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Near-infrared absorbing 2D/3D ZniIn,S,/N-doped
graphene photocatalyst for highly efficient CO,
capture and photocatalytic reduction

Yang Xia', Bei Cheng', Jiajie Fan’, Jiaguo Yu"”" and Gang Liu”

ABSTRACT Hierarchical heterostructure photocatalysts with
broad spectrum solar light utilization, particularly in the near-
infrared (NIR) region, are emerging classes of advanced
photocatalytic materials for solar-driven CO, conversion into
value-added chemical feedstocks. Herein, a novel two-de-
mensional/three-demensional (2D/3D) hierarchical composite
is hydrothermally synthesized by assembling vertically-aligned
ZnIn,S, (ZIS) nanowall arrays on nitrogen-doped graphene
foams (NGF). The prepared ZIS/NGF composite shows en-
hancement in photothermal conversion ability and selective
CO, capture as well as solar-driven CO, photoreduction. At
273 K and 1 atm, the ZIS/NGF composite with 1.0 wt% NGF
achieves a comparably high CO,-to-N, selectivity of 30.1, with
an isosteric heat of CO, adsorption of 48.2 kJ mol ". And in
the absence of cocatalysts and sacrificial agents, the ZIS/NGF
composite with cyclability converts CO, into CH,, CO and
CH;OH under simulated solar light illumination, with the
respective evolution rates about 9.1, 3.5, and 5.9 times higher
than that of the pristine ZIS. In-depth analysis using in-situ
irradiated X-ray photoelectron spectroscopy (ISI-XPS) in
conjunction with Kelvin probe measurements reveals the un-
derlying charge transfer pathway and process from ZIS to
NGF.

Keywords: near-infrared light, nitrogen-doped graphene foams,
Znln,S, nanowalls, selective CO, capture, CO, photocatalytic
reduction

INTRODUCTION

The growing energy demand by mankind largely relies on
fossil fuel combustion that has been producing huge
amounts of carbon dioxide (CO,), a so-called anthro-

pogenic greenhouse gas. Reducing CO, levels in the at-
mosphere and combating global warming and its
associated climate change is one of the crucial challenges
in the 21st century. To this end, sunlight-driven CO,
conversion into value-added chemicals and/or fuels has
shown great potential to solve the ongoing serious en-
vironmental issue [1-9]. Since the pioneer research by
Halmann in 1978, diverse semiconductor-based photo-
catalysts have been developed for CO, reduction with
water [10-16]. To date, the efficiencies of CO, conversion
are well below the expected levels for practical applica-
tions, due to the fast recombination of the photo-
generated charge carriers, the limited light absorption
ability of the photocatalysts as well as the sluggish CO,
adsorption and diffusion [17-22]. This clearly exemplifies
the urgent need for the development of advanced pho-
tocatalytic materials for achieving high performance in
CO, photoreduction.

Among newly emerged semiconducting photocatalysts,
metal sulfides and their associated composites have been
examined for CO, conversion due to their distinct elec-
tronic and optical characteristics, strong light harvesting
ability as well as excellent recyclability [23-26]. Especially,
the modification of metal sulfides with carbon-base ma-
terials, including graphene [27,28], carbon nanotube
[29,30], and carbon quantum dots [31,32], is considered
to be one of the most efficient approaches to achieve
efficient photocatalytic CO, conversion. Nevertheless, the
vast majority of carbon-based materials suffer from ag-
gregation due to the inherent van der Waals interactions.
On the other hand, three-dimensional (3D) graphene
nanostructures composed of 2D graphene sheets have
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been intensively studied in energy storage [33-35], en-
vironmental remediation [36-38], and gas sensing [39-
41]. Compared with 2D graphene counterparts, 3D gra-
phene nanostructures can hold interconnected networks
with more surface areas and active sites in addition to
hierarchical frameworks, which make them an ideal
scaffold to inhibit the aggregation or stacking of subunits
[42-46]. Further, doping heteroatoms like N into 3D
graphene may significantly modify the electronic struc-
ture as well as benefit the intimate contact between gra-
phene with dissimilar materials [47-50]. In this regard,
combining 3D nitrogen-doped graphene with metal sul-
fides for efficient CO, conversion is appealing.

Herein, for the first time, we hydrothermally synthe-
sized a novel 2D/3D hierarchical composite by assem-
bling vertically-aligned ZnIn,S, (ZIS) nanowall arrays on
nitrogen-doped graphene foams (NGF). The as-synthe-
sized ZIS/NGF mixed-dimensional composites were
shown to boost light absorption from UV to near-infra-
red (NIR) region, charge carrier separation, and selective
CO,-to-N, uptake. Under simulated solar light illumina-
tion, the ZIS/NGF composites converted CO, into CH,,
CO and CH;OH more efficiently in comparison with the
pristine ZIS. On the basis of systematic characterization
including in-situ irradiated X-ray photoelectron spectro-
scopy (ISI-XPS), the synergistic effects towards CO,
conversion between ZIS and NGF were uncovered.

EXPERIMENTAL SECTION

Synthesis of NGF

Graphene oxide (GO) was prepared from natural graphite
powder by a modified Hummers method [51]. 3D NGF
was synthesized through a facile method as following.
Typically, 100 mg GO was dispersed in 50 mL solution
composed of ethanol and deionized water in a 1:1 volume
ratio to obtain a homogeneous suspension. A precleaned
commercial polyurethane (PU) sponge was immersed
into the GO suspension and pressed for several times to
enhance the diffusion of GO sheets into the sponge. The
PU sponge loaded with GO was dried at 80°C and then
annealed in a furnace at 350°C for 10 min.

Synthesis of ZIS/NGF heterojunction

The ZIS/NGF composites were hydrothermally prepared
by coupling ZnIn,S, nanowalls with 3D NGF. Typically,
0.25 mmol of Zn(CH;COO),2H,0, 0.50 mmol of
In(NO;);-6H,0 were added into a solvent containing
20 mL water and 10 mL ethanol. Then a certain amount
of 3D NGF was immersed in the above solution under
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slow magnetic stirring for 30 min. Next, 4.0 mmol of L-
cysteine was dispersed into the mixture. The mixed so-
lution was transferred into a 50-mL Teflon-lined auto-
clave and maintained at 160°C for 12 h. After cooling
down to room temperature, the obtained blackish green
suspension was repeatedly washed by water and ethanol
for several times, and then dried in vacuum oven at 60°C
for 12 h to obtain the ZIS/NGF composites. Herein, the
nominal weight percentage of NGF is 0.5, 1.0, 3.0 and
5.0 wt%, which is denoted as ZIS/NGF0.5, ZIS/NGF1I,
ZIS/NGF3 and ZIS/NGF5, respectively. Moreover, pris-
tine ZIS was prepared under the same conditions except
in the absence of the nitrogen-doped graphene foams. For
comparison, we also prepared a ZIS/GO1 composite with
the GO weight percentage of 1.0 wt%.

Material characterizations

The crystalline structures of the samples were probed by
an X-ray diffractometer with Cu Ka radiation (Rigaku,
Japan). The morphology and energy dispersive X-ray
spectroscopy (EDX) elemental mapping were examined
by field emission scanning electron microscopy (FESEM,
JSM-7500, JEOL) and transmission electron microscopy
(TEM, G2 60-300, Titan). Nitrogen adsorption-deso-
rption isotherms were obtained by Micromeritics ASAP
2020 at 77 K. Prior to the measurements, the samples
were degassed at 150°C for 12 h under vacuum and ni-
trogen atmosphere. Both Brunauer-Emmett-Teller (BET)
surface area (Sgpr) and pore sizes were calculated from the
desorption branch of isotherms according to the BJH
method. UV—vis-NIR diffuse reflectance spectra (DRS)
were recorded on a Shimadzu UV-2600 UV-vis spec-
trophotometer (Japan) using BaSO, as a reference. XPS
measurements were conducted on a VG EXCALAB 210
instrument with Al Ka X-ray radiation. ISI-XPS mea-
surements were carried out on a VG EXCALAB 210 in-
strument with Al Ka X-ray radiation under a 3 W UV-
LED (light-emitting diode) (365 nm) light irradiation.
The Fourier transform infrared (FTIR) spectra of the
samples were recorded by an IR Affnity-1 FTIR spec-
trometer. Raman spectra were measured at room tem-
perature by using a micro-Raman spectrometer
(Renishaw InVia) in the backscattering geometry with a
514.5-nm Ar' laser as an excitation source. Photo-
luminescence (PL) spectra were recorded at room tem-
perature using a fluorescence spectrophotometer (F-7000,
Hitachi, Japan) with a 380 nm excitation wavelength.
Time-resolved photoluminescence (TRPL) decay curves
were measured using an FLS1000 fluorescence lifetime
spectrophotometer (Edinburgh Instruments, UK) under
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375 nm light excitation. The photoelectrochemical mea-
surements were carried out on a CHI660C electro-
chemical analyzer in 0.5 mol L' Na,SO, solution with a
homemade three-electrode quartz cell, using a Pt wire
and Ag/AgCl electrode serving as the counter electrode
and reference electrode, respectively. The catalyst was
coated onto a fluorine-doped tin oxide (FTO) glass,
which was used as the working electrode. The electro-
chemical impedance spectra (EIS) and photoresponse—
time curves were recorded at open circuit potential. The
irradiation source was a 3 W UV-LED (365 nm). A Kel-
vin probe apparatus (Instytut Fotonowy, Poland) with a
sensitivity of 1 mV was employed to detect contact po-
tential differences (CPDs) using a gold mesh Kelvin probe
(3 mm diameter, Instytut Fotonowy, Poland) as the re-
ference. The surface work function was monitored using
an LED lamp as a light source in conjunction with a
monochromator. The CPD signal was monitored as a
function of illumination time.

CO, and N, adsorption measurements
CO, adsorption measurements were carried out up to 1
bar at 273 K (ice-water bath) and 298 K (room tem-
perature) on a Quantachrome Quadrasorb SI apparatus.
Prior to adsorption, the samples were degassed at 150°C
under vacuum for 12 h. The same test procedure was
adapted for the N, adsorption measurements at 273 K.
The selectivity (S;zsr) for a binary gas mixture con-
taining CO, and N, was calculated based on the Ideal
Adsorption Solution Theory (IAST) and is defined as
following:

_ (Icoz/f]N2

Siast = Peo, Py’ o

where gco, and gy, are the respective molar loading
(mmol g_l) of CO, and Ny Pco, and Py, are the partial
pressure of CO, and N,, respectively.

Photocatalytic CO, reduction

All of the samples were degassed at 150°C for 6 h prior to
the measurements. Specifically, a 200-mL customized
glass flask with two-neck was used as reactor. 0.1 g of the
degassed sample was added to the reactor, dispersed in
10 mL deionized water by ultrasonication, and then dried
at 80°C to form a smooth and thin film on the bottom of
the reactor. 0.084 g of NaHCO; was added to the neck of
reactor, and N, was blown through the reactor to ensure
anaerobic conditions before light irradiation. H,SO,
aqueous solution (0.3 mL, 2.0 mol L ') was syringed into
the reaction system to produce CO, and H,O sources. A
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300 W Xe lamp was employed as the light source. After
the reactor system was irradiated for 1h, the resulting
products were detected by a gas chromatography (GC-
2014C, Shimadzu, JAPAN). To investigate the stability of
the sample ZIS/NGF1 on CO, conversion, the sample was
collected after each photocatalytic reduction reaction for
3 h and recycled for 3 runs with the same procedure.

A Pco, isotope tracer experiment was performed to
determine the origin of the photocatalytic CO, reduction
products over the prepared samples. In detail, °C and °C
isotope labeled NaHCO; and H,SO, aqueous solution was
used to generate the ?C0O, and "CO,. After the photo-
catalytic reaction for 1h, 500 mL of mixed gas was in-
jected into a gas chromatography-mass spectrometer
(GC-MS) (6980N network GC system-5975 inert mass
selective detector, Agilent Technologies, USA) to analyze
the products.

The intermediate products generated during the pho-
tocatalytic CO, reduction over the ZIS/NGF composite
were probed via in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). Firstly, the
obtained sample was degassed at 150°C for 12 h. Then,
the pretreated sample was placed at the bottom of the
DRIFTS sealed chamber. Subsequently, a mixed gas of
CO, and H,0 vapor was introduced into the chamber.
The DRIFTS spectra were obtained either in dark or
under 3 W UV-LED light (365 nm) irradiation.

RESULTS AND DISCUSSION

The NGF was synthesized using a template-assisted
strategy by burning GO-adsorbed polyurethane sponge
(PU). Upon adding Zn(CH;COQ), and In(NO;); solu-
tion, both Zn>* and In" ions were adsorbed on the sur-
face of NGF via static electric interaction. Subsequently,
L-cysteine releases S” ions into the solution to react with
the Zn”" and In’" to form ZnIn,S, crystallites, which
continue to nucleate and grow into the ZnIn,S,/NGF
composite as shown in Scheme 1. The morphologies and
microstructures of the prepared samples were character-
ized by FESEM. As presented in Fig. 1a, the NGF shows a
3D network structure with abundant micrometer-sized
pores. A close look into the 3D network by the inset of
Fig. 1a reveals graphene scaffolds with curly sheets. Upon
hydrothermal treatment, ZIS nanowalls are anchored on
the surface of 3D NGF and the 3D network structure of
NGF is well intact (Fig. 1b). Indeed, the lamellar ZIS
nanowalls are vertically aligned on the surface of NGF to
form a 2D/3D mixed-dimensional architecture (inset of
Fig. 1b). In contrast, the pristine ZIS nanowalls present
homogeneously distributed flower-like microspheres with
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Scheme 1 Schematic illustration for the formation process of hierarchical 2D/3D ZnIn,S,/NGF composite.

a diameter of 2-3 pm that are composed of numerous
petals (Fig. S1). Therefore, the above results illustrate that
the NGF plays a key role on the morphology of ZIS in the
formation process of ZIS/NGF composites that are ex-
pected to facilitate the transfer of charge carriers between
the ZIS nanowalls and NGF. Fig. 1c displays a typical low-
magnification TEM image of the ultrathin ZIS nanowalls
supported on the surface of NGF.

The corresponding d-spacings of the lattice fringes
characterized by high-resolution TEM (HRTEM) are
measured to be 0.324 and 0.413 nm, in accordance with
the (102) and (006) crystal plane of hexagonal ZIS
(Fig. 1d), respectively. Additionally, a representative high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image (Fig. le) and the
corresponding EDX elemental mappings (Fig. 1f-k) of
ZIS/NGEF reveal the homogeneous distribution of Zn, In,
S, C, N and O elements. Such results prove the formation
of hierarchical 2D/3D composites between ZIS nanowalls
and NGF network.

The identification of ZIS, NGF and ZIS/NGF structures
was conducted using X-ray diffraction (XRD) patterns as
shown in Fig. 2a. The diffraction peaks of pristine ZIS at
22.1°,27.7°,47.3°, 52.4° and 55.8° can be indexed to (006),

- | Tvpical FESEM i £ (a) NGF and (b) ZIS/NGF. Inset (102), (110), (116) and (022) planes of hexagonal phase
igure ypical 1mages or (a an . Insets: . .

the high-magnification FESEM images. (c) TEM and (d) HRTEM (JCPDS 72-.0773)’. resp ectlvely [52-54]. The NGI.: gives
images of ZIS/NGF. (e) STEM image of ZIS/NGF and (f-k) the corre-  one broad diffraction peak at 21.5° that can be ascribed to
sponding elemental mapping images of Zn, In, S, C, N, and O. the diffraction characteristic of graphite [55]. Typical
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Figure 2 (a) XRD patterns of ZIS, NGF and ZIS/NGF samples. (b) FT-IR spectra of ZIS, GO, NGF and ZIS/NGFI1 samples.

ZIS/NGF composites like ZIS/1.0 wt% NGF (denoted as
ZIS/NGF1) exhibit comparable XRD patterns with ZIS,
which is mainly due to the relatively low content of NGF.
Apparently, the peak intensities of ZIS/NGF1 increase in
comparison with those of pristine ZIS, implying that the
combination of NGF with ZIS facilitates the nucleation
and crystallization of ZIS. The chemical structure of the
as-prepared specimens was investigated by FTIR and
Raman measurement. Fig. 2b displays the FTIR spectra of
graphene oxide (GO), ZIS, NGF, and ZIS/NGF samples.
The characteristic peaks of GO at 1719, 1575, 1215 and
1048 cm ™ are assigned to the C=0 stretching vibration
mode of carboxyl, C=C stretching, O-H bending and
phenolic C-OH stretching vibration modes, respectively
[56,57]. The peaks of ZIS and GO at 1610 and 1415 cm’!
are ascribed to water molecules and hydroxyl groups,
respectively.

When constructing NGF via calcination, the peaks re-
lated to those water molecules and hydroxyl groups are
absent. On the other hand, the ZIS/NGF1 composite
presents characteristic peaks at 1575, 1215 and 1048 cm ™'
corresponding to the C=C stretching, O-H bending and
phenolic C-OH stretching vibration modes, respectively
[58,59]. Furthermore, compared with GO and NGF, no
apparent peak related to the C=O vibration mode at
1719 cm™' appears in the ZIS/NGF1 composite with the
relatively low content of NGF. Instead, a new peak ap-
pears at 665 cm for the ZIS/NGF1 composite, which is
umbiguously assigned to the C—S stretching mode
[60,61]. The Raman spectra of GO, NGF, ZIS and ZIS/
NGF samples are displayed in Fig. S2. It is clear that GO,
NGF and ZIS/NGF display D band (1359 cm™ ) and G
band (1588 cm™), which is attributed to the defects and
the disordered C atoms and the E,, vibrational mode of
the in-plane C-C sp2 bond structure, respectively. Com-
pared with the GO, the D and G bands of bare NGF show
blue-shifts due to N doping. On the other hand, the D
and G bands of ZIS/NGF are shifted to higher wave-
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numbers as compared with bare NGF, suggesting the
chemical interactions between ZIS and NGF. The in-
tensity ratio (Ip/I;) between the D and G bands often
represents the disorder degree of carbon-based materials
[62]. It is notable that the Ip/I; value of ZIS/NGF is 1.12
that is greater than that of NGF (1.04) and GO (0.86),
indicating that the oxygen-containing functional groups
in the NGF have been removed, and defects have been
introduced into the ZIS/NGF during the process of cal-
cination and hydrothermal treatment.

To further probe the chemical interactions between ZIS
and NGF, XPS analyses were performed and the results
are shown in Fig. 3. The XPS survey spectra (Fig. 3a)
show that the typical NGF sample contains C, N and O
species, whereas both ZIS and ZIS/NGF1 samples present
Zn, In, S, C and O elements. The C and O elements in ZIS
probably result from the adsorbed H,O and CO,. No N
species in the ZIS/NGF1 sample was detected due to the
relatively low N content. As for the C 1s core-levels of
NGF, high-resolution XPS spectrum (Fig. 3b) exhibits
three peaks at 284.8 (surface adventitious carbon), 285.9
(epoxy/hydroxyl), and 287.4 eV (carbonyl), respectively.
The corresponding N 1s spectra of NGF as shown in
Fig. 3¢ demonstrate multiple N species like N (398.6 eV),
pyrrolic N (399.7 eV), graphitic N (400.5eV), and N
oxide (401.8 eV). Fig. 3d-f display the characteristic
doublets located at 1021.8 and 1044.9 eV (Zn 2p), 444.7
and 452.3 eV (In 3d), 161.4 and 162.6 eV (S 2p) for ZIS.
Upon coupling NGF and ZIS to form the composite, the
Zn 2p, In 3d, and S 2p core-levels are positively shifted by
~ 0.20 eV, while the C 1s core-levels are negatively shifted
by ~ 0.25 eV, indicating chemical interactions between
ZIS and NGF and associated electron transfer from ZIS to
NGF [63]. The in-situ irradiated XPS spectra in Fig. 3b—f
will be analyzed in conjunction with Kelvin probe mea-
surements to reveal the underlying interfacial charge
transfer pathway and process in the following section.

In general, photocatalytic materials with large specific
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Figure 3 (a) XPS survey spectra of ZIS, NGF, and ZIS/NGFI. High-resolution XPS spectra for (b) C 1s and (c) N 1s of NGF and ZIS/NGF1 either in
dark or under 365 nm LED irradiation (denoted UV-ZIS/NGF1). High-resolution XPS spectra of (d) Zn 2p, (e) In 3d, and (f) S 2p core-levels of ZIS
and ZIS/NGF1 either in dark or under 365 nm LED irradiation (denoted as UV-ZIS/NGF1).

surface areas may benefit the molecular adsorption and
offer abundant active sites for specific photocatalytic re-
actions. For comparison, we also prepared a ZIS/GO
composite in which the weight percentage of GO was
1.0 wt% (denoted as ZIS/GO1). The Sgpr was determined
by N, adsorption-desorption isotherm. Fig. 4a displays
the specific surface areas and pore size distribution of ZIS,
ZIS/GO1 and ZIS/NGF1. All the samples present a type
IV isotherm with H3 type hysteresis loops in a relative
pressure ranging from 0.45 to 1.0 according to the Bru-
nauer-Deming-Deming-Teller (BDDT) classification
[64], indicating the presence of slit-like pores caused by
nanowall aggregation. Additionally, enhanced adsorption
in the range up to 1.0 is ascribed to large mesopores and
macropores. The corresponding pore size distribution
curves are shown in the inset of Fig. 4a. All samples ex-
hibit wide pore size distribution from 2 to >100 nm,
suggesting the co-existence of both mesopores and mac-
ropores. Remarkably, upon coupling NGF with ZIS, the
pore size of mesopores becomes larger, which is attrib-
uted to the stacking of ZIS nanowalls on the surface of the
NGF [56]. Table SI lists the specific surface area, pore
volume and pore size of the samples. Apparently, both
specific surface area and pore volume gradually increase
with the increasing NGF content, in accordance with the

April 2020 | Vol.63 No.4
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uniform growth of ultrathin ZnIn,S, nanowalls onto NGF
with relatively high surface area. However, the specific
surface area and the size of mesopores for ZIS/NGF1 are
larger than those of ZIS/GO1 due to the uncovered sur-
face inside the graphene foams. The optical absorption
properties of the samples were evaluated by UV—vis-NIR
DRS. As displayed in Fig. 4b, the ZIS and NGF exhibit a
very broad absorption from UV to NIR region. With
increasing NGF content, the UV/vis/NIR harvesting
capability of ZIS/NGF composites was greatly improved
as compared with ZIS. Nevertheless, all samples exhibit
absorption edges comparable to that of ZIS. Based on the
transformed Kubelka-Munk function [65], the band gap
for pure ZIS and ZIS/NGF1 was measured to be ~ 2.58 eV
(inset of Fig. 4b). It is reasonable to hypothesize that NGF
is not incorporated into the lattice of ZIS which only
provides a template to immobilize ZIS. Although a very
broad and forceful range of light absorption from 480 to
1400 nm is not able to excite the charge carriers in ZIS, it
may still promote the surface catalytic reaction by con-
verting light to heat to activate the catalyst due to the
photothermal conversion characteristics of NGF [66]. To
authenticate this conjecture, the temperature distribution
of the samples was measured by a thermos-image. From
Fig. S3, it can be found that the average temperature of
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Z1S and ZIS/NGF1. CO, adsorption isotherms for ZIS, ZIS/GO1 and ZIS/NGF1 at (c) 273 K and (d) 298 K. (e) The corresponding isosteric heats of
CO, adsorption on ZIS, ZIS/GO1 and ZIS/NGF1 calculated from the adsorption isotherms at 273 and 298 K. (f) Adsorption isotherms of CO, and N,

on CNNA/rGO at 273 K and 1 atm.

Z1S increases slightly (only 0.2°C) after illuminated by a
760 nm LED light source (3 W), while the average tem-
perature of ZIS/NGF and NGF surfaces increases by 1.0
and 1.2°C after 10 s illumination, respectively. Therefore,
this distinction suggests the occurrence of NIR light-in-
duced photothermal conversion effect on the surface of
ZIS/NGF.

The CO, capture of the as-prepared samples was car-
ried out to evaluate their potential for CO, conversion.
Fig. 4c, d show the CO, adsorption isotherms for ZIS,
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ZIS/GO1 and ZIS/NGFI at 273 and 298 K, respectively.
The ZIS/NGF1 composite exhibits higher CO, adsorption
capacity than ZIS and ZIS/GO1. Remarkably, ZIS/NGF1
shows a much greater temperature dependence of CO,
adsorption capacity than ZIS/GO1 and ZIS. The above
results prove that the larger specific surface area and
pores are beneficial to CO, uptake [19]. To quantify CO,
adsorption, the isosteric heat (Q) at both 273 and 298 K
was calculated on the basis of the Clausius-Clapeyron
equation [67,68]. As shown in Fig. 4e, the Q,, value in the
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initial adsorption stage for ZIS/NGF1 is up to
482 k] mol ' that is higher than those of ZIS/GO1
(35.6 k] mol ') and ZIS (11.8 k] mol 1), indicating a much
stronger CO, chemisorption on ZIS/NGF1 than ZIS/GO1
and ZIS. Accordingly, doping N species into the carbon
skeleton of graphene can significantly alter the electronic
distribution of the carbon surface, which in turn increases
the surface polarity of the carbon materials, thereby
leading to much stronger adsorption between CO, mo-
lecules and ZIS/NGF1 [69,70]. In general, the selective
uptake of CO, over other gases is highly desirable in
practical applications, such as large-scale CO, capture
from flue gas. Herein, we examined the CO,-to-N, se-
lectivity on ZIS/NGF1. As shown in Fig. 4f, the CO,
uptake increases sharply as the pressure increases, while
the N, adsorption capacity only slightly increases in the
same pressure range. The selectivity of CO, over N, gas
(i.e., the ratio of the initial slopes of CO, and N, ad-
sorption isotherms) based on the ideal adsorption solu-
tion theory, is calculated to be 30.1 for ZIS/NGF1 that is
even comparable to those values of porous polymer net-
work-based [71] and MOF-based materials [67]. Again,
the aforementioned results exemplify the strong interac-
tions between CO, and polar sites associated with nitro-
gen-containing groups [71,72]. In other words, the ZIS/
NGF composite with large specific surface area and polar
sites facilitates CO, adsorption, a key step in the surface
catalytic reaction kinetics. In particular, the intimate
contact between a specific photocatalyst and water mo-
lecules may promote CO, reduction in that water acts as a
proton source and electron donor. Herein, contact angle
measurements were conducted and the results in Fig. S4
show that ZIS/NGF1 displays a contact angle of 38° that is
smaller than those of ZIS/GO1 (54°) and ZIS (61°), il-
lustrating that doping nitrogen promotes the surface
hydrophilicity of GO and hence promote efficient inter-
nal electron migration to participate in the CO, reduction
reactions.

In the absence of any sacrificial agent, the photo-
catalytic performances of all as-prepared samples were
evaluated towards photocatalytic CO, reduction in
anaerobic environment under simulated sunlight irra-
diation. The controlled experiments were firstly per-
formed and no hydrocarbons could be detected without
photocatalyst, CO, and light irradiation, respectively.
Fig. 5a and Table S2 show the rates of the major products
(CO, CH, and CH;OH) over various samples. ZIS is re-
latively inactive to the CO, reduction, with the respective
CH,, CO and CH;OH rate of 0.11, 0.70 and
0.23 umol g ' h™". As for the ZIS/NGF composite, the

April 2020 | Vol.63 No.4

respective rate of CH,, CO and CH;OH is first sig-
nificantly increased and then decreased as a function of
NGF amount. ZIS/NFG1 displays the maximum CH,, CO
and CH,OH rate of 1.01, 2.45 and 1.37 umolg ' h™,
which is 9.1, 3.5 and 5.9 times as high as that of ZIS,
respectively. The photocatalytic performance of ZIS/
NFGI1 is comparable to other graphene-based photo-
catalysts reported in the literature (Table S3) for CO,
photoreduction. For comparison, CO, reduction over
ZIS/GO1 was also examined under the identical experi-
mental conditions. The respective rate of CH,, CO and
CH;OH is only 0.40, 1.21 and 0.86 ymol g h™". In ad-
dition, both O, and H, species were also detected on ZIS/
NFG1 (Fig. S5 and Table S2). In this system, the pro-
duction of O, from water oxidation is the sole reaction to
consume the photogenerated holes, CO, is reduced by
accepting H' and e to generate CH,, CO and CH,OH.
We calculated that the detected yield of O, was
711 umol g h™' from CO, photoreduction over ZIS/
NGF1, which is higher than that of the stoichiometric
yield (5.62 umol g™ h™"). This deviation is reasonable
within experimental errors and might be related to the
undetectable species beyond the GC limitation. However,
the rate of H, is much lower than the conversion of CO,,
which indicates that the high selective CO, capture is in
favour of CO, photoreduction in this sacrificial agent-free
system. In order to verify the origins of the products, the
isotope tracer experiment was performed through pho-
tocatalytic reduction of either °C- or ’C-labeled CO,
under the identical reaction conditions. Fig. 5b, ¢ and
Fig. S6a show that the respective charge-mass ratio of 16
(m/z=16), 28 (m/z=28) and 32 (m/z=32) is ascribed to
"CH,, *CO and "CH,OH derived from ’CO,, while the
respective charge-mass ratio of 17 (m/z=17), 29 (m/z=29)
and 33 (m/z=33) is attributed to 13CH4, ”CO and 13CH3
OH from "CO,. The above results demonstrate that the
carbon source of CH,, CO and CH;OH indeed originates
from the target CO,. Furthermore, the photostability was
investigated by operating the photocatalytic CO, reduc-
tion over ZIS/NGF1 for three cycles. As shown in
Fig. S6b, the ZIS/NGF1 sample exhibits no apparent de-
activation after three cycles, demonstrating the high sta-
bility of the composite. Further, no structural difference
between the fresh and used catalyst can be seen based on
the XRD patterns (Fig. S7).

To clarify the process of photocatalytic CO, reduction
on ZIS/NGFI, in-situ DRIFTS was performed either in
dark or under light illumination. Prior to the DRIFTS
measurements, the ZIS/NGF1 photocatalyst was degassed
at 150°C for 6 h to remove the adsorbed contaminants.
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Figure 5 (a) Comparison of different samples in CO, photoreduction into CH,, CO and CH;OH under simulated sunlight irradiation. (b, ¢) Reaction
products on ZIS/NGF1 analyzed by GC-MS under 300 W Xe lamp irradiation for 1 h with '*CO, and ’CO, as a respective carbon source. (d) In-situ
DRIFTS spectra of photocatalytic CO, reduction by ZIS/NGF1 in dark and under LED light irradiation, respectively.

The IR background spectrum (Fig. 5d) of the photo-
catalyst was first collected without CO, adsorption. When
introducing CO, onto the photocatalyst, the IR spectra of
the adsorbed species were obtained by subtracting the
background. Upon exposing CO, and H,O vapor without
light illumination, three absorption peaks at 1035, 1480,
and 1550 cm™' are ascribed to monodentate carbonate
(m-CO,”) [24]. The peaks at 1200 and 1389 cm | result
from bicarbonate (HCO; ) [73]. And the peaks at 1530,
1635 and 1662 cm " are attributed to bidentate carbonate
(b-COff) and H,0O vapor, respectively [74]. Upon light
irradiation, the peaks of m-CO327, b-CO327, HCO; be-
come intensive. It is notable that three new peaks at 1125,
1161, and 1352 cm™’ for HCHO and HCOO ™ appear
under light irradiation [75]. As a result, the photocatalytic
CO, reduction on ZIS/NGF1 is shown to be a multi-
electron reduction process, involving reaction inter-
mediates such as formic acid and formaldehyde. In ad-
dition, CO, photoreduction with lower concentration
CO, and higher concentration N, (i.e., 90 vol% of CO,
replaced by N,) was carried out. Fig. S8 shows that the
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ZIS/INGF1 composite still exhibits good activity, and the
respective CH,, CO and CH;OH rate is as high as 0.40,
1.15 and 0.52 umol g ' h™'. Therefore, the unique CO,
adsorption behavior with high selectivity and strong
binding affinity over ZIS/NGF is illustrated, which is a
prerequisite for efficient CO, photoreduction.

To gain insights into the charge-transfer-capacity cap-
ability and dynamics, a series of photo-electro-chemistry
measurements were carried out and the results are shown
in Fig. 6. The EIS were utilized to probe the interfacial
electron-transfer resistance (Fig. 6a). Obviously, the
semicircular diameter of Nyquist plot for the ZIS/NGF1
composite is significantly reduced in comparison with
Z1IS and ZIS/GO1 composite, indicating that the electron-
transfer efficiency of the ZIS/NGF1 composite is greater
than those of ZIS and ZIS/GO1 composite. The ac-
celerated electron-transfer kinetics in ZIS/NGF1 was also
verified by the increased current response in photo-
current measurements (Fig. 6b). Overall, the photo-
current density of ZIS/NGF1 is approximately 1-fold
larger than those of ZIS and ZIS/GO1, respectively. To
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Figure 6 (a) Nyquist plots of EIS. (b) Photoelectrode transient photocurrent response. (c) Time-resolved transient PL decay spectra. (d) Steady-state

PL spectra of the ZIS, ZIS/GO1 and ZIS/NGF1 photocatalysts.

analyze the separation and transfer dynamics of the
photoexcited charge carriers, TRPL and steady-state PL
were employed. TRPL spectra in Fig. 6¢ show that the
decay kinetics of the ZIS/NGF1 composite displays a
longer average lifetime (3.13 ns) than those of ZIS
(1.64 ns) and ZIS/GO1 (2.84 ns) (Table S4), further sug-
gesting the more efficient charge separation of ZIS/NGF1
composite. The efficient separation of photogenerated
carries in ZIS/NGF was further unveiled by PL spectra
under 380 nm light excitation. Fig. 6d illustrates that the
emission peak at ~ 595 nm of the ZIS/NGF1 composite is
suppressed in comparison with ZIS and ZIS/GO1, further
proving the effective interfacial charge transfer between
ZIS and NGF. The current results based on photo-electro-
chemical measurements confirm the superior separation
and transfer of photogenerated carries on ZIS/NGF
composite, thereby resulting in the excellent performance
of photocatalytic CO, reduction. In order to explore the
pathway of charge transfer across the interface between
ZIS and NGF, ISI-XPS measurements were performed
under light illumination. As shown in the aforementioned
Fig. 3, the binding energies of Zn 2p, In 3d and S 2p core-
levels for ZIS/NGF1 show a positive shift of ca. 0.1 eV in
comparison with those in dark, suggesting a decrease in
electron density on ZIS. On the other hand, the binding
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energies of C 1s for ZIS/NGF1 present a negative shift by
ca. 0.1 eV as compared with those without light irradia-
tion, implying an increase in electron density on NGF.
Therefore, light irradiation is proven to induce the pho-
togenerated electron transfer from ZIS to NGF. Fur-
thermore, the work function measurements
conducted to further investigate the pathway of interfacial
charge transfer. Fig. S9 displays the CPDs of NGF, ZIS,
and ZIS/NGF1 samples under 461 nm light illumination.
The work function (W) of NGF, ZIS, and ZIS/NGF1 is
thus determined to be 4.96, 4.57 and 4.62 eV, respectively
(inset of Fig. S9). And the Fermi levels (E;) of the samples
are estimated as follows:

were

E;=E, ~W, 2

where E,, is the energy of a stationary electron at the
vacuum level (assumed as 0eV), and W is the work
function. Accordingly, the E; of NGF, ZIS and ZIS/NGF1
are calculated to —4.96, —4.57, and —4.62 eV, respectively.
Apparently, the E; of NGF is more nagetive than that of
ZIS. When 2D ZIS nanowalls are vertically aligned on the
surface of NGF to form hierarchical 2D/3D architecture,
the electrons may migrate from ZIS to NGF to achieve
Fermi level equilibrium between them. Accordingly, the
photoexcited charge carrier migration pathway across the
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ZIS/NGF interface is evidenced from ZIS to NGF.

In light of the above results, the photocatalytic process
over ZIS/NGF composite is uncovered, aiming to shed
light on the enhanced photocatalytic CO, reduction over
the hierarchical 2D/3D ZIS/NGF composite. The posi-
tions of band edges for ZIS and ZIS/NGF were ascer-
tained by XPS valence band (VB) spectra and Mott-
Schottky (M-S) plots. As seen in Fig. 7a, the respective VB
position of the ZIS and ZIS/NGFI is 1.84 and 2.17 eV,
which can be estimated to be 1.40 and 1.73 V (vs. normal
hydrogen electrode, NHE, pH 7.0) using the formula
Exue/V =V + @ - 4.44 eV (Eyyg is the normal hydrogen
electrode, @ is the electron work function (4.00 eV) of the
analyzer, V is the valence band maximum) [76]. Fur-
thermore, Fig. 7b displays that the derived flat-band po-
tentials of ZIS and ZIS/NGF1 are -1.08 and -0.75V (vs.
NHE, pH 7.0), respectively. Since the bottom of con-
duction band (CB) in n-type semiconductors is often
more negative by ca. 0.1 V than the flat band potential,
the CBs of ZIS and ZIS/NGF1 are determined to be -1.18
and -0.85V (vs. NHE), respectively. These band energy
values are almost in accordance with the ultraviolet
photoelectron spectroscopy (UPS) results in Fig. S10.
Therefore, the energy band structure and underlying

photocatalytic mechanism diagram are illustrated in
Fig. 7c. The initial W of NGF is larger than that of ZIS.
When ZIS and NGF are coupled with each other, the
electron transfer occurs from ZIS to NGF until the Fermi
levels are aligned. Thus, a space charge region is formed
on the side of ZIS, leading to an upward bending of the
energy band. Under simulated sunlight irradiation, elec-
trons are excited from ZIS VB to CB and then transferred
to NGF, enabling a further upward bending of the energy
band over ZIS. As a result, the photogenerated electrons
can barely backflow due to the Schottky barrier. In NGF,
the N dopants hold a relatively strong electron affinity to
act as polar sites and electron collectors [77], which can
attract CO, molecules and enable CO, to react with
photogenerated electrons on the surface of NGF. On the
other hand, the holes staying in the VB of ZIS can trigger
the oxidation reaction to produce oxygen. To summarize,
the hierarchical 2D/3D ZIS/NGF composite is able to
facilitate CO, uptake as well as the efficient separation of
photogenerated charge carriers, and thus boost photo-
catalytic CO, reduction.

CONCLUSIONS
In summary, a near-infrared absorbing 2D/3D ZIS/NGF
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Figure 7 (a) The XPS VB spectra of ZIS and ZIS/NGF1. (b) Mott-Schottky plots of ZIS and ZIS/NGFI at a frequency of 1000 Hz in 0.5 mol L'
Na,SO,. (c) Energy level diagram and the photogenerated charge carrier transfer process of NGF and ZIS before and after coupling under simulated

sunlight irradiation.
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mixed-dimensional composite was hydrothermally pre-
pared by anchoring ZIS nanowalls on the surface of NGF.
The ZIS/NGF composite exhibites dramatically enhanced
photothermal conversion ability, selective CO, capture as
well as solar-driven CO, photoreduction. In particular,
the ZIS/NGF1 composite with 1.0 wt% NGF achieved a
comparably high CO,-to-N, selectivity of 30.1 at 273 K
and 1 atm, with an isosteric heat of CO, adsorption about
482k mol . Without any cocatalyst and sacrificial
agent, under simulated solar light illumination, the ZIS/
NGF composite with cyclability converted gas-phase CO,
into CH,, CO and CH;OH, with the respective produc-
tion rate about 9.1, 3.5, and 5.9 times higher than that of
ZIS, which also outperformed typical graphene-based
photocatalysts. Nitrogen dopants into the 3D structure of
NGF are shown to enlarge the specific surface area and
enhance light harvesting, thereby boosting the CO, up-
take and photothermal conversion efficiency as well as
the photogenerated electron-hole pair mobility. In addi-
tion, the ZIS/NGF composite-specific architecture pre-
sents a highly open conductive network, enhanced CO,
chemisorption, and strong interfacial coupling, which
further facilitates the light absorption, CO, uptake, and
photoexcited charge transfer across the interface, thereby
enhancing the CO, reduction under simulated solar light
illumination. Furthermore, ISI-XPS combined with work
function measurements demonstrated the electron
transfer across the heterojunction interface from ZIS to
NGF. This work may guide the rational design of hier-
archical heterostructures for efficient CO, capture and
CO, photocatalytic conversion.
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