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ABSTRACT: This study reports a green, inexpensive, and highly versatile Metal-alginate Metal@C Fisghr?trr-]gl’soigSCh

procedure to synthesize well-dispersed transition-metal nanoparticles Y

anchored on carbon supports. The resulting metal loadings are 26 wt % } % % o9 .0
CO+H,

or above. Achieving both these properties simultaneously has been difficult e
orous

with established synthesis methods of carbon-supported metal catalysts, j éi\ - 500 °C ot . e
such as impregnation and deposition-precipitation. Herein, low-molar-mass : Olefins

. g q q q . 3-5 nm NPs Y
sodium alginate with high guluronate content was ion-exchanged with ~30 wt.% Metal »-e §

transition-metal ions, followed by a pyrolysis step at 500 °C. The

investigated transition-metal ions were Fe**, Co*", Ni**, and Cu®*. The alginate’s properties and interaction with the transition-metal
ions greatly influenced the pyrolyzed material’s characteristics, whereas the observed metal particle size was found to negatively
correlate with the metal’s melting point. The pyrolyzed Fe-alginate was tested as a catalyst for the Fischer—Tropsch synthesis and
exhibited an iron time yield of 885 ymolco h™' g™, which is among the highest activities reported in the literature. The activity is
mainly attributed to the iron nanoparticle size achieved by the reported synthesis procedure, and the improved olefin selectivity is
ascribed to the sodium and sulfur that originates from the alginate and iron precursor, respectively.

KEYWORDS: alginate, pyrolysis, nanoparticles, carbon support, catalysis, Fischer—Tropsch

1. INTRODUCTION MOFs, Fe;0, nanoparticles of roughly 3 nm were produced.”
However, MOFs can be expensive, and instead, we aimed to
utilize a cheap and abundant carbon template, namely, alginate.

Alginate is a family of polysaccharides generally produced
and extracted from brown algae. They are unbranched

Nanoscale materials possess high surface-to-volume ratios and
quantum size effects, resulting in chemical and physical
properties that differ remarkably from their bulk counterparts."
In heterogeneous catalysis, reactions often take place at the

surface of metal-based materials. Reducing the particle size biopolymers containing two monomers: (1-4)-linked f-p-
increases the specific surface area of the catalytically active mannuronate (M) and a-L-guluronate (G). The G-residues are
phase, which frequently improves the activity and reduces the introduced enzymatically by C-5 epimerases, making the
consumption of expensive metals, but may also change the site- alginate source important for contents and distributions of
specific catalytic rate dramatically.”~* Stabilization of catalytic G-residues. The relative content of G, as well as their diad and
nanoparticles is essential for stable and active performance at triad frequencies, can be determined by nuclear magnetic
elevated temperatures, generally solved by utilizing porous resonance, which also provides the average length of G-blocks.
support materials.” Loading nanoparticles into a support The GG-diad has traditionally been proposed to adopt a so-
material is conventionally achieved by introducing a metal called “eggbox” structure (Figure la) in the presence of
precursor solution into the pores of the support by methods divalent cations such as Ca*".'"’ Ca-alginate has been studied

such as incipient wetness 1mpregnat10n or ion exchange,
followed by thermal heat treatment.” With impregnation, there
is often a trade-off between high loadings and small
nanoparticles, and while catalyst preparation by use of
microemulsions can grant control over the size and
morphology of the nanoparticles, preventing agglomeration
requires low metal loadings.”

Recently, metal—organic frameworks (MOFs) were used as
templates to obtain high loading of transition-metal nano-
particles on carbon supports, performed by pyrolysis of the
MOFs resulting in the decomposition of organic linkers and
crystallization of metal centers.” Employing iron-containing

extensively for use as biofilms and wound dressing, in addition
to enzyme, protein-drug, and bacteria delivery."' ™" Alginate
can also be ion-exchanged with transition-metal ions, although
studies on their interaction are scarcer. A density functional
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Figure 1. (a) Scheme of the general synthesis procedure in this work, involving gelation and pyrolysis. The gelation step illustrates the eggbox
structure of alginate guluronate dimers. (b) Na-alginate beads during ion exchange in the respective metal nitrate solutions as indicated in the top

left corner. The black scale bars correspond to 1 cm.

theory (DFT)-study suggests that the resulting bonds are more
covalent than for Ca?* and alginate."*

Dispersing transition-metal ions between alginate chains
should provide an excellent foundation for the formation of
metal nanoparticles, as cations are atomically dispersed prior to
pyrolysis. In previous studies, however, the metal particle size
from the pyrolysis of metal-alginates is either not reported or
to be 10-30 nm, depending on the transition metal.'>"®
Typically, the employed alginate solutions are 5 wt % or below,
possibly limited by the alginate solubility.

Herein, alginate with low molar mass (33 400 Da) and high
G content (67%) was utilized, deliberately selected to improve
the control of the final metal nanoparticle size. Alginate with
lower molar mass allows for higher concentrations of alginate
in the solution, while retaining the physical stability of the
alginate gel beads. A series of transition metals were studied to
investigate metal systems with monometallic Fe, Co, Ni, and
Cu and bimetallic CoCu and CoNi. When introducing the
metal ions into the alginate matrix, it is important to consider
the affinity of specific metal ions to the alginate structure,
previously investigated for several divalent cations:'’~"’

P > Cu®*t > Cdt > Ba?t > St > ca?t
> Co’t > Ni** > Mn?*t

A mixture of cations can be introduced simultaneously, but if
the goal is to achieve a somewhat similar uptake, the binding
strength of the cations must be considered. The binding
strength of Cu’* is, for instance, much greater than that of
Co®, and consequently, the molar ratio of the Cu**Co*"
system must be tuned to obtain close to equimolar uptake in
the alginate gel.

To demonstrate the catalytic performance of a material
created by pyrolyzing metal-alginates, one iron catalyst was
tested in high-temperature Fischer—Tropsch synthesis (FTS;
340 °C and 20 bar). In FTS, syngas (CO + H,) reacts to form
hydrocarbons of varying chain length, while oxygen is removed
as H,O. With Fe-catalysts, H,O and CO may react to form H,
and CO, through the water-gas shift (WGS) reaction. Due to
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the additional H, provided by WGS, syngas from hydrogen-
lean feedstocks such as biomass may be used directly.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium alginate (LFR 5/60: Fg = 0.65—0.70, F,
0.5—0.6, Ng,; &~ 11-20) was supplied by Dupont Nutrition Norge
AS. Iron(III) nitrate nonahydrate (>98%), cobalt(Il)nitrate hexahy-
drate (>98%), nickel(II) nitrate hexahydrate (>98.5%), copper(II)
nitrate hemi(pentahydrate) (>98%), potassium bromide (>99%),
hydrochloric acid (37%), and nitric acid (70%) were supplied from
Sigma-Aldrich. Ethanol (96%) was supplied by VWR. Deionized
water was produced by using a Milli-Q water purification system.

2.2. Synthesis. Na-alginate was dissolved in deionized water by a
magnetic stirrer. 0.15 kg kg_1 alginate/water solutions were produced
for all samples, in addition to 0.05, 0.10, and 0.20 kg kg™ alginate/
water solutions for the iron-containing samples. Metal nitrates
solutions were prepared by dissolving the respective salts in deionized
water. Solutions of 0.1 M were used for the Fe-, Co-, Ni-, and Cu-
alginate samples, and mixture of 0.05 M Co** and 0.05 M Ni** for
CoNi-alginate. For CoCu-alginate, a mixture of 0.067 and 0.033 M
was used for Co*" and Cu?", respectively, due to difference in binding
strength. The alginate solutions were added dropwise to their
respective metal nitrate solutions, which formed beads on contact
(Figure 1). The volume ratio of metal nitrate to alginate solution was
always 5:1. The beads were kept in solution for 24 h, then filtered and
washed with deionized water three times. The beads were immersed
in ethanol—water solutions of increasing concentration over time to
gradually transform the beads from hydrogels to alcogels. The initial
ethanol concentration was 10% and was increased by 20% every 10th
minute up to 90%, by discarding and making a new ethanol—water
solution between concentration changes. The beads were ultimately
left in a 96% ethanol solution for 24 h. The beads were then collected
from the ethanol solution and dried at 80 °C overnight, followed by
mortaring.

For pyrolysis, approximately 1 g of the dried powder was placed in
a vertical calcination reactor (S0 mm id.), allowing gas to pass
through the sample, which aided the removal of any liquid products
that are formed during alginate decomposition. During pyrolysis, 100
mL min~" N, flowed through the reactor while heating at a rate of 2
°C min™* up to 500 °C, dwelling at 500 °C for 8 h, followed by
cooling to room temperature (RT). The samples were then passivated
at RT in 50 mL min~" 1% O, in Ar for 2 h. Passivation was especially
important due to the samples’ pyrophoric nature, and enables control
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over the inevitable oxidation process that would take place when
contacted with air.

2.3. Characterization. Thermogravimetric analysis (TGA) with
differential scanning calorimetry (DSC) was performed with a Netzch
Jupiter 449 unit. The analyses were performed in an inert atmosphere
to study pyrolysis (100 mL min™" in Ar), or an oxidizing atmosphere
(75 mL min~" synthetic air + 25 mL min~' Ar). The samples were
heated from RT to 900 °C at a heating rate of 10 °C min~". The
effluent gases were analyzed with a QMS 403C Aéolos quadrupole
mass spectrometer (MS).

The crystalline phases were investigated with powder X-ray
diffraction (XRD) at ambient temperature with a Bruker D8 A25
DaVinci X-ray Diffractometer, using a Cu Ka-radiation (4 = 0.15432
nm) X-ray tube and LynxEye SuperSpeed detector. The samples were
scanned in the range 20 = 10—80° for 60 min, utilizing a 0.2-degree
divergence slit. The powder diffraction files (PDF) used as standards
for phase identification were Fe” (PDF 04-007-9753), y-Fe;O, (PDF
04-009-2285), y-Fe,0; (PDF 04-021-3968), Co® (PDF 04-001-
2681), Co(OH), (PDF 04-019-0234), Ni’ (PDF 04-010-6148), Cu’
(PDF 04-009-2090) and Cu,O (PDF 04-007-9767).

N, adsorption and desorption experiments were performed on a
Tristar I 3000. Samples (100 mg) were degassed at 1 mTorr, and 80
°C for 24 h, whereas the pyrolyzed samples employed a temperature
of 200 °C. The Brunauer—Emmet—Teller (BET) isotherm and the
Barrett—Joyner—Halenda (BJH) method were used to determine
specific surface area, pore volume, and pore size distribution.

The elemental loadings were measured by inductively coupled
plasma mass spectrometry (ICP-MS). 10—30 mg of dried samples
were mixed with 2 mL concentrated nitric acid (HNOj;), placed in
perfluoroalkoxy alkane (PFA) vials. To aid decomposition the
samples were then digested in an UltraClave, where the samples
were heated to 245 °C, at a pressure of 50 bar. The resulting solution
was diluted to a total volume of 216.6 mL. 16 mL of this solution was
sent for analysis along with 3 blank samples that were subtracted from
the result. The elemental analysis was performed using a high-
resolution inductively coupled plasma ELEMENT 2 connected to a
mass spectrometer.

Diffuse reflectance infrared Fourier transform spectroscopy experi-
ments were conducted with a Bruker Tensor II in a Harrick Praying
Mantis high-temperature in situ cell, flushed with Ar. Measurements
of the background (KBr) and the samples employed a spectral range
of 4000—600 cm™’, a resolution of 4 cm™, and averaged each sample
over 32 scans. The alginic acid reference was synthesized by
precipitating 0.05 kg kg™' Na-alginate/water solutions in a HCI
solution. The resulting beads were washed in deionized water several
times and submerged in ethanol (96%) for S min, followed by drying.

The metal oxides and carbon D- and G-bands were analyzed with
Raman spectroscopy. Experiments were performed with a Horiba
ASD with a laser wavelength of 633 nm, employing a 600 ¢ mm ™'
grating, XS0 LWD objective, 15 acquisition, 3 accumulations, 10 or
25% filter, and hole of 200. The powdered samples were placed on
glass slides for analysis.

The metal particles were imaged using high-resolution transmission
electron microscopy (HR-TEM). Experiments were performed with a
JEOL JEM-2100 (LaBg-filament, side-mounted Gatan 2k Orius CCD)
and a JEOL JEM-2100F (200k Schottky field emission gun (0.7 eV
energy spread) and bottom-mounted Gatan 2k Ultrascan CCD) both
with Oxford X-Max 80 SDD energy-dispersive X-ray (EDX) (solid
angle 0.24 sr) and scanning option with bright-field (BF) and high-
angle annular dark-field (HAADF) detector. Samples were suspended
in isopropanol, then deposited on a Cu-grid with lacey carbon, or Au-
grid in the case of Cu-containing samples, followed by air-drying
before imaging.

For X-ray photoelectron spectroscopy (XPS) experiments, the
sample powder was pressed onto carbon tape and placed in an Axis
UltraDLD XP spectrometer from Kratos. The carbon tape showed no
discernible influence on the C 1s spectra. The base pressure in the
analysis chamber was between 2 X 107 and 5 X 10~° Torr during
acquisition. Monochromatic Al-Ka radiation (1486.6 eV) was used,
and the survey spectra and individual core levels were obtained using
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pass energies of 80 and 20 eV, respectively. Charge compensation was
used, and the energy scale was calibrated to sp’-type carbon in the C
1s component at a binding energy of 284.3 eV. A Shirley background
was used for all peaks, and the spectra were fitted based on line shapes
previously determined by Biesinger et al,,>*' where a slight shift in
binding energy and/or intensity of the satellite peaks relative to the
peak at the lowest binding energy were allowed for some of the oxides
and hydroxides.

2.4. Catalytic Testing. The Fischer—Tropsch synthesis, experi-
ment was performed in a 10 mm i.d. tubular stainless steel fixed-bed
reactor at 340 °C, 20 bar, and H,/CO = 1.0. The sieved catalyst (0.15
mg, S0—90 ym) was diluted and mixed with inert SiC (7.0 g, S0—90
pum) to minimize temperature gradients, and then loaded into the
reactor between two plugs of quartz wool to keep the catalyst bed
fixed. The reactor was mounted in an electrical furnace, with two
aluminum blocks placed around the reactor to further improve heat
distribution.”” The catalyst was reduced in H, (150 mL min™') at 3
bar with a heating rate of 2 °C min™" to 400 °C, with a dwell time of 3
h. Then, the reactor was cooled to 333 °C and pressurized to 20 bar
with 100 000 mL g~' h™' He. Syngas (48.5% CO, 48.5% H,, 3% N,)
was then introduced in steps, replacing 20% of the He flow when the
temperature had stabilized (S min), before finally leaving 7% He in
the stream. The temperature controller regulated the temperature by
reading the furnace temperature, not the bed temperature, due to the
inherent delay between furnace heating and how long it takes to
effectively heat the catalyst bed temperature. In addition, the
exothermic nature of the reaction would amplify the heating effect.
An illustration of the furnace and reactor setup is shown in the
Supporting Information (Figure S1). The catalyst bed temperature
was 337 °C following syngas introduction, which initially decreased
rapidly, then stabilized over time. The furnace temperature remained
unchanged for the first 78 h on stream, but was then adjusted to reach
a bed temperature of 340 °C to gain activity and selectivity data under
this condition (Figure S20). The product stream was passed through a
hot trap (90 °C) and a cold trap (ambient temperature) to collect
liquid Fischer—Tropsch products, such as wax, light hydrocarbons,
water, and oxygenates. The remaining gas-phase products were
analyzed on an Agilent Technologies 6890N gas chromatograph
(GC) equipped with a stainless steel Carbosieve S-II and an HP-plot
AL Oj; column with a thermal conductivity detector (TCD) and flame-
ionization detector (FID). The internal GC standard was the 3 vol %.
N, contained in the syngas mixture.

3. RESULTS AND DISCUSSION

The characterization of the dried metal-alginates samples is
presented and discussed. Acronyms for the dried samples are
“Metal(s)”/“Alginate mass %”Alg, e.g., Fe/15Alg, followed by
characterization of the pyrolyzed samples, named “Metal(s)”/
“Initial alginate mass %”C. Second, the performance of an iron
sample (Fe/15C) is evaluated for high-temperature FTS.

3.1. Characteristics of the Dried Samples. Nitrate salts
of Fe**, Co?*, Ni**, and Cu** were employed in the preparation
of the aqueous metal solutions as they are highly soluble and
have stable oxidation states. The NOj anions should be
removed by the washing procedure, and if not, it will
decompose to NO, and O, during pyrolysis. The resulting
metal content (Table 1) was measured by ICP-MS, ranging
from 8.8 to 11 wt %. Some of the variations can be explained
by the difference in molar mass and the residual Na in the
sample.

Due to the trivalent state of Fe**, more charge stabilization is
required than for the divalent cations, which might involve
three carboxylates from three individual monomers for a single
Fe®". If such coordination was present in the Fe/Alg samples it
did not lower the metal uptake considerably. All samples were
prepared in parallel with the same washing procedure, yet a
relatively large difference in Na content was observed. For the
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Table 1. Specific Surface Area (BET) and Elemental
Loading (ICP-MS) of Elements above 0.01 wt % for the
Dried Metal-Alginate Samples

surface metal metal
sample area 14 2b Na S Si
(m*g™)  (wt%) (wt%) (wt%) (wt%) (wt%)
Fe/SAlg 218 11.7 0.01 0.11 0.01
Fe/10Alg 154 10.1 0.04 0.10 0.01
Fe/lSAlg 193 9.3 0.05 0.07 0.01
Fe/20Alg 178 8.8 0.09 0.10 0.01
Co/15Alg 15 9.2 0.54 0.01 0.01
Ni/lSAlg 37 9.4 0.46 0.01 0.01
Cu/15Alg 18 11.0 0.14 0.02 0.01
CoNi/lSAlg 20 4.6 4.8 0.51 0.01 0.01
CoCu/15Alg 43 3.7 52 0.34 0.01 0.00

a

wt % of first metal given in sample name. bwt % of second metal

given in sample name.

divalent cations, Cu/15Alg consistently showed the lowest Na
content at a given alginate concentration, having the highest
affinity for alginate among the divalent cations. Fe** was not
included in the previously listed binding strength series but is a
much stronger Lewis acid than the divalent cations in this
work, and will therefore bind more strongly to alginate.”

Some sulfur was also present in all samples, but to a larger
extent for the Fe-containing samples. This appears to originate
from the Fe(NO;); precursor, and not the Na-alginate as the S
content in the other samples are much lower. The purity of the
metal nitrate salt employed in this work only has >98% purity,
in which some impurities may be present. This can be
circumvented by employing high-purity precursors. The
introduction of small amounts of Na and S through iron
precursors has previously been reported by use of ammonium
iron citrate.”* The authors further reported a more thorough
study on the effect of Na/S on FTS, which showed an
increased C,—C, olefin selectivity and decreased methane
selecthlty, while also improving catalytic activity for supported
catalysts.”’

Different alginate concentrations were employed for the Fe
samples, yielding alginate solutions of varying viscosities, in
which the limit of dissolvable alginate was the 20 wt % alginate
solution. As the metal content decreases and the sodium
content increases with increasing alginate concentration, the
denseness of the resulting beads appeared to affect diffusion
and the extent of successful ion exchange between the iron and
sodium ions. For some catalytic systems, alkali like sodium can
have adverse effects, but can to a large extent be circumvented
by preparing alkali-free and water-soluble alginate precursors,
such as ammonium alginate.

The metal cations interact mainly with carboxylates in the
alginate. This can be evaluated by investigating the stretching
modes of carboxylates with infrared spectroscopy. The bands
of interest for metal carboxylates are the relatively strong
asymmetric COO™ stretching vibration (I/COaSYm) and the
weaker symmetric stretching (£COgy,,). The bands’ position
relative to a free carboxylate ion may indicate which binding
modes are present: the uncoordinated carboxylate (i) found in
ionic forms such as Na-alginate; for unidentate coordination,
(ii) the metal ion is bound to only one of the carboxylate
oxygens; in the bidentate chelating coordination, (iii) the
cation binds to both carboxylate oxygens; in bidentate bridging
coordination, (iv) two distinct cations are bound to one
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oxygen each in the same carboxylate (Figure 2a). A method for
determining binding modes was reported by K. Nakamoto,

0 M—0 o M—0
M| Sc—R c—R M CH-R CH-R
o? o’ o M—O
m (n (1) )
(b) 1765 1655 1435

| Cocunong
vy

Absorbance [a.u.]

| cotsAlg \/x—\/\
Fe/15Alg J \—\/\/\“

'—\h,_/\
H/Alg \//

2100 2000 1900 1800 1700 1600 1500 1400 1300 1200
Wavenumber [cm~1]

Figure 2. (a) Possible interactions between cation (M) and
carboxylates. (b) Diffuse reflectance infrared Fourier transform
spectra of the dried metal-alginate powder samples, in the spectral
range where carboxylic bands are found. Alginic acid (H/Alg) and

sodium alginate (Na/Alg) were used as references.

which used the difference (Av) in wavenumber for I/(COWm)
and v(CO,y,). The binding modes of metal-alginates were
determined by comparing their Av values with Na-alginate: if
the metal-alginate complex obtains a similar Av value to Na-
alginate, it implies a bridging bidentate mode (iv); a higher
value may indicate unidentate coordination (ii); a lower value
implies a bidentate chelating mode (iii). All samples with
divalent metals yielded a Av of roughly 219 cm™, the same as
Na/Alg, whlle Fe/15Alg had a broad I/(COasym) band around
1635 cm™" and an additional band at 1745 cm™ (Figure 2b).
The broad bands of Fe/15Alg indicate a varied chemical
environment for the carboxylates. When selecting the peak
position of l/(COaSym) at the highest intensity, the resulting Av
was lower (199 cm™"), which implies a shift toward bidentate
chelating mode (iii). The additional band (1745 cm™)
observed for Fe/15Alg was also found in all of the Fe/Alg
samples (Figure S2). As Fe loading decreases, charge
compensation in the alginate must be achieved by other
means, such as a proton to form alginic acid (—COOH, 1765
cm™!), or increased Fe** coordination with negatively charged
functional groups. The 1745 cm™ band has also been observed
As(I1I), for which it was speculated that the band originated
from different carboxylate coordination.”” The low pH (2.0)
observed in the Fe(NO;); solution might also have led to the
esterification of alginate, meaning a carboxyl and a hydroxyl
group from two different monomers form an ester. There was
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Figure 3. Thermogravimetric analysis of the dried samples in Ar from RT to 900 °C at a rate of 10 °C min~". The graphs contain the mass-loss
profile and the first derivative of the mass-loss (DTG). The latter is inverted and scaled as a visual aid and for comparison with the effluent gases

measured by mass spectrometry.

also a shoulder present around 1720 cm™' for the Cu-
containing samples—Cu/15Alg and CoCu/15Alg—that might
have originated from a binding mode related to cupric acetate,
a distorted octahedral structure of copper alginate.”**’

To reduce the surface tension during the ambient drying
step, the hydrogel was converted to an alcogel by a solvent
exchange with ethanol. The measured N, adsorption—
desorption isotherms after drying did not fit one distinct
classification (Figure S3). There was no region where
monolayer and multilayer adsorption could be differentiated,
which implies a Type II isotherm, in addition to observed
features resembling Type IV.** The hysteresis loops (H3) of
the Fe-alginates did not close and formed a plateau at high
relative pressures, indicating that pore condensation did not
terminate. The pore system appears to be a mixture of micro-,
meso- and macropores. The BET surface area of the dried Fe-
alginate samples ranged from 178 to 218 m* g~ (Table 1),
while the other metal-alginates had an order of magnitude
lower values, ranging from 15 to 43 m> g_l. Larger surface
areas have been reported using supercritical drying, but the
employed alginate solutions contained 1—3 wt % alginate.”’ A
study using supercritical drying on Cu-alginate with 5, 10, and
15% alginate solutions measured specific surface areas of 111,
25, and 11 m® g7!, respectively.”” These results imply that
alginate concentration had an impact on the surface area in
samples with divalent metal ions. In this study, however, the
same trend was not observed for the Fe** samples.

Generally, a negative correlation between porosity and
residual Na loading was observed, suggesting that increasing
porosity may enhance the effectiveness of washing and sodium
removal. We propose that the potential for higher coordination
and the alginate affinity of Fe’" had an advantageous effect on
porosity, making washing more efficient. This complies with
the higher residual Na content observed in the other
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transition-metal samples with significantly smaller surface
areas.

No long-range ordering of metal crystallites was observed
with powder X-ray diffraction (XRD, Figure S4). Assuming
space-separated coordination sites in the dried samples, no
agglomeration of metal particles is expected at this stage.

During pyrolysis, the alginate decomposes to effluent gases,
liquids, and solid carbon, a process that was investigated with
TGA-MS (Figure 3) and DSC (Figure SS). The initial mass
loss can be ascribed to the removal of H,O, by the
endothermic process of drying, peaking around 120 °C for
all samples. The largest and most rapid material deterioration
occurred between 200 and 300 °C, with the removal of
carboxylate and possibly hydroxyl functional groups. This was
indicated by the increase in effluent CO, and H,0O, processes
known as decarboxylation and dehydration, respectively. The
decomposition rate of Cu/15Alg was striking, peaking at 231
°C, similar to Na-Alginate (234 °C, Figure S6). Further
decomposition occurred between 370 and 450 °C, where CO,
and some H,0 and CO were released. The latter process is
known as decarbonylation. During pyrolysis, the metal species
will precipitate and possibly undergo transitions between
different hydroxides, oxides, and even metallic states. These
species are important for stabilizing remaining alginate residues
and possibly catalyze different reactions. Decoupling alginate
and metal transitions is not straightforward with these
techniques as the metal content was roughly 8—11 wt %.
Changes in mass due to the metal transitions were relatively
small compared to that of alginate decomposition. However,
an interesting mass loss step was observed for Fe/15Alg
between 550 and 650 °C. This coincided with the release of
CO, and some CO,, accompanied by an endothermic DSC
signal, indicating reduction to metallic Fe. Temperatures
exceeding 600 °C have been reported to reduce metal oxides
to metallic particles for other carbonaceous materials, such as
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polyacrylonitrile, where graphite may act as a reductant.”” To
limit the sintering of metal particles, a reasonable low pyrolysis
temperature should be chosen. Furthermore, as the alginate
decomposition has mostly concluded at 500 °C, this
temperature was chosen for the pyrolysis treatments of
metal-alginate samples in this work.

3.2. Characteristics of the Pyrolyzed Samples. In
preparation for the ICP-MS analysis, difficulties were
encountered while decomposing several of the pyrolyzed
samples. This was possibly due to the presence of some
graphitic carbon. To avoid inconsistency in sample prepara-
tion, the elemental loadings were determined by measuring the
mass loss in oxidative atmosphere with TGA. By extrapolating
the elemental composition from the dried samples (Table 1),
the relative amount of sodium, sulfur, and metal was estimated.
The metal loading in all samples ranged from 26 to 33 wt %
(Table 2). After pyrolysis, an increased BET surface area was

Table 2. Specific Surface Area (BET, m”> g™'), Pore Volume
(V,» BJH Desorption), and Elemental Loadings (TGA) of
Metal-Alginates Pyrolyzed at 500 °C“

surface metal  metal
sample area Vi 1° 2° Na S

(m*g™") (em®g™) (wt9%) (wt%) (wt%) (wt%)
Fe/5C 364 0.79 26.3 0.02 0.24
Fe/10C 356 0.65 25.9 0.10 0.25
Fe/15C 357 0.71 25.8 0.13 0.19
Fe/20C 392 0.60 26.8 0.27 0.30
Co/15C 214 0.07 27.0 1.6 0.02
Ni/15C 54 0.05 33.1 1.6 0.03
Cu/15C 247 0.03 28.3 0.4 0.05
CoNi/15C 112 0.07 15.1 15.7 1.7 0.03
CoCu/15C 196 0.11 13.5 19.0 1.2 0.03

“The relative contents of metals, Na, and S are based on the dried
samples (Table 1). The trace amounts of Si in the dried samples were
not included in this calculation. “wt % of first metal given in sample
name. “wt % of second metal given in sample name

observed for all samples relative to their respective dried
samples (Figure S7). The largest relative increase was observed
for the samples with small specific surface areas in their dried
state (15—43 m” g !). Ni/15C displayed a remarkably smaller
surface area (52 m* g”') than the other samples. The bimetallic
sample containing Ni, CoNi/15C, had an intermediate surface
area (112 m* g™') between Ni/15C and Co/15C (214 m*
g™'). The Fe samples obtained the largest surface areas after
pyrolysis (351—-373 m? g~'), which were also large in their
dried state (154—218 m” g™'). These discrepancies suggest
that the resulting surface area after pyrolysis is not only
dependent on the surface area of the dried sample, but also the
metal species and how they affect the decomposition process.
The pore sizes and volumes, however, seem to be dependent
on the initial porosity, as the Fe/Alg samples obtained
relatively large pore volumes (Figure S8). The new-found
surface area must be a result of alginate decomposition and the
release of effluent gases or liquids that escape the sample. A
large surface area in the metal-alginate seemed to aid the
formation of pore structures in the mesopore-range during
pyrolysis. It is possible, but was not assessed by the methods in
this work, that the different metals could catalyze the formation
of different volatile and liquid products, whose molecular sizes
could impact the resulting pore structure.
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The resulting carbon structures after pyrolysis were
investigated by Raman spectroscopy (Figure S9). The D-
band (1330 ¢cm™') and G-band (1580 cm™') provide
information about the bonding mode in carbon materials.
The carbonization is often quantified by comparing the
intensity ratios (Ip/Ig) of these peaks. The highest I/I; was
measured for Ni/15C (1.01), whereas Co/15C (0.91)
obtained the lowest. Fe/15C (0.93), Cu/15C (0.93),
CoNil5/C (0.95), and CoCu/15C (0.95) had intermediate
values. Overall, the high D-band intensity suggests that the
carbon support was relatively disordered after pyrolysis. XPS
was used to analyze the C 1s core-level spectra (Figure S19) in
the surface region. Fe/15C had the largest contribution from
C=C, while Co/15C and Ni/15C had the lowest. The
discrepancy between the XPS and the Raman results might
originate from the difference in surface sensitivity and also
metal oxide bands that overlap with the D- and G-band, further
complicating the assessment of the Ip/I; ratio. For the Fe/C
samples, using 10% laser power resulted in an Ip/I; ratio of
0.93, as opposed to 1.03 when using 25% power. Ni/15C
appeared to contain the least amount of graphitic carbon and
showed the largest amount of O—C=0O and —-C=O
contributions in C 1s. This implies that a lower degree of
alginate decomposition and graphitization was achieved during
pyrolysis.

The metal species were investigated with XRD (Figures 4
and S13), HR-TEM (Figure S), Raman spectroscopy, and XPS
(Figure S18). The TEM images of Fe/15C showed very small
spherical Fe particles (3.0 nm) that were densely packed, as
expected with a Fe loading of 26 wt %. The Bragg diffractions
had low intensities due to amorphous and small crystallite
domains. The Fe species appeared to be magnetite (y-Fe;0,)
or maghemite (y-Fe,O;), and metallic Fe (Fe’). However,
considering the low long-range ordering of the sample, and
that maghemite and magnetite have highly similar diffraction
patterns, an exact identification was unattainable. The XPS Fe
2p spectrum was fitted to match with 51% Fe,O; and 49%
ferrihydrite (FeOOH), based on previously determined line
profiles.”" This concurs with the O 1s spectrum that contained
both lattice oxygen and hydroxyl groups (see Figure S17).
Two-line ferrihydrite is not registered in the International
Center of Diffraction data, but generally has two broad peaks at
20 around 36° (2.5 A) and 63° (1.5 A).** These overlap with
both magnetite and maghemite, which means that ferrihydrite
can neither be excluded nor verified. No evident Raman bands
were observed for the Fe/C samples (Figure S10) when using
10% laser power, but increasing the power to 25% led to the
appearance of bands that corresponded to hematite (a-Fe,0;).
Transformation of iron hydroxides or magnetite to hematite
may be induced by the laser. The latter transformation is
known as martitization and commonly occurs in nature.>

The number-average particle size of Co/15C was slightly
larger (5.5 nm) and had a broader size distribution than Fe/
15C (Figure S14), but the Bragg diffractions were less defined
than for Fe/15C, indicating crystal structures with lower
ordering. The diffractions matched with Co(OH), and Co°
face-centered cubic (fcc) structure. Co° is typically stable in
hexagonal close packing (hcp) but forms the fcc allotrope at
temperatures exceeding 417 °C.*° The Co 2p spectrum was
mainly fitted to Co(OH), (65%) and some CoO (35%). The
fitted oxygen species in O 1s showed large contributions from
—OH (531.5 eV), possibly including oxygen from organic
species and lattice defects. The Raman bands corresponded to
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Figure 4. X-ray diffractogram (Cu Ka) of pyrolyzed samples, with a scale bar indicating the intensity difference of the different diffractograms.
Standard references are also shown, from powder diffraction files (PDFs) found in Section 2.

Figure 5. TEM bright-field images of Fe/15C, Co/15C, Ni/15C, and Cu/1S5C, and dark-field images of CoNi/15C and CoCu/15C. A scale bar is
located in the lower corner of each image.

Co;0,, but as with Fe/15C, using 10% laser power did not

yield any metal oxide bands. However, Co;0, bands appeared
when the power was increased to 25% (Figure S11), perhaps as
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the laser induced a phase transformation from Co(OH), to
Co30,. The hydroxides appear to be surface species.
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The average particle size of Ni/15C from TEM was 5.1 nm.
The Bragg diffractions clearly showed diffractions of Ni’ (fcc),
while with Raman, no metal oxides were observed (metallic
structures are not Raman-active). The species used to fit the Ni
2p core level of Ni/15C were Ni’ (30%), NiO (20%),
Ni(OH), (10%), and y-NiOOH (40%). The metal oxides and
hydroxides can be attributed to less well-ordered oxides or
surface species on metallic particles.

Cu/15C sintered to a larger extent than the previously
discussed samples, with an average particle size of 22.5 nm.
The low melting point of Cu’ makes it more prone to
sintering. The Cu species in Cu/15C were mainly Cu’, in
addition to some cuprite (Cu,O) that might be surface oxides
from the passivation after pyrolysis, or separate oxide particles.
No Raman-active bands were observed, but in Cu 2p, the
majority of Cu in the surface region was in the form of
Cu(OH), (65%). The line profiles of Cu,0O and Cu overlap,
and a combination of the two constituted the remaining Cu
species. Metallic particles of the sizes observed here are
expected to have a relatively thick oxide layer, which could
dominate the signal in a surface-sensitive technique like XPS.

The average size of metal particles in CoNi/15C was 6.6 nm,
some of which were particles in the range of 7—25 nm. The
Bragg diffractions corresponded to Ni° fec and Co° fec, both
having very similar lattices, meaning they could potentially
form alloys. Energy-dispersive X-ray spectroscopy (EDS,
Figure S15) showed some degree of mixing between Co and
Ni. The larger particles had a higher density of Ni, while Co
particles were smaller and well-dispersed throughout the
carbon support. XPS analysis indicated that the metallic
fraction of both metals increased relative to their monometallic
counterparts. In Co 2p, there was Co® (50%) in addition to
some oxides and hydroxides, while in Ni 2p, the major species
was Ni’ (80%). Note that the Ni auger contribution was
disregarded. The analysis was based on the pure individual
elements, but it is possible to have mixed metal oxides or
hydroxides as some mixing of Co and Ni was observed with
EDS.

For CoCu/15C, two sets of particles were observed. The
first consisted of very small particles in the 3—5 nm range, and
the second was larger and more metallic particles in the range
of 20—60 nm. EDS analysis (Figure S16) indicated that the
larger particles were almost entirely Cu, while the smallest
particles were Co. CoCu/15C diffractions matched the Cu® fec
lattice spacings, although Co’ fcc or an alloy of the two are also
possibilities. XPS analysis revealed the presence of Co° (20%),
indicated by EDS to be present in mixed metal particles. The
portion of Cu(OH), was significantly lower than for Cu/15C,
implying that the presence of Co prevents oxidation of Cu’.
The Raman bands in both Co/15C and CoCu/15C
corresponded to Co;O, (Figure S12). The intensities and
presence of the Co;0, bands in the two samples matched with
the amount of Co(OH), fitted in their Co 2p spectra,
indicating that during the Raman experiments, the laser
transformed hydroxides to Co;0,.

Degree of sintering correlates almost linearly with the
melting point of metallic particles.”” The surface energy of the
particles can be altered, by, e.g., promoters, support
interaction, and particle shape. Beyond surface energy, the
atmosphere and vicinity to other particles (e.g., metal loading)
are important sintering factors. The melting points for metallic
Fe, Co, Ni, and Cu are 1538, 1495, 1455, and 1085 °C,
respectively, and the observed particle sizes in this work reflect
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this to an extent. This comparison assumes metallic particles,
which is not necessarily the case. Herein, only ex situ
measurements of crystalline phases exposed to oxygen were
performed, effectively limiting our insight of crystalline phases
during pyrolysis. Many of the metal oxides and hydroxides
observed during characterization after pyrolysis might have
formed after passivation or in contact with air. However, it is
reasonable to assume that the samples that were metallic after
passivation also were metallic at the later stages of the
pyrolysis. Sintering could be reduced by decreasing the
pyrolysis temperature. However, our preliminary pyrolysis
experiments at 400 °C on Fe-alginate samples yielded a
dramatic decrease in surface area and porosity. The temper-
ature was not sufficient to carburize the alginate, similar to that
observed for pyrolysis of Fe-MOFs.”” Thus, to reduce
sintering, a possible improvement would be to reduce metal
loading for species that are prone to sintering, such as Cu. In
future work, the pyrolysis process will be investigated by in situ
measurements such as XRD and X-ray absorption spectroscopy
to elucidate the fate of the metal species.

3.3. Fischer—Tropsch Synthesis. To display this novel
synthesis method’s ability to produce highly active catalysts,
Fe/15C was tested under high-temperature FTS conditions:
340 °C, 20 bar, and a H,/CO ratio of 1.0. Care was taken
during activation, as a rapid introduction of syngas leads to
extreme heat development, despite the catalyst being diluted
with SiC to 2 wt % of the bed. The heat originates from the
exothermic nature of both FTS and WGS.

A high initial CO conversion (Figure 6) was observed,
meaning the iron was rapidly transformed to iron carbide in
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Figure 6. After reduction of Fe/15C at 400 °C for 3 h in H,, Fischer—
Tropsch synthesis was performed at P = 2 MPa, H,/CO =1, W = 150
mg, GHSV = 100000 mL g~' h™', with an initial temperature of
approximately 340 °C. CO conversion as a function of time-on-
stream. Due to a decrease in activity and consequently decreased
reactor temperature, the bed temperature was adjusted to 340 °C after
78 h on stream.

contact with syngas. The decline in activity over time may be
attributed to Fe phase changes and sintering, which also led to
a decrease in bed temperature over time. The catalyst
selectivity is a temperature-dependent property. As such,
after 78 h on stream, the temperature was increased to achieve
a bed temperature of 340 °C (Figure S20) and to obtain
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Table 3. Catalytic Activity and Product Selectivity of Fe/15C Compared to Some State-of-the-Art Fe Catalysts for the
Fischer—Tropsch synthesis at T = 340 °C, P = 20 bar, and H,/CO = 1.0°

CO,-free selectivity

sample Xeo TOS GHSV ITY co, CH, C,—C,0 C,—C,p Cs,

(%) (h) (h™) (umoleo gr. ' s71) (%) (%) (%) (%) (%)

Fe/15C 83 90 34000 885 46 17 29 15 39
Fe@C-500%° 76 80 30000 360 46 15 14 29 42
Fe-Na-S/a-Al,0;** 79 64 1500 26 41 17 39 19 14
9Fe@CNF* 18 100 54000 400 33 35 36 15 14

“A more comprehensive list can be found in the Supporting Information (Table S3).

selectivity data at this temperature. A comparison of the
activity and selectivity of Fe/15C with other state-of-the-art
iron catalysts from the literature performed under similar
conditions is shown in Table 3. After 90 h on stream, Fe/15C
exhibited high activity (885 gmolcq gg. ~' s7') in terms of iron
time yield (ITY) compared to other recent iron nanocatalysts
(Table S3). We propose that the activity to a large extent can
be attributed to the nanoparticle size, which yields a large
surface area for catalytic activity. In addition, there is a possible
added increase in activity from the Na/S promotion
originating from the iron precursor, similar to that previously
reported for Fe-Na-S/a-Al,0;>* The Fe/C samples obtained
relatively high porosity with both micro- and mesopores, which
was attributed to the binding strength and coordination effect
of Fe*" in Fe-alginate. The effect of hierarchical pore systems
for iron supported on carbon catalysts for FTS is still a matter
that requires further investigation. However, one hypothesis is
that micropores assist the dispersion of iron nanoparticles,
while meso- and macropores may enhance mass transfer and
also tune the FTS product selectivity.” In addition, carbon
supports have weak metal—support interactions, which is
favorable for the reducibility and formation of iron carbides.

The C,—C, olefins selectivity (C,—C,0, 29%) was high,
while both methane (17%) and C,—C, paraffin (C,—C,p,
15%) selectivity were relatively low. The Fe@C-500 MOF-
derived catalyst’® showed very similar material characteristics
to Fe/15C, but our material exhibited much greater olefin
selectivity. We attribute this to the Na/S promotion provided
by the Fe(NO;); and Na-alginate precursors, which resulted in
enhanced olefin selectivity and suppressed methane produc-
tion. With the surface carbide mechanism, Na/S has been
proposed to promote termination via B-hydride elimination,
which has been shown to be effective on weakly interacting
and inert carbon supports.®”

4. CONCLUSIONS

In this work, a novel and generic, yet simple method to prepare
highly dispersed transition-metal nanoparticles supported on
carbon was developed. The method shows great potential as a
means to produce highly active heterogeneous catalysts. The
unique feature of the catalyst materials is high metal loading
(>26 wt %) combined with small nanoparticles (3—5 nm) with
a narrow size distribution. The metal particle size was found to
correlate with the melting point of the metals, where lower
melting points (e.g,, Cu) resulted in larger metallic particles.
Moreover, the iron-containing samples exhibited a relatively
large BET surface area and mesoporous pore sizes, which is
affected by the pores present in the Fe-alginate before
pyrolysis. The enhanced porosity of observed for Fe-alginate
is attributed to the binding strength and coordination effects of
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Fe’. Bimetallic samples showed some degree of alloying,
which assisted the formation of metal nanoparticles, and
appeared to be more prone to sintering than their
monometallic counterparts. The iron-based catalyst was tested
for FTS as a model reaction. The activity proved exceptionally
high (ITY = 885 umolco gg. ' s~'), which can largely be
attributed to the size of the iron nanoparticles. The catalyst
demonstrated favorable selectivity toward lower olefins (29%)
owing to the promoter effect of Na and S present in the

alginate and iron precursors.
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