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Highly Stable and Active Flexible Electrocatalysts Derived

from Lotus Fibers

Zhen Liu, Xuxu Wang, Rui Guo, Joseph J. Richardson, Tianzheng Wang, Weijian Xu,

Frank Caruso,* and Shuaijun Pan*

The stability and activity of electrocatalysts are fundamental in energy-related
applications (e.g., hydrogen generation and energy storage). Electrocatalysts
degrade over time when the active centers are not strongly anchored to the
support. However, if the active centers are too strongly anchored, the activity of
the electrocatalysts decreases due to reduced accessibility to reactants. Herein,
a strategy is presented to balance the stability and activity of different active
materials using a natural and flexible support material that can be woven and
carbonized. Lotus fibers, which have surface hydroxyl and phenolic groups, high
mechanical strength, and a mesoscale porosity post-pyrolysis, are used to load
diverse functional metal-containing materials such as metal-organic frameworks,
2D materials, metal sulfide nanoparticles, metal ions, and high-entropy alloys.
After pyrolysis, the electrocatalysts display flexibility, high catalytic performance,
and long-term stability, outperforming commercial benchmarks (e.g., Pt/C) in
specific scenarios for water splitting, liquid batteries, and flexible electronics.

1. Introduction

Functional materials have a wide range of applications in
diverse fields such as high-strength fibers, "2 flexible weara-
bles,?# sensing,®! bioengineering,®) and batteries and catal-
ysis.”®! Specifically, advanced catalytic materials show promise
for addressing the global energy crisis owing to their exten-
sive use in energy conversion and storage systems such as
fuel cells,” water splitting,'% and metal-ion batteries.'! The
design of high-performance catalysts typically involves the
engineering of catalytic centers (e.g., nanoparticles (NPs),
alloys) followed by their binding to either support materials

or the working electrode, with the aim of
balancing long-term stability with high cat-
alytic performance.l” Adhesive bonding
often suffers from the degradation of
electrocatalysts during long-term anodic
or cathodic reactions and therefore their
stability is an ongoing issue.'>" Strong
metal-support interactions!™  (SMSIs)
offer a solution for stabilizing the electro-
catalytic centers onto support materials;
however, this can reduce their catalytic
activity, as the strong bonding can lead to a
hindered access to the catalytic centers.!!!
Therefore, the engineering of high-per-
formance electrocatalysts requires the
rational selection of support materials that
can maintain strong interactions without
blocking the active centers.[7-20]

Suitable supports not only stabilize
dispersed catalytic active centers, but also can control the par-
ticle morphology and electronic structure through SMSIs,
thereby promoting the performance of the catalyst.'224 Con-
ventional carbon-based supports,?>? including carbon nano-
tubes (CNTs),2 graphene,*’] electrospun fibers,1?®l and carbon
nitrides,?”) are often used owing to their high conductivity.
However, these materials have few reducible anchoring groups
for the catalytic centers (i.e., weak interfacial interactions) and
often are costly, and/or involve complicated, toxic, and energy-
and time-intensive preparation procedures. MXene is a class of
2D metal carbides®%32 that display metallic conductivity and
feature hydroxyl groups or terminal oxygen on their surface
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for anchoring purposes. However, the use of MXene typically
requires pre- or post-treatments (e.g., the use of hydrofluoric
acid). In this regard, naturally abundant biomass (e.g., silk, plant
fibers) that are rich in reducible functional anchoring groups
(i-e., strong interfacial interactions) are promising alternatives
for the development of next-generation advanced catalysts./l
Moreover, biomass is typically a soft material that would be suit-
able for producing flexible and weavable catalytic materials.

Herein, we explore loading, stabilizing, and activating nano-
materials using naturally abundant and flexible lotus fibers
(LFs). LFs are flexible and weavable fibers high in toughness!34
and rich in hydroxy, phenol, and/or amino groups, generally
consisting of cellulose and lignin with various other water-
soluble and insoluble components.* These functional groups
can robustly anchor catalytically active metal centers and/or
nanomaterials, such as metal-organic frameworks (MOFs)
(e.g., zeolitic imidazolate framework-67), 2D materials (e.g.,
molybdenum disulfide), metal sulfide NPs (i.e., cobalt sulfide
CooSg NPs), and other metal precursors (Mn2¥, Fe3*, Co?*, Ni?*,
and Cu?"). Upon pyrolysis,*®! LFs can be rendered conductive
and retain their flexibility, which enables the conversion of the
pre-loaded precursors into stabilized and advanced catalytic
materials through SMSIs and/or space confinement within
the mesoporous carbonized matrix, such as high-entropy alloys
(e.g., quinary Mn-Fe-Co-Ni-Cu alloys) and heteroatom-doped
catalysts (e.g., nitrogen- and sulfur-doped carbon loaded with
CoySg NPs, namely CoySg-NSC). It is noted that CogSg is a class
of promising electrocatalysts®” featuring rich redox chemistry
(i-e., multi-valence cobalt active centers), high electron conduc-
tivity, good stability (both mechanical and thermal), as well as
desirable tolerance to oxygen (oxidation resistance). Therefore,
CogSg-based catalysts are selected to better discuss the main
findings with a focus on using highly flexible lotus fibers as
the support in this work. Both current experimental and com-
putational studies reveal that the engineered flexible electro-
catalysts using CogSg-NSC can perform three electrochemical
functions that is hydrogen evolution reaction (HER), oxygen
evolution reaction (OER), and oxygen reduction reaction (ORR).
The triple functionality makes CoySg-NSC a suitable cathode
material for liquid zinc-air batteries (ZABs), which in turn can
further power the electrolysis of water (i.e., water splitting)
where the catalysts are deployed as both cathode and anode
materials. In addition, the flexibility and weavability of the
engineered catalysts allow for their application in flexible solid-
state ZABs and wearable electronics. In addition to the focus
on the engineering of flexible catalysts that are both active and
stable at relevant electrochemical processes, this work provides
a strategy for engineering advanced functional composite mate-
rials for future energy-related applications and paves a way for
additive manufacturing using nanomaterials.

2. Results and Discussion

2.1. LFs

LFs are long fibers extracted from lotus root, which exhibit a
hierarchical morphology of helical bundles of elementary
cellulose fibers composed of 4-8 fibrils each consisting of
parallel-stacked cellulose and hemicellulose chains?®! (Figure 1a;
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Figure S1, Supporting Information). The helical fibers have
good elasticity and tensile strength and have been known as a
high-quality weavable material, thus they are expected to be a
suitable support material for the rational design of flexible elec-
trocatalysts with high mechanical strength (i.e., stability). We
found that carbon, oxygen, and nitrogen are dominant in LFs,
taking up > 98.3 at.% (Figure S2, Supporting Information). Fou-
rier transform infrared spectroscopy suggests the existence of
hydroxy or amino groups at =3440 cm™}, aliphatic hydrocarbons
at =2890 cm™!, benzene skeleton in lignin at =1630 cm™, uronic
ester bridges in hemicellulose at =1160 cm™, ether linkages
between glucose units at 1060 cm™, and B-glycoside bonds in
cellulose at =890 cm™ (Figure S3a, Supporting Information).l*®!
These abundant reducible groups (such as hydroxy groups) can
potentially facilitate chemical modifications and the loading
of catalytically active centers, and the elimination of volatile
species (e.g., oxygen-containing groups) at high temperatures
upon pyrolysis may contribute to generating a large number
of mesopores (Figure S3b, Supporting Information). Specifi-
cally, the oxygen-containing functional groups are conducive to
homogeneous anchoring of cations and nanomaterials, and
the nanoporous characteristics are important for efficient mass
transfer and/or the exposure of anchored active species in the
catalyst system (i.e., sustained activity and enhanced stability).

2.2. Nanomaterials Incorporated into LFs

The hydroxy and/or amino groups of LFs can interact with
metal ions (e.g., Mn?*, Fe**, Co?!, Ni**, and Cu?') through
electrostatic interactions, and the complex can serve as the pre-
cursors for diverse nanomaterials. For example, MOFs such
as zeolitic imidazolate framework-67 were uniformly loaded
onto the surface of LFs by simply mixing the precursors (i.e.,
Co?* and 2-methylimidazole) with LFs, followed by incubation
at room temperature (=25 °C) for 24 h (Figure S4, Supporting
Information), similar to previous studies using zeolitic imi-
dazolate framework 8 in living plants.?¥ Alternatively, hydro-
thermal processes could be applied to generate 2D materials
such as molybdenum disulfide®! (MoS,; Figure S5, Supporting
Information). In addition, metal sulfide NPs*! (e.g., cobalt
sulfide CooSg) were grown on LFs simply by mixing cobalt(II)
nitrate hexahydrate with thiourea at =25 °C for 2 h, followed by
a hydrothermal step at 180 °C for 24 h (Figure S6, Supporting
Information). Upon pyrolysis at 900 °C, LFs largely maintained
their fibrous features, flexibility, and mechanical strength, with
a structural transformation yielding porous surface features
(Figure S7, Supporting Information) due to the breaking of
chemical bonds and evaporation of water during heating.l*’!
In contrast, CoySg NPs loaded on a commercial carbon sup-
port, Vulcan XC 72R, were loosely stacked and aggregated
with a low surface coverage and poor stability (Figure S8, Sup-
porting Information), further highlighting the importance of
strong interfacial interactions. The nanoporous structure of
pLF also contributed to a balanced high activity and stability
(i-e., high exposure of strongly anchored active metal centers).
Of note, a single pyrolyzed lotus fiber (pLF; =1-2 um in diam-
eter) can bear a weight of > 25 mg (i.e., > 1000 times its own
weight) (Figure 1b,c). High-entropy Mn-Fe-Co-Ni-Cu alloys
with an average diameter of =60 nm could also be obtained by
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Figure 1. Nature-inspired loading of nanomaterials using LFs. a) Hierarchical structure of LFs, interactions with metal ions, and the loading of MoS,,
MOFs, alloys, or catalysts. b) Pyrolyzed lotus fabric mat held by a single fiber. c) Scanning electron microscopy image of the fiber (in b) isolated from
the pyrolyzed woven mat. Scale bar is 200 um. d) TEM image of the flexible catalyst (CogSg-NSC). €) Size Gaussian normal distribution of the loaded
CoySg NPs. The sample size is > 150 NPs. f) HR-TEM image of CogSg-NSC. Scale bar is 5 nm. g) Lattice profiles of the crystalline regions identified in

f). h) HAADF-STEM image and corresponding element mappings of CogSg-NSC.

pyrolyzing their quinary metal ion precursors pre-loaded on
LFs (Figure S9, Supporting Information). When pyrolyzing the
CoySg-loaded LFs, the aggregated CoySg NPs transformed into
uniformly confined and individual NPs (Figure 1d; Figure S10,
Supporting Information) with an average diameter of =50 nm
(Figure 1le). This suggests that the carbon matrix of LFs has
a good anchoring capability and can prevent aggregation—a
critical factor for catalytic reactions. It is noted that the loading
of these nanomaterials is robust and independent of the season
that the LFs are obtained (Figure S11, Supporting Information).

Adv. Funct. Mater. 2023, 2211563 2211563 (3 0f12)

2.3. Structural Characterization of the Pyrolyzed Catalysts

Transmission electron microscopy (TEM) revealed that the
CogSg NPs were partially encapsulated by a porous carbon layer
(Figure S12, Supporting Information) due to the SMSI effect
that contributes to the stability of the catalyst.'®4?l The sam-
ples displayed two types of inter-lattice spacing (i.e., 0.30 and
0.18 nm) of the crystalline regions under high-resolution TEM
(HR-TEM), demonstrating the presence of the (311) and (440)
planes of the CogSg nanocrystals, respectively (Figure 1f,g).

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Structural and theoretical analysis. a) XRD patterns of CogSg-NSC. The reference XRD pattern for CooSy is also shown. b) Pore size distribu-
tions of CogSg-NSC and NSC, as assessed by N, adsorption/desorption. c) Raman spectra of CogSg-NSC, NSC, and pLF. d,e) N 1s and C 1s d) and Co
2p and S 2p e) HR-XPS spectra of CogSg-NSC. f) Calculated PDOSs of CogSg-NSC. g) OER and ORR mechanisms. h) Calculated free energy diagrams
and reaction pathways of ORR at different applied voltages. i) Calculated free energy diagram of the HER process.

High-angle annular dark field scanning transmission electron = and Coo¢Sg nanocrystals (Figure 2a; Figure S13, Supporting
microscopy (HAADF-STEM) and elemental mapping indicated ~ Information).*! The N, adsorption/desorption isotherms of
that carbon, oxygen, nitrogen, and sulfur coexist with relatively =~ CoygSg-NSC displayed a Type IV isotherm, with an adsorption
uniform coverage in the pyrolyzed catalyst containing CoySg  hysteresis observed at relative pressure 0.4-1.0 that was indica-
NPs (i.e., CoySg-NSC) (Figure 1h). X-ray diffraction (XRD) and  tive of the existence of a mesoporous structure (Figure Sl4a,
small-angle X-ray scattering of CogSg-NSC further confirmed  Supporting Information), which would be beneficial for mass
that the composition was mixed between amorphous carbon  transfer during electrocatalysis. The introduction of CoySg
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NPs could generate more structural defects (e.g., mesopores;
Figure 2b) in contrast to the control samples (i.e., pyrolyzed LFs
doped with nitrogen and sulfur, namely NSC). Raman spectra
of CoySg-NSC further suggested the slightly increased defects
of the graphitic substrate by the increased ratios between the D
band (1327 cm™) and the G band (1571 cm™) (Figure 2c). This
is likely due to the locally high temperature and thus increased
evaporation of the carbon support in the doped samples upon
pyrolysis. Notably, increased graphitic defects are conducive to
enhanced access to catalytic active sites./*4

2.4. Chemical Characterization of CogSg-NSC

The heteroatom-doped electrocatalyst (i.e., CoySg-NSC) was
further examined by high-resolution X-ray photon spectro-
scopy (HR-XPS) (Figure 2d,e; Figure S14b, Supporting Informa-
tion), where the spectra of carbon, nitrogen, cobalt, and sulfur
revealed the bonding structure of the hybrid catalyst. The high-
resolution C 1s spectrum showed deconvolved peaks at 284.8
and 285.3 eV corresponding to the sp?- and sp3-hybridized C—C
and C—S bonds,*! respectively (Figure 2d). The peaks located at
286.1, 286.9, and 288.6 eV correspond to C—N, C—0, and C=0
bonds, respectively.*! The metallic N (e.g., Co—N; 396.0 eV)
and the graphitic N (i.e., grap—N; 400.2 eV) in the catalyst can
improve electron transfer and proton adsorption,*’! while the
pyrrolic N (i.e., pyrr—N; 398.6 eV) and the pyridinic N (ie.,
pyri-N; 3973 eV) can increase the hydrophilicity of the catalyst
and the local contact area between the catalyst and the electro-
lyte solution, thereby promoting proton transfer*® (Figure 2d).
The S 2p HR-XPS spectrum indicated three possible chemical
environments: doped S in pLF (i.e., S—C; 164.0 and 165.1 eV),
metallic S in CogSg NPs (i.e., Co—S; 161.9 and 163.4 eV), and
oxidized S due to oxygen adsorption (e.g., SO, 1677 and
169.4 eV) on the CoSg active surfacel® (Figure 2e). The fitted
Co 2p spectrum suggested the presence of three valency states:
Co*" (780.9 and 796.8 V), Co?" (783.9 and 799.8 eV), and Co°
(778.1 and 795.1 eV)P¥ (Figure 2e). In addition, HR-XPS of O 15
revealed the presence of oxygen in four different states in the
sample: adsorbed oxygen or Co—O (529.5 eV), C=0 (531.1 eV),
H—0—C (532.0 eV), and O=C—0O (533.5 eV) (Figure Sl4c,
Supporting Information).> This result suggests that the oxygen
residue is present due to the partial elimination of reduc-
ible groups in LFs during pyrolysis and can possibly/partially
serve as the anchor site (though not dominant) for CogSg NPs
based on the XPS peak fitting at =529.5 eV (e.g., metal oxides).
However, further SEM examination of samples obtained in the
presence or absence of sulfur doping suggests that sulfur may
play a more significant role in anchoring CoySg NPs (Figure S8
and S15, Supporting Information).

2.5. Theoretical Analysis of CogSg-NSC

We further evaluated the CoySg and CoySg-NSC systems at
the atomic and molecular scales using density functional
theory (DFT) calculations. The doped model was constructed
by doping both nitrogen and sulfur in the carbon support
(i-e., pLF) with the doped sulfur serving as the anchor site for

Adv. Funct. Mater. 2023, 2211563 2211563 (5 of 12)

CoySg NPs according to the literaturel®>>¥l and our experimental
and theoretical findings (Figure S8, S15, and S16 and Table S1,
Supporting Information). Specifically, control samples without
sulfur doping displayed poor loading and pronounced aggrega-
tion of CogSg NPs (Figure S8 and S15, Supporting Information),
which was consistent with the findings of the anti-sintering
effect of sulfur on metal NPs reported in the literature.>>>4
DFT models using either nitrogen or oxygen as the anchor
site revealed that the binding energies of Co—N and Co—O
were —0.18 eV and —1.11 eV, respectively, which were much
weaker than that of Co—S (-2.09 eV) (Figure S16 and Table S1,
Supporting Information). These results collectively suggest
that using sulfur as the anchor site in this work is energeti-
cally preferred, experimentally relevant, and theoretically repre-
sentative, although other anchoring pathways (e.g., physical
adsorption, space confinement, and chemical anchoring with
diverse heteroatoms) cannot be ruled out. When using sulfur
as the anchor (proposed pathway in this work), the projected
density of state (PDOS) analysis showed an overlap of the
s- and p-orbitals of Co with that of S (and N) in the nitrogen-
doped system, indicating strong covalent interactions between
Co and S (and N) upon nitrogen doping (Figure 2f; Figure S17,
Supporting Information), as also evidenced by the XPS results.
Of note, the anchoring of CoySg NPs onto the N- and S-doped
carbon support increases the d orbital energy of Co (by d—p cou-
pling between Co and N atoms), moving the antibonding state
upward above the Fermi level, resulting in a reduced filling of
electrons in the antibonding state. This is essential for interfa-
cial adsorption/reactions. Therefore, the interfacial adsorption/
reaction processes of free CogSg NPs and CogSg-NSC system
were also evaluated to provide insight for possible electrochem-
ical processes (e.g., OER and ORR) (Figure 2g; Figure S18,
Supporting Information). The Gibbs free energy of the adsorp-
tion of all the intermediate species (including OOH*, O%, and
OH*) was downhill for CoygSg-NSC at the oxidation and reduc-
tion potential of oxygen (0 and 1.23 V), indicating that the ORR
can proceed spontaneously except for the rate-determining
step where OH* is converted into hydroxy groups (Figure 2h).
A similar trend was observed for the non-doped CoySg NPs
at 0 V, whereas at 1.23 V the active sites could be covered by
O* resulting in the increased adsorption of OH¥, thereby
decreasing ORR performance. That is, upon S and N doping
and the loading of CoySg NPs into pLF, the adsorption of O*
and OH* can be balanced, suggesting the synergistic effect
between CooSg and NSCI25] and facilitating possible ORR and
OER (i.e., reverse process of ORR) applications. In addition,
the Gibbs free energy for hydrogen adsorption was calculated
to evaluate the possible HER activity (Figure 2i; Figure S19,
Supporting Information). The computed H* adsorption energy
of CoySg-NSC was reduced by > 60% relative to that of CooSg
NPs, indicating the preferred hydrogen binding (i.e., improved
H*-chemisorption properties for efficient HER).

2.6. Triple Electrochemical Functions of CogSg-NSC
A strong cathodic peak at 0.86 V was observed in the cyclic

voltammetry curve of the engineered CoySg-NSC when
measured in O,- saturated 0.1 m KOH electrolyte (Figure S20a,
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Figure 3. Electrocatalytic functions. a,b) ORR polarization curves a) and Tafel plots derived from ORR polarization curves b) of different catalysts. The
electrolyte is O,-saturated 0.1 M KOH. ¢,d) HER polarization curves c) and Tafel plots derived from HER polarization curves d) of different catalysts.
e,f) OER polarization curves e) and Tafel plots derived from OER polarization curves f) of different catalysts. The electrolyte used in the HER and
OER processes is 1 M KOH. g) Electrocatalytic stability of CogSg-NSC and commercial catalysts Pt/C and RuO, in HER, OER, and ORR processes. The
applied voltages are the corresponding overpotentials determined at 10 mA cm~2. h) Comparison of the electrocatalytic performance of CosSg-NSC and
state-of-the-art cobalt-based catalysts (shaded area).

Supporting Information),

suggesting its potential in ORR.  reported in the literature (Table S2, Supporting Information).

Linear scan voltammogram (LSV) curves demonstrated that  CoySg-NSC also displayed faster ORR kinetics as evidenced
CoySg-NSC exhibited the highest onset potential at a current by the smaller calculated Tafel slope (72.5 mV dec™) com-
density of 0.01 mA cm™ (=1.03 V; Figure S20b, Supporting pared with that of a commercial Pt/C catalyst (83.4 mV dec™)
Information) and half-wave potential (0.87 V) (Figure 3a) of all ~ (Figure 3b). Koutecky-Levich (K-L) plots were calculated using
the samples studied. Moreover, the half-wave potential of CogSg-  the LSV curves obtained at different rotation speeds, and the
NSC is higher than that of most non-noble metal ORR catalysts  linearity indicated first-order reaction kinetics (as a function of
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dissolved O,) (Figure S20c, Supporting Information). A 4-elec-
tron pathP! was determined by the slope of these K-L plots
(i.e., =3.9) for the relevant ORR process (i.e., reduction of O,
into H,0O instead of H,0,). The selective reduction of O,
was also studied using a rotating ring disk electrode, where
the smaller loop current density of the CogSg-NSC suggested
a slower production of H,0, (i.e., < 3%), and the number of
transferred electrons was confirmed as 3.9 at low potentials
(0.2-0.8 V) (Figure S20d,e, Supporting Information). We also
note that the CogSg-NSC was tolerant to methanol (Figure S20f,
Supporting Information), indicating its potential use in fuel cell
applications in conjunction with the highly selective 4-electron
pathway as mentioned above.¢!

Next, the HER performance of CoygSg-NSC was evaluated
using 1 M KOH as the electrolyte. The composite CogSg-NSC
afforded a much lower overpotential (172 mV at =10 mA cm™)
compared to the controls (e.g., 315 mV for the non-loaded
CogSg NPs) (Figure 3c), suggesting its higher HER activity,
which is also better than that of reported cobalt-based HER
catalysts in the literature (Table S3, Supporting Informa-
tion). The fitted Tafel slope of CogSg-NSC was 85.0 mV dec,
suggesting that its rate-determining step was the Heyrovsky step
(i.e., H" + H" + e~ — H,,.), whereas that of the control samples
was the Volmer step (i.e.,, H + e~ + * — H") considering their
higher Tafel slopes of > 120 mV dec™ (i.e., higher adsorption
energy, |[AGy+|)®% (where * denotes an active site on the electrode
surface) (Figure 3d). In addition, the double-layer capacitance (Cy)
was determined based on the potential range of the non-Faradaic
process. The Cy values of all the catalysts decreased in the order
of CogSg-NSC > CogSg > NSC > pLF, suggesting that CogSg-NSC
displayed the highest electrochemically active surface area (ECSA)
among all catalystsP’) (Figure S21, Supporting Information). Fur-
thermore, the charge transfer resistance (R, = 5.4 Q) between
Co9Sg-NSC and electrode surface was much lower than that
involving the control catalysts (Figure S22, Supporting Informa-
tion), which can be attributed to the better conductivity rendered
by the pLF support.’® The OER activity of composite CoySg-NSC
was also high, as indicated by the low OER overpotential (276 mV
at =10 mA cm; Figure 3e), the low Tafel slope (85.5 mV dec’;
Figure 3f), the high Cy value (12.8 mF cm™; Figure S23a, Sup-
porting Information), the large ECSA value (320; Figure S23b,
Supporting Information), the small R value (9.3 Q; Figure S23c,
Supporting Information), and the high turnover frequency
(e.g, 2.27 s! at an overpotential of 300 mV; Figure S24,
Supporting Information) compared to the controls (e.g., CogSg
NPs, NSC, and pLF) and those reported in the literature (Table S4,
Supporting Information).

In addition, CoySg-NSC displayed long-term ORR, HER,
and OER durability (i.e., negligible change in current densi-
ties over 30 h) when compared to commercial noble metal
catalysts (e.g., Pt/C and RuO,) (Figure 3g). It is noted that the
OER test involves a harsh condition (i.e., high anodic poten-
tial); however, our catalyst displayed no apparent changes in
the phase and structure (e.g., no CoOOOH species found) after
OER (276 mV for 30 h), indicating the high stability of the
catalyst (Figure S25-S27, Supporting Information). In addi-
tion, we examined the XPS spectra of CogSg-NSC after OER
test at 276 mV for 30 h (Figure S28, Supporting Information).
The binding energies and relative intensities of Co 2p were
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unchanged, suggesting the stability of the loaded CoySg NPs
(Figure S28a, Supporting Information). The binding energies of
S 2p in CooSg were also largely unchanged (163.4 eV) with more
Co—S bonds observed at 161. 9 eV. However, excess S (owing to
doping) possibly oxidized to more SO, (169.4 eV) (Figure S28b,
Supporting Information). The relatively low intensity of Co—N
bonding at 396.0 eV before the OER test decreased further
after the OER test, indicating the weak interaction between
nitrogen and cobalt (Figure S28c, Supporting Information).
The chemical states of carbon matrix and oxygen were largely
unchanged (Figure S28d,e, Supporting Information). Of note,
the decrease of Co—N bond and increase of Co—S bond after
the OER test collectively suggest that cobalt and sulfur display
a strong interaction (i.e., energetically preferred anchoring
of cobalt by sulfur), as consistent with the DFT calculations
(Figure S16, Supporting Information). In addition to revealing
the stability of our catalyst system, the XPS experiments sug-
gest that the binding of cobalt could be complicated, whereas
sulfur binding is likely dominant both before and after the OER
test. Therefore, the high stability possibly originates from the
strong interactions between the catalytic centers (CoygSg NPs)
and the sulfur-doped carbon matrix (pLF). The porous pLF can
not only confine the CogSg NPs in a 3D configuration within
the network, thus preventing their aggregation, but also pro-
tects the catalytic centers from deactivation by forming a thin
layer on the exposed CogSg NPs. The superior ORR/HER/
OER performance of CogSg-NSC can be attributed to the fol-
lowing factors: i) abundant mesopores of LFs upon pyrolysis
(i.e., enhanced mass transfer); ii) increased exposure of
active sites (i.e., nanoporous structure upon pyrolysis); iii) sig-
nificantly increased conductivity after pyrolysis of the biomass
(i.e., good for electron transfer); iv) optimized electronic struc-
ture of the catalytically active CogSg NPs after N and S doping
(i-e., reduced free energy of catalytic processes); and v) SMSIs
and synergistic effects®” achieved by chemically embedding
the CoySg NPs into the conductive and micro/mesoporous pLF.
Overall, nanoengineered CogSg-NSC exhibited low overpoten-
tials (Ej) at a current density (j) of 10 mA cm™ for HER and
OER, a high half-wave potential (E;;) for ORR, and low Tafel
slopes for ORR, HER, and OER in contrast to recently reported
electrocatalysts(®=%¢ (Figure 3h). These improved performances
suggest that CogSg-NSC has promise in rechargeable ZABs
(i-e., ORR and OER) and water splitting (i.e., HER and OER).

2.7. CogS3g-NSC-Based Liquid ZABs

We assembled liquid ZABs using CoySg-NSC or commercial
Pt/C catalyst (i.e., control sample) as the air-cathode catalysts
(Figure 4a) and found that CoySg-NSC could help maintain a
higher open-circuit voltage (1.49 V for over 12 h) than the com-
mercial counterpart (Figure 4b). The discharge voltages were
high and stable at different current densities (2-30 mA cm™2)
and were fully restored when the current density was set to the
initial value (Figure S29a, Supporting Information), indicating
the good rate performance and restorability of CogSg-NSC. The
maximum output power density of CoySg-NSC could reach
141 mW cm™2, outperforming the Pt/C control (112 mW cm™2) in
a wide range of current densities (0-500 mA cm™2) (Figure 4c).

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Liquid ZAB and water splitting. a) Schematic of ZAB using a mixed electrolyte (6.0 M KOH + 0.2 m zinc acetate (Zn(Ac),)). b,c) Open-circuit
plots b), and discharge polarization curves and power densities of CogSg-NSC and Pt/C catalyst. d) Galvanostatic charge-discharge cycling curves of
CogSg-NSC- and Pt/C-based ZABs (5 mA cm™2). e) Performance comparison of ZABs using CogSg-NSC and literature CogSg-based catalysts loaded on
different carbon materials. See Table S5 (Supporting Information) for more details. f) Polarization curve and stability test (inset; measured at 1.57 V)
of the water splitting system based on CoySg-NSC. g) Photograph of a water splitting system powered by ZAB using CogSg-NSC. Scale bar is 5 cm.
h) Volumes of O, and H, generated during the ZAB-powered water splitting process.

Specifically, a higher specific capacity of 779.7 mAh g was
achieved at 10 mA cm™ than that achieved by the Pt/C catalyst
(688.1 mAh g') (Figure S29b, Supporting Information).
Notably, the assembled ZAB using CoySg-NSC displayed long-
term charge-discharge cycling stability for up to 1077 h (i.e.,
> 3200 cycles), while the voltage gap was maintained at =0.80 V
(Figure 4d). The CoySg-NSC-based ZAB catalyst outperformed
most previously reported CooSg catalysts loaded onto different

Adv. Funct. Mater. 2023, 2211563 2211563 (8 of 12)

carbon materials (e.g., carbon NPs, graphene-based, and CNT-
based support materials; Table S5, Supporting Information), in
terms of the extended cycling durability (i.e., 2-20 times longer)
and the large power density (> 140 mW cm™2) (Figure 4e),
which is likely due to the electrochemical stability of the
micro/mesoporous pLF support over repeated use (Figure S30,
Supporting Information), as well as the superhydrophi-
licity that is helpful for efficient mass transfer’! (Figure S31,

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Supporting Information). The practical applicability was also
further evaluated using two integrated ZABs that can power
small fans and light bulbs (Figure S32, Supporting Informa-
tion), demonstrating the real-world use of these catalysts.

2.8. Water Splitting by CogSg-NSC

The potential application of CoySg-NSC in water splitting was
first examined by a two-electrode setup. A potential of 1.57 V
was achieved at a current density of 10 mA cm™2, and the
time independence of the current density curve over a long
period (60 h) suggested that the catalyst had good electro-
chemical stability (i.e., anticorrosion) (Figure 4f). Interestingly,
water splitting could be powered Dby its own CoySg-NSC ZAB
system (Figure 4g). The electrolyte was separated by a Nafion
membrane, and the generated H, and O, were collected using
the water drainage method in an H-type electrolytic cell.[4
Bubbles of H, and O, were observed on the woven CoqSg-NSC
sheets (Figure S33, Supporting Information). The volumes of
H, and O, generated agree with the theoretical values of the
volume ratio of 2:1 between H, and O, (Figure 4h), indicating
a =100% Faradic yield.I®®l In addition, the contact angle of H,
was determined to be =150° on the woven catalyst immersed
in 1 m KOH solution, indicating the super H,-phobicity of the
catalyst, which is conducive for the removal of the generated
H, from the catalyst surface and consequently the continuous
production of H,.

2.9. Flexible CosSg-NSC-Based Electronics

We further examined the flexibility of engineered CoySg-NSC
and its potential for wearable electronics. Owing to the robust
long LFs and their entanglement, a woven LF mat could retain
its integrity even after pyrolysis—the woven Co¢Sg-NSC mat
(=6 cm in diameter) could endure repeated folding-unfolding
(Figure 5a), rolling-flattening (Figure 5b), and/or crumpling—
smoothing (Figure S34, Supporting Information) treatments
without losing its mechanical strength. Specifically, a single
pyrolyzed pLF could hold the entire fiber mat (=25 mg)
and endure air blowing at a speed of =1-10 m s (Movie S1,
Supporting Information). To make full use of the sustained
flexibility and mechanical strength of the composite catalyst,
a flexible solid-state ZAB was constructed using the weavable
catalyst CoySg-NSC as the cathode and poly(vinyl alcohol)/KOH
gel as the solid electrolyte. An open-circuit voltage of 1.40 V
was attained, which remained largely unchanged upon folding
(e.g., at 90° or 180°) (Figure S35, Supporting Information). In
addition, the flexible solid-state ZAB device presented stable
charge-discharge cycling profiles at different bending angles
(e.g., 0-180°) for over 24 h (Figure 5c), where a high peak
power density of 93.2 mW cm™ was achieved during the full
discharging process (Figure 5d). Furthermore, two flexible
ZABs connected in series could be integrated to continuously
supply the required power for a light bulb (rated voltage and
power are 3 V and 0.06 W, respectively) (Figure 5e) or a mini
fan (rated voltage of 3 V) (Figure 5f). Finally, the flexible ZAB
device (two 1 x 3 cm? single-cell flexible batteries integrated
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into a fabric in series) could be wrapped on the wrist and pro-
vide stable power to a bracelet for health monitoring during
daily activities (Figure 5g). These results demonstrate the flex-
ibility and applicability of the CoySg-NSC-based ZABs as prom-
ising materials for portable and wearable electronics. Informed
written consent was obtained from the human participant
for experimental testing of the wearables. In this case no eth-
ical approval was required from any board/committee from
Shuaijun Pan at Hunan University.

3. Conclusions

We demonstrated that naturally abundant and flexible LFs
could serve as robust and promising supports for anchoring
diverse nanomaterials (owing to their abundant reducible func-
tional groups, such as hydroxyl and phenolic groups, and space
confinement) and high-performance electrocatalysts after pyrol-
ysis (owing to the mesoporous and conductive carbon matrix
and the different electronic structure obtained upon doping
of heteroatoms). During pyrolysis, high-entropy alloys and
catalyst NPs were durably anchored by strong metal-support
interactions while a mesoporous structure developed in the
LFs (owing to the elimination of these reducible groups),
enabling both high catalytic activity and sustained stability of
the engineered electrocatalyst. The biomass-derived CoySg elec-
trocatalyst exhibited three high-performance electrochemical
functions (i.e., HER, OER, and ORR), featuring low overpoten-
tials for HER (172 mV) and OER (276 mV) at a current density
of 10 mA cm™2, a high half-wave potential for ORR (0.87 V), and
low Tafel slopes for ORR (72.5 mV dec2), HER (85.0 mV dec?),
and OER (85.5 mV dec™?). These functions were highly stable
(i.e., > 91% retention) at a current density of 10 mA cm™ for
over 30 h as opposed to the decreasing performance displayed
by commercial benchmarks (Pt/C and RuO,; < 79% retention)
under the same condition. Diverse applications were demon-
strated using the nanoengineered electrocatalyst, including
ZABs (liquid or flexible solid state), water splitting, and flex-
ible electronics. Specifically, the assembled liquid ZAB, using
a woven mat as the gas diffusion electrode (i.e., adhesive-free)
that contained pLF and CoySg NPs, displayed a significantly
extended charge-discharge cycling durability for up to 1077 h,
which is =nine times longer than that displayed by commercial
counterpart Pt/C. In addition, the flexibility of these naturally
derived catalysts allows them to be woven/engineered into
desired shapes and sizes. More importantly, they can be used in
bulk without adhesive bonding while allowing for fast electro-
lyte transport through the macropores or along the conductive
fibers as well as for the effective diffusion of gases generated
(i.e., gas transport layer). This study provides a framework for
the manufacturing of next-generation advanced materials for
energy and storage applications from renewable biomass (such
as wood cellulosel)).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure 5. Flexible woven catalysts and solid-state ZAB assemblies. a,b) Folding and unfolding a), and rolling and flattening b) of the flexible woven
catalyst. Scale bars are 2 cm. ¢) Cycling stability of solid-state ZAB at different bending angles (10 min charging and 10 min discharging). d) Discharge
polarization curves and corresponding power density of solid-state ZAB. e—g) Photographs of the flexible woven catalyst (1 x 3 cm?) incorporated into
a wristband fabric supplying power to a bulb e), a mini fan f), and a smart watch g). Scale bars are 2 cm.
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