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ABSTRACT: In an epoch dominated by escalating concerns over climate change and looming
energy crises, the imperative to design highly efficient catalysts that can facilitate the sequestration
and transformation of carbon dioxide (CO.) into beneficial chemicals is paramount. This research
presents the successful synthesis of nanofiber catalysts, incorporating monometallic nickel (Ni)
and cobalt (Co) and their bimetallic blend, NiCo, via a facile electrospinning technique, with
precise control over the Ni/Co molar ratios. Application of an array of advanced analytical methods,
including SEM, TGA-DSC, FTIR-ATR, XRD, Raman, XRF, and ICP-MS, has validated the
effective integration and homogeneous distribution of active Ni/Co catalysts within the nanofibers.
The catalytic performance of these mono- and bi-metallic Ni/Co nanofiber catalysts was
systematically examined under ambient pressure conditions for CO> hydrogenation reactions. The
bimetallic NiCo nanofiber catalysts, specifically with a Ni/Co molar ratio of 1:2, and thermally
treated at 1050 °C, demonstrated a high CO selectivity (98.5%) and a marked increase in CO»
conversion rate - up to 16.7 times that of monometallic Ni nanofiber catalyst and 10.8 times that
of the monometallic Co nanofiber catalyst. This significant enhancement in catalytic performance
is attributed to the improved accessibility of active sites, minimized particle size, and the strong
Ni-Co-C interactions within these nanofiber structures. These nanofiber catalysts offer a unique
model system that illuminates the fundamental aspects of supported catalysis and accentuates its

crucial role in addressing pressing environmental challenges.
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INTRODUCTION

Amidst the mounting urgency to address climate change and energy crisis, catalysis emerges as a
vital tool in the global response.! The increasing concentration of carbon dioxide (CO.) in the
atmosphere, a key driver of global warming, presents both a challenge and an opportunity.
Catalysts serve a pivotal role in the transformation of this potent greenhouse gas into value-added
chemicals, thus offering a dual advantage of greenhouse gas reduction and energy-efficient
chemical production.® Catalytic CO» hydrogenation has emerged as a noteworthy and promising
scientific strategy that could mitigate both of these global issues.* °> This technique allows us to
harness the problematic CO> and convert it into beneficial energy fuels and chemicals, such as
carbon monoxide (CO), methane (CHy4), and methanol (CH3OH). This not only offers a potential
pathway to reduce atmospheric CO: levels but also presents an avenue towards a sustainable
hydrocarbon-based energy cycle, thereby contributing to a balanced carbon footprint globally.” 8
However, realizing this promise is not without its challenges. The thermodynamic stability of CO;
makes its direct conversion into energy fuels and chemicals particularly difficult, especially under
lower pressure and temperature conditions.’ Previous research efforts have seen the development
of copper (Cu)-based and nickel (Ni)-based catalysts, both presenting their unique advantages and
limitations.!% ! While Cu-based catalysts have shown encouraging selectivity towards CO and
CH30H, their CO, conversion rates leave much to be desired.'> 13 On the other hand, Ni-based
catalysts have demonstrated considerable catalytic conversion under mild conditions, favoring the
production of CHs over CO and CH30H.!* !> However, CO, a crucial building block for synthetic
fuels and oxygenates via Fischer-Tropsch or methanol synthesis reactions, is the more desirable

t.16 Consequently, the task at hand involves enhancing the CO selectivity of Ni-based

produc
catalysts without undermining their CO: conversion efficiency.

The complexities of CO> hydrogenation on Ni-based catalysts extend to the reaction's
intermediate processes and product selectivity, both of which are closely tied to the binding energy
of CO.!7 The oxidized state of Ni showcases a reduced CO binding energy in comparison to its
metallic state.!® This suggests a plausible route to enhance CO product selectivity during CO»
hydrogenation by leveraging the oxidized valence state of Ni. However, practically harnessing
oxidized Ni for the CO-selective CO2 hydrogenation proves to be challenging due to the intrinsic

tendency of nickel to reduce to its metallic state under hydrogenation conditions.!” Therefore,

various strategies have been pursued to augment the CO selectivity of Ni-based catalysts. These



methods involve tuning the metal-support interaction, manipulating the catalyst loading, altering
the catalyst size, and employing catalyst promoters such as sodium (Na) and potassium (K).2% 2!
Each of these techniques aims to circumvent the limitations of using oxidized Ni and effectively
augment the selective production of CO during CO; hydrogenation.

Bimetallic catalysts have recently gained significant attention due to their unique reactivity
patterns, often diverging from those of their monometallic counterparts.?? These patterns arise from
geometric and electronic effects, which lead to notable perturbations in the metals’ d-band electron
density, thereby influencing their catalytic performance.?® The influence of bimetallic synergies on
catalytic activity has been observed in various studies. Bharathan et al., for instance, discovered
that a gold-nickel (Au@Ni) core-shell catalyst exhibited a greater phenyl acetylene hydrogenation
activity compared to the individual Ni and Au counterparts.?* Likewise, Yao et al. found that
copper-nickel (Cu-Ni) bimetallic catalysts displayed enhanced catalytic activity in the selective
hydrogenation of nitrocyclohexane to cyclohexanone oxime.? These findings underscore the key
principle that introducing an additional active metal to Ni can modulate its electronic properties,
subsequently leading to an improvement in adjusting the Ni valence state for catalysis.?® 27
Bimetallic structures containing Ni have also been researched for their potential in modifying the
selectivity of CO, hydrogenation.”® Reddy et al. unveiled that adjusting Cu/Ni molar ratios
enhanced CO; hydrogenation selectivity, as the formation of a Cu-Ni alloy due to Cu core atoms
migrating to the Ni surface increases CO desorption and suppresses methane production, thereby
elucidating the potential to regulate CO hydrogenation selectivity through managing the
electronic structure of the Ni surface.?

In the present study, we undertook the synthesis of both monometallic and bimetallic Ni-Co
catalysts utilizing a blend electrospinning method, a straightforward yet powerful technique.
Electrospinning, recognized for its simplicity and versatility, leverages electrohydrodynamic
atomization to fabricate continuous nanofibers and form 3D constructs with hierarchical porosity.*’
These constructs result from the strategic stacking of nanofibers, which can be organized or
random, thereby enabling the uniform distribution of active metal precursors within the solutions

and subsequent nanofibers.?!-3?

A significant advantage of electrospinning is its capacity to
precisely control metal loadings and ratios in the resultant nanofiber catalysts.>* These fabricated
nanofibers are characterized by an expansive and continuous surface area that amplifies the

accessibility of the catalyst’s active sites.>> Additionally, the high porosity of these structures



bolsters the mass diffusion rates of reactants and products.’® We developed mono- and bimetallic
Ni/Co nanofiber catalysts and embarked on a systematic exploration of their physical and chemical
properties, alongside their catalytic performance in CO> hydrogenation under ambient pressure
and low-temperature conditions. Our results revealed that the bimetallic NiCo nanofiber catalysts,
particularly those with a Ni/Co molar ratio of 1:2 and thermally treated at 1050 °C, exhibited a
significantly enhanced catalytic activity in CO; hydrogenation and a high CO selectivity. This
performance far outpaced their monometallic counterparts prepared under identical conditions.
These findings solidify the potential of NiCo nanofiber catalysts in the sphere of supported

catalysis, underscoring their substantial promise in tackling global environmental challenges.

RESULTS AND DISCUSSION

Physical Structure of Mono- and Bi-metallic Ni-Co Nanofibers. Composite nanofibers
containing monometallic Ni, monometallic Co, and bimetallic NiCo with molar ratios of 1:0.5, 1:1,
and 1:2 were produced via an electrospinning process. The process employed blend solutions
consisting of Ni(OAc): as a Ni precursor, Co(OAc): as a Co precursor, PAN as a carbon nanofiber
precursor, and DMF as a solvent. The Ni/Co acetates and PAN exhibited excellent solubility and
compatibility in DMF, forming uniformly colored solutions, their shades varying with the specific
metal salt(s) in use. This ensured the even distribution of Ni** and Co?" ions alongside PAN
molecules in the solution, which subsequently translated to homogeneously integrated species
within the resultant nanofibers via electrospinning. The electrospinning process progressed
steadily, yielding a 20 cm x 20 cm X% 0.2 cm nonwoven mat of uniform M(OAc).-PAN composite
nanofibers, as depicted in Figure 1. These composite nanofibers exhibited a consistent diameter
across their entire lengths and among different fibers, with no detectable particles or irregularities,
reinforcing the uniformity of the embedded metal salts and polymer. Following electrospinning,
these composite nanofibers underwent thermal treatment in an inert atmosphere at 450, 850, and
1050 °C to transform the Ni/Co salts to their metallic forms and PAN to carbon nanofibers. This
thermal processing led to noticeable brittleness in the heated samples, with the monometallic Ni
or Co nanofibers appearing more brittle than the bimetallic NiCo variants treated at equivalent
temperatures, possibly due to stronger metal-support interaction in the bimetallic nanofibers. The

surfaces of the nanofibers heated at 450 °C were smooth, with no detectable metal particles.



However, as the temperature escalated to 850 °C, certain nanoparticles materialized on the
nanofiber surface, potentially due to Ni/Co sintering. Interestingly, the monometallic Co
nanofibers exhibited numerous nanofibrils, which may be related to the formation of carbon
nanotubes, given that Co serves as a robust catalyst for such reactions.’” Further heating to 1050 °C
resulted in a proliferation of nanoparticles, predominantly greater than 10 nm, on the nanofiber
surface due to high-temperature metal sintering. Nonetheless, a considerable quantity of
nanoparticles under 10 nm remained evident on the nanofiber surfaces.

To quantitatively comprehend the alterations in the nanofiber's physical structure, we
conducted size measurements and statistical analyses on over 100 representative fibers from each
sample, as depicted in Figure 2. Before thermal treatment, the monometallic Ni and Co composite
nanofibers exhibited an average diameter of 778+63 nm and 795483 nm, respectively. As the
Ni/Co ratios changed from 1:0.5 to 1:2, a corresponding increase in the bimetallic composite
fiber’s diameter was observed, enlarging from 968+60 nm to 1341+100 nm, which is likely
attributable to heightened total metal loadings. Post thermal treatment at 450 °C, all the nanofibers
demonstrated a size reduction compared to the as-spun fibers, although the majority saw a
reduction of less than 10%. This minimal decrease suggests that while thermal degradation of
precursors occurred, it was not fully realized. Upon increasing the temperature to 850 °C, except
for the monometallic Co nanofibers, all other fibers exhibited a substantial size reduction nearing
20%. Contrarily, monometallic Co nanofibers underwent an 11% size increase compared to the
450 °C samples. This trend persisted even for the sample heated at 1050 °C, solidifying that such
an increase is consistent, rather than an anomaly. SEM observations (Figure 1E) suggest that this
growth might be attributed to the formation of carbonaceous species on the nanofibers at elevated
temperatures. The monometallic Ni and bimetallic 1/0.5, 1/1, and 1/2 NiCo nanofibers, post-
treatment at 1050 °C, displayed further diameter reductions to 616 nm, 650 nm, 786 nm, and 1070
nm, respectively. However, the reduction rate appeared to decelerate, indicative of a successful
precursor transition to their respective forms, thereby stabilizing the structure under thermal

treatment.



Figure 1. SEM images of composite nanofibers with different Ni/Co ratios before (the first column
images) and after heating at 450 °C (the second column), 850 °C (the third column), and 1050 °C
(the fourth column): (A) Ni only, (B) 1:0.5, (C) 1:1, (D) 1:2, and (E) Co only. The 1 pm scale bar
in (E, 1050 °C) applies to all images.
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Figure 2. Fiber diameters of nanofiber catalysts with different Ni/Co ratios with no heating and
heating at 450, 850, and 1050 °C.

The thermal degradation behavior of the precursors and composite nanofibers was evaluated
using simultaneous TGA-DSC. The resulting data, showcasing both the physical mass losses and
corresponding chemical reactions, are depicted in Figure 3. Figure 3A delineates the degradation
profiles of the three raw precursors: PAN, Ni(OAc),, and Co(OAc). The PAN displayed minimal
mass variation below 280 °C, attributed possibly to moisture elimination, with a meager 1%
change. Post 280 °C, PAN exhibited two exothermic peaks, attributable to organic components
expulsion at 303 °C,*8 and carbon atoms transformation into tightly bonded carbon crystals around
1065 °C.*° Simultaneously, the noncarbon atoms were progressively removed, causing an overall
mass loss of approximately 72.2% at 1200 °C. Conversely, both the Ni and Co precursor salts
exhibited two endothermic peaks, indicating water removal from the hydrate (first peak) and
acetate group decomposition (second peak).*® For instance, the nickel(II) acetate tetrahydrate
displayed an initial weight loss of 33.2%, slightly higher than the theoretically calculated 28.9%,
attributed to environmental water molecule adsorption. The acetate removal’s subsequent weight
loss was 44.0%, in close approximation to the calculated 47.4%. The residual content, around
22.8%, corresponded closely to the theoretical Ni percentage (23.6%), suggesting the residue as
Ni, not NiO. However, the cobalt(Il) acetate tetrahydrate’s residual content (30.5%) exceeded the

theoretical Co percentage (23.7%), supporting the formation of CoO.*! Furthermore, the acetate-



associated weight loss was recorded at 35.5%, closely aligning with the theoretically calculated
figure for acetate minus an oxygen atom (34.5%), thereby supporting the formation of CoO.*
Importantly, between the temperature range of 475-1200 °C, both Ni and Co had negligible weight
loss, indicative of their thermal stability under inert atmospheric conditions. In Figure 3B, the
thermal degradation profiles of Ni/Co composite nanofibers are detailed. The relatively low Ni/Co
percentages (5-15%) attenuated the visibility of endothermic degradation peaks within the ranges
of 110-130 °C and 350-370 °C in their DSC thermograms. The PAN degradation-associated
exothermic peaks ranged from 230-330 °C. Remarkably, the thermal degradation patterns of
monometallic Ni/Co and bimetallic NiCo, with increasing Co content, were analogous to one
another within the 475-1300 °C range, despite the final weight loss correlating positively with the

increase of Co content in the composite nanofibers.
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Figure 3. Simultaneous TGA-DSC thermograms showing thermal degradation profiles of (A)

pristine precursors and (B) nanofiber catalysts from ambient temperature to 1300 °C.
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Figure 4. Infrared spectra of nanofiber catalysts with different Ni/Co contents: (A) Ni only, (B)
Co only, (C) Ni:Co=1:0.5, (D) Ni:Co=1:1, and (E) Ni:Co=1:2.

Chemical Composition and Crystalline Structure of Nanofiber Catalysts. The evolution
of the chemical composition before and after thermal treatment at varying temperatures was
scrutinized using the FTIR-ATR technique. Figure 4 shows the spectra of as-spun nanofibers, along
with those treated at 450, 850, and 1050 °C. The as-spun composite nanofibers all displayed
characteristic absorptions for PAN, Ni(OAc)>, and Co(OAc).. Notably, peaks at 2243 and 1662
cm! corresponded to the strong polarity of the nitrile group (C=N stretching) in PAN. Additional
characteristic PAN peaks were identified at 2936 cm! (alkyl C-H stretching) and 1452 cm™ (CH»
and CH3 bending).** The absorption at 1568 cm™ represented the characteristic peak of the
carboxyl group in the salt form of the acetate group.** Post-heating at 450 °C, all samples displayed
broad bands ranging from 1696 cm™ to 650 cm. The nitrile group was entirely absent, replaced
by bands signifying C=N (1576 cm™!), C-C (1270 cm!), and C=C (800 cm™) due to a complex
series of elimination, cyclization, and aromatization reactions.* This corroborated the TGA-DSC
analysis indicating complete removal of the acetate group at 450 °C, a finding further affirmed by

the FTIR-ATR analysis. Upon escalating the heating to 850 °C and 1050 °C, the overall shape of
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all sample spectra evolved, reflecting the characteristic feature of conductive carbon and metal
structures, where the electric field’s penetration depth into a conducting solid is inversely
proportional to the wave number.*® This affirmed the successful transformation of precursors into
metals (or metal oxides) and graphitized carbon nanofibers.

To further substantiate the conversion of PAN, Ni(OAc),, and Co(OAc); into carbon and metals,
we characterized all nanofibers pre- and post-thermal treatment at 450, 850, and 1050 °C, as shown
in Figure 5. All as-spun composite nanofibers displayed a broad peak centered around 16.8°, a
characteristic indicative of amorphous PAN polymer. In the presence of less than 10% metal
loading, peaks specific to Ni/Co acetates were not detectable. However, at a Ni/Co loading of 15%
(Ni:Co=1:2), several faint peaks emerged, with the most prominent one at 20 = 12.8°,
corresponding to the (011) plane of Co(OAc). (PDF 00-025-0372). Following the 450 °C heat
treatment, PAN transitioned into amorphous carbon-based structures, signified by a broad band at
24.3°47 A faint broad peak at 44.4° emerged, attributable to the (111) plane of the fcc structures of
Ni, Co, or NiCo. Crystal sizes, inferred from FWHM, were below 10 nm. Upon raising the heat
treatment to 850 °C, the intensity of the (111) peak considerably increased due to particle growth
at higher temperatures. Average particle sizes for all five samples fell within a 10-15 nm range,
estimated from the most prominent (111) peak. This average metal particle size escalated to 20-25
nm upon heating to 1050 °C, corroborating SEM observations (Figure 1). Simultaneously, the peak
at 24.3°C became more defined, indicative of carbon graphitization above 850 °C, assignable to
the (002) plane of graphitized carbon.*® The characteristic (111) peak of NiO at 20 = 37.2° was not
detected, thus affirming no NiO formation.*’ Intriguingly, no CoO phase was detected in XRD
patterns of monometallic Co and bimetallic NiCo nanofibers heated at 850 and 1050 °C. According
to literature, CoO has a strong peak at 36.7°, assignable to the (111) plane.*® Its absence from all
XRD patterns implies no CoO formation. This conclusion appears contradictory to the TGA-DSC
analysis, which suggested CoO formation (Figure 3A). However, this discrepancy might be due to
the fact that CoO was generated when heating cobalt(Il) acetate in an inert atmosphere without
PAN. Conversely, when cobalt(Il) acetate was heated alongside PAN, the latter or its derivatives
might have served as a reducing agent, transforming Co?" into metallic Co. Given PAN’s oxidation
during its thermal degradation process, it is highly plausible that Co?" acted as the oxidizing agent,

subsequently reduced to metallic Co.>!
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Figure 5. XRD patterns of nanofiber catalysts with different Ni/Co ratios: (A) Ni only, (B) Co
only, (C) Ni:Co=1:0.5, (D) Ni:Co=1:1, and (E) Ni:Co=1:2.

The Raman spectra of bimetallic NiCo nanofibers (Ni:Co=1:2) thermally treated at 450, 850,
and 1050 °C encompass two broad peaks located at 1350 cm™ and 1588 cm!, identified as the D
band and G band, respectively.’?> The G band corresponds to the sp>-bonded carbon atoms,
resulting from the doubly degenerate Ez; symmetry at the Brillouin zone center. Conversely, the D
band is associated with defects and disorders in the carbon lattice, originating from the double
resonant processes near the K point of the Brillouin zone boundary.>® Furthermore, a 2D (or G”)
band at 2693 cm™! is linked to the stacking order of graphene layers, ensuing from the two-phonon
scattering process, and implicates an in-plane transverse optical mode near the zone boundary K
point.>* As the heating temperature escalated from 450 °C to 1050 °C, a decline in the D band’s
intensity coupled with an enhancement in the G band’s intensity was observed (Figure 6A-C). This
shift corroborates the formation of highly crystalline carbon domains within the nanofibers,
aligning with the nanofiber graphitization witnessed in XRD. A similar trend was noted in NiCo
nanofibers with an Ni/Co ratio of 1/1 (Figure 6D-E), which yielded highly crystalline carbon
nanofibers at 1050 °C. Moreover, monometallic Ni nanofibers subjected to 1050 °C heat treatment
also exhibited a relatively higher G band intensity than the D band, suggesting that graphitization

is temperature dependent. Correspondingly, the increased intensity of the 2D band with elevated
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temperature further illustrates the growth of graphene layers within these carbon nanofibers. Metal
symmetric and asymmetric stretching frequencies fall within the 150-750 cm™! range, contingent
upon metal-metal bonds and metal-ligand interactions.> The enhancement of metal-related peak
intensity is due to the excitation of molecules at the red end of their d-d transition.>® The prominent
peaks at 302, 482, and 664 cm™! are ascribed to Ni-Ni, Co-Co, and Ni-Co stretching modes, along
with augmented Ni-C and Co-C interactions.’’ The most pronounced peaks were identified in the
Raman spectra of bimetallic NiCo with a 1/2 molar ratio (Figure 6B-C) at 850 and 1050 °C,

underscoring robust bonding among metals and strong interactions between metals and carbon.
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Figure 6. Raman spectra of nanofiber catalysts with %2 Ni/Co ratio heated at (A) 450 °C, (B) 850 °C,
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Catalytic Performance of Mono- and Bi-metallic Nanofiber Catalysts for CO;
Hydrogenation. The catalytic performance of nanofiber catalysts was assessed using a flow-bed
reactor at atmospheric pressure. The Ni/Co elemental contents within the nanofibers were
quantified via ICP-MS and XREF, yielding results consistent with the estimated metal loadings and
Ni/Co molar ratios. For instance, ICP-MS confirmed that the NiCo nanofibers contained 4.91% Ni
and 10.41% Co, and XRF revealed an Ni/Co molar ratio of 1.03/2.11, agreeing with the theoretical

value of a 1/2 Ni/Co molar ratio. Five different nanofiber catalysts, comprising two monometallic
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and three bimetallic variations with specified metal loadings and Ni/Co ratios, underwent reduction
and activation at 350 °C for 2 h in a 50% H: stream. During the reduction reactions, no
hydrocarbons such as alkanes (e.g., CH4, CoHs, C3Hs, C4Hio, CsHi2, CsHi4), alkenes (e.g., CoHa,
CsHe, C4Hs, CsHio, and CgHi2), and other non-hydrocarbon products such as CO, CH3;OH, and
H>O were detected by the online gas chromatography, indicating no reactions between the carbon
support and H». . CO; hydrogenation was then gauged at five distinct temperatures: 275, 300, 325,
350, and 400 °C in a 3:1:1 H2:N2:CO; stream at atmospheric pressure. At each temperature, six
GC injections were executed, hence yielding six data points for product analysis. In all the above
catalyst tests, carbon nanofibers were used as blank references, which were inert in CO»
hydrogeneration.

As illustrated in Figure 7A, CO:2 conversion ascended as the temperature increased from 275
to 400 °C, with an apex at 400 °C. This outcome indicates that higher temperatures favor CO»
conversion. Interestingly, among the five nanofiber catalysts preheated at 850 °C, the
monometallic Ni and Co catalysts exceeded the bimetallic NiCo catalysts in CO2 conversion,
achieving 12.01% and 5.97%, respectively. Given the optimal performance at 400 °C for CO»
hydrogenation, the activity of nanofiber catalysts thermally treated at 450, 850, and 1050 °C were
analyzed and compared under identical testing conditions at a 400 °C reaction temperature (Figure
7B). All nanofiber catalysts heated at 450 °C demonstrated no activity for CO> hydrogenation.
Despite the conversion of Ni/Co acetates into their metallic forms, as suggested by TGA-DSC,
XRD, and Raman analyses, the lack of activity might be attributed to amorphous carbon deposition
on nanoparticle surfaces, which hindered the accessibility of active sites to reactive species.*

However, when the thermal treatment temperature was raised to 850 °C, all nanofiber catalysts
displayed discernible activity for CO> hydrogenation. The highest CO2 conversion was observed
with monometallic Ni nanofiber catalysts, potentially due to their small Ni nanoparticle size and
resistance to carbon deposition.>® Notably, the measured average sizes of Ni and Co nanoparticles
were 10.1 nm and 14.1 nm respectively, while a 1/1 NiCo ratio resulted in a 15.3 nm size based on
their XRD (111) planes. Post-heating to 1050 °C, except for the 1/2 NiCo bimetallic nanofiber
catalysts, all other nanofiber catalysts were essentially deactivated. Figure 7C reveals CO»
conversions of 0.96% and 1.48% for monometallic Ni and Co nanofiber catalysts, respectively.
The bimetallic NiCo nanofibers with 1/0.5 and 1/1 Ni/Co molar ratios achieved CO: conversions

of 0.42% and 0.14% respectively. However, a significant surge to 16.1% in CO2 conversion was
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observed with the 1/2 NiCo nanofiber catalysts, being 16.7 times greater than that of Ni and 10.8
times more than Co. This stark increase underscores the enhanced performance of the 1/2 NiCo
nanofiber catalysts. The primary products of CO> hydrogenation were found to be CO and CHa.
Figure 7D presents the selectivity of these two products. In particular, the selectivity for CO was
recorded at 88.1% for Ni, 96.6% for 1/0.5 NiCo, 99.1% for 1/1 NiCo, 98.4% for 1/2 NiCo, and
98.7% for Co.
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Figure 7. Catalytic performance of Ni-Co nanofiber catalysts. (A) The effect of hydrogeneration
reaction temperature on CO; conversion. (B) The effect of calcination temperature used to prepare
Ni-Co nanofiber catalysts on CO; conversion. (C) The effect of Ni/Co ratio on CO conversion at
400 °C. (D) The effect of Ni/Co ratio on CO and CHj4 selectivity at 400 °C. Testing conditions
including temperature: 275-400 °C, GHSV: 24 000 mL-g"!'-h"!, H»/CO, = 3:1, and P: atmospheric

pressure.

The underlying factors contributing to the enhanced catalytic efficiency of the 1/2 NiCo
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nanofiber catalysts presented an interesting point of study. Figure 8 illustrates the distribution and
size of nanoparticles across the surface of the nanofibers. Based on XRD data, the average
nanoparticle size approximates 5 nm for the samples treated at 450 °C. These nanoparticles were
uniformly distributed on the nanofibers with no evident signs of clustering (Figure 8A). Despite
this, the 450 °C NiCo nanofiber catalyst remained inactive, potentially due to the deposition of
amorphous carbon species on the nanoparticles (Figure SE and Figure 6A). The samples treated at
850 °C exhibited indications of particle size growth due to high-temperature sintering (Figure §B).
As the thermal treatment was raised to 1050 °C, large particles with diameters ranging from 100-
200 nm were observed (Figure 8C). However, most of the particles remained below 25 nm,
aligning well with the XRD measurements (Figure SE). Figure 8D reveals sintered NiCo particles
exceeding 200 nm in size when the temperature was raised to 1250 °C, with no smaller

nanoparticles identifiable on the nanofibers.
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Figure 8. SEM images showing the nanoparticle growth on '2 Ni/Co nanofiber catalysts by
increasing the heating temperature: (A) 450 °C, (B) 850 °C, (C) 1050 °C, and (D) 1250 °C.

A closer examination of NiCo nanoparticles on the 1050 °C sample was conducted using AFM
scans. These scans focused on an NiCo fiber of approximately 1.5 um in diameter, as illustrated in
Figure 9A. The reconstructed 3D images (Figure 9B and 9C) demonstrate a relatively even
distribution of NiCo domains on the nanofiber surface. The NiCo nanoparticles, partially
embedded in the carbon with exposed surface, showcase a strong interfacial interaction between

the metal and carbon. This may contribute to improving the catalytic efficiency in CO:

18



hydrogenation. Moreover, the 2D images derived from the amplitude error (Figure 9D) and phase

(Figure 9E) validate the presence of numerous small nanoparticles with sizes under 25 nm,

reinforcing the SEM observations and XRD measurements.

............

100.0 nm

Phase
Figure 9. AFM images showing 2 Ni/Co nanofiber catalysts heated at 1050 °C: (A) Height sensor,
(B) nanofiber 3D, (C) surface 3D, (D) amplitude error, and (D) phase.

MATERIALS AND METHODSChemicals and Materials. Nickel(Il) acetate tetrahydrate
(ACS reagent, =98.0%, Ni(OCOCH3)2-4H,0), Cobalt(Il) acetate tetrahydrate (ACS reagent, =
98.0%, Co(CH3COO),-4H>0), and polyacrylonitrile (PAN) with a weight average molecular

weight (Mw) of 150,000 were obtained from Sigma-Aldrich, serving as precursors for Ni, Co, and
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carbon, respectively. Anhydrous N,N-dimethylformamide (=99.9%, DMF, VWR) functioned as
the solvent to dissolve the salts and polymer, facilitating the creation of electrospinning solutions.
Nitric acid (67-70%, ARISTAR PLUS for trace metal analysis, HNOs3) and hydrochloric acid (34-
37%, ARISTAR PLUS for trace metal analysis, HCl), sourced from VWR, were employed as
solvents to dissolve metals in catalysts for the quantification of Ni and Co content. The acquired
chemicals underwent no further purification. Water employed in the experiments underwent
purification through a Millipore Direct-Q 8 UV water purification system, yielding a resistivity of
18.2 MQ-cm at 25 °C.

Synthesis of Mono- and Bi-metallic Ni-Co Nanofiber Catalysts. Nanofiber catalysts
containing Ni and/or Co were prepared by electrospinning of DMF solutions comprising PAN,
Ni(OAc)2, and/or Co(OAc)., succeeded by nitrogen-flow pyrolysis to transform PAN and salt
precursors into nanofiber catalysts. In a representative procedure, the solution was placed into a 5
mL syringe equipped with a 22-gauge flat metal needle, approximately 2.5 cm long (BD Medical),
and dispensed at 1 mL/h using a syringe pump (Legato 110, KD Scientific) at 22 °C and 45%
relative humidity. A 15 kV voltage from a DC power source (ES30P-5W, Gamma High Voltage
Research) was applied to the vertically oriented needle. The charged jet transformed into fine fibers,
collected on a conductive substrate positioned roughly 15 cm below the needle's tip. The resulting
nonwoven mat underwent pyrolysis at 450, 850, 1050, and 1250 °C in nitrogen flow for 1 h with
a 10 °C/min ramp rate, converting PAN, Ni(OAc),, and Co(OAc); into carbon, Ni, and Co,
respectively. The monometallic Co and Ni nanofiber catalysts, as well as bimetallic NiCo
nanofiber catalysts with varying Ni/Co molar ratios, were dried in a vacuum oven at room
temperature for 24 hours before subsequent characterizations.

Characterization. High-resolution field-emission scanning electron microscopy (SEM,
Apreo, FEI) was utilized to investigate the morphology and structure of as-spun composite
nanofibers and as-calcined nanofiber catalysts. To boost their electrical conductivity, all samples
were sputter-coated with gold for 30-120 seconds, contingent upon the specific sample.
Representative images were captured at an analytical working distance of 6 mm, using an
accelerating voltage of 10 kV and a beam current of 0.40 nA. Nanofiber size measurements were
conducted with ImageJ software (NIH), based on representative SEM images, while fiber size
distribution was statistically analyzed using OriginPro software (OriginLab).

AFM imaging of nanofiber catalysts was carried out with a Bruker Dimension XR scanning
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probe microscope system (Santa Barbara, CA). A few drops of diluted nanofiber suspension in
ethanol (~0.01%) were deposited onto freshly cleaved mica substrate (highest grade V1 mica discs,
12 mm, Electron Microscopy Sciences) and left to dry. Samples were scanned in air at ambient
relative humidity and temperature in tapping mode using OTESPA-R3 standard silicon probes (tip
radius < 10 nm, spring constant = 26 N/m, resonant frequency = 300 kHz) (Olympus Corp.) ata 1
Hz scan rate and 512 pixels x 512 pixels image resolution. Image processing, section analysis, and
3D simulation were conducted with NanoScope Analysis 3.00 software, and average heights were
determined from AFM height images.

Nanofiber chemical composition was analyzed using a PerkinElmer Frontier infrared
spectrometer with the attenuated total reflection (ATR) technique. Nanofiber absorbance spectra
were recorded in the 4000-650 cm™! range at 4 cm™ resolution, averaging 128 scans.

X-ray fluorescence spectrometry (XRF) utilizing a Rigaku ZSX Primus II instrument was
employed to determine the major elemental compositions present in the solid nanofiber catalysts.
X-rays were produced by a rhodium anode operating at a voltage of 50 kV and a current of
approximately 50 mA. In a standard experimental procedure, around 0.1 g of the catalysts were
sandwiched between two Prolene thin films (Chemplex Industries, Florida, USA) on a tubular
support. The samples were then placed in 40 mm diameter circular stainless-steel cups, equipped
with polypropylene centering devices with a diameter of 10 mm. The measurements were
conducted under vacuum conditions to ensure accuracy and reliability.

Ni and Co contents in nanofiber catalysts were ascertained via ICP-MS (Agilent 7900 ICP-
MS). Samples first underwent acid extraction using concentrated HNOs; (67-70%) under
intermittent sonication for 24 hours, followed by filtration to eliminate carbon particles using a
0.45 um syringe filter. The clear filtrate was then diluted to the estimated final concentrations in
the 1-200 ppb range using 1% HNO3 aqueous solution. Eight standard solutions containing 0, 1,
5, 10, 30, 50, 100, and 200 ppb of Ni and Co were employed to create a standard calibration curve
for calculating exact Ni and Co concentrations in sample solutions. ICP-grade HNO; (metal
contents < 1 ppb) and HPLC-grade water (18.2 MQ-cm at 25 °C, filtered by a 0.22 pym membrane
filter) were used to prepare sample and standard solutions.

A simultaneous TGA/DSC analyzer (TA SDT Q600) determined the thermal degradation
profiles of as-spun composite nanofibers. In a typical measurement, approximately 10 mg of

nanofibers were heated in an alumina pan from room temperature (~20 °C) to 1300 °C at a
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10 °C/min ramp rate in dry nitrogen (purging rate: 100 mL/min).

Powder XRD patterns were collected using a Bruker D8 Discover diffractometer with Cu Ka
radiation (40 kV and 40 mA), applying 0.02° per step and 0.5 s/step parameters, at a 20 angle
ranging from 5 to 90°.

Raman analysis was conducted using a Horiba LabRAM HR Evolution Raman spectrometer,
utilizing a diode laser with Aex = 532 nm as the excitation source. The experimental parameters
were set as follows: the samples were placed on a glass microscope slide, a 50 objective was used,
and spectra were acquired over a range of 200-4000 cm™! with a laser power of 1.5 mW focused
through a 50 um slit (focus spot ~1 um?). Each spectrum was obtained by accumulating data over
an exposure time of 300 seconds twice. The homogeneity of the sample determined the number of
sample spots analyzed, with approximately nine different spots sampled for the Raman spectra.

Catalyst Evaluation. The nanofiber catalysts were assessed using a quartz tube (4 mm i.d.,
6.35 mm o.d.) flow-bed reactor at various temperatures and ambient pressure. For each catalyst
test, approximately 100 mg of catalyst with a uniform mesh size of 40-60 was loaded into the
quartz tube, with quartz wool pieces securing both sides of the catalyst. The catalyst was reduced
in a 50% H/N; stream (40 mL/min in total) at 350 °C for 2 hours and subsequently cooled to
275 °C before CO; hydrogenation. Unless specifically addressing varying CO»/H> volume ratios,
the feed gas—CO», Hz, and N>—was introduced into the reactor at atmospheric pressure with a
1/3/1 ratio (40 mL/min in total). The catalyst temperature was then increased from 275 to 400 °C
in 25-50 °C increments. The product stream was analyzed in real-time using gas chromatography
(GC Agilent 8890) with a flame ionization detector (FID) and a thermal conductive detector (TCD).
An HP-PLOT Q capillary column was connected to FID for hydrocarbon separation and
quantification. The Mol Sieve 5 A PLOT capillary column was linked to TCD for detecting N>,
H,, CO2, CO, and CH4. Sequence runs were organized in a queue to gather data at different
temperatures. At each temperature, six GC data points were obtained. Reaction parameters, such

as CO; conversion (Equation 1) and CO selectivity (Equation 2), are defined as follows:

nco, (in)— ncp, (out)
nco, (in)

CO, conversion = x 100 (Equation 1)

neo(out)

CO selectivity = x 100 (Equation 2)

Y. nj(out) x carbon number
where nco:(in) and nco>(out) represent the number of moles of CO; fed and not converted,

respectively. Nproduct i refers to the mole of product i, while the carbon number indicates the number
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of carbons present in product i. Xnj(out) represents the total number of moles of carbon-containing

products generated in the reaction.

CONCLUSIONS

In conclusion, this study systematically explored the thermal transformation of Ni/Co-PAN
nanofibers, establishing a clear understanding of the role of heating temperature in the formation
and conversion of PAN, Ni(OAc)z, and Co(OAc): to carbon structures and metallic nanoparticles.
TGA-DSC, ATR, XRD and Raman analyses elucidated the transition of PAN to carbon-based
structures, graphitization process, and the formation of Ni and Co nanoparticles. Intriguingly, the
bimetallic NiCo nanofiber catalysts exhibited enhanced CO> conversion, particularly those with a
Ni/Co ratio of 1/2 that were heated at 1050 °C. This performance is attributed to the formation of
highly crystalline carbon domains, the effective NiCo nanoparticle dispersion, and the strong
interfacial interaction between metal and carbon domains. Our findings also highlighted the critical
influence of heating temperature on nanoparticle size and distribution. Notably, the thermal
treatment at 1050 °C promoted the formation of larger particles. However, despite particle growth,
most NiCo particles remained below 25 nm, consistent with XRD measurements and SEM
observations. Overall, our study provides valuable insights into the transformation process and
catalytic behaviors of NiCo catalysts, paving the way for more effective design and fabrication of
bimetallic nanofiber catalysts. Future work will focus on further optimizing the Ni/Co ratios and

exploring different heating conditions to enhance the catalytic performance for CO; hydrogenation.
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