Simultaneously Integrating Single Atomic Cobalt Sites
and CoySg Nanoparticles into Hollow Carbon Nanotubes
as Trifunctional Electrocatalysts for Zn—Air Batteries

to Drive Water Splitting
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The development of rechargeable metal-air batteries and water electrolyzers
are highly constrained by electrocatalysts for the oxygen reduction reaction
(ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction
(HER). However, the construction of efficient trifunctional electrocatalysts
for ORR/OER/HER are highly desirable yet challenging. Herein, hollow
carbon nanotubes integrated single cobalt atoms with CogSg nanoparticles
(CoSA + CogSg/HCNT) are fabricated by a straightforward in situ self-sac-
rificing strategy. The structure of the CoSA + CogSg/HCNT are verified by
X-ray absorption spectroscopy and aberration-corrected scanning transmis-
sion electron microscopy. Theoretical calculations and experimental results
embrace the synergistic effects between CogSg nanoparticles and single
cobalt atoms through optimizing the electronic configuration of the CoN,
active sites to lower the reaction barrier and facilitating the ORR, OER, and
HER simultaneously. Consequently, rechargeable liquid and all-solid-state
flexible Zn—air batteries based on CoSA + CoySg/HCNT exhibit remarkable
stability and excellent power density of 177.33 and 51.85 mW cm™? respec-
tively, better than Pt/C + RuO, counterparts. Moreover, the as-fabricated
Zn-air batteries can drive an overall water splitting device assembled with
CoSA + CoySg/HCNT and achieve a current density of 10 mAcm=2at a

low voltage of 1.59 V, also superior to Pt/C + RuO,. Therefore, this work
presents a promising approach to an efficient trifunctional electrocatalyst

toward practical applications.
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Fuel cells, rechargeable metal-air batteries
as well as electrochemical water splitting
are widely recognized as efficient tech-
nologies for energy storage and conver-
sion.”3 The oxygen reduction reaction
(ORR), oxygen evolution reaction (OER),
and hydrogen evolution reaction (HER)
are the most critical electrochemical pro-
cedures for these energy-related tech-
nologies.® In practical applications,
these reactions usually suffer problems
of kinetic sluggishness and insufficient
activity.”®] Noble metal based electro-
catalysts (i.e., Ru/Ir oxides and Pt/C) are
considered as the most efficient electrocat-
alysts for above electrochemical processes
to date.”'% However, the scalable appli-
cations of noble metal based electrocata-
lysts are heavily impeded by their scarcity,
high cost, and insufficient durability.[''-13]
Therefore, the development of high-
activity, durable, and inexpensive nonpre-
cious metal electrocatalysts (NPMCs) as
substitutes for noble metal electrocatalysts
is of great significance.*1]

Numerous investigations have been
devoted to explore NPMCs. Heteroatom-
doped carbons, transition metal-nitrogen—
carbon (M—N—C, M = Fe, Co, Cu, and
Mn, etc.), metallic oxides/chalcogenides/carbides/nitrides have
been evaluated as robust electrocatalysts with activity compa-
rable to noble metals.' Among these materials, M—N—C
electrocatalysts are recognized as one of the most active elec-
trocatalysts in the electrocatalytic reaction processes.l?>~28
Previous works have demonstrated that Co—N—C can act as
trifunctional electrocatalyst toward ORR/OER/HER.[?*-31] How-
ever, its catalytic activity is not satisfactory and needs to be fur-
ther improved.[3233]

On the other hand, thanks to the vast array of electronic
structures and intrinsic physical properties, transition metal
chalcogenides (TMCs) hold promise in the field of electrocatal-
ysis, and have received extensive attention.l3*¢ However, single
TMC based electrocatalysts rarely meet the catalytic needs of
different electrochemical reactions simultaneously. Introducing



active sites with different functions is also supposed to an valid
strategy for improving trifunctional catalytic activity of TMCs
notwithstanding, it cannot achieve high activity by simply
mixing different active sites together.’”] Therefore, the integra-
tion of various functional active sites to synergistically improve
catalytic activity toward efficient trifunctional electrocatalysis is
highly desired.

Herein, hollow carbon nanotube integrated single cobalt
atoms with CogSg nanoparticles (CoSA + CooSg/HCNT) is fab-
ricated by an in situ self-sacrificing strategy. The structure of
as-prepared CoSA + Co¢Sg/HCNT was identified by aberra-
tion-corrected high-resolution scanning transmission electron
microscopy and synchrotron X-ray absorption spectroscopy.
The unique structure enables CoSA + Co¢Sg/HCNT to act as
efficient trifunctional electrocatalysts for ORR, OER, and HER.
The CoSA + CoySg/HCNT displays favorable ORR/OER activity
and the potential difference (AE) between E., (potential at
10 mA cm™ for OER) and E, (half wave potential of ORR) is
0.705 V, much smaller than that of Pt + RuO, (0.777 V). The
liquid and all-solid-state flexible rechargeable Zn-air batteries
assembled with CoSA + CogSg/HCNT provide high peak power
density of 177.33 and 51.85 mW cm™2, respectively, superior to
the devices based on Pt + RuO,. Moreover, the water splitting
electrolyzer assembled with CoSA + CoySg/HCNT only needs
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to apply 1.59 V to achieve a current density of 10 mA cm™2. The-
oretical calculations reveal that the electronic configuration of
CoN, could be optimized significantly by CosSg nanoparticles,
thus reducing the reaction barrier as well enhancing the kinetic
of adsorption—desorption of intermediates. Our work presents
a straightforward approach to produce highly efficient trifunc-
tional electrocatalyst toward practical applications.

The preparation of CoSA + CogSg/HCNT is schematically
illustrated in (Figure 1a). First, ZnS nanorods were use as
templates for the growth of ZIF-67 to produce ZnS/ZIF-67.
Followed by coating polydopamine (PDA), ZnS/ZIF-67-PDA
was obtained. Finally, CoSA + CooSg/HCNT were prepared by
direct pyrolysis of ZnS/ZIF-67-PDA precursors at 1000 °C, for
detailed experimental procedures see Supporting Information.
During the pyrolysis process, the self-sacrificing ZnS nanorod
templates were reduced to metallic Zn vapor and simultane-
ously saved as sulfur source. At the same time, ZIF-67 can act
as the source of Co and N to form CoN, sites and is partially
sulfurated to form Co¢Sg nanoparticles. Meanwhile, the coated
PDA layer was converted into carbon frameworks to connect the
ZIF-67-derived carbon to generate hollow nanotubular struc-
ture. For comparison, ZnS-PDA (PDA-coated ZnS), ZIF-67,
ZnS/ZIF-67, and ZIF-67-PDA (PDA-coated ZIF-67) were also
prepared and carbonized at 1000 °C, the obtained products
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Figure 1. a) Schematics of the preparation of CoSA + CogSg/HCNT trifunctional electrocatalyst. b) TEM image, inset is SAED pattern. ¢) HRTEM image.
d) Aberration-corrected HADDF-STEM image (single Co atoms are highlighted by orange circles). e) HADDF-STEM and corresponding elemental

mapping images of CoSA + CogSg/HCNT.



were denoted as C-ZnS, C-ZIF-67, C-ZnS/ZIF-67, and C-ZIF-
67-PDA, respectively.

The morphologies of the samples during the synthetic pro-
cesses were characterized by electron microscopy. The diameter
of the ZnS nanorod is about 300 nm, as shown in scanning
electron microscopy and transmission electron microscopy
(TEM) images (Figures S1 and S2, Supporting Information).
The ZIF-67 nanocrystals homogeneously grew on the ZnS
nanorods (Figure S3, Supporting Information), and still kept
the nanorod morphology after coating a thin layer of PDA
(Figures S4 and S5, Supporting Information). After carboniza-
tion, the ZnS nanorods were self-sacrificed to form a tubular
structure (Figure 1b and Figure S6, Supporting Information)
and act as the sulfur source for the formation of Co¢Sg nano-
particles. The selected area electron diffraction (SAED) image
(inset of Figure 1b) reveals the polycrystalline structure of CogSg
nanoparticles. The high-resolution TEM image demonstrated
that CoySg nanoparticles were covered by graphitic carbon layers
(Figure S7, Supporting Information). The graphitic carbon
layers can prevent the CoySg nanoparticles from leaching out
to the electrolyte, thereby improving the stability.l?¥#% The lat-
tice fringes with d-spacing of 0.175 and 0.34 nm correspond to
the (440) plane of CooSg and the (002) plane of the graphitic
carbon layers, respectively (Figure 1c). Furthermore, bright
dots (highlighted in orange circles) observed by the aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images intuitively hinted
the existence of single Co atoms (Figure 1d and Figure S8, Sup-
porting Information). The HAADF-STEM and corresponding
energy-dispersive spectroscopy mapping images revel the uni-
form distribution of Co, C, N, and S throughout the hollow
carbon nanotubes (Figure 1e). The uniform dispersion and
simultaneous presence of Co and S indicate the homogeneous
composition of the nanoparticles. The above results revealed
the coexistence of single Co atoms and Co¢Sg nanoparticles in
the as-prepared CoSA + Co¢Sg/HCNT.

The crystal structure evolution of the samples during the
preparation of CoSA + CoySg/HCNT were investigated by X-ray
diffraction (XRD). The XRD pattern of ZnS/ZIF-67 contains
diffraction peaks of ZnS and ZIF-67 (Figure S9a, Supporting
Information), which means that ZIF-67 nanoparticles have suc-
cessfully grown on ZnS nanorods. The peak intensity becomes
weaker after coating with PDA. After carbonization, the peaks
for CoSA + CoySg/HCNT located at 15°, 30°, 47°, and 52° are
attributed to the (111), (311), (511), and (440) planes of CogSg
(JCPDS 65-6801), respectively, indicating the formation of the
CoySg. Since defective carbons are considered as active sites
for electrocatalysis, Raman spectra were used to study the
defect degree of the as-prepared electrocatalysts (Figure S9b,
Supporting Information). The two broad peaks at 1345 and
1582 cm™ represent D (disordered or defective carbon) and G
(sp? hybridized carbon) bands, respectively. The Ip/I; ratio for
CoSA + CoySg/HCNT (1.18) is higher than all reference sam-
ples, suggesting more defect sites in CoSA + CooSg/HCNT.

The porous structure and specific surface area of electro-
catalysts are significant parameters during catalytic process. N,
adsorption—desorption isotherms were recorded to study the
porous structure of the electrocatalysts (Figure S10, Supporting
Information). All the electrocatalysts display a typical type-IV

isotherm, which contain obvious gas uptake at low pressure
(P/Py < 0.01) and hysteresis loop at high pressure, revealing
the presence of both micro- and mesopores.*!] CoSA + Co,Sg/
HCNT displays the highest Brunauer-Emmett-Teller (BET)
surface area is 635.88 m? g! (Table S1, Supporting Informa-
tion). A larger specific surface area is usually favorable for
improving the catalytic activity of electrocatalysis due to the
exposure of more active sites. The pore size distribution profile
of CoSA + CoySg/HCNT displays main peaks at 0.94, 4.08, and
7.53 nm, proving the hierarchical porous structure (Figure S11,
Supporting Information), which leads to a fast mass diffusion
and a favorable accessibility of the active sites/electrolytes thus
improve catalytic activity.

The chemical composition and the bonding structure of
the as-prepared electrocatalysts were investigated by X-ray
photoelectron  spectroscopy (XPS). The survey XPS spec-
trum of CoSA + CooSg/HCNT indicates the existence of Co,
N, C, and S (Figure S12a, Supporting Information). The cor-
responding atomic percentages for Co, N, and S are 2.90%,
1.82%, and 4.92%, respectively (Figure S12b—f, Supporting
Information). The high-resolution C 1s spectra of CoSA +
Co¢Sg/HCNT (Figure S13a, Supporting Information) contain
four peaks assigned to C = O (286.6 eV), C—N (285.4 eV),
C—C (284.8 eV), and C—S (283.9 eV).*”l The N 1s spectrum
was deconvoluted into five peaks at 404, 401.2, 400.1, 399.2,
and 398.4 eV, corresponding to the oxidized N, graphitic N,
pyrrolic N, Co-N, and pyridinic N, respectively (Figure S14a,
Supporting Information).*3l Co-N, pyridinic N, and graphitic
N are usually considered as important species for ORR/OER/
HER.* In addition, pyridinic N and pyrrolic N can stabilize
the metal Co center to ensure the formation of single atomic
CoNy, structure.*] According to the N 1s XPS spectra of the
electrocatalysts (Figure S14a—e, Supporting Information), the
corresponding percentage distribution of nitrogen species are
statistically shown in Figure S14f, Supporting Information. The
N species in CoSA + CoygSg/HCNT are mainly pyridinic and gra-
phitic nitrogen, which could lead to improved catalytic activity.
The deconvoluted S 2p spectra (Figure S15a, Supporting Infor-
mation) of CoSA + Co¢Sg/HCNT displays peaks of Co—S at
161.9 and 162.8 eV, corresponding to S 2p3;, and S 2py,,
respectively.*?l The high-resolution Co 2p spectra (Figure S16a,
Supporting Information) can be deconvoluted into Co 2ps)
(782.4 and 778.8 eV) and Co 2p;; (793.8 and 798.5 eV),
confirming the formation of CoySg.1*®l

The X-ray absorption fine structure (XAFS) measurements
were further conducted to confirm the coordination geom-
etry of CoSA + CoySg/HCNT. The Co K-edge X-ray absorption
near-edge structure (XANES) spectra of CoSA + CoySg/HCNT
(Figure 2a) show that the pre-edge of CoSA + CoySg/HCNT is
similar to Co porphyrin but quite different from Co foil, dem-
onstrating a structure component similar to Co porphyrin with
CoN, in CoSA + CoySg/HCNT. For the C K-edge spectrum of
CoSA + CogSg/HCNT, the peaks located at 285.1 and 292.5 eV
(Figure S17a, Supporting Information) assign to aromatic
carbon species and sp? hybridized o* band, respectively.*!l The
resonance shoulder peak at around 287.4 eV originate from
the Co—N—C bond in the CoSA + CoySg/HCNT.*’] The three
peaks at 399.2, 403.3, and 408.9 eV in the N K-edge spectrum
correspond to pyridinic N, graphitic N, and the o* C—N bond,
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Figure 2. a) Co K-edge XANES spectra, and b) corresponding Fourier transform (FT) of k*-weighted Co K-edge EXAFS spectra for CoSA + CogSg/HCNT,
Co porphyrin, and Co foil samples. c) The EXAFS fitting curves of CoSA + CogSg/HCNT in R space. d) Wavelet transform (WT) of Co K-edge k3-weighted
EXAFS for CoSA + CogSg/HCNT, Co porphyrin, and Co foil samples. Co K-edge EXAFS of CoSA + CogSg/HCNT in e) k and f) R spaces.

respectively (Figure S17b, Supporting Information).l*”] For the
S L-edge XANES spectrum (Figure S17c, Supporting Informa-
tion), the three typical peaks between 163 and 167 eV corre-
spond to C—S—C bonds.**!

To obtain the atomic coordination environment of the Co
atoms in CoSA + CoySg/HCNT, the extended X-ray absorp-
tion fine structure (EXAFS) spectra were further studied. The
Fourier transformed (FT) k*weighted phase uncorrected Co
K-edge EXAFS spectra is demonstrated in Figure 2b. The peaks
at 1.79 and 2.15 A can be attributed to the Co—S and Co—Co
single scattering paths, respectively, revealing the existence of
CooSg. The Co—N signal at 1.45 A originates from CoN, struc-
ture on the carbon matrix. The EXAFS R space fitting curves
in Figure 2c show that the combined magnitudes of the paths
originated from Co¢Sg and CoN, fit well with the structural
components of CoSA + CoySg/HCNT. EXAFS wavelet trans-
form (WT) analysis supplies radial distance and k space resolu-
tion to discriminate the backscattering atoms.[*%) According to
the result of FT k3-weighted EXAFS spectra, the WT analyses
display two prominent features centered at =6.5 and 8.5 A~
(Figure 2d, middle and bottom graph), which are comparable
to the features of Co—N found in Co porphyrin and Co—Co
in the cobalt foil, respectively. The quantitative least-squares
EXAFS curve fitting further reveals the coordination configu-
rations in CoSA + CoySg/HCNT. Four backscattering paths
including Co—N, Co—S;, Co—S,, and Co—Co were adopted

to analyze the EXAFS spectrum of CoSA + Co¢Sg/HCNT
(Figure 2e,f and Table S2, Supporting Information). The best
fitting analyses display a shoulder peak at 1.63 A attributed
to the Co—N first shell coordination. The main peak at 2.0 A
originates from Co—S; (1.98 A) and Co—S, (1.87 A) while the
second shell peak at 3.2 A results from Co—Co contribution.
The phase-corrected fitting results’ derived bond length for
Co—N (=1.97 A) with corresponding coordination number is
4.0, consistent with a CoN, structure. The presence of CoySg
was further supported by the two different sets of Co—S bonds,
that is, Co—S; at 2.19 A and Co—S, at 2.32 A, in consistent
with the co-presence of two different unit cells in CogSg.l>"
The coordination number for Co—S; and Co—S, are best fitted
as 4.0 and 6.0, respectively. In summary, the XAFS analyses
further support that the as-prepared hollow carbon nanotubes
were integrated Co¢Sg nanoparticles and single cobalt atoms
with CoN, configuration.

The hierarchical porous structure and unique electronic
structures as well as compositional merits of CoSA + CooSg/
HCNT are favorable for electrocatalytic processes. Linear
sweep voltammetry (LSV) was first conducted with a rotating
disk electrode (RDE) at 1600 rpm to investigate the catalytic
activity toward ORR. The CoSA + CoySg/HCNT prepared at
1000 °C exhibits the maximal limited current density and
the most positive half wave potential (E;,;) of 0.855 V versus
RHE (Figure 3a and Figure S18, Supporting Information). The



CoSA + Co¢Sg/HCNT is comparable to and even superior to
most of advanced cobalt based ORR electrocatalysts reported so
far (Table S3, Supporting Information). According to the Kout-
ecky—Levich (K-L) plots, the electron transfer number (n) was
determined to be 3.98 for CoSA + CoySg/HCNT, confirming
a four-electron pathway toward ORR (inset in Figure 3b). The
corresponding Tafel slope (Figure 3c) for CoSA + CogSg/HCNT
(30 mV dec™!) is much lower than that for Pt/C (78 mV dec™),
indicating an excellent dynamic process. Furthermore, the
rotating ring—disk electrode measurements were further car-
ried out to investigate the n and hydrogen peroxide (HO,") yield
during ORR (Figure 3d and Figures S19 and S20, Supporting
Information). The HO,~ yield of CoSA + CoySg/HCNT is less
than 2% and the value of n is 3.99, which is coincident with
the result obtained from the K-L plots, demonstrating again
the excellent four-electron pathway selectively of CoSA + CoySg/
HCNT for ORR. The influence of SCN™ ion for ORR is inves-
tigated to illuminate the nature of single-atom CoN, sites. The

SCN~ ion tends to attack metal-centered catalytic sites resulting
in reduced catalytic activity.’!l After introducing 10 mm KSCN
into the electrolyte, the Ejj, of CoSA + CoySg/HCNT was sig-
nificantly decreased from 0.855 to 0.723 V, while the current
density was reduced by almost half (Figure S21, Supporting
Information). Therefore, it can be proved that CoN, in CoSA +
CoySg/HCNT play an important role toward ORR.

To investigate the intrinsic ORR activity of as-prepared
electrocatalysts, we calculated electrochemically active surface
area (ECSA) based on the double layer capacitance (Cg). The
CoSA + Co¢Sg/HCNT sample possesses the highest Cyq of
51.33 mF cm™? (Figure S22, Supporting Information) and the
corresponding ECSA is 251.49 m? g™! (Table S4, Supporting
Information). The CoSA + CoySg/HCNT shows the highest
kinetic current density normalized by EESA, indicating an
excellent kinetic process (Figure S23, Supporting Informa-
tion). The durability of CoSA + CoySg/HCNT and Pt/C were
evaluated by chronoamperometry at 0.7 V (vs RHE). After
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Figure 3. a) ORR polarization curves at 1600 rpm. b) LSV curves of CoSA + CoySg/HCNT for ORR at different rotating rates, and inset is corresponding
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tron transfer number (n) and HO,™ yield for CoSA + CogSg/HCNT and Pt/C 20%. e) OER polarization curves of as-prepared electrocatalysts at 1600 rpm.
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i) Tafel slopes of the electrocatalysts for HER.



12 h, the current density of CoSA + Co¢Sg/HCNT can still
maintain 98.4% (Figure S24, Supporting Information), much
better than Pt/C (89.5%). The tolerance of methanol was fur-
ther evaluated by adding 3 M methanol into electrolyte during
the chronoamperometric measurements. After the addi-
tion of methanol, a dramatic current density reduction can
be observed for Pt/C, demonstrating that Pt/C is intensively
inactivated (Figure S25, Supporting Information). In con-
trast, inconspicuous current density decay can be observed
for CoSA + CoySg/HCNT, confirming its robust resistance
to methanol crossover. The excellent durability of the as-pre-
pared CoSA + CogSg/HCNT verified it is a promising electro-
catalyst for practical application.

The CoSA + CogSg/HCNT also exhibits prominent catalytic
activity toward OER to achieve an application in rechargeable
Zn-air Dbatteries. The LSV curves reveal that CoSA + CooSg/
HCNT prepared at 1000 °C requires the lowest potential of
1.56 V versus RHE to attain a 10 mA cm™ current density
(Eiz0) among all the samples, suggesting the best catalytic
ability (Figure 3e and Figure S26, Supporting Information).
Such low potential is comparable to and even lower than most
OER electrocatalysts reported to date (Table S5, Supporting
Information). In addition, CoSA + Co¢Sg/HCNT also displays a
low Tafel slop of 21 mV dec™?, very close to the value of bench-
mark RuO, (17 mV dec™) (Figure 3f). As shown in Figure S27,
Supporting Information, after injecting 10 mm KSCN into the
electrolyte, the overpotential increased more than 140 mV,
demonstrating CoN, in CoSA + Co¢Sg/HCNT is crucial for
OER. The bifunctional activity was further assessed by AE
(Ej=10~E12)- The AE for CoSA + CooSg/HCNT is 0.705 V, much
smaller than the mixture of Pt/C and RuO, (0.777 V, Figure 3g).
Moreover, the AE for CoSA + CogSg/HCNT outperforms most
of the previously reported bifunctional electrocatalysts (Table
S6, Supporting Information), suggesting its good prospect for
rechargeable Zn-air batteries.

In addition to the excellent ability of bifunctional catalysis
for OER and ORR, the CoSA + CoySg/HCNT also shows high
activity for HER. The LSV curves were obtained by using RDE
in a Nj-saturated 1.0 v KOH electrolyte. The LSV curves in
Figure 3h show that CoSA + Co¢Sg/HCNT prepared at 1000 °C
possesses the highest catalytic activity with an overpotential of
250 mV at 10 mA cm2, close to commercial Pt/C (Figure 3h
and Figure S28, Supporting Information). The Tafel slope for
CoSA + CoySg/HCNT is as low as 101 mV dec™! (Figure 3i),
it demonstrates a favorable kinetic process for HER. To verify
the effect of single-atom CoN, in HER, 10 mm KSCN is also
introduced. The overpotential displays a significant negative
shift of 210 mV at 10 mA cm™2, attesting CoN,, provided a great
contribution in HER (Figure S29, Supporting Information).
The minimal contact angle confirms the best hydrophilicity of
CoSA + CoySg/HCNT (Figure S30, Supporting Information),
which is beneficial to the accessibility of the electrolyte. The
electrode/electrolyte interface resistance can be reduced due
to increased hydrophilicity by optimizing surface wettability.
The electrochemical impedance tests show the lowest charge
transfer resistance of CoSA + CoySg/HCNT, which is consistent
with hydrophilicity analysis, confirming a more favorable elec-
tron transfer process (Figure S31, Supporting Information).
All these results demonstrate the remarkable electrocatalytic

performance of CoSA + CoySg/HCNT for HER in alkaline
electrolyte.

Due to the superior trifunctional catalytic activity toward
ORR, OER, and HER, CoSA + CoySg/HCNT was applied to
rechargeable Zn-air batteries and water electrolyzer to investi-
gate its practical application. Primary liquid Zn-air battery was
first assembled and the construction is illustrated in Figure 4a
and Figure S32, Supporting Information. The device based on
Pt/C was also assembled for comparison. The polarization and
corresponding power density curves are presented in Figure 4b.
The Zn-air battery constructed with CoSA + CoySg/HCNT dis-
plays an open circuit voltage of 1.45 V. The peak power den-
sity (177.33 mW cm™?) is superior to the Zn-air battery assem-
bled by using Pt/C as cathode (91.15 mW cm™2). According to
the long time galvanostatic discharge (Figure S33, Supporting
Information), the Zn-air battery constructed with CoSA +
CoySg/HCNT displays a specific capacity of 788 mA h g! at
100 mA cm™2, higher than that based on Pt/C (691 mA h g™),
demonstrating that it is a promising substitute to noble metal
based electrocatalysts. Discharge and charge polarization
curves show that the gap between discharge and charge voltage
of rechargeable Zn-air battery constructed with CoSA + CooSg/
HCNT (0.83 V) is smaller than that of Pt/C + RuO, (0.99 V) as
cathode (Figure S34, Supporting Information). Long time gal-
vanostatic discharge—charge cycling (Figure 4c) demonstrate a
high round-trip efficiency of =63.9%, which is comparable to
and even better than most advanced catalysts reported so far
(Table S7, Supporting Information). Moreover, the discharging—
charging voltage gap for Zn-air battery based on CoSA +
CoySg/HCNT exhibits much smaller change than device based
on Pt/C + RuO, (Figure 4c). This result further confirms the
prominent durability of CoSA + CogSg/HCNT.

Because of the increasing demand for wearable and flexible
devices, all-solid-state flexible rechargeable Zn-air batteries
were further assembled by using CoSA + CoySg/HCNT as air
cathode (Figure 4d). The open circuit voltage of the as-fabri-
cated device is =1.4 V (Figure S35, Supporting Information).
The peak power density of the flexible Zn—air battery based on
CoSA + CoySg/HCNT can reach 51.85 mW cm™ (Figure S36,
Supporting Information), higher than the device by using Pt/C
+ RuO, as air cathode (43.76 mW c¢m™2). Discharge and charge
polarization curve of the flexible Zn-air battery assembled with
CoSA + CoySg/HCNT exhibits a higher discharging voltage and
a smaller charging voltage compared with Pt/C + RuO, based
battery (Figure S37, Supporting Information). The photograph
inset in Figure S37, Supporting Information, shows the LED
can be powered by two flexible Zn—air batteries in series. The
galvanostatic discharge—charge cycling measurements were
also collected at a 1 mA cm™ to verify the durability of CoSA
+ CoySg/HCNT. The flexible Zn-air battery based on CoSA +
CogSg/HCNT maintains a stable discharge—charge potential
after long time cycling (Figure 4e). Moreover, negligible voltage
change was observed even under various bending conditions
(Figure S38, Supporting Information). These results confirm
the superb stability of CoSA + CoySg/HCNT, enables it as a
promising air cathode for all-solid-state flexible rechargeable
Zn-—air battery.

Considering the robust OER and HER performance of
CoSA + CogSg/HCNT (Table S8, Supporting Information),
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curve of the CoSA + CogSg/HCNT electrodes and inset is the photograph of self-power water splitting device. h) Chronoamperometric responses of
CoSA + CogSg/HCNT||CoSA + CogSg/HCNT cells at 1.6 V and inset is the image of electrodes during the electrolysis of water.

an overall water splitting system was further constructed and
powered by CoSA + CoySg/HCNT based Zn-air batteries. Two
pieces of carbon paper with CoSA + Co¢Sg/HCNT loading of
1 mg cm™? were served as the cathode and the anode to con-
struct a water splitting system (Figure 4f). The LSV curves in
Figure 4g demonstrates that CoSA + CoySg/HCNT||CoSA +
CoySg/HCNT cell only requires 1.59 V to achieve a current den-
sity of 10 mA cm~2, much lower than Pt/C + RuO, (1.66 V). The
inset in Figure 4g shows a self-powered water splitting device
generates a large amount of gas during water splitting. Subse-
quently, we further reviewed the stability of the device by using
the chronoamperometric response conducted at 1.6 V. The
device displays a steady current density with an insignificant
fluctuation caused by the generation of bubbles (Figure 4h).
After continuous 10 h of water splitting, the current density still

possesses a retention of 94.5%. Therefore, the CoSA + CoySg/
HCNT can be used as an efficient multifunctional electrocata-
lyst for overall water splitting system with superior durability.
Furthermore, to get an insight into the mechanisms of ORR,
OER, and HER at atomic scale, density functional theory (DFT)
calculations were employed. According to the experimental
results, three models, that is, CoN4, CooSg, and CoN, + CooSs,
were constructed to illustrate the fundamental mechanism of
CoSA + CogSg/HCNT for ORR/OER/HER (Figure 5a and Fig-
ures S39-S41, Supporting Information). The CoN, is modeled by
using CoN,-doped graphene and the (110) plane is used to model
CogSg. The model of CoN, + CogySg (represent CoSA + CoySg/
HCNT) was constructed by encapsulating CogSg in single-atom
CoNy-doped graphene. The free energy diagrams (Figure 5b)
indicate that the adsorption free energy of electron transfer
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Figure 5. a) The models of adsorption configuration of ORR, OER on CoSA + CogqSg/HCNT. b) Free energy diagrams of CogSg, CoN,, and CoSA + CogSg/
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thermodynamic limiting potentials of OER steps. e) Free energy diagrams of CogSg, CoN,, and CoSA + CogSg/HCNT for HER and inset is the model of

adsorption configuration of HER on CoSA + CogSg/HCNT.

during all ORR processes are downbhill at U = 0 V, which means
that the reaction can proceed spontaneously (Table S9, Sup-
porting Information). However, at a higher potential U= 1.23 V,
the desorption process of OH* shows an obvious uphill trend,
revealing that this step is the rate-determining step for CoN, and
CoN, + CoySg (Table S10, Supporting Information). The CoN, +
CoySg displays a smaller adsorption free energy (0.35 eV) than
CoN, (0.57 eV) during OH* desorption, confirming that the
presence of CoySg can facilitate the desorption of OH*. As shown
in Figure 5c, for Co¢Sg, CoN,, and CoN, + CogSg, the thermody-
namic limiting potentials of all ORR steps that ensures downhill
in free energy are 0.1, 0.68, and 0.88 V, respectively, revealing
superior ORR catalytic activity of CoSA + CoySg/HCNT. The
similar calculations are proposed to demonstrate OER perfor-
mance. The thermodynamic limiting potential of OER for CoySs,
CoNy, and CoN, + CogSg are 2.09, 1.91, and 1.76 V, respectively
(Figure 5d), indicating the best OER performance of CoSA +
CoySg/HCNT caused by the synergistical interaction between
CoySg and single-atom CoNj sites. The above results demon-
strate that CoSA + CoySg/HCNT possess the best activity for
ORR/OER, which is coincident with the experimental results.

In order to further clarify the mechanism of CoSA + CooSg/
HCNT for HER, the chemisorption of hydrogen was also

studied by DFT calculation. The H* adsorption free energy
[AGH*| values of CoySg and single-atom CoN, are 0.27 and
—0.91 eV, respectively, while CoSA + CoySg/HCNT displays
a minimum value of —0.09 eV, manifesting the highest cata-
lytic activity of CoSA + CoySg/HCNT toward HER (Figure 5e).
Therefore, the presence of CoySg can optimize the catalytic elec-
tronic configuration of the single-atom CoN, to synergistically
lowering the barrier of ORR, OER, and HER simultaneously.
The superiority of CoSA + Co¢Sg/HCNT as a trifunctional
electrocatalyst is proved theoretically, also confirming its great
potential in practical application.

In summary, a robust and efficient ORR, OER, and HER tri-
functional electrocatalyst CoSA + CooSg/HCNT was prepared
by a facile in situ self-sacrificing strategy. The self-sacrificing
ZnS nanorod templates were used to supply sulfur source and
produce hollow carbon nanotubes with hierarchical porous
structure. The aberration-corrected HAADF-STEM and XAFS
analysis further verified the as-prepared CoSA + Co¢Sg/HCNT
with hollow nanotube structure integrate single cobalt atoms
with CogSg nanoparticles to synergistically facilitate ORR, OER,
and HER. The potential application of CoSA + Co¢Sg/HCNT
is investigated by rechargeable Zn-air batteries and overall
water splitting devices. The rechargeable liquid Zn-air battery



assembled with CoSA + Co¢Sg/HCNT demonstrated high
power density of 177.33 mW cm™ and remarkable durability.
In addition, all-solid-state flexible rechargeable Zn-air battery
can also deliver an impressed power density of 51.85 mW cm™.
Moreover, the water splitting electrode for CoSA + CooSg/
HCNT required only 1.59 V to achieve 10 mA ¢cm™. DFT cal-
culation gives an insight to clarify the mechanism toward ORR/
OER/HER, confirming that the interaction between CosSg and
single-atom CoNj sites can optimize the electronic configura-
tion of the active sites to synergistically lower the barrier of
the reaction. Therefore, our work provides a straightforward
approach to efficient and durable trifunctional electrocatalysts
as substitute to noble metal based electrocatalysts for energy-
related technologies.
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