochemical water splitting
(EWS) including hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) can efficiently produce a
large amount of hydrogen [2, 3]. Generally speaking, the
OER process requires a larger overpotential than HER, so
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the actual efficiency of traditional EWS devices will be con-
strained by the slow OER process [4]. Effective electrocata-
lysts, Pt/C for HER and Ru-based and Ir-based oxides for
OER at this stage, are inevitably exploited and adopted to
actuate EWS devices [5]. However, due to the expensive
cost and limited storage on earth of noble metals, their large-
scale use is greatly restricted. In addition, none of these cata-
lysts can show outstanding performance for both HER and
OER simultaneously, which leads to a complicated catalyst
preparation process and further increases commercial costs
[6-8]. Therefore, it is significant to explore high-efficiency
bifunctional catalysts with low usage of noble metal toward
HER and OER for overall electrochemical water splitting
[9, 10].

Over the years, countless experiments and theories have
proved that RuQ, is an excellent OER catalyst, and some
papers have also been published that metal Ru has superior
HER catalytic activity compared to Pt in an alkaline solution
[11-14]. Considering the inexpensive essence of Ru rela-
tive to Pt, Ru element-based catalysts may play an impor-
tant role in alkaline water electrolysis [15]. Recently, Ru-
based alloy nanomaterials have been considered as highly
active catalysts. For instance, by encapsulating a bimetal-
lic nano-alloy of ruthenium and cobalt in a nitrogen-doped

@ Springer


http://orcid.org/0000-0002-1820-6221
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-021-04756-7&domain=pdf

601 Page2of7

J.Zhang et al.

graphene layer to enhance the carbon—hydrogen bond, it not
only reduces the usage of noble metal but also enhances
the HER activity [16]. Moreover, compared with crystalline
materials, amorphous materials have a large number of ran-
domly oriented bonds, and consequently, their surface has a
large quantity of defects and coordination unsaturated sites
to improve catalytic performance [17]. For example, in the
alkaline electrolyte, the amorphous FeCoW oxyhydroxide
has more remarkable OER performance than its crystal [18].
Nevertheless, noble metal nanomaterials prepared by con-
ventional methods are usually crystals with relatively large
sizes. Consequently, it is of great significance to synthesize
amorphous noble metal alloy catalysts, while the problems
faced are quite tricky.

In terms of morphology, two-dimensional (2D) morphol-
ogy has a larger surface, which can expose more atoms as
active sites, thereby enhancing electrochemical performance
[19, 20]. In this paper, we propose a rapid heating strategy
to synthesize amorphous noble metal Ru-based nanosheets
(NSs), such as Ru NSs, RuCo NSs, RuFe NSs and RuCoFe
NSs. Due to the strong synergy effect between metals,
RuCoFe NSs have the best catalytic performance. Electro-
chemical tests have proven that under alkaline conditions,
RuCoFe NSs show excellent bifunctional catalytic perfor-
mance for OER and HER in a series of samples, with low
overpotentials of 180 mV and 2.04 mV to achieve current
density of 10 mA cm_z, which is more prominent than that
of commercially available catalysts (Pt/C and IrO,). Sig-
nificantly, the obtained RuCoFe NSs catalyst displays the
greatest activity toward overall water splitting, achieving an
applied potential of 1.56 V under the same current density
conditions in 1.0 M KOH. In general, this work not only
provides a conventional strategy that can effectively prepare
2D amorphous nanomaterials, but also allows a potential
stable modification via variety of metal or nonmetal ele-
ments to further improve their electrochemical performance
for applications.

Fig.1 A brief synthesis dia- bSO Y,
gram of amorphous noble metal . 0 @
alloy NSS g s I &
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2 Experimental Part

Ru NSs, RuCo NSs, RuFe NSs and RuCoFe NSs are pre-
pared by mixing acetylacetone metal salt (Metal =Ru,Co,Fe)
and alkali metal salt (KBr). In addition, we have also tested
the morphology, chemical composition and electrochemi-
cal performance of these samples. For specific experimental
details, please refer to the supplementary information.

3 Results and Discussion

Figure 1 shows a common and convenient process for prepar-
ing amorphous noble metal nanosheets. By replacing or mix-
ing different acetylacetonates, a series of alloy nanosheets
are obtained (Ru NSs, RuCo NSs and RuFe NSs, RuCoFe
NSs). Typical transmission electron microscopy (TEM)
image demonstrates the typical two-dimensional morphol-
ogy of NSs with the lateral size up to a few micrometers
(Fig. S1-S3 and Fig. 2a). In Fig. 2b, the aberration-corrected
high-angle annular dark-field scanning TEM (HAADF-
STEM) image displays an irregular atomic structure, con-
firming not a crystal state, which meets the result of dif-
fraction halo-like selected area electron diffraction (SAED)
mode (the inset in Fig. 2b). Moreover, the homogeneous
distribution of RuCoFe NSs has also been revealed by the
energy dispersive spectroscopy (EDS) elemental mapping
of Ru, Co, Fe, C and O elements (Fig. 2czh). In addition, a
series of samples were subjected to X-ray diffraction (XRD).
As shown in Fig. 3a, the spectral line shapes of the four
samples are basically similar, and no obvious characteristic
peaks can be detected. These results indicate that a variety of
samples prepared by the rapid heating method have typical
amorphous structures.

Furthermore, in order to determine the chemical composi-
tion and coordination environment of the samples, we also
performed X-ray photoelectron spectroscopy (XPS) char-
acterization. Here, the Ru 3p spectrum is used to analyze
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ruthenium to avoid the interference of the carbon substrate.
It can be seen from Fig. 3b that the Ru 3p spectrum has two
spin—orbital splits, which are Ru 3p;,, and Ru 3p, ,, and the
Ru 3p;, peak can be fitted to the metallic Ru® (462.1 eV)
[21] and Ru** (464.1 eV) peaks [22], the Ru 3p,,, peak can
be fitted to the metallic Ru® (484.7 eV) and Ru** (489.4 eV)
peaks [23], which have been demonstrated to be a catalytic
active site [24]. We can clearly see that compared with Ru
NSs, RuCo NSs, RuFe NSs, the Ru 3p spectrum of the
RuCoFe NSs shows a positive shift, indicating that the elec-
tron density of Ru is low. The Co 2p spectra indicate that the
fitted peaks at 779.7 eV and 794.6 eV are assigned to Co’™,
and the fitted peaks at 781.4 eV and 796.5 eV are ascribed
to Co®*(Fig. 3(c)) [25]. It is well known that Co** oxide can
greatly promote the water decomposition step involved in
alkaline for HER [26]. In addition, since Co** is partially
oxidized to Co" ions, this may promote the charge transfer
in the electrochemical process. By using the Gaussian fit-
ting method, the Fe 2p spectrum is well deconvolved into
two spin—orbit doublets and two other satellites in Fig. 3d,
the fitting peaks at of 711.8 eV and 724.5 eV are assigned
to the Fe?™, while the fitted peaks at 713.3 eV and 726.8 eV
are ascribed to the Fe** [27]. Similarly, compared with the
other three samples, Co 2p spectra and Fe 2p spectra of
RuCoFe all showed a positive shift which performed that
there may be a powerful electronic interaction between the
RuCoFe alloy nanosheets. The higher the binding energy of
Co and Fe elements, the higher the possibility of the result-
ing oxidation state, which is more conducive to the catalytic
activity of OER. [28-32]. Furthermore, we performed TEM
characterization of RuCoFe NSs after stability test, and after
comparison, it can be seen that the morphology of RuCoFe
NSs has not changed significantly (Fig. S4). In addition, it
can be seen from Fig. S5 that compared with Fig. 3, the XPS
spectrum of RuCoFe NSs obtained after the stability test has
negligible changes, which indicates that there is almost no
change in the valence state of the element during the elec-
trocatalysis process. The above results all prove that RuCoFe
NSs have excellent stability in alkaline environment.

For electrochemical testing, we use a three-electrode
electrochemical system to test the OER and HER perfor-
mance of the synthesized samples in 1 M KOH. In order
to avoid the negative influence of ohmic resistance on the
measured anode current, iR correction was applied to all
initial data to further analyze intrinsic activity. As shown
in Fig. 4a, in the case of a current density of 10 mA cm™2,
the RuCoFe NSs have an overpotential of 180 mV, which
is much better than the other four samples including the Ru
NSs (250 mV), RuCo NSs (210 mV), RuFe NSs (220 mV)
and commercial catalyst IrO, (350 mV). Besides, the promi-
nent OER performance of RuCoFe NSs was proved by the
smallest Tafel slopes derived from LSVs (69.18 mV dec™!,
Fig. 4b), compared with Ru NSs (167.49 mV dec™"), RuCo
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NSs (75.66 mV dec™"), RuFe NSs (184.77 mV dec™") and
IrO, (177.58 mV dec™!). Impressively, the OER activity
of the RuCoFe NSs performed wonderful performance in
the recently reported articles (Table S1). Besides activ-
ity, another vital property for evaluating the performance
of OER electrocatalysts is stability. Unexpectedly, even
after 5000 cycles, the OER activity of RuCoFe NSs has not
changed much (Fig. 4c). In addition, Fig. S6 further tests the
long-term electrochemical catalytic stability of RuCoFe NSs
to OER through a typical chronoamperometry (CA). After
10 h of testing, the current density of RuCoFe NSs remained
at 90% of the initial current density.

Furthermore, the RuCoFe NSs electrode also has high
activity for the cathodic process of water splitting. Com-
pared with other samples including the Ru NSs (41.53 mV),
RuCo NSs (16.89 mV), RuFe NSs (30.33 mV) and commer-
cial catalyst Pt/C (10.16 mV), the minimum overpotential of
RuCoFe NSs is 2.04 mV for HER when the current density
is the same as that of OER (Fig. 4d). The Tafel plots in
Fig. 4e provide a further mechanism analysis of the cata-
lytic reaction kinetics. The Tafel slope of RuCoFe NSs is
estimated to be 33.07 mV dec™!, more excellent than these
of RuNSs (115.31 mV dec™"), RuCo NSs (91.99 mV dec™"),
RuFe NSs (92.95 mV dec™") and P/C (72.99 mV dec™).
It is noteworthy that the HER activity of the RuCoFe NSs
also proved outstanding performance in the recently reported
high-efficiency HER electrocatalysts (Table S2). At the same
time, the 5000-cycles ADT test performed by cyclic voltam-
metry and the typical chronoamperometry (CA) in Fig. 4f
and Fig. S7 also showed excellent stability under HER con-
ditions. Besides, the Nyquist plots (Fig. S8-S9) indicated
that compared with all tested catalysts, RuCoFe NSs have
the lowest charge transfer resistance, which proved that the
charge transfer process of RuCoFe NSs was faster. As for
the total water splitting, we constructed a two-electrode
system using two identical RuCoFe NSs at the anode and
cathode (Fig. S10). The illustration in Fig. 4g shows that
when the voltage is 1.6 V, a large amount of hydrogen over-
flows at the cathode of the electrode, and a large amount
of oxygen overflows on the other side of the electrode. The
two-electrode device has excellent catalytic performance
and only requires a voltage of 1.56 V to achieve a current
density of 10 mA cm™2, please note that commercial elec-
trodes (Pt/C and IrO,) are 40 mV higher than it. The Tafel
slope of RuCoFe NSs (256 mV dec™!) is also smaller than
that of the commercial electrodes system (267 mV dec™!,
Fig. S11). It is impressive that RuCoFe NSs are one of the
catalysts with high total water splitting activity among most
electrocatalysts reported recently (Table S3). Furthermore,
Fig. 4h shows that the device lasted for 10 h at 1.56 V in the
CA test, showing unparalleled stability. After this test, the
almost unchanged LSV (Fig. 4i) further supports the stabil-
ity of the overall hydrolysis. All the data prove that RuCoFe
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NSs have excellent OER and HER performance (Fig. 4j-1), 4 Conclusions

which is probably due to the amorphous structure of RuCoFe

NSs and the synergy between the three elements of Ru, Co We demonstrated a general and effective method for syn-
and Fe, thereby increasing abundant active sites and improv-  thesizing the amorphous noble metal alloy nanosheets by
ing reaction kinetics. rapidly annealing the mixture of metal acetylacetonate and
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alkali salts. As a bifunctional catalyst, RuCoFe NSs showed
the superexcellent OER and HER performance and stability
in an alkaline solution. Particularly, for OER, it only needs
180 mV of overpotential to reach 10 mA cm~2, and HER
only needs 2.04 mV. Beyond the modulation toward nano-
catalysts, we believe the proposed strategy will innovate
new inspirations for pursuing 2D nanostructure with desired
surface structure and composition to extend the potential
applications in various fields.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00339-021-04756-7.
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