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Here we demonstrate the delicate design and construction of
hierarchical nitrogen-doped carbon@NiCo,0, (NC@NiCo,0,)
double-shelled nanoboxes for photocatalytic reduction of CO, with
visible light. This smart design rationally combines the structural
and functional advantages of catalytically active Co and Ni species
with conductive nitrogen-doped carbon into a three-dimensional
hollow nanoarchitecture, which can remarkably facilitate the
migration and separation of photogenerated charge carriers,
enhance the adsorption and concentration of CO, molecules, and
provide more active sites for photochemical reactions. Benefitting
from these unique structural and compositional features, the
hierarchical NC@NiCo,04 double-shelled nanoboxes manifest
considerable performance for deoxygenative reduction of CO, with
high CO-evolving rate (26.2 umol h; 2.62x10% pmol h'* g) and high
stability.

Reduction of carbon dioxide (CO;) with abundant solar energy
to generate valuable energetic molecules (e.g., CO, CH4, HCOOH
and CHsOH) has long been an ideal solution to explore
renewable energy and relieve global warming.> However, the
efficient photocatalytic CO, reduction by artificial materials is
very challenging, mainly due to the high thermodynamic
stability of linear CO, molecules and high recombination rate of
charge carriers during photocatalysis.* Therefore, the
construction of CO, photoreduction systems typically
necessitates the synergetic operation of photosensitizers,”-*°
CO, absorbers/activators!!1® and electron mediators!’?2 in a
harmonious manner. Transition metal ions with multiple redox
states are favorable components to build electron transport
chains for CO, conversion, which can effectively prevent the
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formation of unwanted high-energy intermediates and thus
promote the multi-electron reduction of CO,, particularly when
the process is combined with protons.!%820 Cobalt and nickel
oxides/complexes efficient
catalysts to accelerate charge migration kinetics, CO; activation
and surface reaction in photochemical CO,
redUCtiOn.8’11’14'16’18'21

Mixed metal oxides with two-dimensional (2D) architectures
have sparked growing interests in diverse areas owing to their
ample redox functions, high chemical stabilities, and abundant
optical and electronic characteristics.?3?” Of note, the
configuration of 2D nanosheets can effectively reduce the
diffusion length of charge carriers, provide high surface area
and expose rich catalytically active sites, which are highly
desirable to promote photoredox reactions.?*2>22 On the other
hand, compositing semiconductors with carbonaceous
materials is an effective strategy to enhance photocatalytic
activity because of their outstanding light harvesting and anti-
photocorrosion properties.?®3! Importantly, the electron-
accepting/-transfer features of the introduced carbon species
can render a convenient path to direct the flow of charge
carriers, prolonging their lifetime and eventually leading to
enhanced photocatalytic performance. Meanwhile, it is
considered that nitrogen-doping can further ameliorate the
electronic and chemical functions of carbon-based materials
and thus enhance the photo(electro)chemical performances.3%
34 In addition, the achievement of efficient photocatalysis also
depends on delicate design and construction of catalysts with
proper structures.

Hollow structured materials with various architectures and
tailored compositions have shown advantages in widespread
applications in energy storage and conversion areas.3>%7
Recently, hollow micro/nanostructures have been introduced
to photoredox catalytic field as powerful light transducers to
upgrade the performance.3%4% In regard of CO, photoreduction,
hollow nanostructures hold several inherent advantages over
the solid counterparties. Specifically, the interior cavity not only
favors the separation of photogenerated electron-hole pairs by

have been demonstrated as
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reducing diffusion distance from bulk to surface, but also
provides large surface area to promote CO, adsorption and
surface-dependant redox reactions on both the exterior and
interior shells.38404345 Besides, the permeable shells can be
deliberately decorated or engineered with cocatalysts or other
functional materials to accelerate charge mobility kinetics and
CO, activation at their interfaces.1>3%4042 Moreover, photo
adsorption could be enhanced by multi-light
scattering/reflection in the hollow cavities,*® especially in
nanoboxes.*!? Indeed, several seminal works have
demonstrated the prodigious opportunities for CO,
photoreduction by hollow structured materials, such as CuO-
TiO24Nx hollow nanocubes,3® Tige10,@graphene hollow
spheres,*® and Bi,WOs hollow microspheres.*> Despite these
achievements, it remains a significant challenge to design and
construct well-defined hierarchical hollow architectures to
integrate these structural and compositional merits mentioned
above and fully realize their advantages for photocatalytic CO,
reduction.

Herein, we demonstrate the design and synthesis of
hierarchical hollow nanostructures composed of ultrathin
NiCo,04 nanosheets and nitrogen-doped carbon nanoboxes for
deoxygenative reduction of CO, with visible light. The overall
synthetic strategy involves several steps, as schematically
illustrated in Fig. 1. Starting with Fe,Os nanocube as the
template, a thin layer of polydopamine (PDA) is coated on the
Fe,03 particle through the sol-gel method (step 1). Then, the
Fe;O3@PDA core-shelled nanocube is heated under N;
atmosphere to transform the PDA layer to N-doped carbon (NC)
shell. Next, the oxide core is dissolved selectively by acid
etching, generating a NC nanobox (step Il). Finally, a layer of
ultrathin NiCo,04 nanosheets is grown on the NC nanobox via a
facile hydrothermal reaction followed by a thermal treatment,
producing the hierarchical NC@NiCo,0, double-shelled
nanobox (step Ill). These hierarchical nanoboxes synergistically
combine the structural and functional advantages of both Ni-Co
based catalytically active species and carbon-based electron-
accepting/-transfer support, which is a perfect nanosystem to
study the relationship between structure/composition and CO;
photoconversion performance. Impressively, when cooperated
with a visible light photosensitizer under mild conditions, the
NC@NiCo,04 nanoboxes exhibit considerable activity (26.2
pmol h't; 2.62x10* umol h'lg!) and high stability for selectively
reducing CO; into CO.

Journal Name

Fig. 2 (a-c) FESEM and (d-f) TEM images of hierarchical NC@Ni-Co LDH double-shelled
nanoboxes.

Fe,05 Fe,0,@PDA NC@NiCo,0,
nanocube nanocube nanobox nanobox
Fig. 1 Schematic illustration of the synthetic process of hierarchical NC@NiCo,0, double-
shelled nanoboxes. (I) PDA coating, (Il) annealing under N, atmosphere and acid etching,
(1) growth of NiCo,0,4 nanosheets.
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Highly uniform Fe,Os; nanocubes with an average size of ca.
500 nm are prepared as the template through a hydrothermal
method (Fig. S1 and Fig. S2, ESIt).*¢ Then, the Fe,03; nanocubes
are further coated with a layer of PDA. Uniform Fe,Os@PDA
core-shelled nanocubes with the particle size of ca. 580 nm are
obtained (Fig. S3, ESIT). After a carbonization process under N,
atmosphere at 500 °C for 3 h, the PDA layer is converted into
the NC shell while the Fe,0;3 core is reduced to FesO,4 cube,
leading to the formation of Fe30,@NC core-shelled nanocubes
(Fig. S4 and Fig. S5, ESIt). The as-derived Fe3;0,@NC core-
shelled nanocubes are etched by 4 M HCl at 70 °C for 1 h to
completely remove the FesO4 cores, generating uniform NC
nanoboxes with smooth surface and shell thickness of ca. 30 nm
(Fig. S6, ESIT). The obtained NC nanoboxes are then modified
with polyvinylpyrrolidone (PVP) and dispersed in a H,O/ethanol
mixture to grow a layer of Ni-Co layered double hydroxide (LDH)
nanosheets.*” Field-emission scanning electron microscopy
(FESEM) images show that a layer of Ni-Co LDH nanosheets is
uniformly grown on the NC nanoboxes (abbreviated as NC@ Ni-
Co LDH) (Fig. 2a-c). A closer examination on the shell of a
NC@Ni-Co LDH nanobox reveals the layer is composed of
randomly assembled ultrathin nanosheets (Fig. 2c).
Transmission electron microscopy (TEM) images demonstrate
the hollow feature of NC@Ni-Co LDH nanoboxes (Fig. 2d,e). As
revealed in the magnified TEM image, the hierarchical layer of
a Ni-Co LDH nanosheets with the thickness of ca. 75 nm can be
clearly discerned (Fig. 2f). No noticeable interlayer gap can be
observed between the NC shell and the Ni-Co LDH layer,
suggesting the Ni-Co LDH nanosheets are tightly coupled on the
NC nanoboxes. This architecture ensures the strong interaction
between NC nanobox and NiCo,04 nanosheets in the final
NC@NiCo,0,4 product, which guarantees efficient charge
transportation for redox reactions. Irregular bulk particles
composed of Ni-Co LDH nanosheets are prepared as a control
sample under the same conditions without NC nanoboxes as the
templates (Fig. S7, ESIt).
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Fig. 3 (a-c) FESEM and (d,e) TEM images of hierarchical NC@NiCo,0, double-shelled
nanoboxes, (f) HRTEM image of the NiCo,0, nanosheets and SAED pattern (inset) of
NC@NiCo,0, nanoboxes , and (g) EDX mappings of an individual NC@NiCo,0,4 nanobox.

The as-prepared NC@Ni-Co LDH nanoboxes can withstand the
annealing treatment in air at 300 °C. EDX analysis of the
pyrolysis product shows the existence of Co, Ni, C, N, and O
elements in the sample (Fig. S8, ESIt). The percentage of NC
remained in the final hybrid product is ca. 8.13 wt.%. These
highly conductive NC layers would promote electron transfer
during photocatalysis. The valence states of Co and Ni in the
NC@NiCo,04 nanoboxes are identified by X-ray photoelectron
spectroscopy (XPS) measurements (Fig. S9, ESIt). The results
indicate the co-existence of two solid redox couples (Ni?*/Ni3*
and Co?*/Co3) in the catalysts,?* which could provide abundant
active sites for heterogeneous CO;, photoreduction. The XRD
pattern (Fig. S10, ESIT) of the product can be indexed to spinel
NiCo,04 phase (JCPDS card No. 20-0781). No residues or
impurity phases are detected, indicating the NC@Ni-Co LDH
precursors are completely converted to NC@NiCo,04
nanoboxes after the thermal treatment. The NiCo,0, species
with high crystallinity in NC@NiCo,04 product are also
favorable for facilitating electron mobility in photoredox
reactions. FESEM images of the as-obtained NC@NiCo,0,4
nanoboxes reveal the cubic morphology and the ultrathin
sheet-shaped subunits (Fig. 3a-c) TEM images validate the
hierarchical hollow nanostructure of the NC@NiCo,0, particles
(Fig. 3d,e). High-resolution TEM (HRTEM) image shows the edge
view of the NiCo,04 nanosheets with clear lattice fringes (Fig.
3f). The interlayer distances are calculated to be ca. 0.287 and
0.469 nm, corresponding to the (220) and (111) crystal planes
of spinel NiCo,04 phase, respectively. The polycrystalline nature
of the NiCo,04 nanosheets is confirmed by the selected area
electron diffraction (SAED) pattern (insert, Fig. 3f), which can be
indexed to the spinel NiCo,0s phase as well. Elemental
mappings are performed to examine the inhomogeneous
distribution of NC and NiCo,04 in the NC@NiCo,04 double-
shelled nanobox. The results show that the intensities of N and

This journal is © The Royal Society of Chemistry 20xx

C elements are slightly stronger in the inner edge of the shell,
which is different from that of Ni, Co, and O elements (Fig. 3g).
N, sorption measurements reveal the hierarchical NC@NiCo,04
nanoboxes possess a high Brunauer-Emmett-Teller (BET)
surface area of 142 m?2 g (Fig. S11, ESIt), which is about twice
that of the nanosheet-assembled NiCo,04 solids (67 m? g'1). The
benefit of such high surface area for improving CO;
adsorption/concentration is demonstrated by CO, adsorption
the NC@NiCo,04
nanoboxes exhibit a maximum CO; uptake of ca. 60 cm3g? at 0

measurements. As shown in Fig. 4a,
°Cunder 1 atm, much higher than that of bulk NiCo,04 particles.
The CO; the

NC@NiCo,04 double-shelled nanoboxes show a pronounced

adsorption results indicate hierarchical

advantage in CO, adsorption/concentration, suggesting their
great potential for CO; conversion catalysis.

a b [o]
£ 60{ —a-NC@NiCo0, ~ | seex EacommH, 10
3 8= HC%0) 3 1: normal reaction = S
; o L
o, " 2: bulk NiCo,0, g C0, =000
E s 747%  3; without NC@NiCo,0, 8 X
s 8 4: without Ru =%
L s 5:in dark 2
2 B 10 6:inN, @ 40
2 S : 2
4 3 7: without TEOA H
2 g £
£ & R
g ] 60%
O odd =] A
1 2 3 4 5 6 7 15 20 25 30 35 40
Pressure (atm) Reaction conditions miz
dso € s f
@ co < BEcommH, U BNCOo maH,
0] @M | = - =
L3 Ay o [
g — £ T s €
EY =20 =
3 e 5 Ecd
< 2 2
S 9 e e
3 / < g c
320 / ] 58
§ 9 S s S10
210 3 23
2 2 Z 2
L P "] 2 5
! SR 6 ‘
0 1 2 3 4 400 440 480 520 560 1st  2nd 3d  4th  Sth
Time (h) Wavelength (nm) Recycle

Fig. 4 (a) CO, adsorption isotherms of NC@NiCo,0, nanoboxes and bulk NiCo,0, particles
at 0 °C. (b) Production of CO and H, from photocatalytic CO, reduction system under
various reaction conditions. The inserted percentage indicates the selectivity of CO. (c)
Results of GC-MS analysis for produced CO using 3CO, and 12CO, as gas sources,
respectively. (d) Evolution of CO and H, as a function of reaction time. (e) Wavelength
dependence of yield of CO and H,, and the light absorption spectrum of the Ru
photosensitizer. The wavelength of incident light is controlled by applying appropriate
long-pass cut-off filters. (f) Generation of CO and H, in stability tests.

Catalytic performances of the hierarchical NC@NiCo,04
double-shelled nanoboxes were evaluated by visible light driven
CO, photoreduction reactions conducted in H,O/acetonitrile
mixture under mild reaction conditions (30 °C, 1 atm CO,) with
[Ru(bpy)s]Cl>-6H,0 (abbreviated as Ru, bpy = 2’2-bipyridine)
and triethanolamine (TEOA) as the photosensitizer and electron
donor, respectively. Fig. 4b shows the performance of the CO,
reduction catalysis under various reaction conditions. In the
normal reaction (column 1, Fig. 4b), a large amount of CO (26.2
pumol h'1; 2.62x10% umol h't g'') and a small production of H; (3.4
umol hl) are generated from the reaction system,
corresponding to a high CO selectivity of 88.6 %. The CO,
photoreduction system manifests a high apparent quantum
yield (AQY) of 1.07 % under monochromatic light irradiation of
420 nm. The achieved CO; reduction rate is superior to many
other systems (Table S1, ESIt).37-1517.192148-52 \When the CO,
photoreduction reaction was conducted with bulk NiCo,0,4 as
the catalyst, the yield (18.3 umol h'!) and selectivity (74.7 %) of
CO product obviously reduced (column 2, Fig. 4b). Furthermore,
if the NC@NiCo,0,4 catalyst was not added into the reaction
system, the evolution of CO (0.9 umol h) together with CO
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selectivity (36 %) decreased significantly (column 3, Fig. 4b).
These results indicate that this tandem catalytic system is
mainly responsible for the CO,-to-CO transformation reaction
with considerable efficiency. The hierarchical NC@NiCo,04
nanoboxes are capable of the
adsorption/concentration of CO, molecules and accelerating
the transport kinetics of photo-triggered charges. No
hydrocarbon products are detected from the developed system,
consistent with the results of reported works.'1420 The CO,
is completely terminated without the
presence of Ru or visible light irradiation (column 4 and column
5, Fig. 4b), indicating the reaction is started by photocatalysis.
When using N, to replace CO, to perform the reaction under
identical conditions (column 6, Fig. 4b), the system only
produces a small amount of H,, no evolution of CO can be
detected. This observation suggests the generated CO is
originated from the CO, reactant. The control experiment
without TEOA indicates that no detectable CO is produced,
revealing that the sacrificial

enhancing

reduction reaction

agent greatly affects the
performance of the catalyst.11,141549.50

To provide solid proof for the carbon source of CO, 3C-
labelled isotropic experiments are conducted and the produced
gases are analysed by gas chromatography-mass spectrometer
(GC-MS). Only 3CO (m/z = 29) can be detected when 3CO; is
employed as the gas source (Fig. 4c). The above findings show
that the CO is generated from photosplitting of CO, molecules.
The time course for the yields of CO and H is depicted in Fig. 4d.
The accumulated product is ca. 52 pmol for the 4 h reaction,
affording a catalytic turnover number (TON) of ca. 14 with
respect to NiCo,04 in the hybrid catalyst. This TON value is
comparable to other reported works.®*8>3 The decrease in CO,-
to-CO conversion rate after long-time reaction is mainly
attributed to photobleaching of the dye
photosensitizer.11416:4950  The catalytic activities of the
NC@NiCo,04 nanoboxes for CO, photoreduction are further
studied under different wavelength illumination. As shown in
Fig. 4e, the variation tendency of gas evolution is matched well
with the optical absorption spectrum of the Ru complex, rather
than that of the NC@NiCo,0, material (Fig. S12, ESIt). This
observation indicates the CO; reduction reaction is driven
photocatalytically by the harvested light photons of Ru
photosensitizer.!! Stability of the NC@NiCo,0,4 catalyst is then
evaluated. As presented in Fig. 4f, the gas formation in each
consecutive cycle is almost unchanged, demonstrating the high
stability of the NC@NiCo,0,4 catalyst.

Photoelectrochemical characterizations are carried out to
demonstrate the crucial NC@NiCo,04
nanoboxes for promoting transfer kinetics of charge carriers
during CO, photoreduction. Benefitting from the high electric
conductivity of NC inner layers, NC@NiCo,04 catalysts exhibit
much lower electronic resistance than solid NiCo,04 sample (Fig.
S13, ESIt). The increased electronic conductivity is effective for
accelerating the migration of charge carriers. On the other hand,
the separation-recombination rate of photo-excited charges of
the CO;, reduction system is investigated by in situ room
temperature photoluminescence (PL) measurements under
excitation wavelength of 500 nm (Fig. S14, ESIt). The PL

role of hierarchical
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intensity of the CO; reduction system is remarkably diminished
in the presence of NC@NiCo,04 catalyst. The PL quenching
principally reflects an inhibited recombination rate of charge
carriers, which can greatly augment heterogeneous CO,
conversion. These photoelectrochemical observations evidence
the function of NC@NiCo,04 nanoboxes for boosting the
separation and transport of photogenerated charge carriers in
the CO; reduction system, and thereby markedly improving the
catalytic performance.

Conclusions

NC@NiCo,0, double-shelled
nanoboxes are rationally prepared as a highly efficient catalyst

In  summary, hierarchical

for visible light CO, reduction. These hybrid hollow structures
hold unique structural and compositional features with reduced
diffusion length and improved electronic conductivity for
separation and transport of charge carriers, large surface area
for CO, adsorption/concentration, and more active sites for
photoredox catalysis. Consequently, the NC@NiCo,0, catalyst
exhibits remarkable photocatalytic  performance for
deoxygenative reduction of CO, with high CO evolution rate
(26.2 umol h; 2.62x10* umol h? g?) and good stability. All
these findings demonstrate rational design and synthesis of
hierarchical hollow nanostructures can be an efficient strategy
to achieve highly active materials for CO, photoreduction. This
work might encourage the study on hollow photosynthetic
nanostructures for solar energy-related applications.
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