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Single-atom Fe Embedded Co3S4 for Efficient Electrocatalytic

Oxygen Evolution Reaction

QI Yuxue', LI Tingting#, HU Yajie™, XIANG Jiahong', SHAO Wengian®,
CHEN Wenhua?, MU Xueqin3, LIU Suli', CHEN Changyun',

YU Min™ and MU Shichun3**

onstructing atomically dispersed active sites with densely

exposed and dispersed double metal-S, catalytic sites for

favorable OER catalytic activity remains rare and challenging.
Herein, we design and construct a Fe;S,@CosS, electrocatalyst with
Fe single atoms epitaxially confined in CosS; nanosheets for
catalyzing the sluggish alkaline oxygen evolution reaction(OER).
Consequently, in ultralow concentration alkaline solutions(0.1 mol/L
KOH), such a catalyst is highly active and robust for OER with low
overpotentials of 300 and 333 mV at current densities of 10 and
30 mA/cm?, respectively, accompanying long-term stability without
significant degradation even for 350 h. In addition, Fe;S,@CosS,
shows a turnover frequency(TOF) value of 0.18 s, nearly three
times that of C0354(0.07 s71), suggesting the higher atomic utilization
of Fe single atoms. Md&ssbauer and in-situ Raman spectra confirm
that the OER activity of Fe;S,@Co3S, origins from a thin catalytic
layer of Co(Fe)OOH that interacts with trace-level Fe species in the
electrolyte, creating dynamically stable active sites. Combined with
experimental characterizations, it suggests that the most active
S-coordinated dual-metal site configurations are 2S-bridged
(Fe-Co)Ss, in which Co-S and Fe-S moieties are shared with two S
atoms, which can strongly regulate the adsorption energy of
reaction intermediates, accelerating the OER reaction kinetics.

Keywords Electrocatalyst; Dual-metal site; S coordination; Fe
single atom; Oxygen evolution reaction

1 Introduction

Oxygen evolution reaction(OER) is the rate-determining step
for water electrolysis owing to the multistep electron transfer
process, leading to slow kinetics and restricting the large-scale
application of hydrogen production from water electrolysis!*2.
In this context, IrO2 and RuO: as benchmarks have high
OER catalysis capability, but their high cost and scarcity
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significantly impede industrial applications®*. Thus, it is
urgent to develop more advanced and inexpensive catalysts
with high activity and stability to promote the development of
next-generation energy utilization technologies.

Cobalt sulfides are promising catalysts in alkaline OER
due to their cost-effectivity and large-scale manufacturing
capability®>¢l. However, their OER activity and stability are still
far from being satisfactory for meeting commercial
applications!”8l. Further modifications, such as doping, strain,
and defect engineering can effectively tailor the adsorption-
free energy of oxygen-involved intermediate species and
conduct OER in lower energy barriers®-1!l. Recent studies
showed that CosSs can exhibit great potential as ideal support
to stabilize the single atom by metal coupling sulfide(M-Sx),
maximizing the catalytic activity of active sites by modulating
the local atomic configuration and electronic structure, and
leading to dramatically improved OER performancel!12. More
interestingly, the incorporation of Fe atoms would effectively
improve the electrocatalytic performance of catalysts, profiting
from the favorable change of O and OH adsorption energy on
the Co sitesl!314],

In addition, Fe introduction could boost the electron-
transfer rate and induce the formation of defect sites due to
different valence states!!l. Therefore, such a facile strategy can
be employed to prepare highly active single atom catalysts
with metal coupling sulfide(M-5Sx).

Herein, CosS: nanosheets with rich defects are selected as
an ideal support to fabricate Fe single-atom catalysts to
enhance the OER activity. In detail, in an ultralow
concentration solution of 0.1 mol/L KOH, FeiS:@Co0sSs reaches
low overpotentials with excellent stability maintained within
350 h. Combined with in-situ Raman spectroscopy and
electrochemical tests, it can be concluded that the presence of
the 2S-bridged(Fe-Co)S: coordination configuration as a new
active site significantly enhances the OER activity of
Fe1S:@Co3Ss. Moreover, benefiting from S coordination of a
dual-metal site process, it can achieve much more accessibility
to atomically isolated catalytic sites, favorable for the
adjustable electronic structure of the active centers, and thus

influencing the electrocatalytic performance.
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2 Experimental

The experiment section and characterization can be seen in the

Electronic Supplementary Material of this paper.

3 Results and Discussion

The atomically dispersed FeiS:@CosS: catalysts were obtained
in two consecutive steps. Briefly, Fe(NHa)2:(SO4)2-6H20 and
Co-MOF were dispersed in a mixture of 1-dodecanethiol(DT),
and dodecylamine(DDA), and stirred vigorously at room
temperature. Subsequently, Co(Fe)-MOF was converted into
FeiS:@CosSs through a solid-liquid phase chemical route.
Transmission electron microscopy(TEM) images show that
Fe1S:@CosSs has an ultrathin nanosheet structure[Figs.1(A) and
Fig.S1, see the Electronic Supplementary Material of this
paper]. Notably, the aberration-corrected high-resolution
TEM(HRTEM) image(Fig.S2, see the Electronic Supplementary
Material of this paper) further discloses that the rough surface
of nanosheets is composed of disordered lattice structures,
which facilitates the electron transfer, beneficial for improving
the OER activity'®7l. The d-spacing (111) of FeiS:@Co0sS4
obviously increases after the addition of Fe[Figs.1(B) and
Fig.53, see the Electronic Supplementary Material of this
paper], meanwhile, the electron energy loss spectroscopy
(EELS) spectrum further identified the embedding of Fe sites
within the atomic CosS: lattice[Figs.1(C) and Fig.54, see the
Electronic Supplementary Material of this paper]’sl. Notably,

as shown in Fig.1(D) and (E), single Fe atoms are distinguished
and anchored on the surface of the CosSs matrix. The atomic
dispersion of Fe species in Fei5:@CosS4 is further confirmed by
the analysis of intensity profiles[Fig.1(E)]"), in which Fe, S,
and Co elements are uniformly distributed on the FeiS:@CosS4
surface[Fig.1(F)]. And the Fe content was measured to be
6.59%(mass fraction) by inductively coupled plasma-atomic
emission spectrometry(ICP-AES) measurement(Table S1, see
the Electronic Supplementary Material of this paper).

Powder X-ray diffraction(XRD) patterns show that the
diffraction peaks of Co0sSs coincide well with that of the
standard cubic CosS4(JCPDS No. 42-1448), suggesting the Fe
introduction did not alter the main structure of CosSs and no
crystalline Fe formed[Fig.2(A)]. Also, upon the addition of Fe,
the dominant peaks gradually shift toward lower diffraction
angles, which testifies to the successful incorporation of Fe
species?’l. The formation of FeiS:@CosSs was further confirmed
by Raman spectrum spectroscopy[Fig.2(B)]. The typical
characteristic vibrations are attributed to vibrational modes of
the Co—S bond and that at 658.5 cm™ is due to the S—S
stretching vibration, verifying the formation of separated CoSx
species(Table S2, see the Electronic Supplementary Material of
this paper)?!. Notably, the Eg peak obviously broadens and
undergoes blue shifts arising from the Fe atoms doping in the
CosS4 lattice and increased short-range disorder of Fei5:@CosSs
crystals(Fig.S5, see the Electronic Supplementary Material of
this paper )22,

Furthermore, according to the XPS spectra, the presence

of Co, Fe, and S elements in the Fei5:@CosS: catalyst can be
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Fig.1 TEM images(the inset is an enlarged TEM view showing the structure of the nanosheets)(A), HRTEM image(B), HAADF-
STEM image and corresponding EELS spectrum(C), intensity profiles of Fe;S,@Co03S, obtained in the dotted rectangle regions
1# and 2# in (D)(D, E) and HAADF-STEM and corresponding elemental mapping images of Fe;S,@Co03S4(F)
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Fig.2 XRD patterns(A) and Raman spectra(B) of Fe;S,@Co03S, and Co3S,, respectively, Co 2p(C), S 2p(D), Fe 2p(E) regions of
Fe;S,@Co0;S, and Co;S,, respectively, and ’Fe Méssbauer spectra of Fe;S,@Co03S4(F)

verified(Fig.56, see the Electronic Supplementary Material of
this paper). In Fig.2(C), the emerged peaks at 780.5 and 795.7,
and 782.3 and 798.6 eV correspond to the Co* and Co?%,
respectively?. The binding energy increases by 0.6 eV for
Fe1S:@Co0sS4, which reflects the Co loses electrons after the Fe
introduction. And the doublet peaks located at 163.3 and 164.4
eV in the high-resolution S 2p spectrum of FeiSx@CosSs
[Fig.2(D)] are attributed to the formation of metal-S chemical
bonds!?®l. Moreover, the incorporation of Fe single-atom into
the lattice may lead to the blue shift of the binding energy.
Additionally, the characteristic peaks at 713.3 and 716.2 eV in
the spectra of FeiS:@CosSs can be attributed to Fe?* and Fe¥,
respectively[Fig.2(E)]?°. Further structural insights about the
Fe species in FeiS5:@CosS: were performed in terms of the
Moéssbauer spectrum!?). As shown in Fig.2(F) and Table S3(see
the Electronic Supplementary Material of this paper), the
fitting result of the Fe1S:@CosS4 indicates the existence of both
Fe? and Fe®*. Taken together, these measurement results
indicate that the atomic FeiS: units can be confined in Co3Ss,
which plays a significant role in the regulation of the
electrocatalytic activity.

The electrocatalytic performance of Co-MOF, commercial
RuO2, commercial IrOz, Fei5:@Co0sSs, and CosS4(Fig.S7, see the
Electronic Supplementary Material of this paper) toward the
OER was tested in a 0.1 mol/L KOH aqueous solution??1. As
shown in Fig.3(A), FeiSx@CosS: delivers an OER current
density of 10 mA/cm?at an overpotential of 300 mV, which is

21 and 82 mV lower than that of CosSs and IrO:, respectively.
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Further, to generate 30 mA/cm?, FeiS:@CosSs presents a smaller
overpotential of 333 mV, while Co3Ss, commercial RuO>, and
commercial IrO:z required 357, 355, and 452 mV, respectively
[Fig.3(A), Table S4, see the Electronic Supplementary Material
of this paper]. Thus, it is clear that Fe doping can effectively
improve OER performance. The corresponding Tafel slope for
FeiS5:@CosSs was fitted to be 59 mV/dec, revealing favorable
OER  kinetics[Fig.3(B)]*!.

performance advantages when compared with the other

Strikingly, it even presents
samples and the state-of-art OER electrocatalysts as reported
in the same KOH solutions[Fig.3(C) and Table S5, see the
Electronic Supplementary Material of this paper].

To understand the origin of the high OER activity of
Fei5:@CosSs, the Carwas used to evaluate the electrochemically
active surface areas(ECSAs) of catalysts®!. The Ca values of
FeiS:@Co03S4(105 mF/cm?), CosS4(35 mF/cm?), and Co-MOF(38
mF/cm?) are shown in Fig.3(D) and Fig.S8(see the Electronic
Supplementary Material of this paper), in which Fei5:@CosSs
has a larger Cai and thus a higher ECSA compared to other
catalysts. In other words, the optimal Fe incorporation is
beneficial for increasing the number of catalytically active sites,
thus making a great contribution to the OER performance.
Moreover, from Fig.3(E), FeiS:@CosSs possesses a smaller Rer
value(29.7 Q) than CosS«(77.6 Q) and Co-MOF(178 Q),
demonstrating that the Fe single-atom doping does accelerate
the reaction kinetics(the fitting curves are presented in Fig.S9,
see the Electronic Supplementary Material of this paper)®.
Note that, as shown in Fig.3(F), the turnover frequency(TOF)
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value of catalysts was calculated at an overpotential of 50 mV,  electrode during the OER process, the corresponding in situ

in which FeiS:@CosSs shows a TOF value of 0.18 s}, nearly = Raman spectrum was carried out®?. As shown in Fig.4(A),
three times that of C0354(0.07 s™), suggesting the higher atomic ~ the peaks at 446 and 614 cm™ are attributed to E; and A,
utilization of Fe single-atom in FeiS:@CosSs. Further, the  modes of CoO2[Fig.4(B)]*. With the increasing potential, the
long-term stability of FeiSx@CosSs was measured at a  characteristic band of CoOOH overlaps with the Co—O,
overpotential of 300 mV, without significant degradation after ~ vibration at 446 cm™. Then, the surface reconstruction of the
the 350 h test[Fig.3(G)], further attesting its superior long-term  Co species was investigated by continuous cyclic voltammetry
stability for OER. (CV) cycles[Fig.4(C)], consistent with the analysis results of

To identify the activation process of the FeiS:@CosS:  in-situ Raman spectra and the previous reports®4. Furthermore
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(A) —RuO, 0.50HB) ®=RuO, =Ir0, il 1(C)
—Ir0, ; =Co,S, "Fe,S,@Co,S,
——CosS / = Co-MOF
30 354 / |
- FeS@Cos, / = 0.45 idec 437
i —— Co-MOF / T 95 .
5 / S 040 c E 400 382
< 2F o % 90 mi”de N
=4 / o _V_;—J =
= " 5 0%r — IO 321
= /} ° 7 dec poi 297 300
0.30F 59 m\/l/’ 300+
2 - \”dec
0 "45/1/ 0.25 1 nomma ?8 " 1
1.2 1.4 16 ) 0.4 06 0.8 1.0 RuG, IrO, CosS, Fe;S,@ Co-MOF
EIV(vs.RHE) Iglil(mA-cm-2)] CrgBy
D) o co,s, 100HE) ocoys, 0P i
08 ©FesS,@Co.s, 9Fe,S,@CosS, ' '
© Co-MOF 105 mF/cm? 801~ @Co-MOF e 0.07
o
& 06+ 0.05- 0.02
b 60
5 g 00 % CosS;  Fe,S,@C0sS, Co-MOF
< 38 mF/cm? mll °® 354 1S 5S4
£ 04r 40 2" R R&2950Q P©)
= wasf Fe,S,@C0,S,
02k 35 mFlem? 201 [Qﬁ E 201
g Fe,S,@Co,S, < 151
0 1 1 1 1 1 U 1 1 I 1 I w1.0¢ 1 1 1
2 4 6 8 10 40 80 120 160 200 240 0 100 200 300
Scan rate/(mV-s~") Z'Q Time/h

Fig.3 LSV curves(A), corresponding Tafel slopes(B), intrinsic activity(C), Cq4 values(D), Nyquist plots(E), TOF curves(F) of
catalysts, and the stability of Fe;S,@Co03S4(G)
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Fig.4 In situ electrochemical Raman cell set-up(A), in situ Raman spectra of Fe S,@Co3S, at different applied potentials(B),

cyclic voltammetry of Fe;S,@Co03S, with a 5 mV/s scan rate from 0.85 V to 1.50 Vgug(C), elemental mapping images(D), Co 2p
XPS(E), and Fe 2p XPS(F) spectra of FeS,@Co3S, after stability test

1285 Chem. Res. Chinese Universities, 2022, 38(5), 1282—1286
https://doi.org/10.1007/s40242-022-2248-x



Chem. Res. Chinese Universities

a low level of Fe substitution could facilitate surface
reconstruction of inactive Co354 with the self-termination
ability by activating the pre-oxidation of Co and introducing
greater structural flexibility via uplifting the O 2p level of
oxide®!. Simultaneously, in situ doping of Fe during the
synthesis process can ensure FeiS:@CosS: with much more
stable(Fe-Co)S: sites to offer improved catalytic and structural
stability!®. Meanwhile, to further provide the role of surface
single atoms on water dissociation kinetics, TEM and XPS
analyses were performed. As can be seen in Fig.4(D), the
nanosheet structure of Fei5:@CosSs remains. Similarly, the XPS
results show that the peak positions of Co, and Fe do not
change[Fig.4(E) and (F)], confirming the excellent stability
during the OER process. However, the peak area of Co* in the
Co 2p XPS spectrum of Fei5:@CosSs increases, indicating the
formation of metal hydroxides, which is accorded with the

above in situ characterizations.

4 Conclusions

In summary, we reported the atomically dispersed Fe-S: site
embedded in CosSs nanosheets(devoted as FeiS:@CosSs) as a
highly efficient catalyst for OER. Both Mossbauer and in situ
Raman analyses revealed that the isolated metal single atom
significantly enhanced the OER catalytic activity, due to the
formation of most active S-coordinated dual-metal site
with  2S-bridged (Fe-Co)Ss The
experimental test showed that FeiS:@CosS: had excellent

configurations sites.

activity and stability toward OER with negligible activity
decay within 350 h in a 0.1 mol/L KOH solution. This work
offers new fundamental insights into the reaction kinetics and
the state of the atomically dispersed centers under reactive

conditions, which possesses broad application prospects.

Electronic Supplementary Material

Supplementary material is available in the online version of this article at
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