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Phosphate salts have been previously studied as carbon dioxide capture reagents. However, the direct
conversion of the captured carbon dioxide species to hydrogenated products is not well studied with
phosphate-assisted systems. Herein, we report the conversion of captured carbon dioxide to methane in
such a system. When a nickel-based catalyst was used, the reactivity was strongly inhibited due to
unwanted interaction of nickel with the phosphate species present in the system. However, with
5%Ru/Al,0; as the catalyst, 100% conversion of captured CO, to methane was achieved after 6 hours
under 50 bar H, at 200 °C. 5%Ru/Al,03 ~was also able to maintain its reactivity over several
capture/hydrogenation cycles.
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Introduction

Rising carbon dioxide levels in the atmosphere are a growing concern as they contribute to
several environmental issues associated with global warming. Thus, it is important to find ways to
reduce the anthropogenic carbon emissions with the use of technologies such as solar and wind energy
wherever possible. In other cases and for hard to decarbonize sectors, CO, capture and sequestration or
utilization will be needed. CO; can be captured either at the source of emission or from the
atmosphere.r™ One way of accomplishing this is by capturing carbon dioxide using simple chemical
reagents, usually acting as bases. For instance, amines (e.g. mono- and di-ethanol amines) and
hydroxide salts (e.g. NaOH) are often used as capture materials.>™*2 Both of these capture materials have
their own merits and drawbacks when it comes to uses in industrial settings. Amines and polyamines
allow for flexible organic scaffolds to be embedded in the material to tailor and improve the
performance, but there are often associated with volatility and stability issues.*™Y” Hydroxide salts do
not have these volatility concerns but capture carbon dioxide in the form of carbonate/bicarbonate salts
that generally require very high temperatures to liberate the captured CO; and regenerate the
hydroxide salt.!81°

While a vast literature exists for the capture of CO, with amines and hydroxide salts, the number
of reports on phosphate salts being used for CO; capture are scarce. Only a handful of studies on
trisodium phosphate (NasPQ.) and other phosphates and their utilization as carbon dioxide capture
agents either by themselves or in mixtures with amines could be identified.?>"%> Phosphate salts were
proposed for CO; capture hoping that they would release the captured CO, at lower temperatures than
hydroxide-based systems while not experiencing the volatility and stability concerns that are associated
with amines. Although potassium and sodium phosphate salts are soluble in water, they often have a
more limited selection of other solvents in which they are soluble in and have lower solubility compared
to capture agents like amines and hydroxide salts. The solvent scope is of particular importance when
considering a capture media from a carbon capture and utilization approach (CCU) to an integrated



carbon capture and conversion system (ICCC). While ICCC routes are being increasingly explored as a
possible way to save energy and simplify/intensify the capture and utilization of CO,, many of these
systems are utilizing homogenous catalysts that can operate in organic solvents such as ethylene glycol
but have performance issues in aqueous solutions.®®° To date, ICCC technologies have not been
extensively studied with heterogeneous catalysts.>!! Exploring that route could open up other pathways
enabling the use of other capture reagents like phosphate salts, that are difficult to utilize in association
with homogenous catalysts.

Heterogenous catalysts based on metals like ruthenium and nickel often serve as methanation
catalysts when a gas stream of CO; is used as the reagent in the well-known Sabatier process.?®?” These
flow reactions are routinely performed at relatively low pressures, but at higher reaction temperatures
of 300-400 °C or above. There are reports on utilizing heterogenous catalysts in capture and conversion
technologies.?®3° However, these processes usually use bifunctional solid materials combining an alkali
or alkaline earth metal mixed with the catalyst to capture and convert CO; in two consecutive steps. In a
first step the alkali or alkaline earth metal species on the surface reacts with CO, to form
carbonate/bicarbonate salts. In a second step these salts are decomposed to form CO, which is then
hydrogenated to methane over the embedded catalyst at temperatures generally above 500 °C.31"33
Because the catalyst and the adsorbent are intimately associated in the same solid, a large amount of
catalyst is tied up in the material and unused during the adsorption phase, which can be capital
intensive. This also means that the catalytic component of the bifunctional material can be oxidized or
deactivated during the adsorption phase when exposed to atmospheric and industrial gas flows. During
the hydrogenation phase the catalyst would then have to be reduced again in each consecutive CO,
capture/hydrogenation cycle. Having the ability to separate the capturing agent from the catalyst would
thus be advantageous, allow for more flexibility in the process design, and lower the amount of catalyst
needed.

Herein, we report such a system in which carbon dioxide is first captured with a phosphate salt.
In a second, separate step, the carbonate/bicarbonate species formed with this capturing agent are
converted to methane. This conversion occurs at relatively mild temperatures of 150 to 200 °C and can
be completed successfully in six hours over a 5%Ru/Al,Os catalyst.

Results and Discussion

Trisodium phosphate dodecahydrate, NazP0O4-12H,0, reacts in aqueous solution with carbon
dioxide to form disodium hydrogen phosphate and sodium bicarbonate (Eq. 1).

Prakash et al. has recently shown that both sodium carbonate, sodium bicarbonate as well as
other alkali metal carbonates in aqueous solution could be hydrogenated to methane using a nickel-
based catalyst (25%Ni/Al,03).3* Following this report, the same catalyst was initially used to test the
conversion of carbon dioxide captured with trisodium phosphate to methane at 200 °C under a
hydrogen pressure of 50 bar. This experiment led to a poor methane yield of only 2.6% in 6 hours (Table
1), which was likely the result of phosphorous compounds acting as ligand and binding to the nickel-
based catalyst, inhibiting its reactivity (Figure S16 displaying the XRD of 25% Ni/Al,O3 after reaction and



showing Ni-P containing species). It has previously been reported that phosphorous in phosphorous
containing compounds can poison nickel catalyst in the hydrogenation reactions over Raney Nickel and
Lindlar’s Pd catalysts.>>" In electrochemical systems, where nickel is the active species in phosphate
buffered systems, an additive can be used as a sacrificial metal. For example, zinc metal is sometimes
employed as a sink so that phosphorous will bind with zinc rather than with the active metal, allowing
for the reactivity of the active metal to be retained.*®° In an attempt to prevent phosphorous
compounds from binding nickel, zinc was therefore added to the catalyst (12%Ni/3%Zn/Al,0s).
Unfortunately, zinc did not prohibit the binding of phosphorous to nickel and led to a similar outcome
(shown in Figure S17), resulting in a 1.4% methane yield in 6 hours. This could be due to the excess of
phosphate in comparison to the amount of nickel and zinc present on the catalyst. As utilizing nickel as
the active metal did not seem to be compatible with the use of phosphates, another catalyst based on
the ruthenium metal was tested. Ruthenium-based heterogenous catalyst have also been reported to
form phosphorous poisoned sites when reacted with phosphate salts but under harsher conditions,
specifically above temperatures of 400 °C (and can be seen in Figure 518).4** When 5%Ru/Al,03 was
used, the conversion of captured carbon dioxide to methane was quantitative in six hours at 200 °C. This
shows that phosphate-assisted capture systems could be used in an integrated capture and conversion
process to produce methane under our reaction conditions. The catalysts were characterized by powder
X-ray diffraction (XRD), Scanning electron microscopy (SEM), and X-ray fluorescence (XRF) and the
results can be found in the SI.

Table 1. Catalyst screening for the hydrogenation of the reaction product of NazsPOsand CO;

Catalyst Captured Methane Methane Methane

CO; produced yield (%) productivity
(mmol) (mmol) (8methane-h
1'kgcat_1)

25%Ni/ 7.1 0.2 2.55 1.61

Al,O3

12%Ni/ 7.1 0.1 1.44 0.90

3%Zn/

Al,03

5%Ru/ 7.1 7.1 100 63.3

Al,O3

Conditions: 10 mmol NasPO, after 3 hours under pure CO; stream, 10 mL DI H20, 200 °C, 6 hours
reaction time, 300 mg catalyst, 50 bar H,. Yields calculated by gas chromatography are within £5%.

After determining that 5%Ru/Al,0s was a suitable catalyst for this reaction, other reaction
parameters were optimized as shown in Table 2. All experiments used 10 mmol of sodium phosphate
tribasic in 10 mL of distilled water as the capture material and after three hours under a pure CO,
stream, 7.1 mmol of CO, was captured per 10 mmol of sodium phosphate employed. In the
hydrogenation reaction following the capture, decreasing the reaction time from 6 hours to 3 hours
resulted in a substantial decrease in methane yield from 100% to 58.9%. Upon decreasing the reaction
time further to 1 hour the methane yield was only 28.2%. Consequently, 6 hour optimal reaction time
was used for the rest of the study. The catalyst morphology obtained by SEM imaging before and after
the reaction (conditions: 10 mmol NasPO, after 3 hours under pure CO, stream, 10 mL DI H,0, 200 °C, 6
hours reaction time, 300 mg 5%Ru/Al,0s, 50 bar H,) is shown in Figure S20 and S21, respectively.



Table 2. Screening of reaction parameters for the hydrogenation reaction catalyzed by 5%Ru/Al,0O3

Captured 5%Ru/AlL0; Temperature Time H» Methane Methane Methane

CO2 (mg) °C) (hour) pressure produced yield (%) productivity

(mmol) (bar) (mmol) (gmethane*h-
1 -kgcat'l)

7.1 300 200 6 50 7.1 100 63.3

7.1 300 200 3 50 42 58.9 74.6

7.1 300 200 1 50 2.0 28.2 107.2

7.1 300 200 6 40 6.3 88.7 56.1

7.1 300 200 6 30 3.9 54.3 343

7.1 300 170 6 50 5.1 71.9 45.5

7.1 300 150 6 50 3.9 54.2 343

7.1 150 200 6 50 4.7 66.7 84.4

7.1 50 200 6 50 3.6 47.3 179.4

11.30] 300 200 6 50 7.3 64.2 65.1

1130 300 200 6 60 9.5 84.1 84.7

Conditions: 10 mmol Na3POQ, after 3 hours under pure CO, stream, 10 mL DI H,0, 200 °C. [? Na3PO, was under a CO,
stream for 12 hours. Yields calculated by gas from Gas chromatography are within £5%.

At first, the pressure was varied. A pressure of 50 bar of H, (pressure at room temperature when
filing the reactor) resulted in a 100% yield. Decreasing the pressure to 40 bar lowered somewhat the
yield to 88.7%. Further decreasing the hydrogen pressure to 30 bar resulted in a yield of only 54.3%.
Thus, 50 bar was selected as the preferred pressure for the rest of the optimization.

Reaction temperature also played an important role in the catalysis. Decreasing the
temperature from 200 °C to 170 °C resulted in a decrease in methane yield from 100% to 71.9%. Upon
further decreasing the temperature to 150 °C the methane yield was only 54.7%. The latter
temperature, 150 °C is similar to reaction conditions reported for integrated capture and conversion to
methanol process using homogenous catalysis so it is interesting note that that the catalytic
methanation reaction was still taking place at these lower temperatures.57444

Catalyst loading was varied as well. As expected, the yield decreased with less catalyst present in
the system. When 300 mg of catalyst was used methane was obtained in a 100% yield and a productivity
of 63.3 gmethane-h-1-kgcat-1. At a catalyst loading of 150 and 50 mg, the methane yield decreased to
66.7% and 47.3%, respectively. However, the methane productivity increased. When 150 mg of catalyst
was used a methane productivity of 84.4 gmethane-h-1-kgcat-1 was obtained. Further decreasing the
amount of catalyst to 50 mg resulted in a methane productivity of 179.4 gmethane-h-1-kgcat-1. Thus,
lower loadings seemed to lead to a more efficient use of the catalyst.

Increasing the time of the capture from 3 hours to 12 hours led to an increase in the CO»
captured from 7.3 mmol CO2 to 11.3 mmol. CO2 capture over 3 hours led to a mixture of sodium
phosphate dibasic and tribasic was obtained as shown in the 31P NMR spectrum of the capture solution



(Figure S7). Over 12 h of capture, the solution contained mostly sodium phosphate dibasic (31P NMR,
Figure S8). Utilizing the optimized conditions of 300 mg 5%Ru/Al,0s, 50 bar H,, 6 hours of reaction time,
and 200 °C resulted in a 64.2% yield and 7.3 mmol of methane being produced. When the reaction
pressure was increased from 50 bar H2 to 60 bar H2, 9.5 mmol of methane was produced, resulting in a
yield of 84.1%.

Additional phosphate salts were tested for both their ability to capture carbon dioxide and also
for subsequent conversion to methane as shown in Table 3. All capture experiments were conducted
over 3 hours under a pure CO; stream. Both sodium and potassium phosphate salts were able to
undergo conversion as well. 10 mmol of potassium phosphate captured 11.3 mmol CO2 in 3 hours. This
was more than the 7.1 mmol CO2 captured with sodium phosphate over the same period. However,
over the six-hour hydrogenation time only 7.3 mmol of the captured CO, was converted to methane.
This result is similar to the one obtained with sodium phosphate when the capture time was 12 hours
instead of 3, where 11.3 mmol of CO; was captured but only 7.3 mmol was converted to methane.
Calcium and lithium phosphate were also tested. However, the amount of CO; that calcium phosphate
captured was significantly lower, at 1.6 mmol CO,. Of the 1.6 mmol captured, only 0.48 mmol was
converted to methane. Lithium phosphate also was not efficient in capturing CO2 with only 0.63 mmol
of CO; captured in three hours under a CO2 stream. Of the 0.63 mmol CO, captured only 0.18 was
converted to methane. Calcium and lithium phosphate most likely performed worse than sodium and
potassium due to their lower solubility in water.*¢4’

Table 3. Screening of phosphate salts for the capture/hydrogenation of CO,

Phosphate CO» Methane  Methane
captured produced yield
(mmol) (%o)lal

LisPO4 0.63 0.21 33.3
Na;POs 7.1 7.1 100
K:PO4 11.3 73 64.6
Ca3(POs)2  1.63 0.48 29.4

Conditions: 10 mmol phosphate salt after 3 hours under pure CO, stream, 10 mL DI H20, 200 °C, 6 hours
reaction time, 300 mg 5%Ru/Al,0s, 50 bar H,. Yields calculated by gas chromatography are within +5%.
[a] based on the amount of CO, captured.

The recyclability of both the catalyst and the phosphate salt was then tested. For the recycling
experiments sodium phosphate solution was utilized and before each cycle was placed under a pure CO;
stream for three hours. The capture media was then placed in a reactor with the catalyst. After the
reaction the media was separated from the catalyst to be used for the subsequent CO; capture and the
catalyst was stored in an inert atmosphere until the next cycle was conducted. The first three cycles
were performed without any noticeable deactivation in the catalyst or the base. However, upon
continuing to the fourth cycle a significant deactivation of the base was observed. After the third cycle
of reactivity, only 2.6 mmol of CO, was captured, which was a significant decrease from the 7.1 mmol
captured in the previous three cycles. In the fifth cycle the amount of CO; captured decreased further to
2 mmol. The catalyst, on the other hand, was still able to perform quantitative conversions of the
captured CO; to methane over fourth and fifth cycle. It was noticed that the crystallite size of the
5%Ru/Al,O; catalyst remained relatively consistent over the five cycles. The crystallite size of the
ruthenium metal was 217 A before the reaction and 224 A after five cycles (Table S1 showing the



crystallite size obtained by XRD). This indicates that a deactivation of the base seems to occur over the
course of the recycling experiments.

7
5 M Carbon Dioxide Captured
Carbon Dioxide Converted

5

3

2

1 I

0

1 2 3 4 5

Cycle
Figure 1. CO; capture with NasPO4 and hydrogenation to methane on 5%Ru/Al,O3 over 5 consecutive
cycles.

mmol
IS

In order to understand the observed deactivation, the solid phase of the reaction mixture after 5
consecutive capture/hydrogenation cycles with Na3P0O4 was analyzed by X-Ray diffraction. This solid
phase obtained by decantation contained both the ruthenium catalyst and some white solid that had
formed in the reaction and was insoluble in water. The X-Ray diffraction pattern of this solid mixture
shown in Figure S19 revealed the formation of aluminum phosphate AIPO, that was the result of the
reaction of phosphate species with the alumina catalyst support over several capture/hydrogenation
cycles. Previously it had been reported that aluminum phosphate could be synthesized with phosphoric
acid and alumina, often using elevated temperatures of 250 °C.*** Dibasic and monobasic sodium
phosphate have both also been previously reported for the synthesis of AIPO4.°! However, there are not
many reports of tribasic sodium phosphate being utilized for the synthesis of AIPOa. In Figures S10 and
S11, it was observed by 31P NMR that after several cycles, phosphate salts present in the solution
shifted to more acidic species, i.e. from tribasic to dibasic and mixtures with monobasic sodium
phosphate. As the solution became more acidic it was more likely able to interact with the alumina to
form AIPO,. This relatively slow and progressive transformation could explain why quantitative recycling
was still observed in the first three cycles, and a large loss in the capture capacity was only noticed after
the third cycle as the capture agent became depleted through the formation of AIPO4. The shift to more
acidic species could also have led to lower level of CO, capture as these species have much less affinity
for CO..

The XRD spectrum of the solid containing the catalyst after the hydrogenation reaction (Figure
S18 and S19) also revealed the presence of peaks that can be assigned to ruthenium phosphide (RuP-).
RuP2 has been obtained in previous studies even at temperatures as low as 60 °C.>2°® This could lead to
some of the phosphate salt in the system to be used up over the course of the reaction; however, given
the low concentration of ruthenium in the catalyst, this pathway is much more limited compared to the
formation of AIPO,.

Conclusion



We have shown the possibility to convert carbon dioxide to methane using an aqueous
phosphate mediated capture system. Previously, limited solubility the phosphate salts in organic
solvents had restricted their applications in direct capture and conversion processes as many of them
utilize organic solvents. Utilizing nickel led to catalyst deactivation as phosphorous binding was too
strong and inhibited further reactivity. However, using water and a 5%Ru/AI203 catalyst, quantitative
conversions of captured CO; to methane was obtained within six hours. The system was also able to
undergo several cycles of CO, capture/hydrogenation but showed signs of deactivation of the base after
the third cycle. Nevertheless, the catalyst maintained a high reactivity throughout each cycle and
showed near quantitative conversion even after the base deactivated and inhibited further CO; capture.
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1. Experimental

1.1 Materials and Methods

All experiments were carried out under an inert atmosphere (with N; or Ar) using standard
Schlenk techniques. A commercial 5%Ru/Al>O; catalyst purchased from Alfa Aesar and was used without
further activation or purification. Nickel nitrate hexahydrate (Ni(NOs),:6H,0) and zinc nitrate
hexahydrate (Zn(NOs),:6H,0) (both 99.9% purity) were purchased from Alfa Aesar. Fumed alumina,
Al,Os (Aeroxide AluC) was obtained from Evonik. Potassium (Sigma Aldrich, 298%), sodium (Alfa, 297%),
lithium (GFS Chemicals, 298%), and calcium (Thermo Scientific, 298%) phosphate were used without
further purification. D20 (CIL, D-99.9%), toluene-ds (CIL, D-99.9%) and imidazole (Fischer, 99.5%) were
used as received. 3P and *C NMR spectra were recorded on 400, 500 or 600 MHz, Varian NMR
spectrometers. *C NMR chemical shifts were determined relative to the residual solvent signals. 3!P
NMR were reference to an internal standard, triphenylphosphine oxide (Sigma Aldrich, 98%). The gas
mixtures were analyzed using a Thermo Finnigan gas chromatograph (column: Supelco, Carboxen 1010
plot, 30 m X 0.53 mm) equipped with a TCD detector (CO detection limit: 0.099 v/v%). CO;, (Gilmore,
instrument grade), H, (Gilmore, ultra-high pure grade 5.0), Methane (Gilmore, instrument grade).

1.2 Catalyst Synthesis

The 25%Ni/Al,05s and the 12%Ni/3%Zn/Al,0s catalysts were synthesized in the following way. A
known amount of nickel nitrate hexahydrate (Ni(NOs),:6H,0) and zinc nitrate hexahydrate
(Ni(NO3)2:6H,0) were dissolved into 100 mL of DI water to either synthesize the 25%Ni/Al,Oz or the
12%Ni/3%Zn/Al,05 catalyst. Once the metals were dissolved in the solvent, a known amount of fumed
Al,O3 was added to the solution, forming a suspension. The solution was stirred for 5 hours. Water was
then removed with a rotavapor and the obtained solid dried overnight in an oven at 120°C in air. The
dried material was then calcinated at 700°C for 2 hours after heating it from room temperature to 700°C
at a rate of 5.8°C/min under an atmosphere of air. The catalyst (prepared and calcinated Ni/Al,05 or
Ni/Zn/Al,03) was crushed and sieved to a size of 250 micrometers or less. The sieved material was then
activated in a tubular quartz reactor placed in a tubular furnace (Lindberg Blue). Nitrogen was flown
through the catalyst at a rate of 75mL/min for 30 minutes at room temperature. After that a mixture of
hydrogen/nitrogen (35mL/min and 75 mL/min, respectively) was flown through the catalyst while it was
heated to 700°C (5.8°C/min) and held at that temperature for 2 hours. The catalyst was then allowed to
cool down and was stored in an inert atmosphere for later use.

1.3 Capture Conditions from Pure CO;

10 mmol of alkali phosphate, for example sodium phosphate (NasPQO,4) was dissolved in DI water
(10 mL) in a vial with a magnetic stir bar, resulting in a one molar solution. The gases inside the vial were
then removed under vacuum. CO; was subsequently added while stirring the solution at 800 rpm for 3 h
and maintaining the CO; pressure inside the vessel at 1 psi. The amount of CO; captured was calculated
both through the volume of CO, added and through gravimetric analysis of the solutions before and
after the CO; capture.

1.4 Hydrogenation Conditions

The catalyst was weighed in an atmosphere of argon and then transported to a nitrogen
chamber. There, the capture solution was added to the catalyst. The catalyst and aqueous solution
containing the captured CO, were placed in a borosilicate vial. This vial was then placed in a 125 mL
Hastelloy Parr reactor that was sealed in a nitrogen chamber. The Parr reactor was pressurized with
hydrogen (UHP). After that, the reactor was placed in an aluminum block pre-heated to the desired
temperature and held at that temperature for the duration of the reaction. At the end of the reaction,
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the reactor was cooled to room temperature, the pressure was released, and the solvent was separated
from the catalyst via decanting. A portion of the gas mixture was released into a gas collection bag for
gas chromatography (GC) analysis.

1.5 Recycling Experiments

Once the hydrogenation reaction according to the method described in 1.4 was complete the
reactor was cooled down to room temperature and the pressure released. Part of the pressure was
released into a collection bag for gas chromatography analysis. The reactor was then transferred to a
nitrogen chamber and opened. The liquid in the reactor was separated from the catalyst by decantation
and placed in a 100 mL round bottom flask. This liquid was then subjected to CO; capture following the
procedure described in 1.3. The amount of CO; captured was measured by both the volume of CO,
added and gravimetrically. The liquid after capture was then placed back in the reactor with the same
catalyst that was utilized in the previous cycle. The hydrogenation reaction was then were performed
again with the conditions detailed in 1.4.

1.6 Powder X-Ray Diffraction (XRD)

Powder XRD was performed on a sixth generation Rigaku Miniflex powder diffractometer. The
catalyst was wet loaded onto a sample plate and then dried of any solvent. The scan was set from 10°-
90° at a scan rate of 3°/min. The resulting spectrum were processed on the PDXL software.

1.7 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) images were obtained from a NanoSEM 450 with an
accelerating voltage of 10 kV and a spot size of 3 nm.

1.8 X-Ray Fluorescence (XRF)

X-Ray Fluorescence (XRF) was conducted on a Bruker Tiger S8 instrument. The X-Ray source is
rhodium leading to residual rhodium signals, which are labelled in the spectra. The spectra were all
collected between 0-60 keV. The weight percentages of the metals were calculated using the Bruker
software and all errors of the measurements are reported. The calculations were based on the Ka peak.
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2. Data

2.1 Gas Chromatography Analysis

Gas chromatography was used to analyze the gas mixture and determine if methane and any
other gases were produced. Figures S1 and S2 show the gas chromatograms for the reaction that
produced 7.1 mmol of CH, from 7.1 mmol of captured CO, under 50 bar of H, at room temperature, 200
°C, 300 mg 5%Ru/Al,03, 10 mL H,0 in 6 hours. The peak at 1.7 minutes is H, and is labelled in Figure S1.
Methane has a retention time of 4.5 minutes and is labelled in Figure S2. If CO or CO, appeared in the
spectrum, they would have a retention time of 2.5 and 8.6 minutes, respectively. This shows that the
reaction did not produce any gas other than methane. Figures S3 and S4 show the GC data for the
reaction conducted at 150 °C. Even at lower temperatures, where not all the captured CO, was utilized,
no other gas was detected in the gas mixture.
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Figure S1. Gas chromatogram of the gas mixture after hydrogenation in a high yielding reaction
(conditions: 50 bar H, at room temperature, 7.1 mmol of captured CO,, 6 hour reaction, 200 °C, 300 mg
5%Ru/Al>0Os, 10 mL H,0). Peak expansion for methane is shown in Figure S2.
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Figure S2. Gas chromatogram of the gas phase after hydrogenation in a high yielding reaction from 2
minutes to 14 minutes (conditions: 50 bar H, at room temperature, 7.1 mmol of captured CO,, 6 hour
reaction, 200 °C, 300 mg 5%Ru/Al,03, 10 mL H,0).
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Figure S3. Gas chromatogram of the gas phase after hydrogenation in a reaction at 150 °C (conditions:

50 bar H; at room temperature, 7.1 mmol of captured CO,, 6 hours, 150 °C, 300 mg 5%Ru/Al,03, 10 mL

H,0). Peak expansion for methane is shown in Figure S4.
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Figure S4. Gas Chromatogram of the gas phase after hydrogenation in a reaction at 150 °C from 2
minutes to 14 minutes (conditions: 50 bar H, at room temperature, 7.1 mmol of captured CO,, 6 hours,
150 °C, 300 mg 5%Ru/Al,03, 10 mL H,0).

To calculate the amount of methane that was produced, the integration values were
obtained from the gas chromatogram. For example, the chromatograms shown in figures S1
and S2 have 99.26% H; and 0.74% CHa. Nitrogen is excluded from the calculation (it is due to air
present during the injection using a gas syringe). These integration values are normalized to
account for their response factors. Once the response factors are accounted for the integration
values are 97.21% H, and 2.79% CHa. The pressure prior to releasing the gas was recorded and
utilized for the next step of the calculation. The pressure of 710 psi at the time of release is
multiplied by the percentage of methane. This results in 19.81 psi of methane. This is converted
to atm for further computations by dividing the pressure in psi by 14.696 to obtain pressure in
atm; in this case 1.347 atm. This pressure is then used in gas law’s equation to compute the
amount of moles of methane as shown in equation S1. The temperature that is used for the
calculation is the temperature at the time of the release of the gas. After using gas law’s
equation, there was 7.1 mmol of methane in the gas released from the reactor, which
corresponds to the 100% yield we observed.

(1.347 atm)(0.130 L)

o atm x L
(27.0°C+ 273.15)(0.0821 m)

Equation S1. Example calculation showing the amount of methane (mol) produced, where the
volume is the volume of the reactor was 0.130 L, the temperature is the temperature at which
the gas is released, and R is the ideal gas constant.

mol of methane =
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2.2 NMR Data

Nuclear Magnetic Resonance (NMR) data was also collected to test how the phosphate salt was
capturing the carbon dioxide. Figure S5 shows the 3!PNMR of sodium phosphate tribasic, NasPOs,
referenced to a triphenylphosphine oxide standard, which shows a peak at 5.51 ppm. Figure S6 shows
the 3P NMR of sodium phosphate dibasic, Na,HPO,, referenced to triphenylphosphine oxide with a peak
at 3.28 ppm. Figure S8 shows the 3'P NMR (referenced to triphenylphosphine oxide) of the capture
solution after being subjected to the carbon dioxide capture conditions described in 1.3 of the SI. The
peak in Figure S6, at 4.03 ppm, is further up-field from the peak shown in Figure S5, which is consistent
with the phosphate salt becoming protonated. However, it is not fully the sodium phosphate dibasic
peak. This indicates that the phosphate salt is deprotonating the water and that the resulting hydroxide
anion is assisting in the capture. This is further shown in Figure S9, which is the 3C NMR of the capture
solution referenced to the internal imidazole standard (121.9 ppm). This shows a peak at 161, which is
similar to sodium bicarbonate, NaHCOs. However, upon increasing the capture time from 3 hours to 12
hours the peak in 3'P NMR shifts further up-field and is similar to the sodium phosphate dibasic peak
and shows at 3.28 ppm as shown in Figure S8.
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Figure S5. 3P NMR of sodium phosphate tribasic, NasPOs.
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Figure S7. 3P NMR of the sodium phosphate tribasic capture solution after 3-hour CO; capture.
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Figure S8. 3P NMR of the sodium phosphate tribasic capture solution after 12-hour CO; capture.
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Figure S10 shows the 3P NMR of the reaction mixture after reaction with 5%Ru/Al,Os. It is
evident that we still have a phosphate peak, at 4.27 ppm. This peak is located between the one for
sodium phosphate tribasic (5.51 ppm, Figure S5) and sodium phosphate dibasic (3.28 ppm, Figure S6),
which could mean that a mixture of these two sodium phosphate is be present after the reaction. This
also shows that after the first reaction there is phosphate regeneration. However, upon looking at the
31p NMR of the reaction mixture after five cycles of reaction, the peak is at 2.36 ppm as shown in Figure
S11, which is upfield of the peak for sodium phosphate dibasic. This peak is most likely the result of a
mixture of sodium phosphate dibasic and monobasic. There are no other peaks besides the peak at 2.36
ppm and the triphenylphosphine oxide reference. This means that the phosphate salt is becoming less
basic over consecutive cycles and explains why the recycling experiments are not quantitative over
longer lengths of reaction time as the solution is no longer basic enough to efficiently capture CO,.
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Figure S10. 3'PNMR of the solution after the hydrogenation reaction with 5%Ru/Al,03 (conditions: 300mg
5%Ru/Al,03, 11.3 mmol captured C0,, 200 °C, 6 hours, 60 bar Hy).
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Figure S11. 3'P NMR of the solution after 5 cycles of reactivity with the 5%Ru/Al,Os catalyst.
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'H NMR of the gas mixture after the hydrogenation reaction over 5%Ru/Al,0; was also taken to
check if any other gases beside H, and methane were present at the end of the reaction. Figure S12
displays the THNMR of the gas mixture after reaction, which shows that beside hydrogen and methane
no other gaseous products were present.
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Figure S12. 'H NMR of gas mixture after the hydrogenation reaction with 5%Ru/Al,03 (conditions: 300mg
5%Ru/Al,03, 11.3 mmol captured C0,, 200 °C, 6 hours, 60 bar Hy).
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2.3 X-Ray Diffraction Data
X-Ray Diffraction (XRD) spectra were taken for each catalyst before and after reaction with the

capture solution. D-spacing calculations for each catalyst for the primary metal are shown in table S1
and were calculated with Bragg’s law.
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Figure S13. XRD of 25%Ni/Al,0s before reaction.
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Figure S14. XRD of 12%Ni/3%Zn/Al,0; before reaction.
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Figure S15. XRD of 5%Ru /Al,0; before reaction.
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Figure S16. XRD of 25%Ni/Al,0; after the hydrogenation reaction of the aqueous NasPO, capture
solution.
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Figure S17. XRD of 12%Ni/3%Zn/Al,0; after the hydrogenation reaction with the aqueous NasPO,
capture solution.
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Figure S18. XRD of 5%Ru/Al,Os after the hydrogenation reaction with the aqueous NasPO4 capture
solution.
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Figure S19. XRD of 5%Ru/Al,0s; and other solid materials after 5 cycles of hydrogenation reaction with

the NasPO, capture solution.

Table S1. Table of XRD Data

Catalyst Peak chosen d-spacing (A) Crystallite Size (A)
25%Ni/Al,03 Ni (1,1,1) 2.0931 (5) 144 (3)
12%Ni/3%Zn/Al,05 Ni (1,1,1) 2.0880 (6) 44.2 (5)
5%Ru/Al,0s Ru(1,1,1) 2.0787 (17) 217 (18)
25%Ni/Al,Os after Ni (1,1,1) 2.10248 (9) 225 (41)
reaction

12%Ni/3%Zn/Al,0safter | Ni(1,1,1) 2.12616 (8) 177 (12)
reaction

5%Ru/Al,03 after Ru (1,1,1) 2.0603 (18) 134 (9)
reaction

5%Ru/Al,O; after 5 cycles | Ru(1,1,1) 2.2040 (15) 224 (31)
of reaction

d-space is calculated with Bragg’s law, all calculation errors are shown in parentheses, error is t the

number in parentheses referenced to the last digit
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2.4 SEM Images

SEM images were collected of the 5%Ru/AI203]cataIyst before and after the reaction with
conditions 10 mmol NasPO;, salt after 3 hours under pure CO; stream, 10 mL DI H,0, 200 °C, 6 hours
reaction time, 300 mg 5%Ru/Al,0s, 50 bar H, bnd are shown in Figures S14 and S15 respectively.
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Figure S20. SEM image of 5%Ru/Al,O; before the reaction.
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Figure S21. SEM image of 5%Ru/Al,Os after hydrogenation of the NasPO, capture solution.
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2.5 X-Ray Fluorescence Data (XRF)

XRF measurements were obtained to calculate the weight concentrations of each metal on the
catalysts. All measurements are shown with errors. The radiation is detected by three types of crystals
(LiF200, XS-55, and PET), which required each spectrum to have several runs so that each crystal can be

used for detection. This results in what looks like different baselines that can often be seen above 20
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Figure S23. XRF spectra of 25%Ni/Al,0; zoomed into 0-15KeV
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Figure S24. XRF spectra of 12%Ni/3%Zn/Al,03
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Figure S25. XRF spectra of 12%Ni/3%Zn/Al,0; zoomed between 0-11 KeV
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Figure S26. XRF of commercial 5%Ru/Al,O;

Table S2. Weight percentages of synthesized catalysts

Catalyst Nickel (%w) Zinc (%w)
25%Ni/Al,O3 25.80+0.35 N/A
12%Ni/3%Zn/Al,03 | 11.94+0.62 2.28+1.33
5%Ru/Al,O;3 6.27+1.62 N/A

32



