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Electron donors are widely exploited in visible-light of great significance for industrial visible-light-driven
photocatalytic hydrogen production. As a typical H, production.
electron donor pair and often the first choice for
hydrogen production, the sodium sulfide-sodium sul-

—
fite pair has been extensively used. However, the e Cyolc
resultant thiosulfate ions consume the photogener- Ho NADPH
ated electrons to form an undesirable pseudocyclic
a a o, NADP*

electron transfer pathway during the photocatalytic o .
process, strongly limiting the solar energy conver- Poayfocyclic

. .. . . . Electron transfer pathways in chloroplasts /'\
sion efficiency. Here, we report novel and bioinspired e R0

electron donor pairs offering a noncyclic electron
transfer pathway that provides more electrons with-
out the consumption of the photogenerated elec-
trons. Compared to the state-of-the-art electron

donor pair Na,S-Na,SO3, these novel Na,S-NaH,PO,

and Na,S-NaNO, electron donor pairs enable an un- @Sog&‘f'
precedented enhancement of up to 370% and 140% Pseudocychcelectrontransfer pathway Noncyclic electron transfer pathway
for average photocatalytic H, production over com-

mercial CdS nanoparticles, and they are versatile for

a large series of photocatalysts for visible-light water Keywords: noncyclic  electron  transfer, Na,S-
splitting. The discovery of these novel electron donor NaH>;PO,, Na,S-NaNO,, electron donor pairs, photo-
pairs can lead to a revolution in photocatalysis and is  catalytic H, production
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Introduction

Photocatalysis based on solar energy-derived H, produc-
tion using semiconductors has been identified as a green,
low-cost, and sustainable approach."* One intrinsic fac-
tor for photocatalysis is the transport of the excited
electrons, which significantly influences the performance
of the photocatalytic H, production. In a natural photo-
synthesis process, three types of electron transfer path-
ways, occurring via noncyclic, cyclic, and pseudocyclic
routes, play a pivotal role.® Scheme 1aillustrates the three
modes of electron transport. In the noncyclic photophos-
phorylation, two electrons from the water molecule fol-
low a noncyclic electron transfer pathway (NCETP) and
are transferred from Photosystem Il (PSIl) complex to
Photosystem | (PSI) complex. Then, the highly excited
electrons pass on to ferredoxin-NADP* (nicotinamide
adenine dinucleotide phosphate) reductase to produce

NADPH (Reduced NADP, the hydrogen donor in a Calvin
cycle).® In the cyclic electron transfer pathway (CETP),
the electrons present in Photosystem | are energized by
light captured by the chlorophyll and pass from ferre-
doxin to cytochrome bgf (Cyt bgf) and plastoquinone
instead of NADP* and then to plastocyanin before return-
ing back to PSI chlorophyll. This chain transport pro-
duces a modest proton-motive force, providing the
energy for the generation of some ATP.? In the pseudo-
cyclic photophosphorylation, the terminal electron ac-
ceptor is O, instead of NADP*, and reactive oxygen
species are formed and inactivated with the help of
ascorbate (Mehler’s reaction). This electron flow is
termed a pseudocyclic electron transfer pathway
(PCETP).® Therefore, NCETP is highly beneficial to trans-
fer electrons to NADPH. Such electron transport is great-
ly desirable and favorable for the photocatalytic H»
production. On the contrary, CETP and PCETP are not
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Scheme 1| Electron transfer pathway in photoreaction process. (a) The three electron transfer pathways in chlor-
oplasts. (b) PCETP in Na>S-Na>SOz solution. (¢) NCETP in Na>S-NaH>PO, solution. The blue and purple electrons
represent the photogenerated electrons from CdS and donated electrons from sulfion, respectively. The numbers
stand for the redox reaction in the process of photocatalysis. The gray, magenta, yellow, and turquoise spheres stand
for H, O, S, and P atoms, respectively. The arrows and numbers show the redox reaction process. The red circles mean

that the electron transfer is prohibited.
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favorable for H, production due to the consumption of
the excited electrons.

Currently, the research effort in photocatalytic H»
production focuses primarily on the photocatalysts to
broaden and/or enhance their light absorption’™ and to
improve their exciton dissociation by using heteroge-
neous and hierarchical photocatalysts and cocatalyst/
photocatalyst composites.”®™ Despite the recent sub-
stantial achievements by photocatalyst design,"* the uti-
lization of sacrificial electron donor agents®?* and
expensive noble metals and other substances as cocata-
lysts?42 is indispensable to achieve expected H, produc-
tion performance. Novel sacrificial agents (including
organic, low-value chemicals and biomass) and even
approaches without sacrificial agents have attracted tre-
mendous attention and are becoming the new develop-
ment trend in the field of photocatalysis. However, the
limited hole-trapping ability, oxidation capabilities, and
photocatalytic mechanism still restrain the improvement
of photocatalytic performance towards an industrial
photocatalytic H, production. Although the development
of novel electron donor pairs similar to the electrolytesina
natural photosynthesis system still remains a great chal-
lenge, itisthe most efficient pathway toward a cleanerand
more economical industrial photocatalytic H, production.

Chalcogenide semiconductor-based artificial photo-
synthesis,”’ owing to its visible light response, has
attracted a great deal of attention for photocatalytic
H, production. In these systems, the sodium sulfide
(Na,S)-sodium sulfite (Na,SO3) couple is always the first
choice as the electron donor pair.?®?° During the photo-
catalysis process, the H, production occurs concomitant-
ly with the oxidation of the sulfide ions (S?7) and the
formation of thiosulfate ions (5,03%7).%° The thiosulfate
ion being both an oxidant and a reductant is the photo-
generated electron acceptor and competes with the
hydrogen production.?® The electrons from donors
and photogenerated carriers migrate through a PCETP
during the H, production process, as shown in
Scheme 1b. The major drawback using Na>S-Na,SOsz for
sulfide-based semiconductor photocatalytic systems is
the undesirable consumption of part of the photogener-
ated electrons by an intermediate of the electrolytes,
leading to reduced H, production. It is therefore highly
desirable to develop novel electron donor pairs based on
a NCETP as the next-generation electrolyte to avoid the
PCETP to ensure that their intermediate products only
consume the photogenerated holes while keeping the
photogenerated electrons for the photocatalysts. This
novel approach would significantly improve the efficien-
cy of photocatalytic H, production.

Here, we report highly efficient, bioinspired electron
donor pairs of sodium hypophosphite (NaH,PO,)
and sodium nitrite (NaNO,) coupled with NasS. The
electrons in these novel electron donor pairs follow a
NCETP, mimicking the most efficient electron transfer of
DOI: 10.31635/ccschem.022.202202071
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photoreaction in Photosystem I via a natural photosyn-
thesis process during H, production under visible-light
irradiation, as shown in Scheme 1c. This electron transfer
pathway completely avoids the consumption of photo-
generated electrons. These electron donor pairs exclu-
sively consume the photogenerated holes in the
photocatalytic H, production process and can efficiently
ensure carrier transfer and can significantly boost the
average H, production. When Na,S-NaH,PO, is used, the
average H, production rate using commercial cadmium
sulfide nanoparticles (C-CdS-NPs) as model photocata-
lyst can reach as high as ~12.4 mmol-h™".g™, >3 times
higher than that using the state-of-the-art electron donor
pair Na>S-Na,SOs. This value is also far superior to those
of a large series of transition metal sulfide-based photo-
catalysts reported in the literature, such as pristine CdS,*°
Pt-CdS,* Ni-CdS,* WS,/Graphene-CdS,*? CdS/L-Histi-
dine,*®* CdS nanoparticles/CdS nanosheets,® and CdS
nanocubes,*® with or without cocatalysts. The threshold
value of the transient photocurrent of C-CdS-NPs
reaches an outstanding value of ~72.6 pA cm™ after the
first 50s before stabilizing at ~67.5 pA cm=2 after 1000s
visible-light irradiation in the Na,S-NaH,PO, solution.
This is 34~36 times higher than that generated by
C-CdS-NPs in a NayS-Na,SO3z solution (~2.0 pA cm™).
Both the time-averaged apparent quantum vyield
(®©4(450)) and the photocatalytic activity using the same
commercial C-CdS-NP photocatalyst under 450 nm
monochromatic light with the Na,S-NaH>PO, electron
donor pair are ~2.9 times higher than those with Na,S-
Na,>SOsz. This work, using the strategy to move from
PCETP to a NCETP, demonstrates that these newly dis-
covered bioinspired electron donor pairs can lead to an
outstanding performance in the visible-light photocata-
lytic H, production by preventing undesirable photogen-
erated electron consumption and offering a high charge
transfer efficiency on the semiconductor/electrolyte in-
terface and a highly available quantity of donated elec-
trons. The discovery of these NCETP electron donor pairs
can potentially have an enormous impact on photocata-
lytic Ho production and artificial photosynthesis and
represents a major step towards industrialized photoca-
talytic H, production.

Experimental Methods

Chemicals

All the reagents, C-CdS-NPs, commercial MnS nanopar-
ticles (C-MnS-NPs), Cd(NO3),»-4H50, In,(NOz),, and thio-
urea are purchased from Shanghai Aladdin Industrial
Corporation (Shanghai, China). Oxalic acid (H>C,0,),
aniline, and ethanol are purchased from Sinopharm
Chemical Reagent Beijing Corporation (Beijing, China).
Polyvinylpyrrolidone (MW = 58,000) is purchased from
Sigma-Aldrich  (Darmstadt, Germany). Resin and
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hardener are purchased from Solaronix Corp. (Aubonne,
Switzerland).

Synthesis of CdS nanowires

The CdS nanowires are synthesized by the solvothermal
method. T mmol cadmium diethyldithiocarbamate is dis-
solved in a mixture of 30 mL ethylene glycol and 30 mL
ethylenediamine. The resultant solution is transferred
into a 100 mL Teflon-lined stainless steel autoclave,
which is sealed and heated at 180 °C for 24 h and then
cooled to room temperature. The obtained bright yellow
precipitates are purified several times with distilled water
and ethanol. Finally, CdS nanowires are obtained after
them in an oven at 60 °C for 12 h in air.

Synthesis of polyaniline@CdS (PANI@CdS)
core-shell nanospheres

The PANI@CdS core-shell nanospheres are synthesized
as follows®*®: 1.4 mmol porous CdS nanospheres are dis-
persed in a 20 mL 0.5 mmol-L™" oxalic acid (H,C,0.,)
agueous solution. 1.4 mmol aniline is added into the
above solution, and the mixture is rapidly stirred for
1 h. Finally, 10 mL 0.5 mmol-L™" H,C,04 aqueous solution
including ammonium persulfate initiator is added to the
above mixture and further stirred for 6 h at room tem-
perature. The obtained PANI@CdS core-shell nano-
spheres are filtered and washed several times with
distilled water.

Synthesis of CdIn,S, microflowers

The CdIn,S4 microflowers are prepared via the solvo-
thermal method.*” Briefly, 0.1 mmol Cd(NOz),-4H,0,
0.2 mmol In,(NO3),, and 0.4 mmol Thiourea are dis-
solved in 60 mL distilled water and enclosed in a 100 mL
microwavable Teflon container. The microwave-assisted
digestion reaction is performed at 300W for 1 h. The
precipitate is filtered and washed with distilled water by
a sand-core funnel. The CdIn,S4 microflower product is
dried at 40 °C for 12 h in air.

Characterizations

The morphology and microstructure of the samples are
observed by field emission scanning electron microscopy
(5-4800, HITACHI, Tokyo, Japan). Powder X-ray diffrac-
tion patterns are obtained on an X-ray diffractometer
(XRD, Bruker D8 Advance) using a Cu Ka irradiation
source (A = 1.54056 A) at a scan rate of 0.05 ° s7. High-
resolution transmission electron microscopy is carried
out on a FEI Tecnai G2 (Hillsboro, Oregon, United States)
operated at 200 kV. UV-vis diffused reflectance spectra
are obtained on a UV-vis spectrophotometer (UV 2550,
Shimadzu, Kyoto, Japan). X-ray photoelectron spectros-
copy (XPS) is carried out using a customized X-ray
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photoelectron spectrometer (ESCALAB 205Xi, Thermo
Fisher, Waltham, United States). The ion chromatogra-
phy (IC) was conducted on a DIONEX Aquion (Dionex
lonpac™ AS22 connected with Dionex lonPac™ AG22,
Thermo Fisher, Waltham, United States) with NaHCOz
(1.04 M) and NaCOz (1.4 M) as the mobile phase at
1.2 mL/min for the reacted solution after 5 h under light
irradiation.

Preparation of C-CdS-NPs film working
electrode

The working electrodes are prepared as follows®:
0.03 mmol C-CdS NPs and 15 pL of 5 wt % Nafion solution
are dispersed in 1 mL of 3:1v/v water/isopropanol mixed
solvent (750 pL deionized water, 250 pL isopropanol) by
sonication to form a homogeneous slurry. The slurry is
spin-coated onto the indium-doped tin oxide (ITO)/glass
of 1 cm? area. The ITO working electrode is sealed by
using an Amosil 4 sealant, which is made by homo-
geneously mixing 100 weight units of Amosil 4R (resin)
and 80 weight units of Amosil 4H (hardener). The curing
of the sealing of the ITO electrode at 60 °C takes 6 h.

Theoretical calculation

The theoretical calculations based on density functional
theory are performed by the Perdew-Burke-Ernzerhof
functional within the generalized gradient approxima-
tion. The continuum solvation model is used to construct
the agueous environment. All electrons are treated in the
calculation process in which the core electron treatment
is not special. The total energy is calculated by the
polarization function, and the triple atomic numeric basis
sets with a global orbital cutoff of 3.6 A.

Apparent quantum yield and solar-energy
conversion efficiency

The average irradiancy of 450 nm monochromatic light
can be calculated by the following formula®®:

E= (Ecenter/3)+2x(Eedge/3)

Here, the center irradiancy of 450 nm monochromatic
light is 6.64 mW-cm™2, and the edge irradiancy of 450 nm
monochromatic light is 1.20 mW-cm™2, E is 3.01 mW-cm™2

The irradiation flux can be calculated by the following
formula:

P=ExAg

where Pis irradiation flux and A is the photic area of the
reactor which is 38.5 cm?. Thus, the irradiation flux of
450 nm monochromatic light is 0.116 W. The irradiation
area of the reactor is 38.5 cm?

N(450) is the incident photon number of 450 nm
monochromatic light. t is photoreaction time, A is

-
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wavelength of incident light (4.5 x 1077 m), h is Planck’s
constant (6.63 x 1073* J.s), and ¢ is speed of light
(2.25 x 108 m-s™) in the water. The incident photon num-
ber can be calculated by the following formula:

N (450) =Pti/(hc)

Here, the incident photon number of 450 nm mono-
chromatic light for 1 h is 1.26 x 10%.

Ru2(450) is the time-averaged rate of photocatalytic
hydrogen production under 450 nm monochromatic
light between time t; and t,. Rys is the rate of photo-
catalytic hydrogen production under 450 nm mono-
chromatic light. Therefore, the time-averaged rate of
photocatalytic hydrogen production under 450 nm
monochromatic light can be calculated by the following
formula:

t>

Rh2(450) = </ RHzxdt)/(l‘z—h)

t

Here, the time-averaged rate of photocatalytic hydro-
gen production of C-CdS NPs is 4.50 x 107° mol-s™ in
Na,S-Na,SO3z and 1.31 x 1078 mol-s™ in NayS-NaH,PO,
under 450 nm monochromatic light.

®,(450) is the time-averaged apparent quantum yield
under 450 nm monochromatic light. Ny is Avogadro’s
constant. It can be calculated by the following formula:

®4(450) = [(2xRu2(450)xNaxt)/N5(450)]x100%

Here, the time-averaged apparent quantum vyield
of C-CdS NPs is 1.55% in Na>S-Na,SOz and 4.51% in
Na,S-NaH,PO, under 450 nm monochromatic light,
respectively.

n(450) is the time-averaged photon-hydrogen energy
conversion efficiency under 450 nm monochromatic
light, and AGy, is the Gibbs free energy of H,
(237.1 KJ-mol™). It can be calculated by the following
formula:

1(450) = [(AGHxRu2(450))/P)x100%

Here, the time-averaged photon-hydrogen energy
conversion efficiency of C-CdS NPs is 0.92% in Na,S-
Na,SOz and 2.68% in Na,S-NaH,PO, under 450 nm
monochromatic light.

Electrochemical measurement

The cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) properties are investigated in a
three-electrode cell on an Autolab PGSTAT 302N elec-
trochemical workstation. The C-CdS-NPs film on ITO/
glass, mercuric oxide and a platinum plate are used as
the working electrode, the reference electrode, and the
counter electrode, respectively. A 300 W Xe lamp (PLS-
SXE300C) with a 420 nm cutoff filter is used as the light
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source. The electrolyte is a Na,S-Na,SOz, Na>S-NaH,PO,,
or Na,S-NaNO, aqueous solution of 0.35 mmol-L™". They
are bubbled with N, for 30 min before the start of each
experiment. A flow of N, is maintained over the electro-
lyte during the recording of CV. For the C-CdS-NPs
eletrode test, the range of the CV measurement is -1.0
to 1.5 V using 0.5 mmol-L™' Na,SO, aqueous solution as
electrolyte at the scan rate of 10 mV-s™. For the other
electrochemical measurements, the range of the CV
measurement is —0.4 to +1.4 V, and the scan rate is
10 mV-s™. For EIS, the applied frequency ranges from
100,000 and 0.01 Hz.

Photocurrent measurement

Photocurrent measurements are carried out on an
Autolab PGSTAT 302N electrochemical system in the
0.5 mol-L7 Na,SO, aqueous solution with an applied
potential of 0.5 V at room temperature. A Pt plate and
an Ag/AgCl (3M KCI) electrode are used as the counter
electrode and reference electrode, respectively. A 300 W
Xe lamp (PLS-SXE300C, Beijing Perfectlight Science &
Technology Co., Ltd., Beijing, China) with 420 nm filter is
used as the light source. The working electrodes were
irradiated from the back side of the ITO/glass during the
measurements.

Photocatalytic activity evaluation

The photocatalytic H, production is performed in a top
irradiation Pyrex cylindrical vessel reactor. The effective
irradiation area for the vessel is ~38.5 cm? and the
visible-light source is 10 cm away from the Pyrex vessel.
Typically, 20 mg photocatalysts are dispersed in 50 mL
agueous solution (or D,0) containing electron donors by a
magnetic stirrer in the Pyrex cylindrical vessel. Then the
vessel is connected to a gas circulation system (Beijing
Perfectlight Science & Technology Co., Ltd., Labsolar-Il1AG
system, Beijing, China). The photocatalyst is irradiated
under visible light (A > 420 nm) with a 300 W Xe lamp
(PLS-SXE300C). The reaction temperature is maintained
at 20 °C by cooling water during the whole photocatalytic
process. The produced H, is analyzed by an online thermal
conductivity detector gas chromatograph (NaX zeolite
column, nitrogen as a carrier gas, Agilent 7890B, California,
United States).

Results and Discussion

Electron transfer pathway

CV s first carried out to reveal the redox potential of
CdS. The result is presented in Supporting Information
Figure S1. It shows that the reduced potential of CdS is
—-0.14 V, and the oxidized potential is 1.06 V. Then, CV
measurment is conducted to show the reducibility of
different ions in the state-of-the-art electron donor pair

e
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Na,S-Na,SOz (Supporting Information Figure S2a-c) and
one of the two proposed electron donor pairs (Na,S-
NaH,PO,) (Supporting Information Figure S2d,e). This
shows that the sulfide ions (S?7) have the strongest
reducibility. The photoreaction process in Na>S-Na,SOz
can be described as follows?®4°:

2H30"+2e”>H,1+2H,0 )

257 42h" 55,2 (2)

$,27 450327 55,052 +5% (3)
$,03°7+2e™-S5%74+5035%" (4)

S03% 4+2h"+OH +H,0—-504% +Hz 0" (5)

During the photocatalytic H, production process (1),
S?" is oxidized by the photogenerated holes to form the
intermediate S,* (2), which then reacts with SOz* to
form S,0%% and S* (3). Consequently, the formed S,02*"
can further consume the photogenerated electrons to
produce S?~ and SOz (4). These redox reactions follow a
PCETP as illustrated in Scheme 1b. The consumption of
the photogenerated electrons by S,0z* inevitably
affects the availability of electrons for photocatalytic
H, production.

For Na,S-NaH,PO,, as S* still has a stronger reducibil-
ity compared to the hypophosphite ions (H,PO,™) and
phosphite ions (HPOz™) (Supporting Information Figure
2d,e), the first two reactions (1) and (2) are the same as in
the photoreaction process of Na,S-Na,SOz. However, the
following reactions are quite different. The formed S,*~
here will react with H,PO,~ to form HPO3z?™ (6), which is
further oxidized by S,?~ to give PO,* (7):

S22 +HyPO, +30H »252"+HPO32 +2H,0  (6)
$,27 +HPO3Z +30H =252 +P0O, > +2H,0  (7)

Our first-principles calculation shows that the energy
loss of the redox reactions of Na,S-NaH,PO, is 2.67 eV
(6) and 2.04 eV (7), respectively, and these processes
can occur spontaneously. The IC measurement on the
reacted solution for the C-CdS-NPs with Na,S-NaH>PO,»
after 5 h light irradiation shows that the concentration of
PO,* is11.8 mg/L (Supporting Information Figure S3). As a
consequence, these reactions follow a NCETP, similar to
the photoreaction in Photosystem | of a natural photosyn-
thesis,® avoiding the undesirable consumption of photo-
generated electrons as illustrated in Scheme 1c. This
significantly boosts the photocatalytic H, production rate.

Superior photocatalytic H, production
performance

The performance of these two electron donor pairs—
that is, the state-of-the-art electron donor pair Na,S-
Na,SOz and one of the proposed electron donor pairs,
DOI: 10.31635/ccschem.022.202202071
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Na,S-NaH,PO,—over the model photocatalyst C-CdS-
NPs for photocatalytic H, production under visible light
(A > 420 nm) is investigated next. The novel electron
donor pair, Na,S-NaH,PO,, leads to an impressive en-
hancement in the photocatalytic H, production activity.
As revealed in Figure 1a, C-CdS-NPs with Na,S-NaH,PO»
exhibit a very high photocatalytic activity, with a H,
production of ~62.0 mmol g™. This is more than three
times higher than that with the electron donor pair
Na,S-Na,SOz (19.4 mmol g™), underscoring the clear
superiority of our strategy. The H, evolution rate with
Na,S-NaH,PO, over C-CdS-NPs also shows an excep-
tional stability in three 5-h cycles under visible light. In
comparison, the H, production rate for the state-of-the-
art Na,S-Na,SOz over C-CdS-NPs rapidly decreases
(Figure 1a), in line with the observations in the literature.
The optimization of the molar ratio of Na>S and NaH,PO»
(2:1, 1:1, and 1:2) can further boost the photocatalytic
activity (Figure 1b). We found that Na,S:NaH,PO,=1:1
gives the highest photocatalytic H, production. More
detailed information about the ratio of Na,S:NaH,PO,»
will be discussed in our future work.

Moreover, we measured the time-averaged apparent
quantum yield (®a(X)) and the time-averaged
photon-hydrogen energy conversion efficiency (m) of
C-CdS-NPs with Na,S-NaH,PO, using monochromatic
light (X = 450, 500, and 550 nm). Figure 1c demon-
strates the H, production under 450 nm monochromatic
light. It shows that C-CdS-NPs with Na,S-NaH,PO,»
exhibit a 288% improvement in photocatalytic perfor-
mance (11.8 mmol-g™" in 5 h) compared to Na,S-Na,SOxz
(4.1 mmol-g™'in 5 h). Figure 1d shows that the rate of H,
production and the apparent quantum yield (®,(450)) of
C-CdS NPs with Na,S-NaH,PO, are 2.6, 2.5, 3.1, 3.0, and
2.9 times higher than those with Na>S-Na>SOz at every
interval hour (Supporting Information Table S1). The
time-averaged apparent quantum yield (®4(450)) and
the time-averaged photon-hydrogen energy conversion
efficiency (n(450)) of C-CdS-NPs with Na,S-NaH,PO; is
4.51% and 2.68%, respectively, both exceeding those with
Na>S-Na,SOz by an unprecedented factor of 291%
(Supporting Information Table S2). The (®4(500)) and
(n(500)) of C-CdS-NPs with Na,S-NaH,PO, are 1110% and
N33% higher than with Na,;S-Na,SOz. The decrease of
(®a(550)) and (n(550)) with the increase in wavelength
indicates that the reaction proceeds via photoabsorption
by the catalyst which coincides with the intrinsic absorp-
tion of CdS. Compared to the finely designed CdS-based
nanostructures with Pt, Ni, WS,, L-Histidine, and Cd as
cocatalysts or special additives using the state-of-the-art
electron donor pair Na,;S-Na,SOs, the simple C-CdS-NPs
with novel Na,S-NaH,PO, under the same reaction con-
ditions exhibit a significantly higher photocatalytic H»
production activity (Supporting Information Figure
S4). This demonstrates that our proposed electron
donor pair is an ideal electrolyte for large-scale visible
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Figure 1| Photocatalytic H-> production. (a) H- production under visible light (A > 420 nm). (b) H»> production in
different molar proportions of Na>S-NaH>PO- under visible light (A > 420 nm). (¢) H» production in Na>S-Na>SOz and
Na>S-NaH>PO» under monochromatic light (450 nm) and (d) H- production rate (solid line) and apparent quantum

yield (dashed line) under monochromatic light (450 nm).

light-driven H, production since it significantly outper-
forms the state-of-the-art.

In the literature, the decrease in H, production rate
using CdS as photocatalyst is usually attributed to the
partially oxidized surface of CdS, which usually leads to
the solution turning from faint yellow to black.*’ However,
in our experiment, the solution retains the faint yellow of
CdS. This suggests that there is no occurrence of photo-
corrosion. We then investigated the crystallinity phase of
the reacted C-CdS-NPs with the two electron donor
pairs, that is, novel Na,S-NaH,PO, and the state-of-
the-art NaS,-Na,SOz, by XRD but observed no difference
(Supporting Information Figure S5a). The analysis of
morphology and crystalline structure of the pristine and
reacted C-CdS-NPs by electron diffraction and electron
microscopy (Supporting Information Figure S5b-d) also
reveals no detectable difference of the reacted C-CdS-
NPs after 15 h of visible-light irradiation compared to
fresh C-CdS-NPs. The reacted C-CdS-NPs are further
analyzed by XPS (Figure 2a,b). The typical peaks of Cd
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3d5/2 and S 2p3/2in the binding energy can be observed
at 404.5 and 160.8 eV, respectively. The symmetrical
peaks of Cd 3d5/2 and S 2p3/2 indicate that there is no
detectable oxidation on the surface of the reacted
C-CdS-NPs compared to the pristine samples, consistent
with the unchanged color of the solution in the experi-
ment. Therefore, the decrease rate of H, production
observed is not due to the partial oxidation of CdS with
Na,S-Na>,SOz. We propose that this is due to the extra
consumption of photogenerated electrons, as shown in
Scheme 1a. In contrast, no photogenerated electrons in
Na,S-NaH,PO, are consumed by the intermediate pro-
ducts (Scheme 1b), which explains the boost in photo-
catalytic H, production.

Redox capability, charge separation, and
transfer

The above results show that Na,S-NaH,PO, as novel
electron donor pair greatly boosts the photocatalytic
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Figure 2 | Chemical state, photocurrent, and electrochemical studies. XPS spectra of (a) Cd 3d and (b) S 2p. (¢c) CV
curves of glassy carbon electrode (dashed lines show the oxidation potential edge). (d) CV curves of the C-CdS NPs
film electrode under visible light (1 > 420 nm). (e) Photocurrent curves and (f) Nyquist plots of C-CdS-NPs in the
aqueous solution of Na>S-Na>SOz and Na,>S-NaH-PO,. The inset in (f) shows the equivalent circuit model.

H, production. We next carried out CV tests over a glassy
carbon electrode for Na,S-NaH,PO, and the state-of-
the-art NaS,.Na,SOz electron donor pairs. Figure 2c dis-
plays the oxidation edges of the two electron donor pairs.
The oxidation edge of the NayS-NaH,PO, pair shifts
to a more negative potential with an increased oxidation
current density. This indicates that Na,S-NaH,PO,»
consumes the photogenerated holes more effectively
than Na,S-Na,SOz during the photocatalysis process. To
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better demonstrate the oxidation reactions of these two
different electron donor pairs under visible-light irradia-
tion, a C-CdS-NPs film on ITO/glass as a working elec-
trode is prepared. The result in Figure 2d shows that the
Na,>S-NaH,PO, pair has a more negative oxidation edge
than Na,S-Na,SO3z on the C-CdS-NPs film. Under the light
irradiation, the photogenerated holes will be captured
and accumulated on the electrode, which will increase
the onset potential. This leads to a more positive
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oxidation edge observed for the Na,S-NaH,PO, pair. This
further proves that Na,S-NaH,PO, consumes the photo-
generated holes more efficiently than Na,S-Na,SOs,
leading to a more efficient exciton dissociation and a
significantly improved photocatalytic H, production.

The higher exciton dissociation efficiency of C-CdS-NPs
with Na,S-NaH,PO, in the aqueous solution compared to
Na,>S-Na,SOz was further supported by the photocurrent
response. Figure 2e shows that 420-800 nm unpolarized
excitationinduces a photocurrent response of C-CdS-NPs
at an applied potential of 0.5 V in the electron donor
aqueous solution. The formation of a semiconductor elec-
trolyte interface (SEI) in dark conditions leads to an inter-
facialband bendingin C-CdS-NPs, as shownin Supporting
Information Figure S6a. During photon excitation, the
equilibrium of the dark reaction is broken to prompt a
new one for light reaction via the exciton dissociation at
the SEI: the photogenerated holes are captured on the
C-CdS-NPs surface by reduced species in the electrolyte,
and the photogenerated electrons migrate to the ITO/
glass (Supporting Information Figure S6b). The threshold
value of the transient photocurrent for C-CdS-NPs in
Na,S-NaH,PO, solution reaches an outstanding value of
~72.6 pA cm™ after the first 50 s and stabilizes at
~67.5 pA cm™ after 1000s visible-light irradiation
(Figures 2e and 3b). This is 34~36 times higher than that
generated by C-CdS-NPs in a NayS-Na,SOz solution
(~2.0 pA cm™3 Figures 2e and 3b and Supporting
Information Figure S7). As can be seen in the Bode phase
plots (Supporting Information Figure S8), the electron
lifetime of C-CdS-NPs in a Na>S-NaH,PO, aqueous solu-
tion is much longer than that in the Na,S-Na,SOz
aqueous solution under the same irradiation conditions.”
These results confirm that Na,S-NaH,PO, can efficiently
promote exciton dissociation of C-CdS-NPs. Supporting
Information Figure S9 shows the Nyquist plots of C-CdS-
NPs in Na,S-Na,SOz and Na,S-NaH,PO, at a light intensity
of 1sun. An equivalent circuit model of the EIS of C-CdS-
NPs in aqueous solution of these two electron donor pairs
demonstrates a modified Randles circuit consisting of a
series of resistance (Rs), charge transfer resistance (Ry),
constant phase element (CPE), and mass-transfer resis-
tance (R,,).** The enlarged Nyquist plots show that the R.
value of C-CdS-NPs in Na»S-Na,S0zis 17.3 Q, very close to
that of 19.5 Q in Na,S-NaH,PO, (Supporting Information
Figure S10). The R, values of C-CdS-NPs in Na,S-Na,SOz
and Na,S-NaH,PO, are also very similar. This indicates that
the effect of both R; and R,, of C-CdS-NPs in aqueous
solution of these two electron donor pairs on the photo-
catalytic H, production rate can thus be negligible. In
contrast, the value of Rp obtained from the semicircular
arc is 820 Q for C-CdS-NPs in the Na,S-Na,SO3z aqueous
solution while that for Na,S-NaH,PO, is significantly
reduced to 305 Q (Figure 2f). This confirms that the much
lower charge transfer resistance at the semiconductor/
electrolyte interface observed for C-CdS-NPs in
DOI: 10.31635/ccschem.022.202202071
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Na,S-NaH,PO, contributes to high-performance photoca-
talytic H, production.

Other novel electron donor pairs

The significance of the bioinspired NCETP electron donor
concept for H, production is further reinforced by inves-
tigating Na,S-NaNO, as another novel electron donor
pair. The selection of the NaNO, molecule follows the
same strategy as NaH,PO, compared to Na,SOs. The CV
result shows that the reducibility of NO? is lower than
that of S, indicating that it has a similar function as
H,PO,~ (Supporting Information Figure S2f). The photo-
current generated with C-CdS-NPs in Na,S-NaNO, aque-
ous solution is ~42.5 pA cm™ (Supporting Information
Figure S11), 21 times higher than that in the Na;S-Na,SO3
aqueous solution. In addition, the Bode phase
(Supporting Information Figure S6) and Nyquist plots
(Supporting Information Figure S9) show that Na,S-
NaNO, prolongs the electron lifetime and decreases the
charge-transfer resistance of C-CdS-NPs compared with
those of Na,S-Na,SOsz. The average photocatalytic ac-
tivity of C-CdS-NPs with Na,;S-NaNOs is 1.4 times higher
than that with Na>S-Na,SOz (Figure 3a).

Both NasS-NaH,PO, and Na,S-NaNO, electron donor
pairs following NCETP significantly improve the photo-
catalytic H, production rate. Generally, the higher reduc-
tion potential is conducive to boost the photocatalytic
H, production performance. In this case, the novel
Na,S-NaNO, electron donor pairs following NCETP
are expected to bring a higher enhancement of photo-
catalytic hydrogen production due to their higher
oxidation-reduction potential than Na,S-NaH,PO,
(0.8 and 0.61 V for NaNO, and NaH,PO,, respectively;
Supporting Information Figure S2f). However, the aver-
age photocatalytic activity of C-CdS-NPs with Na,S-
NaNO, is 2.7 times lower than that with Na>S-NaH,PO,
(Figure 3a). Therefore, it is necessary to further investi-
gate the photocatalytic mechanism of the bioinspired
NCETP electron donor pairs.

Photocatalytic Ho-production mechanism

The photocurrent threshold over C-CdS-NPs with
Na,S-NaH,PO, (~72.6 pA-cm™ and NayS-NaNO,
(~42.5 pA-cm™) is 36 and 21 times higher than that with
Na»S-Na,SOz (~2.0 pA cm™). This leads to an average H»
production rate of C-CdS-NPs in Na,>S-NaH,PO, and in
Na,>S-NaNO, to be 3.7 and 1.4 times higher than that in
Na,>S-Na,SOz (Figure 3a,b). And NasS-NaH,PO, gives
the best result. As the H, production is largely influenced
by the photogenerated electrons, the different electron
donor pairs leading to a different H, production reveal
the differences in chemical reactions. For Na>S-Na,SOs3,
as indicated in eqgs 1-4, the SOz*" donates two electrons
to react with S,?~ to produce S,0z*" and S?~ where the
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Figure 3 | H, production performance and redox reaction of electron donor pairs. (a) C-CdS-NPs in Na>S-NaH-PO
(blue grid histograms), Na>S-Na>SOsz (magenta slashed histograms), and Na>S-NaNO- (turquoise horizontal histo-
grams). (b) Photocurrent response of the three kinds of electron donor pairs. (c) Na>SOs. (d) NaNO». (e) NaH>PO». The
white, magenta, yellow, blue, and turquoise spheres stand for H, O, S, N, and P, respectively.

S ions in S,0z?" are S?~ and S®*. In the following reaction,
as illustrated in Figure 3c, one S® in S,0z?" consumes
two photogenerated electrons and is converted to SOz*"
while S?~ remains unreacted. This results in a PCETP and
a continuous decrease in H, production due to the suc-
cessive consumption of some of the photogenerated
electrons. On the contrary, H,PO,™ and NO,™ only con-
sume the photogenerated holes. In addition, the reac-
tions for H,PO,™ and NO,™ are quite different. NO,™ only
donates two electrons to consume S,> to form NOz~
(Figure 3d). On the other hand, H,PO,™ first donates two
electrons to consume S,? to form HPOz?, which gives
another two electrons to form PO,* (Figure 3e). Thus,
there are four donated electrons from H,PO,~ while
there are only two donated electrons from NO,™ during
the photocatalytic reaction process. We propose that
this enables the average photocatalytic H, production of
C-CdS-NPs in Na,S-NaH,PO, solution to be 2.7 and 3.7
times higher than those in Na,S-NaNO, and in Na,S-
Na,SO3z, respectively (Figure 3a). These results reveal
that more donated electrons by the electron donors can
lead to a higher H, production performance.

Isotope analysis

We additionally carried out hydrogen isotope analysis to
clarify the hydrogen source since the newly discovered
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Na,S-NaH,PO, also contains hydrogen. For this,
Na,S-NaH,POs; is dissolved into pure D,O and H,O, re-
spectively. We observe only deuterium gas produced in
the Na,S-NaH,PO, deuteroxide solution. On the other
hand, no dihydrogen gas is formed in 5 h photoreaction
in H,O during H, production (Supporting Information
Figure S12). This clearly indicates that the production of
hydrogen is from water splitting and not from the elec-
tron donor pair Na>S-NaH,PO..

Universal applicability over sulfide
photocatalysts

The photocatalytic H, production rates over a large series
of sulfide nanostructures: CdS nanowires (CdS-NWs,
a typical one-dimensional nanostructure), PANI@CdS
core-shell nanospheres (PANI@CdS-NSs, a CdS nano-
sphere composite), Cdin,S4 microflowers (Cdlin,S4-MFs,
a binary sulfide semiconductor), and C-MnS-NPs (a
p-type sulfide semiconductor) with Na,S-NaH,PO, and
Na,S-Na,SOz are also investigated. Figure 4 shows the H,
production rates and the corresponding SEM images of
these samples. The photocatalytic H, production on CdS-
NWs, PANI@CdS-NSs, CdIn,S,4-MFs, and C-MnS-NPs with
Na,S-NaH,PO, is 9.1, 5.7, 3.0, and 3.7 times higher than
that using the state-of-the-art Na,S-Na,SO3 electron do-
nor pair, respectively (Figure 4). It is known that the
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morphology, structure, crystal, defects, and so on can
greatly influence the performance of the photocatalysts.
Therefore, the big difference in the photocatalytic H,
productionrate onthese sulfides should be closely related
to these factors. More detailed studies are being carried
out to verify these influencing factors. Our results here
clearly confirm that the Na,S-NaH,PO, electron donor
pair with a NCETP has a universal applicability for photo-
catalytic H, evolution over sulfide semiconductors and is
clearly superior to the state-of-the-art PCETP electron
donor pairs. From both the theoretical point of view and
the present results, we envision that these novel electron
donor pairs are certainly suitable for no-sulfide semicon-
ductors such as TiO,, ZnO, and g-C3N,4 and that this
research will be of great significance for industrial visible
light-driven H, production.

Conclusions

Electron donors play a fundamental role in photocataly-
tic H, production through water splitting. The Na,S-
Na,SOz electron donor pair with a PCETP is currently
the most widely used system. We show that such PCETP
is detrimental to the photocatalytic property of semicon-
ductors due to the consumption of photogenerated elec-
trons. On the other hand, our proposed bioinspired
NCETP electron donor pairs demonstrate a significantly
higher photocatalytic H, production activity with univer-
sal applicability over a large range of sulfide-based
photocatalysts. The photocurrent threshold for our
Na,S-NaH,PO, and Na,S-NaNOsz electron donor pairs
over a C-CdS-NP model photocatalyst is 36 and 21 times
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higher than that using the state-of-the-art Na,S-Na,SOx.
This enables their average photocatalytic H, production
rates to be 3.7 and 1.4 times higher than that using
Na,S-Na,SOz. During the photocatalytic reaction pro-
cess, contrary to the Na,S-Na,SOsz electron donor pair,
the intermediate Na,HPO3 does not consume the photo-
generated electrons but further donates two additional
electrons to consume the photogenerated holes. The
apparent quantum efficiency via effective exciton disso-
ciation and transportation are also largely improved. We
also investigated the different working mechanisms of
the NCETP electron donor pairs Na,S-NaH,POz and
Na,S-NaNO, We show that four electrons are donated
by H,PO,~ while only two are donated by NO,™ for the
consumption of the photogenerated holes. The H, pro-
duction activity with Na>S-NaH>PO, is therefore much
higher than that of Na,S-NaNO.,. This strongly suggests
that the number of donated electrons has a positive
correlation with the H, production.

Our work offers a new vision on selecting suitable
electron donors via a bioinspired NCETP to strongly
enhance and stabilize the H, production over a wide
range of photocatalysts. Although the design of new
photocatalysts and cophotocatalysts is essential, we
show that our approach to utilize bioinspired NCETP
electron donor pairs could bring a step change in the
performance and conversion rate stability, without the
use of expensive noble metals as cocatalysts. We strong-
ly believe that our concept of bioinspired NCETP electron
donor pairs can usher in a revolution in the field of
photocatalysis and be universally applied to other photo-
catalytic systems. We also envision that the insights
gained from this work will facilitate industrial-scale
photocatalytic H, production.

Supporting Information

Supplemental Information includes Figures S1-S12 and
Tables S1and S2.
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