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ARTICLE INFO ABSTRACT

Keywords: Combining terrestrial biomass with submarine-type hydrothermal environments for CO, reduction is a possible
CO, reduction approach for realizing new energies while achieving sustainable circulation of carbon. Herein, carbohydrate-
Biomass enabled CO, reduction based on NaHCO; conversion to formate revealed that hydrothermal environments fa-
Hydrothermal cilitated direct hydrogen transfer from carbohydrates (glucose, cellulose) to CO,/NaHCO3 with hot water

Abiotic synthesis
Green hydrogen
Mechanism

(250-300 °C, 5-20 MPa) acting as homogeneous catalyst in absence of any conventional catalysts giving CO,/
NaHCO3 reduction efficiencies as high as 76% for cellulose. Time-resolved operando hydrothermal DRIFTS
spectra of glycolaldehyde in hot water (250 °C, autogenous pressure) verified that water catalyzed NaHCO3;
reduction by converting the -CHO group in the carbohydrate to its hydrated state as -CH(OH),, which enabled
NaHCOj3 reduction by direct hydrogen transfer and that the ratio of hydrogen transfer from water:-
glycolaldehyde for NaHCO3 reduction was about 13:87 on an atom basis. For cellulose exploited as energy input,
a greater than 3.4% solar-to-formate efficiency can be theoretically attained, which is unprecedented compared
with present literature values. These findings provide basic data for future studies on biomass-enabled CO,

reduction and broaden the scope of hydrothermal chemistry for developing net-zero emission processes.

Introduction

Humanity's voracious consumption of fossil fuels is leading to growing
atmospheric CO, concentrations with corresponding threats to the en-
vironment. To achieve sustainability, CO, reduction technologies must be
developed that have two requirements: net-zero emissions and high effi-
ciency. [1-3] The first requirement could be met by photo-catalytic CO,
conversion systems, [4,5] however, direct solar-to-fuel conversion pro-
cesses have only attained efficiencies of less than 1% with noble catalysts,
and their general applicability is limited. [6,7] Catalytic hydrogenation
can be used for CO, reduction with relatively high efficiencies and se-
lectivities, [8,9] but hydrogen used in many proposed schemes is derived
from non-renewable fossil fuels, [10,11] posing difficulties in achieving
overall net-zero emissions. An integrated system for CO, reduction into
CH30H by combining solar cells, electrolysis of water and CO, hydro-
genation has been proposed to enhance photo-catalytic CO5 conversion
efficiency, [12] but the chemical steps are complex and the system sus-
tainability still requires development.

Abiotic reduction of CO, dissolved in water to form organic mole-
cules initiated by serpentinization in natural H,-rich alkaline

hydrothermal vents has drawn particular interest, [13,14] since it
provides favorable conditions for sustainable reduction of carbon
compounds fundamental to Earth's carbon cycle. Nature's hydrothermal
reduction environments are also believed to have contributed to the
origins of life and to the formation of a large proportion of natural
petroleum. [15-18] Thus, different ways of reducing CO, can be
achieved by mimicking geochemically robust hydrothermal vent sys-
tems for CO, reduction. In the synthesis of abiotic organic molecules in
natural hydrothermal systems isolated from solar radiation and power
generation without energy input from sunlight, reducing conditions are
produced through the reaction of ferrous Fe-bearing oxide and/or sul-
fide minerals with hot water. [19-21] In simulated geochemical hy-
drothermal environments, the choice of reductant or reducing energy
input is of primary importance for achieving net-zero emissions and
efficient CO,, reduction.

Biomass and bio-related organic compounds can contain highly
active and reductive functional groups (-OH, -CHO, -NH,) which afford
hydrogen production in hydrothermal environments, [22-26] ren-
dering biochemicals as a viable hydrogen donor source for CO, re-
duction. Since biomass stores solar energy, using it to drive CO,
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reduction offers great potential in the effort to gain net-zero emission
reaction systems. Moreover, CO, is naturally fixed through photo-
synthesis in biomass, thus, additional CO5 reduction with biomass al-
lows double CO, fixation. De facto, biomass has been employed as a
compensated energy source for CO, reduction in electrochemical sys-
tems, owing to its much lower theoretical electricity consumption. [27]
This kind of consideration conforms to the growing view that sustain-
ability must be included in performance metrics in conversion systems.
[28] While substantial progress has been made in developing electro-
chemical systems, [29-31] many challenges still remain in exploiting
biomass energy for its complete oxidation or selective conversion.
[32,33].

On the other hand, hydrothermal environments have shown their
effectiveness for biomass conversion, particularly in rapid breakage of
chemical bonds and chemical transformations. [34,35] For example,
continuous reaction systems have been demonstrated for biomass
conversions that have maximum treatment capacities of 2 kg h ™! of dry
biomass for acetic acid production. [36,37] Biomass has intrinsic re-
activity to support sustainable CO, reduction as can be seen by ex-
amples for carbohydrate derivatives such as glucitol and glycerol, and
marine biomass as microalgae, [38-40] that show prospects for large-
scale implementation of CO, reduction systems under hydrothermal
conditions. Consequently, detailed mechanisms of reduction reactions
in hydrothermal environments becomes imperative, which are not ea-
sily elucidated due to the high-temperatures (ca. 250 °C) and high-
pressures (5-30 MPa) used. When reduction of CO, is the target reac-
tion, specially-prepared noble metal-based catalysts are generally re-
quired due to the thermodynamic stability of the CO, molecule,
[41-43] inevitably limiting practical applications of the catalytic sys-
tems. On the other hand, water at conditions of high-temperature and
high-pressure, which is referred to as hot water in this work, has many
unique properties such as weakened hydrogen bonds and high ion
product [44] that enable it to act as a homogeneous catalyst for hy-
drolysis in hydrothermal environments. Therefore, some key questions
of this study can be posed as follows. Can the properties of water be
manipulated so as to promote a wide scope of carbohydrate-enabled
CO, reductions and if so, what are the underlying mechanisms of the
hydrogen transfer?

Here, we focus on CO, reduction by carbohydrate biomass under
hydrothermal conditions and describe mechanisms of CO, reduction
based on NaHCO; conversion with carbohydrates in the absence of
heterogeneous catalysts and how hydrogen is formed from carbohy-
drate biomass sources. Based on the elucidated mechanisms in CO,/
NaHCOs3/carbohydrate/water systems, CO, reduction with direct use of
cellulose is studied. Furthermore, considering that carbohydrates store
solar energy, an estimation is made for a solar-to-formate conversion
efficiency.

Experiments
CO,/NaHCO3 reduction with carbohydrates

All experiments regarding the reduction of CO,/NaHCO3; with car-
bohydrates, with the except of investigations with time-resolved oper-
ando hydrothermal infrared methods, were conducted using a series of
stainless steel 316 tube reactors (9.525 mm (3/8 in.) o.d., 1 mm wall
thickness, 120 mm long) with Swagelok caps as end fittings providing
an inner volume of 5.7 mL (detailed schematic in Fig. S1). Typical
procedures for the batch experiments were as follows. In one-step ex-
periments, desired amounts of NaHCO3 in solid powder form, glucose
(or cellulose) and water were loaded into the reactor which was then
sealed and placed into a salt bath preheated to reaction temperature.
After a given time, the reactor was removed from the salt bath and
immediately immersed in a cold-water bath to terminate the reaction.
In two-step experiments, a desired amount of glucose (or cellulose) and
NaOH solution were first loaded into the reactor as the first step. After a
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given time, the reactor was immersed in a cold-water bath to terminate
the reaction and to complete the first step. Then, a certain amount of
NaHCOj3 in solid powder form was added into the reactor and it was
sealed and heated. After a given time, the reactor was cooled down to
room temperature to complete the second step of the reaction. In all
experiments, gaseous and liquid samples were collected and analyzed
(details in Supplementary Materials).

Operando hydrothermal diffuse reflectance infrared Fourier transform
spectroscopy (OH-DRIFTS)

Time-resolved operando hydrothermal diffuse reflectance infrared
Fourier transform spectroscopy (OH-DRIFTS) was used to monitor hy-
drothermal reactions. The OH-DRIFTS system was composed of an in-
frared (IR) spectrometer (Thermo Fisher, iS10), an observation en-
closure, a high-pressure / high-temperature reaction cell with diamond
windows useable at 250 °C for pressures up to 30 MPa, a heating
system, a high-pressure pump and a cooling system. Schematic draw-
ings of the equipment are shown in Fig. S2.

When monitoring hydrothermal reactions, desired amounts of re-
actants and water were sealed in the reaction cell, which was then put
into the observation enclosure. After reaching the desired reaction
temperature, OH-DRIFTS spectra were collected as the reaction pro-
gressed. When monitoring the NaHCO; reduction with glycolaldehyde,
the spectrum of glycolaldehyde or NaHCOj3 solution alone were sub-
tracted as background. Using the OH-DRIFTS database, the spectrum of
water was subtracted as background from all spectra.

The reason for using glycolaldehyde (C2 aldose) instead of glucose
for studying reduction reactions with NaHCOj3; in the OH-DRIFTS
system is that small aldoses are intermediates of glucose and the reac-
tion mechanism with glucose or small aldoses (including glycolalde-
hyde) is the same since the reduction is fulfilled by an aldehyde group.
More importantly, glycolaldehyde has a simple chemical structure
which avoids glucose side reactions such as dehydration, isomerization
or degradation.

Evaluation of reduction efficiency

The efficiency of CO,/NaHCO;3 reduction with carbohydrates was
determined by the proportion of CO,/NaHCO3; generated formate to
concentration of carbohydrates added to the system. The equation used
for evaluation of efficiency of CO,/NaHCO; reduction with carbohy-
drates (glucose or cellulose) can be written as follows:

CO,/NaHCO;generated formate(mol/L)
Concentration of carbohydrate(mol/L)

Formate yield(%) = X 100%

(€8]

Details for determining CO,/NaHCO; generated formate can be
found in Supplementary Materials.

Results and discussion
CO2/NaHCO3 reduction with glucose

Reduction of CO, was first studied with glucose as a model com-
pound for carbohydrates using stainless-steel tube reactors at condi-
tions of (200 —300) °C and (10— 20) MPa to mimic natural submarine
hydrothermal vents (T < 400 °C and p < 100 MPa). [19-21] However,
negligible formic acid was obtained despite varying reaction settings of
temperature, time and water filling. Encouragingly, formation of for-
mate was clearly observed when alkali was introduced into the system
(Table S1), i.e., when gaseous CO, was sealed with 1 mol/L NaOH so-
lution for saturation before the reaction. Further experiments of varying
solution pH showed a maximum in formate formation with optimal
formate production being observed for pH values of around 9 (Fig. S3).
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Fig. 1. NaHCO; reduction with glucose in hot water. (a) Formate production from glucose reaction with NaOH (orange line, bottom axis) or NaHCOj; (solid bars,
upper axis) (0.24 mol/L glucose, 1h, 300°C). (b) *C NMR spectra of glucose reaction with NaH'?CO5; or NaH'3CO5 (0.24 mol/L glucose, 6 mol/L NaH'?CO5 or

NaH'3CO03, 300°C, 1 h).

Since HCO5' is the dominant carbon species in this pH region (Fig. S4),
it can be suggested that it is necessary to convert gaseous CO, into
HCO3 species before formate is able to form.

Since formate can be also produced from glucose under hydro-
thermal alkaline conditions, [45] further experiments were performed
to investigate the contribution of CO, reduction to formate production.
NaHCO3 was used to replace CO, because the key to formate produc-
tion was in transforming CO, into HCOj3™ as aforementioned. Further-
more, in abiotic reduction of dissolved CO, in natural submarine al-
kaline hydrothermal systems, HCOj3' is the dominant anion in dissolved
carbon species. [17,46,47] As an experimental control on the method,
experiments with glucose were conducted in the absence as well as in
the presence of NaHCOs3. The experiments involved: (i) examination of
formate production by varying pH to confirm that increased formate
formation in the presence of NaHCO3; was not due to changes in pH; (ii)
examination of H, production; (iii) evaluation of the effect of reaction
conditions on formate production. In experiment 1, the highest formate
concentration (1600 ppm) with glucose was much lower than that
(7423 ppm) with NaHCO3 (Fig. la) indicating the contribution of
NaHCO3; reduction to formate formation. In experiment 2, H, gas for-
mation increased with increasing NaOH concentration in the case of
only glucose, whereas H, gas formation greatly decreased with in-
creasing NaHCO; (Fig. S5) which suggested that the hydrogen in glu-
cose was consumed by NaHCO; reduction to formate. However, this
does not indicate that gaseous H, is the reductant for NaHCO;3 as a
decrease of H, is caused by hydrogen consumption prior to the for-
mation of molecular H, as shown later in the mechanistic study. Finally,
experiment 3 showed that with coexisting NaHCO3; and glucose, reac-
tion conditions had a large effect on formate yield, whereas with only
glucose, no significant changes in formate production were observed
(Fig. S6). These results provide strong evidence that the increase in
formate concentration in the coexisting system of NaHCO3 and glucose
under hydrothermal conditions was due to the reduction of NaHCOs.

Direct evidence for NaHCO3 reduction to formate was obtained by
distinguishing formate from different sources with '*C NMR measure-
ments based on following line of thought: if a signal of 13C in formate
appears in 1>C NMR when NaH'3COj is used, the observed signal should
directly infer NaHCO3 reduction to formate. As shown in Fig. 1b, for
reaction with NaH'2CO; and glucose, no NMR signal of H'*COO™ was
observed. In contrast, in a labeled experiment using NaH'*COs, a strong
signal associated with H'*COO™ was detected at 168.2 ppm, which
clearly confirmed NaHCO; reduction to formate with glucose as the
reductant. Furthermore, an enhanced signal of CH;COOH was observed
in 13C NMR, suggesting that NaHCO5 reduction to acetic acid was also
achieved in the system (enlarged spectra of glucose reaction with

NaH'3COj; in Fig. 7). Quantification of NaHCO; reduction was made
by examining formate production from NaHCO; with '°C-QNMR.
CH3'®COOH was deliberately selected as internal standard because the
-COOH group in formic acid and acetic acid have identical sensitivities
in NMR analysis (detailed quantification method in Supplementary
Materials). Formate yield from NaHCO3 was approximately 34% under
optimized conditions, indicating that the hydrothermal CO, reduction
with carbohydrate is highly efficient.

Hydrogen source for CO,/NaHCO3 reduction and mechanism

Possible hydrogen sources for CO,/NaHCO; reduction include (i) H,
generated from the carbohydrate reforming in water and (ii) direct
hydrogen transfer from the carbohydrate to CO,/NaHCO;. To study
how the reductive hydrogen in the carbohydrate became associated and
reduced CO,/NaHCOs, time-dependent variation of intermediates and
products were observed for glucose reducing NaHCO3. As shown in Fig.
S8a, NaHCO3 reduction began after 10 min and formate increased
continuously thereafter. Glucose generated small aldoses with carbon
numbers from 2 to 5, which were gradually consumed as NaHCO; was
reduced and aldonic acids such as glycolic acid, the oxidized product of
C2 aldose, were observed (Fig. S8b). Finally, formic acid and acetic acid
were produced as oxidation products of glucose. Thus, glucose gener-
ated small aldoses for NaHCO3 reduction due to its aldehyde group that
was then converted to the carboxyl group, leading to the formation
aldonic acids as intermediates and carboxylic acids as products (other
products from glucose conversion are listed in Table S2).

From these results, it can be tentatively proposed that CO,/NaHCO;
was reduced through carbohydrate hydrogen transfer, since the aqu-
eous reforming of carbohydrates commonly generates alkanes apart
from H, as products; [24] possible reaction pathways are shown in
Fig. 2. The nucleophilic aldehyde group is what reduces the HCO5 into
HCOO" as glucose is oxidized to gluconic acid, most likely through di-
rect hydrogen transfer from the aldehyde group to NaHCOs. Then,
gluconic acid undergoes direct a-scission to form formic acid and
pentose (C5 aldose). Subsequently, a similar reaction to the HCO3 re-
duction with the aldehyde group in glucose proceeds stepwise to reduce
the carbon number of pentose with production of formate. As a result, a
total of twelve formate/formic acid molecules are produced from the
reduction of NaHCO3 by glucose, with half of them being derived from
NaHCOj and the other half being derived from glucose (pathway I). On
the other hand, a significant increase of acetic acid was observed as
product, thus pathway II — involving first dehydration then decarbox-
ylation as side reactions — appears likely to occur in the reaction (Fig. 2,
Pathway II). In total, by pathway II, glucose reduces two NaHCO;
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Fig. 2. Proposed reaction pathways of NaHCOj3 reduction with glucose (reactant NaHCOs3/its reduced HCOO™ and glucose formed NaHCOj3/its reduced HCOOH are

depicted in blue and violet, respectively).

molecules with itself oxidized into two formic acid and two acetic acid
molecules. Notably, Pathway I surpasses Pathway II, in that Pathway [
reduces four more NaHCO3 molecules than Pathway II.

Direct hydrogen transfer mechanism

Further support for direct hydrogen transfer from the aldehyde
group to NaHCOj; type of mechanism - the key step in NaHCO; re-
duction — was provided by OH-DRIFTS measurements for which
NaHCO3 reduction with glycolaldehyde (C2 aldose) was used instead of
glucose to eliminate by-product noise (details in Supplementary
Materials). As this was the first time that OH-DRIFTS had been used to
observe hydrothermal reduction of CO,/NaHCO5; with carbohydrates,
an OH-DRIFTS database of reactants and possible intermediates was
built beforehand (Fig. S9). The OH-DRIFTS spectra of NaHCO3 reduc-
tion with glycolaldehyde are shown in Fig. 3 in which signals at ca.
1279 cm ™! and 1395 cm ™ can be assigned to formaldehyde and gly-
colic acid, [48] respectively. As shown in Fig. 3, signals for for-
maldehyde and glycolic acid gradually intensified and later flattened,
representing intermediates, further supporting the proposed reaction
pathways shown in Fig. 2, namely, that aldose was first oxidized to
aldonic acid and later degraded to smaller aldoses with one less carbon
to achieve NaHCO3 reduction.

Signals in the region of (2800-3000) cm ™! were assigned to v(C-H)
mode of formate in light of the built OH-DRIFTS database (Fig. S9).
Besides continuous growth, peaks of v(C-H) became blue-shifted after
15 min (Fig. 4a and b), which represents an elevated C-H bond energy.
Based on the inductive effect, this enhanced C-H bond energy is likely
to be caused by another functional group linked to the C atom, as it
dispersed the electron cloud of center C. Hence, this shift could suggest
the formation of orthoformate (HCO(OH),), the hydrated formate,
which transforms to formate through loss of H,O (Fig. 4d). Although
the existence of orthoformate has been supported by ab initio compu-
tations, [49,50] it is quite difficult to isolate orthoformate due to its
activity. Thus, further support for this shift to orthoformate was ac-
quired by FTIR signals of esterified compounds of formic acid and or-
thoformic acid, HCO(OCH3) and HC(OCHs3)3. The wavenumber of v(C-
H) in HC(OCHj3); was also higher than that of HCO(OCH3) (Fig. S10a),
demonstrating that the shift of v(C-H) in formate was probably due to
the formation of orthoformate. When gaseous Hj is used in NaHCO;
reduction, NaHCO; is reduced to formate directly as it is

thermodynamically favored. [51,52] However, no similar shift of v(C-
H) in formate was observed in OH-DRIFTS spectra of NaHCO; reduction
with gaseous H (Fig. S11). Thus, the detection of orthoformate here
demonstrated that rather than being reduced by gaseous H, from glu-
cose oxidation, the NaHCO3; was reduced via hydrogen transfer between
glucose (aldehyde group) and NaHCO;. Indeed, when ex-situ H,
(1 MPa) was applied as reductant, only a small amount of formate (less
than 200 mg/L) was produced, further confirming the advocated hy-
drogen transfer mechanism, and more importantly suggesting its crucial
contribution to the high reduction efficiency of NaHCO3.

Catalytic role of hot water in direct hydrogen transfer

With confirmation of the hydrogen source for NaHCO; reduction
being determined, we were curious in how hydrogen transfer could
proceed so efficiently between NaHCO; and the carbohydrate even
without the addition of a heterogeneous catalyst. To address this point,
OH-DRIFTS spectra of NaHCO3; reduction with glycolaldehyde were
further analyzed, focusing on signals in the region of (1000-1200)
cm ™!, the typical stretching mode of C-O bond (v(C-O)). Enlarged
spectra revealed that three peaks at ca. (1032, 1082, 1125) cm™ !
evolved with reaction progress and flattened as the reaction approached
completion (Fig. 4c), indicating that the peaks were reaction inter-
mediates. These signals were further ascribed to the C-O bond of hy-
drated formaldehyde and glycolaldehyde by analyzing the self-built
OH-DRIFTS database when considering inductive effects (Figs. S9b and
S9¢) and excluding the formation of methanol and ethylene glycol from
formaldehyde and glycolaldehyde by Cannizzaro reaction (Fig. S10b,
analysis details in Supplementary Materials). Thus, peaks at ca.
1082 cm ™! and 1125 cm ™! were assigned to hydrated glycolaldehyde,
and the peak at ca. 1032 cm ™! was assigned to hydrated formaldehyde.

When a -CHO group becomes hydrated, reductive hydrogen at-
tached to the center carbon of a molecule becomes nucleophilic, which
can easily reduce electron deficient substances. [53] Thus, when mo-
lecular water hydrates the -CHO group to form -CH(OH),, reductive
hydrogen becomes so active that it can directly attack NaHCO3; mole-
cules through hydrogen transfer. The mechanism is detailed in Fig. 4d
taking glycolaldehyde as the representative carbohydrate. When the
-CHO group in glycolaldehyde is hydrated, a six-member ring transition
state results with HCO3', leading to the formation of a C-H bond be-
tween highly activated hydrogen and HCOj; through nucleophilic
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Fig. 3. OH-DRIFTS spectra of NaHCO3 reduction with glycolaldehyde in hot water (0.9 mol/L NaHCO3, 0.125 mol/L glycolaldehyde, 250 °C, autogenous pressure).
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v(C-H) in formate. (c) Enlarged signal of v(C-O) in hydrated glycolaldehyde and formaldehyde. (d) Catalytic role of water in hydrogen transfer for NaHCO3; reduction
(reactant NaHCO3/its reduced HCOO™ and glycolaldehyde formed HCOOH are depicted in blue and violet, respectively. Reductive hydrogen in glycolaldehyde is

exhibited in red, and H,O catalyzing the reaction is shown in green).
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addition of a C=0 bond. Thereafter, HCO3" is reduced to orthoformate
and glycolaldehyde is oxidized to glycolic acid. Subsequently, ortho-
formate loses H,O to form formate, while glycolic acid undergoes direct
a-scission to formic acid and formaldehyde, which then reduces
NaHCOj3 by repeating the above steps until completion. It is known that
water under hydrothermal conditions has unique properties such as
high H*/OH" concentrations that promote acid/base catalyzed reac-
tions. [54] However, the role of molecular water as a homogeneous
catalyst has scarcely been probed with few such examples being elu-
cidated based on DFT calculations. [55] Here, with OH-DRIFTS, it could
be experimentally verified that water catalyzes NaHCO3 reduction by
converting the -CHO group in a carbohydrate to its hydrated state as
-CH(OH),, which enabled NaHCOjz; reduction through hydrogen
transfer, thus obviating the need for noble metal-based catalysts.

Hot water as hydrogen source for NaHCO3 reduction

After determining how hydrogen in a carbohydrate became asso-
ciated and then reduced NaHCOs, it was necessary to consider if water
could act as a hydrogen source in the reduction of NaHCOs. If so, with
solar energy naturally stored in biomass, biomass invoked water split-
ting for CO, reduction could possibly lead to an altered mode of arti-
ficial photosynthesis. Generally, experiments with D,O are employed
for checking the reactive behavior of water; however, considering H-D
exchange of glucose in D,O due to its isomerization to ketose, [56]
reactions were conducted with glycolaldehyde reducing NaHCO; in
D,0. As expected, no H-D exchange was observed when only glyco-
laldehyde reacted under hydrothermal conditions (Fig. S12). Intrigu-
ingly, during NaHCO3 reduction with glycolaldehyde in D,O, DCOO
was formed (Fig. 5a), which is a clear demonstration that water is one
of the hydrogen sources in NaHCO3 reduction and that carbohydrates
are an energy source capable of splitting water for CO5 reduction. The
contribution of water to the reduction of NaHCO3 was further assessed
by quantifying the DCOO™ content of total formate with *H-QNMR
measurements. DCOO™ accounted for 12.3% of total formate, i.e., the
ratio of hydrogen from water and glycolaldehyde for NaHCO3 reduction
was about 13:87 on an atom basis. From previous discussion, the me-
chanism by which water is hypothesized to act as a hydrogen source is
depicted in Fig. 5b: the -CHO group becomes hydrated to attack sur-
rounding water molecules in a similar process to how -CH(OH), reduces
NaHCO; through hydrogen transfer, thus generating a highly active
H+H intermediate leading to NaHCO3 reduction.

Enhancement of CO reduction and assessment of reaction energy budget
Based on the proposed reaction pathways in Fig. 2, if glycolaldehyde

could be selectively produced from glucose, enhanced NaHCO; reduc-
tion might be obtained since side reactions such as dehydration and
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Fig. 6. Variation of formate yields in water with first-step reaction time
(0.125 mol/L glycolaldehyde, 3 mol/L NaHCOs, first-step reaction was per-
formed at 25 °C (blue line) and 300 °C (orange line), respectively, and second
step reaction was performed at 300 °C for 1h).

tautomerization would be avoided. Thus, a two-step reaction strategy
was formulated to enhance CO, reduction in which the first-step reac-
tion was designed to accelerate the formation of intermediates such as
glycolaldehyde from glucose at low-temperatures (ca. 25 °C), or via
short reaction times at high-temperatures (ca. 300 °C). For the first-step
reaction, formate yield increased to about 44% in 7 h at 25 °C (Fig. 6),
and more encouragingly, a maximum formate yield of 55% was
achieved in 40s at 300°C (Fig. 6). Thus, a formate productivity of
0.069 mol/Lh ™! could be attained in the reaction, which was relatively
a promising result comparing to other reported values through catalytic
hydrogenation or photo-catalytic reactions (as listed in Table S3).
Next, NaHCO; reduction with cellulose was considered. The 3C
NMR analysis for NaH'3COj3 reaction with cellulose showed a strong
H'3COO" signal (Fig. 7a), clearly confirming NaHCO; reduction into
formate with cellulose. NaHCO3 reduction through direct use of a
biopolymer provides key experimental evidence that hydrothermal re-
duction of CO, with biomass occurs. By optimizing the two-step reac-
tion strategy, a maximum formate yield of 76% was achieved, with an
even higher yield than that with glucose being obtained when the first-
step reaction was performed at 300 °C for 120 s (Fig. 7b). The enhanced
formate yield for cellulose is possibly due to glycolaldehyde being
highly efficient in NaHCO3 reduction. Moreover, glycolaldehyde can be
selectively produced from slow hydrolysis of cellulose, restricting the
production of other small aldoses (such as C3 and C4 aldose) than in the
case with glucose. In fact, only very minor formation of acetic acid and
the smallest trace of lactic acid were detected with cellulose as

N
Hg OH|i| -H0 O._OH _ .
H,0 \#/ CH,OH
CH,OH
[o NEPEN 0~ [0} (o]
SOH | on “HOMerHOm U+ o
‘0 0 '\
H--- H---

Fig. 5. Role of water as hydrogen source for NaHCO3 reduction. (a) 2H NMR spectrum of NaHCO; reduction with glycolaldehyde in D,O (0.125 mol/L glyco-
laldehyde, 3 mol/L NaHCO3, 1 h, 300 °C). (b) Mechanism of water as hydrogen source (taking glycolaldehyde as the representative of carbohydrate — the hydrogen
source in water and glycolaldehyde is shown in yellow and red respectively while the H,O catalyzing reaction is shown in green).
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Fig. 7. NaHCOj; reduction with cellulose in hot water. (a) 'C NMR spectrum of NaH'3COj3 reaction with cellulose (0.125 mol/L cellulose, 3 mol/L NaH'3CO3, 300 °C,
1 h). (b) Variation of formate yields with first-step reaction time (0.125 mol/L cellulose, 3 mol/L NaHCOs, first-step reaction was performed at 300 °C, and second

step reaction was performed at 300 °C for 1 h).

reductant which are products that easily obtained from C3 or C4 aldose
oxidation (Fig. S13).

To see whether or not a net carbon benefit could be realized with
carbohydrate-enabled CO, reduction, product distributions were ana-
lyzed, where it was found that H, was the only gaseous product and
glucose was converted to formic acid and acetic acid (Fig. S5). Thus,
CO,, was solely assimilated in the reduction.

Thermodynamic data of CO, reduction with carbohydrates was
determined based on the proposed reaction pathways (Fig. 2). Calcu-
lated reaction enthalpy and Gibbs energy were both negative (Egs. (2)
and (3)), indicating NaHCOj3; reduction with glucose was not only
spontaneous, but also exothermic, that is, glucose provides an energy
source for NaHCO3 reduction, thereby saving expense of other kinds of
energy consumption to afford a net carbon benefit.

CeO6H> (s) + 6HCO; (aq) — 6HCOO" (aq) + 6HCOOH (aq)

(2)

CeOgHy5 (s) + 2HCO;3 (aq) — 2HCOO™ (aq) + 2HCOOH (aq) +
2CH;COOH (aq)

3)

The production of formic acid and acetic acid from glucose de-
monstrates that in the proposed system, both NaHCO3 and glucose are
converted into valuable chemicals indicating high atomic efficiency. As
worldwide demand for formic acid continues to grow, especially as a
renewable hydrogen carrier, [57-59] formic acid production from both
CO,, and carbohydrates in one reaction system can be more sustainable
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than existing routes.

As carbohydrates provide an energy source for CO, reduction,
and with the consideration of energy consumption of hydrothermal
reactions, fundamental assessment of energy efficiency of solar
(contained in carbohydrate) to fuel (formate) was performed. First,
total energy input (Qjnpye) and output (Qouepus) Of the reactions were
determined. CO, reduction with carbohydrates under hydrothermal
conditions comprises three steps: heating (HT) and cooling (CL) of
the reaction solution, and the reaction (RE) itself. As shown in Fig. 8,
during HT, thermal processes can be divided into four parts. In RE, a
certain amount of reaction heat can be collected, which is the en-
thalpy change of reaction in Eq. (2) with consideration of heat loss
based on Carnot's theorem (Qgrg). During CL, the reaction solution is
cooled down to ambient temperature so that solution heat can be also
collected with consideration of heat loss also based on Carnot's
theorem (Qcp).

Thus, if one mole of reactant (glucose) is considered, total energy
input (Qjnput) Of the reaction is determined as 7272.12kJ by the fol-
lowing equation (calculations in Supplementary Materials):

Qinput =1x AI'Gggll.lcose + QHT - QRE - QCL (4)

Total energy output (Qoutpur) is 12 X ArG°ncoon based on Eq. (2),
and ArG°ycoon is determined regarding energy density of HCOOH as
240.27 kJ/mol. [60] Thus, Quiput = 12 * 240.27 = 2883.24 kJ/mol.

Then, the theoretical solar-to-formate energy efficiency (nsolar-to-for-
mate) Via CO, reduction with carbohydrates was determined assuming
the use of the solar energy “trapped” in the carbohydrate and coupling

DvapH (H,0)

(Carnot's theorem)* * Carnot cycle

Fig. 8. System boundary of CO, reduction with carbohydrates in hot water.
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with photovoltaic devices. In terms of energy input, photosynthesis
efficiency of plants (npg) is considered for ArG®;ycose, and for “Qur - Qrg
- Qcr, With solar energy being first transferred into electricity (nsgg)
and then electricity being used to heat the reaction system (ngyr). Thus,
theoretical solar-to-formate energy efficiency (nsolar-to-formate) can be
expressed as:

12 X ArG° HCOOH
+ HT(Q) - RE(Q) - CL(Q)
PE 7SEE X JEHR ()

nsolar—to—formate = IxarGe glucose

According to general information available for npg, nsge and ngur,
theoretical solar-to-formate efficiency was determined to be 3.4%
(calculations in Supplementary Materials). When further considering
the optimal reaction efficiency of CO, reduction of 76% here, attainable
solar-to-formate efficiency is 2.6% (3.4% * 76% = 2.6%), which is over
twice that reported for optimal solar-to-formate energy conversion ef-
ficiencies of artificial photosynthesis (approximately 1%). [4] More
encouragingly, if gene regulated plants are used as reactants, that is 8%
photosynthesis efficiency for plants, [61,62] it follows that a solar-to-
formate energy efficiency of 3.4% could be attained.

Conclusions

This work describes a geochemically-inspired strategy for efficient
CO, reduction with carbohydrates in hot water. The study shows that
reduction of CO,/NaHCO3 into formate by cellulose occurs in yields as
high as 76%, and carbohydrates are oxidized to value-added carboxylic
acids. Thus, carbohydrate-enabled CO, reduction based on NaHCO;
conversion to formate has potential application with net carbon zero
emission benefits. OH-DRIFTS spectra revealed that hot water acts as a
homogeneous catalyst in NaHCO3; reduction by hydrating the -CHO
group in a carbohydrate into -CH(OH),. These findings provide basic
reaction chemistry on CO, reduction with carbohydrates in hot water
by employing in situ spectroscopic techniques that support the devel-
opment of future biomass-enabled CO, reduction processes. The results
in this study broaden the knowledge database of molecular interactions
between carbohydrates and inorganic compounds in hydrothermal en-
vironments and expand the applications of hydrothermal chemistry for
developing net carbon zero emission processes.
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