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� Current density can be increased

10 times by adding glycerol and

raising temperatures.

� The OER activity of CoeS/

Ni3S2@NF is comparable with the

performance of IrO2@NF.

� The CoeS/Ni3S2@NF exhibits high

catalytic activity and thermal

durability for OER.

� GOR is a promising candidate to

replace OER in electrolysis.

� The solar energy can be utilized to

improve OER in electrochemical

water splitting.
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a b s t r a c t

The electrochemical water splitting to produce clean hydrogen is severely restricted by

oxygen evolution reaction (OER) due to the sluggish kinetics of its complicated oxidation

process. In this work, the cobalt sulfide nanosheets directly grown on nickel foam (CoeS/

Ni3S2@NF) demonstrated an outstanding OER performance with a potential of 1.57 V (vs.

RHE) to achieve a current density of 20 mA cm�2, favorably comparing the performance of

the noble metal-based catalyst IrO2@NF. The same current density (20 mA cm�2) could be

reached at an extremely low potential of 1.35 V (vs. RHE) by adding 0.1 M glycerol, indi-

cating adding chemical mediator is a possible approach to replace the sluggish OER by the
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corresponding oxidation of chemical mediator. The activation energy comparison of

glycerol oxidation reaction (GOR) and OER (21.9 kJ/mol and 28.2 kJ/mol) further proved this

conclusion. The solar energy can be captured and utilized to improve OER in the electro-

chemical water splitting. The anodic current density at ~1.6 V (vs. RHE) can be increased 10

times by adding glycerol and raising temperature. This work provides solutions to accel-

erate OER for H2 production.

Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC.
Introduction

New inventions and technologies continuously increase the

global energy demand. The rapid energy consumption and the

depletion of limited resources such as coal, natural gas, and

petroleum have motivated various researchers to exploit

renewable and sustainable energy as an alternative [1e5].

Hydrogen has high gravimetric energy density and can be

stored and transported, which has attracted significant

attention [6]. Electrochemical water splitting is a promising

pathway to produce green hydrogen, which plays an essential

role in the development of clean and renewable energy con-

version and storage [7e10]. Water splitting involves oxygen

evolution reaction (OER) and hydrogen evolution reaction

(HER) [11,12]. OER is a four-electron transfer processwhile HER

is a two-electron coupled reaction, implying that OER requires

a higher overpotential/energy than HER to overcome the

sluggish kinetics [13,14]. Hence, the electrocatalytic perfor-

mance of OER has a significant impact on the overall water

splitting rate and energy conversion efficiency [15e17].

Noble metals such as IrO2 and RuO2 are highly active to-

ward OER [18e20]. However, the scarcity and high cost of

these precious electrocatalysts restrict their large-scale prac-

tical application in sustainable energy conversion. Accord-

ingly, various non-noble metal-based materials have been

explored as competitive OER electrocatalysts [21e24]. Transi-

tion metal oxides, hydroxides, phosphides and chalcogenides

have been reported as efficient OER electrocatalysts in water

splitting [25e29]. Among them, cobalt-based electrocatalysts

have especially attracted great attention over the years due to

their abundance, low cost, high OER activity and stability

[30,31]. It has been reported that the OER activity of cobalt-

based electrocatalysts can be significantly improved by

changing the morphology, structure, oxidation states and

creating more oxygen vacancies [32e35]. For example, Li et al.

synthesized a pre-catalyst P/MoeCo3O4 on carbon cloth for

electrochemical OER, which exhibited a low overpotential of

265 mV at 10 mA cm�2 for OER [36]. The surface self-

reconstruction of Co-PO4 species and oxygen vacancies on P/

MoeCo3O4 provided abundant active sites, making it a prom-

ising catalyst for OER. Their results revealed that the Mo

doping optimizes adsorption-free energy of *OOH formation,

improving the intrinsic electrocatalytic activity.

Despite these advancements in the understanding of

cobalt-based electrocatalysts for OER, these cobalt-based

materials still suffer from low electrical conductivity and

dissolution, and agglomeration during the electrocatalytic

reaction, resulting in relatively low energy conversion
erate oxygen evolution r
ttps://doi.org/10.1016/j.ijh
efficiencies in water splitting [8,37]. To solve these problems,

tremendous efforts have beenmade to develop new strategies

to improve OER activity [30,38,39]. One strategy to enhance

energy conversion efficiency is seeking an alternative to

replace OER as an anodic reaction for hydrogen production by

electrolysis [40e42]. Glycerol oxidation reaction (GOR) has

been reported as a promising candidate to replace OER, owing

to their low thermodynamic potential, and thus decrease the

energy consumption for hydrogen production [43,44]. In

addition, the price of glycerol is low as it is a by-product

derived from the biodiesel and bioethanol production pro-

cess [45]. Furthermore, glycerol provides a promising pathway

to produce high-value-added chemicals including 2-carbon-

atom (C2) and 3-carbon-atom (C3) organic compounds [46].

Adding glycerol as chemical mediator has attracted growing

attention in hydrogen production and noble metal-free ma-

terials have been explored as electrocatalysts for GOR [45].

Recently, Brix et al. reported that a higher anodic current

density can be obtained by adding glycerol in 1.0 M KOH as

electrolyte solutions, indicating that coupling with glycerol

oxidation in water splitting is a highly efficient method to

improve anodic reaction for hydrogen production [47]. Li et al.

described the process of electrocatalytic H2 production from

the acidic aqueous solution of glycerol usingmanganese oxide

as an effective electrocatalyst. In their study, a low potential of

1.36 V (vs. RHE) for the anodic reactions is required to reach a

current density of 10 mA cm�2 [48].

The temperature is an important factor that has been

shown to affect the OER activity by the improvement of its

kinetics and the discharge of the adsorbed oxygen species,

facilitating the OER process [49,50]. The temperature effect on

Co-based catalysts for OER has been investigated by Zhang

et al. [51]. They observed that Co3O4 exhibited a higher current

density than that of noble metal-based oxide (IrO2) at 65 �C,
indicating that temperature plays a critical role in water

splitting. The use of low-grade heat sources has attracted

more attentions due to increasing energy costs and depleting

non-renewable sources [52,53]. Low-grade heat sources such

as solar energy has been widely applied in water desalination

system and for generating electricity [54,55]. In the water

splitting system, the idea to utilize solar energy to heat up the

electrolyte solution provides a potential energy-saving

approach, speeding up the OER kinetics and thus improving

energy efficiency of hydrogen production.

Herein, a cobalt sulfide-based electrocatalyst was fabri-

cated by a simple hydrothermal method. We analyzed the

electrochemical performance and stability of prepared

cobalt sulfide for anodic reactions in alkaline electrolytes with

and without glycerol. Furthermore, we investigated the
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correlation between temperature and the electrocatalytic ac-

tivity of the cobalt sulfide for OER and GOR. This paper con-

centrates on seeking efficient strategies to overcome the slow

kinetics of OER, improving the H2 production efficiency from

water electrolysis.
Experimental section

Reagents

Cobalt (II) nitrate hexahydrate (Co(NO3)2$6H2O), iridium(IV)

oxide powder (IrO2), thiourea, potassium hydroxide (KOH),

glycerol, hydrochloric acid (HCl) and acetone were purchased

from Sigma-Aldrich. All the mentioned chemicals were of

analytical grade and used as received.

Preparation of the electrocatalysts

Conductive Ni foam (NF) as substrate was cut into pieces with

dimensions of 2 � 3 cm2. These NF pieces were cleaned by

sonication sequentially in 3 M HCl solution, distilled (DI)

water, acetone, and ethanol under sonication to remove oxide

layers on the NF surface. The direct growth of cobalt sulfide

nanosheets on the NF (CoeS/Ni3S2@NF) was performed via a

hydrothermal method. At first, 1 mmol Co(NO3)2$6H2O and

2 mmol thiourea powder were dissolved in 50 mL DI water,

and the resultingmixture solutionwas transferred to a 100mL

Teflon-lined stainless steel autoclave reactor. Then the pre-

treated NFs were placed vertically in the above solution and

kept in an electric oven, where the temperature of the oven

was raised and maintained for 12 h at 120 �C. The prepared

CoeS/Ni3S2@NF was washed with DI water and ethanol

several times and then dried in an oven at 60 �C for 12 h

Ni3S2@NF was also prepared using the same method without

adding cobalt precursor. For the OER activity comparison

purpose, a noblemetal-based electrocatalyst i.e., IrO2@NFwas

also prepared. Simply, 5 mg of IrO2 powder was dispersed in a

solution containing 200 ml of H2O and 10 ml of Nafion. Then the

mixture was kept in an ultrasonic bath for 30 min and the

obtained catalyst inkwas dropped onto a 1� 1 cm2NF,making

a mass loading of ~1.3 mg cm�2 which is the same as cobalt

sulfide on NF (CoeS/Ni3S2@NF).

Characterization techniques

X-ray diffraction (XRD) patterns were obtained from a PAN-

alytical Empyrean powder diffractometer with Cu Ka

(l ¼ 1.5406 �A) with a 2q range of 10�e80. The microstructure

and surface topography ofmaterials were investigated by field

emission scanning electron microscopy (FESEM, Tescan

Mira3), energy dispersive X-ray spectroscopy (EDS), trans-

mission electron microscopy (TEM, Thermo Fisher Talos

F200X microscope) and atomic force microscopy (AFM,

BRUKER Dimension FastScan). The composition and surface

properties of samples were analyzed by X-ray photoelectron

spectroscopy (XPS) using Thermo Fisher ESCALAB 250Xi

equipped with an Al ka X-ray source (1486.6 eV). The XPS

spectra were calibrated against the carbon (C 1s) peak at

284.80 eV.
Please cite this article as: He R et al., Accelerate oxygen evolution r
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Electrochemical measurements

The electrochemical measurements were performed on an

electrochemical workstation (CHI 760C) with a potentiostat in

a typical three-electrode setup, using prepared NF-based

samples (1 � 1 cm2) as the working electrode, a platinum (Pt)

coil as the counter electrode and a silver/silver chloride (Ag/

AgCl) electrode as the reference electrode. 1.0 M KOH or 1.0 M

KOH with 0.1 M glycerol was used as the alkaline electrolyte

solution. The working electrode was cycled at a scan rate of

20 mV s�1 for 30 cycles to activate the electrode in the elec-

trolyte and then cyclic voltammograms (CVs) at a scan rate of

10 mV s�1 were collected. The polarization curves were ob-

tained by linear sweep voltammetry (LSV) at a scan rate of

5 mV s�1. Electrochemical impedance spectroscopy (EIS)

measurements were carried out from 105 Hz to 0.1 Hz with

potentials of 0.55 V and 0.35 V vs. Ag/AgCl for OER and GOR,

respectively. The stability tests were performed by applying a

certain constant current in both 1.0 M KOH and 1.0 M KOH

with 0.1 M glycerol for 10 h using chronopotentiometry tech-

niques. To investigate the temperature effect on OER and GOR

performance, the electrochemical measurements were car-

ried out at a range of temperatures from 25 to 65 �C.
Results and discussion

The cobalt sulfide on Ni foam as the working electrode was

prepared through a simple one-step hydrothermal process. A

comparison of SEM images of bare Ni foam, Ni3S2@NF and

CoeS/Ni3S2@NF samples is shown in Fig. 1. As can be

observed, bare Ni foam presents a 3-dimensional (3D) porous

morphology and has a smooth surface as displayed in the

high-magnification images (Fig. 1a and b). SEM images of

Ni3S2@NF reveal that dense nickel sulfide nano particles

grown on Ni foam surface (Fig. 1c and d). In addition, the

corresponding elemental mappings confirmed the uniform

distribution of Ni and S in the particles (Fig. S1). Hydrothermal

synthesis of CoSx on the Ni foam was achieved using Co2þ

precursor solution and thiourea as sulfide precursor reacting

with Ni form. The color of the Ni foam surface changed to

green after the hydrothermal reaction. The rough surface of Ni

foam was also observed, indicating the successful growth of

CoSx nanostructures on the Ni foam (Fig. 1e). The high-

magnification SEM image (Fig. 1f) further reveals that CoSx
has a sheet-like morphology that is uniformly anchored on

the surface of Ni foam, leading to the formation of robust

electrocatalyst for the OER and GOR. The corresponding

elemental mappings demonstrate that Co, S, and Ni elements

uniformly distribute in the CoeS/Ni3S2@NF (Fig. 1gej). The

composition of CoeS/Ni3S2@NFwas further examined by TEM.

The elements of Co, Ni and Swere uniformly distributed in the

nanosheets of CoeS/Ni3S2@NF, further indicating the forma-

tion of cobalt - nickel sulfides on the NF surface (Fig. S2).

The structures of the prepared materials were primarily

analyzed by XRD. The XRD patterns of bare NF, Ni3S2@NF, and

CoeS/Ni3S2@NF in Fig. 2a show three characteristic diffraction

peaks of nickel, which come from the Ni foam substrate. In

Fig. 2b, the diffraction peaks of Ni3S2@NF at 22.5, 31.8, 38.3,

50.5, and 55.3� correspond respectively to the (101), (110), (003),
eaction by adding chemical mediator and utilizing solar energy,
ydene.2022.11.294
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Fig. 1 e SEM images of (a, b) bare NF, (c, d) Ni3S2@NF and (e, f) CoeS/Ni3S2@NF samples, and (gej) energy dispersive

spectrometry (EDS) mapping analysis of CoeS/Ni3S2@NF.

Fig. 2 e (a) XRD patterns and (b) the magnified patterns of bare NF, Ni3S2@NF and CoeS/Ni3S2@NF.
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(113), and (122) planes of Ni3S2 (JCPDS No. 44-1418), which are

the products of the sulfurization of Ni foam [56]. These peaks

were also observed in the XRD pattern of CoeS/Ni3S2@NF,

indicating that thiourea undergoes decomposition followed

by the reaction with cobalt metal atoms as well as Ni foam

substrate during the hydrothermal reaction. CoeS/Ni3S2@NF

exhibit the diffraction peaks corresponding to the CoS (JCPDS

No. 75-0605) and CoS2 (JCPDS No. 41-1471) diffraction peaks

[57]. This result indicates that cobalt sulfide nanosheets with

different phases/compositions were successfully grown on Ni

foam by a facile hydrothermal process.

The surface properties and chemical composition of CoeS/

Ni3S2@NF were also examined by XPS. The wide scan XPS

survey spectra of CoeS/Ni3S2@NF confirmed the existence of

Co, Ni, S, C, N, and O elements (Fig. 3a). In the high-resolution

Co 2p spectrum (Fig. 3b), the two main peaks centered at

781.6 eV (Co 2p3/2) and 797.2 eV (Co 2p1/2) with their neigh-

boring shakeup satellite peaks can be identified as charac-

teristic peaks of Co species with þ2 oxidation state, indicating

that the formation of CoS and CoS2 in CoeS compounds [58].

The binding energies at 161.43, 162.5, 163.3, and 164.6 eV

correspond to S2� 2p3/2, S
2� 2p1/2, S2

2� 2p3/2 and S2
2� 2p1/2,

respectively (Fig. 3c) [59]. The peak at ~168.6 eV is related to the

oxidized S species containing sulfate or sulfite groups (SOx
n�),

which is most likely from the possible oxidation of S under

hydrothermal conditions [59]. The Ni 2p spectrum is split into
Fig. 3 e (a) XPS survey spectrum of the CoeS/Ni3S2@NF, and the

and (d) Ni 2p.

Please cite this article as: He R et al., Accelerate oxygen evolution r
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two spin-orbit doublets and two shake-up satellites (Fig. 3d).

Two characteristic peaks appeared at 856.3 and 873.9 eV,

which can be ascribed to the Ni 2p3/2 andNi 2p1/2 peaks related

to Ni species in Ni3S2 [60,61]. All the XPS observations

demonstrate the successful synthesis of cobalt sulfides con-

taining CoS and CoS2 on Ni foam after the hydrothermal re-

action, which is consistent with the XRD analysis.

To evaluate the catalytic performance of the prepared

working electrode, the catalytic properties of the fabricated

electrocatalysts toward OER and GOR were measured in 1.0 M

KOH or 1.0 M KOHwith 0.1 M glycerol electrolyte solutions. As

shown in the LSV curves (Fig. 4a), the CoeS/Ni3S2@NF elec-

trode exhibits much higher catalytic activity toward OER

demanding an overpotential of ~340mV to reach 20 mA cm�2,

which is superior to the bare Ni foam (~2.3 mA cm�2 at an

overpotential of 340 mV) and comparable with the noble

metal-based electrode (IrO2@NF). The prepared hybrid elec-

trocatalyst (CoeS/Ni3S2@NF) in this work would possess the

following advantages: firstly, this electrocatalyst has good

conductivity resulting from the Ni foam substrate, which is

beneficial for charge transfer and thus improves the electro-

chemical performance; secondly, the high porosity structure

of Ni foam provides a large surface area for the active mate-

rials, cobalt sulfide in this case, which will lead to the expo-

sure of abundant active sites for the catalytic reactions and

finally, CoeS/Ni3S2@NF has a unique 3D structure from Ni
ir corresponding high-resolution spectra (b) Co 2p, (c) S 2p

eaction by adding chemical mediator and utilizing solar energy,
ydene.2022.11.294
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Fig. 4 e (a) LSV curves of the different electrocatalysts measured in 1.0 M KOH and 1.0 M KOH with 0.1 M glycerol, at a scan

rate of 5 mV s¡1; (b) 3D histogram comparing the potentials of CoeS/Ni3S2@NF for OER and GOR; (c) Electrochemical

impedance spectra of the different electrocatalysts at the applied potentials of 0.55 and 0.35 V (vs. Ag/AgCl) for the OER and

GOR, respectively; (d) Tafel plots of Ni3S2@NF and CoeS/Ni3S2@NF for OER and GOR; (e) Current density as a function of the

scan rates for Ni3S2@NF and CoeS/Ni3S2@NF; (f) Stability testing of CoeS/Ni3S2@NF for OER and GOR under a constant current

density of 30 mA cm¡2.
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foam, which facilitates the exchange of absorbed reactants

and the release of oxygen. It is worth mentioning that

Ni3S2@NF shows higher OER and GOR activities than bare NF,

which means that nickel sulfides also contribute to the cata-

lytic activity towards OER and GOR. Hence, we can reasonably

conclude that the high OER and GOR activities of CoeS/

Ni3S2@NF is due to the synergistic effect of Ni foam, cobalt

sulfides, and nickel sulfides. Impressively, this CoeS/

Ni3S2@NF electrode only requires a potential of 1.35 V vs. RHE

to deliver a current density of 20 mA cm�2 in 1.0 M KOH with

0.1 M glycerol, which displays superior GOR activity. Fig. 4b

shows the comparison of potentials for OER and GOR at cur-

rent densities of 20 and 40 mA cm�2. The potential for anodic

oxidation decreased by 220 mV and 210 mV to reach the cur-

rent densities of 20 and 40 mA cm�2, respectively, by adding

0.1 M glycerol. This result demonstrated that GOR was more

conducive than OER to occurring at a low potential. Glycerol
Table 1 e Comparison of OER and GOR performance of differen

Catalysts OER potential
(V vs. RHE)

GOR potenti
(V vs. RHE

Co20Cu20Ni20Ag20Zn20 ~1.67 @ 20 mA cm�2 1.50 @ 17 mA c

CoNiCuMnMo-NPs/CC 1.55 @ 10 mA cm�2 1.25 @ 10 mA c

LaFe0.31Co0.69O3 ~1.65 @ 10 mA cm�2 1.60 @ 10 mA c

CoeS/Ni3S2@NF 1.57 @ 20 mA cm�2 1.35 @ 20 mA c

Please cite this article as: He R et al., Accelerate oxygen evolution r
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can be converted into value-added products. Basically, during

the GOR process, theeOH groups of glycerol can be oxidized to

produce different products depending on the catalytic activity

and selectivity of the materials [62]. The most common

products of GOR are 3-carbon-atom compounds (e.g., glycer-

aldehyde and dihydroxyacetone) and 2-carbon-atom com-

pounds (e.g., glyoxylic acid and oxalic acid). CO2 is difficult to

generate due to the slow kinetics and high energy barrier for

breaking both CeC bonds in glycerol [45]. It is known that non-

precious transition metals like Ni and Co-based electro-

catalysts have been widely investigated due to their low cost

and high electrocatalytic activity toward GOR [63]. Some

studies of transition metal-based electrocatalysts for OER and

GOR are summarized in Table 1. Cechanaviciute et al. syn-

thesized a series of multi-metal electrocatalysts for OER and

GOR [64]. Their results also showed that GOR requires a lower

potential to reach the same current density compared to OER.
t catalysts reported in the literature.

al
)

Sample preparation
method

References

m�2 Aerosol-based synthesis Cechanaviciute et al. [64]

m�2 Pyrolysis reduction Fan et al. [65]

m�2 Co-precipitation Brix et al. [47]

m�2 Hydrothermal method This work

eaction by adding chemical mediator and utilizing solar energy,
ydene.2022.11.294
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However, the electrocatalysts contain five metals (Co20Cu20-

Ni20Ag20Zn20), which is complicated, and the current density is

relatively low (17 mA cm�2 at 1.5 V vs. RHE) [64]. Recently, Fan

et al. measured the overall potentials for HER-OER and HER-

GOR electrolyzers [65]. They found that an applied voltage of

1.55 V vs. RHE is required to deliver a current density of

10 mA cm�2 for a conventional cell using 1 M KOH as elec-

trolyte while only 1.25 V vs. RHE is required to achieve the

same current density by adding 0.1 M glycerol. These previous

findings along with our experimental results demonstrate

that GOR is a promising candidate to replace OER at an elec-

trolytic anode. It is also reported that the conductivity and

chemical stability of the electrocatalysts are important factors

for GOR [62]. In this study, the prepared CoeS/Ni3S2@NF ex-

hibits excellent electrocatalytic performance for GOR can be

attributed to the 3D structure of Ni foam and the uniform

distribution of cobalt -nickel sulfides, which improve the

electrocatalyst conductivity and provide abundant accessible

active sites.

The electrochemical behavior of as-synthesized CoeS/

Ni3S2@NF towards OER and GOR has been investigated by

cyclic voltammetry and shown in Fig. S3. For OER, CoeS/

Ni3S2@NF exhibited a strong oxidation peak at ~1.24 V (vs.

RHE), which is due to the oxidation of Co2þ to Co3þ/4þ [66]. In

addition, the anodic peak observed at ~1.37 V (vs. RHE) cor-

responds to the oxidation of Ni2þ to Ni3þ [67]. The cobalt

oxidation was also observed in the CV curve for GOR, which is

located at ~1.30 V (vs. RHE). The kinetics of the electrocatalytic

processes were examined by EIS to further illustrate the OER

and GOR activities on CoeS/Ni3S2@NF (Fig. 4c). The EIS spectra

for OER and GOR were recorded at 0.55 V and 0.35 V (vs. Ag/

AgCl), respectively. Compared to bare NF and Ni3S2@NF, the

CoeS/Ni3S2@NF has the lowest charge-transfer resistance in

OER and GOR, indicating the superior charge transport ki-

netics due to the higher electronic conductivity at the CoeS/

Ni3S2@NF electrode/electrolyte interface during the electro-

chemical reactions. Tafel slopes can be used to indicate the

rate of change of potential with the log of current density.

Fig. 4d shows the Tafel plots of Ni3S2@NF and CoeS/Ni3S2@NF

for OER and GOR. Tafel slopes of CoeS/Ni3S2@NF were found

to be 136 mV dec�1 for OER, which is lower than that of

Ni3S2@NF (162 mV dec�1). This means that CoeS/Ni3S2@NF is

more favorable reaction kinetics toward OER than Ni3S2@NF.

The high Tafel slopes of Ni3S2@NF and CoeS/Ni3S2@NF imply

that the rate-determining step for OER is probably the M�OH

bond formation (M: active sites) [68]. Furthermore, the CoeS/

Ni3S2@NF has a smaller slope of 107mV dec�1 for GOR than for

OER (136 mV dec�1), indicating the faster catalytic kinetics of

GOR. The double layer capacitance (Cdl) of a catalyst is strongly

correlated to its electrochemical activity. The Cdl value was

obtained from the slope of the linear fitting between the cur-

rent density differences (Dj ¼ (ja-jc)/2) vs. the scan rates from

CV curves in the non-Faradic region (Fig. S4). As shown in

Fig. 4e, CoeS/Ni3S2@NF (4.26 mF cm�2) presents a higher Cdl

than Ni3S2@NF (1.11 mF cm�2). This result indicates that

CoeS/Ni3S2@NF can provide larger electrochemical active

surface area (ECSA) and more accessible active sites than

Ni3S2@NF during OER and GOR. The above findings demon-

strate that adding glycerol as chemical mediator can help to

reach a higher current density in KOH electrolyte. Firstly, the
Please cite this article as: He R et al., Accelerate oxygen evolution r
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glycerol has a lower theoretical oxidation potential and thus

GOR will take place before OER, reducing the electricity con-

sumption of the overall electrolysis process. Secondly, the

oxidation products of glycerol could be C3 compounds by

oxidizing eOH groups of glycerol and C2/C1 compounds by

breaking its CeC bonds [44]. GOR as an anodic reaction could

be coupled with HER as a cathodic reaction in an electrolysis

cell to produce H2 on the cathode and value-added organic

chemicals instead of O2 on the anode, which can increase the

economic value of the electrolysis process. In addition, GOR

has a faster reaction kinetics than OER. Therefore, GOR could

be a promising candidate to replace OER in an electrolysis cell

for hydrogen production.

The electrochemical durability is a significant performance

parameter in evaluating the long-term catalytic activity of the

electrocatalysts. As shown in Fig. 4f, the chronoamperometric

response test of CoeS/Ni3S2@NF was conducted in 1.0 M KOH

and 1.0 M KOH with 0.1 M glycerol at a constant current

density of 30 mA cm�2 at room temperature. A stable voltage

of about 1.61 V (vs. RHE) was sustained for 20 h with negligible

degradation for OER. This high stability of CoeS/Ni3S2@NF is

evidence that this electrocatalyst easily facilities electron

transfer and can remain highly active for water oxidation for a

long time. The potential of GOR was slightly increased after

20 h of durability test in the CoeS/Ni3S2@NF electrode. It is

important to note that the potential was increased in the first

2 h and then stabilized in the long-term stability testing. It was

reported that the increase in the potential is attributed to the

consumption of Hþ, OH�, and glycerol in the electrolyte so-

lution and the potential could be restored to some extent by

refreshing the electrolyte [65].

To explore the morphology and composition evolution of

the electrocatalyst after electrochemical measurements, the

sample CoeS/Ni3S2@NF after OER and GOR stability testing

was characterized by SEM, XRD and AFM analysis. As dis-

played in Figs. S5aeb, the CoeS/Ni3S2@NF surface showed

obvious change after OER testing, which is most likely due to

the reconstruction of the catalytically active layer based on

cobalt e nickel sulfides during the OER process. The EDS

mappings confirmed the existence of Co, Ni, S, O and K ele-

ments in CoeS/Ni3S2@NF after OER testing (Figs. S5ceh). Po-

tassium was observed in CoeS/Ni3S2@NF after OER testing,

which was from the electrolyte solution. Moreover, the

decrease in cobalt sulfides in the tested CoeS/Ni3S2@NF was

determined from its XRD patterns as the XRD peaks of CoS and

CoS2 disappeared in the CoeS/Ni3S2@NF after OER (Fig. S6).

These results may imply that the cobalt sulfide-based active

sites readily undergo self-transformation to form true cata-

lytically active sites, which mostly consist of an amorphous

layer during the OER stability testing, which was further

supported by AFManalysis. It can be clearly seen in Fig. S7 that

the CoeS/Ni3S2@NF has a rough surface, resulting from the

formation of cobalt - nickel sulfides, and the evolution of

electrode surface after OER can be observed. The SEM and EDS

images of the CoeS/Ni3S2@NF after GOR testing indicated that

the electrode surface was also reconstructed during GOR

process, which is similar to the CoeS/Ni3S2@NF after OER

testing (Fig. S8). Also, the XRD patterns of CoeS/Ni3S2@NF

after GOR do not show the peaks for CoS and CoS2 (Fig. S6).

Alike to OER, the catalytic layer of cobalt - nickel sulfides on
eaction by adding chemical mediator and utilizing solar energy,
ydene.2022.11.294
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the NF surface was readily oxidized under an alkaline condi-

tions during the electrochemical reactions, resulting in the

surface reconstruction of the CoeS/Ni3S2@NF [26]. Based on

the above analysis, we can reasonably conclude that

cobaltenickel sulfides were served as the catalytically active

layers for bothOER andGOR. Aswementioned before, glycerol

could be oxidized to various products mainly including C2/C3

compounds. The current density increased after adding glyc-

erol, which ismost likely because cobaltenickel sulfides active

layers can oxidize the eOH groups of glycerol and cleave its

CeC bondsmore easily than oxidizingeOH from electrolyte to

O2 (OER).

Raising the operating temperature could be another way to

reduce the potential for anodic reactions in an electrolysis

cell. According to Arrhenius' law, the reaction rate is related to

the temperature [69,70]. Exploring the effect of temperature

on anodic reactions can help to understand the electro-

catalytic activity of the electrode and the underlying mecha-

nism and thus can guide the future direction in electrocatalyst

design. Fig. 5a displays the 3D surface graph showing the ef-

fect of temperature on OER performance of CoeS/Ni3S2@NF

measured in 1.0 M KOH, where the temperature range is from

25 to 65 �C. Interestingly, the anodic current density was

significantly increased when the temperature increased from

25 to 65 �C due to the lowering of the activation energy barrier

with increasing temperature. It is worth noting that CoeS/
Fig. 5 e The 3D surface graphs showing the effect of temperature

CoeS/Ni3S2@NF, where the data is obtained from LSV; (c) Comp

1.60 V vs. RHE; (d) Arrhenius plots and calculated activation en
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Ni3S2@NF exhibited better OER performance than IrO2@NF

when the temperature increased to 35 �C, corresponding to

the higher OER activity of CoeS/Ni3S2@NF at a higher tem-

perature. According to the literature, the possible OER cata-

lytic process over the metal sulfide catalysts in alkaline

solutions can be expressed by the equations below, where M

refers to active sites [25,71].

MþOH� / MOHþ e� (1)

MOHþOH� / MO� þH2O (2)

MO� / MOþ e� (3)

MOþMO / MþMþO2 (4)

It is generally accepted that the first step (adsorption) of

OER is most likely the rate-determining step at room tem-

perature [25]. Zhang et al. have provided a comprehensive

study on temperature-dependent OER and suggested that the

rate-determining step shifts toward the OeH bond breaking

(Eq. (2)) from OH� adsorption (Eq. (1)) at a higher temperature

[51]. This illustrates that a higher current density is obtained

as the OeH bond is easier to break at a high temperature. As a

comparison in Fig. 5b, it is clearly seen that increasing tem-

perature from 25 to 65 �C results in a monotonically increase

in current density for GOR. This result indicates the significant
on current density vs. potential for (a) OER and (b) GOR over

arison of potential for OER and GOR against temperature at

ergies for CoeS/Ni3S2@NF for OER and GOR.

eaction by adding chemical mediator and utilizing solar energy,
ydene.2022.11.294
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influence of temperature on glycerol oxidation on CoeS/

Ni3S2@NF. The increase rate of the OER and GOR with

increasing temperature is revealed from the difference in

current density between OER and GOR at a certain potential.

For example, Fig. 5c compares the current densities between

OER and GOR at an applied potential of 1.60 V vs. RHE at

different temperatures. At 25 �C, the difference in current

density between OER and GOR is 88 mA cm�2 while this dif-

ference increased to 220 at mA cm�2 at 65 �C. We can strongly

conclude that the temperature is an essential factor to

improve the electrocatalytic activity toward the anodic re-

actions in an electrolysis cell and we found that GOR catalytic

activity is more sensitive to temperature compared with OER.

Therefore, increasing the temperature for GOR could be an

efficient strategy to reduce the potential for anodic reactions

for hydrogen generation in an electrolysis cell. It is worth

mentioning that the anodic current density at ~1.6 V (vs. RHE)

increased tenfold in the alkaline electrolysis cell the by adding

glycerol and utilizing free solar energy, providing guidance for

the development of energy-saving H2 production systems.

To provide a better understanding of the electrocatalytic

behavior, the electrochemical activation energy Ea of OER/

GOR for the electrocatalyst was estimated using the

temperature-dependent polarization curves based on the

Arrhenius assumption [72]. As indicated in Fig. 5d, the calcu-

lated Ea value of CoeS/Ni3S2@NF for OER is 28.2 kJ mol�1,

higher than the value of that for GOR (21.9 kJ mol�1). This

observation on activation energy reveals lower reaction bar-

riers involved in the GOR process than OER.

Solar energy could be utilized to produce hydrogen from

water splitting by heating it to high temperatures to drive the

decomposition of H2O into H2 and O2, a renewable H2 pro-

duction pathway [73]. The idea of energy-saving provides a

promising future direction for hydrogen production, and this

approach may likely be implemented in areas with abundant

and strong sunlight. Solar energy has the potential to be used

to heat up the electrolyte solution, improving the kinetics of

OER/GOR, which might be an effective way to address our

energy needs and reduce the energy consumption for the

electrolysis system. Thanks to the abundant strong sunlight in

New Mexico state, United States, we were able to utilize the

solar power to increase the temperature of electrolyte by

concentrating sunlight using thermal flasks. The setup of the

solar energy collection is shown in Fig. S9.
Conclusions

Developing low-cost efficient electrocatalysts for OER is still a

challenging task. In this study, we reported two strategies to

improve the OER activity of the cobalt sulfide electrocatalyst

for water splitting: adding glycerol to the KOH electrolyte and

increasing the temperature. At first, the cobalt sulfide nano-

sheets grown on nickel foam (CoeS/Ni3S2@NF) were success-

fully synthesized by a simple one-step hydrothermal method.

Impressively, this CoeS/Ni3S2@NF can afford 20 mA cm�2 at a

potential of 1.35 V in 1.0 M KOH by adding 0.1 M glycerol as

chemical mediator, which is 220 mV lower than OER in 1.0 M

KOH. The estimated activation energy of CoeS/Ni3S2@NF for

OER is higher than that for GOR, indicating the OER process
Please cite this article as: He R et al., Accelerate oxygen evolution r
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associated with high kinetic energy barriers. Moreover, the

electrolyte solution in the electrolysis cell can be heated up

utilizing solar energy. By adding glycerol and capturing the

solar energy, the anodic current density at ~1.6 V was

observed to be increased tenfold in the alkaline electrolysis

cell using CoeS/Ni3S2@NF as the electrocatalyst. Clearly, we

established a link between the temperature and OER/GOR

performance and indicated that increasing temperature is an

efficient way to improve OER/GOR activity. Furthermore, this

CoeS/Ni3S2@NF electrocatalyst exhibited high thermal dura-

bility. We believe that these findings can provide valuable

clues to overcoming the sluggish kinetics of OER process and

push the electrochemical activity of OER to the next stage.
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