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ABSTRACT: This work reports on the development of novel Ni nanoparticle- Contomzene A Oxidant Air
deposited mixed-metal oxides ZrO,—SiO, through atomic layer deposition (ALD) @_l Jﬁ

method and their application in combined capture and oxidation of benzene, as a
model compound of aromatic VOCs. Concentrating ppm-level VOCs in situ,

Adsorption @ 25 °C \
before their oxidation, offers a practical approach to reduce the catalyst inventory “.“T?”“"F\L I FE=DE0)

Oxidation @ 250 °C
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and capital cost associated with VOC emissions abatement. The benzene vapor @ @ 1\
adsorption isotherms were measured at 25 °C and in the pressure range of 0 to X whermanr 4/
benzene saturation vapor pressure thereof (0.13 bar). In the combined capture- 5 <J I—-»

) . Benzene C0O,and H,0
reaction tests, the materials were first exposed to ca. 86 100 ppm, benzene vapor at Decontaminated Air

25 °C, followed by desorption and catalytic oxidation while raising the bed (1): ALD Ni Nanoparticles

temperature to 250 °C. The textural properties revealed that ALD of Ni or ZrO, g;ﬁ:?of"s%’,;r:‘u::;'n

on SiO, decreased surface area and pore volume, while sequential doping with A o Laver Do a0

ZrO, and then Ni caused the otherwise. The benzene vapor adsorption isotherms

followed the type-IV isotherm classification, revealing a combination of monolayer-multilayer and capillary condensation adsorption
mechanisms in sequence. At saturation vapor pressure, an average equilibrium adsorption capacity of 15 mmol/g was obtained
across the materials. However, the dynamic adsorption capacities were up to 50% less than the corresponding equilibrium uptake for
the materials. Benzene desorption temperature was observed around 90 °C, and conversion of 85—95% and TOF of 1.28—16.42
mmolggye/moly;/s were obtained over the materials, with 3Ni/ZrO,—SiO,, prepared with 3 ALD cycles, exhibiting the maximum
conversion and TOF indicating synergistic effects of Ni nanoparticles and ZrO, support based on the number of ALD cycles.
However, the yields of CO, and H,O were about 5% and 40%, respectively. The small value of the CO, yield was hypothesized to be
due to simultaneous high-temperature adsorption of CO, as the catalytic reaction progressed. The high adsorption affinity, low
desorption temperature, and high catalytic activity of the materials investigated in this study made these materials as promising
candidates for the abatement of BTX.

KEYWORDS: VOC, adsorption, oxidation, mixed-metal oxide, ALD

1. INTRODUCTION being investigated. Process intensification through adsorptive
reactors offers the opportunity to reduce capital investment,
catalyst inventory, and requirements for external energy supply
or cooling capacity. In the combined adsorption-catalysis
approach, adsorbate is first concentrated via adsorption, after
which combustion takes place whereby the adsorbed VOCs are
converted in situ to H,O and CO,. For instance, Kullavanijaya
et al.* used this integrated strategy to concentrate a VOC-laden
stream over a solid adsorbent in the adsorption bed at low
temperature before it was combusted directly or catalytically in
an incinerator for conversion to harmless compounds. In their
later work, Kullavanijaya et al.’ treated binary VOC mixtures

Aromatic hydrocarbons such as benzene, toluene, and xylene
(BTX) are human carcinogens and one of the largest emissions
among volatile organic compounds (VOCs)." Traditionally,
these compounds are removed from air or process streams by
thermal and catalytic combustion, or adsorption, although
other methods such as biofiltration and absorption have also
been attempted as well.”” Despite significant advances in the
VOCs abatement technologies, they still suffer from significant
shortcomings. For instance, although adsorption is proven to
be efficient for the removal of VOCs from low to ultralow
concentrated streams, its efficiency deteriorates under humid
conditions. Moreover, while thermal oxidation suffers from
high energy demand, catalytic oxidation suffers from high Received:  June 27, 2020
catalyst inventory coupled with catalyst deactivation (fouling/ Accepted:  August 10, 2020
coking, poisoning, and aging/sintering). Therefore, there is still Published: August 10, 2020
a need for further improvement in such technologies.

To address the drawbacks of the current technologies,
integrated abatement processes such as adsorptive reactors are
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first by adsorption on an activated carbon followed by catalytic
reactions on a palladium-coated CeO,/Al,O;. Similarly,
Nikolajsen et al.’ investigated the performance of sequential
adsorption and oxidation of a dilute VOC-laden air stream
using a sintered-metal-fiber (SMF) supported adsorbent-
catalyst. Recently, Wang et al.” successfully used a combined
adsorption-combustion method to eliminate bulky aromatics
(toluene, o-xylene, and 1,3,5-trimethylbenzene) over bifunc-
tional Ru/HZSM-S. Moreover, the applicability, feasibility, and
potential advantage of an adsorptive reactor for VOCs
abatement had also been studied via numerical modeling.®
One of the most crucial aspects of the combined approach is
the proper selection of materials for improved performance.

To date, different materials have been evaluated for
adsorption and/or catalytic oxidation of VOCs from industrial
wastes and polluted air including carbon-based materials,”
zeolites,'” metal—organic frameworks (MOFs),"" and metal
oxides."” The best materials for catalytic oxidation of VOCs are
noble metals (prominently Pd, Pt, Ru, Rh, Ir, Os, Ag, and Au)
in terms of activity, selectivity, and stability."> However, noble
metals are very expensive and prone to poisoning, leading to
research for more cost-effective alternatives such as transition
metal oxides (e.g, Ti, Zr, Al, Ni, Cu, Fe, and Zn)."
Unfortunately, single transition metal oxides are less active
and stable compared with noble metals."”” Incorporating
another transition metal into an existing metal oxide forms
mixed-metal oxides (MMOs) in which the synergistic effects
enhance their catalytic activities significantly.

Nickel-based catalysts such as Ni/Al,O5, Ni/CeO,, and Ni/
SiO, have been widely studied for the oxidation of VOCs
mainly because they are cheap and abundant, resistant to
poisoning, and environmentally benign and exhibit comparable
catalytic performance to that of noble metals. For instance,
Tang et al.'® demonstrated the use of NiO nanoparticles for
total oxidation of benzene and reported the conversion of
~98% at 350 °C. Similarly, Bai et al.'” used porous NiO
nanoflowers and nanourchins as a catalyst for complete
oxidation of toluene. Their results indicated a toluene
conversion of about 100% at a temperature as low as 250
°C. Generally, the catalytic performance of Ni-based catalysts
depends on the nature of the support among other factors.'®
Furthermore, various attempts are still being made to further
improve the catalytic performance of these materials by surface
modification.'”

Atomic layer deposition (ALD) is a promising technique to
prepare MMOs, and it is very suitable and efficient for this
application since it is a surface controlled layer-by-layer coating
process based on self-limiting surface reactions, and it has been
utilized to deposit metal oxide films with nanometer-sized
control.?® For instance, Lee et al.”' demonstrated that ALD-
coated TiO, thin films on a nanostructured Al,O; membrane
anode showed high toluene adsorption capacity and selectivity.
They recorded dynamic adsorption capacity as high as 277
mg/g. In a similar work by Eun et al,,” toluene oxidation was
catalyzed by ALD-prepared NiO/SiO, and NiO/TiO,/SiO,
under dry and 70% relatively humid conditions at 250 and 350
°C. While NiO/TiO,/SiO, showed excellent performance at
all conditions, NiO/SiO, showed a reduced performance at
250 °C under humid condition. In a study conducted by Liotta
et al,"’ supported noble metals were used for hybrid
adsorption catalysis of VOCs. They reported higher perform-
ance due to the synergetic effects of the doped heteroatoms.
Despite the scientific proof of the potential of thin-film

materials as adsorbent and/or catalyst for abatement of
VOCs,** the use thereof is still scarcely reported in the
literature.

In this study, we explored the concerted advantages offered
by hybrid adsorption-catalysis and ALD methods. Previously in
our lab, porous titania and zirconia silica materials were
prepared by the one-pot (cosynthesis) sol—gel method.”> The
materials depicted good surface characteristics with excellent
benzene adsorption performance. Aiming at developing novel
dual-functional materials with excellent adsorptive and catalytic
performances, we embarked on a study to incorporate nickel
on zirconia silica (Ni/ZrO,—Si0,), and, for comparison, on
bare porous silica (Ni/SiO,). These materials were synthesized
by Ni ALD on SiO, and ZrO,—SiO, supports with varied Ni
loadings, and ZrO,—SiO, supports were prepared by
depositing an ultrathin ZrO, film on porous SiO, particles
by ALD. The materials were then tested for their adsorption
capacities and thereafter evaluated for the sequential hybrid
adsorption and catalytic oxidation of benzene as the candidate
BTX compound. To the best of our knowledge, this work
provides the first detailed evaluation of ALD coated samples in
combined capture-oxidation of aromatic VOCs.

2. EXPERIMENTAL SECTION

2.1. Materials. Ammonium hydroxide (NH;OH, 28.4%) was
purchased from Fisher-Scientific. All other chemicals used in this
work including titanium(IV) butoxide (97%, TiB), tetraethyl
orthosilicate (99%, TEOS), polyethylene glycols (PEG), zirconium-
(IV) propoxide (70% ZrP in 1-propanol), triethanolamine (98%,
TEAH), hexadecyltrimethylammonium bromide (CTAB), nitric acid
(70% HNOs;), tetrakis(dimethylamido)zirconium(IV) (Zr(NMe,),,
electronic grade, > 99.99%), and bis(cyclopentadienyl)nickel(II)
(Ni(cp),) were purchased from Sigma-Aldrich. Ultrahigh purity
oxygen, hydrogen, nitrogen, and helium gases were purchased from
Airgas. All chemicals and gases were used as purchased without
further purification.

2.2. Materials Synthesis. First, porous UVM-7-like silica support
was synthesized by following a detailed procedure reported in our
previous work.”> An ultrathin ZrO, film and highflyer dispersed Ni
nanoparticles were deposited on the porous silica supports via ALD
using a homemade fluidized bed reactor, the details of which are
described elsewhere.”* Before the ALD process, the synthesized silica
was outgassed at 200 °C for 3 h under vacuum. Thereafter, Ni/SiO,
was prepared by depositing Ni nanoparticles on the outgassed silica
using ALD. A typical Ni ALD cycle consisted of a Ni(cp), dose,
followed by an N, flush, which was followed by an H, dose, and,
finally, an N, flush. A temperature of 300 °C was maintained for Ni
ALD reaction. Ni(cp), was delivered into the reactor after it was
heated to 100 °C. For the Ni/ZrO,—SiO, materials, ZrO, film was
first deposited on SiO, through S cycles of ALD and subsequently Ni
ALD on the outgassed porous silica. A typical ZrO, ALD coating
cycle consisted of a Zr(NMe,), dose, followed by an N, flush, which
was followed by a deionized water dose and, finally, an N, flush. A
temperature of 250 °C was maintained for ZrO, ALD, and
Zr(NMe,), was delivered into the reactor after heating to 80 °C.
The samples were named as bare SiO, and ZrO,—SiO, (group-0
materials), xNi/SiO, (group-1 materials), and xNi/ZrO,-SiO,
(group-2 materials) where “x” denotes the number of the number
of ALD cycles used for Ni deposition on the materials.

2.3. Materials Characterization. High-angle (5—90°) powder X-
ray diffraction (XRD) was carried out on each sample on a
PANanalytical X'Pert multipurpose X-ray diffractometer using Cu
Ka radiation (4; = 1.5406 A, 1, = 1.5444 A with Ka,/Ka, = 0.5) with
a scan rate of 20 = 0.7°/min in order to determine the phase
composition and crystallinity of the sample. In order to eliminate any
background noise from the XRD analysis, zero diffraction silicon
plates (SIL'TRONIX) were used for the XRD measurement. To
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Figure 1. Schematic of the single-column hybrid adsorption catalytic oxidation experiment for (a) adsorption at 25 °C and (b) desorption-reaction

at 250 °C.
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Figure 2. High-angle XRD patterns of (a) xNi/SiO, and (b) xNi/ZrO,—SiO,.

assess the textural properties of the samples, N, physisorption
(adsorption—desorption) isotherms were measured at —196 °C on a
static volumetric adsorption system (Micromeritics 3Flex). Prior to
the measurement, ca. 100 mg of the sample was degassed at 250 °C in
Micromeritics Smart VacPrep under vacuum for 12 h. From the
isotherm, the material surface area was determined by using the
linearized Brunauer—Emmett—Teller (BET) model in the relative
pressure range of 0.05 < P/P, < 0.3, whereas density functional theory
(DFT) cylindrical geometry classical N,—Hasley model was used to
determine the pore size, pore volume, and pore size distribution
(PSD). Moreover, scanning electron microscopy (SEM) was
performed on each sample on a Zeiss Merlin Gemini field emission
microscope (FE-SEM). Energy dispersive spectroscopy (EDS) spectra
were collected on a Bruker 5030 X-Flash diffractometer using an
accelerating voltage of 25 kV to qualify the surface elemental
compositions and mappings of the group-1 and group-2 materials.
However, to quantify the surface elemental compositions and
determine the surface elemental chemical states on the group-1 and
group-2 materials, X-ray photoelectron spectroscopy (XPS) spectra
were collected on a Kratos Axis 165 photoelectron spectrometer with
an aluminum X-ray source. Finally, to gain insight into and assess the
surface acidity of the prepared samples, ammonia temperature-
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programmed desorption (NH;-TPD) was performed by first
degassing the samples at 400 °C for 1 h, then cooled to 80 °C
under He flow, subsequent exposure to 5% NH;/He flow at 30 mL/
min for 30 min, followed by the removal of physisorbed NH; under
He flow, and ramping the temperature from 80 to 800 °C at the rate
of 10 °C/min.

2.4. Benzene Vapor Adsorption Isotherm Measurements. As
one of the first steps in determining the suitability of a material for any
separation/purification process, equilibrium adsorption capacity
should be determined. Here, the benzene vapor adsorption isotherms
were measured volumetrically at 25 °C on the 3Flex Micromeritics gas
analyzer. The vapor was generated from liquid benzene at 25 °C and 1
bar and was thereafter purified to remove any trapped gas impurities
and then vaporized at 25 °C using the freeze—thaw purification
method described elsewhere.”> The liquid benzene reservoir was
immersed in a water bath to keep the temperature in the sampling
chamber at 25 °C for the duration of the experiment. In each
measurement, about 100 mg of the sample was degassed at 250 °C
under vacuum for 6 h and then cooled to 25 °C before being
transferred to the Micromeritics 3Flex for the isotherm measurement.

2.5. Adsorption Breakthrough Experiments. The dynamic
adsorption of benzene vapor on each of the samples was assessed by a

https://dx.doi.org/10.1021/acsami.0c11666
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Figure 3. (a and b) N, physisorption isotherms and (c and d) PSDs profiles of xNi/SiO, and xNi/ZrO,—SiO,.

breakthrough experiment at 25 °C and 1 bar in a glass column setup
depicted in panel a of Figure 1. The system flow rates were controlled
by mass flow controllers (Brooks Instrument), while the adsorption
temperature was controlled by a K-type thermocouple, heating tape,
and an Omega benchtop controller. About 400 mg of the material
under test was packed into the column and then pretreated in situ by
degassing at 250 °C for 1 h under a 40 mL/min N, flow. Thereafter,
the column was cooled to the adsorption temperature followed by
temperature stabilization for about 15 min. The benzene vapor was
carried over to the bed by passing a N, stream through a saturator
filled with liquid benzene at a flow rate of 60 mL/min. The bed outlet
concentration during adsorption was analyzed online by a mass
spectrometer (MS, BELMass).

2.6. Combined Adsorption-Reaction Experiments. The
desorption-reaction step was immediate and sequential to the
adsorption step. At the attainment of dynamic adsorption saturation
(i-e., Cou/ Ciy = 1), the process was switched from the adsorption step
(Figure 1a) to the desorption-reaction step (Figure 1b). Here,
regenerative air at a flow rate of 10 mL/min was fed in continuously
as an inlet feed to the fixed bed, while the temperature of the system
was simultaneously ramped to the required combustion temperature
of 250 °C. Data acquisition of the bed outlet concentration during the
catalytic reaction was continued online by the same mass
spectrometer (MS, BELMass). The materials’ catalytic oxidation
performance was assessed based on reactant (C¢Hg) conversion and
turnover frequency (TOF) and products (CO, and H,0) yields and
selectivities. The instantaneous and overall values of these variables
were calculated based on the equations described in the Supporting
Information.
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3. RESULTS AND DISCUSSIONS

3.1. Materials Characterization. Shown in Figure 2 are
the high-angle XRD patterns of the group-1 and group-2
materials, while that of the bare SiO, is shown in Figure S1 in
the Supporting Information. High-angle XRD was used here
because it has been proven to contain a characteristic
diffraction peak of silica, be it natural or synthetic around 260
=22-23°%° Accordingly, all of the samples depicted the silica
characteristic diffraction peak around angle 26 = 23° and has
been indexed as the plane (101).”” However, the peak was
broad/diffuse, indicating that the materials are amorphous and
therefore lack any long-range orderly arrangement of atoms.
Using the Scherrer equation in conjunction with the XRD data,
the average crystallite size of the synthesized materials was
estimated to be about 33 nm. As can be seen in Figures 2 and
S1, ZrO, coating and/or Ni nanoparticles on the silica support
did not result in any noticeable change in the XRD pattern of
the bare silica. This observation has been attributed to the
ultrathin ZrO, film and/or highly dispersed Ni nanoparticles
on the support, implying that the ZrO, films were amorphous
or that the Ni nanoparticles were well dispersed thereon.”®
Moreover, it is worth mentioning that the XRD patterns of the
ALD coated materials did not show any significant differences
among themselves relative to ZrO, and/or Ni loading. In
general, the peak observed in all of these materials is the typical
broad peak observed in UVM-7 due to the secondary pore in
the meso-macropore borderline.”

https://dx.doi.org/10.1021/acsami.0c11666
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The N, physisorption isotherms and the pore size
distributions (PSDs) of the group-1 and group-2 materials
are presented in Figure 3, while those of the group-0 materials
are shown in Figure S2a,b in the Supporting Information. The
N, physisorption isotherms showed no difference as was
similarly seen in the XRD patterns. Generally, it is evident from
the isotherms that all of the materials depicted the type IV
isotherm according to IUPAC classification.’® The N,
isotherms could be described by three stages of adsorption:
monolayer adsorption, multilayer adsorption, and saturation
adsorption. The first and monolayer adsorption occurred in the
range of P/P; < 0.08, the second and multilayer adsorption in
the range of 0.08 < P/P, < 0.7, while the last and saturation
adsorption occurred in the range P/P, > 0.7. The last and
saturation adsorption is associated with capillary condensation
of N, taking place within the pores in the mesopore range.”'
Moreover, all the isotherms showed type HI hysteresis, an
indication of the presence of relatively large cylindrical pores
within the materials.”* It is pertinent to also mention that the
N, physisorbed values were relatively constant over each group
of materials. From the PSD profiles, we could see that all the
materials are heterogeneous with trimodal porosity having
peaks centered about 5.5, 25, and 40 nm, as can be seen in
Figure 3c,d. However, the PSDs remained relatively similar
across all the materials. This is in agreement with the work of
Smatt et al.”® where a similar synthesis route was used for the
silica support.

Table 1 summarizes the textural properties of all the
materials estimated from the N, physisorption data. As

Table 1. Textural Properties of the Materials

BET surface area DFT pore DFT pore

sample (m*/g) volume £m3/ g)  diameter (nm)
bare SiO, 300 127 $.7,23.1, 39.5
7r0,—Si0, 232 0.88 5.8, 23.1, 39.5
1Ni/SiO, 207 0.87 $.7,23.1, 39.5
2Ni/SiO, 197 0.82 5.8, 23.1, 39.5
3Ni/SiO, 176 0.81 6.0, 23.1, 39.5
1Ni/Zr0,~SiO, 231 0.94 6.0, 21.5, 43.5
2Ni/Zr0,—-Si0, 242 0.98 5.9, 21.5, 43.5
3Ni/Zr0,—Si0, 254 1.04 5.8, 21.5, 43.5

expected, the SiO, support has the highest surface area and
pore volume, while the incorporation of cycles of ZrO, on the
SiO, support reduced those properties. Among the group-1
materials, the surface area and pore volume decreased with Ni
loading, 1Ni/SiO, has 207 mz/g and 0.87 cm3/g, 2Ni/SiO, has
197 mz/g and 0.82 cm3/g, while 3Ni/SiO, has 176 mz/g and
0.81 cm?’/ g A similar trend was also observed in pore
diameter, albeit less significantly. The progressive reduction in
the surface area and pore volume observed among the group-1
materials could be explained from two different perspectives:
pore-blocking leading to reduced pore size and Ni higher
density with loading. However, the group-2 materials depicted
a contrary trend in surface area and pore volume: 1Ni/ZrO,—
SiO, has 231 mz/g and 0.94 cms/g, increased to 242 mz/g and
0.98 cm®/g for 2Ni/ZrO,—Si0,, and finally to 254 m*/g and
1.04 cm®/g for 3Ni/ZrO,—SiO,. The improvement in surface
properties observed in the group-2 materials as Ni loading
increased could be ascribed to the strong Ni-ZrO, interaction
and possible changes in surface morphology, e.g., surface
defects (cuts, kinks, and steps). Goma et al. doped Ni on

Zr0,/CeO, support and obtained a similar improvement in
surface properties.”* Comparing the group-1 and group-2
materials, the surface area and the pore volume were relatively
higher in the group-2 materials than in the group-1 materials
due to the Ni-ZrO, interaction effect. This was not unexpected
because, as loading increased, the BET area should decrease
proportionately. A similar trend had earlier been reported by
Seo et al.”® However, we can see that the two larger pores were
relatively intact across all the materials, while the smaller pore
experience little-to-no changes with loadings. Moreover, it
should be mentioned that there were no significant differences
in the pore sizes and pore size distributions of these materials
probably because of the limited number of cycles of ALD
administered on the bare silica.

The morphology of the group-1 and group-2 materials
observed via SEM is shown in Figure 4. Higher magnification
(ca. 1 order of magnitude higher) was used for the group-2
materials compared to the group-1 materials in order to resolve
the ZrO, film. The first thing that is immediately noticeable in
these images is the marked porosity of the materials. Figure
4a—c revealed that the pores are interconnected and sponge-
like, being characteristic of UVM-7,>" with an estimated pore
size of ca. 20 nm, which closely corresponds with the larger
pore diameter set shown in Table 1, while Figure 4d—f
revealed that the pores are somewhat cylindrical as first
revealed by the type H1 adsorption—desorption hysteresis loop
observed via the N, physisorption in Figure 3a,b. Moreover,
Figure 4d—f clearly confirmed a homogeneous, crack-free, and
nonporous ZrO, ALD-coated film around a porous block of
particles in all the group-2 materials. The film thickness was
estimated to be about 30 nm. Moreover, Figure 4d—f revealed
a gradual decrease in the pore size of the group-2 materials as
earlier revealed in Table 1. Finally, it is inexplicably clear that
the SEM images did not depict any descriptive shape of the
materials.

The EDS analyses were carried out to qualitatively
determine the surface elemental components and mappings
thereon the materials. The results of these analyses are shown
in Figure S. Clearly, the profiles confirmed the presence of Si
Ka around 1.9 keV, O Ka around 1.5 keV, and Zr La around
2.0 keV. Some amount of carbon, C K¢ around 0.25 keV, was
also detected, from part of the carbon tape used in the
measurement. Moreover, the insets revealed the presence of Ni
in all the materials, Ni Ko was detected around 7.5 keV. It was
also observable among each group of materials that as the Ni
loading increased, the intensity of the Ni Ka peak also
increased. As for the Zr Ko however, the intensity was broad
and relatively constant as expected among the group-2
materials.

Moreover, the EDS elemental maps of the group-1 and
group-2 materials are also presented, Figure 6 for the group-1
materials and Figure 7 for the group-2 materials. In both
figures, Figures 6a,d,g and 7a,e,i are the representative SEM
images of the samples. In the group-1 materials, the elemental
maps of the Ni, Figure 6¢(f)i, can be seen perfectly mapped on
the corresponding silica maps, Figure 6b,e,h. Moreover,
gradation in the intensity of Ni can also be seen in Figure
6¢,g)i, confirming the relative number of cycles of Ni deposited
on each sample in the group.

Similarly, within the group-2 materials, we could see the
elemental maps of the Zr (Figure 7c,gk) on the silica supports
(Figure 7b,£fj) with excellent dispersion. However, no
information about the ZrO, film thickness could be gathered
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Figure 4. SEM images of (a) 1Ni/SiO,, (b) 2Ni/SiO,, (c) 3Ni/SiO,, (d) INi/ZrO,-Si0,, (e) 2Ni/Zr0,—SiO,, and (f) 3Ni/Zr0,-SiO,.

from this figure. As shown in Figure 7¢,gk, zirconium maps are
relatively equal in intensity (brightness), thereby showing
equal coating of the group-2 materials with ZrO, as earlier
attested to in the XPS results. The addition of Ni on the
composites ZrO,—Si0O, is also observable from the accurate
maps of Ni shown in Figure 7d,h,] indicating even dispersion of
Ni particles across the composites. In both Figures 6 and 7, the
Ni particle size was estimated to be about 3—5 nm. Moreover,
gradation in the intensity of Ni could also be observed as
evidence of the change in the amount of Ni deposition. In
summary, as shown in the maps, both ZrO, and Ni loaded
effectively on the silica support.

To quantify the surface elemental compositions and gain
insight into the elemental chemical states of the materials, XPS
analyses were performed. The profiles are shown in Figure 8.
High-resolution deconvolution of the peaks corresponding to
the Ni, O, S, and Zr atoms are shown in Figures S3—S4
Supporting Information. All of the profiles were adjusted with
the adventurous C 1s peak at 284.5 eV due to observed
charging effects during the XPS analyses. All of the
characteristic peaks of Ni 2p were detected as shown in Figure
8a,d. Ni 2p;/, was detected around 855.6 eV, while its satellite
counterpart was detected at 861 eV, Ni 2p,,, was detected at
873 eV, and its satellite counterpart at 880 eV. The satellite
peaks were ascribed to shakeup electrons.*® Moreover,
increases in Ni 2p peaks intensities were observed as the
number of the cycles of Ni coating increased. Based on the
work of Biesinger et al,?” the nickel oxidation state on the
surface of the materials was estimated to be Ni** from NiO
and/or Ni(OH),. One distinct characteristic peak of O 1s was
detected at 533 eV, Figure 8b,e. Similarly, Si 2p was detected
across all the materials, Figure 8c(f), at a binding energy
location (103.5 eV) that had been attributed to SiO,. It was
noteworthy that intensities of O 1s and Si 2p decreased with
Ni loading similar to what was observed by Seo et al.”® This of

course was not surprising because XPS is a surface analysis tool
(about S nm surface thickness). For the samples denoted by
xNi/ZrO,—SiO,, two characteristic peaks of Zr 3d were
detected, Zr 3d;,, and 3ds,, at 184 and 182 eV, respectively,
corresponding with Zr*. However, there was a slight difference
in the intensities of ZrO, present in all these materials as can
be seen in Figure 8g and also in Table 2.

The surface mass (%) elemental compositions of the group-
1 and group-2 materials are shown in Table 2. Clearly, the
amounts of O and Si were closely similar in each group of the
materials thereby showing uniformity in the composition of the
SiO, bare supports in each of the groups. The 0.5% N
composition in Table 2 most certainly came from the
(Zr(NMe,), precursor used during the ALD. As expected,
Ni loading gradually increased with the number of ALD cycles
in both groups of materials. Notably, the Ni surface loadings
on the group-2 materials were found to be significantly higher
than the corresponding group-1 loadings. This was because the
ZrO, thin film on which Ni was deposited in the group-2
materials is nonporous as clearly shown in Figure 4, thereby
restricting Ni deposition barely to the external surface.”> The
surface amounts of the Zr on the group-2 materials were also
very similar. A similar table but based on atom (%)
compositions, inclusive of the composition of the group-0
materials, is shown in Table S1 in the Supporting Information.

Determining the quantity and strength of the active sites on
an adsorbent and/or catalyst is crucial to understanding and
predicting the performance of the material. For this reason,
NH;-TPD was carried out on each of the materials. By this, we
could determine the number of desorption peaks (types of
adsorption active sites), the volume of desorption (number of
adsorption active sites), and the desorption temperature
(activation energy of desorption). The profiles for the group-
1 and group-2 materials are shown in Figure 9, while those for
the group-0 materials are shown in Figure SS in the Supporting
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Figure 5. EDS spectra of (a) 1Ni/SiO,, (b) 2Ni/SiO,, (c) 3Ni/SiO,, (d) 1Ni/ZrO,—SiO,, (e) 2Ni/Zr0,—SiO,, and (f) 3Ni/ZrO,—SiO,. The

insets contain Ni Ka, detected around 7.5 keV.

Information. The values of the important parameters (peak
temperature, area, height, and width) evaluated from the
profiles are shown in Tables S2 and S3 in the Supporting
Information. Peak deconvolution using Gauss function was
also carried out in order to see any hidden peaks within the
profiles. Generally, a low-temperature (<200 °C) peak is
attributed to a physisorption site or weak acid site, a medium-
temperature (200—500 °C) peak to a moderate acid site, and a
high-temperature (>500 °C) peak to a strong acid site. For the
bare silica material, Figure SSa in the Supporting Information
revealed three peaks. The first and sharp peak, centered at 133
°C could be ascribed to physisorption sites, while the second
and the third and broad peaks centered at 521 and 659 °C
were for strong acid sites. However, the strong acid sites peaks
formed a shoulder around 450—800 °C. Coating ZrO, on the

39324

bare SiO,, created two weak new peaks (175 and 24S °C),
while the number of strong acid sites peaks was reduced from
two to one with a significant reduction in the peak desorption
temperature and area. The increase in the temperature of
weakest active sites peak desorption temperature from 133 to
135 °C in conjunction with the creation of the new low-
temperature peaks could be tentatively ascribed to strong
adsorption affinity on the ZrO,—SiO,. Though the coating of
ZrO, on SiO, reduced its surface area and pore volume, as
shown in Table 1, more hydroxyl (OH) groups active sites,
presumably at this juncture for benzene physisorption, were
created as shall be confirmed later. A similar observation was
reported by Tyagi et al.*® For the group-1 materials,
incorporation of Ni on the silica support, though preserved
its existing peaks, created a new peak centered respectively at
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Figure 7. EDS elemental maps of (a—d) 1Ni/ZrO,—SiO,, (e—h) 2Ni/ZrO,—SiO,, and (i—1) 3Ni/ZrO,—SiO,.

183, 191, and 196 °C with a proportionate increase in peak
area (11672, 18264, and 24214 ppm °C) as Ni loading
increased (see Figure 9 and Table S2). This new peak, found
around 180—200 °C, has been ascribed to the presence of Ni
as reported by other researchers.”” However, there were peak
shifts, suggesting a Ni—silica interaction. It is well-known that
strong-metal support interaction (SMSI) reduces adsorption. It
is assumed at this point that this peak was for weak acid sites
and not for physisorption sites and shall be substantiated later.
Comparing the group-0 and group-1 materials, we could see
that, even though the surface area and pore volume decreased
with ZrO, or Ni loadings, more active sites were created either
to boost physical adsorption (ZrO, active sites) or enhance

catalysis (Ni active sites). For the group-2 materials, it is
interesting that the same number of peaks and desorption
temperature ranges were detected as were in the group-1
materials. However, as Ni loading increased, desorption
temperature gradually increased in all of the peaks, while the
peak area gradually increased in the first three peaks but
decreased in the last and strongest one. The relative measure of
the number of active sites in each material denotes the total
area under the NH;-TPD profile. The total area under these
peaks for each material can be found in Table S2 in the
Supporting Information. It is believed that this resultant trend
correlated with the overall activity of the materials measured by
TOF as shall be validated later. Among the group-1 materials,
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Table 2. Mass (%) Surface Elemental Compositions of the
Samples Determined by XPS

peak width increased as Ni loading increased in peaks 1, 2, and
4 but decreased in peak 3. The peak width is a measure of the
active site strength.

Si o) N C Ni Zr .
mass  mass  mass  mass  mass  mass 3.2. Benzene Vapor Adsorption Isotherms. The results
szl (%) (%) (%) (%) (%) (%) of the benzene vapor adsorption isotherm measurements are
INi/SiO, 414 556 - 1.4 LS - shown in Figure 10, while that of the bare silica is shown in
2Ni/SiO, 394 335 . 26 44 . Figure S6 in the Supporting Information. Similar to the N,

3Ni/SiO, 38.3 50.3 - 3.8 7.6 - s . . .
physisorption isotherms, the benzene vapor adsorption

1Ni/ZrO,-SiO, 23.7 423 0.5 11.7 14.5 7.3 . . . .

_ _ isotherms clearly depicted the type IV isotherm according to
2Ni/Zr0,-$i0, 229 399 05 106 183 7.8 e TUPAC classification®® A critical o
3Ni/Zr0,SiO, 211 393 05 10.0 208 83 the classification. critical parameter in the

assessment of adsorbent applicability is the kinetic diameter
of the adsorptive relative to the adsorbent pore diameter, the
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Figure 11. Benzene vapor breakthrough profiles of (a) xNi/SiO, and (b) xNi/ZrO,—SiO,.

value of which for benzene is about 5.9 A. This implies that all
the materials investigated in this work, with the pore diameters
shown in Table 1, have sufficiently large pores for the benzene
diffusion without any intraparticle diffusional resistance. The
isotherms in Figure 10 clearly show three consecutive stages of
adsorption: monolayer adsorption, multilayer adsorption, and
capillary condensation. Across all the materials, the end of the
monolayer adsorption and beginning of multilayer adsorption
was about P/P, < 0.25, while the end of the multilayer
adsorption and beginning of capillary condensation was about
P/P, > 0.80. As shown in Figure 10a, we can see that the
equilibrium adsorption uptake decreased with Ni loading
among the group-1 materials, in particular over the medium
and high relative pressure range. For instance, with 1Ni/SiO,
having an equilibrium adsorption uptake of 16.7 mmol/g STP
as the relative pressure approached the benzene saturation
vapor pressure, ie., P/P, — 1, 2Ni/SiO, suffered a 17%
decrease compared to 1Ni/SiO,, 3Ni/SiO, experienced a 12%
decrease compared to 2Ni/SiO,, and 3Ni/SiO, underwent a
26% decrease compared to 1Ni/SiO,. This observation can be
explained from two different perspectives: (i) decrease in
surface area and (ii) loss of surface OH groups via SMSIL.>%3*
For the group-2 materials, it is interesting to see how the two
main equilibrium-adsorption-capacity-determinants (surface
area and OH groups) played out. At P/P, < 0.85, 1Ni/
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Zr0,-Si0, depicted the highest benzene uptake due to its
highest number of OH groups, followed by 3Ni/ZrO,-SiO,
due to its highest surface area. Beyond this point and as P/P,
— 1, it is observable that 3Ni/ZrO,-SiO, has the highest
benzene uptake because of its superior surface area among the
group-2 materials. Given the greater slope of the adsorption
isotherm of 2Ni/ZrO,-SiO, as P/P, — 1, it is clear that the
equilibrium adsorption capacity at this point was also greater
than that of 1Ni/ZrO,-SiO,. Thus, it is conclusive that the
equilibrium adsorption uptake of the group-2 materials
increased with Ni loading as P/P;, — 1. It is worth mentioning
that the ZrO,—SiO, has the largest equilibrium adsorption
uptake as revealed in Figure S6 in the Supporting Information
basically due to its high number of surface OH groups.*’
Moreover, it should be pointed out that the gradual change in
equilibrium uptake observed among these materials could be
due to the small difference in the number of cycles of Ni ALD
on these materials."’ Overall, all the materials depicted a
relatively large adsorption uptake, close to the benzene
saturation vapor pressure (average of 16 and 15 mmol/g for
group-1 and group-2 materials, respectively), thereby suggest-
ing these materials are excellent materials for concentrating of
benzene vapor before catalytic oxidation.

3.3. Dynamic Adsorption Breakthrough Profiles. The
results of the benzene vapor dynamic adsorption experiments

https://dx.doi.org/10.1021/acsami.0c11666
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Table 3. Material Dynamic Adsorption Data Obtained from Breakthrough Profiles

sample toos (min) tio (min) t, (min) MTZ (min) qapos (mmol/g) qq0 (mmol/g) qq; (mmol/g) Geq (mmol/g)
Bare SiO, 5.6 17.0 13.6 114 32 9.7 7.8 189
Zr0,-Si0, 7.5 24.5 19.7 17.0 4.3 14.0 11.2 25.1
1Ni/SiO, 3.8 16.2 12.1 12.4 2.1 9.2 6.8 16.7
2Ni/SiO, 32 12.1 11.6 8.9 1.8 6.9 6.3 15.3
3Ni/SiO, 23 9.0 9.3 6.7 1.3 S.1 S.1 13.9
1Ni/Zr0,-SiO, 2.0 10.2 9.5 8.2 1.1 5.8 5.4 15.8
2Ni/Zr0,—Si0, 22 10.3 10.4 8.1 1.2 5.9 5.9 15.9
3Ni/Zr0,—SiO, 2.8 10.8 11.1 8.0 1.6 6.2 6.3 16.1
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Figure 12. Adsorption-reaction profiles of (a) 1Ni/SiO,, (b) 2Ni/SiO,, (c) 3Ni/SiO,, (d) 1Ni/ZrO,—SiO,, (e) 2Ni/Zr0,—SiO,, and (f) 3Ni/
Zr0,-Si0,.

carried out on the group-1 and group-2 materials together with
that on the bare SiO, are shown in Figure 11, while that on the

Zr0,—Si0, together with that on the bare SiO, is shown in
Figure S7 in the Supporting Information. The blank run result
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Figure 13. Benzene instantaneous conversion of (a) xNi/SiO, and (b) xNi/ZrO,—SiO,.

was included in Figure 11 to show the hydrodynamics of
benzene in the empty column. It should be mentioned first that
the results were all in trend with the equilibrium adsorption
results at the benzene saturated vapor pressure. Among the
group-1 materials, we can see that breakthrough and saturation
times decreased gradually with Ni loading. Generally, the
factors that are responsible for these times in dynamic
adsorption are materials textural and surface properties (pore
size and volume, surface area, charge/polarity, roughness, and
functional groups), bed porosity, length (weight) and inlet
conditions (pressure/concentration and temperature).42’43 In
as much as our dynamic experiments were all carried out under
the same bed weight and inlet conditions, and with a
reasonable assumption that the beds of the materials all had
similar porosity, then we can rule out possible effects of those
factors on the characteristic times. This then left us with using
the remaining factor, i.e., material properties, as the
determinants of those times. Hence, it is assertive that the
same reasons that were responsible for the trends in
equilibrium adsorption uptakes were also responsible for the
trends observed herein for the breakthrough and saturation
times.

The summary of the key parameters calculated from the
breakthrough profiles is shown in Table 3. For comparison, the
equilibrium adsorption capacities were also included. As
indicated in the table, among the group-1 materials, 1Ni/
SiO, showed the longest 5% breakthrough time (£,os) at 3.8
min, 2Ni/SiO, at 3.2 min, and 3Ni/SiO, at 2.3 min. This
performance is relatable to the number of Ni coatings in a way
such that an increase in Ni coating caused pore blockage of the
porous SiO, support and hence the characteristic times. A
similar trend was also observed in the 100% breakthrough, i.e.,
saturation time (t;,) and likewise the stoichiometric time (t,).
As the increase in the number of Ni active sites (as seen in the
NH,-TPD profiles) did not improve physical adsorption, then
it is reasonable that the trend observed here was due to the
surface properties, i.e, OH groups, surface area, and pore
volume as similarly reported by Ncube et al.*’ However, the
group-2 materials showed an increase in those characteristic
times as shown in Table 3. This trend observed in the group-2
materials could be linked to a synergy between high surface
area and increased OH groups.** All of this could be translated
into a progressive decrease and increase in dynamic adsorption
capacity in group-1 and group-2 materials respectively with Ni
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loading. The temporal values of the mass transfer zone (MTZ
=t — toos) decreased from 12.4 min (1Ni/SiO,) to 8.9 min
(2Ni/Si0,) to 6.7 min (3Ni/SiO,) compared to 8.2, 8.1, and
8.0 min for the 1Ni/ZrO,—SiO,, 2Ni/ZrO,-Si0,, and 3Ni/
Zr0,—Si0, materials, respectively. The shape and the size of
the MTZ usually depend on the adsorption isotherm
(universally characterized by the adsorption affinity), flow
rate, and the mass transfer rate. In as much as we used same
flow rate for the dynamic adsorption experiments across all the
materials and that the materials’ pores have similar sizes and
distributions (as seen in Table 1), we can conclude that the
temporal values of the MTZ zone in this study were primarily
dictated by the adsorption affinity. The adsorption affinities
calculated in Henry’s low-pressure region for the group-1 and
group-2 materials were 5.00, 4.75, 4.70, 4.55, 4.65, 4.75 mmol/
g STP. As we can see, the higher the adsorption affinity, the
shorter is the MTZ value and vice versa. Unexpectedly, the
dynamic stoichiometric adsorption capacity was lower than the
corresponding steady-state equilibrium adsorption capacity. As
expected, the values of t,; and ¢, and thus g4, o, and g4, were
significantly close because they were two different measures of
similar parameters (adsorption time and adsorption quantity,
respectively). However, the dynamic adsorption capacities (q,)
were significantly different from the equilibrium adsorption
capacities (qeq). The difference observed in these values could
be attributed to a few factors such as improper and/or
unsaturated vapor generation used for the dynamic adsorption
experiments. Mokhatab et al.* showed that the dynamic
adsorption capacity is usually about 50—70% of the
equilibrium adsorption capacity.

3.4. Combined Adsorption-Reaction Performances.
Catalytic oxidation was carried out on the group-1 and group-2
materials in order to assess their catalytic performance and
their ease of oxidative regeneration. For these materials,
benzene desorption was first detected at about 90 °C. The
desorbed benzene was subsequently reacted with oxygen in the
feed stream of 79/21-N,/0, air at a flow rate of 10 mL/min to
yield CO, and H,O. The results of the sequential adsorption
and catalytic oxidation experiments are shown in Figure 12.
First and foremost, it is pertinent to mention that only the
profiles of CsHy, CO,, and H,O are shown in Figure 12
because O, and N, were well in excess during the catalytic
oxidation. It is noticeable in these profiles that the transition
from adsorption to desorption cum catalytic oxidation started
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Figure 14. Reaction products’ yields of (a) x¥Ni/SiO, and (b) xNi/ZrO,—SiO,.

Table 4. Benzene Oxidation Performance Variables (TOF, Conversion, Yield, and Selectivity)

sample
1Ni/SiO, 1.28 85
2Ni/SiO, 1.29 88
3Ni/SiO, 1.31 91
1Ni/ZrO,—SiO, 2.86 90
2Ni/Z1r0,—Si0, 5.53 92
3Ni/Zr0,—Si0, 16.42 96

reaction TOF (mmolgeye/moly;/s) CgHg conversion (%) H,O yield (%) CO, yield (%)

H,O selectivity (%) CO, selectivity (%)

25 S 27 4.7
25 6 34 4.5
23 8 26 5.6
23 4 28 5.5
30 4 27 6.5
39 S 24 8.3

with initial roll-ups above C/C, = 1. These initial roll-ups were
due to the net positive inter/intraparticle gas-phase concen-
tration of benzene at the end of saturation adsorption, and the
difference between the amount desorbed and the amount
oxidized. As can be seen in Figure 12, benzene concentration
started decreasing shortly after the roll-up attained the climax
due to the fact that the inter/intraparticle gas-phase
concentration of benzene at the end of saturation adsorption
had been completely pushed out of the bed or otherwise
reacted while the rate of desorption was still greater than the
rate of oxidation. Therefore, the excess of desorption over
oxidation was the benzene detection. Approximately about
15—20 min after the roll-up climax, complete oxidation of
desorbed benzene was achieved as can be seen in the profiles.
We could see that the benzene oxidation rate increased
gradually with Ni loading in both groups of materials
evidenced by the proportionate decrease in the time to
complete reaction. Moreover, it is remarkable that the amount
of H,0 produced was higher (almost 50%) than that of CO,, a
sharp contrast to the reaction stoichiometry of benzene
oxidation as written in eq S6 in the Supporting Information.
This could be a consequence of possible high-temperature
readsorption of the produced CO, on the materials. Also
noticeable in Figure 12 is that, for all of the materials,
desorption kinetics were faster than adsorption kinetics as
revealed by the slope of each step. This was not unexpected as
pore blockage tends to increase as adsorption progresses
therefore causing a barrier to fast diffusion within the materials’
pores.”!

For these materials, the time-on-stream (instantaneous)
conversion during the catalytic oxidation of the thermally
desorbed benzene was calculated and the results are shown in
Figure 13. For the group-1 materials, as Ni loading increased,
initial conversion was about 59, 61, and 65%, but thereafter
conversion decreased steadily to about 10, 15, and 30% over a
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period of 12, 11, and 7.8 min, respectively. The decrease in
conversion observed during this period was due to the initial
roll-up when the desorption rate was greater than the oxidation
rate as seen in Figure 12. It is well-known that thermal
desorption is a fast and step process while oxidation is a
controlled process, thereby shedding li§ht on the decrease in
conversion during the roll-up period.” It can be seen that
conversion increased sharply with time after the roll-up stage.
Moreover, throughout the catalytic oxidation step, conversion
increased with Ni loading for both groups of materials. It is
remarkable that the instantaneous conversion was already as
high as 95% within 25 min of the reaction, and increased to
attain 100% as the reaction proceeded to completion. This
pattern of reaction conversion was reported by Rostami et al.*

Similarly, instantaneous CO, and H,O yields were
calculated and the results are shown in Figure 14. The
group-1 materials showed nearly similar H,O yield over the
entire reaction time, while CO, instantaneous yield initially
increased with Ni loading up until about 10 min of the reaction
but later became fairly constant until the reaction completion.
However, among the group-2 materials, H,O instantaneous
yield increased with Ni loading, while the CO, yield followed a
similar trend as was seen among the group-1 materials.
Expectedly, this followed a similar trend saw in the reaction
profiles of Figure 13. However, the observation could be due to
a concerted effort between Ni and ZrO,. It is noteworthy to
mention that CO, yields were very small and fairly constant
after 20 min of the reaction compared to the H,O yield across
all materials. Moreover, similar trends were observed among
the two groups of materials.

The summary of the reaction overall performance is shown
in Table 4. As shown, the reaction conversion increased with
Ni and/or ZrO, loadings. For instance, within the group-1
materials, there was about a 5% increase in conversion as the
Ni loading increased from 1 ALD cycle to 3 ALD cycles. A
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similar trend was also observed within the group-2 materials
where an increase of about 6% was observed. As has been
shown before, adsorption of benzene was enhanced by the
ZrO, in the group-2 materials, thereby increasing the catalytic
ability of the group-2 materials compare to group-1 materials.
Hence, it is conclusive that both Ni and ZrO, were essential
for the higher conversions observed. The overall yields and
selectivities followed the same trends seen in the instantaneous
values. Using the catalytic reaction activity and the moles of
the Ni present in the materials as the catalytic oxidation active
species, the TOF values were calculated, and the results are
included in Table 4. For these calculations, we used the values
of the diameter (estimated from the EDS profiles) and
dispersion (calculated using eq S1S in the Supporting
Information) of the Ni particles. We could see that the TOF
increased with Ni loading across the group-1 and group-2
materials in agreement with the reaction conversion. In the
NH;-TPD profiles, peak 2 in the group-1 and group-2
materials was assigned to Ni active sites with areas shown in
Table S2 in the Supporting Information. The trend observed in
these areas correlated well with that in the benzene
conversions and TOFs, ie., as the peak area increased,
conversion and TOF similarly increased. This trend, however,
was not surprising for TOF is just another measure of reaction
activity albeit based on the actual active species, which here
were the Ni particles. The values of the TOF for the group-1
materials are in excellent agreement with the values reported in
the work of Wang et al

4. CONCLUSIONS

Porous SiO, was decorated with Ni nanoparticles and/or
ultrathin ZrO, film via the ALD method. The materials were
characterized and then tested for benzene adsorption at room
temperature and subsequent catalytic oxidation in air at 250
°C. Benzene vapor equilibrium adsorption revealed type IV
isotherm in all the materials. Moreover, equilibrium uptake
decreased with loading among the group-1 (xNi/SiO,)
materials but increased with loading among the group-2
(xNi/ZrO,—Si0,) materials. Similarly, the benzene vapor
dynamic adsorption revealed a large uptake capacity up to
about 7.5 mmol/g and fast adsorption kinetics. Successive
adsorption and catalytic oxidation performed on the materials
revealed their potential as dual-functional materials for the
destruction of benzene. Results revealed that the total
conversion of benzene increased with both Ni and ZrO,
loadings ranging from 85 to 96%. Moreover, among all of
the materials, a higher H,O yield was observed compared to
that of CO,. Overall, the findings of this investigation highlight
the potential of novel ALD-prepared xNi/ZrO,—SiO, as
efficient dual-functional materials for application in VOC
abatement processes.
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