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ABSTRACT: In this work, wavy nickel nanowires (NiNWs) were immobilized
on mesoporous silica (SiO2) aerogels by the sol−gel method. We measured the
catalytic activity of pure NiNWs and NiNW−SiO2 aerogel composites toward the
CO2 hydration reaction (CHR) when they are in water. Dynamic vapor sorption
(DVS) analysis was performed at levels of 50% CO2 and 50% H2O vapor for SiO2
aerogels, immobilized nickel nanoparticles (NiNPs) on silica aerogel and NiNW−
SiO2 aerogel composites, in order to determine catalytic activity for CHR in the
gaseous phase. The results from DVS analysis (gaseous phase) and CHR
(aqueous phase) showed that NiNW−SiO2 aerogel composites are good
heterogeneous catalysts for CHR in both gaseous and aqueous phases but they
are less active than NiNP−SiO2 aerogel composites.

■

INTRODUCTION
The rise in atmospheric carbon dioxide (CO2) is a major factor
responsible for increasing global surface temperature.1,2 In
eﬀorts to hold the increase of the global temperature below 2
°C, a multinational agreement was made in Paris to control
CO2 emissions, however this might be inadequate.3 A possible
solution to mitigate climate change is CO2 capture, storage,
and utilization (CCSU). CCSU is a long-term solution to
control the emission of greenhouse gases and to reduce the
anthropogenic impact on the climate.4−7
Many technologies such as absorption, desorption, chemical
looping combustion, membrane separation, hydrate-based
separation, and cryogenic distillation have been developed to
isolate CO2 from ﬂue gas streams.8 Another promising CCSU
technology is removing the CO2 by utilizing the CO2
hydration reaction (CHR). However, in the absence of a
catalyst, the reaction is slow. In published literature, carbonic
anhydrase (CA) is regarded as a suitable catalyst to accelerate
CO2 mineralization reactions via the transformation of
CO2(aq) into bicarbonate (HCO3−), as the CHR.9−12 The
core active site in CA is zinc,13 which is located in the center of
metalloenzyme, and in the presence of CA, CO2 hydration
equilibrium can be rapidly reached, with zinc-bound OHreacting with dissolved CO2 to form bicarbonate. Other
catalysts that are used for HRC include hypobromous acid
(HOBr),14 hypochlorous acid (HClO), and boric acid.15,16 In
the previous work by Š iller et al.,17−19 nickel nanoparticles
(NiNPs) have been demonstrated to possess catalytic activity
to accelerate CHR as a ﬁrst wholly inorganic heterogeneous
© 2019 American Chemical Society

catalyst. Major active catalysts are active in the alkaline range,
whereas NiNP catalysts show that these are pH independent.17−19 This makes them as good candidates for saline
aquifers that are typically acidic.20 NiNPs are also photocatalytically active toward the hydration reaction of CO2,21 and
can be extracted magnetically from solutions. Their nanotoxicity have been investigated on exposing a model environmental marine organism, sea urchins, to diﬀerent concentrations of NiNP solutions,22 and it is shown that NiNPs are
typically 10 times less toxic when compared to silver
nanoparticles. In order to mitigate an environmental leaching
of nickel ions into the water from NiNPs, very eﬃcient
absorbers have been developed and tested.23 After this work,
theoretical investigations show that there are other metallic
transition-metal catalysts active to CHR;24 however, NiNPs are
still the most economical and/or chemically stable in waterbased environments.
Often the diﬀerence in surface area and surface structure
because of diﬀerent dimensionalities of nanomaterials, could
also aﬀect their catalytic activity. Therefore, here we have
investigated immobilized nickel nanowires (NiNWs) as 1D
nanomaterials in SiO2 aerogels as a heterogeneous catalyst for
the CHR and compared them with NiNPs (as 0D nanomaterials). Here, we study the diﬀerence in catalytic activity for
CHR in a vapor phase when two diﬀerent forms of nickel
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nanomaterials (NiNPs and NiNWs) are immobilized in silica
aerogels, which has not been studied previously, but only it was
reported as the enhanced catalytic activity of NiNPs for CHR
in aqueous solutions.19 The catalytic activity in a vapor phase
by the cosorption at high concentration levels of CO2 and
water was studied by adsorption−desorption kinetics and
isotherms with a dynamic vapor sorption analyzer (DVS
Vacuum).

Table 1. Surface Area and Pore Size and Pore Volume
Properties of NiNW, NiNP Composites and NiNW
Composites (Pure Nickel Nanowires (N0), Pure Silica
Aerogel (S), 700 ppm of NiNPs in Silica Aerogel (Np), 400
ppm of NiNWs in Silica Aerogel (N1), 500 ppm of NiNWs
in Silica Aerogel (N2), and 700 ppm of NiNWs in Silica
Aerogel (N3))

■

sample

EXPERIMENTAL SECTION
Materials. Nickel chloride hexahydrate (NiCl2·6H2O),
hydrazine hydrate (N2H4·H2O; 80 wt %), ethylene glycol
(EG) anhydrous (99.8%), sodium hydroxide (≥98%), hexane
(≥97.0%), tetramethylorthosilicate (TEOS 98%), ammonium
hydroxide (28−30%), and ammonium ﬂuoride (≥98%) were
supplied by Sigma-Aldrich. Ethanol (99.99%) was purchased
from Fisher Scientiﬁc. CO2 (99%) was bought from BOC. All
chemicals were used as received without further puriﬁcation.
Deionised (DI) water of a resistivity of 18 MΩ cm−1 was used
for preparation of solutions and washing.
Synthesis of NiNWs. NiNWs were synthesized following
solvothermal process as previously reported by Chen et al.25
with a modiﬁcation. Typically, 137 mg of NiCl2·6H2O was ﬁrst
added to 60 mL of EG in a round bottom ﬂask. After NiCl2·
6H2O had fully dissolved in EG, 5 mL of 1 M NaOH and 2.3
mL of N2H4·H2O were then added into this solution. This
solution after been kept in a water bath at 60 °C for 3 h, turned
black indicating synthesis of NiNWs. NiNWs were ﬁrst washed
with DI water followed by washing with ethanol to remove
residual reactants and solvent from the surface. Finally, NiNWs
were dried in an oven at 60 °C for 8 h. However, when these
nanowires were suspended in DI water, the pH of the
suspension was acidic because of the presence of residual
reactants on the surface of NiNWs. Additional puriﬁcation
with 6 M NaOH was conducted to make NiNWs catalytically
active, that is, until NiNW suspension had near neutral pH (for
further details see Supporting Information).
Immobilization of NiNPs and NiNWs on Silica
Aerogels. In this work, we prepared a 700 ppm of NiNPs
in silica aerogels synthesized by following Han et al.26 sample
called Np. Sol−gel process is also used to synthesize the silica
aerogel with the immobilization of NiNWs, according to the
above synthesis process.26 In brief, NiNWs were dispersed
during the sol stage prior to gelation so that silica aerogel
samples with 0, 400, 500, and 700 ppm concentration of
NiNWs (samples are called S, N1, N2, and N3 in Table 1,
respectively) were synthesized. Typically, the desired amount
of NiNWs were suspended in 5 mL of DI water using a sonic
horn (Sonoplus, Bandelin) for 2 min. Hydrolysis of TEOS in
ethanol and DI water to prepare the silica gel was carried out
with a molar ratio of 2:38:33 of TEOS/ethanol/water. To
accelerate the gelation process, 1 mL mixture of ammonium
hydroxide, ammonium ﬂuoride, and DI water in a molar ratio
1:8:111 was used as a catalyst. Subsequently, the mixture was
stirred and poured into a plastic mold for gelation. When
gelation was completed (typically after 5 min), the mold was
removed and the gel was soaked in ethanol for aging. After 24
h, the ethanol solvent was replaced by hexane. The hexane was
refreshed every 24 h for three days. Finally, the gel was dried at
room temperature for 24 h. After which, the gel was transferred
to an oven for 8 h at 60 °C, and in the ﬁnal step, the
temperature was further increased to 100 °C for additional 2 h.

N0
S
Np
N1
N2
N3

NiNWs
wt %

NiNPs
wt %

100
3.25
0.5
0.6
1.25

surface
area
(m2/g)

pore speciﬁc
volume (cm3/g)

average
diameter
(nm)

9.3
509
515
421
410
470

1.48
1.61
1.8
1.54
1.22

17.3
11.6
30.16
25.6
23.64

Characterizations. The morphology of pure NiNW and
NiNW−SiO2 aerogel composites was studied using transmission electron microscopy (TEM, Philips CM-100) and
scanning electron microscopy (SEM, Hitachi SU 8230),
respectively. Nitrogen adsorption−desorption isotherm tests
were characterized using a Thermo Scientiﬁc SURFER
analyzer. Before conducting the test, the samples were
outgassed under vacuum at 200 °C for 6 h. Speciﬁc surface
areas and pore size distribution of aerogels were calculated
from isotherms using Brunauer, Emmett and Teller (BET) and
Barrett−Joyner−Halenda (BJH) methods, respectively. X-ray
diﬀraction (XRD) patterns of samples were recorded by the
Panalytical X’Pert Pro Multipurpose Diﬀractometer with a
wavelength of 0.15418 nm of Cu Kα X-ray. Additionally, XRD
was used to quantify the weight percentage of NiNWs inside
silica aerogel composites by mixing a 20 wt %-powdered
NiNW−silica aerogel composite with 80 wt % of aluminium
oxide powder as the standard material. A ﬂuidized-bed bubble
glass column reactor was used to investigate the catalytic
activity of NiNWs−SiO2 aerogel composites for CHR in the
aqueous phase. A vacuum dynamic gravimetric vapour sorption
instrument (DVS Vacuum) was used to perform binary water
vapour/CO2 sorption measurements (see Supporting Information, Scheme S1).

■

RESULTS AND DISCUSSION
TEM images (see Supporting Information, Figure S1a,b) show
the wavy shape of the NiNWs, which is similar to that reported
by Chen et al.25 Wavy NiNWs have a nonuniform diameter
(with the mean diameter ≈ 400 nm) and ≈4 μm in length.
Figure S1c,d shows the TEM images for NiNPs. The particle
diameter of NiNP in Figure S1d is ≈125 nm, where TEM
images (e) and (f) in Figure S1 show the porous structure of
700 ppm NiNW−silica aerogel composite. The photo images
of NiNW−SiO2 aerogel composites (at 400, 500, and 700
ppm) are presented in Figure S2b in the Supporting
Information. The N2 adsorption−desorption isotherm of
pure NiNWs is shown in the Supporting Information, Figure
S3. The surface area of NiNWs was 9.3 m2/g. N2 adsorption−
desorption isotherms of silica aerogel and NiNW−SiO2 aerogel
composites (see Supporting Information, Figure S4) show a
type IV of isotherms and hysteresis loops of H1 type.
According to IUPAC classiﬁcation, the type IV isotherm
indicates a mesoporous structure and H1 hysteresis loops are
the characteristic of materials that exhibit a narrow range of
1825
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Figure 1. SEM images at diﬀerent magniﬁcations and diﬀerent concentrations of NiNWs immobilized on SiO2 aerogels. (a and b) SEM images for
N1, (c and d) SEM images for N2, and (e and f) SEM images for N3. (Denotation: 400 ppm of NiNWs in silica aerogel (N1), 500 ppm of NiNWs
in silica aerogel (N2), and 700 ppm of NiNWs in silica aerogel (N3)).

uniform mesopores.27,28 A summary of surface area, pore
volume, and pore diameter data is listed in Table 1. The SiO2
aerogel alone has a surface area of 509 m2/g. However, the
surface area for the 400, 500, and 700 ppm NiNW−SiO2
aerogel composites was found to be 421, 410, and 470 m2/g,
respectively. Surface area values for NiNWs−SiO2 aerogel
composites were similar because NiNWs act as a support for
packing silica aerogels. Pore size distribution curves are shown
in Figure S5 Supporting Information. These are determined
from N2 desorption isotherms presented in Figure S4 by the
BJH method. Most samples have mesoporous diameters with a
broad pore size distribution. In addition, the pore volume (see
Table 1) decreases with the increase of NiNW concentration
inside silica aerogels. As expected, the pore speciﬁc volume for
NiNWs in the silica aerogel (N3) is smaller than that for
NiNPs in silica aerogels (Np) (see Table 1). Figure S6
Supporting Information shows XRD patterns from NiNW and
NiNW−SiO2 aerogel composites. The border peak around 2θ
= 20° in Figure S6 in the Supporting Information is for
amorphous silica. The three characteristic peaks observed at 2θ
= 44.58, 51.9, and 76.5° correspond to nickel with Miller
indices (111), (200), and (220), respectively, indicating the
pure face center cube structure of the NiNWs.29 No other
peaks suggesting oxidization were recorded which mean high
purity of synthesis has been obtained.29 The XRD pattern of
NiNWs immobilized in silica aerogels was also observed in
Figure S6 Supporting Information. The quantiﬁcation of
NiNW and NiNP weight percentages (wt %) in silica aerogels
is presented in Table 1.
SEM images of NiNW−SiO2 aerogel composites (Figure
1a−f) conﬁrm the mesoporous nature of the support as
obtained by BJH analysis (Figure S5 in Supporting
Information). An estimation of the pore diameters from
SEM images shows that the majority of pore diameters is in the
range between 20 and 40 nm. However, some macropores
(>50 nm) are observed for the N3 sample. The presence of
macropores in porous materials enhances the diﬀusion of gases
through pores and therefore enhances CO2 capture.30,31
CO2 Dissolution. Figure S7 in the Supporting Information
shows CO2 dissolution in DI water and in NiNW suspensions
(details of experiments are given in Supporting Information).
We plot the average values of the increase in saturation
concentration of CO2 dissolved in DI water and with
suspended NiNWs in DI water as a function of the
concentration of nanowires, taken at room temperature and

atmospheric pressure. The maximum uptake of CO2 is at a
NiNW concentration of ≈30 ppm. The amount of CO2
dissolved in water without NiNWs was similar to that reported
in the literature (≈39 mM).32 Therefore, further pH change
analysis was performed in suspensions with a NiNW
concentration at ≈30 ppm.
Catalytic and NonCatalytic CHR. Figure 2 shows pH
changes during bubbling of carbon dioxide through DI water,

Figure 2. pH changes during bubbling of CO2 through DI water
(grey), NiNW suspension (N0-black), SiO2 aerogel suspension
(blue), and Ni nanowire−SiO2 aerogel composites at 400 (N1-red),
500 (N2-orange), and 700 ppm (N3-green). All experiments are
performed at RT and atmospheric pressure.

including the silica aerogel-supported or freely suspended
NiNW catalyst in a ﬂuidized bed bubble column reactor. All
experiments are taken at room temperature and atmospheric
pressure. DI water was used as a control to observe the
eﬀectiveness of catalysts toward CHR. Silica aerogels alone do
not catalyze the CHR (see grey and blue curves in Figure 2).
The three supported catalysts at diﬀerent NiNW concentrations (N1, N2, and N3, see Table 1), all show catalytic
activity for CHR; however, they are less eﬀective when
compared to freely suspended NiNWs. We observe enhancement in the catalytic activity of NiNWs−SiO2 aerogel
composites as a function of NiNW concentration that is N1
< N2 < N3. This is because of CO2 mass-transfer limitations
created by the small size of the pores in silica aerogels. Another
reason for the loss in activity could be because of a loss of
active sites on NiNWs, as freely suspended NiNWs have higher
active surface area than immobilized NiNWs in silica aerogels.
1826
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Figure 3. Adsorption−desorption cycles and adsorption−desorption isotherms showing CO2 sorption kinetics at 25 °C. (a) Sorption kinetics for
SiO2 aerogels, (b) sorption kinetics for 700 ppm NiNP−SiO2 aerogel composites, (c) sorption kinetics for 700 ppm NiNW−SiO2 aerogel
composites, (d) adsorption−desorption isotherm curves of SiO2 aerogels, (e) adsorption−desorption isotherm curves of 700 ppm NiNP−SiO2
aerogel composites, and (f) adsorption−desorption isotherm curves of 700 ppm NiNW−SiO2 aerogel composites.

Figure 4. Adsorption−desorption cycles and adsorption−desorption isotherms showing H2O vapor sorption kinetics at 25 °C. (a) Sorption
kinetics for SiO2 aerogels, (b) sorption kinetics for 700 ppm NiNP−SiO2 aerogel composites, (c) sorption kinetics for 700 ppm NiNW−SiO2
aerogel composites, (d) adsorption−desorption isotherm curves of SiO2 aerogels, (e) adsorption−desorption isotherm curves of 700 ppm NiNP−
SiO2 aerogel composites, and (f) adsorption−desorption isotherm curves of 700 ppm NiNW−SiO2 aerogel composites.

Dynamic Water Vapor/CO2 Adsorption−Desorption
Test. DVS was used to investigate the catalytic activity of
immobilized NiNWs on SiO2 aerogels for CHR in the vapor
phase. The experiments were performed on 700 ppm NiNW−
SiO2 aerogels, 700 ppm NiNP−SiO2 aerogels, and pure SiO2
aerogels at same experimental conditions. Adsorption−
desorption curves were plotted based on mass equilibrium
with time. Figure 3a−c shows CO2 uptake cycles of SiO2
aerogel, 700 ppm NiNP−SiO2 aerogel, and 700 ppm NiNW−
SiO2 aerogel composites at 25 °C, respectively. Adsorption−
desorption cycles (red line) are presented by changes in mass
with time, whereas the blue line represents the relative pressure
changes with time. All samples show capability of CO2 uptake.
The adsorption capacities were 41.5, 37.5, and 34 mg of CO2
per gram of adsorbent at 25 °C for pure silica aerogel, NiNP−
SiO2 aerogel composites, and NiNW−SiO2 aerogel composites, respectively (see Table S1 in Supporting Information).
Pure silica aerogels exhibit higher uptake capacity than NiNP−
SiO2 and NiNW−SiO2 aerogel composites. However, the
adsorption and desorption curves (Figure 3d−f) were almost
identical, meaning the process is approximately reversible (the

desorption curve almost returns to the same point as at the
start of the analysis). Consequently, no hysteresis loops were
associated with the adsorption−desorption isotherms, indicating no tensile strength is applied to the pores.33 Water-vapor
dynamic uptake curves (Figure 4a−c) of investigated materials
demonstrated high interaction between water vapor molecules
and the solid. It is widely accepted that the water adsorption
mechanism includes four steps; (1) water adsorption on
surface functional groups; (2) formation of a cluster of water
molecules through adsorption because of the water molecules
adsorbing on the previous adsorbed water molecules; (3) at a
relative pressure (of approximately P/P0 = 0.5) pore ﬁlling
occurred, and (4) when the pressure becomes high, the pores
are completely ﬁlled and the plateau is reached.34,35 A relatively
high-water vapor adsorption capacities at 25 °C were recorded
(194.5, 197.5 and 188 mg of H2O per gram of adsorbent, for
pure silica aerogels, NiNP−SiO2, and NiNW−SiO2 aerogel
composites, respectively; see Table S1 in Supporting
Information). Again, NiNW−SiO2 aerogel composites showed
lower water adsorption capacity than pure silica aerogel or
NiNP−SiO2 aerogel composites. It is likely that hydroxyl
1827
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Figure 5. Adsorption−desorption cycles and adsorption−desorption isotherm curves showing 50/50 H2O/CO2 sorption kinetics at 25 °C. (a)
Sorption kinetics for SiO2 aerogels, (b) sorption kinetics for 700 ppm NiNP−SiO2 aerogel composites, (c) sorption kinetics for 700 ppm NiNW−
SiO2 aerogel composites, (d) adsorption−desorption isotherm curves of SiO2 aerogels, (e) adsorption−desorption isotherm curves of 700 ppm
NiNP−SiO2 aerogel composites, and (f) adsorption−desorption isotherm curves of 700 ppm NiNW−SiO2 aerogel composites.

groups at SiO2 aerogel surfaces via H-bonding interact with
water vapor molecules and work as adsorption sites.36
Formation of hysteresis loops (see Figure 4d−f) is because
of capillary condensation and formation of irreversible hydrate
(capillary condensation is the dominated adsorption mechanism at the high level of humidity loading37). The isotherms
were demonstrated as an open loop system (do not come back
to zero), meaning some moisture is retained in solid matrices.
In particular, water is more strongly bonded to NiNW−SiO2
aerogel composites than NiNP−SiO2 aerogel composites. The
retention mass for NiNWs is larger than for NiNPs, see
column 4 Table S1 in the Supporting Information. Because
NiNWs are wavy (see the TEM images in Figure S1 in
Supporting Information), there is larger number of defect sites
on step edges, in which they will act as stronger bonding sites
for water molecules.
Comparing the uptake of CO2 and water vapor for the
diﬀerent aerogel compositions, it was observed that NiNW−
SiO2 aerogel composites show the highest uptake for water
vapor when compared to CO2 uptake (188/34 = 5.5 times
higher). Figure 5 shows the cosorption cycles and isotherm
behavior for investigated samples at gaseous volumetric
mixture of 50/50 H2O/CO2. Adsorption behavior is similar
to that observed for H2O in Figure 4. Isotherms have an open
loop hysteresis and samples retain liquids (see Table S1 in
Supporting Information, sixth column). Because there is a high
level of humidity and CO2 during loading, water vapor could
condense and form carbonic acid.37
NiNW−SiO2 aerogel composite (93 mg of H2O/CO2/gadsorbent) and NiNP−SiO2 aerogel composite (90 mg of
H2O/CO2/g-adsorbent) exhibited higher adsorption capacity
than pure silica aerogels (79.8 mg of H2O/CO2/g-adsorbent),
see ﬁfth number column in Table S1 in the Supporting
Information.
The slopes of the linear part of adsorption curves in Figure
6, the adsorption parts, for silica aerogel, NiNP−silica aerogel
composites, and NiNW−silica aerogel composites are 0.088,
01196, and 0.105, respectively. This change could be or
because of diﬀerent catalytic activities or because of diﬀerent
pore size diameters that could inﬂuence the ﬂow rate of vapor
through material. However, we see in Table T1 that the pore
diameter of NiNWs−silica aerogel composites is much larger

Figure 6. Comparison of 50/50 H2O/CO2 adsorption (ads) and
desorption isotherms (des) for 700 ppm NiNP−SiO2 aerogel
composites (ads is in pink and des is in green) and for 700
NiNW−SiO2 aerogel composites (ads is in red and des is in blue) and
pure silica aerogels (ads in brown and des in turquoise). Data are
taken at 25 °C.

than for NiNPs−silica composites which can rule out this
second possibility. In addition because we have retention of
water on NiNW−silica aerogel samples much larger than on
NiNP−silica aerogels, this implies that the bonding of water
molecules is stronger. Therefore, the changes in slope are
because of changes in catalytic activities of NiNPs and NiNWs
trapped in silica aerogels. The catalytic activity toward CO2−
H 2 O coadsorption is fastest on NiNP−silica aerogel
composites, followed by NiNW−silica aerogel composites
and then followed by silica aerogels.
The mechanism of adsorption−desorption of H2O/CO2
vapor mixture on Ni nanowires could be similar to previous
experimental17,18 and theoretical work24 on NiNPs. Adsorption of CO2 and H2O molecules in the liquid phase is
energetically favorable at the Ni surface when compared to the
gas phase.24,38 The adsorption free energy of the H2O complex
that is formed on the Ni surface was found to decrease from
9.95 kcal/mol in vacuum to 5.4 kcal/mol in the solvent state.24
This H2O dissociates into OH and H groups on the surface of
Ni cluster, with the activation barrier for deprotonation found
to be lower in the solvent state than in a vacuum.24 When CO2
molecules react with the surface of Ni, a bent intermediate
CO2δ− is formed and this transformation from the linear to
1828
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copy; BET, Brunauer−Emmett−Teller; BJH, Barrett−Joyner−
Halenda; DVS, dynamic vapour sorption instrument

bent structure is associated with a signiﬁcant reduction in the
activation energy barrier.39 When adsorbed CO2 molecules
interact with hydroxyl groups to form a bent OH−CO2
complex, the oxygen atom of the hydroxyl group can lose a
proton to a CO2 oxygen atom forming a Ni−HCO3− complex.
As it is mentioned because of high capillary condensation,
water vapor tends to be condensed in mesoporous SiO2
aerogels forming the liquid phase. The HCO3− complex
would be released from the surface of Ni either by another
water vapor molecule or directly dissolved in the generated
water phase.
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CONCLUSIONS
The results of catalytic activity analysis of wavy NiNWs and
immobilized wavy NiNWs on silica aerogels for CHR that
performed in the aqueous phase at room temperature exhibit
enhancement in the rate of dissolution of carbon dioxide. The
rate of carbon dioxide dissolution in the presence of supported
NiNWs increased with the increase NiNW concentration. The
best catalytic eﬃciency was seen when testing the NiNW−
SiO2 aerogel composite with a concentration of 700 ppm
NiNWs. The thermo gravimetric results that obtained from
DVS showed that utilizing NiNWs as a heterogeneous catalyst
promoted the catalytic activity for CHR, agreeing with the
results found in the aqueous catalytic activity testing. However,
NiNPs on the aerogel support are found to be better catalysts
toward CHR than NiNW aerogel composites.
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