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ABSTRACT

The energy shortage caused by the consumption of fossil fuels has imposed threats to
the modern society. Hydrogen as a clean energy can be generated from various sources
by consuming thermal energy, solar energy, electricity. Among these energy sources,
the intensive exploration of photo/electrocatalysts during the past three decades attested
water splitting reaction as a promising solution. In current situations, there is urgent
demand in lowering down the cost of hydrogen/oxygen production by electricity/solar
energy. One solution is to substitute the noble metal catalysts by earth abundant element.
Therefore, the enhancement of catalytic performance via modulating the catalysts’
intrinsic properties (e.g. electronic environment), morphologies and topologies has
been continuously studied. Meanwhile, hydrogen therapy as its terminal application
also attracts increasing interests. Herein, the synthesis and evaluation of cobalt-based
electro/photocatalysts have been investigated. Moreover, a customized electrolyzer has
been designed and constructed, based on the as-synthesized catalysts and textile

substrates.

Firstly, cobalt oxides at carbons derived from metal-organic frameworks (ZIF-8/Z1F-
67) were prepared and modulated by post-phosphine treatment (P-CoOx/NCs). With the
assistance of polyvinyl pyrrolidone, the resultant carbons obtained a high surface area
(SeeT= 645.7 m? g1) as well as mesoporous topologies after pyrolysis. Moreover, the
electronic environment of cobalt-cobalt oxides protected by carbon layers was further
tuned by doping phosphorus atoms. These strategies not only enhanced the catalytic

performance but also facilitated the electron transfer from carbons to cobalt atoms. As



a result, the constructed water splitting cell fabricated with 900P-CoOx/NCs required a
low overpotential (89 mV and 343 mV vs. reservable hydrogen electrode respectively)
to drive hydrogen evolution reaction (HER) and oxygen evolution rection (OER) at 10
mA cm, a low cell voltage (1.69 V) and a high stability with only 4.7% decay after 15

hours operation in1M KOH.

Secondly, based on the disulphide bonds in wool keratin structure, cobalt sulfide
content (4.76wt%) supported by nitrogen/phosphorus co-doped carbons (Co9Sg/N,P-
ACs) were prepared by reduction, carbonization and activation treatments. Owing to
the well-constructed pore system (Sger = 439.3 m?%/g), heteroatom doping and
distinctive metal electronic environment, the as-prepared catalysts required a low
overpotential of 90.7 mV and 295.2 mV to drive HER and OER at 10 mA cm™. The as-
fabricated two electrode cell system possessed a low cell voltage (1.62 V at 10 mA cm”
2) and a high stability with 2.7% decay after 15 hours operation in 1M KOH. Meanwhile,
an all-flexible and wearable device has been designed and fabricated by 3D printing
technique by utilizing hydrogel separator, moisture sensitive salts. This work not only
demonstrated a biomass conversion strategy, but also provided a solution for

personalized water splitting device.

Thirdly, a close contact core-shell Cadmium Zinc Sulfide @ NiCo layered double
hydroxides cocatalyst (CZS@NiCo-LDHs) was facilely synthesized by surface
modification of CZS using thioglycolic acid, followed by a hydrothermal growth of
electrocatalyst. The obtained CZS@NiCo-LDHs cocatalyst exhibiting an average

diameter of 10545 nm with a firm LDHs shell thickness of 24 nm was obtained. Such



close contact core-shell structure illustrated a hierarchical topology (Sser= 87.69 m?/g),
resulting in easy diffusion of electrolyte, rapid electron-hole separation and efficient
transfer of photogenerated electrons. In addition, NiCo-LDHs, as typical water splitting
electrocatalysts (10 for HER= 185 mV in 0.1M Na>SOs), received the excited electrons.
Meanwhile, the metal ions in LDHs functioned as active sites. The high coverage of
LLDHs on CZS, as a result, contributed to a high PHE rate of ~18.75 mmol g* h'%, and
a favorable photostability in 5 cycles under visible light irradiation (300W, > 420nm).
Further density function theory calculations indicate an apparent redistribution of
electron after introducing LDHs. Moreover, nickel sites on CZS@NiCo-LDHs are
responsible for adsorption of hydrogen atoms, which provide cocatalyst with enhanced

PHE activity.

In conclusion, this thesis not only explored cobalt-based photo/electrocatalyst by the
strategies of protective shell design, hetero atom doping, morphology control and
heterojunction construction, but also prepared one flexible customized electrochemical
cell. These designing principles have shown significant improvement in catalytic
performance and stability, which explore potential industrial applications. Hence, this
work based on the synthesis of cobalt-based catalysts and its optimizing strategy paved

new ways to design highly efficient electro/photocatalysts.
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Fig. 3.4. Schematic illustration of imaging and diffraction modes in TEM (Source:
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https://en.wikipedia.org/wiki/X-ray_crystallography

https://en.wikipedia.org/wiki/Transmission electron_microscopy).

Fig. 3.5. Schematic illustration @ of TGA  instrument.  (Source:
https://link.springer.com/chapter/10.1007/978-3-030-11599-9 7).

Fig. 3.6. Schematic illustration of FTIR (Source: https://en.wikipedia.org/wiki/Fourier-
transform_infrared spectroscopy).

Fig. 3.7. Schematic illustration of diffuse reflectance in UV-vis spectroscopy.

Fig. 3.8. Mechanism illustration of Raman spectroscopy.

Fig. 3.9. Mechanism illustration of X-ray photoelectron spectroscopy.

Fig. 3.10. Mechanism illustration of Photoluminescence spectroscopy.

Fig. 3.11. Cyclic voltammetry- potential waveform. (The slope between two cathodic
potentials is scan rates, for example: 10 mV/s)

Fig. 3.12. (a) A scheme illustrates the EIS circuit and the redox reactions taken at the
surface of working electrodes in a traditional three-electrode cell. (b) A simplified
Randles cell, where Rct is the charge transfer resistance, Rs is the solution resistance
and Cq is the capacitance.

Fig. 3.13. Schematic illustration of the formation of a chemical bond between an

adsorbate valence level to the s and d states of a transition metal.

Chapter 4
Fig. 4.1. (a) Schematic illustration of synthetic process of P-CoOx/NCs; (b-d) TEM
images of ZIF-8 and Zno@ZIF-67 and PVP-Zno.@ZIF-67, (f) Corresponding XRD

patterns.

Fig. 4.2. (a) XRD patterns, (b) Raman spectra of CoOx/NCs with and without PVP

polymer at 920°C; (c) Deconvoluted peaks for D and G band in Raman spectra; (d)
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TEM image of CoOx/NCs@ 920°C; (e-f) corresponding HRTEM images (Enlarged:
inverse FFT image of C and CoO lattice plane).

Fig. 4.3 (a) SEM image of CoOx/NCs, and corresponding EDS mapping of Co, C, N,
Zn element; (b) EDS spectrum and corresponding compositional table summary.

Fig. 4.4. (a) N2 adsorption and desorption isotherms of ZIFs before and after
carbonization @920°C; (b) Comparison in N2 adsorption-desorption isotherms of
CoOx/NCs with and without PVP assistance; corresponding pore size distribution and

pore volume curves of (c) PVP assisted and (d) without PVP assisting CoOx/NCs.

Fig. 4.5. (a-c) SEM images of CoOx/NCs treated with different amounts (600mg;
900mg and 1200mg); (d) TEM image, (¢) HRTEM (adjacent: inverse FFT images), (f)
Selected area diffraction and (g) EDS mapping of 900 P-CoOx/NCs (Scale bar: 500 nm).
Fig. 4.6 (a) TEM; (b-c) HRTEM,; (d) EDS spectrum and (e) table summary of 900 P-

CoOx/NCs.

Fig. 4.7. (a) XRD patterns, (b) Raman spectra of 600 P, 900 P, 1200 P-CoOx/NCs; (c)
Corresponding deconvoluted D and G band; (d) Schematic illustration of PVP role in

carbonization and phosphine post treatment.

Fig. 4.8. XPS results of (a) Co 2p and (b) P 2p spectra of 600 P, 900 P, 1200 P-
CoOx/NCs; (c) Ultraviolet photoelectron spectroscopy (UPS) of CoOx/NCs and 900 P-
CoOx/NCs; (d) Corresponding work function relative to the electrode.

Fig. 4.9. (a) XPS surveys of CoOx/NCs and 900P-CoOx/NCs; (b) N 1s and (c) C 1s

spectra of CoOx/NCs and 900P-CoOx/NCs and (d) P 2p spectrum from 900P-CoOx/NCs.

Fig. 4.10. SEM images of (a) CoOx/NCs and (b) CoP nanoparticles derived from

CoOx/NCs without PVP, (c) Corresponding XRD patterns; (d) EDS mapping of CoP
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nanoparticles (Scale bar: 500 nm); and (e) Corresponding EDS spectrum and table

summary of composition.

Fig. 4.11. (a-e) SEM and corresponding digital images of PVP-Znx@ZIF-67 (x=0, 0.2,

0.4, 0.6, 0.8).

Fig. 4.12. XRD patterns of (a) PVP-Zny@ZIF-67, and (b) Carbonized PVP-Zn,@ZIF-
67; (c) Raman spectra and (d) HER polarization curves of carbonized PVP-Znx@ZIF-

67.

Fig. 4.13. (a) HER polarization curves, (b) Corresponding Tafel slopes and (c) Nyquist
plots of CoOx/NCs treated with 0, 600, 900, 1200 mg of P precursors and 20 wt% Pt/C
benchmark at a sweep rate of 5mV/s; (d) OER polarization curves, (e) Corresponding
Tafel slopes and (f) Nyquist plots of CoOx/NCs treated with 0, 600, 900, 1200 mg of P
precursors and IrO; benchmark at a sweep rate of 5 mV/s in 1m NaOH; (g) Double layer
capacitance; (h) LSV curves of 900 P-CoOx/NCs after cycling; (i) SEM image of 900

P-CoOx/NCs after cycling.

Fig. 4.14. CV scans at different scan rates for (a) 20 wt% Pt/C; (b) 600P-CoOx/NC:s; (¢)
900P-CoOx/NCs and (d) 1200P- CoOx/NCs.

Fig. 4.15. (a) Cell voltage of overall water splitting reaction (900 P-CoOx/NCs || 900
P-CoOx/NCs); (b) Chronopotentiometry curve for 900P-CoOx/NCs at 1.69 V vs. RHE;
(c) XRD pattern and (d) Raman spectrum of 900 P-CoOx/NCs after cycling test; (e)
Digital image of water splitting device; (f) Collected gas volume and calculated Faraday

efficiency of 900 P-CoOx/NCs.
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Fig. 4.16. (a-b) SEM images of Co/NCs and O-CoOx/NCs; (c) XRD patterns; (d)
Raman spectrum; (e)HER; and (f) OER polarization curves of Co/NCs, O-CoOx/NCs

and CoOx/NCs.

Fig. 4.17 Tafel slopes of (a) HER; (b) OER; (c) ECSA; and (d) Nyquist plots of Co/NCs,

O-CoOx/NCs and CoOx/NCs.

Chapter 5

Scheme 5.1 Fabrication process of reduced/destroyed wool felt for Co-based (metallic
Co, CoO and Co9Sg) electrocatalysts supported by biochar frameworks.

Fig. 5.1 Digital images of (a) Wool, (b) Wool-R, and (c) Wool-D (Scale bar: 1 cm).
Fig. 5.2 (a-c) SEM images, (d) XRD patterns and (¢) Raman spectra of original wool
felt, reduced, and denatured wool fibers, respectively.

Fig. 5.3 (a-c) Digital images (scale bar: 1 cm), (d-f) optical microscopy of original wool
felt, wool-fix; and wool-ads, respectively.

Fig. 5.4 (a) TGA curves of Wool-fix and Wool-ads, (b) Raman spectra of wool, Wool-
ads and Wool-fix.

Fig. 5.5. (a) EDX mapping of Fix-920; (b) Digital image of original wool felt and Fix-
920-A electrode; (c) SEM image, (d) XRD patterns, (¢) TEM and (f) HRTEM images
of Fix-920-A.

Fig. 5.6. (a,c) TEM and (b) SEM image of Fix-920-A; (d) corresponding EDS mapping;
(e,f) EDS spectrum and table summary of compositions in Fix-920-A sample.

Fig. 5.7. (a) Raman spectra; (b) corresponding deconvoluted D and G bands; (c) Co 2p

and (d) S 2p spectra of Woo0l-920, Ads-920, Fix-920 and Fix-920-A, respectively; (e) N
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Is and (f) P 2p spectra of Fix-920 and Fix-920-A.

Fig. 5.8. (a) N> adsorption-desorption isotherms; (b) Pore size distribution and
cumulative pore volume of Fix-920-A derived from N> adsorption-desorption isotherm.
Fig. 5.9. (a) XPS spectra of Wool-920, Ads-920, Fix-920 and Fix-920-A, respectively.
(b) N 1s spectra and (c) O 1s spectra of corresponding wool candidates.

Fig. 5.10. (a) HER polarization curves with 100% iR corrected, (b) Tafel plots, (c) Table
summary, (d) Electrochemical impedance spectra, (e) Double layer capacitance of
commercial Pt/C, Wool-920, Ads-920, Fix-920 and Fix-920-A; (f) HER stability test of
Fix-920-A

Fig. 5.11. (a) Double layer capacitance of Pt/C, Wo0l-920, Ads-920, Fix-920 and Fix-
920-A; (d-f) Corresponding cyclic voltammetry curves at the potential range of -0.2 —
0.15 V vs. Hg/HgCl, with scan rates varying from 5 mV/s to 100 mV/s

Fig. 5.12. (a) OER polarization curves with 100% iR corrected, (b) Tafel plots, (c) Table
summary, and (d) Electrochemical impedance spectra of Wool-920, Ads-920, Fix-920
and Fix-920-A; (e) OER stability test of Fix-920-A; (f) Digital image of free-standing
Fix-920-A electrode for OER in a typical three-electrode configuration; (g) Cell voltage
of overall water splitting reaction (Fix-920-A||Fix-920-A); (h) Chronopotentiometry
curve for Fix-920-A at 1.65 V (Insert: LSV curve after 2500 cycles; 100 mV/s).

Fig. 5.13. XRD pattern of Fix-920-A after cycling test.

Fig. 5.14. (a) Crystal structure of optimized Co9Sg {440} (left) and CoO {111} (right)
from c¢ direction (blue: cobalt, yellow: sulphur atom, red: oxygen atom); Calculated
adsorption free energy for reaction coordinates in (b) HER, and (c) OER; (d) Charge
density difference plot of Co9Ss/N, P doped graphene heterostructure; (e) Calculated

density of states plot and (f) Derived d-band center of Co9Ss and heterostructure.
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Fig. 5.15. Proposed adsorptive hydroxyl groups on cobalt tetrahedral site in alkaline
medium.

Fig. 5.16 Composition of human’s breath.

Fig. 5.17 (a) Desing of all-flexible wearable device (1. Flexible porous cathode, 21. Up
layer of hydrogel with hygroscopic salt, 22. Down layer of hydrogel with hygroscopic
salt; 3. Patch switch, 4. Coin battery, 5. Flexible porous anode 6. Flexible porous
support and spacer, 7. Conductive copper tape, 8. Facial mask, 9. Goggles); (b)
Dimensional properties of flexible spacer; Potential applications of (c) facial mask; (d)
submersible goggles.

Fig. 5.18 (a) Basic properties of various candidates; Optical images of various silver
fabrics (b) nonwoven based; (¢) warp knitted; (d) weft knitted; (e) blend woven; and (f)
woven based.

Fig. 5.19 Optimization of various electrodes with loading of 0.5mg cm (20 wt% Pt/C).
Fig. 5.20 (a) Double layer capacitance and (b) Electrochemical active surface area of
various candidates.

Fig. 5.21 (a) SEM image of hydrogel spacer; (b) Weight changes of hydrogel membrane
and nafion membrane at different time slots.

Fig. 5. 22 Optical images of (a) components of all flexible device; (b) Device with
electricity controller.

Fig. 5. 23 (a) Digital image of assembled moisture digester; Stability test using (b)
hydrogel separator and (c) Nafion membrane at 3 V input.

Chapter 6

Fig. 6.1 SEM images of (a) CZS nanospheres; (b) SEM image and (c) TEM image of

TGA modified CZS.
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Fig. 6.2 Thermogravimetric analysis of obtained PVP capped CZS nanoparticles and
PVP polymer.

Fig. 6.3 (a) TEM and (b) High-resolution TEM of cadmium zinc sulfide (CZS)
nanospheres, (¢) Optimized geometry of one TGA molecule on the CZS (101) plane
(upper: on top site of Cd atom, lower on top site of Zn atom, purple: Cd atom, grey: Zn
atom, yellow: S atom, brown: carbon atom, red: oxygen atom, light pink: hydrogen
atom), (d-e) C-potential plot of CZS, Thioglycolic acid modified CZS (TGA-CZS) and
NiCo-layered double hydroxides dispersed in ethanol.

Fig. 6.4 TEM images of (a) NiCo-LDHs, CZS@NiCo-LDHs core-shell structure at (b)
low and (c¢) high magnification, (d) HRTEM image of selected area (enlarged figure:
inverse FFT image of corresponding CZS and NiCo-LDHs lattice spacing), (e)
HADDF-STEM image and (f-j) corresponding EDS elemental mapping of Cd, S, Ni,
Co and overlayed elements.

Fig. 6.5 SEM image of (a) pure NiCo-LDHs nanoflower; TEM image of (b)
CZS@NiCo-LDHs sample; (¢) CZS@Ni-LDHs and corresponding (d) HRTEM image
(insert: inverse FFT image of CZS@Ni-LDHs); (d) TEM image and (f) HRTEM image
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Fig.6.6 Raman spectra; (b) N2 adsorption and desorption isotherms of CZS; CZS@Ni-
LDHs; CZS@NiCo-LDHs; CZS/NiCo-LDHs and pure NiCo-LDHs.

Fig. 6.7 (a) X-ray diffraction patterns, (b) Pore size distributions of CZS, CZS@NiCo-
LDHs, NiCo-LDHs, CZS/NiCo-LDHs, and NiCo-LDHs; (¢) Water contact angles of
FTO glass substrate, CZS, CZS@NiCo-LDHs, NiCo-LDHs, CZS/NiCo-LDHs, and
NiCo-LDHs; X-ray photoelectron spectroscopy of (d) Cd 3d, (e) Ni 2p, (f) Co 2p of

corresponding samples.
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Fig. 6.8 (2)Zn 2p and (b) S 2p spectra of CZS; CZS@Ni-LDHs; CZS@NiCo-LDHs;
CZS/NiCo-LDHs and pure NiCo-LDHs.

Fig. 6.9. (a) Time courses of photocatalytic H> evolution (PHE) and (b) PHE rate of
CZS, CZS@Ni-LDHs, CZS@NiCo-LDHs, CZS/NiCo-LDHs, and NiCo-LDHs in 10
v% TEOA aqueous solution (note: Eosin Y sensitization is employed for pure NiCo-
LDHs, which functions as semiconductor); (c) PHE stability test of CZS, CZS@NiCo-
LDHs, and CZS/NiCo-LDHs over 12 hrs; (d) linear sweep voltammetry (5 mV/s), (e)
Tafel slopes of commercial 20wt% Pt/C, CZS, CZS@Ni-LDHs, CZS@NiCo-LDHs,
CZS/NiCo-LDHs, and NiCo-LDHs in 1M KOH; (f) LSV curve of CZS@NiCo-LDHs
on ITO substrate before and after light irradiation; (g) TEM; (h) Ni 2p; and (i) Co 2p
spectra before and after PHE stability test.

Fig. 6.10 (a) XPS survey, (b) Cd 3d spectra, (c) Zn 2p spectra, (d) S 2p spectra of
CZS@NiCo-LDHs after PHE stability test.

Fig. 6.11 Post TEM image of CZS/NiCo-LDHs composites after stability test.

Fig. 6.12 (a) Photoluminescence (PL) spectra (insert: excitation spectrum of CZS, Aexc
= 340 nm), (b) Time-resolved PL decay spectra (insert table: summary of electron
lifetime) of CZS, CZS@NiCo-LDHs and CZS/NiCo-LDHs; (c) Chopped i-t curves, (d)
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Fig. 6.13 UPS spectra of CZS, NiCo-LDHs, and CZS@NiCo-LDHs.

Fig. 6.14 (a) UV-visible absorption spectra, (b) Tauc plots of CZS, CZS@Ni-LDHs,
CZS@NiCo-LDHs, CZS/NiCo-LDHs and NiCo-LDHs; (¢) VB-XPS spectra of CZS,
NiCo-LDHs and CZS@NiCo-LDHs; (d) Band alignment between CZS and NiCo-

LDHs under different conditions; (e) Band alignment of CZS@NiCo-LDHs, related to
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water splitting potentials; (f) Charge density plot and (g) Density of states of CZS,
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Fig. 6.15. AFM height profiles and corresponding kelvin-probe force microscopy of (a)
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Chapter 1. Introduction

1.1 Background

Water splitting to generate hydrogen and oxygen via electro/photocatalytic approach
has attracted intensive attentions as an effective solution to the global warming[>-¢!.
Among various candidates, cobalt-based materials (e.g. cobalt oxides, sulfides,
selenides) have been regarded as one of promising catalysts to boost the water splitting
reaction. Nevertheless, scientists have devoted tremendous efforts towards the
modulation of synthetic and tuning strategies such as heteroatom doping, defects
engineering, atom intercalation and topographical control. By adopting these
approaches, they achieved significantly increase in the number of active sies;
modulation of the corresponding electronic environment to enhance the catalytic
performancel’~'%. Moreover, understand of the binding energies of intermediates onto
the catalysts surfaces gives rational design of catalysts and possibility to explore the
reaction pathways. Typically, metal atoms can be coordinated with adjacent non-metal
atoms such as M-N-Cs which have distinctive electronic environment of M-M bond as
well as adsorption energy for intermediates. Under this situation, those sites exhibit
lowest adsorption free energy are active sites which facilitates the reaction kinetics!!!~
131 Although by modifying and design suitable catalysts can improve the activity of
reactions in a huge magnitude!'*!>], there is still physical limit to the amount of catalyst
loaded onto the electrode. As a result, the in-situ growth of catalyst on the electrode can
a promising solution to the stability of the cell and is free of polymer binders which
partially hinders the catalytic performance. In addition to this, the overall energy
consumption of electrocatalytic water splitting reaction is still high in which the high

electricity input usually results into low production rate of Hz and O». Nevertheless, the
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utilization of electrochemical reactions in wearable applications has been recognized as
a promising approach for the continuous monitoring of human body health.
Consequently, this thesis also addresses the investigation of appropriate electrocatalysts

tailored for wearable applications.

Apart from the electricity as driving force, the photocatalytic water splitting reaction
which utilizes light as the driving force shows an alternative and more environmental-
friendly reaction can be achieved. It should be noticed that the band gap of photocatalyst
should be exactly at 1.23 eV since thermodynamical determined potential of water
splitting reaction is 1.23 eV. Moreover, the conduction band and valence band of the
catalysts should be located at the redox potentials of H> and Oz evolution reaction which

s!16-181 Tn practice, the utilization of higher incident

restricts the choices of photocatalyst
light energy such as ultraviolet light is employed to trigger the redox reaction. Moreover,

the heterojunctions, cocatalysts (e.g. Pt) photosensitizes and electron donors are usually

employed to improve the hydrogen evolution rate!!"’,

1.2 Research objectives

With all the problems and promising materials commented as above, we aim to develop
robust and efficient cobalt oxides/sulfides/hydroxides catalysts towards
electro/photocatalytic water splitting reaction. In this case, the following aspects of
electro/photo catalysts will be mainly focused: 1) the physical and chemical properties
(e.g., morphology, topology, surface electronic environment) of electro/photocatalysts;
i1) explore the effects of experimental treatments including doping, pore system
construction on catalytic performance; ii1) identify the active sites in the cobalt

oxides/sulfides/hydroxides samples by post treatments, and proposed corresponding
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reaction pathways for understanding; iv) the design and construction of electrochemical
device for wearable application. Finally, the detail research objectives are listed as
follows:

(1) To fabricate Co oxides nanoparticles using MOFs precursors and dope
heteroatoms into carbonized MOFs for water splitting reaction.

(2) To synthesize Co sulfide nanoparticles by chemically fixing cobalt atoms in
wool fibers directly, explore the advantages of chemical fixation strategy over
traditional biomass conversion method.

(3) To design and create an electrochemical water splitting device for wearable
application and assess its performance in moisture conversion to H2/O».

(4) To combine photocatalysts with Co based -electrocatalysts for the
photo/electrochemical hydrogen evolution reaction, explore their related built-

in electric field effect.

1.3 Research significance

This thesis focusses on the synthesis, physical and photo/electrochemical

characterization of as-obtained catalysts for water splitting applications. The research

significance and value can be summarized as follows:

(1) Explore the role of PVP polymer in ZIFs frameworks. Identification of PVP’s
structural evolution during carbonization process and protective role in post
phosphorization. Instead of the formation of CoP nanoparticles, the P hetero atom
doping into carbons also influence the electronic environment of cobalt active sites.
Moreover, a series of post treatments are conducted to confirm the active sites in
HER and OER, respectively.

(2) Biomass conversion to electrocatalysts show potentials in carbon neutralization and
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waste conversion. An innovative approach is developed to selectively fix cobalt
element, utilizing the natural disulfide bonds in wool keratin structure. Compared
with traditional absorption strategy, this reductive fixation method shows
outstanding in the catalysts’ loading, and superior catalytic performance.

(3) Based on above biomass derived electrocatalysts, a flexible and attachable moisture
digester is designed, constructed, and assembled for practical applications. Such
digester can obtain a continuous current for 8 hrs at 3V input and electrochemically
convert absorbed moisture to hydrogen.

(4) Rational design of heterojunction between semiconductor and cocatalysts have
been successfully achieved by interfacial engineering method. By carefully
modifying the semiconductor’s surface electronic environment, the cocatalyst can
be loaded onto light absorber’s surface with complete coverage. Moreover, this

approach is repeatable and of easy fabrication at room temperature.

1.4  Thesis outline

The thesis is organized as following sections:

Chapter 1 is to introduce the research background and remaining challenges in the field
of electro/photo catalytic water splitting reaction. Research objectives are also included

in this chapter.

Chapter 2 is to conduct the literature review of electrocatalytic/photocatalytic water
splitting reaction, the fundamental principles of water splitting reaction, utilizing
electricity and solar energy are covered. The optimization strategies for
electro/photocatalysts are detailly introduced and analyzed. Finally, the introduction of

electrochemical devices for wearable applications based on textile substrates is covered.
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Chapter 3 is to introduce major synthetic methods, fundamental setups of electro/photo

chemical cell, and characterization methods in this thesis.

Chapter 4 is to synthesize multivalence state of cobalt oxides by carbonization of PVP
assisted ZIF-8/ZIF-67, followed by a series of post treatments (phosphine treatment,
oxidation treatment, acid leaching). The catalytic performance of CoOy is studied by

electrocatalytic water splitting reactions.

Chapter 5 is to synthesize cobalt sulfides by innovatively utilizing the disulfide bonds
in natural wool keratin structure. Further design of personalized water splitting device

is given and tested in real environment.

Chapter 6 is to synthesize core-shell structure of NiCo-layered double hydroxides onto
the cadmium zinc sulfides by surface engineering. The heterostructure is studied by
optical measurements and DFT simulations. While the catalytic performance is studied

by photocatalytic hydrogen evolution and DFT simulations.

Chapter 7 1is the conclusion of whole thesis, perspectives and outlook for

photo/electrocatalytic water splitting reaction are discussed.



Chapter 2.  Literature review

The industrial application of water photo/electrolysis for hydrogen production is still
challenging. A significant issue is the lack of low-cost, highly efficient
photo/electrocatalyst, which results in low utilization of solar energy/ high consumption
of electricity. Current studies have demonstrated that Mo-based catalysts?*?!1 exhibit
attracting potentials in water splitting reactions. However, their scarcity in earth leads
to a high price (Mo: USD 53/kg, Co: USD 33/kg, Ni: USD 20/kg, Cu: USD 8/kg, Zn:
USD 2/kg). Hence the large-scale production is still far beyond satisfaction.
Consequently, the development of efficient and cost-effective non-noble metal

photo/electrocatalyst holds reaction implications for enhancement in water splitting.

In recent years, researchers have extensively designed and developed a plethora of low-
cost catalyst for water splitting, including transition metal oxides, sulfides, selenides,
carbides and nitrides, single-atom catalysts. However, the intrinsic activity of these
materials falls significant drawbacks compared to platinum-carbon catalysts. Therefore,
modifying these materials exhibits crucial research significance. By incorporating
morphology design, surface doping, vacancies engineering, heterostructure
construction (Fig.2.1), it is possible to regulate the intrinsic electronic structure of the
materials. This optimization of catalyst surface micro-environment can enhance the
adsorption and activation of reactant species, thereby improving their catalytic
performance. Owing to the development of characterization techniques, techniques
such as X-ray absorption fine structure, X-ray photoelectron spectroscopy, Spherical
aberration-corrected TEM allow researchers to investigate the localized coordinative

environment, and valence state of metal active sites. Moreover, the in-situ techniques



equip the research with real-time information of metal catalysts, which facilitate the

rational design of photo/electrocatalysts.

Fig. 2.1. Schematic illustration of potential strategies to enhance the performance of

catalysts!7-922724],

In this chapter, the first part of the recent progress and potential studying trend about
cobalt-based catalysts for hydrogen evolution reaction (HER), oxygen evolution
reaction (OER), and photocatalytic hydrogen evolution (PHE) reaction have been

demonstrated and analysed. What’s more, based on the above design principle for



catalysts, detail analysis will be paid to understand the catalytic role of these transition-
metal based derivatives. With respect to the understanding of mechanism of both
reactions, density functional theory (DFT) gives researchers opportunities to obtain a
series of reactions intermediate adsorption energies and study the kinetics for a certain
catalytic process. Therefore, by combining the modification approach and theoretical
investigation, people can design more reasonable experiments. After the discussion of
electro/photo catalysts, the introduction of electrochemical devices for wearable

application is designed and developed.

2.1 Fundamental principles and electrocatalytic pathways for

HER and OER

2.1.1 Principles and electrocatalytic pathways for HER

Hydrogen evolution reaction (HER) is the half reaction of water splitting reaction which
is considered as the most efficient way to generate hydrogen. Its mechanism is divided
into several steps dependent on the acidic medium (usually 0.5 M H2SO4) or alkaline

medium (usually 1 M KOH) respectively!*l:

For Volmer step, the electrons first transfer onto the surface of the electrode, then
contact with the H3O™ sites causing the formation of Hags (Hydrogen atoms adsorbed
onto the catalyst surface) while in alkaline medium, water molecules will firstly
undergo the dissociation process to provide proton sources. Therefore, for Pt free
catalysts, most of them are still of low activity in the alkaline medium due to the
sluggish water dissociation kinetics in the Volmer step (Fig.2.2).

The HER pathway in acidic medium can be described as follows:

H30" + & — Hags + H2O (Volmer step) (2.1)



Hags + H3O" + ¢ — Ha + H20 (Heyrovsky step) (2.2)

Hads + Hags — Ha (Tafel step) (2.3)

The HER pathway in alkaline medium can be described as follows:

Hags + HoO + ¢ — Hy + OH™ (Volmer step) (2.4)
H>0 + ¢ — Hagas + OH™ (Heyrovsky step) (2.5)
Hads + Hags — Ha (Tafel step) (2.3)
(a) H* (/@cidic) Step 1 (b) H‘(’@cidic) Step 1
SF HO+en, B HO+es,
7 OH (alkaline) *\ 7 oH (alkaline) *\
M-H  Volmer—-Heyrovsky M M-H Volmer-Tafel M
\_ (alkaline) 3 ,’I \\ ,’/
“HO +e P “M-H I &
SEE2 Hewa o s Step2 ... i~
(acidic)’ % H, (alkaline & acidic)

Fig. 2.2. Proposed electron transfer pathway in HER under both acidic and alkaline

medium: (a) Volmer-Heyrovsky mechanism, (b) Volmer-Tafel mechanism!?%],

For Heyrovsky reaction, an electron coupled with proton transfers to the adsorbed
hydrogen atoms, and then generates hydrogen. Another possible Tafel process which
can generate hydrogen: two adsorbed hydrogen atoms can produce hydrogen after the
combination on the surface. It is important to work out the rate-determining step in
HER as it requires the highest energy barrier which is also defined as the elementary
step. In acidic medium, if the Volmer reaction is the determining step (Tafe slope of 120

mV dec!), electrodes should provide more active sites and vacancies for adsorbed

9



hydrogen atoms to lower the barrier. For Heyrovsky (Tafe slope of 40 mV dec™!) and
Tafel reaction (Tafel slope of 30 mV dec™), the rate of electrolysis can be improved by
increasing the reaction area therefore providing more Hags, and this can be achieved by
increasing the surface roughness®’.. In most cases, the Volmer reaction is the rate-
determining step and the Sabatier principle that one catalyst should possess not too
strong or too weak interactions between reactants is a suitable guidance for designing

appropriate catalysts/2%2%],

Moreover, from the aspects of different catalytic materials, scientists indicated a
‘volcano plot’ which considers the hydrogen adsorption free energy (AGy,) when the
intermediate H* undergoes either Volmer-Heyrovsky or Volmer-Tafel pathway (Fig.
2.3)B% to illustrate catalytic performance. Among these candidates, Pt’*!) and Rh (3%
based materials are regarded as the outstanding material since it requires lowest Gibbs
free energy as well as possesses highest exchange current while their prices limit the
large-scale application. Moreover, metals with different facets have been intensively

[33-36

investigated to reveal the mechanism of electrochemical reactions 1 and so-called

‘single-atom catalysts’ (SACs) has been proposed to include this kind of single metal-

1371 showed that Pt atoms which further form clusters with

based catalysts. Recent study
aid of pydirine N possessed better performance and better charge transfer compared

with single Pt-based SACs.
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Fig. 2.3. The volcano plot of exchange current density as a function of DFT calculated

Gibbs free energy of adsorb hydrogen atoms!®®,

2.1.2 Principles and electrocatalytic pathways for OER

Oxygen Evolution Reaction (OER) is the other half reaction of overall water splitting.
Currently, two major pathways for the explanation of OER mechanism have been well
studied (Fig.2.4): 1. Adsorbate evolution mechanism (AEM), and 2. Lattice oxygen
oxidation mechanism (LOM). The first one is consisting of a four-electron transfer
reaction with the formation of different intermediates including HOuags, Oads and HOOxds
where ads represents for the metal active sites. The AEM for OER pathway in acidic

medium can be described as follows: [7]

H>0 — HOads + H" + e~ (2.6)
HOugs — Ougs + H + €~ 2.7)
Qads + H20 — HOQags + H + e~ (2.8)
HOOQOus — 02 + H' (2.9)

The AEM for OER in alkaline medium can be described as follows:

OH +ads — HOugs + €~ (2.10)
11



HOads + OH_ ad Oads +H20 + 67 (2 1 1)
Oads+ OH_ g HOOads + 87 (2 12)

HOOu4s + OH —02 +H20 + e~ (2.13)

The AEM mechanism is the most adopted mechanism in OER. It is highly related to
the catalytic behavior of surface atoms in catalysts. During this process, the water
molecular will be oxidized at the catalyst site, forming ox hydroxyl groups or hydroxyl
groups in alkaline medium will be directly utilize as the source. Meanwhile, the metal
active sites are also oxidized to metal oxyhydroxide species (HOOags), which is the key
intermediate during OER. Currently, efforts have been devoted to detecting this
intermediate. Moreover, the adsorption and desorption kinetics on the active sites are

also influenced by factors such as pH and temperature of electrolyte.

Fig. 2.4. Proposed electron transfer pathway in (a) adsorbate evolution mechanism,
where metal atoms function as active sites; and (b) lattice oxygen oxidation process,

where oxygen atoms in the lattice act as active sites®.

The LOM is another major mechanism to explain the intermediate and electron pathway.
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Under this circumstance, the catalysts usually are metal oxides with distinguished
lattice structure, where metal-oxide bonds/oxygen vacancies may be responsible for
catalytic performance. Once the oxygen atoms in the lattice are oxidized and detached
to form oxygen molecule, the hydroxyl groups in the electrolyte will be attached to
metal atom, for the formation of metal-oxygen bond again. However, the extraction of
lattice oxygen, compared with direct utilization of hydroxyl groups, requires higher
overpotential to trigger the reaction, and exhibits slower kinetics. Moreover, the
debonding of surface metal-oxygen bonds may cause the irreversible reaction, which
further reduce the lifetime of electrocatalysts. Such mechanism is highly dependent on
the composition of catalysts, e.g., metal phosphides, sulfides will suffer different lattice

oxidation mechanisms.

In general, it has been found that the binding energies between OER reaction
intermediates OH, O, HOO and surface-active sites are linearly correlated. (shown in
Fig. 2.5) [ This implies that the active site, exhibiting a stronger affinity for bonding
with hydroxide (OH), also exist enhanced bonding capabilities with oxygen (O) and
peroxide (HOO) compared to other active sites. The optimal catalytic surface sites
should establish interactions with intermediates, avoiding excessively weak and overly
strong binding. Insufficient binding may impede the activation of the reaction, while
excessive binding may hinder the effective release of reaction products. In this context,
transition metal oxides, including but not limited to Ni, Fe, Co, Cu, and Mn,
demonstrate heightened catalytic efficacy in the Oxygen Evolution Reaction (OER).
The pivotal step involves the formation of metal hydroxide (HOO-M) through the
cleavage of water on an adsorbed oxygen species (O*) located on the crystal facet,

thereby playing a critical role in the overall water-splitting process ],
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Fig. 2.5. The Sabatier-type volcano plot for the pristine (001) surfaces of the monoxides
in the range between CaO and CuO. The descriptor in the x axis is the difference
between the adsorption energies of oxygen and hydroxyl. The vertical differences
between the red line and the blue lines and points provide an estimation of the oxygen

evolution overpotential on the oxides!”!.

2.1.3 Electrolyzer design for electrocatalytic splitting reaction
2.1.3.1 Electrolyzer in laboratory and industry

For a typical electrochemical cell, cathode and anode compartments are filled with
aqueous electrolyte, and a membrane is inserted into the cell. (Known as H-cell and
shown in the Fig. 2.6). In this reactor, for HER, the generation of hydrogen takes place
at cathode and electrolyte is usually 1 KOH and OER occurs at anode. In this case,
anode and cathode are usually glassy carbon, carbon paper or metal-based electrode on
which electrocatalysts can be deposited. An ion exchange membrane which can be
proton-conducting or anion-exchange polymer membrane helps the exchanges of ions.
[7.41] Therefore current can be generated in between. H-cell configuration can be easily

set up and the stability of it is dependent on the properties of catalysts, however, three

14



electrode working system is limited to the choice of electrolytes (neutral or acidic)

which may poison the reaction and possess low current densities (= 100 mA cm?) 42,

Traditional H-Cell
L Reference electrode
3
|

Cathode
L

lon Exchange Membrane

Liquid Phase Electrolyzer Gas Phase Electrolyzer

» < Anode Flow Field ey

Anolyte a . — Anode S
Flow Field
Catholyte = \ <——— lon Exchange Membrane ——>
Flow Field

«————  Cathode /
- «——— Cathode Flow Field /

Fig. 2.6. Schematic illustration of traditional H cell, liquid-phase and gas-phase

electrolyzer %!,

Currently, alkaline electrolysis technology has advanced to the commercial production
scale of megawatts (MW). Alkaline electrolysis employs a liquid potassium hydroxide
(KOH) solution as the electrolyte. The membrane separator is a crucial component of

the alkaline electrolysis cell. In recent years, polymer membranes with hydroxide ion
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conductivity have been developed (e.g., nafion membrane). Traditional alkaline
systems have certain limitations in practical applications, particularly in achieving
maximum current densities, which are generally lower than 400 mA cm™. This is
because at higher current densities, bubbles generated during electrolysis tend to flow
upward along the electrode surfaces, leading to the formation of continuous non-
conductive gas films across the entire electrode surface. This sieving effect increases
energy consumption and hinders gas transport across the membrane. In current alkaline
cells design, the electrodes are consisting of porous grids pressed against the membrane
to minimize distance and reduce ohmic resistance. This zero-gap configuration
significantly improves electrolysis efficiency, allowing for current densities of up to 2
A cm™. However, most recent research efforts are still focused on developing highly
efficient and stable catalysts. Although significant progress has been made in this regard,
there is still a considerable gap to meet the requirements of sustained hydrogen

production at high current densities.

The resolving diagram of a PEM electrolysis water system's basic unit is shown in
Fig.2.6. Typically, the connections between each component are tightly integrated, with
a thickness of 5-7 mm. Titanium is commonly used for the metal plates on both ends.
The assembly of the membrane is placed in the central part of the electrolysis cell,
where water decomposition reactions occur. The membrane is generally a 90-200 pm
thick perfluoro sulfonic acid-based proton-conducting polymer membrane (PFSA). The
membrane's two sides are porous catalytic layers, which can be coated on both sides of
the membrane or on two porous conducting layers. They can also be self-supported
catalytic electrode material layers. Liquid water is pumped through the cathode and

anode chambers to provide reactants for the reactions on the anode side and remove
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excess heat generated during cell operation. There is a quantitative relationship between
water flow, working current density, and the temperature difference (temperature
difference between the cell inlet and outlet). The produced H> and O: are collected
behind the porous transport layer, and the gas-liquid mixture is pumped to a separator
for mass separation. Compared to alkaline electrolysis technology, PEM electrolysis
technology offers higher load flexibility and grid-balancing capabilities. PEM
electrolysis cells can achieve high current densities (up to 10 Acm?) and produce high
purity hydrogen (up to 99.9999%). PEM electrolysis operates under acidic conditions
and has already been commercialized at a multi-megawatt scale. However, further
improvements are needed to reduce the cost of electrolytic hydrogen production for
mobile applications in European countries. One of the challenges to achieve this cost
target is to replace platinum group metals (PGMs) with transition metal-based materials
as catalysts. There are two main approaches to reduce the cost of PGMs: using
alternative support materials or dispersing PGMs in carbon materials to decrease their
usage, and developing non-precious metal catalysts that combine cost advantages with
performance benefits as substitutes for PGMs. For the anode reaction, which operates
at a voltage range of 1.8-2.0 V, there are fewer alternatives to replace Ir or Ru oxides
for the oxygen evolution reaction (OER) under acidic conditions. The loading of IrO-
can be reduced to 0.5 mg cm™, but its activity decreases over prolonged electrolysis.
Current research focuses on coupling IrO2 nanoparticles with electronically conductive

metal oxides, such as SnOx, as the substrate.

2.2 Fundamental principles for photocatalytic HER

2.2.1 General principles for photocatalytic hydrogen evolution reaction

Another way to generate the oxygen and hydrogen is to utilize solar energy. Under this
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circumstance, semiconductors are explored as the potential light absorption agent. On
one hand, the band gap of semiconductors should be smaller than that of equivalent
light wavelength (Fig.2.7. a), and larger than that of energy for water splitting reaction
(AG=1.23 eV, in practical at least 1.6 eV) to achieve efficient solar energy conversion.
One the other hand, from the solar energy distribution diagram (Fig.2.7 b), only 5% of
solar energy lies in the UV region, 43% of the energy accounts in the visible light,

which indicates band gap around 2.2 eV is ideal to utilize the half of solar energy.

Fig. 2.7. (a) Illustration of photocatalytic water splitting mechanism, (b) Solar energy

distribution across the spectrum.

Three steps have been identified during the light absorption at different time scales: 1.
the excitation of photoinduced charges happens within a few femtoseconds, 2. charge
recombination takes place on the nanosecond scale, 3. the charge separation and surface
reaction within the material require a much longer time, in the order of microseconds.
It is evident that the time taken for charge separation and surface reaction is relatively
longer, making it a crucial intermediate process that links the preceding and subsequent

steps.

Therefore, achieving efficient charge separation is of utmost importance for the smooth
progress of photocatalytic reactions. However, in the absence of external or intrinsic
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driving forces, photoinduced charges tend to distribute randomly and migrate slowly to
the surface in the bulk phase. This slow kinetics increases the chances of collisional
recombination between photoelectrons and holes in the bulk phase, as well as their
capture by defects at the bulk or interface. Consequently, the mentioned questions
reduce the actual concentration of photoinduced charges reaching the material surface.
Unfortunately, there is currently a lack of effective experimental techniques for directly
observing the processes of charge separation, migration, and recombination. The
diagram (Fig.2.8) below shows the potential substances for photocatalytic splitting, in
which metal oxides, sulfides and nitrides show great potentials in overall water splitting

reaction.

Fig. 2.8. Typical band gaps of semiconductors for the applications of photocatalytic

water splitting reaction!**],

The surface electronic structure of semiconductor materials typically poses challenges
to the occurrence of electrocatalytic reactions, thereby limiting the favorable reaction
kinetics of photoinduced charges at the material surface during photocatalytic processes.
Additionally, water splitting reactions involve two interconnected half-reactions

(oxidation and reduction) with a positive change in Gibbs free energy for the overall
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reaction. This propensity facilitates the recombination of generated hydrogen and
oxygen species at the material surface, thereby hindering efficient surface reactions.
Specifically, the intrinsic activity, density, and abundance of active sites on
semiconductor material surfaces can modulate the dissociation and desorption of
surface H.O molecules and reaction intermediates, thereby influencing the surface
catalytic activity. To ameliorate these characteristics, three strategies have been
proposed to address photocatalytic activity, the electron transfer efficiency, light
absorption: (1) to deposit of highly active electrocatalysts (e.g., metal Pt) onto
semiconductor material surfaces to enhance the quantity and activity of catalytic sites.
Consequently, an effective photocatalytic material system typically entails the strategic
integration of semiconductors with highly active electrocatalysts. (2) Another important
procedure is to add sacrificial agents (e.g., methanol, lactic acid, TEOA). The sacrificial
agent can help consume the generated holes to boost PHE when electrons are excited
to reduce the water molecules. (3) More recently, dye molecules are also found to
improve the efficiency of PHE. Different from the sacrificial agent, dye molecules can
help to enhance the light absorption of semiconductor, which complement the energy
levels of semiconductors. When the dye molecule absorbs light, it can efficiently
transfer the energy to the semiconductor, exciting electrons across the dye-

semiconductor interface.

2.2.2 Typical band alignments between semiconductor and cocatalysts

The formation of heterojunctions between semiconductor and catalysts, compared to
single semiconductors, has emerged as a highly promising approach for the
development of advanced photocatalysts, due to the effectiveness in spatially separating

electron-hole pairs of heterojunctions.
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Conventionally, there are three types of heterojunctions (Fig.2.9): straddling bandgap
(type-I), staggered bandgap (type-II), and broken bandgap (type-III). In type-I
heterojunctions, both electrons and holes accumulate in the conduction band (CB) and
valence band (VB) of the semiconductor, respectively. Consequently, efficient
separation of electron-hole pairs is hindered, due to the fact that electrons cannot be
transferred to higher conduction band. Similarly, type-III heterojunctions do not
facilitate effective separation due to the lack of overlapping bandgaps between the two

semiconductors or semiconductor/catalysts interface.

Type-II heterojunctions, on the other hand, result in the accumulation of electrons and
holes in the CB of the semiconductor with lower reduction potential and the VB of the
semiconductor with lower oxidation potential. Although separation of charge carriers
is achieved, this arrangement compromises their strong oxidation and reduction

capabilities.

To address this issue, the direct Z-scheme heterojunction was introduced. The direct Z-
scheme system shares similar band structures with type-II heterojunctions but exhibits
a distinct charge-carrier migration mechanism. The direct Z-scheme configuration
enables the migration of charge carriers along a pathway resembling the letter "Z".
Specifically, electrons accumulate in the CB of semiconductor A. The holes accumulate
in the VB of semiconductor B, preserving their strong redox abilities and spatially

segregated sites for reduction and oxidation.

In all abovementioned systems, the cocatalysts are regarded as semiconductors. While
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for the metallic cocatalyst, the fermi level of cocatalysts should lie in the band gap
region of semiconductor, forming Schottky barrier. Consequently, the accumulated
electrons will transfer to the Fermi-level of cocatalyst, achieving electron/hole

separation after irradiation.

Fig. 2.9 Typical band alignment between semiconductor and cocatalysts [**],

2.3 Cobalt-based electrocatalysts for water splitting reaction
Catalysts are essential components for reducing the overpotential in water electrolysis.
Currently, the most efficient catalyst for HER is still platinum-based catalysts (Pt-based)
and for OER, is still Ir-based catalysts, but their limited crustal abundance and high cost
pose significant challenges for large-scale commercial applications. To solve these
issues, two main solutions have been proposed: (1). Control and manipulate the dose of
Pt/Ir element in the catalysts to achieve better catalytic performance, (2). Design and
develop non-Pt-based catalysts. Examples include transition metals such as Fe, Co, Ni,
Cu, Mo, W, and their corresponding compounds, as well as non-metallic elements like
B, C, N, P, S, Se. Various efficient non-precious metal catalysts have been synthesized
using these elements. It should be noted that when designing non-precious metal
catalysts, the abundance, potential cost, and activity differences should be considered
comprehensively. Given the advantages of transition metals (Fe, Co, Ni) in terms of

abundance and price, the design and development of efficient Co or Ni-based
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HER/OER electrocatalysts are crucial for achieving lower industrial hydrogen

production costs.

Under this circumstance, various transition-metal based catalysts have been developed,
including transition metal sulfide, transition metal phosphides (TMPs), transition metal
nitrides (TMNs), transition metal carbides (TMCs), transition metal oxides (TMOs).
Moreover, studies according to the above-mentioned design principles, e.g. vacancies,
defects engineering, doping, alloying, etc. have successfully proven the dramatic
potentials in the industrial applications. Another promising strategy to introduce the
hetero atoms into the cobalt oxides based- catalyst is the utilization of Metal Organic
Framework (MOF) instead of commercial nickel foam. Moreover, MOF also has
several other merits for HER!24443]: (1) ultrahigh porosity with accessible active sites;
(2) tuneable catalytical metal active sites; (3) functionalize organic linkers. In this

section, we mainly categorize and understand the electrocatalysts according to the

composition in line with the catalysts design principles.

2.3.1 Cobalt-based electrocatalysts for HER
2.3.1.1.1 Cobalt oxides-based electrocatalysts for HER
Among 3d transition metal-based catalysts that facilitate HER, cobalt based

electrocatalysts possess moderate intermediate adsorption energy, and hence their
derivates show potential application in HER. However, it is widely believed that bulk
cobalt oxides are inactive for the hydrogen evolution reaction (HER) due to their poor
conductivity, inadequate hydrogen adsorption capacity, and limited catalytic active sites.
To address these issues, researchers have been devoting to developing advanced metal
oxide-based materials that can serve as highly efficient HER electrocatalysts in recent

years. The generation of oxygen vacancies (OVs)¢! is considered one of the most
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commonly used and effective methods to enhance the intrinsic catalytic activity by

modulating electronic structure, conductivity, and hydrogen adsorption energy.

Fig. 2.10. Schematic illustration of the effect of O-vacancy on tensile strain of CoO
nanorods; (b) corresponding HER performance of strain-engineered CoO nanorods; (c)

HRTEM and SEM images of prepared CoO nanorods on stainless steel foam 571,

Qiao and coworkers!*®! employed surface strain engineering through a combination of
theoretical analyses and experimental investigations (Fig.2.11). It is demonstrated that
the optimization of atomic and electronic structural properties could be achieved by
inducing substantial tensile strain. The presence of tensile stress at surface layer of Co-
O was found to cause an upward shift of the O p-orbitals, thereby reinforcing the
covalent nature of the Co-O bonds and consequently attenuating the adsorption affinity
towards H. Moreover, the existence of oxygen vacancies (OVs) on the surface acted as
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adsorption sites for water molecules, facilitating their adsorption and subsequent
dissociation. As a result, CoO NRs with surface-induced strain and abundant oxygen
vacancies exhibited exceptional HER activity in alkaline solutions, approaching the
performance levels of benchmark Pt/C catalysts. The same group further demonstrated
a dual doping method into Co03Os4 can enhance the electrocatalytic HER. The
experimental and theoretical results demonstrate that the high activity is attributed to
the dual-doping-induced modulation of the surface and bulk electronic structures of Ni
and Zn. Specifically, Ni doping provides an ideal surface electronic environment for
hydrogen intermediate binding, while Zn doping regulates the overall conductivity.
What’s more, Wang and co-workers employed a plasma-assisted method to introduce P
atoms into CosO4, generating in-situ oxygen vacancies to enhance the HER activity.
Theoretical calculations substantiate that P filling into OVs can improve the material's
electrical conductivity and the adsorption energy of adsorbate species. These findings
collectively underscore the broad applicability of oxygen vacancy modulation and
heteroatoms doping as effective strategies for enhancing the performance of metal
oxide based HER systems. Besides doping and vacancy engineering, the morphological
and topological control is another key parameter in catalytic enhancement. The
conversion of MOFs to carbon supported electrocatalysts, without turbulence of pore
system has been widely reported. Zheng et al.*’! reported the encapsulation of
glucosamine into ZIF frameworks, not only retains the topology of ZIFs, but also
provides the N sources for the fixation of Co-Ny active sites. As a result, the CoOx with
Co-Nx doped electrocatalysts, requires an overpotential of 290 mV to achieve 10 mA

cm™. Similarly, Yang et al'*®)

achieved the encapsulation of FeCo nanoparticles into the
N-doped graphene layers via MOF. The precursor consists of iron and cobalt nodes and

therefore can function as catalytic active sites, moreover, final products were also rich
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in nitrogen content (8.2 at %) due to the cyanides (CN") as organic linkers. The final
catalyst possessed an overpotential of 262 mV at 10 mA cm? and a Tafel plot of 74 mV
Dec!. Gao et al*® reported the preparation of hollow NiCo alloy (NiC0204), instead of
pure cobalt monoxides can significantly reduce the required overpotential (10 =-110
mV for HER). The high catalytic performance not only originates from the introduction
of Ni atoms, but also from the 3D hierarchical structure, which facilitates the electrolyte
diffusion and exposes more active sites. Apart from the generation of oxygen vacancies
and heteroatom doping, Kang et a/l®” also reported the growth of cobalt oxides into
ceria nanosheets also achieved highly efficient HER. Due to the high temperature
pyrolysis and introduction of Co atoms, more oxygen vacancies were formed in such

nanosheets, hence increased the hydrogen binding energy and number of active sites.

Apart from CoO and Co30s, cobalt layered double hydroxides (Co-LDHs), commonly
prepared by either coprecipitation of cobalt containing salts in an alkaline medium or
direct conversion of MOFs, are regarded to be a promising candidate towards water
splitting reaction. However, the intrinsic property of Co(OH)> towards HER is poor,
due to the low dissociation kinetics of water molecules on top of Co atoms in
hydroxides. Hence, the binary metal hydroxides (NiCo, CoFe, Ni-Cr-LDHs) are
adopted to lower down the HER overpotentials. In this case, Baranton and co-workers
51 suggests that the introduction of Ni atoms in Co binary LDHs (varied ratios between
Ni: Co from 9:1 to 1:9) can boost HER. The results indicate that the existence of
Ni?*/Ni** redox center in the samples can shift the overpotentials more cathodically
with a Ni: Co ratio of 1:0.4. Similarly, Feng et all®*! reported a composite of Co-Ni
LDHs on Ni foam requires an overpotential of 130 mV at 10 mA c¢cm™. Yang et al.!>

reported the conversion of ZIF-67s to LDHs by hydrolysing ZIFs to release the Co atom,
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which further coordinates with AI** atoms. Rajeshkhama et a/l°*¥! also reported a CoFe-
LDHs system can significantly improve the electrocatalytic performance, by pointing
out the electron transfer from cobalt atoms to water molecules. Under such condition,
a lower Tafel slope can be obtained, indicating the fast water dissociation and proton
adsorption process. Moreover, the construction of heterostructures between metal
oxides and other conductive compounds have been proposed as a solution to HER. Luo
et al! reported a two-step synthetic pathway of MoS, confined Co(OH), (shown in the
Fig.2.11): (1) the exfoliation of MoS; nanosheets with the lithium intercalation which
can introduce the Lithium into the Van Der Waals gaps between the nanosheets; (2) the
cobalt and lithium ion exchange in alkaline media. The products exhibit low
overpotential (89 mV at 10 mA cm), remarkable exchange density which is around
72.9 pA cm?, and good stability after 1000 CV cycles. It revealed in the experiment
that the Co(OH)2 nanoclusters can absorb oxygen molecules onto the surface, hence
decrease the energy barrier to break O-H bonds, which is beneficial for water

dissociation in alkaline medium.
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Fig. 2.11. (a) Top and side views of relaxed MoS> (top) and Co(OH). (bottom) edges
with *OH and *H adsorption. (b) Top and side views of relaxed MoS> (top) and
Co(OH); (bottom) edges with *H adsorption. Dark green, yellow, blue, red and white
spheres represent Mo, S, Co, O and H atoms, respectively. (c) Free energy diagrams of
HER on the edges of MoS», Co(OH),, and Co-Ex-MoS; sample. (d) Diagram showing

HER catalytic reaction in Co-Ex-MoSa!!,

The heterojunction between carbon-based materials and Co-LDHs has been constructed
to boost HER. Feng et al.’® directly electrodeposited Co hydroxides on Ni foam,
followed by a polymerization of a conductive layer PANI, the core-shell
Co(OH)2@PANI possess a porous structure and an electron transfer from N atoms and
Co atoms. The electron redistribution at interface suggests an enhanced proton
adsorption kinetics, which further improves the HER. Similarly, Jia et al.*® reported

the exfoliation and self-assembly process between LDHs and defective graphene for
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the construction of nano sheets@ defective graphene structure. The obtained catalyst
achieved a high catalytic performance (n= 115 mV @ 20 mA cm) and stability at 10
mA cm more than 10 hrs. Simulations results suggest that the accumulated electrons

at defects in the graphene structure facilities the water molecules dissociation process.

2.3.1.1.2 CoxAy (A= S,Se) based electrocatalysts for HER

In comparison with cobalt oxides electrocatalyst, the valence states in cobalt sulfides
(e.g. CoSz, Co3S4, CooSg), selenides (CoSe, CoSe,) are significantly smaller than that
in cobalt oxides. Moreover, the high electronegativity difference in O, S and Se
promotes predominantly ionic structures. The less electronegative chalcogenides S and
Se in metal chalcogenides exhibit unique interactions with the metals'®”). Hence, efforts
have been dedicated to enhancing the electrocatalytic performance of CoxAy (A= S, Se)
based electrocatalysts. Zou et al.”®l investigated the HER performance of pristine CooSs.
The electrode exhibited an overpotential of 340 mV at 10 mA ¢cm™ under neutral pH
conditions. However, the stability of pristine CooSs is limited to in acidic and alkaline
medium. Hence, an extra layer of carbon is loaded to enhance its stability. This “carbon-
armored" CooSg@C catalyst, reported to demonstrate stability under acidic (pH= 0) and
basic (pH= 14) conditions, along with significantly improved overpotentials for the
HER (280 mV at 10 mA cm™). Peng et al.l** have fabricated an integrated 3D nano-
architecture comprising self-supporting Co9Ss/WS> arrays (nanobelts, nanoneedles,
Fig.2.12 ¢) on conductive Ti plates. The CosSs/WS; electrocatalyst, exhibiting superior
HER activity in alkaline solution, is attributed to synergistic effects arising from its
expansive physical surface area and substantial electrochemical surface area. These
characteristics facilitate mass diffusion and expose a greater number of accessible

active centers during the electrochemical process. More recently, Zhu et al.!'” achieved
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the precisely growth of multilayers of MoS> onto Co¢Sg nanoparticles, by controlling
the amount of sulfur precursors and pyrolysis temperatures. The introduction of
heterojunction, as a result, decreases the dissociation energy of water molecules.
Density functional theory calculations were conducted to elucidate the characteristics
of the Co9Ss/1L MoS; core/shell nanostructure, exhibiting the most favorable hydrogen
adsorption energy (AEn) of -1.03 eV and a minimal transition state energy barrier
(AEon*) of 0.29 eV. In comparison, MoS; alone demonstrated a hydrogen adsorption
energy (AEn) of -0.86 eV and a transition state energy barrier (AE2p+) of 0.49 eV. These
findings are pivotal for enhancing the hydrogen evolution reaction (HER) activity, as
the CooSs/1L MoS: structure effectively stabilizes the HER intermediate, captures H
ions, and facilitates the release of H, gas. Daoud et al.[®” also reported the cobalt
monosulfide (CoS@CoNi-LDHs) by aqueous sulfidation of oxidized Co-MOF
nanorods. Due to the pre-oxidation of MOFs to stable cobalt oxides nanorods, the

morphology can be well retained. The as prepared nanorods possess a low nio value

(189 mV in 1M KOH), with a stability over 50 hrs operation at -0.1 V.
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Fig. 2.12. (a) Schematic representation of the synthesis of CooSs@C; (b) TEM images ;
corresponding elemental mapping images of CooSs@C, and comparison of the
chemical stabilities in 0.5 M H2SO4 for 24 h of CosSs@C versus Co9Ss; (c) SEM image
and TEM image of Co9Sg/WS, nano rhombus arrays; (d) HRTEM image of one side
edge of the Co¢Ss/1L MoS,, HAADF-STEM, STEM-EDX mapping images of
Co9Ss/1L MoS, supported on CNFs; (e) Reaction pathways of hydrogen atom
adsorption and hydrogen molecule desorption on Co9Ss/1L M0S,, Co9Ss/2L MoS», and

Co09Sg/3L MoS> for HER[!3],
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In order to address the dissociation of HoO which produces chemisorbed Hags towards
H>, the modification of surface content and morphologies can significantly enhance the
catalytic performance compared with Pt/C based catalysts. Yang and coworkers!®!]
reported a strategy to synthesize selenide-based heterostructures which is decorated
with layer-double-hydroxides (LDHs). From EDS mapping, it confirms the uniform
dispersion of Co, Se and O in nanorods on the nickel frameworks. The obtained rod-
like catalyst possessed extreme high activity for overall water splitting (n= 106 mV at
10 mA cm™). Furthermore, the DFT calculations indicate the reduction in the electronic
density of CoNiSez, which then facilitates the electron transferring through the
bimetallic interface between Se and Ni. Kang et all®?! reported the synthesis of
Co/(NiCo)Sez by direct selenization of LDHs, which is originally derived from the
etching of ZIF-67s. The as-obtained cobalt selenide composites retain the cubic
morphology from MOFs, which ultimately contributes to a low overpotential (110 =198

mV).

2.3.1.1.3 Cobalt phosphides based electrocatalysts for HER

Apart from the metal-oxides/sulphides/selenides, metal-phosphide materials also show
potential application in electrocatalytic water splitting. Schaak ez al'®’ recently reported
the synthesis of MnP type CoP via the decomposition of Co precursors [Co2(CO)s] and
reacted with tri-n-octyl phosphine (TOP), the prepared quasi-spherical particles with
average diameter of 13+2 nm shows a promising electrocatalytic performance in HER
in acidic medium, the as-synthesized catalysts require 85 mV in overpotential to
achieve a current density of 20 mA/cm?. It is noticed that the adsorbed hydrogen atoms
give a sufficient coverage on the intermediates while the desorption of hydrogen atoms

sluggish the reaction. Based on this, people further investigate the decoration of CoP
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particles onto different non-metal substrates including carbon nanotube!>%4! graphene
oxides sheets/®! which also improved catalytic performance due to the enhanced
conductivity and stability. Moreover, the synthesis of CoP from MOF precursors has
been widely reported. Such synthetic procedure can be achieved by either direct or post
phosphorization(®®7! of MOFs. Hu et al.!%®! reported the direct functionalization of ZIF-
67s to hollow CoP nano cubes by the Prussian blue analogue layer coating, with
subsequent phosphorization process. Due to the relatively low thermal treatment

(400°C), rare collapse of the hollow cube was observed. While Li et al. [**] reported the

phosphorization of ZIF derived cobalt nanoparticles embedded in N-doped carbons for

enhanced HER performance (nio= 115 mV). This process requires a slow heating rate

(2°/min) to avoid the loss of pore system. The electrocatalytic performance of

polycrystalline Co2P (Co2Si type) which contains edge-sharing tetrahedra structure(®”!
is also examined. The synthesis of Co2P nanoparticles followed the controlled
temperature reaction, further extended X-ray absorption fine structure (EXAFS)
confirmed an increased average distance between Co-Co atoms while a shorter distance
in Co-P structure existed in the structure. However, the overpotential required to
achieve 10mA cm™ is 95mV at Ti electrode which is comparable higher than that of
CoP catalyst in HER. This indicates although two crystalline structure shares similar
metal-phosphorus bonding length, the Co-P character on a low-index surface show
superior catalytic performance and optimized the phosphorus content as well electronic
environment of active metal site is critical in the catalyst design. More recently, Wang
et al'¥ reported the strategy to tune the electronic environment via the hybridization of
N-doped carbons, carbon nanotubes phosphorus (Co/Co,P@ACF/CNT), the resultant
products possess a decreased overpotential of 78 mV at 10 mA cm™. From the free

energy calculation (Fig.2.13a), Co/CoP@ACF/CNT-900 has a relative lower
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adsorption energy for H* intermediate which promotes the Volmer reaction in alkali
environment. Moreover, the d band center of it is close to its Fermi level as well as the
introduction of N and P content optimizes (Fig.2.13 b) the electronic state of Co atoms
which is in consistent with electrochemical results. Apart from this, the amorphous Co
based catalysts which is based on the concept of SACs also showed promising catalytic
performance, Cao et all’% reported the CosN nanoparticles dispersed on the CNT to
achieve synergistic effect that facilitating the HER with an overpotential of 78 mV at
10 mA cm™ and a Tafel slope of 82.2 mV dec™’. Ji et al'® reported the synthesis of nano
porous CoP3 nanowire located on the Ti mesh by acid etching of MnO; forming agent.
The obtain np-CoP3/TM possess high performance with overpotential of 76 mV at 10

mA cm™ and good stability for at least 60 h in alkaline environment 51,

Fig. 2.13. (a) Calculated free energy diagram of the HER for (i) *H>O and (ii) *1/2H>
on Co, Co2P, Co/CoP@ACF/CNT HNCs-800, 900 and 1000. (b) The contact angles

of'a drop of 1.0 M KOH on (i): ZIF67 precursor, (ii): Co/Co2P@ACF/CNT HNCs-800,
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(ii1): Co/Co2P@ACF/CNT HNCs-900 and (iv): Co/CoP@ACF/CNT HNCs-1000. (c)
NBO charge distribution on Co, Co2P, Co/Co2P@ACF/CNT HNCs-800, 900 and 1000.
(d) Calculated DOS of Co/CoP@ACF/CNT HNCs-800, 900 and 1000 and their

corresponding d-band center potentials!?!.

2.3.2  Cobalt-based electrocatalysts for OER
2.3.2.1 Cobalt oxides and hydroxides-based catalysts for OER

Unlike the potential candidate such as MoS,, metal oxides’ preference towards
adsorption of H* restricts the application in OER, due to the fact that the key
intermediates in OER is the formation of HOO* on adsorbed O*. While the cobalt-
based materials possessing moderate bonding strength as well as Fe, Ni shows
promising potentials to OER. In general, cobalt oxides-based materials refer to CoO
and Co30s, in which Co3;O4 has a higher cobalt valence state. Sun et all’!l
systematically study the activities cobalt tetrahedral and octahedral sites in cobalt
oxides by EXFAS. It implies that octahedral sites have higher OER activity compared
to tetrahedral sites (Fig.2.14 a). To understand this phenomenon, the subsequent orbital
analysis of interactions between metals and oxygen indicate that metal and oxygen sites
exhibit a strong - interaction, while tetrahedral metal and oxygen sites show a
relatively weak m-m interaction. The strong and weak interactions are important

manifestations of electron cloud overlap and charge distribution (Fig.2.14 b).
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Fig. 2.14. (a) The orbital splitting Co octahedra and tetrahedra sites in cobalt oxides;
(b) Representative illustration of Co 3d - O 2p interactions and corresponding DOS
plots; (¢) SEM and TEM images of CuxO nanowires and derived CoOx hollow

nanowires; (d) Corresponding water oxidation performance of CoOx hollow nanowires

[61]

The oxygen vacancies in cobalt oxides are also investigated. Wang et all’”! employed
Ar plasma treatment on Co3O4. The resultant BET surface area increased from 95.3 to
160.3 m? g'! after the treatment. It is supposed oxygen vacancies has been increased as
well as the number of active sites. In addition to this, the post treatment also enhances
the conductivity of Co3O4 has been achieved. Apart from Ar plasma, Wang further
employed ammonia gases which are further ionized to plasma to convert Co3O4 to N-
doped cobalt oxides. The abundant vacancies as well as N-doping facilitate the electron
transfer and intermediate adsorption resulting a low overpotential of 280 mV to achieve
a current density of 10 mA cm™. What’s more, scientists also found similar trend in Ni

oxides. In this case, the introduction of N atoms and creation of oxygen vacancies show
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the similar trend in the cobalt case, a narrowed band gap can be achieved improving the

conductivity and number of exposed active sites.

In addition to the oxygen vacancies, Zou et all’*! explores the role of Co vacancies in
Co304, the calcination of cobalt acetate at different temperatures introduced disordered
structures inside the sample. Further XANES confirmed a lower coordination number
of Co indicating the Co vacancies insides the catalysts. The catalysts presence in
metallic vacancies shows an enhanced catalytical performance with an overpotential of
268 mV at 10 mA cm™. The DFT calculations further indicated the adsorption of water
molecules on the Co vacancies lower the energy barrier for the formation of
intermediates which as a result boosts the OER. Apart from pristine cobalt oxides, Wang
et al’ utilized the interface between Cu,O nanowires and Co(OH); tubes to facilities
the formation CoOx, and the post chemical etching of Cu to expose the Co active sites
(Fig.2.14 ¢). This CoOx nanosheets/nanotube reveals the domination of Co?** octahedral
structure at the interface which further facilitate the intermediate formation. The
resultant products require an overpotential of 340 mV to achieve current density of 10
mA cm. Zhang et al’*! explored similar effects in the Fe-based catalyst, in this work,
the creation of Fe vacancies via solution based wet-chemistry method, the ultrathin 8-
FeOOH nanosheets based on Nickel foam exhibits superior catalytic performance
towards OER compared with that of Co based examples. (overpotential of 265 mV at a
current density of 10 mA c¢cm?). Further XANES analysis confirms that a reduction of
coordination number of iron to 1.6 which is significantly smaller than Fe-Fe
coordination number suggesting the sample is rich of Fe vacancies. Moreover, DFT
calculations indicate a decreased overpotential on Fe; sites (0.46 V) after introduction

of Co atoms, which facilitates the OER while the rate determining step is the formation
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of HOO* on the absorbed O groups. More recently, Zhuang et a/’%! investigate the
activities of universal transition metal-based 2D MOFs for electrocatalytic water
splitting. In this case, Fe, Cu, Co and Ni are linked by the 2,5-dihydroxyterephthalic
acid (H4dobc) to construct 2D nanosheets with an average thickness ~ 1.9 nm. Among
all synthesized catalyst, FeCo amorphous metal oxide nanosheets exhibits the best
catalytic performance with an overpotential of 298 mV at 10 mA cm™. This superior
catalytic performance originates from the unsaturated coordinatively metal sites and
low required frees energy on Co sites as well as the electron affinity changes between
iron and cobalt sites. The e™-e” repulsion of Co-O is enhanced due to the electrons
transferred to the Fe*" sites and hence lowers the formation of intermediate HOO* to

achieve a better catalytic performance.

2.3.2.2 CoxAy (A= S,Se) based electrocatalysts catalysts for OER

Cobalt sulphides and selenides have also been explored as the candidates for OER. In
general, the cobalt sulphides and selenides will experience surface reconstruction
towards oxyhydroxides, which are regarded as the true active center. While most of
conversion takes place at surface of cobalt sulphides, especially at the high oxidation
potentials. Hence, the surface modification and vacancy engineering are introduced by
the researchers. Li et al.l””) reported a surface vacancy rich Co3S4 hollow particles, by
one pot carbonization of hollow ZIF-67s. The direct carbonizations introduced a hollow
structure, with oxygen vacancies. The subsequent sulfidation process allowed the
transformation of oxides to sulphides, which exhibited a high OER catalytic (n10 =270
mV) performance and stability (20 hrs at 10 mA cm™). Manjunatha et al.'’®! indicated a
hybrid composite of Co03S4/CoossSe by one pot hydrothermal reaction. The OER

performance, as indicated, originates from the oxidation states in Co3S4 as well as in
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selenides. Similarly, the exploration of cobalt sulphide (CoSx) nanovesicles decorated
with iron sulphide (FeSx) heterostructure for OER was conducted by Cui et al.["). the
operando-Raman and X-ray absorption spectroscopy measurements revealed that the
catalytic efficiency of OER was primarily governed by the in-situ formation of cobalt
oxyhydroxide active species on the surface of cobalt sulphide. The transition of active
species from CoSx nanovesicles was observed to be prompted by FeSy, a phenomenon
attributed to the increased average valence state of cobalt and the reduced coordination
of cobalt sites. Moreover, a heterostructure comprising sandwich-like Ni,Fe layered
double hydroxides/Coi—~S (Ni,Fe-LDH/Co1—+S) was synthesized through the
electrodeposition of Co1-«S onto the surface of NiFe-LDH®. In this system, the strained

heterostructure significantly reduces the adsorption energy barriers.

In addition to the vacancy and heterostructure engineering, Yao et al'¥ introduced N
hetero atoms via the reaction with NH4HCO3 as well as sublimed sulphur as ions doping
to construct N-CoS; (Fig. 2.15 a). In this case, the nitrogen doping influences the
electronic states of Co towards a positive shifting in binding energy which facilitate the
OER (overpotential of 300 mV at a current density of 10 mA cm?). DFT calculations
further suggests this positively charged of Co atoms is beneficial for adsorption of water
molecules as water molecules are typical polar molecules with negative O atoms (Fig
2.15 f). Moreover, the Mulliken charge analysis further indicates an increase in the
charges in the Co sites as well as a lower free energy for the adsorption of water

molecules.
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Fig. 2.15 (a) The synthetic process of N-CoS> and CoS»; (b) Linear sweep voltammetry
(LSV) plots of Co(OH)F, N-CoS2, CoS., and IrO; ; (c) The corresponding Tafel slope
plots; (d) Top view of the optimized structure of CoS, (001) surface; (e). The Miilliken
charge analysis of Col site in CoS; (001) and N-CoS> (001) (left panel), and the
adsorption free energies of water on Col top sites of CoS> (001) and N-CoS»

(001) surfaces (right panel; (f) The schematic diagram of polarity water molecule and

the water adsorption equation!*!.
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Instead of strategies Co site engineering, Zhou et a/l®!l systematically investigated the
anion effects (O, S, Se) on the NiCo bimetallic MOFs, the post treatments via sulfurized
vapor, oxidation and selenidation of prepared MOFs, they realized the electrons transfer
from Ni and Co due to different electron affinity of anions. Among them, S treated
samples shows best OER performance (251 mV at 10 mA cm?) which is contributed
by the lowest required formation energy of HOO*, moreover, they further demonstrated

the Se treated samples with strongest electron affinity facilitates the HER.

2.4 Cobalt-based photocatalysts for photocatalytic HER
TiO: is the first discovered photocatalysts by Fujishima et al*?!. that show potentials in
utilization of solar energy, especially the UV region (band gap of 3.0-3.2 eV). Extensive
studies have been devoted to improving its photocatalytic performance. In this section,
we mainly focus on the construction and loading of cocatalysts onto semiconductors,
especially transition metal-based cocatalysts. Instead of TiO,, we may pay efforts to
those semiconductors (e.g., CdS, Iron oxides, C3Ns, BiVOs) exhibiting visible light
absorption. The combination of cocatalysts onto semiconductors have been regarded
with several advantages as follows: (1) Extend the light harvest region; (2) Provide
active sites; (c) Facilitate the charge-hole separation; and (4) Improve the system
stability. Under this circumstance, we are interested in the design principles of

cocatalysts onto the semiconductors.

24.1 Cobalt-based photocatalysts on CdS

Cadmium sulphide, as mentioned, possesses the narrow band gap (~ 2.4 eV), which can
utilize ~38% of the visible region. To load cocatalysts, surface modification of the
semiconductor can be regarded as one possible way to construct the heterostructure,
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decoration of cocatalysts. Li et al®3! reported that the CdS quantum dots capped with
3-mercaptopropionic acid can directly react with inorganic Ni and cobalt aqueous
solution. The mercaptopropionic acid will directly coordinate with the Ni/Co ions to
form the real catalytic unit under mild dark medium. More recently, Su et al®*
systematically investigated the Ni-S interactions between cadmium zinc sulphide
quantum dots and capping agent. The stoichiometric amount Ni is carefully considered
in the system by exploring the surface state of CZS. The distinguished automatically
dispersed Ni sites in the system contributes to the sufficient charge separation, owing
to the built-in electric field and optimized surface H> adsorption site (Ni stie). Shao et
al®3) directly mix the Cdo.9Zno.1S powders with Co/Fe solution. In this case, metal ions
are physically adsorbed by CZS semiconductor, followed by calcination at 200°C. The
obtained CoFe;04 loaded on multi-armed CZS composites show a PHE rate of 350

umol h™'. However, such post calcination process causes the random distribution of

CFO nanoparticles, which may result in insufficient electron hole separation.

It should be noticed photo-corrosion is a common phenomenon of CdS photocatalysts,
which can be regarded as the photogenerated-hole-induced instability (CdS + 2h" —
Cd*" + S). The solutions to improve CdS’s stability under Xenon lamp have attracted
extensive attention in an effort to effectively avoid the photo-corrosion of CdS
photocatalyst. Metal sulphide and phosphide, which are typical electrocatalysts for
water splitting reaction, have been modified and incorporated into semiconductor
system. The introduction of abovementioned transition metal atoms doping can, to
some extent, facilitates the electron-hole separation. Hence, the generated holes will be
continuously consumed by sacrificial agent. While more efforts have been devoted to
the design and synthesize semiconductor/cocatalyst composites to achieve
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distinguished electron pathways. In most cases, the loading of metal compounds is
achieved by one step-calcination, hydrothermal method or ion-exchange method.
Additionally, CoP™¢! has been reported to incorporate into the CdS system, using a wet
impregnation-phosphorization process. It is found that the CoP nanoparticles directly
grown on the CdS spheres with random distribution. The obtained cocatalysts exhibit a
PHE rate of 745 umol h™! g'!. Cobalt-based MOFs, as typical precursors Fang et all®”)
synthesized the CdS hollow cages coated with ZIF-67. It is reported that the ZIF-67
will be easily converted to the layered double hydroxides with the existence of metal
salt aqueous solution. The as prepared Co-LDHs are highly defective, with abundant
active sites. Hence, the catalysts illuminated with visible light and under sonication
exhibit a PHE activity of 109.46 umol h™!. It should be noticed that the top-down

assembling method usually denote to a low crystallinity and random morphology, hence

hider the catalytic performance.
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Fig. 2.16. (a) Schematic illustration of the synthetic process of hierarchical NiCo-
LDH/P-CdS. HRTEM of (b) P-CdS and (c¢) NiCo-LDH/P-CdS composites. (d)
Synthetic process of Co9Ss/Cd/CdS Z-heterojunction; (e¢) TEM 1image of

Co9S8/Cd/CdS nanorods; and (f) PHE course plot of various CdS based photocatalysts
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[80]

More recently, Li et al®® reported the in-situ loading process by a hydrothermal
reaction (Fig.2.16 a-b). The nickel-cobalt salts were mixed with phosphorus doped CdS
nanorods, followed by hydrothermal 100°C reaction. As shown in Fig.2.16 c, the lattice
spacing of 0.328 nm is attributed to CdS (101) plane, while fringe of 0.236 nm refers
to NiCo layer double hydroxides. Zhang et al.'® proposed a twostep process to
fabricate Co9Sg based cocatalysts (Fig.2.16 d-f), by a sulfidation of precursor and in-
situ reduction of Cd. The as-obtained heterostructure promotes the PHE reaction with
a evolution rate of 10.42 umol™! h''. The optimized cocatalysts greatly enhance the
redox activity, due to the abundant active sits. Moreover, MOF is also developed to
show the application of PHE, Li ez al.”® introduce the hybrids between carbonized ZIFs
and CdS as the potential candidates for PHE. The metallic Co, owing to the reducing
ability of carbons, receive the photoexcited electrons from CdS and act as the active

sites, boosting the HER (3.8 mmol h'! g ).

2.4.2 Cobalt-based photocatalysts on g-C3N4
The graphitic C3Ns (g-C3N4) possesses a narrow band gap of 2.7 eV which can be

regarded as another candidate for photocatalysis, however, it is reported to give the poor
PHE rate with only 6.5 umol g' h''P!l Instead, the sheet like structure has been
attracting interests. The most common way to load cocatalysts onto C3N4 sheet
including several ways: 1. electrostatic absorption of metal ions, 2. Two step calcination
process, 3. Hydrothermal method, 4. Ion-exchange methods. Dong et al®?! reported the
synthesis Co dispersed g-C3Ns cocatalyst for efficient PHE under visible light

illumination by mixing Co salts into C3N4 powders, followed by the hydrothermal
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method. Zhang et al®?! synthesized Co(OH), onto CdS@g-C3N4 heterostructure by
physically adsorption of Ni ions, followed by the same hydrothermal reaction. The
obtained catalysts possess a PHE rate of 115.18 umol g!' h''. More recently, Vu and co-

s proposed the chemically bonded Ni-S cocatalysts onto C3N4 sheets by

worker
calcination of dicyanamide and a subsequent sulfidation process. The PHE activity of
proposed catalyst reaches to 3628 umol g!' h™! which is 1.5 folds of Pt loaded g-C3Na
samples. In theory, the chemically bonded cocatalysts show superior catalytic
performance due to the rapid charge transfer ability, compared with that of electrostatic
samples. It is further reported that the defect engineering of g-CsN4 show potential
improvements in PHE. Shen et al®! proposed the N-vacancy in C3N4 can facilitate the
electron transfer in PHE, the copper atoms are atomically dispersed in the polymerized
carbon nitride precursor solution, followed by a calcination process. In this case, Cu
atom occupies the N-vacancy position, and further serve as electron channels to
promote the electron/hole separation process. The as-obtained catalysts (SA-Cu-CN-
600) exhibit a 11.23 mmol h™! g'!. Similarly, Pan et al®® also utilize the MOFs as metal
precursor to prepare the metal phosphide/g-C3N4 composites. Due to the tunability of
MOFs, heteroatoms such as Ni, Mn and Fe can be easily incorporate into the MOFs.
The precursors further experience oxidation to facilitate the active sites (M doped CoP)
formation. More recently, Su and co-workers®”! prepared 2D NiCo-LDHs loaded onto
the C3N4 nanosheets. The LDHs over g-CsNy is favour for the light absorption and
electron migrations to show a PHE rate of 3.58 mmol g'! h''. Zhu ez al®® further convert
the LDHs on C3N4 to phosphide by chemical vapor deposition method. The NiFeCo
hydroxides are converted to nanoparticles with the diameter smaller than 10nm, which
further facilitates interfacial electron transfer, produce hydroxyl radicals. The as-

prepared catalyst possesses a high PHE rate of 3.549 mmol h! g!. Qi e a/® reported
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the load of nickel-cobalt sulphides and phosphides by 3 steps: Ni-Co MOFs mixed with
melamine, sulphur precursors, followed by 550°C calcination process. Further
phosphorization process partially converts the Ni3S4 to Ni2P. Such strategy manually
creates abundant defects, and interface, contributing to a high PHE rate of 14.49 mmol

g’! h'l in dye sensitization system.

2.5 Electrochemical devices for wearable application

The rapid evolution of wearable devices has paved the way for innovative solutions
catering to personalized functions, enhancing user experience, and addressing diverse
needs. One notable exploration involves the development of self-power devices,
exemplifying a shift towards energy autonomy. These devices harness ambient energy

[100

sources, such as human motion!'%!, breath or solar power, reducing dependency on

external charging.

Another crucial application is electro/biochemical sensors that enabling real-time
monitoring of various physiological and environmental parameters (e.g. composition in
sweat)!!°!. These sensors empower wearable devices to gather data including the
concentration of ions, small molecules in sweat, pulse rate, electrocardiograph signal
and so on for personalized health and safety applications, fostering a new era of

proactive healthcare.

Additionally, wearable devices take account in the comfort of wearer in different
situations. For examples, the wearable dehumidifiers utilizing air convection
technology contribute to enhanced comfort by regulating the microclimate around the

user. This novel approach mitigates moisture-related discomfort and creates a
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conducive environment within the wearable device. The employment of this air
convection technology further contributes to the heat management of human body.
Engineered with specialized materials, these garments actively regulate body

temperature, providing personalized thermal comfort.

In summary, the multifaceted developments in self-power devices, wearable batteries,
electrochemical sensors, wearable dehumidifiers for heat management collectively
underscore the transformative potential of wearable technologies in personalized
functionality. Specifically, these wearable technologies differ with each other by
working principles, e.g., the ions gradients in energy harvest devices; redox potentials
in electrochemical sensors, and cross-ventilation in heat management device. Within
the scope of this thesis topic, we aimed to explore potentials in electrochemical water

splitting, combined with wearable technologies.

2.5.1 Device design principle

Electrochemical devices for wearable application, depending on their purpose, need to
accurately measure substances and be stable and safe for the body. Addressing the
requisites for lightweight, compact dimensions, portability, and skin comfort, each unit
within electrochemical-based devices should exhibit flexibility and stretchability.
Simultaneously, integration of electronic modules is essential to achieve specific
objectives, such as real-time sweat analysis and breath capture. Meanwhile the power
consumption should be considered, depending on the functionalities. This section
provides a summary of the essential components necessary to fulfil these requirements,

especially in textile-based wearable device.
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2.5.1.1 Selection of substrates

Wearable devices, which contacts with the skin directly or are attached to the substrates,
are required to collect the wearer’s physiological information continuously, minimize
interference of wearer’s daily life. Hence, the fundamental prerequisite for wearable
sweat sensors resides in their ability to adhere to the contours of the skin, necessitating
compliance with the requirements of flexibility and stretchability. This imperative
mandates the simultaneous preservation of optimal electrochemical and mechanical

stability!1%2],

Fig. 2.17. (a) llustration of wearable devices based on conductive textile substrates; (b)
Electronic units in this wearable device; (c) Design of data processing procedures and

wireless communication [,

Textile-based platforms offer a natural breathability that promotes skin ventilation,
allowing for natural sweating and evaporative cooling. They possess high flexibility,
softness, and comfort. Currently, fabric-based wearable sensors are manufactured via

two primary approaches. One involves printing readily designed sensors onto fabric
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using a screen-printing processt!®®!, enabling mass production of low-cost and
reproducible approach. Another method involves creating thread-based sensors that can
be integrated directly into fabrics. Additionally, there is a growing trend in using
conductive fabrics directly (Fig.2.17 a-¢)!'*, providing ease in manipulating electrode
size (screen printing), multifunction, demonstrating good stability compared to

conventional metal-based electrodes.

2.5.1.2 Electronic components

Electronic components are very important components of wearable devices. The
integration of these units is highly dependent on the targeted applications. For example,
a wearable battery should contain capacitance unit, which stores the electricity. A
wearable sensor should integrate sensing element to filter out the background noise.

While a wearable dehumidifier should contain moisture sensitive substance.

2.5.1.3 Power components

In wearable devices, the support components are responsible for data processing and
wireless data transmission necessitate power for operation. In practical terms, wearable
devices should be capable of continuous operation over extended periods. Consequently,
minimizing power consumption and devising efficient energy systems are pivotal
considerations. Presently, wearable energy resources primarily fall into two types:
lithium-ion batteries and energy harvesting devices. With respect to the water splitting

reaction, whose initiated potential is 1.23 V, a lithium-ion batteries (3 V) is preferred.

2.5.2 Possible electron pathways at electrode surface
2.5.2.1 Electron pathways for sweat analysis

The typical electrochemical reactions in wearable devices are commonly covered in
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biosensor, which utilizes catalyzed reactions to monitor the electron transfer at
electrode surface. Based on such electron pathways, different generations of wearable
electrochemical are developed. As illustrated, the enzyme (e.g., glucose oxidase, lactate
oxidase), owing to its selectivity for specific molecules in sweat, is initially identified
for generating oxygen. Subsequently, the electrochemical reduction of O to H>O», an
alternative electron transfer pathway, can be continuously monitored (Fig. 2.18).
However, enzyme-based sensors necessitate a high potential, requiring high electricity
input. To address this, mediator molecules (e.g. Prussian blue) and catalysts are
employed to reduce the required potential which are the next 2 generations. The latest
generation tends to directly electrooxidize the small molecules with the assistance of
electrocatalysts in sweat, whereas the reliability of this generation of electrochemical

device is still suspicious.

Fig. 2.18 Potential electron pathways for an electrochemical wearable device (a)
enzyme based; (b) Mediator based; (¢c) NADH-catalyst based; and (d) non-enzyme-

based reactions at electrode surface ['%3],

It should be noted that the concept of electrochemical biosensor is far beyond the scope
of this thesis. Whereas, the device principle, including choice of electrode and energy
input, and integration of whole device, is adopted in the following moisture digester

device.
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2.5.1.2 Electron pathways for human breath capture

Apart from the electrochemical reactions that are adjacent to human skin, the exhaled
breath can also be utilized, especially the humid and carbon dioxides. In these cases,
partial exposure to humidity to form an internal moisture gradient within the absorbents
is the key to induce the known hydroelectric conversion (Fig.2.19 a). Tan et al.['%!
summarized this first generation of hydroelectric device, however, the electricity
generation is dependent on the accumulation of electrons at electrode surface, instead
of electrochemical reactions. Beyond this device, the same group proposed a unique
strategy by establishing a self-maintained moisture gradient within the nanowire film
(Fig.2.19 b). With this film, ambient humidity gradient is no longer required, thus
making the device less unrestricted to geographic location and external conditions. This
advance is expected to profoundly improve the overall scalability and practicability of
hydroelectric technologies. Unfortunately, these challenges would remain in the future

given that related research studies are still very limited.
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Fig. 2.19. Basic descript of humidity digestion framework (HDF) for energy generation.

(a) Three main HDF technologies and their mechanisms.!”¢]

The development of atmospheric water splitting for next generation device was further

[107.108] ' A5 illustrated in the atmospheric water splitting

brought forward by Tan’s group
device, the involved metal-based hydrogel that of high-water absorption capacity can
directly splitting vapor molecules at the surface electrode. Therefore, the protons can
be directly electrochemical reduced to green hydrogen gas. This reaction is within the

scope of this thesis, since the integration of wearable device and electrochemical HER

in the personalized device has not been proposed yet.

2.5.3 Customized electrochemical devices for gas capture

As discussed above, customized electrochemical cell depending on specific application
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has shown potential interests. Many attentions have been paid to those electrodes that
employed in aqueous medium, while those cells utilize other water source (e.g. vapor,
moisture, carbon dioxides) seem to be another solution. Upton localized exposure to
CO», Trevor et al.''%1 adopt the concept of reverse electrodialysis, which generates ion
gradients in a single initial solution. By selecting carbon capture agent
(monoethanolamide), CO, from exhaled breath can be selectively captured.
Furthermore, the prototype encompasses a configuration comprising a gas direction
tube, CO; capture agent, and output electrode units, (Fig.2.21 b) making it well-suited

for integration into the design framework of wearable technologies.

Similarly, Tan et all'® tend to utilize the atmospheric moisture, instead of carbon
dioxides by sandwiching hygroscopic materials that absorb environmental water
molecules between electrodes (Fig.2.21 c-e). Additionally, the utilization of solar light
facilitates the heat accumulation and water condensation at hydrogel interface, which
further contribute to the water splitting reaction. The same group further demonstrates
a moisture-sensitive hydrogel, which contains cobalt salts and dye molecules. This
hydrogel with a water absorption capacity > 400%, can ideally transform from dry
status to wet status after exposed to moisture (Fig.2.21 f). The employment of
electrocatalyst (FeOOH) and semiconductor (BiVOs) on ITO glass substrate further
allow the harvest solar light into electricity, which functions as energy input. However,
it is noticed that the above-mentioned devices are lack of flexibility and stretchability,

which are not suitable for wearable applications.

54



Fig. 2.20. (a) Design principles of breath-driven (CO:) ion gradients to energy harvest
system, (b) Illustration of device part (i: low-power geometry, ii: tube for direct
application of breath iii: gaskets, iv: gaskets. v: increased cross-sectional area allows
for increased current using this high-current geometry, vi: high-current geometry for
the diffusion of pure CO across the tubing walll'®l; (¢) Schematic illustration of
moisture converting device based on hydrogel; (d) Water absorption capacity of
hydrogel; (e) Photocurrent response with the assistance of solar cell as electricity input;
(f) Digital images of dehydrated hydrogel and printed hydrogel by 2D
electrohydrodynamic printer, including the (left) hydrous and (right) dehydrated

hydrogel; (f) SEM image of FeOOH/BiVO4 on ITO substrate! ',
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Baik and co-workers!'!?]

, instead of solar light, employed electricity to remove
environmental moisture by constructing flexible and porous PE film. The high voltage
(10 V) input can directly consume the moisture, by depositing catalysts on electrode
with a consumption rate of 0.6 mL/h. However, limited studies have been conducted to
directly utilize the moisture as water source, as well as the customization of

electrochemical cell according to practical application. This unexplored field which

may be interesting for sustainable development.

2.6 Conclusion and summary of research gap

In conclusion, combination of catalysts’ designing principles and theoretical
calculations have been well established for the exploring/understanding the cobalt
oxides, sulphides and phosphides catalysts towards electro/photocatalytic HER and
OER. By choosing proper earth abundant elements as the state-of-art materials,
catalytic improvements can be achieved by morphology design (e.g. 2D nanosheets,
nanotube arrays, hierarchical foam), phase control, electronic state modulations (e.g.
anion and cation doping), interface engineering. In this review, cobalt and its derivatives
including oxides and sulphides are mainly covered. This is due to the earth abundance
of cobalt element and potential application for water splitting reactions. Moreover,
compared with other candidates (e.g. MoS,, which is only suitable for HER), cobalt

based catalysts with tunable valence states are suitable for both HER and OER.

The exploration of cobalt based-electrocatalysts using different precursors towards high
current density is still imperative. Only be understanding the initial states of metal
precursors, people can design efficient electrocatalysts via post modulations. In

addition to the catalytic performance, the stability (continuous operation for more than
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20 hours at large current density) of the catalysts should be considered. Meanwhile, the
concept of electrolyzer has been already extent to the wearable application by adopting
the moisture sensitive substances. As a result, we have summarized the research gap,
identified from the literature review, as follows: 1. The effect of heteroatoms on carbon
support for the cobalt oxides’ activity optimization has rarely been investigated; 2.
Direct fixation of metal elements into biomass for electrocatalysts’ fabrication is still
challenging, without the extraction of active materials; 3. Difficulties lie in the synthesis
of photocatalyst with semiconductor covered by electrocatalysts and exploration of
corresponding electron transfer pathway; 4. The miniaturized electrolyzer for wearable

application has not been fabricated.
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Table 2.1

Summary of the synthesis conditions, precursors, morphology of catalysts and their performance in HER

Nanoparticle confined in -

MoS; Confined MoS2 sheets; Lithiation; 1.0 M KOH 89 20 h [111]
Co(OH), Co(OH), particles lon Exchange Sheets
N-doped Mo carbide Melamine; Self-interlink; Nano belts, Nano rods 1.0 M KOH 110 1000 cycles [112]
Molybdae ion; PEG Pyrolysis and Nano particles
CoPs Nanowire/TM Co phosphide; Acid Etching Nanowires 1.0 M KOH 76 60 h [3]
MnO,
Zno.1Coo.9Se; ZIF-8; Se powders; Hydrothermal Hollow polyhedrons 0.5 M H,S0. 340 30h [113]
Cobalt nitrate treatment
Fe-Ni@NC-CNTs MIL-88 Hydrothermal MOF-porous 1.0 M KOH 202 40,000s [48]
framework ;DCDA treatment;
Pyrolysis
R-MoS; Melamine-PMo;z; Reduction under Nanoparticles 1.0 M KOH 111 5000 cycles [114]
Thiourea H> condition
CoNiSez/NF Nickle Foam; Hydrothermal, Nanorods 1.0 M KOH 74 10,000 cycles [61]
NaBH.; Se powder Selenylation
RuU-N-S-TisC,Tx TiAIC; sheet; Anneal @ Ar atm Sheet like 1.0 M KOH 90 16h [115]
Thiourea
NisMo/MoOx Cu foam; Induced Nanosheets 1.0 M KOH 105 24h [116]
Ni and MoOx codeposition
MoSe; MoSe-10 Reduction and Nanosheets 0.5 M H;SO, / 1000 cycles [117]
Etching
Cus at Ni(OH), Cu0 sphere; Sulfidizing Nanoshelled 1.0 M KOH 95 1000 cycles [118]
CuS;Ni(OH),
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TaSe; 2H-TaSe; Direct synthesis; Flakes 0.5 M H,SO4 120 More than [119]
exfoliation 1000cycles
Mo-Ni-Co selenides Ni-Co Foam; Plasma treatment; Nanorod 1M KOH 30 100 hours [120]
Na;MoO4 Hydrothermal
synthesis
N-doped carbon ZIF-8 Pyrolysis Porous structure 0.5 M HSO4 155 / [121]
materials
N-doped carbon Cu-BTC, carbon Solvothermal Porous structure 0.5 M HSO4 / 8000 cycles [122]
reaction
Ni-doped Fe P/C MIL-88A Pyrolysis Porous structure 0.5 M H;SO4 117 Over 12 hours : [123]
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Table 2.2

Summary of the synthesis conditions, precursors, morphology of catalysts and their performance in OER

Fehling’s reaction,

CoOx Cu20 nanowire; Hollow rod 1.0 M KOH 320 8000 s [74]
Co?* etching ion exchange
N-doped CoS; Cobalt; Urea; Hydrothermal & Dandelion-Flower 1.0 M KOH 200 2000 cycles [58]
NHsHCOs; S sulfidation process structure
C03x04 Co?*; glycerol Hydrothermal & Nanoparticles 1.0 M KOH 268 10,000s [59]
pyrolysis process
CoPx@FeOOH Co?*; NaH2PO; Hydrothermal & Nanorods 1.0 M KOH 222 30 hrs [60]
FeSO4 Phosphidation
&Electrodeposition
Fe-Ni@MIL-53 MIL-53, FeSOs, Solvothermal MOF-porous 1.0 M KOH 232 50,000s [61]
NiSO4
NH2-MIL-88B Ni(NOs)z; FeCls; Solvothermal MOF-porous 1.0 M KOH 240 30 hrs [62]
H,BDC-NH;
NiFe(OH)x/(Ni,Fe)Se; Nickle Foam; Hydrothermal, Nano sheets 1.0 M KOH 180 3,000 cycles [63]
NaBHa4; Se powder Selenization;
Electrodeposition
Ni-Fe(OH)y/Defect NiFe-COs-LDH; Exfoliation; Self Sheet like 1.0 M KOH 210 10 hrs [64]
graphene graphene assembly
[Felpyrazine[Ni(CN)s] = [Fe]pyrazine[Ni(CN) Solvothermal; Nanosheets; 1.0 M KOH 249 24hrs [65]
MOF 4] MOF Pyrolysis Nanoflowers;
Nano tubes
M-MNS H.dobdc ligand; Ni; Hyrdrothermal; Nanosheets 0.1 M KOH 298 50,000s [66]

Fe;Co;Cu

Oriented growth
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NiCoS4/Ses NiCo-MOF Sulfidation; Nanosheets 1.0 M KOH 251 1,200 min [67]

Selenidation
CeO2/Ni(OH); Ni; CeO; Chemical bath Nanoparticles 1M KOH 240 6 hrs [68]
deposition;
Electrodeposition

V-NiS/NiS; Ni, V, Urea, S Hydrothermal; Nanosheets 1 M KOH 220 50 hours [124]
Sulfidation

Ni(OH). Ni, P, Se, S Hydrothermal; Post Porous structure 1M KOH 223 / [125]

treatments
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Table 2.3

Summary of the synthesis conditions, precursors, morphology of catalysts and their performance in photocatalytic HER

I N N N N e

CZS@NiCoLDHs 300W Xe lamp 20v% TEOA NiCo-LDHs Hydrothermal 16 hrs 18.75 mmol h't g This Work
nanoflowers (A>420nm)
dzn,,.S-Ni .S 225W Xe lamp (320 0.3M Na,S and Nij 55 Hyrothermal 16 hrs 604.4 umol nt 10mg'l [126]
nm-780 nm) Na,SO,
0.06Wt%Pt/CdS 300W Xe lamp 10v% Lactic acid Pt Hydrothermal 20 hrs 10.28 mmol h™ g‘l [127]
(A>400nm) nanoparticle
L-NiCo 300W Xe lamp (1.5 No agent Ni, 5,CO, .- Laser ablation 16 hrs 34 pmol ht g'l [128]
AM filter) hydroxides
CoFe,0,/Cd,Zn .S 300W Xe lamp 0.7M Na,S and CoFe,0, Hydrothermal 16 hrs 350 pmol ht g‘l [85]
(A>400nm) 0.5M Na,SO, nanoparticle synthesis
Ni(OH),-CdS/g-C,N, 300W Xe lamp 0.7M Na,S and Ni(OH), Hydrothermal 40 hrs 115.18 umol ht g'l [129]
(A>420nm) 0.5M Na,SO, synthesis
Ag,S@CdS/ZnS 300W Xe lamp 0.1M Na,S/ Ag,S Solvothermal; 24 hrs 3.76 mmol h™ g'l [130]
(800nm>1>420nm) Na,SO, Template
NiCo-LDH/40wt%P- 300W Xe lamp 10v% Lactic acid NiCo-LDH Solvothermal; 12 hrs 8.67mmolh™” g'l [88]
Cds (A>420nm) Phosphorization
Co9Sg/Cd/CdS 300W Xe lamp 0.35M Na,S and C0gSs Hydrothermal 8 hrs 10.42 mmol h™ g‘l [80]
(A>420nm) 0.25M Na_SO synthesis
2 3
HCNs@HD-CoNi- 300W Xe lamp 10v% TEOA CoNi-LDH Hydrothermal, 25 hrs 10.95 mmol h'l g'l [87]
LDH (A>420nm) Etching
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CdS/WC (3wt.%) 300W Xe lamp 10v% Lactic acid Tungsten Solvothermal; 20 hrs 9.18 mmol ht g'l [131]
(A>420nm) carbide Mixture
nanoparticle
NC@Co-CNTs/CdS 300W Xe lamp 10v% Lactic acid Metallic Hydrothermal 16 hrs 3.8 mmol h™ g'l [81]
(A>400nm) cobalt carbonization
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Chapter 3. Research methodology

3.1 Materials
All materials and chemicals in this thesis are used as received, without further
purification. Detail list of employed materials is covered in the following Chapter 4, 5

and 6.

3.2 Synthesis of electro/photocatalysts

3.2.1 Hydrothermal synthesis

In general, the hydrothermal synthesis indicates the synthetic process that crystallizes
the target materials from high temperature aqueous solution at high pressure in a Teflon-
lined reactor. This is the most common way to prepare different phases of materials,
especially for inorganic substances. The inorganic salts are dissolves in aqueous
solution (if organic solvent, then it is devoted to solvothermal synthesis). Then, the
solution is transferred to a reactor, which is further sealed in a stainless-steel autoclave.
The temperature will subsequently raise above boiling point of solion to initiate

aggregation of metal cluster and start the crystallization process.

3.2.2 Pyrolysis

The pyrolysis process is a typical carbonization reaction, involving complex reactions,
where organics will be vaporized, and inorganic metal ions will aggregate to form
particles. More specifically, the carbon-containing compounds undergo the
uncompleted conversion to graphited carbons, which will further function as the
supporting substance for metal catalysts. Therefore, the design of carbonization process

(e.g. target temperature, rising rate, duration) is unique to different precursors, upon
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whose molecular structure.

3.3 Experimental setups

3.3.1 Cleaning of glassware

In general, the standard procedure for glassware includes 2 steps: 1. Preparation of
chromic mixture: 40 mL ultrapure water (conductivity = 0.26 pS cm’!, T=22+2 °C) was
slowly added into 20 g potassium permanganate powder under stirring. Subsequently,
360 mL H>SO4 acid (96%) was slowly added into above solution under stirring. The
chromic mixture was ready to be used after natural cooling down. 2. All electrochemical
cells were immersed into above chromic mixture (~ 100 mL), and underwent
ultrasonication for 20 minutes, followed by rinsing in ultrapure water, ethanol. Finally,

cleaned glassware were obtained by drying at 60°C.

3.3.2 Preparation of electrodes and electrolyte

In this study, we used four types of electrodes: 1. Carbon cloth; 2. Nickel foam; 3.
Fluorine-doped tin oxide glass (FTO glass); 4. Glassy carbon. The first two electrodes
were cut into 0.5 x 1.5 cm? (Ageo =1 cm?, the electrode is half immersed into the
electrolyte), while the rest one was used as received (1x1.5 cm?). All electrodes are
washed by ethanol, acetone, and ultrapure water under sonication for 15 mins (note: Ni
foam requires extra cleaning in 0.1 M HCI) to remove any containments, oxides, and

organics, followed by drying at 60°C.

All electrolyte was prepared using ultrapure water. 1M KOH (99.99%,)/ NaOH (99.9%)
and 0.5M H>SO4 (ACS grade) were employed as electrolyte. The pH value of prepared

electrolyte was measured using pH meter (HM-20R, DK-TOA, Japan), prior to use.
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3.3.3 Setups of electrochemical cells

Typically, we used three-electrode system (Fig.3.1) for electro-catalytic measurements,
which is consisting of working electrode, counter electrode, and reference electrode.
The counter electrode should be noble materials, which means the potentials of it does
not change when there is current passing through. This is because the recorded potential
difference should between reference electrode and working electrode. In this study, we

use platinum planar electrode (1x2 cm?, 0.1 mm in thickness).

Fig.3.1. Illustration of setup for (a) three-electrode electrochemical cell (note: for
alkaline and acid medium, the counter electrode was changed to graphite electrode), (b)

two-electrode cell in this thesis.

The reference electrode is made of a standard electrochemical redox potential (e.g.,
Ag/AgCl, Hg/HgSO4, Hg/HgO electrode). In this study, we used Ag/AgCl for the
neutral medium, and Hg/HgO electrode for alkaline medium. The changes in potential
of working electrode is recorded with respect to the reference electrode. Basically, there
are two separate circuits in the three-electrode system: 1. Polarising current in WE-CE,

and 2. No current is passing through WE-RE to precisely record the potential change.
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3.4 Characterizations

3.4.1 X-ray diffraction analysis (XRD)

XRD is the fundamental non-destructive analytical method to study the samples’ phase
composition, crystal structure, plane orientations, etc. As indicated in Fig.3.2, the
incident X-ray will be scattered by atoms in the lattice plane. One can obtain the lattice
the lattice spacing and its Miler indices (h, k, 1) according to the following Bragg
equation:

2dsinf = nl
Where d is the lattice spacing, 6 is the angle between the incident beam and lattice plane,

A is the wavelength of incident X-ray (e.g. A of Cu ka=1.54 A).

Fig.3.2. Illustration of X-ray diffraction in crystal sample. (Source:

https://en.wikipedia.org/wiki/X-ray_crystallography).

Specifically, by comparing the standard card of one material (e.g., database from
international center of diffraction data), one can distinguish the phase composition in
the sample. Moreover, by analyzing the Bragg’s law, one can also predict the crystal
plane, which is related to the specific structure in the samples. In general, powder
samples are grounded into the XRD holder (made of polycrystalline silicon) to form an

unfirm plane, using Bragg-Brentano (BB) mode. For the film samples (e.g., textiles), it
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is suggested to use Parallel beam mode of X-ray to reduce the X-ray intensity. The

scanning angle usually starts from 10° to 70° at 10 °/min.

3.4.2 Scanning electron microscope (SEM) and energy-dispersive X-ray
spectroscopy (EDX)

SEM is widely used to investigate the morphological information of various samples.
It utilizes incident electrons (accelerate voltage = 10/20 kV) to emit the electrons from
samples, and detector will collect the secondary electrons to give the morphological
information. It is suitable for various samples including metals, semiconductors, and
organics. For those insulators or poor conductive samples, gold sputtering is required
to enhance the sample conductivity. For those nanoparticles, they are dispersed in

ethanol under sonication, and further drop-casted onto silica wafer for SEM session.

primary
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Backscattered
Electrans
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Continuum scence
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Scattered
Electrons

Transmitted
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Fig.3.3. Working principles of SEM and EDX mapping (Source:

https://en.wikipedia.org/wiki/Scanning_electron_microscopy).

EDX mapping is another crucial technique for the determination of elements based on

SEM. It collects the characteristic X-rays that emitted from the higher-energy shell
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electrons fall downs to the holes in lower-energy orbitals.

3.4.3 Transmission electron microscope (TEM)

TEM is the advanced techniques to investigate the structure of samples in an atomic
resolution. Typically, the electrons are ejected and accelerated by a field electron
emission gun at a high voltage (100 kV -300 kV). The emitted electrons are further
focused by a series of condenser, object apertures to the specimen, which electrons will
transmit the samples (Fig.3.3). The electrons further experience the projector lens and
reaches the detector for imaging. While for the diffraction mode, a selected area
aperture upon the objective lens. The whole process requires the specimen to be thin
enough for observation. For the powder samples, very little amounts of samples are

dispersed in ethanol under sonication and drop-casted onto the carbon mesh.

Imaging mode Diffraction mode
# Electron Gun ‘

{ \ System of condenser lenses { 1
e — Condenser aperture

Specimen

Objective lens

Objective aperture

Ink ; f
Selected area aperture AU PO

VAl ==
({K ’))) Intermediate lens (0 ,‘)5

\ V' 4 (strength changes between two regimes)

Projector lens

|
\/ A\l
Screen i

Image Diffraction pattern

Fig. 3.4. Schematic illustration of imaging and diffraction modes in TEM (Source:

https://en.wikipedia.org/wiki/Transmission_electron_microscopy).

TEM also has the dark-field mode by selecting diffracted electrons using the back focal

aperture. The dark-field mode possesses a clearer contrast compared with the bright-
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field images, where electron intensity will be reduced due to the thickness of samples.
TEM also contains diffraction mode, to obtain a diffraction pattern in TEM, a selected
area aperture is used to limit the region of the sample that is illuminated by the electron
beam. This creates a focused electron beam that interacts with a specific area of the

sample, producing a corresponding diffraction pattern.

3.4.4 Thermogravimetric analysis (TGA)

TGA 1is a thermal characterization technique that investigates the thermal phenomena
of samples, including absorption, desorption, vaporization, sublimation, reduction,
oxidation, and decomposition. By quantifying the weight changes of specimens when
they undergo controlled heating, TGA enables the comprehensive exploration of these
thermal activities. The samples are usually contained in crucible, which are further

places on a holder. The holder is connected to the micro balance (Fig. 3.4).

Scale

Thermocouple A I_ ‘:]_'

Sample

Carrier Gas

Fig.3.5. Schematic illustration of TGA instrument. (Source:

https://link.springer.com/chapter/10.1007/978-3-030-11599-9 7).

Its utility is particularly pronounced in the analysis of volatile products that are
susceptible to evaporation or loss during the thermal degradation of materials. Typically,
TGA was employed to examine the composition of organic and inorganic samples. To
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this end, fine sample powders/ chopped fibers with masses ranging between 1 and 5 mg
were subjected to TGA, utilizing a temperature range of 100-900 °C and a heating rate

of 10 °C min ! under N, environment.

3.4.5 Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy facilitates the acquisition of molecular information by subjecting
the sample to infrared light, thereby enabling the identification of functional groups and
molecular fingerprints. Infrared spectroscopy encompasses two primary approaches,
namely diffuse reflection and attenuated total reflection (ATR). In these concepts, the
utilization of a mathematical system known as Fourier Transform enables the
conversion of raw signals into an optical spectrum, representing infrared wavelength-
dependent information (Fig. 3.5.). The spectrum range can cover the region from near-

infrared to far-infrared.
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Fig.3.6. Schematic illustration of FTIR (Source: https://en.wikipedia.org/wiki/Fourier-

transform_infrared spectroscopy).

The present study emphasizes the utilization of ATR-FTIR for direct measurement of

powder samples and fibers. The conventional KBr pellet method is employed as the
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classical sample preparation technique. Typically, 200mg KBr powder are mixed with
~ 1 mg of samples in a motor. The mixture is further extruded into pellet, forming a
light color. During the measurements, the infrared light will pass through the sample,

giving the information of chemical bonds.

3.4.6 Ultraviolet—visible diffuse reflectance spectrometer (UV-vis DRS)
spectroscopy

UV-vis DRS spectrometer is employed to determine the absorption and transmittance
of powder sample. (e.g., band gap, absorption edges). In this case, the sample is
irradiated by laser with wavelength in the range between 200 nm to 800 nm. One part
of light will be absorbed the sample, while the remaining diffuse-reflected light will be
collected and integrated in a sphere coated with BaSO4 powders for further detection
(Fig. 3.6). In order to achieve a reflectance close to 100%, the BaSO4 reference is
employed as background, which is adjacent to the samples.

Diffuse reflectance

Incident light 1 Specular reflectance

Fig. 3.7. Schematic illustration of diffuse reflectance in UV-vis spectroscopy.

The Tauc plot, which then is derived from UV-vis DRS spectrum, are calculated by
using the following equation:
ahv = C;(hv — Ey)" (3.1

Where « is the absorption coefficient of the materials, C; is constant, hv is the energy
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of incident beam at different wavelengths,.

3.4.7 Raman spectroscopy

Raman spectroscopy is a common technique to investigate the vibration mode in the
samples. It relies on the inelastic scattering of photons, which is also known as Raman
scattering. In general, the incident beam interacts with molecular vibrations, phonon in
the system, resulting in the energy shift of the vibrations (Stokes, Anti-Stokes
scattering). This shift gives the information of vibrational modes in the samples. Similar
to XRD measurements, powder samples are required to be grounded onto glass slide to

ensure the perpendicular incident laser.
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Fig. 3.8. Mechanism illustration of Raman spectroscopy.

3.4.8 Brunauer-Emmett-Teller (BET) surface area measurement

BET surface area measurements were conducted by N> adsorption-desorption isotherm
at 77 K. Typically, N2 gas molecules serves as the adsorption molecules in the samples,
which gives the information of sample topology. BET theory is constructed on the basis
of Langmuir theory (monolayer adsorption). It extends the monolayer adsorption to
multilayers by adapting the following assumptions: 1. No chemical interaction between
molecules and substrates; 2. Gas molecules only interact physically with the adjacent

layer, 3. The enthalpy of adsorption for the first layer constant and greater than the
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second layer.

P 1 +(c—1) P
V(Po=P)  VmC = V€ Py

(3.2)

Where P is the pressure, PO is the saturated vapour pressure of N2, Vm is the measured
adsorbed gas molecule per unit mass (STP cm?® g!), C is the adsorption heat related to

the gas molecule.

3.4.9 X-ray photoelectron spectroscopy (XPS)

XPS is commonly used in the analysis of electronic environment, elemental
composition at the sample surface (~ 10 nm). Basically, it relies on the photoelectric
effect of the sample. In specific, X-ray source (Al ka, hv = 1486.3 e¢V) generate the
incident beam, which further transfer its energy to the core-level electrons of the
samples. The electrons of the sample then are emitted outside the sample with kinetic
energy. One can calculate the binding energy by determining the kinetic energy of

emitted electrons by following equation:

EKin = hv — Ebin — Qanalyzer (3-3)
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e \ /
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Sample &

Fig. 3.9. Mechanism illustration of X-ray photoelectron spectroscopy.

Moreover, XPS also provides the information of oxidation state of one element, since

the kinetic energy of electrons is highly dependent on the local electronic environment.
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3.4.10 Ultraviolet photoelectron spectroscopy (UPS)

UPS is a well-known and convenient technique to measure the Fermi level and valence
band maximum of semiconductors. The UPS spectra exhibit the second energy cut-off
region and valence band region, revealing the work function of the material and its
valence band versus to Fermi level.

Fermi level (Ef) was calculated using the equation:

Ef = @ = Ecyr—off — hv (3.4)

Where @, is the work function of material; hv is the irradiation energy; Ecut-off IS the

onset energy in the cut-off region; hv is the He | source (21.22 eV).

In the valence band region of UPS spectra, the relative position of the valence band
(VB) to the Fermi level is measured as VBedge by extrapolating the leading edge of
the VB spectrum to the baseline. Thus, the valence band maximum (Evs) is estimated
by the equation:

Evp = Ef — VBeqge (3.5)
Meanwhile, the conduction band minimum (Ecs) is calculated by:

Therefore, the band structure of the sample could be built based on the above
calculations.

ECB = EVB + Eg (36)

3.4.11 Photoluminescence (PL) spectrophotometer and PL lifetime (Tave)

PL is a widely used methodology for the characterization of optoelectronic properties
of semiconductor. It is related to the fluorescence and phosphorescence properties of
samples. These optoelectronic properties encompass various aspects, including

bandgaps, photoelectronic  activity, emission intensity, quantum vyield,
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absorption/emission characteristics, luminescence energy transfer, decay time, as well
as chemical and physical stability. Specifically, in this thesis, we focus on the PL
emission spectra, which is directly related to electron-hole recombination. Moreover,
by comparing spectrum of various samples, the dynamics of electron can be studied,
shedding light on the photocatalytic activity, point defects, and optical properties of as-
obtained catalysts. In a typical trial, powder samples are sandwiched in between two

quartz glass, by choosing the solid PL accessories.

Energy

Fig. 3.10. Mechanism illustration of Photoluminescence spectroscopy.

PL electron lifetime, related to the carrier separation dynamics, was fitted and

calculated according to the equations below:

-t -t -t
A(t) = AjeT + Aye + AzeTs (3.6)
_ (A1T1% 4+ 4,152 +A3737%)
A(ave) T (AT + ATy +A3T3) (3.7)

Where A and t indicate the amplitudes and emission lifetimes of each component.

3.4.12 Inductively Coupled Plasma Optical Emission spectroscopy (ICP-OES)
ICP-OES technology is employed as the precise detection of chemical elements. Unlike

XPS and EDX mapping, which only give the information of surface elemental

composition, ICP-OES is a destructive technique, requiring the dissolution of samples
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in the strong acid. The sample is then aspirated into an argon plasma generated by an
inductively coupled plasma source. The plasma consists of a high-temperature ionized
gas, which excites the atoms or ions in the sample to emit characteristic light. By
comparing the intensity of emitted light from standard solution, we can tell the
concentration of specific element in the samples. In this study, we dissolve Smg samples
into a mixture of concentrated HNO3 and HCI (1:3 in v%). The solution is further

diluted to 100 mL, which is further transferred to the machine.

3.5 [Electrochemical measurements

3.5.1 Cyeclic voltammetry (CV)

CV is an electrochemical technique for electrocatalytic characterization. It is consisting
of sweeping potential along a triangular between two values at certain time (the slope
between two value is determined as the scan rate dU/dt). Meanwhile, the
electrochemical station will record the current response at a specific potential during

the scan.

Cyclic Voltammetry Potential Waveform

Cathodic Potential

ty t to ts t
Time

Fig. 3.11. Cyclic voltammetry- potential waveform. (The slope between two cathodic

potentials is scan rates, for example: 10 mV/s)

A positive recorded current if the process at the working electrode assumes net shuffling
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of electrons in direction from the working electrode to the counter electrode.
Consequently, the negative current recorded by CV means the reactions taken at the
working electrode indicates transfer of electrons from its surface. It should be noticed
that the positive or negative value of current does not mean the oxidation/reduction (e.g.,
metals, molecules) process taken at the electrode. These values also have the meanings
of electrolyte adsorption, changes in the double layer capacitance. In our study, we used
CV to do the activation process, where catalysts will undergo reconstruction to expose

more active sites. Moreover, ECSA values are also determined by CV technique.

3.5.2 Linear sweep voltammetry (LSV) and Tafel slope

LSV, similar to CV technique, the potential recorded between working electrode and a
reference electrode is swept linearly in time. Based on the obtained current, we can
determine the Tafel slope of samples, which is directly related to the reaction kinetics

taken at electrode surface.

Generally, the Tafel plot consists of a linear relationship between the logarithm of the
current and the overpotential, where the slope of the line can be related to the electron

transfer kinetics according to the following equation:

n= +4log() (3.8)
where n is the overpotential in mV, A is the Tafel slope in mV/Dec, I the current density

in mA/cm? and i is the exchange current density in mA/cm?.

3.5.3 Double Layer Capacitance (Ca)) and Electrochemical active surface area
(ECSA)

ECSA was derived from the measurement of double layer capacitance by assuming the

case of planar electrode. In order to obtain Cq,, CV at different scan rates in the non-
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faradic region are conducted.

ECSA = & (3.9)

N

Where Cq is double layer capacitance, Cs is the specific capacitance, which has a value

of 40 uF cm™ for planar electrode.

3.5.4 Electrochemical impedance spectroscopy (EIS)

EIS is a powerful technique to investigate the electron dynamics at the electrode surface,
by giving small potential difference. Generally, by applying small potential altitude at
fixed overpotential (e.g., SmV at n=100 mV) will give the information of electron

transfer of the catalyst layer deposited on the electrode.

Fig. 3.12. (a) A scheme illustrates the EIS circuit and the redox reactions taken at the
surface of working electrodes in a traditional three-electrode cell. (b) A simplified
Randles cell, where Rct is the charge transfer resistance, Rs is the solution resistance

and Cq is the capacitance.

Based on the simple Randle cell, the composition of equivalent circuit at

electrode/electrolyte interface can be regarded as tandem series between a solution
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resistance and parallel double layer capacitance with electron transfer resistance.

3.5.5 Mott-Schottky curve

Mott—Schottky plot is a plot of 1/C2 vs applied potential at a fixed frequency. The

flatband potentials (Efb) of the semiconductors can be calculated by extrapolation to
the xaxis of plots of 1/C2 vs. potential (V). The capacitance measurements are presented
as an M-S plot following the equation below (Mott—Schottky equation):

1 _ KT
= = 2(Npeegy) 'X (E—Epp — o) (3.10)

Where, C is the space charge capacitance per unite area (i.e., the capacitance of the
semiconductor depletion layer), ND is the density per cm3 of donors/acceptors in the

semiconductor, e is the electron charge (1.6 x 107" C), ¢ is the dielectric constant of
the material, € is the permittivity of free space (8.85 x 10712 F m™!), E is the applied
potential, E, is the flat band potential, k is the Boltzmann constant (1.38x1072* J K'!)

and T is the absolute temperature (298 K).

3.6 Photochemical measurements

3.6.1 Photocatalytic hydrogen evolution and stability test

The photocatalytic hydrogen evolution was conducted in a 50 mL quartz vessel. Before
each measurement, the quartz experienced the same procedures in the previous glass
cleaning part. In this study, the Pyrex vessel possess a V-shape, where two sides allow
the flow of N> to remove the air content in the quartz. While the upper part is sealed by
plug avoiding the leakage of H». In a typical trial, 10 v% of TEOA hole sacrificial agent,
5 mg of Eosin Y dye sensitization system are dissolve in DI H>O. Additional 2.5 mg of

catalysts are dispersed into the above solution under sonication. The dispersion will
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further undergo 20 min stirring, experience an adsorption-desorption equilibrium.
Every 30 min, 100 uL of gases will be withdrawn, and injected into the gas

chromatography to analyze the composition.

For the photostability test, the measurement is extent to 4hrs as one cycle, and every 1
hr, 100 ul of gas will be withdrawn and injected into the analyzer. Between each cycle,
additional 1 ml TEOA will be replenished into the above system. In total there are 3

cycles to finish the stability test.

3.6.2 Chopped I-t curves

The chopped I-t curve was conducted by drop-cast sample/nafion dispersion onto the
FTO glass. The xenon lamp was cut on and off by chopping at a 30s interval. The photo-
induced electron-hole separation will be detected by electrochemical station. Therefore,

the photocurrent is directly related to the charge separation ability of samples.

3.7 Theoretical simulations

Density functional theory (DFT) is a computational approach to investigate the
electronic structure and interfacial reactions of atoms, molecules and bulk materials.
DFT is the in concept of quantum theory, where electron density is described by time
resolved electron wavefunction. While the older quantum mechanical methods that
focus on solving the complex many-body Schrodinger equation, the development of
DFT simplify the equations by substituting the wavefunction with electron density. The
foundation of DFT lies in the Hohenberg-Kohn theorems, which state that the electron
density determines the potential energy of a system and, consequently, all other
properties. These theorems establish the link between the ground-state electron density
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and the ground-state properties of a system, making it possible to calculate various

properties using only the knowledge of the electron density.
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Fig. 3.13. Schematic illustration of the formation of a chemical bond between an

adsorbate valence level to the s and d states of a transition metal.

DFT plays an important role in the photo/electrocatalytic area by giving the mechanism

understanding, predicting the catalytic performance coupled with machine learning.

More specifically, DFT calculations can be employed in following aspects related to

this thesis’s work:

1. Gibbs free energy for reaction mechanism exploration: as mentioned int above
fundamental principles for HER and OER, scientists have explored several reaction
pathways. DFT, under this circumstance, can be calculated for each intermediate by
comparing the adsorption energy.

2. Interaction between electrocatalyst and substrate (Fig. 3.5): catalysts are usually
supported by carbon frameworks, or semiconductors in photocatalysis. The choice
of substrate material and its interaction with the catalyst can significantly influence
the catalytic activity and stability. DFT can predict the adsorption energies, charge

transfer, and electronic coupling between the catalyst and substrate, aiding in the
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design of efficient catalyst-electrode systems.

3. Catalyst Design and Screening: DFT calculations allow for the screening and
evaluation of potential catalysts for determined reaction pathway. By calculating
the adsorption energies of molecules/intermediates on different catalyst surfaces,
DFT can identify promising candidates with desirable properties, such as high
activity, selectivity, and stability. This aids in the development of efficient catalysts

for specific electrochemical processes.

By combining experimental techniques with DFT calculations, researchers can gain a

deeper understanding of electrocatalysis, accelerate catalyst development, and provide

guidance for the design of more efficient and sustainable electrochemical devices.
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Chapter 4. Cobalt oxides-based catalysts with
tunable Co valence states for electrochemical water

splitting

4.1 Introduction

Electrocatalytic water splitting to generate hydrogen and oxygen has attracted intensive
attention as an effective solution to the global warming!®!33], Among various candidates,
transition metal-based materials derived from earth-abundant elements have been
regarded as one of promising catalysts to boost the water splitting reaction.

7,23

Nevertheless, strategies such as heteroatom doping!?>!134, defects engineering!’-**], atom

intercalation!'¥>13¢1 and topographical control!!*”]

were designed to significantly
increase the number of accessible active sites and modulate the corresponding

electronic environment of metallic atoms.

Zeolitic imidazolate frameworks (ZIFs) comprise these strategies by facile one-pot
synthesis with ordered crystal structure, modular versatility such as tunable atoms and

sI6LI38139] “Moreover, spontaneous

organic linkers as well as low cost of synthesi
coordination between Zn/Co and organic linkers at moderate conditions comes to ours
interests, due to the easy heteroatom doping. Typically, cobalt element has been
reported as a promising candidate due to the medium adsorptive energy to the reaction
intermediates according to density function theory calculations!'*’. While the low
intrinsic conductivity of ZIFs limits their applications as electrocatalysts. As a solution,

high temperature carbonization is commonly employed to improve the intrinsic

conductivity of ZIFs. Moreover, Co element will facilitate the graphitization of the
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frameworks by the formation of carbon nanotubes (CNTs) at high pyrolysis
temperature!®!41:142] to enhance the conductivity of samples. Therefore, scientists have
designed core-shell structure like ZIF-67@ZIF-8!%6:14 to selectively functionalize the

metallic Co located in carbons while Zn will evaporate at similar temperature (> 905 °C)

to avoid the particles aggregations. However, under such harsh condition, the organic
linkers will break down causing the collapse of whole framework due to the weak
coordination force. This collapse hinders the available active sites in the inner part. To
tackle this problem, protective/confinement pyrolysis has been proposed: for instance,
ZIF-8 was mixed with surfactants such as polyvinylpyrrolidone (PVP)!'*! or
cetyltrimethylammonium bromide (CTAB)!'*3] to establish the cohesive interaction
between interfaces. Or the construction of rigid interface such as pyrolyzing
ZIF8@Si0,"*®! also achieved significant improvements in the maintenance of pore
system and original surface area of ZIFs. As a result, the maintenance of pore systems
or the construction of hierarchical structure can facilitate the electrolyte diffusion and

mass transfer.

However, to best of our knowledge, few attentions have been paid to reveal the
electronic modulation on the active sites of these protective carbonized samples from
post treatment. As mentioned, most ZIFs carbonized at this harsh temperature will lose
their original specific surface area, which finally lies in the range of Sgrpr~100-200 m?g”
! The resultant products sluggish the overall catalytic performance due to the low
possibility of active sites exposed to electrolyte. Moreover, PVP polymer, as reported
which will incorporate into MOF system, can also contribute to the formation of
graphitized carbons. In this case, the post phosphine treatments induces the P doping

into such carbon frameworks, instead of formation of CoP nanoparticles [66-143:147],
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Ultimately, our studies confirm that the introduction of P element can effectively
influence the electronic environment of Co elements. As a result, the kinetics of overall
water splitting reaction can be improved. In this study, we firstly manifested a high
specific surface area (645.7 m? g!) and constructed a micro-mesoporous system of PVP
assisted bimetallic ZIF-8/ZIF-67 (PVP-Zno,@ZIF-67) at a pyrolysis temperature of

920°C. Then we confirmed the introduction of P into the carbon frameworks by taking

advantage of larger pores sizes to reveal optimized electronic state interaction.
Moreover, we also investigated the effect among different Co valence states, where
synergetic effect between Co® and Co** boosts the water reduction and Co*" and Co**
facilitate the water oxidation respectively. The as-synthesized catalysts were employed
as bifunctional electrocatalysts towards hydrogen evolution reaction (HER) and oxygen

evolution reaction (OER).

4.2 Experimental Section

4.2.1 Materials

All materials were purchased and used without further purification. Zinc nitrate
hexahydrate (Zn(NOz3)2 6H20, >98.0%), 2-methylimidazole (2-MeIM, >97.0%),
sodium hypophosphite monohydrate (NaH2PO-) and 20wt% Pt/C were purchased from
Alfa Aesar. Cobalt nitrate hexahydrate (Co(NOs3). 6H20, >98.0%) and polyvinyl
pyrrolidone (PVP, Mw = 13 kDa) were purchased from Aladdin. Methanol and ethanol

(ACS grade) were purchased from Anaqua Co Ltd..

4.2.2 Synthesis of ZIF-8/ZIF-67 and PVP assisted ZIF-8/ZIF- 67
In a typical synthesis of ZIF8/ZIF672°%1, Zn(NO3), 6H20 (0.36 g) and Co(NOs), 6H20

(1.45 g) was completely dissolved in 50 mL of methanol to form a purple solution A.
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2-Methylimidazole (2-MelM, 4.49 g) was dissolved in 93.3 mL of methanol to form a
homogeneous solution B. Then the solution B was poured into solution A under stirring
for 1 hour (in total 143.3 mL of methanol). The resultant powders were collected under
5000 rpm centrifuge and washed with methanol three times to remove unreacted

materials and dried in vacuum at 60°C for 8 hours.

To fabricate PVP assisted ZIF-8/ZIF-67, an additional methanolic PVP solution (1.8 g
of PVP dissolved in 30 mL methanol) was poured into abovementioned metal precursor
and organic linker contained methanolic solution (ZIF8/ZIF67) after 20 minutes’
nucleation of ZIFs. Finally, the obtained PVP assisted ZIF8/Z1F67s underwent washing

with methanol for three times and were dried in vacuum at 60°C overnight.

4.2.3 Synthesis of phosphine treated CoOx/ nitrogen doped Carbons (P-
CoOx/NCs)
The synthesized PVP assisted ZIF8/ZIF67 further experienced carbonization process at

920 °C for 150 minutes with a ramp rate of 5°C/min under N> atmosphere and was
naturally cool down. The resultant products were denoted as CoOx/N-doped carbons
(CoOx/NCs). In this work, all the carbonizations were employed on the PVP assisted
ZIF-8/ZIF-67 samples. Otherwise, the direct carbonization of ZIF8/ZIF67 at 920°C for
150 minutes denotes CoOx/NCs without PVP. Additionally, PVP assisted ZIF8/ZIF67s
also experienced different carbonization temperatures (800°C, 900°C) which further

denote CoOx/NCs@800°C/900°C.

After the carbonization, different amounts of NaH2PO- (x = 600, 900, 1200 mg) were
employed as phosphine precursors to conduct the surface treatment of CoOx/NCs. In a
typical treatment, 5 mg of CoOx/NCs was placed in the downstream of a porcelain boat

and x (600, 900, 1200) mg of NaH2PO, was put in the upstream of the boat under N>
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atmosphere. The temperature of tube furnace was elevated with a ramp rate of 3°C/min
to 350°C and maintained for 120 minutes, allowing the decomposition of NaH2PO;
(Equ. 1, Notice: the tail gas of NaH.PO: is extremely toxic requiring saturated CuSQOa4
solution as exhaust converters). The final products were collected after the naturally
cool down of the furnace which were denoted as m P-CoOx/NCs where m = 0, 600, 900,

1200.

2 NaH2PO: (s) — PH3(g) + Na2HPO4 (s) (4.2)
4.2.4 Synthesis of Co/NCs and oxidized CoOx/NCs (0-CoOx/NCs)

To prepare Co/NCs, CoOx/NCs powders (100 mg) were dispersed into 5M HCI (50
mL) for 2 days***® by undergoing following Equ. 2 and 3. These processes transform

cobalt oxide to soluble CoCl». The resultant products were washed with DI water and

methanol three times to wash away CoCl and denote Co/NCs.
Co0304(s) + SHCI(I) — 3CoClx(I) + 4H20(1) + Cl2(9) (4.2)
CoO(s) + 2HCI(l) — CoCl(l) + H20(1) (4.3)

To obtain oxidized CoOx/NCs (O-CoOx/NCs), CoOx/NCs powders (100 mg) were put
into the crucible in a tube furnace in air. The temperate was risen to 550°C with a ramp
rate of 5 °C/min and kept for 2 hours. During this process, the metallic Co will be
transformed to the Co?* and Co®". The final products were collected after naturally

cooling down of the furnace.

4.2.5 Preparation of catalysts on the carbon paper

The as-synthesized xP-CoOx/NCs (5 mg) was dispersed in a mixture of 2-proponal (250
pL) and DI water (750 pL, conductivity = 0.26 uS cm™). At the meantime, Nafion

solution (30 uL, 5wt%) was dropped into the above solution. After 1 hour sonication to
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achieve a uniform dispersion, 20 uL of prepared ink was drop-cast onto the 0.5 x 0.5
cm? carbon paper and dried under infrared irradiation for 30 minutes to yield a mass

loading ~ 0.2 mg/cm?.

4.2.6 Physical Characterization

Scanning electron microscopy (SEM) images and Energy Dispersive X-ray
spectrometer (EDX) of composition analysis were obtained from a Tescan VEGAS3,
Czech (accelerating voltage = 20kV). Transmission electron microscopy was conducted
on JEOL 2100F, Japan (operating voltage = 200 kV). X-ray diffraction (XRD) patterns
were collected on a Rigaku SmartLab 9kW-Advance, Japan using monochromate Cu
ka radiation (A = 0.154 nm) at a scan rate of 7°/min. Raman spectroscopy was taken
using a NomadicTM 3-in-1 microscope, America with He-Ne laser excitation (A = 532
nm) and OLYMPUS MPIlanFLN 10x objective lens. Brunauer-Emmett-Teller (BET)
surface area measurements were taken by N2 adsorption-desorption isotherm at 77 K
using NOVA touch LX4, Austria. X-ray photoelectron spectroscopy (XPS) was
recorded on a Thermo Scientific Nexsa using a monochromatic and focused Al Ka

source (1486.6 eV).

4.2.7 Electrochemical measurements

The electrochemical measurements were carried at the electrochemical workstation
(CHI1660D, Shanghai Chenhua Science Technology Corp., Ltd.) at room temperature.
A typical three-electrode configuration including Pt plate (1 x 1 cm?, 0.1 mm) as
counter electrode; Ag/AgCl (saturated KCI solution) as reference electrode, carbon
paper (0.5 x 0.5 cm?) as working electrode was employed for both HER and OER half

reaction evaluations. In this case, N> saturated 1M NaOH (pH =13.6) was functioned
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as electrolyte. The linear sweep voltammetry (LSV) was measured at a scan rate of 5
mV/s with 85% iR compensation. All recorded potentials were converted to the

reversible hydrogen electrode (RHE) according to the Nernst equation (Equ. 4):

Egup(V) = Eworking + 0.059pH +E£g/AgCl

(4.4)

Where Erne is the calculated potential vs. RHE, Eworking IS the recorded potential against

Ag/AgCl, and Eﬁg/Aga equals to 0.197 V which is the standard equilibrium potential

at 25 °C.

The Tafel slope has been plotted according to the equation below (Equ. 5) to investigate

the reaction kinetics:

n=a+ flog(j) (4.5)

Where 11 and j are overpotential (V) and current density (mA cm2) respectively, and

other symbols represent their usual meanings.

Double layer capacitance (Ca) was taken by employing cyclic voltammetry (CV) at
scan rates varying from 2 mV/s to 50 mV/s. The Cq was calculated by figuring out the

potential difference in the non-Faradaic region.

Electrochemical Impedance Spectroscopy (EIS) measurements were conducted at an
overpotential of 20 mV for HER and 100 mV for OER with an amplitude of 5 mV from
100 KHz to 0.1 Hz to investigate the charger transfer resistance and solution resistance

at high- and low-frequency region respectively.

The stability test was conducted by the chronoamperometric curves (I-t) at a current
density of 10 mA cm?, and the CV testing with a scan rate of 50 mV s for 2000 cycles.

The electrolyzer for overall water splitting reaction was composed of two same
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electrodes where both cathode and anode are made of carbon paper (1 x 1 cm?) with

900 P- CoOx/NCs (mass loading ~ 0.2 mg cm?, 900P- CoOx/NCs || 900P- CoOx/NCs).

4.3 Results and Discussion

4.3.1 Morphology and Composition characterizations of CoOx/NCs
As illustrated in Fig. 4.1 a, the precursors are firstly prepared by incorporating cobalt

ions into the ZIF-8 frameworks. A subsequent high temperature to evaporate Zn
element, leave Co atoms interacting with O element in PVP agent. The obtained
carbonized samples further experience the phosphine post treatments to modulate the
electronic environment of cobalt atoms. The morphology of ZIF-8 and Zno.@ZIF-67
nanoparticles were examined by TEM (Fig.4.1 b-c). The resultant products show a
well-constructed rhombic structure with an average size of 82 +15 nm[*2561, Moreover,
a lighter purple colour of Zno.@ZIF-67 can be noticed due to the introduction of cobalt
ions into ZIF-8, compared with that of pure ZIF 67, proving the efficient incorporation
of Co?" into ZIF-8 frameworks. After introduction of PVP, the morphology of PVP
assisted Zno@ZIF-67 shows a distortion, which may originate from the incorporation
of polymers into frameworks (Fig.4.1 d)[*81491 From the X-ray diffraction pattern
(XRD), it confirms the crystal structure of PVVP assisted Zno.@ZIF67 (Fig.4.1 e). In
consistent with the peaks of ZIF-8s, when PVVP and cobalt salts were introduced, those
intensive peaks occurring at 7.3< 10.4< 12.7< 14.7<and 17.9%are attributed to the

(011), (002), (112), (022) and (222) facet, respectively656l,
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Fig. 4.1. (a) Schematic illustration of synthetic process of P-CoOx/NCs; (b-d) TEM
images of ZIF-8 and Zno@ZIF-67 and PVP-Zno.@ZIF-67, (f) Corresponding XRD

patterns.

It is reported that the introduction of PVP polymer may induce the substitution of
intercalated 2-MelM, with slight distortion of ZIFs crystal structurel4%150],
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Additionally, a small broad peak at ~6° is observed in both Zng.@ZIF-67 and PVP-

Zno@ZIF-67 samples. This peak suggests that both doping and PVP assisted synthesis
may induce certain phase distortion, while the major phases of ZIF-8s still remain.
Therefore, PVP polymers are assumed to be attached on ZIF surface, as well as
incorporated into frameworks. After high temperature carbonization (920°C) of PVP -
Zno@ZIF-67, all crystal structures in ZIFs are destroyed where organic linkers denote
to the nitrogen doped carbons (NCs). While for Zn element, it will vaporize at this
temperature to prevent the aggregation of metallic particles™>*, due to the low boiling
point (905°C)1*%2 which was further confirmed by EDX mapping (Fig.4.3). The
resultant XRD pattern (Fig.4.2 a) of CoOx/NCs shows the presence of the mixture of
CoO (35.89 41.8<and 60.5< PDF#15-0806), metallic Co (44.9<and 50.8< PDF#43-
1003), and Co304 (19.2< 30.9< 37.1°and 65.5< PDF#48-1719)*%%l indicating that the
Co atoms interact with the O elements from the organic linkers and PVP chains>4],
The Raman spectra also proves the existence of CoO and Co03z0s, the intensive peak
locating at 665 cm™ (Fig.4.2 b) is related to the Aiq vibrational mode of Co-O bonds.
Another two peaks are accredited to Foq (509.2 cm™) and E4 (470.5 cm™) mode
corresponding to the combined vibrations of tetrahedral cobalt sites in the C030s
latticel®*1%°, In addition to the formation of CoO, it is noticed that the intensity of
peaks representing CosO4 is decreased in the carbonized samples without PVP
polymers. Therefore, it can be deducted that release of oxygen element from PVP
polymer increases the cobalt oxidation states. SEM (Fig.4.2 d) image indicates that
CoOx/NCs@920°C possesses a rough surface, and a porous structure when looking at

the sheet structure.
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Fig. 4.2. (a) XRD patterns, (b) Raman spectra of CoOx/NCs with and without PVP
polymer at 920°C; (c¢) Deconvoluted peaks for D and G band in Raman spectra; (d)
TEM image of CoOx/NCs@ 920°C; (e-f) corresponding HRTEM images (Enlarged:

inverse FFT image of C and CoO lattice plane).

Furthermore, it is noticed that the large PVP-Zno.@ZIF-67 particles survive after harsh
carbonization process, due to the role of PVP agent. From HRTEM images (Fig.4.2 e,f)
of CoOx/NCs @920°C, the existence of CoO surrounded by the graphite layer as well
as the formation of CNTs due to the catalytic effect of metallic Co nanoparticles can be
observed. The d-spacing values of metallic particles indicate the presence of mixture of
Co0 and Co304 where CoO metallic particles are more abundant. Such co-existence of
metallic and metal-oxide particle can enhance the conductivity of final products,

compared with that of pure metal oxides.
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Fig. 4.3 (a) SEM image of CoOx/NCs, and corresponding EDS mapping of Co, C, N,

Zn element; (b) EDS spectrum and corresponding compositional table summary.

Apart from the Co characteristic peaks in XRD pattern, the peak located at 25.0°also
proves a higher graphitization degree (Fig.4.2 a) at higher carbonization temperature,
which may arise from the incorporation of PVP polymer into ZIFs. Similarly, Raman
spectra to investigate the graphitization degree of carbons are shown in Fig.4.2 b. The
carbonized PVP-ZIF-8/ZIF67s reveals two graphite characteristic peaks located at 1260
cm® and 1580 cm™. In general, these peaks relate to the D band and the G band of
graphitet®, Specifically, D band arises from the defects and disordered atoms in the
graphite atomic structure while G band originates from the hybridized sp2 carbon atoms.

Further deconvolution of D and G band was conducted to compare the graphitization
95



degree in the sample (Fig.4.2. c) [, As indicated, the Ipi/lc for CoOx/NCs without
and with PVP are 0.98 and1.18 respectively. The higher Ipi/lg value indicates more
defects in the carbonized samples, however, additional 2D and D+D’ band, located at
2670 cm™ and 2930 cm?, indicate the formation of multilayer graphene in the samples.

Hence a better conductivity can be achieved in CoOx/NCs @ 920°C.

Fig. 4.4. (@) N2 adsorption and desorption isotherms of ZIFs before and after
carbonization @920°C; (b) Comparison in Nz adsorption-desorption isotherms of
CoOx/NCs with and without PVP assistance; corresponding pore size distribution and

pore volume curves of (c) PVP assisted and (d) without PVP assisting CoOx/NCs.

The calculated Brunauer—-Emmett—Teller (BET) surface area (642.2 m? g') of PVP
assisted CoOx/NCs has been retained well after high temperature carbonization

(Fig.4.4). This value is significantly larger than those ZIF derived carbons without PVP
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assistant (51.28 m? g?). Moreover, the pore size distribution indicates that the
carbonized sample with PVP assistant generates a mesoporous structure (~ 3.2 nm in
radius, Fig.4.4 c), while those samples without PVP assistance is hard to bear with the
breakage of organic linkers at high pyrolysis temperature, only leaving pore system
with lower pore volume and smaller pore size (< 0.5 nm in radius, Fig.4.4 d). During
the carbonization process, the PVP is supposed to be carbonized firstly3, With
increasing temperature causing the break-down of organic linkers of PVP-Zno . @ZIF-
67, a strong confinement pyrolysis effect will be achieved due to the strong cohesive
interaction from PVP derived carbons and ZIFsi*®, Thus, the assistance of PVP
contributes to the formation of a mesoporous structure and prevents the aggregation of

active sites in the samples for further optimization with phosphine.

4.3.2 Characterization of phosphine treated CoOx/NCs

The post phosphine treatments were conducted to manipulate the cobalt electronic
environment. SEM images (Fig.4.5 a-c) reveals that few amount (600 and 900 mg) of
phosphine treatment exhibit limited morphology changes, while the high input of
phosphine gases cause the surface corrosion, leading to a smooth surface in 1200 P-

CoOx/NCs.
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Fig. 4.5. (a-c) SEM images of CoOx/NCs treated with different amounts (600mg;
900mg and 1200mg); (d) TEM image, (¢) HRTEM (adjacent: inverse FFT images), (f)

Selected area diffraction and (g) EDS mapping of 900 P-CoOx/NCs (Scale bar: 500 nm).

TEM image (Fig.4.5 d and 4.6 a) of 900 P-CoOx/NCs indicate abundant carbon shells
existed in sample surface, where cobalt nanoparticles are wrapped. HRTEM (Fig.4.5 e,
Fig.4.6 b-c) exhibited a clear multilayer graphene structure outside the exposed cobalt
nanoparticles, as a result, preventing the formation of CoP nanoparticles. The SAED
pattern (Fig.4.5 f) shows a polycrystalline structure of 900 P-CoOx/NCs. Further EDS
mapping (Fig.4.5 g and Fig.4.6 e) of 900 P-CoO«/NCs confirms the unfirm of P

element with an atomic concentration of 2.21% into the carbon frameworks.
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Fig. 4.6 (a) TEM; (b-c) HRTEM; (d) EDS spectrum and (e) Table summary of 900 P-

CoOx/NCs.

XRD patterns (Fig.4.7 a) of P-CoOx/NCs samples indicate little changes in the CoO
and metallic Co phases after phosphine treatment. Raman spectra of corresponding P-
CoOx/NCs (Fig.4.7 b) reveal that the decreased intensity of Aig, Fog and Eq vibration of
Co tetrahedral site, arising from the surface corrosion effect of phosphine gases. The
X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface
chemical states, proving the interfacial charge transfer from Co to P and confirm the P
doping into the carbon framework instead of the direct interaction with Co element. In
the whole XPS spectrum, it is noticed that there is still little amount of Zn in the samples
and the most abundant part is graphite carbons. Typically, in Table 4.1, the atomic
amount of Zn accounts for 0.11% and 69.86% of signals arise from carbons. When

considering the phosphine treatment, it can be revealed that with increasing amounts of
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phosphate precursor, the atomic percentage of P at the surface of m P- CoOx/NCs shows
the similar trend by increasing from 6% to 11.26% indicating the successful phosphine
post treatment. It is also noticed that the P 2p spectrum is deconvoluted into P-O (133.9
eV) and P-C (132.2 eV). With respect to C 1s spectrum, the relevant C-P is attributed

to 286.5 eV (Fig. 4.8 c,d)157:158],

Fig. 4.7. (a) XRD patterns, (b) Raman spectra of 600 P, 900 P, 1200 P-CoOx/NCs; (c)
Corresponding deconvoluted D and G band; (d) Schematic illustration of PVP role in

carbonization and phosphine post treatment.

In addition to the surface chemical composition analysis, the interfacial charge transfers
between Co and P atoms are confirmed by comparing the high-resolution Co 2p peaks
and P 2p spectrum (Fig.4.8 d.e). It is noticed that the spectrum of 900P-CoOx/NCs is
predominant of spin—orbit doublets (Co 2ps;2 and Co 2pu/2) as well as shakeup satellites,
characteristics of mixed valence of Co?*/Co%*'%%16° The spectrum is further
deconvoluted into Co%* (781.1 eV), Co?* (783.2eV), Co°(780.3eV) with a Co** to Co?*
to Co? ratio of 1:1.17:0.91. The peaks located at 780.3 eV and 796.2 eV are attributed

to the Co®. Interestingly, the 900P-CoOx/NCs possesses highest Co?* fraction among
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all prepared samples (shown in Table 4.1), arising from the reducing ability of
phosphine gas. Several studies!*®16? have shown that excessive amount of PH3 gas
during phosphorization proves will further reduce CoP to Co2Pl3l forming
heterojunctions. Compared with the Co 2p spectrum of 1200P-CoOx/NCs, a positive
shift towards higher binding energy from 600P-CoOx/NCs was observed (~0.8 eV).
Accordingly, high resolution of P 2p spectrum shows a negative shift (134.7 eV to 133.6
eV) due to the increase in the electron density. This shift arises from the electronic
transfer from Co to P atom, due to the stronger electron affinity of P64, To further
reveal P doping effects in carbon shells, UPS was conducted to investigate the Fermi
level of 900 P-CoOx/NCs. As indicated (Fig.4.8 c), the cut-off energy of CoOx/NCs and
900 P-CoOx/NCs are 12.21 eV and 12.56 eV, respectively. By using following equation:
Ef = @ = hv — Ecyt— o5y, the Fermi levels of samples were determined to be 9.01 eV
and 8.66 eV, correspondingly. Further plot (Fig.4.8 f) shows that the Fermi level of 900
P-CoOx/NCs shifts towards higher level, compared with that of CoOx/NCs. This shift
can be attributed to the P doping at carbon frameworks, which further redistribute the
electronic environment of cobalt elements. Moreover, when samples are contacted with
electrodes, electrons can be more easily transferred to 900 P-CoO4/NCs, facilitating

further catalytic reactions.
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Fig. 4.8. XPS results of (a) Co 2p and (b) P 2p spectra of 600 P, 900 P, 1200 P-
CoOx/NCs; (c) Ultraviolet photoelectron spectroscopy (UPS) of CoOx/NCs and 900 P-

CoOx/NCs; (d) Corresponding work function relative to the electrode.

As shown in O1s spectrum (Fig.4.9 b), the peak representing the Co-O bond (528.7 eV)
vanishes after the P vapor treatment. This phenomenon could be the excessive P
element on the surface of sample hindering the signal of Co-O. Combined with the
information from P 2p spectrum (Fig.4.9 d), it can be concluded that phosphorus atoms
are introduced to carbon frameworks instead of having direct interactions with Co to
form CoP as no spin-orbital doublets are observed in all x P-CoOx/NCs. While for those
O elements in cobalt oxide, it cannot be substituted by P to form CoP due to the strong
ionic bonding of cobalt oxide. When considering the configurations of N atom of

CoO«/NCs, its 2p spectrum is divided into three configurations®>1%6l: pyridinic N
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(398.0 eV), pyrrolic N (403.2 eV) and N oxide (405.5 eV) with an atomic percentage
of 46.6%, 45.2%, and 8.2% respectively. When introducing phosphorus atoms into
carbon frameworks, it can be noticed (Fig.4.9 c), an increase in the amount of pyrrolic
N and correspondingly a decrease in the percentage of pyridinic N suggesting P atoms
are introduced into carbon frameworks with similar configuration of pyridinic NI67],
The presence of different nitrogen configurations also provides the possibility to
coordinate with metallic actives forming M-Ng structure which has been reported to

facilitate the OERI168],

Fig. 4.9. (a) XPS surveys of CoOx/NCs and 900P-CoOx/NCs; (b) N 1s and (c) C 1s

spectra of CoOx/NCs and 900P-CoOx/NCs and (d) P 2p spectrum from 900P-CoOx/NCs.
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For comparison, we conducted the same phosphorization process on CoOx/NCs
samples without PVP assistance. As shown in Fig.4.10, the large particles are observed
at CoOx/NCs framework surface. Moreover, XRD pattern confirms the crystal phase.
Those peaks observed at 31.3< 36.3< 45.8< 47.9< 51.8°56.4 “are assigned to cobalt
phosphide phase (PDF# 29-0497). Combined with XPS results, it is confirmed that PVP
derived carbons may function as protective shell, which further prevents the

phosphorization of metallic cobalt and cobalt oxide.

Fig. 4.10. SEM images of (a) CoOx/NCs and (b) CoP nanoparticles derived from
CoOx/NCs without PVP, (c) Corresponding XRD patterns; (d) EDS mapping of CoP
nanoparticles (Scale bar: 500 nm); and (e) Corresponding EDS spectrum and table

summary of composition.

Table 4.1. Surface Element Composition (XPS) of the P treated ZIF derivates.
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As indicated in Fig.4.7. d, it can be concluded that the excessive amount of PVP is
incorporated into ZIF frameworks. Meanwhile, PVP polymers form layers on surface
of ZIFs, due to their affinity to metal atoms. The role of PVP polymer is further
summarized as follows: 1. The PVP layer contributes to the formation of carbon layers
(2-3 nm) during pyrolysis process. The PVP derived carbons not only increase the
graphitization degree of final products, but also provide interfacial stress, preventing
the inward collapse of ZIF frameworks. 2. The carbon out layers further function as
protective shells/ active shells, which are responsible for the P doping during
phosphorization. Combined with XRD and XPS results the P atoms mainly substitutes
the C and N atoms, forming P-C bonds and PO4* species in the carbon frameworks.
Meanwhile, such N doped carbons, compared with the activity of cobalt oxides, are
usually inert for water splitting. This means the protective carbon shells are not a solid

“wall”, which may prevent the penetration of water molecules.

4.3.3 Electrocatalytic Evaluation

Based upon above explanation of PVP role in carbonization and phosphorization, we
further optimized the Zn/Co ratios in ZIF precursors for water splitting application
(Fig.4.11). As indicated in XRD pattern, pristine ZIF-67 are converted to the mixture

of metallic Co and cobalt monoxide. With increased amounts of Zn dopant, the intensity
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of metallic cobalt peaks decreases gradually, indicating a loss of cobalt content.
Interestingly, the peaks representing CosO4 and CoO remain stable. Similarly, Raman
spectrum (Fig.4.11 c) of corresponding carbonized bimetallic ZIFs shows a similar
trend, where the intensity of peaks representing Co-Co interacting decreases gradually.
While peaks located at ~500 cm™ remain stable until the amount of input dopant
reaching 0.8 (ratio in molar). It is noticed that CoO is rather stable at 920°C and retain
well in all samples. It can be deducted that cobalt element firstly interact with O atom
released from PVP polymer forming cobalt oxides. Subsequently, the cobalt oxide is

reduced to metallic Co at high temperatures, due to the reducing ability of carbons.
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Fig. 4.11. (a-e) SEM and corresponding digital images of PVP-Zny@ZIF-67 (x=0, 0.2,

0.4, 0.6, 0.8).

Under this circumstance, optimization of HER based various of PVP-Zny@ZIF-67-920
samples was conducted (Fig.4.12 d). As indicated, Zno.@ZIF-67-920 outperforms
other candidates. The pristine ZIF-67 possesses certain catalytic performance,
originating from the catalytic effect of metallic cobalt and cobalt monoxide. After
introducing Zn dopant, Zno4@ZIF-67-920 and Zno.@ZIF-67-920 The pristine ZIF-8-
920 sample exhibits lowest catalytic performance, due to the limited exposed active

sites.

Fig. 4.12. XRD patterns of (a) PVP-Znx@ZIF-67, and (b) Carbonized PVP-Znx@ZIF-
67; (c) Raman spectra and (d) HER polarization curves of carbonized PVP-Znx@ZIF-

67.
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With well-constructed pore systems based on carbonized PVP assisted Zno@ZIF-67,
the electrocatalytic activities of phosphine treated CoOx/NCs were evaluated in N
saturated 1 m NaOH at ambient conditions with a sweep rate of 5mV/s. The reference
Pt/C (20 wt%) catalyst was evaluated as benchmark for HER. It possesses an
overpotential of 20 mV at current density of 10 mA cm and a Tafel slope of 35 mV/dec
in 1 m NaOH (Fig.4.13 a), due to its fast proton absorption and hydrogen desorption.
Among all samples, CoOx/NCs possess the poorest catalytic performance, while 900P-
CoO«/NCs present low overpotential and low Tafel slope. Due to its optimized
electronic environment, Co element exhibit outperforming activities in 900P-
CoOx/NCs with an overpotential of 82 mV at 10 mA cm™ and a Tafel slope of 79
mV/Dec. This Tafel slope of 79 mV/Dec indicates the rate-determining step (RDS) as
Volmer-Heyrovsky step, where electron transfer and hydrogen desorption sluggish the
whole reaction pathway™*3l. Nyquist plot was conducted at an overpotential of 100 mV
to investigate the electron transfer ability (Rct). As indicated in Fig.4.13 ¢, commercial
Pt/C exhibits a low Rct of 12.5 Q, followed by 900 P-CoOx/NCs (Rct =18.2 Q), 1200
P-CoOx/NCs (Rct = 23.0 Q), 600 P-CoOx/NCs (Rct =27.7 Q). The smaller value of
900 P-CoOx indicates the easier electron transferability towards adsorbed hydrogen

atoms.
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Fig. 4.13. (a) HER polarization curves, (b) Corresponding Tafel slopes and (c) Nyquist
plots of CoOx/NCs treated with 0, 600, 900, 1200 mg of P precursors and 20 wt% Pt/C
benchmark at a sweep rate of 5mV/s; (d) OER polarization curves, (e) Corresponding
Tafel slopes and (f) Nyquist plots of CoOx/NCs treated with 0, 600, 900, 1200 mg of P
precursors and IrO2 benchmark at a sweep rate of 5 mV/s in 1m NaOH; (g) Double layer
capacitance; (h) LSV curves of 900 P-CoOx/NCs after cycling; (i) SEM image of 900

P-CoOx/NCs after cycling.

Similar to the HER results, the OER performance of 900P-CoOx/NCs also outperforms
those samples treated with 600 mg and 1200 mg of P precursors. As shown in Fig.4.11
d, its overpotential required to achieve a current density of 10 mA cm is 343 mV and
a 383 mV to achieve the current density of 50 mA c¢m2, while others exhibit higher
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overpotentials (mio =390mV and 400 mV for 600P and 1200P-CoOx/NCs
correspondingly. The Tafel slope of 900P-CoOx/NCs possesses lowest value of 68
mV/Dec (Fig.4.11 e), indicating the highest kinetics in OER. The Nyquist plot was then
conducted at an overpotential of 100 mV to demonstrate the resistance of electron
transfer, where a lower value indicates a faster electron transfer processi*®l. All the
semicircles in Fig.4.11 f deviate the origin point with a value of ~6.5 Q, caused by the
electrolyte resistance (Rs). Among all samples, 900P-CoOx/NCs possess the lowest
electron transfer resistance (2.5 Q). This value suggests 900P-CoOx/NCs can facilitate
the charge transfer (Rct) at the interface towards oxygen evolution, due to a moderate
electronic environment of Co elements. While other phosphine treated samples exhibit
relatively larger resistance to the charge transfer (27.5Q for 600P-CoOx/NCs; 39.2 Q
for 1200P-CoOx/NCs). The larger resistance can be contributed to the weaker or
stronger interaction between Co and P with undesired electronic environment of Co
element. However, compared with the Rct of CoOx/NCs (49.5 Q), the treatment with
phosphine vapor improves the electron transfer resistance as well as exposed active

sites in the carbonized sample.
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Fig. 4.14. CV scans at different scan rates for (a) 20 wt% Pt/C; (b) 600P-CoO«/NC:s; (c)

900P-CoOx/NCs and (d) 1200P- CoOx/NCs.

Double layer capacitance (Ca) measured at non-faradic region was employed to
investigate the possible active sites in the samples (Fig.4.11 g and 4.12). The calculated
values of Cq are 3.3 mF cm™, 16.9 mF cm, 22.3 mF cm2, 8.7 mF cm™ for CoO,x/NCs,
600P-CoOx/NCs, 900P-CoOx/NCs, 1200P-CoOx/NCs and commercial Pt/Cs
respectively. Among them, 900P-CoOx/NCs present the highest Cq value, suggesting
more active sites exposed for the proton adsorption. Compared with the Cq of
CoOx/NCs, all values of P-CoOx/NCs are larger, suggesting the P treatment is an
effective strategy to expose the available active sites. Since our P-CoOx/NCs (~ 2.5x10
"' mol/cm?) has higher active site density than even Pt/C product (~ 2.1x10°" mol/cm?),
the catalyst carbon matrix in our samples would be obviously superior to the carbon

substrate of Pt/C. This advantage is attributed to its mesoporous pore size (rather than
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micro pore of Pt/C). As a result, this post phosphorus doping strategy significantly
improves the reaction kinetics of samples. In addition, it is noticed that the higher Co?*
fraction in the sample boosting the overall reaction suggesting the Co?* are the active
sites towards water splitting!*>®53l, The polarization curves towards HER and OER
after 2000 CV cycles (Fig.4.11 h) also prove a good stability of as-synthesized samples
with a deterioration of 54 mV (HER) and 68 mV (OER) at the current density of 10 mA
cm. Meanwhile, SEM (Fig.4.11 i), XRD and Raman spectrum (Fig.4.13 c,d) confirms

the morphological and structural stability after the cycling test.
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Fig. 4.15. (a) Cell voltage of overall water splitting reaction (900 P-CoOx/NCs || 900
P-CoOx/NCs); (b) Chronopotentiometry curve for 900P-CoOx/NCs at 1.69 V vs. RHE;
(c) XRD pattern and (d) Raman spectrum of 900 P-CoOx/NCs after cycling test; (e)
Digital image of water splitting device; (f) Collected gas volume and calculated Faraday

efficiency of 900 P-CoOx/NCs.
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The overall water splitting reaction was conducted by drop-casting catalysts on the
carbon paper as cathode and anode. As demonstrated in Fig.4.13 a, the fabricated two-
electrode cell requires a rather low voltage (1.69 V) to achieve a current density of 10
mA cm. The stability of this cell was further tested at 1.69 V for 15 hours. It is noticed
that a 4.7% of current density decay, which is likely attributed to the protective graphite
layers around the cobalt oxides (Fig.4.13 b). To further explore the catalytic
performance of 900 P-CoOx/NCs, the production of Hz and O as a function of reaction
time was collected and has a good consistence with theoretical calculated amount Hy
and Oz production at the current density of 9.5 mA cm. The water splitting reaction
based on 900P-CoOx/NCs achieves an average Faraday Efficiency above 95% with a
ratio of H to Oz equalling to 2 (Fig.4.13 e,f and Table 4.2). Moreover, the production
rate for H, and O; are calculated to be 0.048 umol s and 0.024 umol s respectively.
What’s more, our 900 P-CoOx/NCs exhibits a good position in both HER and OER

catalytic performance compared with other cobalt based catalysts.

Table 4.2. Summary of the measured amount of H> and O and their corresponding

Faraday Efficiency

Note: The Faraday efficiency (n) is the ratio between the measured volume and
theoretical volume of produced H> and O at different time.

The theoretical volume is calculated from the following equation:
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Vineoreticat = I X t X Vinore/(n X F)
Where [/ is the current measured during the electrolysis, ¢ is the time, Vo is molar
volume of H> and O; at standard conditions, 7 is the number of electrons to produce 1

molecule of H> and O», and F is the Faraday’s constant (96485 C/mol)
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4.3.4 Investigation of catalytic performance of multivalence Co

To reveal the role of different valence states of cobalt in P-CoOx/NCs, a series of post
treatments have been conducted: (1) Employ acid to remove cobalt oxide denoting
Co/NCs; (2) Anneal CoOx/NCs at 550°C to transform metallic Co to cobalt oxide,
referring to O-CoOx/NCs. As shown in Fig.4.14 a-b, the acid treated CoOx/NCs
exhibits an open-structure, caused by the strong acid leaching effect. While the oxidized
samples reveal random particle distribution. Moreover, the carbon content of O-
CoOx/NCs is rarely observed, due to the open-air calcination. Further XRD pattern
(Fig.4.14 c) and Raman spectrum (Fig.4.14 d) confirm the observation. The new peaks
in O-CoOx/NCs represent the existence of Co3QOg, indicating a higher oxidation fraction
of Co. For acid leached sample, only characteristic peaks of metallic cobalt are
identified, proving a lower oxidation state. When considering HER performance
(Fig.4.14 e), CoOx/NCs requires the lowest overpotential (219 mV) compared with that
of oxidized CoOx/NCs (302 mV), and metallic Co/NCs (235 mV) to achieve a current
density of 10 mA cm. This phenomenon indicates the presence of metallic Co (Co?)
cooperating with higher valence state of cobalt (Co?") lowers the energy barrier of
hydrogen generation. However, all Tafel slopes of corresponding samples towards HER
are above 150 mV/Dec (Fig.4.15 a) suggesting the desorption of Hags are the rate-
determining steps*’® in the alkaline medium. Nevertheless, Co/NCs at higher current
density exhibits a faster reaction kinetics, which can be attributed to the open structure

of carbon frameworks and more exposed metallic active sties.
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Fig. 4.16. (a-b) SEM images of Co/NCs and O-CoOx/NCs; (c) XRD patterns; (d)
Raman spectrum; (e)HER; and (f) OER polarization curves of Co/NCs, O-CoOx/NCs

and CoOx/NCs.

When considering OER performance (Fig.4.14 f, 4.15 b), both acid-treated and
oxidized CoOx/NCs (Co/NCs and O-Co/NCs) requires a higher overpotential to achieve
the current density of 10 mA cm? (470mV and 427 mV respectively). This higher
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overpotential prove the synergetic effects between Co?* and Co®* to boost the water
splitting reaction. Interestingly, the Cqi value of Co/NCs shows the highest value among
all three batches (6.75 mF/cm? Fig.4.15 c) which may arise from the removal of
excessive metal oxide and amorphous carbons. This acid leaching process provides
more possibilities with active sites exposed to electrolyte. It is also noticed that the
reaction Kkinetics of O-CoOx/NCs has been improved for both HER and OER. This
enhancement may be attributed to the oxidation of Co?* to Co®" firstly then followed
by the formation of key intermediate Co-OOH by OH" adsorption during the water
oxidation reaction!*"t, When considering electron transfer resistance of multivalent Co
elements. The existence of various states of cobalt in CoOx/NCs shows the lowest value
(49.5 Q, Fig.4.17 d) suggesting the synergetic effects between cobalt elements and the
as-prepared CoOx/NCs can be employed as a promising candidate for post phosphine
treatment. Therefore, due to the higher fraction of Co?* (Co**: Co?* = 1: 1.17) in 900P-
CoOx/NCs, the adsorption energy of H>O molecule can be minimized, which further

facilitates the conversion of adsorbed OH™ groups to oxyhydroxides intermediates.
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Fig. 4.17 Tafel slopes of (a) HER; (b) OER; (c) ECSA; and (d) Nyquist plots of Co/NCs,

O-CoOx/NCs and CoOx/NCs.

4.4  Chapter Conclusion

In conclusion, we fabricated the N/P codoped cobalt oxides based electrocatalyst to
boost water splitting reaction, the N and P atoms were doped into the carbon
frameworks, where nitrogen and phosphorus elements originated from organic linkers
and phosphine vapor, respectively. By further optimizing the phosphine precursor’s
amount, the electronic environment of cobalt element can be regulated, which further
contributes to an optimized intermediate adsorption/desorption energy, and enhanced
catalytic performance. Moreover, the PVP assisted carbonization treatment equipped
the catalyst with a high specific surface area of 645.7 m? g and micro-mesoporous
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topologies. The final electrocatalyst can drive the HER and OER at an overpotential of
89 mV and 343 mV udner a current density of 10 mA cm, respectively. Overall, our
findings included the following: 1) The carbonization of ZIFs assisted by PVP polymer
can avoid the collapse of pore system under harsh carbonization, contributing to active
sites exposure and N doping into the carbon frameworks; 2) The mesoporous system
and PVP functionalization promotes the surface interaction between phosphine vapor
and carbons to allow P doping. The optimized electronic environment of cobalt oxides
tuned by N and P heteroatoms towards boosting water splitting reaction; 3) Phosphine
post treatment also enhances the accessible electrochemical active surface area as well
as the electron transfer kinetics shedding lights on the electronic modulation of ZIFs

assisted by PVP.

The post acid and oxidation treatment reveal that the synergetic effect between Co° and
Co*" facilitates HER kinetic, meanwhile, effect between Co®" and Co’" improve the
OER kinetics. In addition, the constructed electrolyzer based on 900P-CoOx/NCs
possesses a cell voltage of 1.69 V to achieve the current density of 10 mA cm™. We
believe that our study provides a robust way to construct mesoporous system in
carbonized ZIFs, and an electronic modulation strategy of cobalt oxides electrocatalysts

for water splitting reaction.
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Chapter 5. Biomass derived cobalt sulfide for
electrochemical water splitting and its all-flexible

moisture digester

5.1 Introduction

Electrocatalytic water splitting to generate hydrogen and oxygen has attracted intensive
attention as an effective solution to alleviate the global warming!'33]. The transition
metal-based catalysts are explored to substitute the noble metal catalysts!®!. Notably, the
transition metal-based catalyst is usually supported by carbon frameworks, due to their
advanced stability, diversity, and tunability. Therefore, the utilization of biomass as
natural carbon sources to decorate metal active sites has been attracting increasing

s!T7173] 1t is originated from the easy reproducibility, accessibility, and low-

interest
cost of such biomass derived carbons. Willow catkin!'7#, as cellulose based biomass,
can be easily converted to active carbons using pyrolysis approach. However, due to
the rare amount of metal fixing atoms (e.g., M-N4) in the carbon skeleton, such
conversion is reported to employ excessive ammonia gas as the nitrogen source to load

1731 a protein-

the metal-based catalysts. More recently, researchers utilized silk fibroin!
based biomaterials rich in amino groups, as the precursor to load the metal active sites.
Such in-situ fixing strategy, to some extent, allows interactions between metal and
nitrogen atoms during carbonization process. Nevertheless, the transition metal atoms
will easily aggregate at high temperature, leading to the elemental metal. Moreover,
efficiency of N doping in such carbon frameworks are low, as the evaporation of organic

bonds at high temperature are more sever ). Herein, we modified wool keratin structure

to selectively fix cobalt active sites into fibres before carbonization process, and
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successfully converted biomass as support for electrocatalysts.

Among several fibre-based candidates, wool fiber, as a fundamental raw material in
textile industry, is chosen as a promising candidate for the electrochemical applications

176-179] The structure of wool is distinctive from

(e.g. sensors, capacitors, and catalysts)!
that of silk, where a-helix structures containing amino groups are further connected by
disulphide bonds (-S-S-) to form macro fibre structure. Specifically, the outermost layer
of wool fibre has certain level of disulphide bonds!'®’]. Meanwhile at the nano scale, a
sulphur rich region exists in the intercellular place, which can also be engineered by
either oxidation or reduction!!®!132] By adopting the click chemistry method, the
cleavage of disulphide bonds in these regions via reductive treatments contributes to
cysteine groups, where the fixation of metal atoms such as gold can be achieved 1331841,
Such metal fixation strategy starts from the treatments of natural precursors shows a
more efficient loading. Compared with that of in-situ fixation and carbonization process,

the metal active sites are already fixed tightly by coordinative bonds before

carbonization process.

In this work, we firstly engineered the wool fibre at a mesoscale to encapsulate the
cobalt-based nanoparticles for the application of water splitting reaction for the first
time. The fixation was achieved by selectively reducing disulphide bonds to cysteine
groups in the keratin by NaBHy, allowing further coordinative interaction between thiol
groups and cobalt ions. Such fixation strategy facilitates the formation of Co9Sg during
carbonization process, by avoiding the interaction between cobalt ions and oxygen
element in the keratin. In comparison, the physical adsorption of cobalt ions was

conducted by manually denaturing the wool structure with NaOH. Instead of forming
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Co9Sg, CoO and metallic Co were generated during pyrolysis, arising from the release
of O element in organics, reducing ability of carbons and aggregation of metal ions at
high temperature. The obtained catalysts supported by biochar, experiencing further
activations process, are denoted to the CooSs supported by N/P co-doped carbons (Fix-
920-A). The as-prepared catalyst boots the electrocatalytic water splitting reaction (110
=90.7 mV for HER, and 110 =295 mV for OER). A low cell voltage (ni0=1.62 V) can
be achieved when the as-obtained catalysts are employed in an alkaline water
electrolyzer. Based on this superior catalytic performance, an all-flexible device is
designed and fabricated by adopting the strategy of hydrogel separator and moisture
sensitive salts, which possess a stable working current at 20 mA for 2 hrs. Therefore,
we not only demonstrate a reduction-carbonization-activation strategy for the
utilization of natural biomass, but also provides a concept of personalized wearable

device for human health improvement.

5.2 Experimental Section

5.2.1 Materials

Wool felts with average fibre diameter of 30 um were purchased from Tianmei Felt
Factory, China. Wool felts were further washed with a mixture of ethanol/acetone
(50/50 v%) to remove dusts, grease, which were further dried in the oven at 80°C. All
silver fabrics were purchased from Kazhtex Co. China. Elastic 50A for 3D printing was

provided by the 3D printing machine supplier (Formlabs Forms 3, UK).

All other chemicals were used as delivered: Sodium borohydride NaBH4 (99%);
sodium hydroxide (97%), potassium hydroxide (99%), and sodium chloride (90%) were
purchased from J&K Chemicals Co., Ltd. China. Cobalt (II) acetate (99%) and
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Phosphoric acid (= 85 wt.% in H>O) were purchased from Fisher Scientific UK.
Commercial Pt catalyst (20 wt%, Pt/C) was purchased from Alfa Aesar Chemicals Co.,
Ltd., USA. Agar-agar (Biological grade) and urea (99%) were purchased from Shanghai

Aladdin Biochemical Technology Co., Ltd.

5.2.2 Synthesis of Wool-Fix/Ads

Precleaned wool felts (0.4 g, 2 x 2 x 0.5 cm?) were immersed in the solution of NaBH4
(5g/L; liquor ratio = 1: 50) under vigorous stirring for 4 hours at room temperature,
which is denoted as Wool-R (Note: pH of solution is tuned to ~8 by drop adding of 1m
NaOH to avoid the reformation of disulphide bonds). The treated samples were then
separated and centrifuged under 10,000 rpm for 10 minutes to remove excessive
solution. The pre-dried samples were subsequently immersed into cobalt acetate
solution (10 mL, 10 mM) under shaking for 8 hours, allowing the diffusion and fixation
of cobalt ions into the wool fibers. Afterwards, samples were rinsed by DI H>O,
centrifuged under 10,000 rpm for 10 minutes, and dried in a vacuum oven at 60°C

overnight. The as prepared sample denotes to Wool-fix.

With respect to the adsorption samples (Wool-Ads), the NaBH4 was substituted by 10
mM NaOH (pH ~ 10), whereas other procedures remain the same. In addition, the

alkaline destroyed wool samples without immersing into cobalt precursor solution were

denoted to Wool-D (NaOH treated).

5.2.3 Synthesis of Fix/Ads-920, and Fix-920-A/K

Wool-fix/ads samples (0.5 g) were put into a tube furnace with N2 inert environment,
where a two-step carbonization approach was conducted. The temperature was firstly

elevated to 350 °C with a ramp rate of 5 °C/min and maintained for 1 hour to form
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conjugate carbon frameworks. Subsequently, the temperature was risen to 920 °C with
a rate of 3 °C/min and held for 2 hours. The samples collected after naturally cooling
down were denoted to Fix-920. For carbonized Wool-Ads sample, it was marked as

Ads-920.

To activate the Fix-920; the obtained samples (0.1 g) were immersed into phosphoric
acid solution (2 ml; 5wt%) under vigorously stirring for one day. The samples were
collected and washed with DI H>O by centrifuging at 10,000 rpm, which then dried at
80°C overnight. Afterwards, the phosphorus acid impregnated Fix/Ads-920 samples
experienced 550°C activation process for 2 hours with a ramp rate of 5°C/min under N>
inert atmosphere. The collected electrocatalyst supported by biochar was denoted to
Fix-920-A. To fabricate Fix-920-K, 0.1 g Fix-920 was thoroughly ground with 0.2 g
K>CO3, where other procedures remain the same. The K>COs activated Fix-920 further

denotes to Fix-920-K.

5.2.4 Preparation of catalysts onto the carbon cloth/silver fabrics

The obtained electrocatalysts (5 mg) were dispersed into a mixture of iso-propanol
(200uL); ethanol (200uL) and DI H>O (580 pL, conductivity = 0.26 pS cm™) with extra
addition of Nafion dispersion (20 pL, 5wt%). After achieving uniform dispersion of
catalyst under sonication for 1 hour in an ice bath, 10 pL of dispersion was drop-casted
onto two sides of a 0.5 x 1 cm? carbon cloth (Ageometric= 1 cm?)/ silver fabrics (Ageometric=
20 cm?). The casted carbon cloth/silver fabric was dried under infrared irradiation for

30 minutes to yield a mass load ~ 0.2 mg/cm?.

5.2.5 Synthesis of moisture sensitive hydrogel

To prepare moisture sensitive hydrogel, 0.25 g of agar, 0.75 g urea and 0.15 g sodium
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chloride were dissolved in 9 g H>O. The temperature was then elevated to 85°C to
obtain transparent solution, which was further poured into 3D printed separator, and

cross-linked in a 4°C fridge for 24 hrs.

5.2.6 3D printing of resin separator for wearable device

All 3D printed separators were conducted on Formlabs Forms 3, UK, using
stereolithography method. Each layer was set to be 0.2 mm, while 3 layers were
deposited for final separator. The as-deposited separator was cured under 365 nm UV

light for 15 min, and further washed/cleaned by ethanol for 30 min to remove residuals.

5.2.7 Physical characterizations

Scanning electron microscopy (SEM) images and Energy Dispersive X-ray
spectrometer (EDX) were obtained from a Tescan VEGA3, Czech (accelerating voltage
=20kV). Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
were conducted on JEOL 2100F, Japan (operating voltage = 200 kV). X-ray diffraction
(XRD) patterns were collected on a Rigaku SmartLab 9kW-Advance, Japan using
monochromate Cu ko radiation (A = 0.154 nm) at a scan rate of 5°/min. Raman
spectroscopy was taken using a NomadicTM 3-in-1 microscope, America with He-Ne
laser excitation (A= 532/785 nm) and OLYMPUS MPIlanFLN 10x objective lens. (Note:
for all measurements on organic wool fibers, 785 nm laser was selected using a laser
power of 1% and expose time: 10s.) Brunauer-Emmett-Teller (BET) surface area
measurements were taken by N> adsorption-desorption isotherm at 77 K using NOVA
touch LX4, Austria. The quantitative analysis of cobalt was obtained by the Agilent
5100 synchronous vertical dual view inductively coupled plasma—optical emission
spectrometer (ICP-OES). X-ray photoelectron spectroscopy (XPS) was recorded on a

Thermo Scientific Nexsa, UK using a monochromatic and focused Al Ka source
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(1486.6 €V).

5.2.8 Electrochemical measurements

The electrochemical measurements were carried at the electrochemical workstation
(CHI660E, Shanghai Chenhua Science Technology Corp., Ltd.). A typical three-
electrode configuration including Pt plate (2 x 1 cm?, 0.1 mm) as counter electrode;

Hg/HgO (1m KOH) as reference electrode, carbon paper (0.5 x 1 cm?) as working
electrode was employed for both HER and OER evaluations. In this case, carbon paper
was washed with ethanol and DI H,O under sonication for several times, and N2
saturated 1M KOH (pH =13.8) was functioned as electrolyte. The linear sweep
voltammetry (LSV) was measured at a scan rate of 5 mV/s with iR compensation, where
electrolyte resistance was determined by electrochemical impedance spectroscopy (EIS)
at open circuit voltage. All recorded potentials were converted to the reversible
hydrogen electrode (RHE) according to the Nernst equation (Equ. 1):

Erue(V) = Eworking + 0.059pH +EI(-)Ig/HgO — iR (1)

Where Erge is the calculated potential vs. RHE, Eworking 18 the recorded potential against

Hg/HgO, and E ,?,g /Hgo €quals to 0.098 V, which is the standard equilibrium potential at

25 °C. The Tafel slope has been plotted according to the equation below (Equ. 2) to
investigate the reaction kinetics:

n=a+ Blog(j) (2)
Where 1 and j are overpotential (mV) and current density (mA cm™) respectively.
Double layer capacitance (Ca) was taken by employing cyclic voltammetry (CV) at
scan rates varying from 5 mV/s to 100 mV/s. The Ca was calculated by figuring out the
potential difference in the non-Faradaic region. Electrochemical Impedance

Spectroscopy (EIS) measurements were conducted at an overpotential of 50 mV for
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HER and 150 mV for OER with an amplitude of 5 mV from 100 KHz to 0.1 Hz to
investigate the charger transfer resistance and mass transfer at high- and low-frequency
region respectively. The stability test was conducted by the chronoamperometric curves
(I-t) at a current density of 10 mA cm™, and the CV testing with a scan rate of 100 mV

s for 1000 cycles.

5.2.9 Theoretical simulations

Density functional theory calculations were conducted, using projector augmented
wave (PAW) pseudopotential and the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional implemented in the Vienna Ab-initio Simulation Package (VASP).
Calculations were made by a plane wave kinetic energy cut-off energy of 450 eV. The
Gamma k-point meshes of 2 x 2 x 1 was set for the structural relaxation. The
convergence criterion for the force and energy was set to be 10 eV and 0.01 eV A,
respectively. The structures were spin-polarized and under relaxation until reaching the
convergence tolerance of force on each atom (< 0.05 eV). The Brillouin-zone
integration was sampled by a I'-centered 6 x 6 x 1 Monkhorst—Pack k-point. To better
describe the electron stats of 3d orbital in cobalt element, DFT+U method was
employed, where U= 4.5 eV for CooSs['*], and U = 3.5 eV for CoO.[*!

The adsorption energy is calculated as follows:

AGy = AE + AZPE —TAS 3)

Where AE is the total energy difference between slab model and adsorbate A, AZPE 1is
the zero point energy of adsorbate (Hz, O2 and H>O), and TAS is achieved by the

thermal correction of intermediate model using T = 298.15 K in a VASPKIT module

[186]
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5.2.10 Moisture uptake and device performance measurement

The measurement of all-flexible moisture digester was conducted in a temperature
humidity chamber (HD-100T, HaiDa Co., China). The condition was set to be 37°C,
80% RH and maintained for 2 hrs. The working current was recorded on a CHI660E

(Chenhua Co. China) electrochemical station, using a working voltage of 3V.

5.3 Results and discussion

5.3.1 Morphology and composition characterization of catalysts supported by
biochar

As illustrated in Scheme 1, the modification of wool felts starts from a mesoscale level,
where the cuticle layer (0.5 um in thickness) will experience a reduction (Wool-R) or

denaturation (Wool-D) treatment.

Scheme 5.1. Fabrication process of reduced/destroyed wool felt for Co-based (metallic

Co, CoO and Co9Ss) electrocatalysts supported by biochar frameworks.

The Fig.5.1 indicates that little changes in the dimensions can be noticed after
reductive/denaturalize treatments, since reactions major take place at mesoscale of

fibers.
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(a) (b) (c)

Fig. 5.1. Digital images of (a) Wool, (b) Wool-R, and (¢) Wool-D (Scale bar: 1 cm).

The subsequent diffusion of cobalt ions will be selectively fixed or simply adsorbed in
a nanoscale, depending on the chemical treatments. Such fixation/adsorption strategy
further contributes two distinctive cobalt-based catalysts (Co9Ss/CoO based) after
carbonization process. Compared with diameter of original wool fibre (30.2 £ 5 pum),
both diameters of reduced and denatured wool fibers show a slight decrease by 0.4 um
and 0.6 um, respectively. Moreover, the epicuticle layer become smooth after alkaline
treatment, arising from the hydrolysis of wool fibers. The XRD pattern (Fig.5.2 d) was
then recorded to investigate the crystal changes. Notably, Wool-R sample exhibits a
decreased crystallinity in keratin I region, proving the selective disruption of disulphide
bonds. Since keratin I structure is composed of intermediate filaments, where a-helix
structure 1s connected by disulphide linkages. Such selectively reductive treatment
decreases the periodic arrangements between helix structure, causing a decrease in
crystallinity. The Raman spectrum was subsequently collected to identify changes of
chemical bonds in wool fibers before and after treatments, due to the good sensitivity
to disulphide bonds and thiol groups!'®’-!¥1. As shown in Fig.5.2 e, peaks located at
507.3 cm™,1451.1 cm™; 1670.5 cm™ and 2980.6 cm™ were attributed to the disulphide
bonds, Amide I and II groups, and CH groups [1°°,'°!]_ correspondingly. After reducing/
denaturing treatment, peaks indicating amide groups (C-N, -C=0) still can be observed.

The remaining amide peaks suggest that the wool skeleton mostly survives after both
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reductive and denatured treatments. The denaturation process does not change the
peptide linkages (primary structure) after removing the scale layer, but alters the
secondary, and tertiary structures in the keratin, contributing to the remaining peaks in
Raman (Amide I and II groups). However, the peak intensity of disulphide bond
decreases significantly after both treatments, showing the selectively destroy/ reduction
of the bond. Notably, the reduced thiol groups can be detected from the peak at 2585

cm’! in Wool-R sample 2], proving the selective reduction of disulphide bond.

Fig. 5.2. (a-c) SEM images, (d) XRD patterns and (¢) Raman spectra of original wool

felt, denatured wool fibers (Wool-D), and reduced (Wool-R), respectively.

After immersing the treated wool felt into cobalt solution, the cobalt ions are expected
to diffuse into wool surface firstly and are further fixed by thiol groups by coordinative
bonds (Wool-Fix). As indicated in Fig.5.3 a-c, a clear colour change of reduced wool
felt from yellow to light brown can be observed. This change indicates diffusion and
subsequent fixation of cobalt ions into wool skeleton (Fig.5.3 d-f). However, such

evidence of cobalt ion diffusion cannot be observed in alkaline treated samples, due to
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the low diffusion kinetics, and limited adsorption sites for cobalt atoms (Wool-Ads).

Fig. 5.3. (a-c) Digital images (scale bar: 1 cm), (d-f) optical microscopy of original

wool felt, Wool-fix; and Wool-ads, respectively.

Raman spectrum of the subsequent fixation/adsorption of cobalt ions shows (Fig.5.4 a)
2 characteristic peaks of Co-S complex and Co(OH),. Specifically, peaks located at
263.9 cm™ and 289.8 cm™! are attributed to Co-S complex 2, whereas the peaks
observed at 474.1 cm™ and 521.4 cm™' are regarded as the signal of Co(OH), %3], The
formation of cobalt hydroxide can be considered as the interaction between remaining
hydroxyl groups and cobalt atoms once diffusing inside the wool fibre. Therefore, we
conclude the whole reductive process at wool felt as follows: the sodium borohydride,
a common strong reducing agent, will be firstly hydrolysed into boron hydroxide (Equ.
4). The disulphide bonds are then reduced to thiol anions (Equ. 5), where cobalt cation

ions will be fixed by forming coordination bonds (Equ. 6). 182

NaBH, + 4H,0 — B(OH); + Na* + 3H, + 2H" + 2¢ 4)
K-S-S-K + 2H" + 2¢" — 2 K-SH (5)
4K-SH + Co®" — [Co?* (S-K) 4] + 4H" (6)
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Where K indicates the amino, carboxyl groups in keratin structure.

As indicated in TGA curve (Fig.5.4 b), the formation of carbon skeleton is supposed to
take place when temperature is above 350 °C by decomposing amino groups, carboxylic
groups in wool keratin ('Y, When temperature is further evaluated to 700 °C, ~70%
weight of Wool-fix is lost due to the cleaving of surface ether/carbonyl groups on

(1951 Moreover, more amounts of residuals (~26%) at 900°C can be

carbon frameworks
observed in Wool-fix sample, indicating a high loading of cobalt elements by fixation

strategy.

Fig. 5.4. (a) Raman spectra of Wool-ads and Wool-fix, (b) TGA curves of Wool fibers,

Wool-ads and Wool-fix.

As observed in EDS mapping of carbonized wool fiber (Fig.5.5 a, 5.6 d,e), the EDS
result confirms the uniform dispersion of Co and sulphur elements along one single
carbonized wool fibre (Fix-920), and further suggesting an cobalt atomic composition
of 0.17%. During activation process, H;PO4 acid acts as activation reagent by attacking
the remaining phenolic and carbonyl groups firstly. Such interaction is then supposed
to introduce C-O-P configuration into the carbon skeleton during post decomposition

process, leading to a porous biochar. After carbonization and activation process, the
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Fix-920-A remains fibre structure, but possesses rough surface and spongious structure
in SEM images (Fig.5.5 e). Further TEM images (Fig.5.5 f) of Fix-920-A show that
particles are decorated in carbon skeleton, and determined as a mixture of metallic Co

(dg111; = 0.204 nm ) and Co9Sg (d440; = 0.248 nm) under HRTEM (Fig.5.5 g).

Fig. 5.5. (a) EDX mapping of Fix-920; (b) Digital image of original wool felt and Fix-
920-A electrode; (¢c) SEM image, (d) XRD patterns, (¢) TEM and (f) HRTEM images

of Fix-920-A.

Moreover, the formation of carbon nanotubes was identified, which is attributed to the
catalytic effect of metallic cobalt particles for CNT growth at high temperature. [167:1
The composition of cobalt element, further determined by ICP-OES, in Ads-920 and
Fix-920 was 2.50 wt.% and 4.76 wt.%, respectively. The X-ray diffraction pattern
(Fig.5.5 d) was then recorded to investigate the crystal structure of various samples.

After carbonization at 920°C, all samples possess a broad peak at 25.2°, indicating the

graphite {002} facet 1°7]. Meanwhile, those peaks indicating existence of CoO, Co, and
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Co9Sg were observed. Specifically, peaks located at 36.4°, 42.3° and 61.4° are attributed
tothe {111}, {200}, and {220} facet of CoO (PDF#15-0806) in Ads-920 sample. Peaks
at 44.1° and 51.3° shows the existence of metallic Co {111} and {200} plane (PDF#43-
1003) in both Ads-920 and Fix-920-A samples. The formation of metallic cobalt
particles can be attributed to the reducibility of active carbons at high carbonization
temperature 19811 which also in turn facilitates the growth of CNTs. In contrast to the
Ads-920, the sample prepared by coordinating the thiol groups (Fix-920 and Fix-920-
A) contributes the formation of cobalt sulphide (25.3°, 30.1°, 31.3°, 39.6° and 47.6°,
respectively, PDF#02-1459). Meanwhile, the existence of cobalt sulfides and porous

morphology is observed in SEM and TEM images (Fig.5.6. a-c)

Fig. 5.6. (a,c) TEM and (b) SEM image of Fix-920-A; (d) corresponding EDS mapping;

(e,f) EDS spectrum and table summary of compositions in Fix-920-A sample.

The Raman spectrum (Fig.5.7 a) of carbonized samples also indicates the existence of

Co-0O/ Co-S bonds in range of 190 cm™ to 750cm™ 12902021 Peaks located at 195 cm’!,
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510cm™ and 610 cm™ are attributed to Fag (1) and Fag ) mode metallic Co.**! The
intensive peaks at 474 cm! and 688 cm™! indicate the E, and Ay mode of Co-O/S
tetrahedral structure 24, Meanwhile, the broad peaks at 1350 cm™ and 1650 cm’
indicate the D and G mode of graphite structure, respectively (Fig.5.7 b). The ratio
between peak intensity of G and D band (Ic/Ip1) is an indicator of graphitization degree
in the samples!'?l. All values (I/Ip1 < 1) show a relative low graphitization degree. For
Fix-920 sample, it possesses highest graphitization degree (Ig/Ip1 = 0.64). While after
acid activation process, the graphitization degree decreases to 0.59 suggesting more

defects of carbon frameworks in the Fix-920-A.
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Fig. 5.7. (a) Raman spectra; (b) Corresponding deconvoluted D and G band; (¢) Co 2p
and (d) S 2p spectra of Wool-920, Ads-920, Fix-920 and Fix-920-A, respectively; (e) N

Is and (f) P 2p spectra of Fix-920 and Fix-920-A.

In addition to the morphology and composition analysis, the topological measurements
of various samples were investigated by N> adsorption-desorption analysis. Compared
with the inactivated samples (Fig. 5.8 a), the phosphorus acid activated samples shows
a typical Type III hysteresis loop, characteristics of mesoporous structure 2%, The Fix-
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920-A sample possesses a BET surface area of 439.3 m?/g and an average pore size of
3.4 nm (Fig. 5.8 b), which is a typical mesoporous system and comparable with the

pore system of those ZnCl> and K»COj activated carbon samples [206-2081,

Fig. 5.8. (a) N> adsorption-desorption isotherms; (b) Pore size distribution and

cumulative pore volume of Fix-920-A derived from N, adsorption-desorption isotherm.

The high-resolution X-ray spectroscopy (XPS) was conducted to investigate the surface
chemical states, prove the changes in the cobalt electronic environment, and doping of
phosphorus atoms in carbon matrix. As shown in Fig.5.9 a & b, direct carbonization of

wool felt at 920°C introduces sulphate (SOZ~) configurations in carbon matrix with an

atomic percentage of 0.48% (Table 5.1). !> 18] The peaks located at 780.5 eV and 796.3
eV are attributed to the Co 2ps» and 2pi12 respectively. The peaks are further
deconvoluted into mixed valence states of Co?" (780.5 eV)/Co>" (784.3 eV) %] In
addition, the small peak identified at 778.5 eV in Fix-920-A samples is attributed to
metallic cobalt (Co®), in consistence with TEM and XRD results (observation of cobalt
particles and characteristic peaks). Compared with the Co 2p3» of Ads-920 sample, a
positive shift toward higher binding energy of both Fix-920 (0.15 eV) and Fix-920-A
(0.95 eV, compared with Ads-920) can be noticed (Fig.5.7 ¢,d) !9, proving the charge

transfer from cobalt core level to sulphur atoms.
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Fig. 5.9. (a) XPS spectra of Woo0l-920, Ads-920, Fix-920 and Fix-920-A, respectively.

(b) N 1s spectra and (c) O 1s spectra of corresponding wool candidates.

This transfer may arise from the stronger electron affinity of S than that of cobalt atoms.
[211.212] The further phosphorus activation (Fig.5.7 d) also influences cobalt electronic,
causing a further positive shift of Co 2p to 782.5 eV. Apart from the electronic
environment variations, both S 2p spectrum of woo0l-920 and Ads-90 indicate the
spontaneous doping of sulphur content (S-C, and S-C=0) into the graphitized carbons.
However, after fixing cobalt atoms, the formation of cobalt sulphide (Co9Ss) during
carbonization process causes the double split of spectrum into S 2p3» (163.1 eV) and S

2p12 (164.2 €V) in the spectrum. Moreover, a positive shift to higher binding energy by

0.38 eV is observed, due to the phosphorus doping in the carbon matrix (P-C, Fig.5.7
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f). Interestingly, the fraction of pyridinic N to pyrrolic N of Fix-920-A decreased
dramatically from 2.11 to 0.19. This decrease indicates the phosphorus atom substitutes
the pyridinic N in carbon frameworks during activation process. In addition to the
electronic environment analysis, a higher fraction of Co** to Co?*" in Fix-920-A (1.75,
Table 5.1) in Co 2p spectrum is noticed, which can contribute to the oxidation process

in OER.

Table 5.1 Surface Element Composition analysis on various carbonized and activated

wool samples.

XPS atomic 0% {at 001"
Sample [ o N O 5 Co P Co?*iCo**/Co® Pyridinic N/
Pyrrolie N
Wool-920 79.16 2.63 16.74 0.48 - - - 2.11
Ads-920 79.17 2.02 17.74 0.41 0.65 - 1.38/ 1.0/ 0.31 0.92
Fix-920 75.22 2.92 21.17 0.73 1.42 - 1.16 /1.0 /0.32 0.75
Fix-920-A 72.09 2.81 209 0.51 1.53 1.16 1.75/1.0/0.20 0.19

A Surface atomic _percentage derived from high-resolution C Is, N 1s, O Is, Co 2p, S 2p and P 1s core-level peaks.

5.3.2 Electrocatalytic Water Splitting Evaluation

With optimized topology and distinctive electronic environment of samples, the
corresponding electrocatalytic activities for HER and OER are recorded in a N>
saturated alkaline medium, shown in Fig.5.10 a-c. The reference Pt/C (20 wt%) catalyst
was evaluated as benchmark for HER. It possesses an overpotential of 35 mV at current
density of 10 mA cm™? and a Tafel slope of 43.9 mV/dec in 1 y KOH. Among all
candidates, direct carbonization of wool felt exhibits the lowest catalytic performance.
While after the introduction of cobalt elements and activation, all remaining samples
exhibit enhanced catalytic activity. Specifically, Ads-920 and Fix-920 require an
overpotential 695.1 mV, 509.5 mV at 10 mA cm™ with a Tafel slope of 277.9 mV/dec
and 142.6 mV/Dec respectively. These values indicate an unfavourable HER catalytic

performance and poor reaction kinetics in cobalt oxide/sulphide-based biochar.
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Contrarily, with well-constructure pore systems and phosphorus doping based on Fix-
920, Fix-920-A lowers the overpotential to 90.7 mV at 10 mA cm™, and a Tafel slope
of 83.7 mV/Dec. This slope, determined by polarization curve, indicates the Volmer (M
+ H2O + ¢ <> M-Hags + OHY) -Heyrovsky (M-Hags + € + HoO <> H21 + M + OH)) step
as rate-determining step (RDS). This value suggests the electron transfer and hydrogen
desorption sluggish the whole reaction pathway!?!-162131 Potassium carbonate activated
Fix-920 also exhibits an enhanced catalytic performance (110 =209.5 mV) compared
with that of carbonized wool fibers without pore system. Both activation processes
suggest that the mesoporous system facilitates the electrolyte diffusion, further

improving the catalytic activity of carbonized wool fibers.

Fig. 5.10. (a) HER polarization curves with 100% iR corrected, (b) Tafel plots, (c) Table
summary, (d) Electrochemical impedance spectra, (¢) Double layer capacitance of
commercial Pt/C, Wool-920, Ads-920, Fix-920, Fix-920-A, Fix-920-K; (f) HER

stability test of Fix-920-A.

The Nyquist plot of Fix-920-A, obtained at an overpotential of 100 mV, suggests a low
charge-transfer resistance (Rct = 25.3 Ohm, Fig.5.10 d), which is much lower than that
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of Fix-920 (85.4 Ohm), Ads-920 (145.5 Ohm) and Wool-920 (257.5 Ohm). Compared
with the R¢t of commercial Pt/C (10.5 Ohm), the Fix-920-A exhibit a comparable value,
attributed to the high conductivity from carbon frameworks, doping of hetero atoms,
and Coo¢Sg as active sites. Further double layer capacitance (Cqi, Fig.5.10 e and 5.11)
measured at non-faradic region (-0.2 — 0.15 V vs. Hg/HgCl,) was to investigate the
available electrochemical active sites in the samples. The calculated values of Cq1 are
1.9 mF cm?, 2.35 mF cm?, 5.81 mF cm™, 10.7 mF cm™, 17.3 mF cm™ for wool-920,
commercial Pt/Cs, Ads-920, Fix-920 and Fix-920-A, respectively. Among them, Fix-
920-A again exhibits the highest Cq value with an electrocatalytic active surface area
(ECSA) of 432.5 cm?. This advantage can be attributed to its mesoporous pore size by
post activation. Moreover, the HER catalytic performance of Fix-920-A (Fig.5.10 f)
outperforms many other cobalt-based candidates and achieves remarkable results in

those catalysts supported by biochar.

Fig. 5.11. (a) Double layer capacitance of Pt/C, Wool-920, Ads-920, Fix-920 and Fix-
920-A; (d-f) Corresponding cyclic voltammetry curves at the potential range of -0.2 —

0.15 V vs. Hg/HgCl, with scan rates varying from 5 mV/s to 100 mV/s
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Similar to HER performance, the OER performance in the same condition of Fix-920-
A also outperforms other prepared candidates (Fig.5.12 a-c¢). The Fix-920-A exhibits
an overpotential of 295 mV to achieve the current density of 10 mA cm™ with a Tafel
slope of 53.7 mV/Dec, proving a favourable catalytic OER performance and accelerated
kinetics on active sites. Moreover, further EIS results prove the lowest electron transfer
resistance of Fix-920-A (28.7 Ohm for OER, Fig.5.12 d) than that of Fix-920 (44.6
Ohm), Ads-920 (76.1 Ohm), and Wo0l-920 (300.5 Ohm). This lowest value can be
originated from the 3D porous structure with phosphorus doping, which not only
accelerates the interfacial charge transfer, but also the mass transfer with electrolyte."]
Similarly, the OER catalytic performance of Co9Ss-N,P/ACs (Fig.5.12 e) lies in the
merit region of low overpotentials and Tafel slope, which is also compare with that of
commercial IrO; electrocatalysts. In addition to powder sample, the blackish biochar
remains felt structure after both carbonization and activation, leaving open structures

(Fig.5.12 f). We directly employ the felt as anode for OER. Owing to the abundant

active sites and open structure, the felt can continuously release the O-.
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Fig. 5.12. (a) OER polarization curves with 100% iR corrected, (b) Tafel plots, (c) Table
summary, and (d) Electrochemical impedance spectra of Wool-920, Ads-920, Fix-920,
Fix-920-A and Fix-920-K; (e) OER stability test of Fix-920-A; (f) Digital image of free-
standing Fix-920-A electrode for OER in a typical three-electrode configuration; (g)
Cell voltage of overall water splitting reaction (Fix-920-Al|Fix-920-A); (h)
Chronopotentiometry curve for Fix-920-A at 1.62 V (Insert: LSV curve after 2500

cycles; 100 mV/s).

The overall water splitting reaction was then conducted by drop-casting grounded
catalysts on the carbon paper as cathode and anode. As shown in Fig.5.12 g, the required
potential to drive overall splitting reaction is 1.62 V Moreover, it is noticed (Fig.5.12
h) that the constructed two-electrode cell was run at 10 mA cm2 for more than 24 hours.

It can be noticed that there is only 9.8% of current density decay in the samples. Further
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polarization curve shows a 22-mV distortion after 2500 CV cycles, proving a good

stability of the whole device.

Fig. 5.13. XRD pattern of Fix-920-A after cycling test.

By comparing the XRD pattern of Fix-920-A before and after cycling test (Fig.5.13),
those peaks indicating the CooSg (25.3°, 31.3°, 47.6°, 47.5°, 52.6° and 54.3°,
respectively) vanish after 1,000 cycling. While those peaks located at 36.4°, 42.3° and
61.4° remain after the stability test, which suggests the CoO are not catalytic favourable

compared with cobalt sulphide, but more stable in the redox reaction.

5.3.3 Identification of active sites

As aforementioned, the prepared electrocatalysts are composed of metallic cobalt,
cobalt monoxide, and cobalt sulphide. As indicated in Fig.5.14 a&b, the Co 2pz/> peaks
exhibit slight shifts after HER (— 0.59 eV) and OER (+0.61 eV) stability test. It is well-
documented that Co 2p peaks tend to shift towards higher binding energy, attributed to
the formation of higher valence states of Co®* (~67.5 %). Contrarily, in the S 2p spectra,
Sulphur signals vanish after OER, indicating the surface oxidation of CosSg to active
CoOOH species, while sulphur remains stable after HER stability test. In this case,
Co9Sg {440} and CoO {111} slabs (Fig.5.14 ¢) were optimized for further calculations.

In order to figure out the active sites among these two candidates, DFT calculations
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were further made to clarify the Gibbs free energy of each reaction coordinates during
water splitting reactions. (Fig5.14 d,e; Table 5.2) Specifically, Co octahedral site
(Coocta) in Co9Sg and CoO were chosen as both active sites for the intermediate
adsorption. As a result, in HER side, the adsorption energy of proton on Co octahedral
site in Co9Sg possesses a lower value (-0.94 eV), which is a comparable value in the
literature (-0.9 eV). While CoO exhibits a more negative value of -2.36 eV, causing a
strong adsorption energy of H, and as a result, hindering the further desorption of
hydrogen gases. This result again supports the Volmer- Heyrovsky mechanism is
adopted in HER half reaction. With respect to the OER side, the adsorption free energy
of OH™ (AGoun+) on tetrahedral site on CoO {111} and CooSg {440} are -1.61 eV and -

(2141 While for the third step (Go* to Goon*) requires a larger

0.68 eV respectively
energy barrier, increasing to 1.67 eV and 2.98 eV for Co¢Sg {440} and CoO {111}. The
3" step hence is regarded as the rate determining step (Fig.5.15). Therefore, it can be

concluded that in the water splitting reaction, the Co9Sg are more energetically

favourable, and can be regarded as the true active sites.
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Fig. 5.14. (a) Crystal structure of optimized CooSg {440} (left) and CoO {111} (right)
from c¢ direction (blue: cobalt, yellow: sulphur atom, red: oxygen atom); Calculated
adsorption free energy for reaction coordinates in (b) HER, and (c) OER; (d) Charge
density difference plot of Co9Ss/N, P doped graphene heterostructure; (e) Calculated

density of states plot and (f) Derived d-band center of Co9Ss and heterostructure.

Further charge density difference plot (Fig.5.14 f) of CooSs/N,P doped carbons
indicates an uniform electronic redistribution at interface after introducing one layer of
N,P doped graphene. The electron accumulation is noticed at the region of Co-N and
Co-P bonds, proving the electronic interactions after doping. Such interaction is in
consistent with the results from XPS, where the P doping into carbon frameworks leads
to an electron decrease in Co 2p spectrum. Further DOS plot (Fig.5.14 g) confirms that

the introduction of N,P doped carbon layer improves the electronic accumulation
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(especially Co atoms) at Fermi level, which, as a result, facilitates the electronic transfer
at interface. Besides DOS calculations, d-band center of corresponding Co¢Sg and
heterostructure suggests a favourable hydrogen atom adsorption. As indicated, an
upshift of d-band center from -1.908 eV to -1.692 eV suggests a favourable adsorption
of intermediates (*H), which further facilitates the overall catalytic kinetics>!]. During
the whole catalytic process, the formation of intermediates mainly on Cooct of Co9Ss,
leading to the bond breakage of Co-S 221, While the CoO will still provide certain level

of catalytic effect, even all Co-S bonds are consumed.

Fig. 5.15. Proposed adsorptive hydroxyl groups on cobalt tetrahedral site in alkaline

medium.

Therefore, it can be concluded that in the water splitting reaction, the Co9Sg are more
energetically favourable, and can be regarded as the true active sites. Moreover, after
the construction of heterostructure between CooSg and N,P co doped carbons, the

electronic structure of cobalt is regulated by Co-P bond at interface. The adsorption
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energy for intermediates on Cooct thereby can be further influenced, resulting in an

improved catalytic performance.

Table 5.2. Density functional theory simulations of water splitting reaction on Co9Sg

{100}

Table 5.3. Density functional theory simulations of water splitting reaction on CoO

(111}

5.3.4 All-flexible Wearable device based on Co9Ss electrocatalyst

Electrochemical water splitting for hydrogen production, serving as a sustainable and

environmentally friendly means of generating hydrogen, has garnered increasing
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academic and industrial attention in recent years. Moreover, it is noticed H> gas as a
therapy shows interesting potentials in personalized medical field. Nevertheless, the
current porotypes of water electrolysis system predominantly entail liquid electrolytes,
necessitating the incorporation of fluid reservoirs alongside periodic deionized water
replenishment. These configurations, further enforced by the introduction of membrane
separators between electrodes, impose spatial constraints that impede the downscaling
of electrolysis devices, consequently precluding direct integration into medical

apparatuses.

In contemporary research, a novel electrolytic approach has emerged as a promising
solution, notably the utilization of solid polymer electrolytes. The electrolyte frequently
manifest as perfluorosulfonic acid proton (Nafion) exchange membranes. However, the
cost-intensive nature of Nafion membranes limit their application in personalized area.
It is worth noting that hydrogels owing to their intricate three-dimensional polymeric
network, exhibit pronounced water retention capacities and structural resilience. These
attributes, coupled with their cost-effectiveness, favorable physical attributes,
mechanical robustness, and biocompatibility, have conferred upon hydrogels versatile
utility across diverse domains, encompassing environmental engineering and advanced

material sciences.

In the primary research, the composition of breath is studied and consisting of 5% water
vapor, which can be captured and utilized by hydrogel (Fig. 5.16). Further calculations
are made based on several assumptions: 1. The rate of breath for one adult is 6 L/min,
in which moisture is 0.15 L/min. 2. 2 electron reactions for the generation of 1 H> gas

molecule, the Vmole of H, at 25 °C is 24.0 L/mol, 3. The area of electrode is 4 cm? and
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electron density if 10 mA cm™.

Vitheoretical = IXtXVmole/ (n¥F)

_0.04 A x60 s x24.0 L/mol
2 X96485

=0.298 mL H»
As indicated in the calculations, the moisture that caputred by one adult in 1 minute can

produce 0.298 mL H> at standard conditions.

D :
(—\ 0, 13

cO, ~4

Vapaor =5

: Other (Ar) 0-1
e Total ~100

Fig. 5.16 Composition of human’s breath.

5.3.5 Flexible moisture digester design and potential applications

To construct the all-flexible attachable device, the anode is consisting of carbon cloth,
which is stable in oxygen evolution reaction. The catalysts are chosen to be IrO, for
OER process. The cathode i1s made of silver fabrics, deposited with Co9Sg N/P-ACs
(Fig. 5.17 a). Moreover, the application of this attachable device can be in both facial
mask (Fig. 5.17 b) and googles (Fig. 5.17 ¢), to capture the moisture between face and

device.
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(c) (d) 2

Fig. 5.17 (a) Desing of all-flexible wearable device; (b) Dimensional properties of
flexible spacer; Potential applications for (c) facial mask; (d) submersible goggles. (1.
Flexible porous cathode, 21. Up layer of hydrogel with hygroscopic salt, 22. Down
layer of hydrogel with hygroscopic salt; 3. Patch switch, 4. Coin battery, 5. Flexible
porous anode 6. Flexible porous support and spacer, 7. Conductive copper tape, 8.

Facial mask, 9. Goggles)

5.3.6 Optimization of electrodes and device integration

The anode is set to be carbon cloth, which should resist harsh condition. While the
cathode can be flexible silver clothes which provide both softness and good electricity.
In this case, 5 candidates are chosen, including Ag coated nonwovens, warp and weft
knitted, woven and blend woven Ag fabrics (Fig. 5.18). As indicated, the nonwoven
fabrics are sputtered with Ag elements, while the remaining are silver fabrics. For blend

woven samples, only weft yarns are made of silver fibres.
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Fig. 5.18 (a) Basic properties of various candidates; Optical images of various silver
fabrics (b) nonwoven based; (c) warp knitted; (d) weft knitted; (¢) blend woven; and (f)

woven based.

To reveal the influence of different candidates on HER performance, sheet resistance
indicates that nonwoven silver fabrics possesses highest resistance (0.187 Q, Fig.5.18
a), while woven silver fabrics indicates lowest sheet resistance, proving the best
conductivity. Not surprisingly, warp knitted, and woven fabrics show the superior

catalytic performance in LSV measurements. It can be noticed that carbon cloth as a
153



commercial substrate possess a highest catalytic performance, while nonwoven based
Ag fabrics exhibits a lowest HER performance. This poorest performance indicates the
coating of Ag element is not suitable for wearable application, due to the poor
conductivity of substrate. Among other candidates, the HER performance of

commercial Pt/C is quite similar, which suggest suitable application in wearable field.

Fig. 5.19 Optimization of various electrodes with loading of 0.5mg cm (20 wt% Pt/C).

Further double layer capacitance (Fig.5.20) and electrochemical active surface area
measurement indicate that the superior performance of warp knitted fabrics is
originated from higher Cqi (9.29 mF cm™, 4.82 mF ¢cm™ for woven fabrics; 3.65 mF cm™
2 for weft knitted, 3.1 mF cm™ for carbon cloth; 2.54 mF c¢cm™ for blend woven; and
2.21 mF cm for nonwovens) and ECSA. This higher value provides more active sites
even though the load of commercial Pt/C is the same. However, due to the nature of
knitted sample, whose edge will be curly under natural conditions, we choose woven

silver fabrics as the candidate for cathode.
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Fig. 5.20 (a) Double layer capacitance and (b) Electrochemical active surface area of

various candidates.

To reveal the moisture sensitivity of hydrogel, metal salts (20 wt%) including cobalt
nitrate, sodium chloride are added to improve the capturing ability of membrane. As
indicated in Fig.5.21 a, the salt will separate out of the agar skeleton after vacuum
drying, indicating the moisture sensitivity of hydrogel membrane. Further comparison
between hydrogel and nafion membrane indicates hydrogel with moisture sensitive
salts has a certain level of moisture uptake (5.15 wt% increase in 45 min). Whereas the

nafion membrane shows limited weight change.

(b) P
-
2.0- ./ Increase 5.1 wt%
./
§ —=— Hydrogel Membrane
z 1.91 —e— Nafion Membrane
=]
S j
s Z
Increase 1.4 wt%
1.4 .
- S—
./ ® ®
0 10 20 30 40 50

Time (min)
Fig. 5.21 (a) SEM image of hydrogel spacer; (b) Weight changes of hydrogel membrane

and nafion membrane at different time slots.
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5.3.7 Performance of device

Figure 5.22 indicates the final porotype of flexible device, which is in consistence with
the original design. Moreover, a controller will be attached to give 3 V input, driving

the water splitting reaction.

Fig. 5. 22 Optical images of (a) components of all flexible device; (b) Device with

electricity controller.

As indicated in Fig. 5.23 a, under an externally applied voltage of 3 volts, the device
registers a current of approximately 25 milliamperes in a humid environment, while
concurrently maintaining stability for a duration of 4800 seconds. It is further
determined that under these specified conditions (25°C, 85% relative humidity),
utilizing a 200 milliampere-hour lithium-ion button cell as the power source, the device
can sustain operations for a duration of 13 hours. This empirical evidence substantiates
the effective moisture-absorbing capacity of the hydrogel material, which concurrently

serves as a proton conductor, facilitating the efficient electrolysis of ambient moisture.
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Fig. 5. 23 (a) Digital image of assembled moisture digester; Stability test using (b)

hydrogel separator and (c) Nafion membrane at 3 V input (30°C, 80% relative humidity).

5.4  Chapter Conclusion

Through reduction-carbonization-activation treatments, the wool felt has been
successfully converted into electrocatalysts for water splitting reaction. By taking
advantages of natural disulphide bonds in wool keratin, we selectively fixed the cobalt
atoms in the wool fibers with a high loading of 4.76 wt% after carbonization. The as-
obtained cobalt sulphide supported by N, P-doped carbons further contributed to the
water splitting reaction. The Fix-920-A catalysts possessed a favourable HER (110=90
mV)/OER (110=295 mV) activity in Im KOH. The as-fabricated electrolyser exhibited
a low cell voltage of 1.62 V at 10 mA cm™ with low current decay (~ 9.8%) after 25 hrs
operation. Compared with that of physically adsorbed cobalt ions (Ads-920), the
superior electrochemical activity of Fix-920-A originated from the well-constructed

pore system, synergistic effect between Co9Sg and phosphorus doping, and good
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conductivity of carbon frameworks. Specifically, the negatively charge P atoms can trap
the positively charged proton like a base. Moreover, combined with the accumulated
electrons at Fermi-level from DOS calculation, the P doping will regulate the Co atoms’

electronic environment to lower down the energy barrier for OH- oxidation process.

Apart from the electrochemical measurement, a flexible and attachable device based on
Co9Ss N/P-ACs catalysts has been designed and constructed. By adopting the concept
of hydrogel spacer and moisture capturing salts, the attachable device can effectively
adsorb humid, and convert moisture to hydrogen gas with a stable working current
under a 3 V input. This work demonstrated a strategy to utilize the natural content in
keratin as precursors for the synthesis of transition-metal based electrocatalysts and

personalized device.
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Chapter 6.  Cobalt-nickel layered double
hydroxides-based catalyst for photocatalytic

hydrogen evolution reaction

6.1 Introduction
Utilization of solar energy towards the production of hydrogen and oxygen is a

82216218] Hence, efficient visible-

promising way for realizing carbon-neutral society!
light-induced photocatalytic hydrogen evolution (PHE) is currently attractive, which
requires suitable cocatalysts that possess high light absorption capability, abundant
exposed catalytic active sites, and efficient charge transfer capability. Cadmium zinc
sulfide (CZS), as typical semiconductor with a narrow band gap (2.5 eV), shows

219.220]  However, the serve

promising potentials towards visible-light-driven PHE!
photocorrosion, electron-hole recombination in CZS system impedes its application,
which is in urgent demands on cocatalyst loading. Chen et al”?*!! successfully instructed
the integration of CuS cocatalyst by carefully injecting Cu-S seeds into cationic (Cd/Zn)
precursor solution, followed by the solvothermal reaction. However, the selective
decoration of CuS onto CZS nanorods is ultimately realized by controlling all
experimental factors, including temperatures, feeding amount and ratios between
copper and CZS. More recently, Ma et all'?®l reported the incorporation of NiS
nanoparticles into CZS system, by one-pot hydrothermal synthesis. The distribution of
cocatalysts, however, is highly dependent on the mixture status during the synthetic
process, as the trapped NiS particles inside composites are rarely exposed to water

molecules. Herein, surface modifications of CZS surface at mild condition are

successfully conducted by adopting small molecules with strong metal affinity. This
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engineering contributes to the full coverage of CZS by nickel-cobalt layered double

hydroxides, with distinguished interface, and abundant active sites.

As indicated, most cocatalysts decorated onto semiconductor system are fabricated by
one pot method??>224], While disorderly introducing transition metal atoms may cause
the distortion of heterostructure, further limiting the PHE activity. Interfacial/surface
engineering, as a result, sheds light on the construction of electron tunnel for improving
electron-hole separation in semiconductor and facilitating charge transfer from CZS to
cocatalysts. Obviously, the poor interfacial interaction between semiconductor and
cocatalyst acts like a “wall”, hindering the efficient transportation of charge flow.
Therefore, the core-shell structure is more expected to be a promising solution, by
growing shell layer with electron acceptors and active sites. By investigating the ligand-
nanoparticles interactions, research have been reported that the ligand capping agent

el??l DDT*?%) on CZS can significantly influence products’

(e.g. oleyl amin
morphologies and band structures. The impact of surface capping agents is further
confirmed to have little impact when particle size is larger than several nanometers,
since crystal domain has been formed and stabilizes the whole semiconductor system.
However, it is believed that capping agent although has little effects on particles’ band

structure, does changes the semiconductor’s surface micro-environment, where one can

manifest this situation for constructing heterostructure. Moreover, transition metal-

[214] [227

based catalysts such as metal dichalcogenide metal oxides!??’], have been
intensively investigated for water splitting reactions. Recently, metal hydroxides have
been attracting interests, due to their easy fabrication in a moderate situation and
potentials in large-scale industrial applications. However, no such study has been

reported to construct a truly core shell structure of semiconductor and hydroxides
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heterostructure.

This study presents a facile synthesis method to prepare a core-shell CZS@NiCo
layered double hydroxide (NiCo-LDHs) cocatalyst with a distinguished interfacial
structure and complete coverage on CZS semiconductor. The synthesis process involves
surface modification of CZS with thioglycolic acid (TGA), followed by hydrothermal
loading of electrocatalyst. The successful surface modification is firstly confirmed by
simulation. Further experimental zeta potential (-2.96 mV) of modified CZS surface
facilitates strong ionic interaction between M*" ions and carboxyl groups (in TGA site).
Consequently, a CZS@NiCo-LDHs cocatalyst with an average diameter of 105+5 nm
and a firm LDH shell thickness of ~20 nm is obtained. The close contact core-shell
structure possesses a hierarchical topology (Sper= 87.69 m*/g), allowing for easy
diffusion of electrolyte, rapid electron-hole separation, and efficient transfer of
photogenerated electrons. The NiCo-LDHs act as active water splitting electrocatalysts,
receiving separated electrons from CZS. The high coverage of LDHs on CZS results in
a high PHE rate of ~18.75 mmol g'! h'!, with favorable photostability in 5 cycles under
visible light irradiation. Density function theory calculations show an apparent
redistribution of electron density after introducing LDHs, and DOS states of the
heterostructure possesses an improved electron conductivity, facilitating the electron
transfer, and charge separation. This work opens a new avenue by adopting capping
agent to change the surface electronic environment, which is further employed for the

construction of heterostructure.
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6.2 Experimental Section

6.2.1 Materials
Cadmium acetate dihydrate (98%), Zinc acetate dihydrate (98%), Cobalt acetate

dihydrate (98%-102%), Nickel chloride tetrahydrate were purchased from Alfa Aesar
(United States); Thiourea (99%+), Ammonia persulfate (98%+), Thioglycolic acid
(TGA, 98%), Ammonia hydroxide (28 -30 wt%), Eosin Y (water soluble, 99%) were
purchased from ACROS organics (UK); Potassium hydroxides pellets (99%+, ACS
grade), Sodium sulfide (99%, ACS grade) were purchased from Aladdin (China). PVP
(Mw = 58,000, K30), Ethylene glycol (99%+) were purchased from MACKLIN; Cd
standard (1 mg/mL), Zn standard (1 mg/mL), Ni standard (1 mg/mL), Co standard (1
mg/mL) in 1% HNO3 solution were purchased from Aladdin. Triethanolamine (99%)
was obtained from Shanghai Chemical Reagent Co., Ltd. All chemicals were purchased

and used without further purification.

6.2.2 Synthesis of Cdo.7sZno.2sS and surface modification of CZS nanospheres

To obtain CdZnS nanospheres, cadmium acetate dihydrate (0.84 g), zinc acetate
dihydrate (0.19 g; Cd: Zn= 0.75:0.25 in molar ratio), and PVP (2 g, Mw = 54,000) are
dissolved in 40 mL EG to form a clear solution A. Thiourea (0.80 g) as sulfur precursor
is dissolved in 20 mL ethylene glycol to form solution B. The solution B is then drop
added into pre-hot solution A to initiate the nucleation. The whole reaction takes place
at 150°C for 3 hrs. The samples were then precipitated by adding acetone and collected
under centrifugation at 13,000 rpm for 10 min. The final products were obtained by

vacuum drying at 60°C overnight.

To modify the surface of CZS nanospheres, 100 uL. of N saturated thioglycolic acid

(pH of acid is further tuned to 10) is added in to 10 mL of 20 mg/mL of CZS aqueous
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dispersion. The modification accounts for 3 hrs under vigorous stirring. The TGA-
modified CZS nanospheres was collected under centrifugation at 10,000 rpm and

redispersed into 10 mL DI H>O for further use.

6.2.3 Synthesis of CZS@Ni-LDHs and CZS@NiCo-LDHs core-shell structure
To obtain core-shell structure, nickel chloride hexahydrate (1.02 g), cobalt chloride

hexahydrate (0.35 g, Ni*": Co?" = 3:1 in molar mass), and ammonia persulfate (0.34 g)
were dissolved in 30 mL DI H>O to form a clear solution C. Subsequently, ImL, 4.5
mL and 13.5 mL of solution C was poured into above 10 mL TGA-modified CZS
dispersion under stirring for 1 hour to achieve an adsorption equilibrium of metal ions.
For pure Ni-LDHs, 1.304 g of nickel chloride tetrahydrate instead of mixture of nickel

and cobalt salts was employed.

Subsequently, 0.7 mL of ammonia solution (28-30 wt%) is quickly injected into the
above adsorption steady state solution. The whole solution is further transferred into a
50 mL Teflon kettle, and underwent 120°C hydrothermal reactions for 8 hrs. The final
CZS@Ni-LDHs, and CZS@NiCo-LDHs powders are separated, washed by
centrifuging at 10,000 rpm using ethanol and DI H2O respectively, which are further

dried at 60°C in a vacuum oven.

6.2.4 Synthesis of CZS/NiCo-LDHs composites
To obtain CZS/NiCo-LDHs composites, 7 mL of above solution C is directly added to

10 mL of CZS aqueous dispersion, while other procedures remain the same.

6.2.5 Preparation of catalysts on Ni foam and FTO glass electrode

The obtained photo/electrocatalysts (5 mg) were dispersed into a mixture of iso-
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propanol (200uL); ethanol (200 uL) and DI H>O (580 pL, conductivity = 0.26 puS cm’
! with extra addition of Nafion dispersion (20 uL, 5wt%). After achieving uniform
dispersion of catalyst in an ice bath under sonication for 1 hour, 10 pL of dispersion
was drop-casted onto two sides of a 0.5 x 1.5 cm? Ni foam or one side of 1 cm? FTO
glass (Ageometric= 1 ¢cm?). In all cases, FTO glasses and Ni foam were washed with
acetone, ethanol and DI H>O under sonication for several times, The casted electrode

was dried under infrared irradiation for 30 minutes to yield a mass load ~ 0.2 mg/cm?.

6.2.6 Physical characterizations

Scanning electron microscopy (SEM) images were obtained from Tescan MIRA 3,
Czech (accelerating voltage = 20kV). Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) were conducted on JEOL 2100F, Japan (operating
voltage = 200 kV). High-angle annular dark-field scanning TEM (HADDF-STEM) and
EDX mapping were conducted on FEI TF20-super X, Thermo Fisher, United States
(operating voltage = 200 kV). X-ray diffraction (XRD) patterns were collected on a
Rigaku SmartLab 9kW-Advance, Japan using monochromate Cu ko radiation (A =
0.154 nm) at a scan rate of 5°/min. Raman spectroscopy was taken using a NomadicTM
3-in-1 microscope, America with He-Ne laser excitation (A = 532/785 nm). Brunauer-
Emmett-Teller (BET) surface area measurements were taken by N> adsorption-
desorption isotherm at 77 K using NOVA touch LX4, Austria. The quantitative analysis
of cobalt was obtained by the Agilent 5100 synchronous vertical dual view inductively
coupled plasma—optical emission spectrometer (ICP—OES). X-ray and ultraviolet
photoelectron spectroscopy (XPS & UPS) were recorded on a Thermo Scientific Nexsa,
UK using a monochromatic and focused Al Ka source (1486.6 eV) and He I source

(21.2 eV). The surface morphology and surface potential were investigated by atomic
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force microscopy (AFM) using Asylum MFP3D Infinity with Kelvin Probe
Photoluminescence spectrum (FSL-980, Edinburgh, UK) and time resolved PL
spectrum, related to the carrier separation dynamics, was fitted, and calculated

according to the equations (2-3) below:

—t -t -t

A(t) = Ajent + Ayewz + Azew ”
_ (A1T1%+4,572° +43737)

A(ave) - (A1T1+AT,+A3T3) (3)

Where A and 1 indicate the amplitudes and emission lifetimes of each component.

UV-vis diffuse reflection spectrum (UV-vis DRS) was obtained by UV Cary-300,
Shimadzu, UK equipped with an integrating sphere in the wavelength of 250 nm —
800nm, in which white BaSO4 was employed as reference. The band gap, valence band
and conduction band of the prepared catalysts can be calculated according to the

following equation (4-7):

a(hv) = A(hv — E, )z 4)
Eg = VBpotential - CBpotential (5)
¢ =21.22eV — Ecyr_ofr (6)
VBpotentiat = VBxps — Ef (7)
CBpotential = VBpotential + Eg (8)

6.2.7 Photo/electrochemical measurements

The photocatalytic hydrogen evolution measurements were carried out at in a 50 mL
quartz reaction vessel at atmospheric pressure. A 300W Xe lamp equipped with a
wavelength filter (A> 420nm, PLS-SXE300, Beijing PerfectLight Tec. Co., Ltd.) was

placed at the distance of 5 cm from vessel. In a typical trial, photocatalysts (2.5 mg)
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were dispersed into a mixture of DI H2O and TEOA (10 v% of DI H,0O), where TEOA
functions as the sacrificial agent. The suspension then underwent sonication for 5 min
and was purged with N> to remove the air before reaction. The photocatalytic H»
evolution reaction was quantified by a gas chromatograph (Fuli, GC9790-II, China)
equipped with a thermal conductivity detector (TCD), using ultra-high purity N>
(99.999%) as carrier gas. The photocatalytic stability test was extended to 3 cycles for
a total of 12 hrs. After each cycle, extra 1 mL TEOA were added into above dispersion,
where the vessel underwent N; purgation before next cycle. (Note: Eosin Y is employed

for pure NiCo-LDHs, which function as the visible light absorption agent)

The electrochemical measurements were carried out at the electrochemical workstation
(CHI660E, Shanghai Chenhua Science Technology Corp., Ltd.). A typical three-
electrode configuration including Pt plate (2 x 1 cm?, 0.1 mm) as counter electrode;
Ag/AgCl (Saturated KCl solution) as reference electrode, Fluorine doped tin oxide
conductive glass (FTO, cut with 1 x 1 cm?) or Ni Foam (0.5 x 1.5 cm?) as working
electrode was employed for photo/electrochemical measurements. N> saturated 0.1m
NaySO4 (pH =7.1) was functioned as electrolyte. The linear sweep voltammetry (LSV)
was measured at a scan rate of 5 mV/s with 100% iR compensation, where electrolyte
resistance was determined by electrochemical impedance spectroscopy (EIS), using Ni
foam. All recorded potentials were converted to the reversible hydrogen electrode (RHE)
according to the Nernst equation (Equ. 9):

Erue(V) = Eworking + 0.059pH + Egg/AgCl — iR )
Where Erue is the calculated potential vs. RHE, Eworking 1S the recorded potential against

Ag/AgCl, and E Xg /agct €quals to 0.197 V, which is the standard equilibrium potential

166



at 25 °C. The Tafel slope has been plotted according to the equation below (Equ. 10) to
investigate the reaction kinetics:
n=a+ Blog(j) (10)

Where 1 and j are overpotential (mV) and current density (mA cm™) respectively.

Chopped light current-time (i-t) curves were obtained at open circuit potential vs.
Ag/AgCl reference electrode (OCP) with 30s light on and off interval. Electrochemical
Impedance Spectroscopy (EIS) measurements on Ni foam electrode were conducted at
an overpotential of 100 mV for HER with an amplitude of 5 mV from 100 KHz to 0.1
Hz to investigate the charger transfer resistance and mass transfer at high- and low-
frequency region respectively. EIS measurement using FTO glass electrodes with the
same configurations were conducted at open circuit potential under visible light

illumination. Mott-Schottky plot was measured at a fixed frequency of 1 Khz.

6.2.8 Theoretical Simulations

Density functional theory calculations were conducted, using projector augmented
wave (PAW) pseudopotential and the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional implemented in the Vienna Ab-initio Simulation Package (VASP).
Calculations were made by a plane wave kinetic energy cut-off energy of 400 eV. The
Gamma k-point meshes of 2 x 2 x 1 was set for the structural relaxation. The
convergence criterion for the force and energy was set to be 10 eV and 0.01 eV A™!,
respectively. The structures were spin-polarized and under relaxation until reaching the
convergence tolerance of force on each atom (< 0.05 eV). To better describe the electron

stats of 3d orbital in cobalt element, DFT+U method was employed, where U= 3 eV for
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Co and Ni atoms. The adsorption energy of small molecules was obtained according to

the equation 10 below:

Eadsorp = Ehetero - Emolecule - Eslab (11)
Where Ehetero 1s the energy after adsorption, Emolecule and Egap are the energies of

individual system.

6.3 Results and discussion

6.3.1 Surface modification of CZS nanospheres

As indicated in scheme 6.1, the CZS nanospheres with exposed Cd/Zn atoms at surface
are synthesized by a solvothermal method. The as synthesized cadmium zinc sulfide
nanospheres possess an average diameter of 83.5+7 nm (Fig.6.1 a; 6.3 a). The selected
area electron diffraction ring (Fig.6.3 a,b) of CZS refers to lattice fringe of CZS (111),

(220), and (311), respectively in the bulk??%,

Fig. 6.1 SEM image of (a) CZS nanospheres; (b) SEM and (c) TEM image of TGA

modified CZS.

High-resolution TEM image (Fig.6.3 b) at surface edge indicates the polycrystalline
structure of CZS nanosphere, where surface lattice fringes of 0.208 nm and 0.324 nm
are attributed to CZS (220) and (101) plane®?®, respectively. It is noticed the as-

synthesized spheres possess a pomegranate-liker morphology. This phenomenon can be
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related to the fact that Cd/Zn-S seeds are supposed to aggregate firstly, and then form
nanocluster as the seed center, where more Cd and Zn-S bonds attach onto the cluster
center forming larger nanosphere. Moreover, from the HRTEM results, it is assumed
that the surface layer of CZS is covered by Cd and Zn atoms from (101) plane. ICP-
OES was then employed to reveal the stoichiometric ratio between Cd and Zn, which
is determined to be Co.768Z0.232S (Table 6.1) and is similar to the input ratio.

Table 6.1 ICP-OES results of corresponding samples

In order to calculate the molar amount of employed thioglycolic acid in surface
modification, we conducted calculations by identifying inorganic part and surface

Cd/Zn atoms ratio based on several assumptions **°! (Fig.6.2).
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Fig. 6.2 (a) Thermogravimetric analysis of obtained PVP capped CZS nanoparticles

and PVP polymer; (b) Corresponding differential thermal analysis.

To determine the amount of thioglycolic acid employed in the surface modification of
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CZS nanospheres, thermal gravimetric analysis was employed to investigate the ratio
between PVP organic part and CZS inorganic part. As shown in the Fig.6.2 b, a
significant decomposition of PVP starts from 398.5°C and end at 500°C. During this
region, we observed that the weight of CZS nanospheres decrease from 92.78% to
91.82%, which may arise from the decomposition of PVP polymer. Hence, we dedicate

that 99% of products are composed of CZS inorganic part.

We also assume that each thioglycolic acid molecule will attach to one Cd atom at
surface, and the average bond length between Cd-S and Zn-S is 2.53 A for simplicity.
We assume the molecular density of Co.75Z0.25S is 132.73 g/mol. The density of CZS is

4.82 g/cm’.

For example, to calculate the amount of thioglycolic acid for 5 mg CZS nanoparticles
with a diameter of 80 nm:

Step I: Number of individual particles (Npart) in 5 mg sample:

o 4 4
Volume of Individual NPs = gnr3 =g XX 40nm3 = 2.68 x 10~ 16cm3

N _ Total Inorganic Volume of Sample 5mg X 99%
part = Volume of Individual NP "~ 4.82g/cm3 x 2.68 x 10~16cm3
= 3.83 x 102

Step II: Total surface sites in mole in 5 mg CZS sample:

4
Volume of Individual NPs excluding surface layer = gn(r —0.253nm)3

=2.63 X 10~ 16¢m?3
Volume of Individual NPs suface layer = 2.68 X 10716 — 2.63 x 10716

= 5.83 x 10" 18¢cm3
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5.83 X 107 18cm3 x 4.82g /cm?3

Vol 75 at mdividual —
oles of CZS at surface for individua 132.73 g/mol

=2.11 X 10" mol
Total surface site of CZS inmole = 2.11 X 107 %mol x 3.83 x 1012

= ~0.81 umol

Step III: Calculation of volume of thioglycolic acid:
Given that the density, molecular weight of thioglycolic acid is 1.326 g/mL, 92.11 g/mol
and 98%.

- ] TCA = 0.81umol x 92.11 g/mol 0.57ul
e volume of TGA = —— = mix 098~ Co7H

So, for 500 mg of CZS nanoparticles, we may add 57ul of thioglycolic acid. While in

practical, we added 100ul of thioglycolic acid for excessive modification.

Moreover, the feasibility of small molecule modification was firstly examined by
density function simulations. The optimized bond length of Cd-S and Zn-S are 2.57 A
and 2.49 A (Fig.6.3 d), which are close to the crystal Cd-S (2.55 A) and Zn-S bond
length (2.41 A). Subsequently, the adsorption energy of thioglycolic acid molecules
(TGA) onto the CZS surface were calculated. The adsorption energy of acid molecules
on top of Cd and Zn atoms are -2.03 eV and -1.09 eV, respectively, suggesting a
favorably spontaneous adsorption on CZS (101) surface. Besides, the molecule tends
to be adsorbed onto Cd atom firstly, followed by Zn atom. Additionally, (-potential
technique was conducted to explore the surface electronic environment of CZS before
and after modification. As illustrated in Fig.6.3 e,f, the measured C-potential of TGA-
CZS shift more negative from 7.3 mV to -19.7 mV, leading to a stronger cation ion

attraction ability. This positive effect contributes to the subsequent loading of LDHs, in
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consistent with simulation results that carboxyl group provides a more negative
electronic environment. The pure NiCo-LDHs in ethanol dispersion possess a positive
potential (14.3 mV), showing that NiCo-LDHs exhibit relative fewer chances to be
physically adsorbed on the CZS surface, without surface modification. Meanwhile, the
morphology of CZS after thioglycolic acid modification were examined by TEM with

little distortion (Fig.6.1 c).

Fig. 6.3. (a) Schematic illustration of synthesis of CZS@NiCo-LDHs; (b) TEM and (c)

High-resolution TEM image of cadmium zinc sulfide (CZS) nanospheres, (d)
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Optimized geometry of one TGA molecule on the CZS (101) plane (upper: on top site
of Cd atom, lower on top site of Zn atom, purple: Cd atom, grey: Zn atom, yellow: S
atom, brown: carbon atom, red: oxygen atom, light pink: hydrogen atom), (e-f) (-
potential plot of CZS, Thioglycolic acid modified CZS (TGA-CZS) and NiCo-layered

double hydroxides dispersed in ethanol.

6.3.2 Morphological and physical characterization of cocatalysts

The NiCo-LDHs cocatalysts, as depicted in Fig.6.4a, Fig.6.5a exhibit a nanoflower
morphology with a diameter of 273.5£26 nm after hydrothermal treatment, in
consistence with literaturel®”). Thereby, this structure demonstrates a capability for
complete coverage on the CZS nanosphere surface. Meanwhile, ICP-OES results
suggest the stoichiometric ratio of LDHs is Nio.752Co0.24s-LDHs (Table 6.1), close to
the designed ratio. As a result of successful surface modification, TEM images and
high-angle annular dark-field scanning TEM (HADDF-STEM) of CZS@NiCo-LDHs
illustrate the well-constructed core-shell structure (Fig.6.4 b,c; Fig.6.5 b), with an
average shell thickness of ~20 nm. (Fig.6.4 ¢). Again, the ICP-OES results suggest a
loading of 65.2 wt% of LDHs in the composites. Further high-resolution TEM images
(HRTEM, Fig.6.4 d) confirm the interfaces between CZS nanospheres and NiCo-LDHs.
The lattice fringes of 0.208 nm and 0.150 nm are attributed to the (220) facet of CZS
nanospheres, and (001) facet of NiCo-LDHs, respectively®*. Besides morphologies,
EDS elemental mapping (Fig.6.4 f-k) were recorded to show the distribution of
elements. As illustrated, the core of nano-flower is composed of CZS semiconductor,
meanwhile, the shell is made of Ni and Co elements with a thickness ~25 nm, in good

coordination with HRTEM image.
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Fig. 6.4. TEM images of (a) NiCo-LDHs, CZS@NiCo-LDHs core-shell structure at (b)
low and (c) high magnification, (d) HRTEM image of selected area (enlarged figure:
inverse FFT image of corresponding CZS and NiCo-LDHs lattice spacing), (e)
HADDF-STEM image and (f-k) corresponding EDS elemental mapping of Cd, S, Ni,

Co and overlayed elements.

Such well-defined structure is also observed in CZS@Ni-LDHs sample but possessing
thinner shell thickness (Fig.6.5 c,d). The CZS/NiCo-LDHs composites (Fig.6.5 e,f),
however, exhibits random structure of a mixture of CZS semiconductor and LDHs.
Such mixture causes a loose interfacial interaction between semiconductors and

catalysts, which may further lead to poor electron transfer.
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Fig. 6.5. SEM image of (a) pure NiCo-LDHs nanoflower; TEM image of (b)
CZS@NiCo-LDHs sample; (¢) CZS@Ni-LDHs and corresponding (d) HRTEM image
(insert: inverse FFT image of CZS@Ni-LDHs); (¢) TEM image and (f) HRTEM image

of CZS/NiCo-LDHs composites (insert: inverse FFT image of composite).
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XRD patterns (Fig.6.7 a) were recorded to investigate the crystal structures of each
component. The XRD pattern of CZS shows a typical sphalerite diffraction pattern,
where characteristic peaks of 26.5°, 43.9° and 52.2° are attributed to the cadmium zinc
blende (111), (220), (311) lattice planet®*??] respectively. After introducing Ni
hydroxides and NiCo-LDHs into CZS system, new peaks representing [-Ni(OH)
(JPCDS: 14-0117) are observed at 19.1°, 32.9°, 39.4°, 51.8°, 58.8°, and 63.5°,
correspondingly!®®23% Notably, the incorporation of cobalt ions into Ni LDHs (NiCo-
LDHs) results in a negative shift towards lower degree (~0.4°). This can be attributed
that the introduction of cobalt ions leads to a larger lattice space. Moreover, according
to the Bragg’s law, the lattice spacing of this pure NiCo-LDHs is 0.46 nm along (001)
plane. While in the core-shell sample, a clear shift of (001) plane by 0.25° was observed
in NiCo-LDHs. This shift further denotes to an enlarged lattice plane of LDHs (0.47
nm) in core-shell structure, due to the mismatch of lattice and formation of strongly
coupled interface. Additionally, two peaks at 34.3° and 38.5° are determined as f-
Co(OH), phase (JCPDS: 74-1057)%3!1. Notably, the XRD pattern of the CZS@NiCo-
LDHs sample demonstrates a significant decrease in the intensity of B-Ni(OH), peaks,
which can be attributed to the strongly coupled interfaces. More specifically, the LDHs
in CZS@NiCo-LDHs are predominantly adhered to the CZS core surface in the form
of thin layer, rather than being as separate entities in the composite sample (CZS/NiCo-
LDHs). Raman spectrum (Fig.6.6 a) was then conducted to double confirm the
chemical bonds in samples. The peak identified at 321.6 cm™ and 623.1 cm™ are
recognized as 1 and 2" plasmon-optical phono mode of CZS!?*%. While peaks located

233,234

at 529.8 cm’! are recognized as Ni-O bonds in Ni hydroxides! 1. which are in

consistence with results from XRD pattern.
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Fig. 6.6. (a) Raman spectra; (b) N2 adsorption and desorption isotherms of CZS;

CZS@Ni-LDHs; CZS@NiCo-LDHs; CZS/NiCo-LDHs and pure NiCo-LDHs.

The N adsorption and desorption isotherms (Fig.6.6 b), followed by pore size
distribution (Fig.6.7 b) analysis were employed to investigate the topography of various
photocatalysts. The NiCo-LDHs synthesized in this work possessed a high BET surface
area (Sper = 426.99 m?/g), originating from the macroscopical flower-like structure and
periodic interlamellar space at microscale>**!. The core-shell sample (CZS@NiCo-
LDHs) benefits from the high surface area of LDHs and a well-defined interface, which
result in the highest surface area (Sper = 87.69 m?/g), compared to that of CZS@Ni-
LDHs (Sger = 28.5 m*/g) and CZS/NiCo-LDHs (Sger = 45.69 m?/g). The property of
high surface area, as a result, can facilitate the electrolyte diffusion in the core-shell
sample. Notably, the original CZS nanosphere has a surface area of 30.89 m?/g, which
is likely due to the aggregation of Cd/Zn-S seed during synthesis and finally leads to
the formation of micropores within the semiconductor. What’s more, a clear
hierarchical topology in pore size distribution is identified in CZS@NiCo-LDHs, where
both micropores (r ~ 0.5 nm) and mesopores (r ~ 1.2nm) exist. Moreover, we also
conduct the water contact angle analysis (Fig.6.7 ¢) by dispersing the powders onto the

FTO glass. The original glass possesses a relative more hydrophobic surface (0 =
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106.46°) compared with that of CZS powder covered surface (45.87°). After loading of
CZS@NiCo-LDHs and pristine NiCo-LDHs, the contact angles further decrease to

40.32° and 41.51°, proving the hydrophilic structure of core-shell sample.

Fig. 6.7. (a) X-ray diffraction patterns, (b) Pore size distributions of CZS, CZS@NiCo-
LDHs, NiCo-LDHs, CZS/NiCo-LDHs, and NiCo-LDHs; (c¢) Water contact angles of
FTO glass substrate, CZS, CZS@NiCo-LDHs, NiCo-LDHs, CZS/NiCo-LDHs, and
NiCo-LDHs; X-ray photoelectron spectroscopy of (d) Cd 3d, (e) Ni 2p, (f) Co 2p of

corresponding samples.

XPS analysis was then conducted to investigate the surface chemical states,
composition, proves the changes in Ni and cobalt electronic environment. It should be
noted that XPS spectrum of Cd 3d (Fig.6.7 d) possess a significant positive shift (~5.91
eV) for both core-shell and composite samples, indicating a strong interfacial
interaction. However, it is interesting that the signal of Zn 2p (Fig.6.8 a) for CZS@ Ni-
LDHs and NiCo-LDHs decrease, compared with that of pristine CZS and composites.
This weakening effect may be attributed to the fact that XPS is a surface sensitive

technique with a resolution ~10nm. Meanwhile in the core-shell sample, the shell of
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LDHs is up to 20 nm. In addition, a slight shift (~0.5 eV) towards higher binding energy
is noticed, suggesting a weak interaction of Zn atom, compared to surface atoms. With
respect to N1 and Co 2p spectrum, the deconvoluted peaks are assigned to the electron
spin doublet and satellite. Specifically, peaks in NiCo-LDHs (Fig.6.7 e-f) located at
780.91 eV and 796.18 eV are attributed to Co 2ps» and 2p1., respectively!#23%, The
peaks observed at 855.89 eV and 873.37 eV are assigned to Ni 2ps3» and 2pin,
accordingly!?*®!. Additionally, Co®" valence state (779.54 eV) is identified in Co 2p
spectrum of pure NiCo-LDHs, while a shift towards higher binding energy is observed
in core-shell (5.71 eV) and composite samples (4.98 eV). It should be noticed that Co**
state is more stable than Co®", which requires more energy to excite the core-level
electrons in Co®" orbital. The ration between Co** and Co?" in CZS@NiCo-LDHs is
0.53 and 0.59 for CZS/NiCo-LDHs, with similar oxidized Co?" ions into LDHs
frameworks. Furthermore, the negative shift (1.65 eV) of S 2p spectrum (Fig.6.8 b)
towards lower binding energy is observed!!?”!?° This corresponding movement in Co,
Ni and S 2p spectrum indicates a strong interfacial interaction, compared with that of
composites. Meanwhile, it can be deducted that the S atoms are the electron acceptor,

due to the high electron affinity.

Fig. 6.8. (a)Zn 2p and (b) S 2p spectra of CZS; CZS@Ni-LDHs; CZS@NiCo-LDHs;
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CZS/NiCo-LDHs and pure NiCo-LDHs.

6.3.3 Photocatalytic performance

The photocatalytic hydrogen evolution measurements of all samples were conducted
under visible light region (A>420 nm) using 10 v% TEOA aqueous solution as hole
sacrificial agent and Eosin Y as dye sensitization system for pure NiCo-LDHs. As
illustrated in Fig.6.9 a, the original CZS semiconductor exhibits low photocatalytic
activity (1.31 mmol g! over 4 hrs), even though the adsorption region of CZS
semiconductor lays under visible region. The low activity can be attributed to the
limited catalytic sites on CZS surface. It has been reported that the (most possible active

2371 Due to the dye sensitization system as visible light

sites are Zn vacancies-Vzy) |
absorber?*8], NiCo-LDHs shows surprisingly high PHE activity, which is beyond 10
mmol g'! in 4 hrs irradiation. Nevertheless, H> accumulated evolution test of CZS@Ni-
LDHs, CZS @NiCo-LDHs, and CZS/NiCo-LDHs compounds are 11.52 mmol g,
69.85 mmol g' and 29.87 mmol g, respectively. The PHE rate of each sample
normalized to mass was summarized in Fig.6.9 b, which clearly shows the activity
enhancement of core-shell samples. The PHE rate of CZS@NiCo-LDHs reaches to
18.75 mmol g h'. Such outstanding catalytic performance is around 34 times better
than pristine CZS system (0.42 mmol g h'!), 3 times higher than that of pure NiCo-
LDHs (7.94 mmol h'! g'!). We also investigated the performance of Ni(OH)>@CZS and
NiCo-DLHs/CZS composites. The CZS/NiCo-LDHs shows a moderate PHE activity
of 8.75 mmol h' g, indicating that the electron-hole separation is insufficient.
Moreover, the stability test of CZS@NiCo-LDHs shows a slight decrease in the

accumulated amount of H> to 52.42 mmol h™! ¢!, suggesting a superior electron transfer

capability and abundant in active sites in the sample.
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Fig. 6.9. (a) Time courses of photocatalytic H, evolution (PHE) and (b) PHE rate of
CZS, CZS@Ni-LDHs, CZS@NiCo-LDHs, CZS/NiCo-LDHs, and NiCo-LDHs in 10
v% TEOA aqueous solution (note: Eosin Y sensitization is employed for pure NiCo-
LDHs, which functions as semiconductor); (c) PHE stability test of CZS, CZS@NiCo-
LDHs, and CZS/NiCo-LDHs over 12 hrs; (d) linear sweep voltammetry (5 mV/s), (e)
Tafel slopes of commercial 20wt% Pt/C, CZS, CZS@Ni-LDHs, CZS@NiCo-LDHs,
CZS/NiCo-LDHs, and NiCo-LDHs in 1m KOH; (f) LSV curve of CZS@NiCo-LDHs
on ITO substrate before and after light irradiation; (g) TEM; (h) Ni 2p; and (i) Co 2p

spectra before and after PHE stability test.

Further electrochemical measurement (Fig.6.9 d,e) and analysis were conducted in
typical three-electrode system. Not surprisingly, NiCo-LDHs as typical electrocatalysts

requires lowest overpotential of 212.7 mV and 313.8 mV to reach 10 mA cm™ and 50
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mA cm™

, respectively. Moreover, the low Tafel slope suggests the NiCo-LDHs
possesses a faster proton adsorption, hydrogen desorption kinetics, compared with
those samples coupled with semiconductor. However, it is noticed that compared with
catalytic performance of commercial Pt/C, the NiCo-LDHs may experience post
treatment to exhibit enhanced catalytic performance. Post TEM and XPS (Fig.6.9 g-i

and Fig.6.10 a-d) analysis were conducted to examine the morphology distortion and

electronic environment of samples after PHE cycle test.

Fig. 6.10. (a) XPS survey, (b)Cd 3d spectrum, (c) Zn 2p spectrum, (d) S 2p spectrum

of CZS@NiCo-LDHs after PHE stability test.

As indicated, the morphology of CZS@NiCo-LDHs maintains after 4 PHE cycles, with

LDH shell and CZS nanospheres. It is further noticed that the photocorrosion still takes
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place at the center of CZS core, leading to a hollow structure. This hollow structure has
been reported to be the electron deficiency induced corrosion, due to the lack of
efficiency in electron-hole separation of pristine CZS spheres. In comparison, the
nanocomposite sample exhibits a morphological distortion (Fig.6.11) and separation
between LDHs and CZS, indicating that the insufficient charge-hole separation causes

the loss of catalytic efficacy.

Fig. 6.11. Post TEM image of CZS/NiCo-LDHs composites after stability test.

From XPS results, the Ni and Co 2p spectrum shows little shift towards to lower binding
energy slightly (1.65 eV and 0.93 eV, respectively). The Cd 3ds,2 and Zn 2p3.2 spectrum
shift back to 407.08 eV and 1022.eV, respectively, suggesting the decrease in LDHs’
thickness with improved XPS signal at CZS surface. Interestingly, the signals in S 2p
spectrum of core-shell sample are rarely detected. This absence of S element, as

239,240]

reported! , originates from the photooxidative dissolution of CZS particles by

adopting the following equation:

CdZnS(s) + 20, it Cd/Zn(aq)?** + S0,(aq)?*” (1)

6.3.4 Optical and electrochemical study

The steady state photoluminescence spectrum was measured to investigate the

photogenerated electron-hole pairs in CZS semiconductor, core-shell and composite
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samples (Fig.6.12 a). The intensity of luminescence peaks is directly related to the
carrier recombination capability. As indicated in excitation spectrum of CZS, we
employed wavelength of 340 nm as incident light source, and all emission peaks are
centered at ~ 480 nm. The original semiconductor possesses highest PL emission peak,
followed by CZS/NiCo-LDHs and CZS@NiCo-LDHs. This decreasing trend indicates
that most electrons and holes in CZS recombines. For core-shell samples, most
photoinduced electrons are possibly transferred to LDHs, as well as the complete
coverage of LDHs passive electron-hole recombination. Moreover, it is noticed that the
PL peak of CZS@NiCo-LDHs exhibits triplet emission peaks at 471, 491 and 527 nm,
accordingly. These emission peaks, originating from the emission peaks of intrinsic
CZS, defects level of S and Zn!*71282201 may arise from the post hydrothermal
treatment, which are in consistent with literature>*!). Further time-resolved PL
spectrum (Fig.6.12 b) indicates the lifetime of electrons in samples. The corresponding
biexponential fitting illustrates the composition of each electron with acceptable
X*(shown in the table). The extend 1) and 1> electron is related to the intrinsic properties
of excited electrons/carriers. The 12 of CZS@NiCo-LDHs (3.807ns with a portion of
37.26%) and CZS/NiCo-LDHs (0.901ns with a portion of 49.46%) is significantly
shorter than that of pristine CZS (4.049 ns with a portion of 82.55%), indicating a low
fluorescence decay time of carries and possible transfer to cocatalysts. Meanwhile, T3
of core-shell samples (19.683 ns) exhibit obvious increases compared with that of
composite sample (4.721 ns). This phenomenon suggests a sufficient electron-hole
separation on the surface of core-shell sample!®®!, owing to the full coverage of LDHs

and strongly coupled interface.
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Fig. 6.12. (a) Photoluminescence (PL) spectra (insert: excitation spectrum of CZS, Aexc
= 340 nm), (b) Time-resolved PL decay spectra (insert table: summary of electron
lifetime) of CZS, CZS@NiCo-LDHs and CZS/NiCo-LDHs; (c) Illustration of electron
transfer pathways at interface; (d) Chopped i-t curves and (e) Electrochemical
impedance spectrum (EIS) under illumination of CZS, CZS@Ni-LDHs, CZS@NiCo-

LDHs, CZS/NiCo-LDHs in 0.1 M Na2SOs (load 0.4 mg/cm?).

Transient photocurrent response plot at open circuit potential under visible irradiation
(Fig.6.12 d) was conducted to investigate the number of free electrons in samples, after
irradiation which is directly related to PHE activity. In this case, all prepared samples
possess an anodic current, proving the n-type characteristics of samples. Due to the
server electron-hole recombination, CZS itself exhibits a low photocurrent (0.38 pA
cm?). Such low photocurrent is also observed in pure NiCo-LDHs sample (0.25 pA cm’
%), which is originated from the low visible-light absorption. After loading Ni(OH), and
NiCo-LDHs onto CZS surface, the corresponding photocurrents indicate significant

increase to 1.14 pA cm™ and 5.05 pA cm™, respectively. Such enhancement can be
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attributed to the fact that well-established interface leading more electrons transferred
to electrode instead of recombination. Electrochemical impedance spectrum (Fig.6.12
e) was also measured under illumination, proving the interfacial charge transfer ability.
As indicated, CZS, as typical semiconductor, shows poorest electron transfer kinetics.
After incorporating the LDHs into CZS system, it should be noticed all transfer kinetics
are improved to certain extent, owing to the established interface between CZS and
LDHs, depended on the coverage. The CZS/NiCo-LDHs exhibited a significant larger
semicircular arc than that of core-shell samples, indicating a larger charge transfer
resistance. The CZS@NiCo-LDHs, as a result, possess an improved electron transfer
resistance. This enhancement may be attributed to the abundant metal vacancies (Vzx),
which further promote the catalytic performance?*”-**?1, In a short summary (Fig. 6.12
¢), the CZS@NiCo-LDHs exhibits an efficient electron-charge separation capacity,

long lifetime of carries at LDHs surfaces, and improved electron transfer resistance.

6.3.5 Photocatalytic mechanism and simulation study

For in-depth analysis on the photocatalytic hydrogen evolution ability of each sample,
the UV-vis DRS spectra were recorded. As shown in Fig.6.14 a CZS possesses a typical
light-yellow color, while pure NiCo-LDHs exhibit a brown color. After loading/mixing
LDHs on/with CZS, such yellow color turns to green with different shades. Consistent
with this color change phenomenon, the spectrum of CZS show a typical absorption
edge at 508 nm, lying under the visible light absorption region, which further suggests
a band gap of 2.52eV for CZS sample. However, the pure NiCo-LDHs indicate an
enhanced visible light absorption capability, with low capacity in visible region.
Meanwhile, for both core-shell and composites, enhancement of absorption in visible

light region is observed, whose band gap is calculated to be 2.28 eV and 2.55 eV,
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respectively.

Fig. 6.13 UPS spectrum of CZS, NiCo-LDHs, and CZS@NiCo-LDHs.

Based on above optical measurement, further Valence-band XPS (Fig.6.14 ¢), UPS
measurements (Fig.6.13) were conducted to identify the potential heterojunction
between CZS and NiCo-LDHs. As indicated in Fig.6 d, the pristine CZS and NiCo-
LDHs show an overlay in the band gap region, which will induce an electric field after
the construction of interface. This heterojunction further contributes to a direct Z-
scheme heterojunction, where the excited electrons in semiconductor will consume the
holes remained in the valence band of NiCo-LDHs. Consequently, electrons at
conduction band of NiCo-LDHs will facilitate the PHE reaction. Moreover, Mott-
Schottky measurement at different frequencies was conducted to explore the band
alignment, related to water splitting reaction potential. As indicated (Fig.6.14 e), the
band structure of CZS@NiCo-LDHs exhibits a suitable region for both water reduction

(0 V) and oxidation process (1.23 V).
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Fig. 6.14. (a) UV-visible absorption spectra, (b) Tauc plots of CZS, CZS@Ni-LDHs,
CZS@NiCo-LDHs, CZS/NiCo-LDHs and NiCo-LDHs; (¢c) UPS and VB-XPS
spectrum of CZS, NiCo-LDHs and CZS@NiCo-LDHs; (d) Band alignment between
CZS and NiCo-LDHs under different conditions; (e) Band alignment of CZS and NiCo-
LDHs, related to water splitting potentials; (f) Charge density plot and (g) Density of

states of CZS, CZS@NiCo-LDHs and NiCo-LDHs.

Charge density difference plot (Fig.6 14 f) of CZS/NiCo-LDHs heterostructure
indicates that S atoms are the electron rich region, whereas Co and Ni atoms are electron

depletion region. This charge difference is in consistent with XPS results, where a
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negative shift of S 2p spectrum to lower binding energy. Moreover, density of states
plots of CZS, NiCo-LDHs and heterostructure indicate that more electrons are
accumulated at the Fermi level of heterostructure, compared with the others. This
accumulation suggests an improved electron conductivity through the interface.
Density of states plot was then calculated to investigate the electron distribution after
the construction of heterostructure. As indicated in Fig.6.14 g, CZS possesses a bang
gap of 2.48 eV, close to the measured UV-vis spectrum results. After constructing the
heterostructure, an increase in the electron density at the Fermi level can be observed,
suggesting an improved electron conductivity. Such improvement contributes to better

electron transport at interface, leading to an enhanced catalytic performance.
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Fig. 6.15. AFM height profiles and corresponding kelvin-probe force microscopy of (a)

CZS, (b) CZS/NiCo-LDHs, and (¢) CZS@NiCo-LDHs.
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To further evaluate the predicted electric field in charge density plot, we employed
KPFM to measure the surface potential of pristine CdZnS, composite and core-shell
samples. The as-measured potential, known as built-in electric field, greatly influences
the charge-hole separation, and surface carrier time. As indicated in the AFM height
profile (Fig.6.15 a-c), the height of CZS, CZS/NiCo-LDHs, and CZS@NiCo-LDHs are
87.9 nm, 223.9nm and 135.5 nm, respectively, which are consistent with those results
from TEM images. Subsequent kelvin-probe measured surface suggest CZS@NiCo-
LDHs exhibits highest potential (102.5 mV), indicating the strongest built-in electric
effect. Both Zeta potential measurements and KPFM results (Fig. 6.16) confirms that
the interface construction promotes a built-in electric field effect, which further

facilitates the catalytic performance.

Fig. 6.16. Comparison between Zeta potentials and Kelvin probe measured surface

potentials of CZS, CZS/NiCo-LDHs, and CZS@NiCo-LDHs.

6.4 Chapter conclusion
To conclude, a novel surface modification strategy based on cadmium zinc sulfide

system was proposed by taking advantage of small molecules with strong metal-affinity.
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The changes in surface micro-environment were identified and contributed to the full
coverage of CZS by NiCo-layered double hydroxides. This heterostructure, which was
further determined to be direct Z-scheme heterojunction, possessed an efficient charge-
hole separation capability, longer surface carriers’ lifetime, and faster electron transfer
kinetics. Optical measurements and the Mott-Schottky plot again confirmed that
suitable alignment existed between CZS and NiCo-LDHs, where excited electrons of

CZS will consume the holes at the valence band left in NiCo-LDHs.

As a result, the obtained CZS@NiCo-LDHs exhibited a favorable catalytic
performance (18.75 mmol g'h™!) and good stability (5 cycles, 20hrs) for visible-light
driven PHE reaction. DFT simulations and KPFM measurements suggested that a built-
in electric field existed after constructing CZS@NiCo-LDHs core-shell samples.
Meanwhile, an electron redistribution and improvement in electron conductivity can be
identified in the samples. This idea inspired from the interfacial engineering and surface
electronic environment modification, provides a new basis for further design of

cocatalysts with distinguished heterojunctions.
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Chapter 7.  Conclusions and suggestions for future

research

7.1  Conclusions

In this thesis, the cobalt oxides/sulfides/hydroxides electro/photocatalysts were
investigated in water splitting reaction. To improve the catalytic performance and
stability of catalysts, strategies including hetero-atom doping, micro-mesoporous
system construction, carbon protective shell formation, and heterojunction design have
been conducted. Moreover, a wearable moisture digester device was designed and

developed.

The PVP polymers in MOFs contributed to the formation of carbon protective shells,
which led to the heteroatom doping during phosphine treatments. Moreover, post
treatments of phosphine treated CoOx/NCs revealed the role of synergistic effect
between metallic Co® and Co?" for HER, Co?" and Co®" for OER. Similarly, the P
doping into activated carbons derived from wool fiber skeleton, significantly influenced
the electronic environment of Co9Sg, where electrons at Co sites are transferred to P
sites. Such doping strategy lowered down the energy barrier and further facilitated the
water splitting reaction. For cobalt hydroxides-based core-shell samples, the direct Z-
scheme was identified in NiCo-LDHs/CZS heterostructure, by optical measurements.
Meanwhile, from DFT simulations, the Co atoms in NiCo-LDHs, functioning as active
sites for HER, further facilitated photocatalytic hydrogen evolution reaction. Apart
from the electro/photocatalysts, a personalized and wearable device, based on above
CooSgs electrocatalysts has been designed and fabricated to consume the moisture, for

the first time. This device provided a prototype of downsizing electrocatalytic splitting
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reactor, which shows potentials in personalized application.

In summary, three catalysts including cobalt oxides, cobalt sulfide, and cobalt layered
double hydroxides were successfully prepared from different precursors (either
inorganic or organic templates) and utilized in the electro/photocatalytic water splitting
reactions. The strategy of heteroatom doping into the protective carbon shell was found
to be an effective approach to tune both CoOx and Co9Sg electronic environment.
Meanwhile, the natural sulfur elements in protein were utilized for the preparation of
cobalt sulfide electrocatalysts for the first time. Post strategies including acid treatments
and pore system construction were adopted to identify the true active sites and improve
the catalytic performance. These works not only shed light on the understanding of
intrinsic properties of cobalt tetrahedral and octahedral sites (CoOx, Co9Sg and Co
hydroxides-based catalysts) in water splitting reaction, but also provide strategy to

customize the electrolyzer for wearable application.

7.2 Suggestions for future research

This thesis demonstrated three cobalt based electro/photocatalysts, and one application

in wearable device. Although cobalt oxides, sulfides and layered double hydroxides

have been prepared and studied, detailed analysis and further developments of these

systems need to be done in the future. For example:

(1) Understanding reaction pathway at the molecular level is far beyond satisfaction.
DFT simulations are considered to identify the active sites for reactions, the real-
time monitoring of intermediate species is rarely conducted. This lack of monitoring

may ignore some key reaction species, which can be further works.
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(2) Although all as-obtained catalysts exhibit favorable catalytic performance, they are
still in the lab level (e.g. hydrothermal synthesis, tube furnace carbonization). The

exploration of repeatable, scalable synthetic methods is still under pursing.

(3) The long-time stability is another key indicator in all photo/electrocatalysts. This
target is real dependent on the design, and structural information of catalysts, due
to the possible structural evolution under harsh photo/electrochemical conditions.
Further works can be explored to characterize the structural information (e.g.

coordinative environment, valence states of active sties) of catalysts by techniques

such as EXFAS.

Due to the appeal of carbon neutralization across the world, research that utilize solar
energy and electricity have also been conducted in the carbon dioxide
photo/electrochemical reduction reaction. Consequently, not only the generation of
green hydrogen and oxygen is of significance, the electrochemical carbon dioxide
reduction (CO2ER) to C;, C3 products (e.g. alcohol, propanol) also show attractive

research interests as well as industrial applications.
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