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Abstract: Metallic nickel nanostructures that were partially
decorated by discrete nickel oxide layers were fabricated by
in situ reduction of calcinated Ni-containing layered double
hydroxide nanosheets, the structure of which was confirmed by
extended X-ray absorption fine structure spectroscopy, X-ray
photoelectron spectroscopy, and transmission electron micros-
copy. The existence of the abundant interfaces between the
surface Ni oxide overlayer and metallic Ni altered the geo-
metric/electronic structure of the Ni nanoparticles, making
them apt for CO activation under light irradiation. Most
importantly, the unique structure favors the C—C coupling
reaction on its surface, which confers the catalyst unexpected
reaction power towards higher hydrocarbons at moderate
reaction conditions. This study leads to a green and sustainable
approach for the photocatalytic production of highly valuable
chemical fuels.

CO hydrogenation is an energy-alternative pathway to
produce fuels and other chemicals. It happens on the surface
of active metals through CO dissociation, hydrogenation, and
chain propagation to produce long-chain hydrocarbon. The
process is so-called Fischer—Tropsch synthesis (FTS).! The
source of CO and H, (syngas) can be coal, natural gas (shale
gas) as well as biomass, and residuum. FTS gains increasing
economic interest due to the prominence of recently discov-

[¥] Dr.Y.Zhao,! G. Chen, Prof. L.-Z. Wu, Prof. C.-H. Tung, Prof. T. Zhang
Key Laboratory of Photochemical Conversion and
Optoelectronic Materials
Technical Institute of Physics and Chemistry
Chinese Academy of Sciences
Beijing 100190 (China)
E-mail: tierui@mail.ipc.ac.cn
B. Zhao,"! S. Yao, M. Li, J. Xie, Prof. D. Ma
College of Chemistry and Molecular Engineering
Peking University, Beijing 100871 (China)
E-mail: dma@pku.edu.cn
J. Liu, R. Gao, Prof. X. Wen
Institute of Coal Chemistry
Chinese Academy of Sciences & Synfuels China
Beijing (China)
E-mail: wxd@sxicc.ac.cn
Dr. Q. Zhang, Prof. L. Gu
Beijing National Laboratory for Condensed Matter Physics
Institute of Physics, Chinese Academy of Sciences
Beijing, 100190, China

[*] These authors contributed equally to this work.

(@ Supporting information for this article can be found under http://dx.
doi.org/10.1002/anie.201511334.

Angew. Chem. Int. Ed. 2016, 55, 4215-4219

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ered large reserve of shale gas worldwide. Significantly, as
coal is the main carbon resource (> 60 % ) in China, the green
and sustainable transformation of coal through FTS to olefin
and liquid fuels is of particular importance for a sustainable
economic growth.

Among FTS catalysts, Ru, Co and Fe-based catalysts are
extensively used in either fundamental researches or in
industrial performance. Ni can also be a FTS catalyst, but it
is more favorable for methane.” Although Ru, Co, Fe, and Ni
are close neighbors in the periodic table, their catalytic
performances and active phases in the FTS are different. The
active phase of Ru, Co, and Ni-based catalysts is mainly the
corresponding metal, while Fe-based catalyst can form
a number of phases from metal to oxides to various carbides.”!
It is hard to determine their activity for the FTS since there
are many factors influencing the catalytic performance, such
as the reaction temperature, reaction pressure, and feed-
stocks.

A series of multi-step reactions with many parallel
pathways are involved in the FTS. Among them, both to
split a C—O bond and to form new C—C bonds are important
steps. For instance, CO could go through the direct or
hydrogen-assisted breakage over the active surface, leading to
the formation of carbon-containing and oxygen-containing
species on the surface. On the other hand, carbon-containing
species could undergo C—C coupling and/or hydrogenation to
produce higher hydrocarbons as well as methane.”>* Differ-
ent from the reactions on Ru, Co, and Fe, the Ni catalyst
favors the hydrogenation instead of the C—C coupling
reaction at a high temperature (300-500°C).”! Consequently,
the product is mainly methane, which is also known as the
methanation reaction.”! Occasionally, the formation of higher
hydrocarbons could be observed on Ni-based catalysts, but in
most cases, a second metal additive such as Fe/Co/Ru,”® an
alkali metal promoter!’! or an active oxide as support were
required.®

Compared with thermal reactions, photocatalysis is one of
the most sustainable and green solutions to address the
current global energy and environmental issues by the
efficient use of solar energy.”’ Recent investigations show
that NiO and Ni-Al,O; catalysts can catalyze the methanation
of CO and CO, under visible or UV/Vis light irradiation,"”’
with a selectivity toward methane of more than 97%.
Subsequently, Ye and co-workers reported that nanoscaled
group VIII metal-based catalysts showed an excellent perfor-
mance for the hydrogenation of CO, to CH, at 573 K induced
by the photothermal effect.!'!]
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An interesting question arises: could one make Ni be
more efficient for the C—C coupling reaction instead of the
methanation under visible-light irradiation, especially at a low
reaction temperature? Here we demonstrate that by using
NiO, supported Ni (NiO,/Ni) obtained by reducing calcinated
Ni-containing layered double hydroxides (LDHs) as the
photocatalyst, an extraordinarily high selectivity for the C,,
hydrocarbons (maximum 80%) can be achieved for the
hydrogenation of CO. The key for the unique catalytic
performance was the existence of discrete NiO, overlayers on
the surface of metallic Ni nanoparticles. Besides the capability
of absorbing UV and/or visible light, the high activity of
hydrogenation on a metallic Ni surface has been restrained by
the modulation of interfacial NiO,, and the C—C coupling was
favored at the same time. As a result, the novel Ni catalytic
system with photocatalytic activity for syngas conversion to
higher hydrocarbons was constructed. This work highlights
the possibility of using solar energy to produce fuel/chemicals
by using Ni-based catalyst under mild reaction conditions.

The NiO,/Ni catalysts were prepared by reducing the
calcinated Ni-containing LDH precursor (samples before and
after calcination are denoted as NiAl-LDH and NiAI-MMO,
respectively) from 100 to 600 °C (denoted as Ni-x, x means the
reduction temperature). Before calcination, the NiAI-LDH
sample showed typical (00/) basal reflections which are
characteristic of layered structures.'"?! After calcination, the
basal reflections disappeared while new signals appeared,
suggesting the generation of NiO and amorphous Al,O; (see
Figure S1 in the Supporting Information). Insitu X-ray
diffraction (XRD) patterns of NiAI-MMO during the reduc-
tion process indicate that, at a reduction temperature of 100
450°C (Figure 1 A), the dominant phase was NiO while a new
phase corresponding to metallic Ni appeared when the
reduction temperature reached 500°C, which is consistent
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with the temperature-programmed reduction (TPR) result
(Figure S2). The intensity of metallic Ni signal increased with
increasing reduction temperature (from 500 to 600°C) and
became the dominant phase at 600 °C.

Since the UV/Vis absorption behavior is associated with
the photoinduced electron-transfer process of photocatalysts,
the diffuse reflectance UV/Vis spectra of Ni-x were measured
(Figure 1B). Compared with the intense absorption mostly at
the UV range for NiAl-MMO, the whole range absorption
capability was observed for Ni-x, which is consistent with the
color change of the samples (Figure S3). These catalysts as
well as the reference catalysts were used in photocatalytic CO
hydrogenation reactions under UV/Vis light irradiation
(0.8 bar, H,/CO =1/3, room temperature). The results are
summarized in Table 1. Under irradiation, NiO, NiAI-MMO
and commercial Ni/Al,O; are almost inactive for CO
activation, with a CO conversion of less than 5%. Most of
the converted CO has been transformed into CO, with
a selectivity of over 74%. When Ni-500 was used as the
catalyst, a low catalytic activity was observed (Table 1,
entry 6). However, the reaction channel towards CO, was
suppressed (selectivity of 6.2%). Surprisingly, besides meth-
ane, a large amount of higher hydrocarbons were produced
(Table 1 and Figure S4). When the reduction temperature
reached 525°C, the conversion of CO increased sharply to
27.7%, with a rather higher selectivity for hydrocarbons
(60.1 % ). The selectivity for hydrocarbon products follows the
Anderson-Schulz-Flory (ASF) distribution (Figure S5), with
a relatively small growth factor (a) of 0.60. The carbon source
of the hydrocarbons was CO as confirmed by control experi-
ment using pure hydrogen (Table 1, entry 2) and isotopically
labeling experiments using “CO as feeds over Ni-525 (Fig-
ure S6). This indicates that, different from conventional Ni-
based catalysts where the dominant product of CO hydro-
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Figure 1. A) In situ XRD patterns of NiAl-MMO and Ni-x. B) UV/Vis spectra of Ni-x. C) Ni K-edge XANES and D) EXAFS of NiAl-MMO and Ni-x.
E) In situ XPS spectra of NiAl-MMO and the samples reduced at different temperatures (Ni-x).
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Table 1: Photocatalytic performance of Ni-based catalysts."!

CO Conversion [%]

Entry Photocatalyst Selectivity [%]

C-C, C~C, CH, CO,
1 blank® 0 - - - -
2 Ni-525[ - - - - -
3 Ni-AlLO, 4.7 6.9 2.7 108 79.6
4 NiAl-MMO 2.1 2.5 14 198 763
5 NiO 1.5 15 0.8 233 744
6 Ni-500 2.6 382 162 394 62
7 Ni-525 27.7 374 211 388 2.7
8 Ni-550 56.4 273 102 624 0.1
9 Ni-600 95.8 19.9 56 734 1.
10 Ni-5250 20.9 443 228 309 20
1 Ni-525!1 33.7 33.4 135 443 88

[a] Reaction conditions: no external heating, 0.08 MPa, CO/H,/Ar=20/
60/20, catalyst mass: 100 mg, irradiation time: 45 min, 300 W Xe light.
[b] Blank experiment, irradiation in the absence of any catalysts or
illumination of the catalysts in Ar under above conditions. [c] Control
experiment, irradiation of Ni-525 in pure H, under the above-mentioned
conditions, indicating that no hydrocarbon was formed when there was
no CO in the reaction mixture. [d] Commercial methanation Ni catalysts
from Huaneng Ltd. [e,f] Irradiation with a solar simulator equipped with
a cut-off filter (A >400 nm) for [e] 3 h and [f] 4 h.

genation is methane,? current catalyst can effectively cata-
lyze the C—C bond formation under light irradiation, which
has not been reported before. Importantly, there is no
addition of a second metal or the use of active oxide support
in the current study.

For Ni-550 and Ni-600, although the conversion of CO
increased, the selectivity for the C,—C; hydrocarbons
decreased in return. The selectivity for the C,~C, hydro-
carbons followed the descending order of Ni-525 (60.1 %), Ni-
500 (58.0 % ), Ni-550 (37.5 % ), and Ni-600 (25.8 % ). In the first
15 minutes of light irradiation, the selectivity towards the C,—
C; hydrocarbons over Ni-525 can even reach 80 %, while long-
time irradiation will lead to the hydrogenolysis of the
hydrocarbons (Figure S7). Under irradiation, the temper-
ature of the catalysis bed increased rapidly during the first
20 minutes, and stabilized at 150°C after 40 minutes (Fig-
ure S8). The activation of CO requires a much higher
temperature for a conventional Ni-based catalyst.>*!1 To
check whether the current process is photoactivated or not,
a control experiment was carried out at the same temperature
without light irradiation. The result shows after 2 h of reaction
at 150°C, only less than 6% CO was converted with the
dominant product being CO, (Table S1).

Significantly, the Ni-525 catalyst is also active for higher
hydrocarbon formation under visible-light irradiation (4>
400 nm; Table 1, entry 10-11; the catalyst-bed temperature
is around 81 °C). The conversion of CO reached 20.9 % while
the selectivity of C,, hydrocarbons was over 67.0% in 3 h,
suggesting that the NiO,/Ni catalyst is effective even in visible
light. Compared with UV/Vis light irradiation, the better
selectivity towards C,, was ascribed to the lower hydro-
genolysis rate of hydrocarbons in visible light (Figure S7D).
The above results indicate that the CO hydrogenation on Ni-
525 is likely photoactived rather than a photothermal process.
This photoactivation mechanism for Ni-containing photo-
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catalysts was also reported by Gracia and co-workers in the
photocatalytic transformation of CO, to methane.!'*!

The catalyst was quite stable and showed no obvious
decrease in activity and selectivity after five catalytic cycles
but a well-retained structure of the catalyst (Figures S9 and
S10). Based on the above results, it is clear that under light
irradiation, higher hydrocarbons can be produced over the
NiO,/Ni catalysts, and there is an optimized reduction
temperature of the catalysts for chain propagation, that is,
525°C. We speculated that, 1) the presence of metallic Ni is
indispensable for the photocatalytic activity of CO hydro-
genation; and that 2) the co-existence of Ni and NiO, phases
as a heterojunction photocatalyst may facilitate the photo-
catalytic C—C coupling reaction.*

X-ray absorption near-edge structure (XANES) spectros-
copy was employed to study the local coordination environ-
ment as well as the oxidation state of the catalysts during the
reduction process (Figure 1 C-E). Figure 1 C shows that there
is a monotonic decrease in the intensity of the Ni K-edge
features of the catalysts with increasing reduction temper-
ature, suggesting an obvious structural transformation, while
the edge features for metallic Ni clearly appeared at 525°C,
indicating the co-existence of Ni and NiO, on Ni-525. In case
of Ni-600, the oxidation state is very close to that of metallic
Ni. This conclusion was further confirmed by the extended X-
ray absorption fine structure (EXAFS) results (Figure 1D,
Table S2). With increasing reduction temperature from 400 to
525°C, the intensity of the Ni-Ni distance (metallic Ni) at
20A gradually appeared/increased while the scattering of the
Ni-O and Ni-Ni (NiO) distances at 1.5 and 2.5 A decreased,
respectively.

In order to understand the distribution of NiO, and Ni on
the surface, in situ X-ray photoelectron spectroscopy (XPS)
was used to track the surface state of the Ni-based catalysts. In
the Ni2p XPS spectra shown in Figure 1E, the dominant
peaks of NiAI-MMO and of those samples with a reduction
temperature lower than 475°C were attributed to oxides
(both Ni** and Ni*"), suggesting that those catalysts were only
covered with oxides on the surface. This explains why those
catalysts show almost no CO hydrogenation activity as
normally the activation of the C-O bond requires metallic
sites.'¥ However, upon treatment in H, above 500°C, the
feature of Ni’ 2p,, at 853.0 eV appeared at the expense of the
oxidized Ni peaks. This observation indicates that the surface
of Ni-500 to Ni-575 were a mixture of Ni oxides and metallic
Ni. It is a generally accepted concept that the higher the
reduction temperature, the lower the concentration of the
oxide. When the reduction temperature reached 600°C, the
surface of the catalyst was dominated by metallic Ni. For
catalysts reduced at this temperature, only a small amount of
C,, hydrocarbons were produced in the photocatalytic CO
hydrogenation reaction. Based on the above results, we
propose that the modulation of the Ni catalyst nanostructure
by surface oxides changes its electronic structure and makes it
capable of catalyzing the C—C coupling reaction, leading to
the formation of higher hydrocarbons.

The surface geometry of the NiO,/Ni catalysts was further
revealed by TEM. For Ni-525, the nanoparticles are com-
posed of face-centered cubic Ni particles (around 20 nm)

www.angewandte.org

An dte

Chemie

4217


http://www.angewandte.org

Ni 0.204 nm
>|e

; . NiO
Lole 024 nm

Ni (111)

NiO (111)

0.204 nm
/-> 0.24 nm G
\ r P
3 L g
NiO (111) 5
0.24 nm Ni (111) \ "
0.204 nm i
0 10 20 30 40
d (nm)

Figure 2. A) High-angle annular dark-field scanning TEM (HAADF-
STEM) image. B) Annular bright-field (ABF) STEM image. C) High-
resolution TEM (HRTEM) image and D) the corresponding FFT image,
and E) the element mapping of the Ni-525. F) STEM image of one
particle and G) the corresponding element (Ni, O, Al) intensity line-
scan profiles.

partially decorated with a NiO, overlayer (Figure 2 A-E). The
coexistence of the two phases was further confirmed by a fast
Fourier transform (FFT) pattern. Furthermore, the energy-
dispersive spectra on selected spots of the Ni-525 nanoparticle
(Figure S14) show dramatic variations of the Ni/O ratio,
strongly suggesting the discrete nature of NiO, layers on the
surface of the Ni nanoparticles, which were also confirmed by
a line scan over a single particle (Figure 2F,G). For Ni-600,
the particles were dominated with a metallic Ni phase and
nearly no NiO, was observed (Figure S15). From the above
results, it is clear that the structure of Ni-x (475 <x < 600) is
a Ni nanoparticle partially decorated by discrete NiO,
overlayers (Figure S12C).
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To investigate the reaction mechanism, first principle
calculations have been carried out as well. Based on the
experimental characterization results, two catalyst models of
Ni(111) and 40O/Ni(111) (Figures S16 and S17) were con-
structed to represent the pure metallic Ni (Ni-600) and NiO,/
Ni (Ni-525) catalysts, respectively. For initial syngas (CO/H,)
conversion on Ni(111) and 40/Ni(111) surfaces, only the most
possible paths were shown in Figure 3. First, the calculation
barriers of CO direct dissociation (CO* 4 *—C* + O*) on the
above-mentioned two surfaces are 3.74 and 3.80 eV, respec-
tively. For comparison, the H-assisted CO activation (CO* +
H*—HCO* +*) has lower barriers of 1.37 and 1.30eV,
respectively, suggesting a dominant CO conversion to HCO
species through hydrogenation on Ni and NiO,/Ni surfaces
(Figures S18 and S19).

A p =4 0/Ni(111)
= Ni(111
w 2.05

Energy (eV)

0.5
CH
1.0 h
3.0 -
'B 40/Ni(111)
Ni(111
251 (1
20k

Energy (eV)

05 CHCH

CHCH,

Figure 3. The potential-energy profile of the most possible reaction
paths for syngas conversion on Ni(111) and 40/Ni(111). A) CH,
formation. B) C—C coupling.

In the following systematic study for possible reactions
from HCO to CH, (Figure 3 A), the calculation results show
that all steps on the Ni surface are exothermic, and its highest
barrier is only 0.88 eV (HCO* + H*—CH,O* + *), indicating
that methane is the most favorable product on Ni both
kinetically and thermodynamically. However, on a NiO,/Ni
surface, the CH hydrogenation to CH, is an endothermic
process, and the CH; hydrogenation to CH, needs to over-
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come a higher barrier of 0.99 eV, suggesting that the surface-
dominant species may be CH, and CH; while CH, will not be
the main product.

Finally, we further investigated the C—C coupling reac-
tions on both surfaces (Figure 3B) and found that the barriers
on a pure Ni surface are obviously higher than that on a NiO,/
Ni surface (0.64 vs. 0.37 eV and 0.39 vs. 0.28 V). Therefore, it
is inferred that the production of hydrocarbons was favored
on the NiO,/Ni surface (Figures S18 and S19), which agrees
well with the experimental results. Under light irradiation,
CO molecules are easily adsorbed on metallic Ni. Meanwhile,
the existence of Ni*" improves the efficiency for the carrier
transformation (see Table S2).°*"! Indeed, the presence of
photoactive holes and electrons of Ni-525 were also observed
by electron spin resonance spectroscopy (Figure S20), which
explains the relatively mild reaction conditions needed for the
current FTS process.

In summary, novel Ni-based catalysts were synthesized by
reducing the calcinated NiAl-LDH nanosheets, which exhib-
ited an unexpectedly high selectivity for C,, hydrocarbons in
the CO hydrogenation reaction under visible-light irradiation.
In situ XRD, XPS, EXAFS and TEM experiments show that
the formation of hydrocarbons requires catalysts with the
unique structure of Ni nanoparticles partially decorated with
Ni oxide overlayers. Density functional theory calculations
demonstrate that it is the modification of metallic Ni by
surface oxides that changes the reaction path of the surface
CH, species, making the novel Ni-based catalyst excellent for
C—C coupling in the CO hydrogenation reaction. This work
demonstrates new opportunities for photocatalytic synthesis
of high-value chemicals and fuels by using novel Ni-based
nanostructured materials.
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