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Abstract

This work explores the critical role of NiO co-catalyst assembled on the surface of a CuS
primary photocatalyst which effectively improves interface properties and enhances solar-to-
hydrogen production by prolonging lifetime of photo-excitons generated at the CuS surface.
The nanoscale CuS/NiO heterojunction is formulated using hydrothermal and wet impregnation
methods. The resultant CuS/NiO composite shows optical absorbance between 380-780 nm
region. The type-ll energetic structure formed at CuS/NiO heterojunction facilitates rapid
charge separation and as a result, the CuS/NiO composite exhibits 13 folds higher
photocatalytic water splitting performance than CuO and NiO. The champion CuO/NiO
photocatalyst is first identified by screening the catalysts using a preliminary water splitting test
reaction under natural Sunlight irradiation. After the optimization of the catalyst, it was further
explored for enhanced photocatalytic hydrogen production using different organic substances
dispersed in water (alcohols, amine and organic acids). The champion CuS/NiO catalyst(CPN-2)
exhibited the photocatalytic hydrogen production rate of 52.3 mmol.h"1.g"%.in the presence of
lactic acid-based aqueous electrolyte and, it is superior than hydrogen production rate obtained
in the presence of other organic substances (triethanolamine, glycerol, ethylene glycol,
methanol) tested under identical experimental conditions. These results indicate that the
energetic structure of CuS/NiO photocatalyst is favorable for photocatalytic oxidation of lactic
acid or reformation of lactic acid. The oxidation of lactic acid contributes oxidative electrons for
enhanced hydrogen generation as well as protects CuS from photocorrosion. The modification
of surface property and energetic structure of CuS photocatalyst by the NiO co-catalyst
improves photogenerated charge carrier separation and in turn enhances the solar-to-hydrogen
generation. The recyclability tests showed the potential of CPN-2 photocatalystfor prolonged
photocatalytic hydrogen production while continuous supply of lactic acid feedstock is

available.

Keywords: Photocatalysis; solar hydrogen; lactic acid; water splitting; metal chalcogenide
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1. Introduction

In recent years, there is a growing interest in developing functional nonmaterial’s useful to
convert solar energy into electricity, storable chemical fuels and chemicals[1]. Utilization of
solar light for overall water splitting to get H, and O3 gases has been regarded as the Holy Grail.
As molecular hydrogen (Hz),possessing high energy density has tremendous potential as a fuel
in rocket engines, fuel-cell driven electric cars and hybrid motor vehicles that utilize combined
hydrogen-diesel power turngreen hydrogen production is a hot research topic in energy
sector[2-5]. In contrast to photoelectrochemical water splitting, solar photocatalysis in
aqueous suspension is a potential approach for hydrogen production as this enables wireless
water splitting; it is the one-step solution for hydrogen production utilizing earth-abundant
water, renewable sunlight and non-thermal reactions carried out at near ambient temperature

and pressure[6].

Consistent efforts have been put forward for the development of photocatalysts with
relatively high efficiency and stability for a more extended period which may pave the way for
the conversion of photocatalysis into technology for hydrogen fuel generation. In this line,
developing hydrogen fuel from photo reforming of oxygenated organic compounds derived
from biomass-waste or biomass-waste derived organic substrates is a process offering double
benefits as it can address both energy demand and environmental clean-up simultaneously[7-
10] and it is considered as a near carbon-neutral process[11]. The efficiency of hydrogen fuel
generation using photocatalytic oxidation of organic substance relies on spatial separation of
photogenerated electron-hole pairs[12] and surface property of the semiconductor which
dictates adsorption of the targeted organic compounds[13]. The charge transfer at
photocatalyst/organic substance interfaces controls the recombination loss of charge-carriers.
In general, a single semiconductor could possess either surface property required for the
chemical reactions or effective charge separation. Still, it is rare for a semiconductor to own
both properties together. Therefore, modifying a semiconductor with appropriate material

making a composite to improve adsorption of targeted compounds and spatial separation of
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photogenerated electron-hole pairs concurrently is necessitated for effective hydrogen

generation[14,15].

Usually, semiconductors such as simple metal oxides/sulphides/nitrides may possess
required band gap of >1.23 eV, have either valence band (VB) or conduction band(CB) matching
with pre-requisite energy level and rarely having favorable energetic structure needed at both
VB and CB levels. However, when a semiconductor modified with a co-catalyst, it provides
active sites for adsorption, suppresses excitons recombination and facilitates catalytic oxidation
and reduction reactions[16,17]. For efficient photocatalytic hydrogen production, apart from
suitable bandgap, band edge potential and active catalytic sites of a semiconductor, the work
function of co-catalyst should match with the semiconductor for the transfer of electrons to the
surface[18]. Often, a noble metal co-catalyst such as Pt is widely used (< 1 wt.%) for its high
workfunction, and it provides active catalytic sites that trigger hydrogen production in
manyfolds. However, the co-catalyst behavior of Pt sometimes suppressed due to preferential
reaction of CO or other reaction intermediates with the active sites, this along with the higher
cost of Pt lead to the search for stable and earth-abundant alternatives[19]. An alternative to
Pt, several co-catalysts such as metal oxide, metal sulphides and carbon nanostructures were
widely used, and in some cases, the new materials showed enhanced performance[20]. Though
there are some examples for metal-chalcogenide/co-catalyst composite materials,
CdS/MoS,@Coo.2Cdo.sS nanocomposite[21], carbon allotropes[22], Ni2P/ZnIn;S4[23], CdS/Ni[24]
and CdSe/CdS/Au@(Au-Pd alloy)[25], showed enhanced photocatalytic hydrogen production,

photocorrosion of these materiels decreases the catalyst stability upon prolonged use[26].

Hence finding toxic-free metals based metal-chalcogenide alternate to cadmium and lead
and identifying a suitable co-catalyst having an appropriate work function for enhanced
hydrogen production will be beneficial research [27]. The copper sulphide (CuS) is a
chalcogenide semiconductor meets the requirement of visible light-responsive photocatalyst
but mainly used for degradation of dyes and organic pollutants. But, only a little attention has
paid for its use in hydrogen production through water splitting. Recently our group extensively

studied the effect of sacrificial agents on hydrogen production using CuS/TiO2
4
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photocatalysts[16]. On the other hand, NiO is one of the earth-abundant materials that serve as
excellent co-catalysts for hydrogen generation[28]. However, a combinatorial approach on the
production of CuS/NiO nanocomposite for enhanced photocatalytic hydrogen production is

rare.

In the present work, we have synthesized a CuS/NiO photocatalyst and demonstrated its
performance in hydrogen production via reformation of organic substances such as alcohols,
amine and acids in water. The inter-dependence between properties of semiconductor and
photocatalytic performance was examined and discussed. It is recognized in the work that
apart from merely having favorable properties, dispersion and heterojunction interface
formation between NiO and CuS surface is essential to minimize the Schottky barrier. The use
of an aqueous solvent in wet-impregnation method often leads to low interface formation
between CuS and NiO. Hence in the present work, we attempted polymeric surfactant
mediated co-catalyst immobilization. Firstly, the CuS nanosheets are prepared using ethylene
diamine as solvent as well as 2-D structure-directing agent. Then utilizing polyvinylpyrrolidone
as a surfactant to mediate closer interaction, NiO co-catalyst is impregnated onto surface of
CuS nanosheets. After successful catalyst preparation and its characterization, the influence of
NiO co-catalyst loading and the competitiveness of the different organic substances on

photocatalytic hydrogen generation performance are studied.

2. Materials and Methods

2.1 Synthesis of CuS-NiO nanocomposite photocatalyst

Analytical reagent grade chemicals procured from Fisher Scientific, India and Merck/Sigma
Aldrich, India were used throughout the present work without further purification. The CuS-NiO
nanocomposites wereprepared in two stages as described below.

CuS nanosheets

A simple hydrothermal method was used for CuS synthesis [16]. Briefly, 2.72 g of copper
chloride (CuCl;.2H,0) (0.016 mol.) was dissolved in ethylene diamine (80 mL) in a glass beaker
(capacity 100 mL) placed on a magnetic stirrer to obtain a clear solution. Into this, 2.43 g of

thiourea (CH4N2S) (3.19 mol.) was added under vigorous stirring and then stirring continued for
5
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another 15 min at room temperature (30+1°C). After such time, an orange coloured clear
solution was obtained and the same transferred into 100 mL stainless steel autoclave having
Teflon lining, and sealed with bolts and nuts. After heating in electric oven at 180+2°C for 6 h,
the autoclave was cooled to room temperature under tap water flow. The black precipitate
thus obtained was washed twice with 50 mL of distilled water by using dispersion and
centrifugation cycles. Finally, the wet powder was washed with 50 mL of ethanol, dried in hot
air oven at 80+1°C and labeled as CusS.

CuS-NiO nanocomposite

Modified wet impregnation route was adapted to disperse the NiO co-catalyst nanoparticles on
CuS photocatalyst[29]. Typically, 0.5 g of Polyvinylpyrrolidone ((CsHsNO). average mol. wt.
40000) was dissolved in 50 mL iso-propanol kept in a glass beaker and placed on a magnetic
stirrer to obtain a colorless transparent solution. Into this, 0.5 g of CuS powder was uniformly
dispersed for 15 min under ultrasonication at room temperature 30£1°C (Sol-A). In another
beaker, 0.5 g of nickel nitrate (Ni(NO3),.6H.0) (equivalent to 20 wt% NiO loading) was dissolved
in 50 mL of distilled iso-propanol in 100 mL glass beaker (Sol-B). Now, Sol-B was drop wise
added into Sol-A under vigorous magnetic stirring. Into this sol-AB mixture, 30 mL of distilled
water was drop wise added, and magnetic stirring continued for another 2 h at room
temperature 301 °C. The mixture was placed on a magnetic stirrer with a hot plate and
gradually heated to 120+2°C for solvent evaporation. As a result of solvent evaporation, a dark
brown dry powder was obtained. The brown powder was washed with 50 mL of distilled water
two times by using dispersion and centrifugation cycles. Finally, the wet powder was washed
with 50 mL of ethanol and dried in a hot air oven at 80+1°C. In order to study the effect of NiO
loading on CuS, the NiO loading was varied as 20, 30 & 40% and corresponding CuS-NiO
nanocomposites are labeled as CPN-1, CPN-2 and CPN-3 respectively. For comparison, NiO was
also prepared in using the same procedure without adding CusS.

2.2 Experimental procedure for photocatalytic hydrogen evolution

The experimental process followed for photocatalytic hydrogen evolution and processing

parameters used in gas chromatography for accurate quantification of hydrogen gas was

6
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followed as in our recent publication[29]. The pristine CuS, NiO and composite CuS/NiO (CPN-1,
CPN-2 and CPN-3) were firstly tested in photocatalytic water splitting experiments under nature
Sunlight irradiation. The chosen photocatalyst (pristine or nanocomposite) was dispersed
rigorously in water containing 25 vol.% of sacrificial agent charged in a Quartz-Kjeldahl reactor
(capacity 185 mL) placed on a magnetic stirrer and stirred strictly for 30 min to ensure
adsorption-desorption process. The reactor was tightly sealed with rubber septum to ensure no
gas leakage. Now, the air in the reactor was carefully evacuated by using a vacuum pump
followed by purging with nitrogen gas that provided oxygen-free atmosphere. The reactor was
placed on the multi-spin magnetic stirrer, and a mechanical fixture was used to hold the reactor
firmly in a place at an angle of 45°; then directly exposed to nature Sunlight between 10 am to
3 pm continuously Note that these experiments are carried out under full sunny days. At
periodic intervals, the reactor was brought down to the laboratory for analysis using gas
chromatograph (GC) fitted with a thermal conductivity detector (TCD); the GC was calibrated
with standard hydrogen and oxygen gases before the analysis of the samples obtained during
the study. A similar procedure is adopted for indoor photocatalytic experiments under
simulated solar light irradiation (Xenon lamp — 300 W, ORIAL Instruments, New Port Co. Ltd.,
USA). To calculate quantum yield, the photocatalysis experiments are performed carefully using
band pass filters at 768 nm. The light intensity at this wavelength is precisely recorded using a

photodiode.

The recyclability tests were carried out as follows the first cycle was performed under
simulated solar light irradiation. The generated hydrogen gas was monitored at the periodic
interval of one hour until 6 h. At the end of the first cycle, the reactor was wrapped with
aluminum foil to avoid light entering the reactor and kept in the dark for 2 hours at room
temperature 30 +1°C. Before starting the second and further recycle experiments, the reactor
was evacuated (vide supra) and purged with nitrogen gas to remove H,. The H; free condition
was ensured by analyzing with GC. Afterwards, the reactor was exposed to light, and hydrogen

produced was quantified at regular interval using the GC.



© 00 N O O &~ W DD

—
o

—
—

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
21

3. Results and Discussion

Both pristine (CuS) and nanocomposite (CuS-NiO) photocatalysts are synthesized through a
modified procedure reported by us previously[16]. The CuS nanosheets are prepared in
ethylene diamine which served as a structure-directing agent to achieve the expected
morphology during the reaction of Cu?* ions with thiourea. In the preparation of CuS/NiO
nanocomposite, the use of polyvinylpyrrolidone creates an electrical double layer between Ni?*
and CuS nanosheets, which avoids the agglomeration of CuS, enables fine dispersion of NiO and
aids an intimate interface formation between CuS and NiO. The prepared catalysts are
thoroughly characterized to determine crystal structure, morphology, optical, optical-electrical

and surface properties.
3.1 Structural and surface analysis

The powder X-ray diffraction patterns of pristine CuS, NiO and CuS/NiO composite powders are
recorded at 20 = 35 to 65° and shown in Figure 1. The CuS powder displays five major peaks
appearing at 35.49, 37.48, 38.72, 43.15 and 62.84° corresponding to (101), (102), (103), (006)
and (110) planes respectively. These planes are in good agreement with the Covellite phase of
CuS as per standard JCPDS card No. 06-0464 and earlier reports[30]. Recently Li et al.,[31]
examined 3-D CusS hierarchal structures and reported the presence of these (101), (102), (103),
(006) and (110) planes of CuS. The pristine NiO showed low intensity of (111) and (200) planes
probably due to its small, nanocrystalline nature leading to amorphization. Upon NiO loading,
the relative peak intensity of CuS is significantly decreased while going from CPN-1 to CPN-

3,even though there are no additional peaks observed.

The morphology, crystal structure and elemental composition are examined by using TEM,
SAED and EDS analysis. Figure 2(a), shows nanosheets morphology of pristine CuS. The
representative TEM image of CPN-2 nanocomposite is shown in Figure 2(b). The dispersion of
NiO nanoparticles on the surface of the CuS nanosheets canbe visualized from the dark contrast
seen in the image (Figure 2(b)). In the HRTEM image, Figure 2(c) one of the edges of the CPN-2
shows the presence of lattice fringes with d-spacing of 0.259 nm corresponding to NiO. The

8
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lattice fringes with d spacing = 0.275 nm are associated with the (006) crystallographic plane of
Covellite CuS[32], and the one with d spacing = 0.259 nm is associated with the (111)
crystallographic plane of Wurtzite NiO[33].Figure 2(d) shows the SAED pattern of CPN-2. The
energy dispersive X-ray analysis (EDS) spectrum of CPN-2, depicted in Figure 2 (e) confirmed the
presence of elements, Cu, S, Ni, and O. The TEM analysis results clearly indicate the existence of
an interface between CuS nanosheets and NiO nanoparticles.

X-ray photoelectron spectra (XPS) are recorded for investigating the chemical and electronic
states of CuS and NiO present in the CPN-2 nanocomposite. The high-resolution spectrum of Cu
2p has been deconvoluted into five peaks, which appear at 962.4, 954.3, 941.8, 943.4 and 934.4
eV. Among these peaks, 954.3 and 934.4 eV are assigned to Cu-2ps;z and Cu-2pi/2 which
confirm the existence of copper in+2 chemical state (Figure 3(a)). There are three satellite
peaks observed at 962.4, 941.8 and 943.4 eV and these peaks shifted to higher binding energy
than that of Cu?, indicating strong interfacial interaction between CuS and NiO. Similar
phenomenon is observed in the high-resolution S2p spectra, which features two peaks at169.2
eV (S 2p1/2) and 168.1 (S 2p3,2) (Figure 3(b)). The high-resolution spectrum of Ni 2p separated
into four peaks; two 2p satellite peaks at 879.7 and 861.5 eV and two main Ni-2p peaks at 873.8
and 856.1 eV (Figure 3(c)). The lattice oxygen O1S bands of NiO are found at 531.2, and 529.3
eV Figure 3(d), indicating that they are present as 0,(531.2 eV) and 0(529.3 eV) ions [34]. The
similar type of functional nature of CuS/NiO heterostructures has been previously reported
[35-37]. In general, the binding energy values obtained from XPS bands in this work are in good
agreement with standard XPS binding energy values of Cu, S, Ni and O found in the previous

reports[38].

3.2 Light absorption analysis

The recorded diffuse reflectance spectra of pristine CuS, NiO, and CuS/NiO composite range
from 350 - 800 nm. The absorbance of the catalyst are normalized, as shown in Figure 4. The
CuS/NiO (CPN-2) nanocomposite exhibits higher absorbance compared to CuS and NiO at 380-

780 nm region. The enhanced optical absorbance of CuS/NiO (CPN-2) composite is ascribed to
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the combined absorbance of CuS and NiO in the above said wavelength region. The absorbance
edges of CuS and, NiO at 780 and 380.6 nm, respectively (indicated in Figure 5), reflect their
bandgap energies (CuS: 1.58 eV, NiO: 3.2 eV). The normalized absorbance spectra of CuS/NiO
composite powder for different loading amount of NiO (wt%) are presented in Figure S1
(supplementary information). The figure showed that the loading NiO co-catalyst onto CuS
surface influences the optical absorbance of the CuS/NiO composite. Higher loading of NiO
nanoparticles lead to agglomeration of NiO nanoparticles on CuS nanosheet surface and block
the light received by CuS. Therefore, it is proposed that CPN-2 is the optimized catalyst and it

balances the light absorption of both CuS and NiO materials.

3.3 Photocatalytic hydrogen generation

Primarily, photocatalytic performance of different NiO loaded CuS powders (CPN-1,
CPN-2 and CPN-3) for hydrogen generation is tested under natural Sunlight irradiation. 25% of
lactic acid dispersed in water is used as the electrolyte. Under Sunlight irradiation, the
photoelectrons and photo holes generated by the primary photocatalyst, CuS are separated
and go to the NiO co-catalyst and electrolyte, respectively. As lactic acid has more positive
oxidation potential than water (1.3 V vs SCE), the photo holes generated at valence band of CuS
can oxidize lactic acid in water and produce protons (H*) in the electrolyte as a by-product, and
provide the oxidative electrons to the valence band of CuS. Addition of these oxidative
electrons to photoelectrons generated at conduction band of CuS enhances photocatalytic
reduction process of protons to molecular hydrogen gas. The resultant quantities of hydrogen
gas generated from pristine CuS, NiO and their composites (CPN-1, CPN-2 and CPN-3) are
summarized in Figure 5a. In the Figure 5a, it can be seen that CPN-2 results in higher rate of
hydrogen gas production (=10.7 m.mol.gcat) compared to CPN-1 and CPN-3 as well as pristine
CuS and NiO. The superior photocatalytic performance of CPN-2 composite photocatalyst might
be attributed to higher photoabsorbance in the visible wavelength region than that of pristine
CuS and NiO (Figure 4). Also, the formation of CuS/NiO heterojunction facilitates effective

separation of photoexcited charge carriers and it may further enables transfer of electrons to

10
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NiO. Additionally, the NiO co-catalyst is anticipated to enhance adsorption of protons, which

may accelerate the photocatalytic reduction of 2H*>H,.

In the case of higher NiO loading (CPN-3), the excess co-catalyst present may block the
surface of CuS primary photocatalyst from absorbing photons and lower the active sites
required for oxidation of lactic acid. Thus the overall hydrogen gas generation rate is
reduced[39]. The sustainability of CPN-2 catalyst is tested under similar experimental
conditions in indoor with simulated solar light irradiation at different time intervals and results
summarized in Figure 5(b). The Figure 5(a) reflects that CPN-2 can produce 42.8 mmol.g .t in 4

h duration and it is sustainable.

It is known that the lifetime of photoexcitons in photocatalyst plays a key role, and it
directly influences the H; production performance of a photocatalyst. Figure 6 displays the
photoluminescence (PL) spectra of both CuS and CPN-2. The spectra show two peaks at 563 and
847 nm. The intensity of PL peaks can be correlated to charge recombination rate of
photoexcitons. For instance, the lower peak intensity indicates higher charge separation, and
the higher intensity represents weaker charge separation or higher charge recombination rate.
Here, the lower PL peak intensity of CPN-2 indicates relatively longer charge carrier lifetime at
the surface of the CuS-NiO nanocomposite catalyst. This observation is in-line with

photocatalytic hydrogen production, where CPN-2 is the more efficient catalyst.

To explore the proof-of-concept of promoting solar hydrogen generation decoupling with
oxidation of organic substances, the champion photocatalyst, CPN-2 is tested with wide range
of organic substances such as methanol, ethylene glycol, glycerol, lactic acid and
triethanolamine as mixed aqueous electrolytes (25 vol.% in water). The photocatalytic
hydrogen production experiments were carried out under the optimized, identical conditions
using a solar simulator as the light source. The resultant hydrogen gas quantity is summarized in
Figure 7. Among the organic substances (electron donors) studied, lactic acid blended with
water showed the highest hydrogen production rate of 52.3 mmol.ht.gl.t. This result can be

explained based on electron-donating property of the organic substances, which is in the

11
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following order: lactic acid >triethanol amine> glycerol > ethylene glycol> methanol[13].The
schematic illustration of the proposed photocatalytic reaction mechanism on the CuS/NiO
composite is presented in Figure 7 (b). As explained above, under light irradiation, the
photoholes generated from the valence band of CuS will oxidize organic substance present in
water. This reaction will result in providing proton and oxidative electron to CuS. The
photoelectron generated at conduction band of the CuS is injected to the conduction band of
NiO which reduces the protons to molecular hydrogen gas. The oxidative electrons contributed
from photocatalytic oxidation of organic substance add with above-mentioned photoelectrons,
which promote the overall hydrogen gas generation. Overall, the photocatalytic oxidation and
reduction process relies on the energetic structure of the CuS/NiO composite, as seen in Figure
7(b). Because of it suitable electrochemical oxidation potential, lactic acid is appropriate for
photocatalytic oxidation process at CuS/NiO. The electrochemical oxidation potentials of other
organic substances[34] are lower than that of water oxidation potential (1.2 V vs SCE).
Therefore, CuS/NiO is not able to oxidize the other organic substances studied in this work. It is
another plausible reason for higher photocatalytic hydrogen generation is observed from the

lactic acid-based electrolyte[40—44].

Figure 8 shows the volume of hydrogen generated for four recycles using lactic acid
containing electrolyte. As noticed from the data, the volume of hydrogen produced increases
with light irradiation time and the highest hydrogen production is observed at 5™and 6"h. The
lesser volume of gas generated at early hours of the experiment is ascribed to low hydrogen
pressure; as hydrogen accumulates with irradiation time, the gas effectively releases from the
reaction solution. In the 1 recycle, the volume of hydrogen produced is higher, and it
significantly increased from the 1% hour onwards as the reaction medium consists of fresh
sacrificial agent and some intermediates, which are labile and undergo oxidation to release H*
into solution. The 2" recycle shows a similar trend as that of 1t cycle but increase in gas
generation recorded; subsequently, 3™ recycle also proceeded in the identical way. But after 3
h, the volume of hydrogen decreased significantly may be because of formation of

intermediates that limit the H* generation and decrease the net volume of hydrogen produced.

12
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This negative effect is much pronounced in the 4™ recycle as the volume of fresh lactic acid
decreased, and the number of intermediates increased with reaction time. The net volume of
hydrogen generated in the first cycle and subsequently recycles are 691, 693, 774, 324 and 314
mmol.g . The excellent stability showed by the optimized catalyst is attributed to continuous
utilization of photon energy and incessant trapping of the excited charge carriers from CuS by
NiO nanoparticles. The quantum efficiency of the champion photocatalyst,CPN-2 calculated to

be 70.1% (details in electronic supplementary information).
3.4 Surface area and Turnover Frequency analysis

It is known that porosity and surface area strongly influence a material’s catalytic abilities.
Figure 9 displays nitrogen adsorption-desorption isotherms of CuS and CPN-3
photocatalysts[45,46]. Both the catalysts exhibit H3 hysteresis loop. The specific BET surface
area of CPN-2 (5.8 m? /g) is about two folds lower than CuS (13.6 m? /g) as deposition of NiO on
CusS surface minimizes its surface area. Over all the catalysts possess relatively smaller surface
areas. The BET surface area values are used to calculate the Turnover Frequency (TOF) of CPN-2
for photocatalytic H, production by following the standard formula (1), and a TOF of 0.05607 s

lobtained. The details of the calculation are presented in the supplementary information.

Amount of product (mol) ... (1)

T F TOF) =
urnover Frequency (TOF) amount of catalytic active sites X Time (S)

The solar-to-hydrogen generation performance of CuS-NiO composite (per hour/gram) from
organic substance blended with aqueous media is summarized and compared with previous
reportsby other researchers (Table 1). CuS-NiO showed competetive hydrogen productionrate
compared to thatthat of pristine CuS and other composites containing ZnS,TiO2, Pt andg-CsNa.
Note that this is a qualitative comparison and does not mean that all the reference catalysts are

tested under identical conditions.
4. Conclusions

In the present work, synthesis of CuS/NiO composite photocatalysts via a facile synthetic

13
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process is demonstrated and the catalysts are explored for enhanced solar to hydrogen
production from organic molecules dispersed in water. The NiO co-catalyst loading was
optimized under natural Sunlight irradiation. The optimized NiO-CuS composite photocatalyst,
(CPN-2) exhibited higher rate of hydrogen production under natural Sunlight irradiation (10.7
mmol.ht.g ) than pristine CuS, and NiO tested under similar conditions. The CPN-2 was
concurrently tested under simulated solar (UV-visible) light irradiation in the indoor and also
with different organic molecules blended with water. The CPN-2 generates about 52.3 mmol.h"
1.g e hydrogen gas from lactic acid-based electrolyte. It indicates that lactic acid containing
aqueous electrolyte is suitable for enhanced green hydrogen fuel production through
photocatalytic oxidation process at CuS/NiO composite. The recyclability of photocatalyst
tested for five cycles indicates that the optimized CuS-NiO photocatalyst is stable for long hours
of reaction and suitable for sustainable photocatalytic hydrogen production. Further, the same
catalyst exhibits a higher quantum efficiency of 70.1%. Apart from photocatalytic hydrogen
production, characterization of crystallinity, optical absorption, morphology, excitons
separation and chemical analysis of the synthesized photocatalysts were also carried out and

correlated to hydrogen production activity.
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Figure captions

Figure 1 PXRD pattern of CuS/NiO nanocomposite with different NiO loading on CusS.

Figure 2 HRTEM image of (a) CuS powder; HRTEM image of NiO-CuS composite powder (CPN-2)
(b) measured at 20 nm and (c) measured at 5 nm; (d) SAED pattern of CPN-2 (e) EDS result of
CPN-2.

Figure 3 X-ray photoelectron spectra of NiO-CuS (CPN-2) composite(a) Copper (b) Sulphur (c)
Nickel (d) Oxygen.

Figure 4 Optical absorbance spectra (normalized) for CuS, NiO and CuS-NiO (CPN-2) composite
powder.

Figure 5 Photocatalytic hydrogen gas generation performance of CuS/NiO nanocomposite
under natural Sunlight irradiation (the experiments are carried out at sunny day) (a)
Comparison of H; evolution rate for pristine CuS, NiO and nanocomposite photocatalysts, and
(b) Optimization of NiO loading (wt%) on CuS. Note that the water containing 25 vol.% of lactic
acid was used as electrolyte.

Figure 6 Photoluminescence spectra of CuS and CPN-2 powder showing lifetime of

photoexcitons.

Figure 7 Photocatalytic activity of CPN-2 powder under simulated solar light irradiation (a) Rate
of H, generation in the presence of different organic substances (water containing 25 vol.% of
respective organic substance is used as electrolyte); (b) Schematic illustration of the energetic
structure of CuS-NiO composite in photocatalytic hydrogen generation and organic substance
oxidation under Sunlight irradiation. The electrochemical oxidation potential values of
methanol (0.4 V vs SCE), ethylene glycol (0.6 vs SCE), triethanolamine (0.57-0.82 vs SCE),
glycerol (0.7-0.8 V SCE) and lactic acid (1.35 V vs SCE) are referred from the literature. This
values taken for respective organic substances against Pt electrode and in aqueous-based H2SO4

electrolyte.

Figure 8 Catalyst stability test for several cycles of photocatalysis reactions (the water

containing 25 vol.% of lactic acid is used as electrolyte).

Figure 9 Adsorption-desorption isotherm of CuS and CPN-2 powders.
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1

2

Table 1 CuS and CuS based nanocomposite photocatalysts for hydrogen production.

Sl. CuS based Sacrificial Rate of H, Light Reference
No. photocatalysts agent in water production source
(umol. ht.g?)
1. CuS/NiO Lactic Acid 10,742 | Solar light Present work
CuS/NiO Lactic Acid 52,376 | Simulated Present work
Solar Light
2. Cu,S/ZnS Na,S/Na,SO3 2232 | Visible Michael et al,
2015
3. CuS/ZnS Na,S/Na,SO3 4147 | Visible Zhang et a;,
2011
4. CuS/Zn0O Na,S/Na,SO3 255 | Simulated Gomathisankar
Solar light et al, 2013
5. CuS/TiO,@Pt Na,S/Na,SO3 746 | Visible Manjunath et al,
2016
6. CuS/TiO; Methanol- 570 | UV-visible Wang et al,
Water 2013
7. CuS/ZnS@g-C3N4 | NaxS/NaySO3 9868 | UV-visible Rameshbabu et
al, 2018
8. CuS Na»S/Na,SOs 143 | UV-visible Zhou et al, 2015
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