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Abstract: Formate production via both CO2 reduction
and cellulose oxidation in a solar-driven process is
achieved by a semi-artificial biohybrid photocatalyst
consisting of immobilized formate dehydrogenase on
titanium dioxide (TiO2 jFDH) producing up to 1.16�
0.04 mmolformate g TiO2

� 1 in 24 hours at 30 °C and 101 kPa
under anaerobic conditions. Isotopic labeling experi-
ments with 13C-labeled substrates support the mecha-
nism of stoichiometric formate formation through both
redox half-reactions. TiO2 jFDH was further immobi-
lized on hollow glass microspheres to perform more
practical floating photoreforming allowing vertical solar
light illumination with optimal light exposure of the
photocatalyst to real sunlight. Enzymatic cellulose
depolymerization coupled to the floating photoreform-
ing catalyst generates 0.36�0.04 mmolformate per m2

irradiation area after 24 hours. This work demonstrates
the synergistic solar-driven valorization of solid and
gaseous waste streams using a biohybrid photoreforming
catalyst in aqueous solution and will thus provide
inspiration for the development of future semi-artificial
waste-to-chemical conversion strategies.

Sunlight-driven chemical transformations represent a sus-
tainable route to mitigate waste streams and produce value-
added chemicals.[1] For example, the greenhouse gas CO2

can be converted to valuable fuels or chemical feedstocks in
the presence of a suitable semiconductor.[2,3] The photo-
catalyst absorbs light to generate photo-excited electrons
that perform a reduction reaction such as CO2 conversion to
CO or formate (HCOO� ).[4–6] The holes remaining in the
semiconductor regenerate through oxidation of H2O to O2

in artificial photosynthesis.[4,7,8]

Photoreforming (PR) provides an alternative to O2

evolution by oxidizing waste substrates into valuable organ-
ics instead.[9–12] Waste oxidation through PR has mainly been
performed in combination with proton reduction to H2.
Achieving CO2 photoreduction combined with waste photo-
oxidation would take advantage of both the reduction and
oxidation half-reactions in photocatalysis and generate
valuable carbon-based products from each. Additionally, PR
of glucose, for example, avoids O2 evolution, thereby
requiring less thermodynamic driving force (ΔG° =

� 35 kJmol� 1 vs. 237 kJ mol� 1 for water splitting).
TiO2 represents an archetypical PR catalyst that can

perform solar-driven oxidation of biomass coupled to the
reduction of protons to H2,

[13, 14] using co-catalysts such as Pt
or MoS2 to enhance photocatalytic activity.[15,16] We have
previously reported an example that combines CO2 reduc-
tion with waste oxidation by using a phosphonate group-
bearing molecular cobalt(II)terpyridine complex anchored
on TiO2 (TiO2 jCotpyP), reducing CO2 to CO while
oxidizing pre-treated cellulose to HCOO� .[17]

Conveniently, CO2 can also be reduced to HCOO� ,
allowing for the possibility of combining CO2 reduction with
cellulose oxidation to generate HCOO� from both redox
half-reactions through comproportionation. However, few
co-catalysts are known that can selectively convert CO2 to
HCOO� . A model catalyst for CO2-to-HCOO� conversion is
the enzyme formate dehydrogenase.[18, 19] Most studies with
formate dehydrogenase use the metal-independent enzymes
that require NADH as electron donor.[20] In nature, these
enzymes do not operate for CO2 reduction, as this reaction
is thermodynamically unfavorable,[21] and is only achieved in
vitro at low rates (�0.01 to 1 s� 1)[22, 23] by the use of high
concentrations of NADH, which is unstable and
expensive.[24] In contrast, metal-dependent formate dehydro-
genases, which can have molybdenum or tungsten (W) at
the active site, present CO2 reduction activities orders of
magnitude higher than metal-independent ones (�10 to
400 s� 1). This is made possible by receiving electrons directly
from an exogenous donor which are transferred to the active
site through a chain of iron-sulfur clusters.[18,19, 25] Such a W-
dependent formate dehydrogenase (W/Sec-formate dehy-
drogenase from Desulfovibrio vulgaris Hildenborough
(DvH W/Sec-FDHAB; denoted as FDH) has previously been
interfaced with TiO2 to selectively drive the photo-conver-
sion of CO2-to-HCOO� in the presence of the sacrificial
electron donor triethanolamine.[26] Systems for electrocata-
lytic comproportionation of CO2 and solid plastic waste
have been demonstrated,[27] but a related enzyme-hybrid
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photocatalyst system has not yet been reported for PR. This
is due to several challenges that include finding compatible
reaction conditions and co-catalysts suitable for both redox
half-reactions.

Here, we report simultaneous photocatalytic conversion
of CO2 and cellulose to HCOO� enabled by a selective
photocatalyst consisting of an immobilized FDH on TiO2

(TiO2 jFDH) (Figure 1a). The TiO2 jFDH photocatalyst
oxidizes sugars or enzyme pre-treated cellulose to HCOO�

while reducing CO2-to-HCOO� (Figure 1b). This system
manages to perform CO2-to-HCOO� conversion without the
requirement of costly NADH,[28–30] where electrons are
provided through oxidation of waste substrates (e.g. cellu-
lose) and channeled to FDH through TiO2 acting as a light
absorbing semiconductor. Additionally, a practical floating
TiO2 jFDH photocatalyst allows photocatalytic HCOO�

formation while soluble sugar-based electron donors are
simultaneously generated in the dark through enzymatic
cellulose depolymerization (Figure 1c).

The photocatalytic activity of FDH immobilized onto
TiO2 for CO2 reduction with glucose as the electron donor
was first investigated (Figure 2a and Table S1). A 20 μM
solution of FDH in 20 mM tris(hydroxymeth-
yl)aminomethane (Tris) buffer at pH 7.5 was activated with
DL-dithiothreitol (DTT, 25 mM) under anaerobic
conditions.[19, 31] The activated FDH (14.5 nmolFDHgTiO2

� 1)
solution was added to a glass photoreactor containing an
aqueous TiO2 suspension (0.83 mgmL� 1, P25, particle diam-
eter ~20 nm) in 0.1 M NaHCO3 and 0.1 M D(+)-glucose at
pH 6.5 for self-immobilization. The sealed glass reactor was
irradiated through side illumination with a solar light
simulator (100 mWcm� 2, AM 1.5G, 30 °C and 101 kPa) for
24 h while stirring. Analysis of the liquid products showed
the formation of 0.96�0.05 mmolformate gTiO2

� 1 (by ion chro-
matography) and 0.47�0.06 mmolarabinose gTiO2

� 1 (by high
performance liquid chromatography) while no (or only small

amounts of) CO and H2 (<0.04 mmolgTiO2

� 1) were detected
by gas chromatography (Figure 2a). The formation rate of

Figure 1. a) Photoreforming using TiO2 jFDH for selective CO2-to-HCOO� reduction coupled to glucose-to-HCOO� and arabinose oxidation,
demonstrating the possibility of photocatalytic comproportionation to form a single energy carrier from both half-reactions. b) Pre-treatment of
cellulose with cellulase to generate soluble glucose and cellobiose for photoreforming forming HCOO� with CO2 and TiO2 jFDH. c) Suspended
TiO2 jFDH for side irradiation (left) and floating HGM/TiO2 jFDH (right) for top-down solar light irradiation combined with cellulose
depolymerization for HCOO� formation.

Figure 2. a) Formate, arabinose and H2 formation with TiO2 jFDH.
b) Formate detection by 1H NMR spectroscopy (D2O) of the reaction
solution after photocatalysis with 13C-labeled 13CO2/NaHCO3 and/or
13C6-glucose. H

13COO� is indicated by a JC-H coupling induced doublet
(195 Hz) of formate. Reaction conditions: 0.83 mg TiO2; 12 nM FDH;
0.1 M glucose; 0.1 M NaHCO3; pH 6.5; 1 mL; anaerobic atmosphere;
30 °C; 101 kPa.
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HCOO� was significantly reduced from 6 to 24 h photo-
catalysis (Figure 2a), showing the limited stability of FDH,
consistent with previous photocatalysis work with FDH.[26]

Isotopic labeling experiments were performed with 13C-
labeled 13CO2/NaH13CO3 and 13C6-glucose (Figure 2b, blue
trace for the unlabeled experiment). After 24 h photo-
catalysis and analysis of the reaction solution by 1H NMR
spectroscopy, only H13COO� was formed indicated by the
presence of a doublet induced by JC-H-coupling (195 Hz)
between the 13C-carbon (spin=1/2) and the 1H of H13COO�

(Figure 2b, green trace). A 12/13C mixture of CO2/NaHCO3

and glucose (13CO2/NaH13CO3 and 12C6-glucose (Figure 2b,
red trace), or 12CO2/NaH12CO3 and 13C6-glucose (Figure S1,
black trace) generated a mixture of 12/13C-HCOO� , consis-
tent with the formation of HCOO� from both redox half-
reactions, with a 13C : 12C ratio of 1.0 : 1.4 (Figure 2b, red
trace).

Exclusion experiments in the absence of solar light
irradiation, TiO2 or glucose formed <0.14 mmolformate gTiO2

� 1

(Figure S2). In the absence of FDH, 0.98�0.05 mmolformate

gTiO2

� 1 was formed along with 0.47�0.03 mmolH2
gTiO2

� 1 and
1.96�0.03 mmolarabinose gTiO2

� 1 (Figure S2). Without FDH as
the co-catalyst, TiO2 itself is an effective H2 evolving
photocatalyst under the employed conditions but does not
catalyze any CO2 reduction as confirmed by isotopic
labeling experiments (Figure S3, black trace). In the absence
of CO2/NaHCO3, 0.63�0.07 mmolformate gTiO2

� 1 and
0.39�0.06 mmolarabinose gTiO2

� 1 were formed (Figure S2).
Although HCOO� was detected, it could only originate
from glucose oxidation. Therefore, while HCOO� , arabinose
and H2 were formed photocatalytically in the absence of
FDH or CO2/NaHCO3, no CO2 reduction to HCOO�

occurred. Thus, all components in the photocatalytic system
are required for simultaneous formation of HCOO� from
both redox half-reactions.

The data from isotopic labeling and exclusion control
experiments support that TiO2 acts as a light absorber able
to directly transfer its excited electrons to FDH where they
combine with CO2 and protons from the reaction solution to
generate HCOO� . The electron hole remaining in the
valence band of TiO2 is regenerated by the electron donor
glucose, promoting its further conversion to arabinose and
HCOO� . In a typical CO2-to-HCOO� conversion by metal-
independent formate dehydrogenases, NADH is required as
a co-enzyme to supply protons and electrons for reduction.
In this system, NADH is replaced by a light absorber that
can directly inject electrons sourced from waste biomass into
FDH, providing a low-cost, stable alternative to NADH
desirable for effective use of FDH.

The product ratio after photocatalysis with TiO2 jFDH
and glucose as the electron donor was �2 :1 between
HCOO� and arabinose (Figure 2a), consistent with selective
conversion of CO2 and glucose to HCOO� (Scheme S1).
This was further supported by the 13C : 12C ratio of HCOO�

using 13CO2/NaH13CO3 and 12C6-glucose (see above), which
was close to an expected stoichiometric reaction.

Photocatalysis with TiO2 jFDH (14.5 nmolFDHgTiO2

� 1 and
0.83 mgTiO2

mL� 1) and a decreased glucose concentration
(0.01 M) resulted in the gradual formation of all reaction

products leading to 0.90�0.02 mmolformate gTiO2

� 1 and 0.37�
0.06 mmolarabinose gTiO2

� 1 after 24 h photocatalysis (Figure S4,
S5 and Table S2). 13C labeling experiments at 0.01 M glucose
confirmed the conversion of CO2/NaHCO3 and glucose to
HCOO� (Figure S6). Under optimized conditions
(14.5 nmolFDHgTiO2

� 1 and 0.83 mgTiO2
mL� 1, 0.01 M glucose),

the glucose to arabinose conversion yield was (3.1�0.5)%
after 24 h (Figure S4 and Table S2).

To explore the substrate scope, glucose was replaced
with different soluble sugars for HCOO� formation: C6-
sugars (galactose, maltose, fructose), a C5-sugar (arabinose)
and a C12-sugar (cellobiose) (Figure 3a and Table S3). In all
cases, HCOO� was produced photocatalytically with
TiO2 jFDH. C6-sugars generated the most HCOO�

(�1.00 mmolformate gTiO2

� 1 with galactose or mannose), sim-
ilar to glucose (0.96�0.05 mmolformate gTiO2

� 1). The formation
of HCOO� from sugar oxidation can be explained by the

Figure 3. a) Formate formation after 24 h photocatalysis with
TiO2 jFDH using different sugar-based electron donors. b) Formate,
arabinose, H2 and CO formation after 24 h photocatalysis combining
TiO2 with different molecular and enzyme co-catalysts and glucose as
electron donor. Reaction conditions: a) 0.83 mg TiO2; 12 nM FDH;
0.1 M donor; 0.1 M NaHCO3; pH 6.5; 1 mL; anaerobic atmosphere; 30
°C; 101 kPa. b) 0.83 mg TiO2; 12 nM enzyme (FDH, H2ase) or 8.3 μM
molecular catalyst (CotpyP, NiP); 0.1 M glucose; 0.1 M NaHCO3;
pH 6.5; 1 mL; anaerobic atmosphere; 30 °C; 101 kPa.
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oxidation of the aldehyde functional group to a carboxylate
followed by C� C bond cleavage forming HCOO� , involving
oxygen-centered radicals on TiO2 formed during
photocatalysis.[32, 33] This mechanism is further supported by
decreased HCOO� (0.28�0.01 mmolformate gTiO2

� 1) formation
with fructose, likely due to the absence of an aldehyde
functional group. Arabinose and cellobiose showed lower
amounts of HCOO� formed (0.71�0.03 mmolformate gTiO2

� 1

and 0.43�0.03 mmolformate gTiO2

� 1, respectively). Thus, the
versatility of TiO2 jFDH to photoreform various types of
sugars to HCOO� was shown.

We subsequently explored PR of TiO2 with different
molecular and enzyme co-catalysts. A molecular cobalt
terpyridine co-catalyst (denoted as CotpyP) was selected for
CO2-to-CO reduction and a synthetic DuBois-type nickel
bis(diphosphine) complex with solubilizing phosphate
groups (denoted as NiP) as well as a hydrogenase from
Desulfovibrio vulgaris Hildenborough (DvH [NiFeSe]-
H2ase; denoted as H2ase) (Figure S7) were chosen for
proton reduction.

All co-catalysts were studied in PR for 24 h with glucose
(0.1 M) as electron donor (0.83 mgTiO2

mL� 1 with 8.3 μM
CotpyP or NiP, or 12 nM H2ase) (Figure 3b and Table S4).
For TiO2 jCotpyP, 0.17�0.03 mmolH2

gTiO2

� 1 and 0.023�
0.004 mmolCO gTiO2

� 1 along with 1.14�0.08 mmolformate gTiO2

� 1

and 2.04�0.03 mmolarabinose gTiO2

� 1 were formed.
TiO2 jCotpyP mainly produced H2 and only small amounts
of CO. No HCOO� formed through CO2 reduction with
TiO2 jCotpyP indicated by 13C-labeling (Figure S8).
TiO2 jH2ase generated 1.25�0.06 mmolH2

gTiO2

� 1 along with
1.23�0.03 mmolformate gTiO2

� 1 and 2.10�0.05 mmolarabinose g
TiO2

� 1. For TiO2 jNiP, 2.61�0.19 mmolH2
gTiO2

� 1 along with
2.20�0.04 mmolformate gTiO2

� 1 and 2.29�0.06 mmolarabinose g
TiO2

� 1 were formed.
PR with TiO2 and various molecular and enzyme co-

catalysts have comparable catalytic performances despite
�1000 times lower co-catalyst loading for enzymes. Thus,
the high product specificity and activity expected of enzymes
was demonstrated, despite the presence of highly active
radical species that could potentially deactivate the
enzymes.[33] The current state-of-the-art molecular PR co-
catalyst (CotpyP) has significantly lower activity and
selectivity towards CO2 reduction compared to FDH under
these reaction conditions where CO2 originates solely from
its equilibrium with NaHCO3. The product ratio for
TiO2 jH2ase deviates from what would be expected for a
selective overall redox reaction, indicating the difficulty of
controlling the overall reaction in PR conditions even for
selective enzymes.

Thus far, different soluble sugars were used as model
substrates for PR. We therefore sought to use insoluble
biomass waste, such as polymeric cellulose. To fully utilize
cellulose for PR, a pre-treatment step to solubilize cellulose
to sugars must be implemented. One possibility is to use the
enzyme cellulase to hydrolyze cellulose under ambient
conditions in aqueous medium (Figure 1b). PR with
TiO2 jFDH can conveniently be performed under similar
conditions as enzymatic cellulose depolymerization, allowing

for simultaneous pre-treatment and PR in an integrated
process.

We performed PR experiments with TiO2 jFDH (12 nM
FDH, 0.83 mgTiO2

mL� 1) in 0.1 M NaHCO3 at pH 6.5 in the
presence of cellulose (16.2 mgmL� 1) and cellulase
(0.8 mgmL� 1) (Figure 4a and Table S5). Cellulase depoly-
merized cellulose to cellobiose and glucose to act as soluble
electron donors in the photooxidation step forming HCOO� ,
while CO2 was also reduced to HCOO� . After 24 h of PR,
0.43�0.02 mmolformate gTiO2

� 1 was formed along with glucose
and cellobiose (0.10�0.04 mM and 0.98�0.26 mM). The
photocatalytic activity was lower compared to direct use of
glucose or cellobiose (up to 0.96�0.05 mmolformate gTiO2

� 1),
indicating that cellulase may somewhat inhibit photocata-
lytic activity. Isotopic labeling experiments confirmed
HCOO� formation through both redox half reactions (Fig-
ure S9). Step-wise pre-treatment and PR formed a similar
amount of 0.45�0.02 mmolformate gTiO2

� 1 (Figure 4a).
Enzymatic depolymerization of cellulose does not re-

quire light irradiation and can occur in the dark without
interfering with the photocatalytic step. Therefore, more
practical reaction configurations were explored based on
vertical illumination of the PR reactor, thereby mimicking
the trajectory of natural sunlight. Using a biohybrid photo-
catalyst composite that can float at the solution surface,
sunlight can be efficiently used for PR while different
reactions not driven by light can proceed in the bulk
solution, especially if a reaction suspension is involved
hindering light absorption of the photocatalyst. For example,
enzymatic depolymerization of cellulose can generate solu-
ble sugar-based electron donors (dark; Figure 1b) for PR
(light). This configuration will also allow for cellulose

Figure 4. a) Glucose, cellobiose and formate formation after 24 h
photocatalysis with TiO2 jFDH of a filtered cellulose suspension
incubated with cellulase (step-wise) in the presence of cellulose and
cellulase (one-pot). b) Floating HGM/TiO2 jFDH photocatalyst for
vertical illumination combined with cellulose depolymerization with
cellulase for formate formation. Reaction conditions: a) 0.83 mg TiO2;
12 nM FDH; 16.2 mg cellulose; 0.8 mg cellulase; 0.1 M NaHCO3;
pH 6.5; 1 mL; anaerobic condition; 30 °C; 101 kPa. b) 8.3 mg
HGM/TiO2; 12 nM FDH; glucose (0.1 M) or cellulose (32.4 mg) with
cellulase (1.6 mg); 0.1 M NaHCO3; pH 6.5; 2 mL; anaerobic atmos-
phere; 30 °C; 101 kPa.
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depolymerization and photocatalysis in one pot, thereby
decreasing reactor footprint and solution processing.

Floating TiO2 composites were prepared by immobilizing
TiO2 onto silica-based hollow glass microspheres (iM30k,
denoted as HGM) using an aluminosilicate cement, denoted
as HGM/TiO2 (20 wt % TiO2; see Supporting Information
for details).[34] The presence of TiO2 (P25) was confirmed by
powder XRD, SEM, UV/Vis and IR spectroscopy (see
Supporting Information for details; Figures S10–S15).

PR of HGM/TiO2 was tested in a photoreactor allowing
top-down irradiation (see Figure 1c, Figure S16 and Sup-
porting Information for details) with FDH (2.8 nmolFDHg� 1)
self-immobilized onto HGM/TiO2 (8.3 mg) in a 0.1 M
NaHCO3 and 0.1 M glucose solution at pH 6.5 (Figure 4b
and Table S6). After 24 h photocatalysis, 0.97�
0.09 mmolformate m� 2 was formed. Isotopic labeling experi-
ments with 13CO2/NaH13CO3 and 12C6-glucose, confirmed
stoichiometric oxidation and reduction to HCOO� (Fig-
ure S17). Replacing glucose with cellulose and cellulase,
where cellulase converted cellulose into soluble sugars in the
bulk solution while photocatalysis occurred on the floating
HGM/TiO2 jFDH photocatalyst generated 0.36�
0.04 mmolformate m� 2 after 24 h, indicating the efficient pro-
duction of HCOO� .

In conclusion, we have introduced a biohybrid photo-
catalyst that demonstrates light-driven comproportionation
of solid waste and gaseous CO2 to produce a single energy
carrier in aqueous solution under ambient temperature and
pressure. The reported semiconductor-enzyme system con-
sists of formate dehydrogenase and titanium dioxide nano-
particles (TiO2 jFDH), which simultaneously reduce CO2

and oxidize various cellulose-derived wastes to formate with
excellent selectivity and activity. This semi-artificial photo-
reforming catalyst can float when supported on low-density
silica microspheres to allow for vertical illumination photo-
catalysis, while performing cellulose depolymerization
through enzymatic pre-treatment in the dark bulk suspen-
sion. This work introduces biohybrid photoreforming cata-
lysts to achieve full valorization of both redox reactions to
form clean chemicals, which will motivate the exploration of
other (bio)catalysts with improved stability and new reac-
tivity in the future development of photoreforming.
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