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CO, was successfully reduced using powdered waste silicon wafer as a reducing agent and a catalytic
amount of tetrabutylammonium fluoride. The waste silicon wafers could be recovered during the
production of solar panels or at the end of the product’s life cycle. The catalytic reduction reaction
occurred under atmospheric pressure of CO, at 95 °C to produce formic acid at 68% yield based on
CO,. The reaction mechanism was investigated based on isotopic experiments and X-ray photoelectron
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spectroscopy analysis of powdered silicon. This reaction system has potential applications in methanol

rsc.li/energy-advances synthesis and the reductive functionalisation of amine to formamide.

Broader context

The reductive conversion of CO, to useful chemicals is key to the transition to a carbon-neutral economy. Meanwhile, waste solar panels also require proper
disposal. Because the reductive transformation of CO, by silicon-based reducing agent is a well-known catalytic process, here we directly used waste silicon
wafers recovered from solar panel production as a reductant for CO, conversion, without requiring any newly prepared reducing agent. Tetrabutylammnonium
fluoride acts as an efficient catalyst for converting CO, to formic acid with powdered silicon wafer, with a yield up to 68% based on the CO, used. This reaction
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system is also applicable to the syntheses of methanol and formamide.

Introduction

In 2020, the recorded annual mean atmospheric concentration
of carbon dioxide (CO,) was 414.01 ppm,' almost 50% higher
than the average level in the pre-industrial era (278 ppm during
1750-1800).> As a consequence, global temperature has risen by
approximately 1 °C from the pre-industrial level.® Despite a
transient reduction of 6.4% of global CO, emission in 2020 due
to various lockdown measures to combat the spread of COVID-
19,*° this translates to a mere 0.01 °C reduction in temperature
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increase by 2050.° Moreover, considering the excess CO,
already in the atmosphere, we cannot go back to business-as-
usual even after the COVID-19 pandemic is over. The United
Nations Environment Programme (UNEP) predicted thata 7.6%
annual reduction of CO, emission for at least a decade is
necessary to limit the global temperature rise in 2100 to
1.5 °C above the pre-industrial level.” The agency suggested
prioritising direct support for zero-emission technologies and
infrastructure, reducing fossil fuel subsidies, putting a stop to
new coal plants, and promoting nature-based solutions.®

The generation of electricity and heat accounts for most of
the CO, emissions® when fossil fuels are combusted to release
their energy. A major shift to renewable energy would greatly
reduce CO, emission. The year 2020 saw a 7% growth in the use
of renewable sources for electricity generation. It is predicted
that in 2025, solar photovoltaics (PV) alone would account for
60% of all renewable capacity additions.’

On the other hand, using CO, as a feedstock for chemical
processes contributes to the diversification of carbon sources in
chemical and energy industries, as well as reduces CO, emis-
sion into the atmosphere.'®™* However, CO, is chemically very
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Fig. 1 Potential circular economy when CO, is reduced by waste silicon
from solar panels to produce alternative feedstock for industries.

stable and therefore not as versatile as hydrocarbons from
fossil resources under the current commercially available tech-
nology. To overcome this hurdle, it is necessary to increase the
energy content of CO, closer to that of hydrocarbons through a
series of chemical reductions, whose cost needs to be compe-
titive against the market price of fossil resources."?

One possible cheap reducing agent is metallic silicon, which
can be sourced from commercial solar PV cells. The Interna-
tional Renewable Energy Agency (IRENA)' estimated that in
2050, there will be 60-78 MT of global PV panel waste, of which
two-thirds are of the crystalline silicon variety. The current
economic value of these panels is still low," despite the high
purity of silicon wafers that account for approximately 2% of
their weight.'® A considerable amount of waste silicon is also
produced during the wafer production process. Therefore,
utilising waste Si from solar panels to reduce CO, into organic
chemicals and energetic compounds would form a circular
economy that is beneficial to the environment, as shown in
Fig. 1.

Ozin and coworkers'” successfully transformed CO, to CO at
a high initial rate of 4.5 mmol h™' ¢g~" Si utilising hydride-
terminated silicon nanoparticles at 150 °C and 27 psi (ca.
0.2 MPa) and under irradiation of 1 sun solar intensity. Dasog
and coworkers'® synthesised methanol from CO, (1 MPa) at
150 °C with a methanol yield of 0.23 mmol after 3 h using 0.25 g
of hydride-terminated porous silicon nanoparticles. However,
in both studies, the silicon powder had to be treated with a
large amount of toxic hydrofluoric acid to synthesise the
hydride-terminated silicon nanoparticles. Meanwhile, there
has been no report on CO, reduction using real silicon wafer
waste from solar panel production.

In this study, we successfully synthesised formic acid,
methanol, and formamide from CO, and powdered silicon
wafers obtained from a solar panel production process. This
is the first report on catalytic CO, reduction directly using
silicon. A catalytic amount of fluoride salts significantly pro-
moted the reaction under milder reaction conditions (0.1 MPa
CO, pressure, 95 °C). The sources of carbon and hydrogen in
formic acid and methanol were confirmed by experiments
using *CO, and D,O, respectively. The key catalytic reaction
step is Si-Si bond cleavage and in situ formation of an active Si-
H species, which was also revealed in the reaction of disilane
and H,O with fluoride.'*™*
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Fig. 2 Method for catalytic CO, reduction with powdered Si wafer.

Methods

The methods for preparing powdered Si wafers and CO, con-
version reactions are summarised in Fig. 2. A silicon wafer used
for solar panel production, Czochralski monocrystalline silicon
wafer, was obtained from the Renewable Energy Research
Center, AIST. It was crushed in an alumina mortar and sifted
using an automatic sieve of 300, 90, 40, and 20 pm sizes. To a
glass or stainless steel (SUS) autoclave reactor, the powdered
wafer, catalyst, solvent, and H,O were added. Then, CO, was
introduced either by balloon or pressurisation, followed by
heating to start the catalytic reaction.

Results and discussion

The first investigated reaction was the formation of formic acid.
As shown in Fig. 3, the effects of catalyst (A), solvent (B), and
water additive (C) were screened. Fluoride was found to be the
best anion to catalyse this reaction, due to its ability to break
the Si-Si bonds in metallic silicon. In the presence of tetra-
butylammonium fluoride (TBAF), the amount of formic acid
formed was the highest. Tetrabutylammonium (TBA) salts with
other anions did not show any catalytic activity. No product was
obtained without TBAF catalyst. We also confirmed that no
reaction occurred without silicon powder. In terms of solvents,
polar aprotic solvents such as dimethylsulfoxide (DMSO),
dimethylacetamide (DMA), and N-methylpyrrolidone (NMP)
were suitable for the reaction, while the less polar ones (toluene
and dioxane) performed significantly worse. The reaction was
also carried with and without added H,0. Formic acid produc-
tion was not observed in the absence of H,O, and it reached the
optimum value when using 10 mmol of H,O. However, excess
H,0 had a detrimental effect on the formic acid yield, probably
because of the enhanced solvation effect of TBAF-3H,0, which
reduced the activity of fluoride anion as a catalyst.

The effect of silicon particle size was also examined. Fig. 4
shows that the finest powder yielded the most formic acid,
which is significantly different from the coarse silicon powders
and the parent silicon wafer. Note that Ozin et al.'” utilised
silicon nanoparticles with an average diameter of 3.5 nm, and
Dasog et al.'® utilised porous silicon nanoparticles with a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of (A) catalyst, (B) solvent, and (C) amount of water on the
reduction of CO, with silicon wafer. Basic reaction conditions: powdered
silicon wafer (diameter < 40 um; 5 mmol), CO, (0.1 MPa, balloon), H,O
(10 mmol), TBAF-3H,0 (0.05 mmol), DMSO (2 mL), 95 °C, 24 h. Yield was
determined through internal standard technique of 'H NMR with CDCls as
the solvent and 1,3,5-triisopropylbenzene as the internal standard.
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Fig. 4 Effect of silicon particle size on formic acid yield from the reaction
system of CO,, H,O, and powdered silicon wafer catalysed by TBAF-3H,0.
Reaction conditions: powdered silicon wafer (5 mmol), CO, (0.1 MPa,
balloon), H,O (10 mmol), TBAF-3H,0O (0.05 mmol), DMSO (2 mL), 95 °C,
24 h. Yield was determined through internal standard technique of *H NMR
with CDClz as the solvent and 1,3,5-triisopropylbenzene as the internal
standard.

diameter of 155 4 25 nm. In contrast, the silicon wafers used in
this study were only mechanically crushed without any
chemical treatment, but they afforded a large amount of formic
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acid (up to 1.2 mmol) with a catalytic amount of the fluoride
source (0.05 mmol). We also examined the reaction using
commercially available silicon powder. Under similar condi-
tions using TBAF catalyst, the yield of formic acid was
0.10 mmol,"* which is much lower than the results reported
here. This is due to the particle size differences and/or fresh-
ness of silicon particle surface.

The effect of silicon particle size was also apparent from the
X-ray photoelectron spectroscopy (XPS) analysis of residual
silicon powder after formic acid synthesis, as shown in
Table 1 and Fig. S1 (ESIt). Crushing the silicon wafer increased
the percentage of exposed Si’ (binding energy, BE: 99.4 eV) on
the particle surface, guaranteeing easy access for fluoride
anions to break the Si-Si bonds and a high yield of hydrosilane.
While most of the Si° was oxidised to Si*" (SiO,, BE: 103.5 eV)
after the reaction, some Si’ remained in the silicon wafer
without crash, probably because of the inaccessibility of the
inner parts of the wafer to the reagents and catalyst. The fresh
silicon powder and recovered solid after the reaction were
characterized by XRD and SEM-EDS. As shown in Fig. 5, XRD
analysis indicates that clear signals assigned to metallic silicon
was observed in fresh powder, while this intensity decreased
with increasing a board signal at ~20 degree. This broad signal
is assigned to amorphous SiO,. SEM-EDS analysis also revealed
that the significant amount of oxygen atom was detected in
recovered samples, which was scarcely observed in fresh silicon
powder (Fig. S6, ESIt). These results indicate that silicon
powder was oxidized by the reduction of CO,.

We have previously reported a reaction mechanism for CO,
reduction by disilane (R;Si-SiR;3) with H,O and fluoride cata-
lysts, including Si-Si bond cleavage and the in situ formation of
an active Si-H species that reduces CO,. The applicability of
that mechanism to the current reaction system with metallic
silicon was examined using isotope experiments, as sum-
marised in Scheme 1. The main goal was to determine whether
the formic acid was derived from CO, and H,O. First, fluoride-
catalysed synthesis of formic acid was conducted using an
excess amount of "*C-enriched CO, (99 atom% ">C) in a balloon
at atmospheric pressure to confirm the source of carbon. The
'"H NMR spectrum of the reaction mixture (Fig. S2, ESIY)
indicates the coupling of "*C-"H through a split of the formyl
peak around 8 ppm with Jiy 13c = 215 Hz.**** A similar
experiment of formic acid synthesis was performed using
10 mmol of D,O (>99.8 atom% D) instead of H,O in typical
experiments, in order to confirm the source of proton. After
24 h, the reaction mixture was examined using >H NMR, where
the formic acid-d showed a clear peak at 7.82 ppm (Fig. S3,
ESIt). Mass analysis also revealed that deuterium was

Table 1 Areal percentage of Si** and Si® derived from Si 2p XPS spectra

Silicon source Condition Si** (%) Si° (%)

Si wafer Fresh 44 56
After catalysis 91 9

Powdered Si wafer (diameter < 40 um) Fresh 24 76
After catalysis 99 1

Energy Adv.,, 2022, 1, 385-390 | 387
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Scheme 1 Isotopic experiment. *CO,: powdered silicon wafer (5 mmol;
diameter < 20 pm), *CO, (1 atm), H,O (10 mmol), TBAF-3H,O
(0.05 mmol), DMSO (2 mL), 95 °C, 24 h. D,O: powdered silicon wafer
(5 mmol; diameter < 20 um), CO, (1 atm, balloon), D,O (10 mmol), TBAF-
3H,0 (0.05 mmol), DMSO (2 mL), 95 °C, 24 h.

incorporated into the formyl group of the synthesised formic
acid (Fig. S4, ESIt).

To increase the conversion of CO,, we further optimised the
reactor and CO, pressure, as shown in Table 2. The use of an
SUS autoclave reactor with a volume of 27 mL and atmospheric
pressure of CO, significantly increased the yield of formic acid
to 68% (based on CO,). Meanwhile, the amount of formic acid
increased continuously with increasing CO, pressure.

To understand the mechanism of CO, reduction reaction
with the powdered silicon wafer, F 1s XPS spectra were mea-
sured for the silicon wafer and the catalyst as shown in Fig. S5
(ESIt). After the reaction, silicon bonded with one or two
fluorine atoms. The formation of Si-H on the silicon surface
in the presence of fluoride and H,O is widely accepted.'”"*® The
isotopic experimental results in Scheme 1 indicate that CO,
and H,O are converted to formic acid. Considering these
findings, we propose a reaction mechanism (Scheme 2) for
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Table 2 Catalytic high-yield synthesis of formic acid from CO, and
powdered silicon wafer?

TBAF-3H,0
) (0.85 mmol) (0]
co, + Si + HO —— 5 &':
2 7 (powdered wafer) (10 mmol) pPMSO (2 mL) H”~~OH
(5 mmol) 95°C, 24 h
Cco,’ Formic acid®  Yield of formic acid
Reactor (atm) (mmol) based on CO,? (%)
Glass (balloon) 1.0 (excess) 0.55 —
Autoclave 1.0 0.82 68
Autoclave 3.0 1.03 28
Autoclave 5.0 1.05 17
Autoclave 9.2 1.75 16

¢ Reaction conditions: powdered silicon wafer (5 mmol; diameter <
20 um) CO,, H,0 (10 mmol), catalyst (0.85 mmol), DMSO (2 mL), 95 °C,
24 h.” Initial pressure during CO, mtroductlon Yield was deter-
mined using the internal standard technique of "H NMR with CDCI;,
as the solvent and 1,3,5-triisopropylbenzene as the internal standard.
9 vield was calculated based on the amount of CO, used.

© o)
F Ve
fresh surface H H
reduction
product |
/C\
(+H20)
OXIdIZed surface / \O

- co2

A@
o AC

OH

Scheme 2 Proposed catalytic reaction mechanism. A™:
hydroxide ion.

fluoride or

the fluoride-catalysed reduction of CO, by metallic silicon and
H,0. Initially, fluoride anions attack and cleave Si-Si bonds
near the surface. A new Si-F bond is formed in the silicon that
is more electron-deficient, and the other silicon atom forms a
new Si-H bond with nearby water molecule. The newly formed
Si-H bond reduces CO, with the help of an anionic catalyst
(A™: fluoride or hydroxide) according to a previously reported
mechanism.** The resulting surface-bonded silylformate then
undergoes hydrolysis to yield formic acid and an oxidised
surface. Because of the high oxophilicity of silicon atoms, some
of the Si-F is replaced by silanols (Si-OH) or siloxane (Si-O-Si),
and a free fluoride anion is regenerated. However, the replace-
ment of fluorosilane with silanol may not be irreversible but
rather follows an equilibrium.?® This reaction mechanism is
based on the reaction between CO,, H,O, and disilane (R;Si-
SiR;).>*

The TBA-catalysed reaction system using the powdered
silicon is potentially applicable to produce other reduction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Effect of CO, pressure on the methanol yield. Reaction con-

ditions: powdered silicon wafer (5 mmol; diameter < 20 pum), CO,, H,O
(10 mmol), TBAF-3H,0 (0.85 mmol), DMSO (2 mL), 95 °C, 24 h. Yield was
determined by GC-FID using an internal standard technique. (B) Mass
spectra of methanol produced in the reactions using (a) *CO, and
(b) CO,.

products from CO,. During the isotopic experiments investigating
the carbon and hydrogen sources of formic acid (Scheme 1), we
observed methanol, a six-electron reduction product of CO,, in our
reaction mixture. The methanol yield increased with increasing CO,
pressure (Fig. 6A). In addition, this methanol contains a consider-
able amount of *C (Fig. 6B), meaning that it originates from CO, by
reduction with hydride from H,O. Further optimisation of the
reaction conditions may increase the methanol yield.

Another important application of our powdered silicon-TBAF
catalytic system is the reductive functionalisation of CO,. In the
presence of morpholine, both CO, reduction and C-N bond
formation proceeded to produce N-formyl morpholine with a 87%
yield (Scheme 3). Isotopic experiments using “CO, and D,O
indicated that the formyl group of the product was derived from
CO, and H,0. No formylation product was obtained in the absence
of powdered Si. The use of hydrosilane or molecular hydrogen for
reductive functionalisation is well known.>* However, this is the first
report on reductive functionalisation using powdered Si wafer, a
waste material, as the reducing agent.

Conclusions

We have shown that metallic silicon waste recovered from the
solar panel production process can be utilised as a reducing

CO, + S ¢+ HO 4 HNTY
2 7 (powdered wafer) (10 mmol) K/o
(8 atm) (5 mmol)
(1.0 mmol)
TBAF-3H,0 0
(0.05 mmol) .

> H'C\N/ﬁ
DMSO (4 mL)

120°C, 72 h
87% Yield

(based on amine)

Scheme 3 Reductive functionalisation of CO, with an amine.
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agent for CO, to produce formic acid, methanol, and forma-
mide. We demonstrated that fluoride compounds such as TBAF
act as efficient catalysts for the reductive transformation of
CO,, with up to 68% yield of formic acid. Isotopic experiments
and XPS analysis of silicon before and after the catalytic
reaction revealed that the fluoride-silicon interaction induced
the in situ formation of Si-H species, which in turn reduced
CO,. This is the first report of a catalytic CO, reduction process
that directly uses waste metallic silicon. This methodology has
the potential to achieve the dual goals of recycling CO, as a
chemical feedstock and utilising silicon waste from solar
panels to produce energy storage materials.
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