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from atmospheric carbon dioxide†

Dorsa Parviz,‡ Daniel J. Lundberg,‡ Seonyeong Kwak, Hyunah Kim and
Michael S. Strano *

Carbon fixing materials are a new class of self-healing, self-reinforcing materials we have introduced that

utilize ambient CO2 to chemically add to an ever extending carbon backbone. This class of materials can

utilize biological or non-biological photocatalysts and support a wide range of potential backbone chem-

istries. However, there is no analysis to date that describes their fundamental limits in terms of chemical

kinetics and mass transfer. In this computational study, we employ a reaction engineering, and materials

science analysis to answer basic questions about the maximum growth rate, photocatalytic requirements

and limits of applicable materials. Our proposed mathematical framework envelops three main functions

required for carbon fixing materials: (1) adsorption of CO2 from air, (2) photocatalytic reduction of CO2

into selected monomers, and (3) polymerization of CO2-derived monomers. First, by performing a

Damköhler number analysis, we derive criteria for the cross over from kinetic control to mass transfer

limited growth, setting upper limits on performance of a potential photocatalyst. Next, we analyze photo-

catalytic reduction of CO2 to single carbon products, using known catalytic pathways and kinetic data. We

identify formaldehyde as a C1 intermediate having unique potential for incorporation into the material

backbone of carbon fixing materials. As an example, we find that a diamond-shaped reaction network

graph for CO2 reduction, passing through CO and HCOOH intermediates, accurately describes kinetic

data for cobalt-promoted TiO2 nanoparticles at room temperature and 1 atm CO2. Finally, as an applied

case study, we consider and analyze the example of a carbon fixing poly(oxymethylene) system with

embedded catalyst promoting the photocatalytic reduction of CO2 to formaldehyde. The latter then tri-

merizes to a trioxane monomer which subsequently polymerizes to polyoxymethylene. This reaction

engineering analysis introduces benchmarks for carbon fixing materials with respect to achievable rates of

photocatalysis, adsorption, and polymerization. These results should prove valuable for the design, evalu-

ation, and benchmarking of this emergent and new class of environmentally sustainable materials.

1. Introduction

Industrial polymer production worldwide exceeds 350 million
tons per annum and is mostly derived from petroleum
sources. Moreover, consumer and industrial products are most
commonly designed for short term usage lifetimes and to be
disposable, generating 4600 million tons of cumulative landfill
waste since 1950.1 The urgency surrounding issues of climate
change and environmental protection have motivated the
search for alternative materials and circular carbon solutions

to replace those with substantial carbon footprints. Carbon
fixing materials are a new class of self-healing, self-reinforcing
materials recently introduced by our laboratory as a concept
and prototype example.2 These materials are designed to
utilize ambient CO2 to chemically add to an ever extending
carbon-based backbone, granting unique benefits. Such
materials are carbon negative as their service lifetime persists,
providing an attractive alternative to petroleum derived poly-
mers. Microcracks formation and propagation can be
restricted in carbon fixing materials, because the presence of
active adsorbents and photocatalysts in their structure enables
continuous CO2 reduction and monomer polymerization on
the defective sites, giving rise to their self-healing behavior.
The continual addition of carbon mass can potentially offset
the micro-cracks and degradation that impart typical polymers
with short lifetimes that ultimately swell landfill volumes. The
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design of such carbon fixing materials currently lacks an ana-
lysis of key synthetic constraints. These include performance
criteria and limits for polymer growth imposed by kinetic
versus mass transfer limitations on carbon adsorption and
conversion within the material. An integrated framework that
provides understanding of the limits on CO2 adsorption, kine-
tics governing the photocatalytic reduction of CO2, and
polymerization of intermediates is the centerpiece in design
and engineering of carbon fixing materials. We address this
integrated analysis in this work and provide a general
roadmap for interfacing and improving these components to
maximize the polymer growth rate over time.

As an example carbon fixing material, we recently coupled
extracted chloroplast with a secondary polymerization chem-
istry to produce self-healing polymeric materials only by using
atmospheric CO2 and light as energy source.2 Among the three
major sugars exported from chloroplasts (glucose, maltose,
and triose phosphate), glucose is often used for glycopolymer
synthesis since it is easily converted to gluconolactone by
glucose oxidase. In our carbon fixing, the exported glucose was
converted by glucose oxidase to gluconolactone, which sub-
sequently reacted with primary amine-functionalized acryl-
amide monomers, 3-aminopropyl methacrylamide, to form a
polymer matrix. We have enhanced glucose export from the
isolated chloroplasts to gain quantifiable molecules for build-
ing of a self-growing material. In the presence of light and
exposure to atmospheric carbon dioxide for 18 hours at room
temperature, the formation of hydrogel-like material was
observed around the chloroplast membrane. This design
achieves an average growth rate of 60 μm3 per h per chloroplast
under ambient CO2 and illumination over 18 h, thickening
with a shear modulus of 3 kPa. This material can demonstrate
self-repair using the exported glucose from chloroplasts and
chemical crosslinking. However, a plant-based carbon fixing
may be inefficient as a large portion of the design volume is
dedicated to functions other than carbon fixation such as bio-
synthesis. On the other hand, a plant-based system may suffer
from short lifetime of the extracted chloroplast. Hence, a more
chemically robust, efficient, and long-lasting carbon fixing
may be realized by replacing the chloroplast with an inorganic
photocatalyst that allows for the use of a range of CO2

reduction products (formaldehyde, formic acid, methanol) in
production of a polymeric material.

There have been attempts in the literature to create poly-
mers from carbon dioxide to facilitate the transition from
fossil-based to CO2-sourced plastics. Thus far, these efforts
have been focused on the catalytic conversion of CO2 to four
classes of polymers including polycarbonates, polyurethanes,
polyureas, and polyesters can be synthesized from CO2.

3 These
polymers may be synthesized either by direct co-polymeriz-
ation of CO2 with co-monomers or by the synthesis of CO2-
sourced monomers including cyclic carbonates, carbamates,
urea, and lactones, followed by their copolymerization with
other compounds.4–9 These CO2-sourced monomers can be
obtained via various pathways among which the CO2 reactions
with epoxides to yield carbonates, with primary amines and

amino alcohols to produce carbamates, with ammonia to gene-
rate urea, and with butadiene to form lactone intermediates
are the most studied ones.3,10–12 These synthetic processes
commonly require high energy input; thus, are often per-
formed at elevated temperatures in presence of noble metal
catalysts. These processes have not been adapted and evalu-
ated at temperatures near ambient and atmospheric pressures
of CO2, making it unclear as to whether they apply as carbon
fixing strategies. They also need co-reactants and tend towards
expensive and non-earth abundant catalysts. In all carbon
reduction strategies, the energy budget must be carefully
examined.

Since the first demonstration of CO2 reduction on several
semiconductors upon illumination by Inoue et al.,13 research-
ers have investigated various families of materials for their
potential application in harvesting light energy for CO2 photo-
catalytic reduction.14 In this process, the photocatalyst absorbs
light energy, separates the photogenerated charges and trans-
fers them to the CO2 and other reactants adsorbed on the
photocatalysts active site.14–16 Commonly, a semiconductor
with a band gap capable of absorbing light in UV and visible
range and band edges properly positioned to provide sufficient
overpotential for CO2 reduction is the main component of this
photocatalytic process. TiO2 and ZnO, meeting all the theore-
tical requirements for a high-efficiency photocatalyst, have
been vastly studied for their performance in the CO2

reduction.17,18 Often, a metal co-catalyst such as Pt, Pd, Ni, Co,
and Cu or metal oxides such as RuO2 is added to the semi-
conductor to avoid the electron–hole recombination and facili-
tate the charge transfer to CO2 on the surface.19 Additionally,
photosensitizer may be added to enhance the light absorp-
tion.16 In recent years, the efforts have been focused on devel-
oping nanostructures and hybrids of various semiconductors
and co-catalysts for improved performance in CO2

reduction.20,21 Despite of all the efforts in this field, the practi-
cal application of these systems is challenged by the low
energy conversion efficiency (due to fast electron–hole recom-
bination), low product yield (few tens of µmol per g catalyst
per h), poor selectivity of the products, and the lack of control
over the competing H2 production reaction. Fortunately,
inspired by the emergent need for renewable energy sources
and limiting of the atmospheric CO2 level, current efforts are
focused on discovery and development of novel efficient photo-
catalyst to overcome these challenges.

In this work, we envision the carbon fixing material as a
compartmental composite that enables the atmospheric CO2

adsorption, its photocatalytic reduction to intermediates, and
further polymerization of the selected intermediate to yield a
self-healing composite as shown in Fig. 1. We introduce a
general theoretical framework that captures the overall effect
of multiple interconnected processes on CO2 fixation and
polymer growth rates and allows one to evaluate and bench-
mark any design for a carbon fixing material. Using this plat-
form, any combination of CO2 adsorbent, photocatalyst, and
polymerization pathway may be investigated for an estimation
of optimum growth rate and inherent limitations of the
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designed system. Identifying the rate limiting process within
the designed carbon fixing material, either CO2 adsorption or
CO2 photocatalytic conversion or polymerization, guides the
engineering of these constituents—either independently or in
conjunction. As a case study, we apply this framework to a
representative pathway of CO2 fixation to polyoxymethylene
(POM) through formaldehyde as the CO2-sourced monomer.
The full chemical pathway consists of CO2 adsorption and
three chemical conversions. For each step, we propose a reac-
tion mechanism based on experimental data reported in the
literature, obtain the optimum rate constants, and integrate
the individual steps into a single kinetic model to represent an
idealized one-pot reaction system converting CO2 to POM.
Mapping the polymer growth with respect to improvements in
photocatalytic activity and CO2 adsorption kinetics provides a
roadmap to direct the design and engineering of a desired
carbon fixing material toward technologically feasible adsor-
bents-photocatalysts hybrids with polymer growth rates com-
parable to those of plants.

2. Simultaneous adsorption and
photocatalytic conversion of CO2

The success of any carbon fixing material is tied to the rate at
which it is able to gain mass for growth, self-reinforcement,
and repair. The rate at which a carbon fixing material is able
to adsorb CO2 from the atmosphere sets an upper limit on its

ultimate growth rate. Therefore, the analysis of any carbon
fixing material begins with the analysis of CO2 adsorption and
coupling it with later reduction and polymerization.

Consider a carbon fixing material containing a material
CO2 adsorbent at a mass loading of ma (gads). The adsorbent
has a maximum capacity of CO2 adsorption defined as qe (mol
CO2 per gads) with the current amount of CO2 adsorbed given
as q (mol CO2 per gads). In the simplest cases, the adsorption
process is modeled as a pseudo-first order process with a rate
constant of adsorption kads (time−1):22

dq
dt

¼ kadsðqe � qÞ ð1Þ

The total amount of adsorbed CO2 is given by the product
maq, and a governing equation on the amount of CO2 adsorbed
in the material is written as:

ma
dq
dt

¼ makadsðqe � qÞ ð2Þ

This adsorbent is interfaced with some photocatalyst
capable of CO2 conversion, present at a mass loading of mc

(g-cat). The photocatalytic conversion of CO2 within the com-
posite is approximated to be pseudo-first order, with a rate of
conversion proportional to the amount of adsorbed CO2. At
saturation of the adsorbent, the photocatalytic rate of CO2 con-
version is kc,sat (mol CO2 per gcat per time)—conversion is
taken as proportional to the total amount of adsorbed CO2: q/

Fig. 1 A carbon-fixing material may be realized by an overall pathway consisting of a compartmental adsorption of CO2 and catalytic system con-
sisting of: (i) a high capacity CO2 adsorbent; (ii) a photocatalyst for CO2 reduction to reactive monomers; and (iii) polymerization conditions that may
utilize a separate catalyst/initiator to grow the carbon backbone. The overall system is one the continually grows and self-repairs using sunlight and
atmospheric CO2.
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qe. This consumption rate is added to the governing equation
for CO2 within the composite construct.

ma
dq
dt

¼ makadsðqe � qÞ � q
qe

mckc;sat ð3Þ

The above differential equation is solved analytically for the
value of adsorbed CO2 at steady state, given as qss.

qss ¼ kadsqe

kads þmckc;sat
maqe

ð4Þ

The rate—at steady state—that the carbon fixing material
converts CO2 is given as rCO2

(mol CO2 per time).

rCO2 ¼
qss
qe

mckc;sat ¼ makadsqemckc;sat
kadsmaqe þmckc;sat

ð5Þ

A Damköhler number for the system, defined as the rate of
reaction to the rate of adsorption, is presented, where α rep-
resents the ratio of mass loading of catalyst to adsorbent.

Da ¼ mc

mads

kc;sat
kadsqe

¼ α
kc;sat
kadsqe

ð6Þ

This non-dimensional value is introduced into eqn (5) as:

rCO2 ¼
mckc;sat
1þ Da

ð7Þ

The steady-state consumption rate of CO2 is then normal-
ized by mckc,sat, the maximum catalytic rate of CO2 conversion
within the saturated system, yielding a simplified non-dimen-
sional expression:

r̃CO2 ¼
rCO2

mckc;sat
¼ 1

1þ Da
ð8Þ

This equation can be used to estimate the upper limit of
any carbon fixing material capacity to capture and convert
CO2. The Damköhler number presents a description of the
carbon fixing material as either being limited by rate of
adsorption or rate of catalysis. In the limit of large Damköhler
number, where catalysis is much faster than adsorption
(mckc,sat ≫ madskadsqe), the rate of CO2 conversion within the
system approaches madskadsqe, the fastest rate at which the
system can adsorb CO2. In the limit of small Damköhler
number (madskadsqe ≫ mckc,sat) adsorption is much faster than
catalysis and the rate of CO2 conversion approaches mckc,sat
and the adsorbent is always saturated with CO2.

The presented adsorption-reaction analysis informs the
inherent limitation within any designed carbon fixing material
given a selection of CO2 adsorbent and photocatalyst. This is
illustrated in Fig. 2, where for a variety of possible carbon
fixing material comprised of various CO2 adsorbents materials,
where the rate at which they are able to convert CO2 is pre-
sented as a function of activity of a hypothetical photocatalysts
which they are in combination with. The ratio of adsorbent to
catalyst mass is taken as unity, and the results are normalized
per total mass of adsorbent and catalyst present.

Given CO2 photocatalysts with increasingly large activity,
the cross-over between carbon fixing materials which are cata-
lytically limited and those that are adsorption limited is illus-
trated in Fig. 2. At low Damköhler number and low kc,sat,
regardless of adsorbent, the CO2 conversion rate collapses to
the same curve representing mckc,sat. As catalytic rate increases,
the rate of carbon conversion of the different adsorbent
systems diverges, the systems become limited by adsorption
and those with the highest absorption rate and capacity allow
the system to convert larger amounts of CO2.

3. Chemical kinetic analysis of
photocatalytic CO2 reduction

The photocatalytic reduction of CO2 consists of a series of
deoxygenation and hydrogenation reactions occurring through
multiple electron and proton transfer steps. These reaction
lead to formation of a variety of products depending on the
specific reaction pathway and the number of electrons trans-
ferred to CO2 and the intermediates. Carbon monoxide, formic
acid, formaldehyde, methanol, methane, ethane and ethane

Fig. 2 The transition from chemical reaction to mass transfer limit-
ations for three commonly utilized CO2 adsorbents: zeolite,69 amine-
functionalized aerogel,70 and amine-functionalized metal–organic
framework.71 The estimated rate of CO2 conversion in a coupled adsor-
bent/photocatalyst systems is plotted versus surface rate constant for
CO2 reduction. Zeolite,69 amine-functionalized aerogel,70 and amine-
functionalized metal–organic framework71 with different adsorption
capacity and rate of CO2 adsorption are assumedly interfaced with a
range of photocatalytic activity to indicate two different regimes of CO2

conversion: (i) reaction-limited regime in which the conversion rate is
determined by the photocatalyst activity, and (ii) the adsorption-limited
regime in which the conversion rate increases with adsorption capacity
and adsorption rate. In (i) for a given adsorbent the value of rCO2

is
dependent on kc,sat whereas in (ii) the value of rCO2

becomes constant
with increasing kc,sat.
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have been reported as the major products in many experi-
ments, while some other compounds including ethanol and
higher alcohols, acetaldehydes, oxalic acid, and higher hydro-
carbons have been observed in fewer systems.15 Obviously, the
photocatalytic CO2 reduction follows a complicated mecha-
nism in which multiple parallel and branched pathways can
be activated and depending on the reaction conditions and the
catalyst structure become dominant. Table S1† lists some of
the feasible pathways and corresponding steps, suggested in
the literature based on theoretical calculations and/or experi-
mentally observed intermediated and products. Most studies,
performed on titanium dioxide (TiO2) as a benchmark photo-
catalyst, consider reduced models consisting of a subset of
these reactions.

The formaldehyde or fast hydrogenation pathway is a
subset of the CO2 reduction pathway that proceeds:

CO2 ! HCOOH ! HCHO ! CH3OH ! CH4 ðRFÞ
While this pathway is thermodynamically feasible, kinetic

models based on this mechanism often fail to explain the pro-
duction of methanol as an intermediate species.23 An alterna-
tively proposed carbene pathway proceeds as:

CO2 ! CO ! C• ! CH3
• ! CH3OH=CH4 ðRCÞ

This pathway better explains observed concentration pro-
files of methanol and methane but does not describe the pres-
ence of formates.24,25

A reduced model for CO2 photocatalytic reduction

Titanium dioxide (TiO2) represents a benchmark photo-
catalyst for the process of CO2 photocatalytic reduction. For
this semiconductor may take on one or multiple crystalline
phases (anatase, brookite, and rutile), many pathways have
been proposed due to the wide range of experimentally
observed intermediates and products. We consider the kinetic
data for the photocatalytic reduction of CO2 on TiO2-sup-
ported cobalt phthalocyanine nanoparticles reported by Liu
et al. and presented in Fig. 3a.26 This dataset was chosen as it
reports on all prominent intermediates products of the reac-
tion, including carbon monoxide, formic acid, formaldehyde,
methanol, and methane. Additionally, the high yield of for-
mates reported make this dataset of particular interest for the
proposed overall pathway toward POM. The experimental
system under investigation was saturated with 1 atm of CO2

in the presence of 25 g of nanoparticles in 100 mL 0.15 M
aqueous sodium hydroxide solution, and irradiated with
a 500 W tungsten–halogen lamp. The system was stirred
during the reaction and the concentration of products were
measured after six hours, ten hours, and then at ten hour-
intervals thereafter until 50 hours of total reaction time was
reached.26

Various thermodynamically feasible reaction networks
including carbene and formaldehyde pathways, with and
without reversible reactions, were fitted against the experi-
mental data.27 To develop the kinetic model for each network

surface reactions were considered the rate-limiting steps,
assuming no limitations in mass transfer to/from catalyst
surface and no limitation in electron transfer from bulk of

Fig. 3 Experimental chemical kinetic data and comparison to the
mathematical model in this work represented by (a) eqn (9)–(14), based
on the reduced chemical network of (R1)–(R6) for the photocatalytic
reduction of CO2 to carbon monoxide, formic acid, formaldehyde,
methanol, and methane over cobalt/phthalocyanine promoted TiO2 at
room temperature under 1 atm of CO2. Kinetic parameters for the
model curves are presented in Table 1. Experimental data was obtained
from Liu et al.,26 (b) conversion of formaldehyde to trioxane in aqueous
solution at room temperature in presence of sulfuric acid presented in
this work by eqn (15)–(19) based on the reduced reaction network of
(R7)–(R10) (experimental data obtained from Yin et al.),72 and (c) trioxane
polymerization to polyoxymethylene (POM) at 30 °C in presence of BF3
as initiator presented in this work by eqn (20) based on the chemical
reaction of (R11) (experimental data obtained from Shieh et al.).56
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catalyst to the reactants. Additionally, adsorption/desorption
of reagents, intermediates, and products were assumed to
happen fast. Since CO2 and hydrogen evolution (water oxi-
dation reaction) data was not reported in this study, we
refrained from using a surface Langmuir–Hinshelwood model
that will include a variable proton concentration profile over
time and instead used bulk product concentration in the first
order rate expressions to avoid overfitting the data and over
parameterizing the kinetic model. Also, we assumed abundant
proton is provided in the system through the water oxidation
reaction such that its concentration can be considered con-
stant. Lastly, the concentration of CO2 in the liquid phase was
calculated using Henry’s law. The detail of the data fitting can
be found in the ESI.†

Hence, we find that the following series–parallel reaction
network describes the Liu et al. data very accurately. Here, the
initial reduction of CO2 bifurcates into the formaldehyde and
carbene pathways, passing though formic acid (HCOOH) and
carbon monoxide (CO) intermediates respectively, converging
at the desired formaldehyde. The series of reactions ((R1)–
(R6)) are shown to fit the kinetic data of Liu et al. with the
least square error (Fig. 3a). The details of kinetic model fitting
can be found in ESI.†

CO2 þ 2Hþ �!k1 HCOOH ðR1Þ

CO2 þ 2Hþ �!k2 COþH2O ðR2Þ

HCOOHþ 2Hþ �!k3 HCHOþH2O ðR3Þ

COþ 2Hþ �!k4 HCHO ðR4Þ

HCHOþ 2Hþ �!k5 CH3OH ðR5Þ

CH3OHþ 2Hþ �!k6 CH4 þH2O ðR6Þ

Reactions (R1) through (R6) have the following mass action
net rates:

d½CO2�=dt ¼ �k1½CO2� � k2½CO2� ð9Þ
d½HCOOH�=dt ¼ k1½CO2� � k3½HCOOH� ð10Þ
d½CO�=dt ¼ k2½CO2� � k4½CO� ð11Þ

d½HCHO�=dt ¼ k3½HCOOH� þ k4½CO� � k5½HCHO� ð12Þ
d½CH3OH�=dt ¼ k5½HCHO� � k6½CH3OH� ð13Þ

d½CH4�=dt ¼ k6½CH3OH� ð14Þ
The series of irreversible reaction steps each proceed

through two electron transfers along with protons. These two-
electron transfer steps have been the subject of extensive
theoretical studies for the CO2 reduction pathway and have
been shown to have a lower energy barrier than single-electron
transfers.28,29 Recently, DFT studies have shown that reduction
of CO2 to carbon monoxide and formic acid, and then sub-
sequent reduction of these products to formaldehyde has a
lower energy barrier as compared to the well-established for-
maldehyde and carbene pathways.27 This new proposed
mechanism accurately fits the high formic acid and formal-
dehyde concentrations observed, while explaining the low
methanol and methane concentrations.

The calculated rate constants at 298 K and their confidence
intervals for the developed reaction mechanism are presented
in Table 1. The obtained rate constants for the formation of
the conversion of formic acid to formaldehyde, formaldehyde
to methanol, and methanol to methane are in agreement with
those reported by Peng et al. for the photoelectrochemical
reduction of CO2 on a TiO2 surface.73 The initial reduction of
CO2 to either formic acid or carbon monoxide is the rate-limit-
ing step in its photocatalytic reduction—having rate constants
at least three orders of magnitude smaller than all other reac-

Table 1 Rate constants estimated from the regression of experimental kinetic data for the mathematical model developed in this work represented
by eqn (9)–(14) based on the reduced chemical network of (R1)–(R6) for reactions involved in photocatalytic reduction of CO2. Experimental data for
1 atm CO2 were obtained from Liu et al.26 Rate constants of reactions involved in formaldehyde conversion to trioxane and trioxane polymerization
to POM. k7–kr10 were calculated by fitting the reduced reaction network presented in (R7)–(R10) using eqn (15)–(19) to data provided in
literature,49–51 and k11 was estimated by fitting chemical reaction (R11) to using eqn (20) to experimental data obtained from literature56,72

Reaction Rate constant Error (99% CI)

(R1) CO2 þ 2Hþ �!k1 HCOOH k1 = 9.72 × 10−7 (s−1) 0.10 × 10−14

(R2) CO2 þ 2Hþ �!k2 COþH2O k2 = 4.86 × 10−8 (s−1) 0.24 × 10−12

(R3) HCOOH þ 2Hþ �!k3 HCHOþH2O k3 = 3.78 × 10−5 (s−1) 0.12 × 10−11

(R4) COþ 2Hþ �!k4 HCHO k4 = 2.48 × 10−5 (s−1) 0.49 × 10−11

(R5) HCHOþ 2Hþ �!k5 CH3OH k5 = 2.66 × 10−4 (s−1) 0.69 × 10−9

(R6) CH3OHþ 2Hþ �!k6 CH4 þH2O k6 = 1.10 × 10−4 (s−1) 0.13 × 10−7

(R7) HCHO + H2O ⇌ HO(CH2O)H k7 = 1.50 (s−1) —
kr7 = 8.39 × 10−3 (s−1)

(R8) 2HO(CH2O)H ⇌ HO(CH2O)2H k8 = 3.35 × 10−2 (s−1 M−1) —
kr8 = 2.03 × 10−3 (s−1)

(R9) HO(CH2O)H + HO(CH2O)2H ⇌ HO(CH2O)3H k9 = 6.58 × 10−2 (s−1 M−1) —
kr9 = 1.05 × 10−2 (s−1)

(R10) HO(CH2O)3H ⇌ (CH2O)3 + H2O k10 = 7.68 × 10−7 (s−1) 0.53 × 10−10

kr10 = 9.97 × 10−7 (s−1) 0.17 × 10−9

(R11) ðCH2OÞ3 �!
k11 ðCH2OÞn k11 = 2.85 × 10−3 (s−1 M−2) 0.82 × 10−6
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tion steps. It is emphasized that the reduction of formal-
dehyde is comparably fast, and upon production is quickly
consumed to yield methanol. Local sensitivity analysis with
respects to k1–k6 around their optimal value was performed
and normalized sensitivity indices are presented in Fig. S1.†
The most influential parameter proves to be k1, affecting all
products except CO thorough the reaction duration. k2 has
high impact on the CO concentration, yet shows negligible
effect on other products. Due to the linear dependence of the
product concentrations on the rate constants, each product is
considerably dependent on its consumption reaction rate con-
stant and reaches a steady behavior over time, while the rest of
the products are either not impacted by other rate constants or
gradually become insensitive.

The dominant mechanism operative during photocatalytic
CO2 reduction depends on specific catalytic architecture.14,17

Catalyst structure and morphology (type and availability of
active sites, mode of adsorption of reactants on the surface,
size and position of the semiconductor bandgap) and reaction
conditions (light source, temperature, feed composition, pH,
presence or absence of hole scavengers) dictate the chemical
reaction mechanism(s), where reactions seemingly proceed
through different, sometimes competing, pathways that yield a
variety of products.15 Although the sensitivity analysis indi-
cates the robustness of the proposed model to explain the
experimental data used here, one must remember the reaction
mechanism and their corresponding rate constants may alter
when the reduction reaction is carried on a different catalytic
surface and under different experimental conditions.
Additionally, it is important to obtain experimental data with
more exhaustive quantification of possible chemical species
produced during CO2 photoreduction, with higher accuracy
and repeatability before generalizing specific pathways as
main routes of CO2 photoreduction.

4. A case study: from CO2 to
polyoxymethylene within a carbon
fixing material

Here, we present one possible complete chemical route
towards the production of a carbon fixing material including:
(i) CO2 adsorption, (ii) CO2 photocatalytic reduction, and (iii)
polymerization mechanism. The modeling and analysis of the
designed system is to serve as a case study into the modular
engineering of carbon fixing materials. Within the analysis,
any of the three constituent parts may easily be substituted,
allowing the conceptual analysis of many potential carbon
fixing material. Through this analysis the current limitations
of potential carbon fixing material are identified. These limit-
ations then serve as guides—conceptually and experimentally
—for the development of improved carbon fixing materials.

Adsorption of CO2

Direct carbon capture at atmospheric pressure (400 ppm of
CO2) can yield effective concentrations as high as 7 mmol per

g per adsorbent,30 effectively concentrating this reagent two to
three orders of magnitude more over the bulk concentration of
CO2 in aqueous solution in equilibrium with 400 ppm CO2

(∼10−5 mol L−1). Successful interfacing of MOF adsorbents
with the TiO2 surface has been reported, leading to higher
adsorption capacity as well as an increase in active catalytic
sites.31 Interfacing of TiO2 with zeolites also enhances photo-
catalytic activity as measured by the rate of degradation of
organic waste products; directly attributed to an increase in
reagent concentration near the surface.32 Integrated photo-
catalytic adsorbents, also used for the degradation of organic
pollutants, have been shown to broadly enhance the effective-
ness of TiO2 photocatalysts33,34 Other potential engineering
routes include interfacing polymer-based CO2 adsorbents to
the photocatalytic surface, or usage of amine-containing 2D
nanosheets such as functionalized reduced graphene oxide
that has been shown to enhance CO2 reduction rate.35

The use of aqueous solutions of amine-containing mole-
cules to capture CO2 is an established practice industrially.36

Here, an aqueous solution of monoethanolamine (MEA) is pre-
sented as a benchmark CO2 adsorbent for a carbon fixing
material system. Such amines are commonly interfaced with
photocatalysts such as TiO2 to enhance CO2 uptake and con-
version rates.37,38 Here we estimate values for such a system’s
CO2 adsorption capacity and adsorption rate based on experi-
mental data, and define the system such that the maximum
adsorption capacity when exposed to ambient concentrations
of CO2 equals that of the work from which the photocatalytic
reduction kinetics were taken (equivalent to an aqueous solu-
tion saturated with CO2 under one atmosphere of the gas). The
capacity of the amine is taken as 0.2 moles of CO2 per mole of
MEA, as estimated from experimental data presented by Jou
et al. for 30 mass percent aqueous solutions of MEA exposed
to ambient partial pressures of CO2 (400 ppm of one atmo-
sphere).39 An MEA concentration of 0.175 molar is then used.
Taking into account the mass of water and MEA as the full
adsorbent, the system has an adsorbent capacity per total
mass, qe, of 0.035 mmol CO2 per gram of adsorbent. The rate,
kads, at which this system is capable of adsorption is taken as
7.62 × 10−4 s−1 or 2.74 h−1, obtained from the fit of the
pseudo-first order model of adsorption (eqn (1)) to experi-
mental results presented by Yoo et al.40 for the adsorption of
CO2 by basic, aqueous solutions as seen in Fig. S2.† This
adsorbent and the capacity specified are taken as an example
of realistic CO2 adsorbent capacities and rates of adsorption.
These values represent what is reasonable to obtain with such
adsorbent systems.

Photocatalytic reduction of CO2

Carbon fixing materials, as envisioned, necessarily rely on
photocatalytic CO2 reduction. Therefore, our analysis should
include a chemical kinetic evaluation of current and future
reaction pathways involving carbon dioxide conversion to
chemically relevant monomers. In this case study, we focus on
our analysis on formaldehyde production as the monomer for
POM, but our approach extends to other C1 carbons in the
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CO2 reduction pathway. We use the kinetic model developed in
section 3 based on photocatalytic reaction (R1)–(R6) and the
corresponding rate expressions of eqn (9)–(14). Using the rate
constants obtained from this reduced kinetic model, we
proceed to evaluate the kinetics and growth rate of POM next.

Polymerization

Carbon fixing synthetic approaches can be designed around a
broad range of functional polymers. In this case study, we con-
sider the polymerization of formaldehyde obtained from CO2

reduction to polyoxymethylene (POM). POM is a high value,
engineering plastic widely used in the automotive and elec-
tronics industry for its unique chemical stability and mechani-
cal properties. A self-healing and densifying POM composite
generated from atmospheric CO2 would bring new opportu-
nities for the production of protective coatings and structural
composites. The synthesis of this polymer can be achieved
through the (a) trimerization of formaldehyde to trioxane, and
(b) trioxane’s subsequent polymerization to high molecular
weight POM.41,42 Thus, two independent chemical reaction
schemes are presented here, representing these two processes.

Trimerization of formaldehyde to trioxane. Formaldehyde is
converted to trioxane industrially through continuous distilla-
tion of acid-catalyzed aqueous solution of formaldehyde.43–45

While the process is often modeled kinetically with the simple
single-step transformation 3HCHO → C3H6O3,

46 in reality, the
reaction network involves hydration, oligomerization, and
cyclization of formaldehyde and other intermediates, requiring
a more comprehensive reaction mechanism to produce an
accurate kinetic model.47 To capture this complicated chemi-
cal conversion, the following reaction pathway, consisting of
hydration of formaldehyde (R7), dimerization of methyl
formate (R8) and trimerization (R9) of methylene glycol, and
finally a cyclization reaction (R10) to produce trioxane is
proposed.

HCHOþH2O Ð HOðCH2OÞH ðR7Þ
2HOðCH2OÞH Ð HOðCH2OÞ2H ðR8Þ
HOðCH2OÞHþHOðCH2OÞ2 Ð HOðCH2OÞ3H ðR9Þ
HOðCH2OÞ3H Ð ðCH2OÞ3 þH2O ðR10Þ

For a well-mixed reaction system, neglecting volume expan-
sion at constant density, we can utilize the following mass
action rates for the reactant, intermediates, and product,
assuming excess aqueous solvent.

d½HCHO�=dt ¼ �k7½HCHO� þ kr7½HOðCH2OÞH� ð15Þ

d½HOðCH2OÞH�=dt ¼ �k8½HOðCH2OÞH�2
þ kr8½HOðCH2OÞ2H� � k9½HOðCH2OÞH�
½HOðCH2OÞ2H� þ kr9½HOðCH2OÞ3H�

ð16Þ

d½OðCH2OÞ2H�=dt ¼ k8½HOðCH2OÞH�2
� kr8½HOðCH2OÞ2H� � k9½HOðCH2OÞH�
½OðCH2OÞ2H� þ kr9½HOðCH2OÞ3H�

ð17Þ

d½HOðCH2OÞ3H�=dt ¼ k9½HOðCH2OÞH�
½HOðCH2OÞ2H� � kr9½HOðCH2OÞ3H�

� k10½HOðCH2OÞ3H� þ kr10½ðCH2OÞ3�
ð18Þ

d½ðCH2OÞ3�=dt ¼ k10½HOðCH2OÞ3H� � kr10½ðCH2O3Þ� ð19Þ
We use these mass action rates to fit the experimental data

reported by Yin et al. to estimate the rate constants of the
reversible cyclization reactions (Fig. 3b).48 The rate constants
for (R7)–(R9) were directly calculated from the kinetic and
equilibrium data reported by the Winkelman et al., Ott et al.,
and Kuhnert et al.49–51 The rate constants at the room temp-
erature were obtained using the energy barrier estimated for
cyclization reaction by Kua et al.52 The reversible rate constants
of reaction (7)–(9) at 371 K were calculated by extrapolating the
rate constants reported by Winkelman et al. at 293–333 K (R7)
and Ott et al. at 293–323 ((R8) and (R9)), the forward reaction
rate constants were calculated using the reverse rate constants
and the equilibrium constants reported by Winkelman et al.
and Kuhnert et al. at 371 K. The rate constants for the cycliza-
tion reaction (R10) were obtained by fitting experimental data
of trioxane formation reported by Yin et al. at 371 K to the
above kinetic model. Full details of these calculations can be
found in the ESI.† The rate-limiting step in the conversion of
formaldehyde to trioxane is proposed to be the cyclization
reaction (R10), having a rate constant that is three to four
orders of magnitude smaller than both the hydration (R7) and
the oligomerization ((R8) and (R9)) (Table 1). While poly(oxy-
methylene) glycol oligomers have been experimentally
observed at lower temperatures, formation of the trioxane has
only been reported at higher temperatures, confirming the
cyclization reaction as the bottleneck in formation of triox-
ane.46 At room temperature, this cyclization reaction (R10)
imposes a kinetic barrier as slow as that of CO2 conversion to
formic acid and carbon monoxide—similarly affecting the
kinetics of the overall pathway toward POM production.

Polymerization of trioxane to POM. Trioxane is polymerized
cationically to POM in presence of an initiator such
as acidic boron triofuoride.41,42 Solution polymerization
proceeds through multiple steps of initiation, chain growth,
side polymerizations, termination, and chain transfer.53

Experimentally, a fast induction phase followed by a slower
growth phase is observed. Kinetics of polymerization in induc-
tion phase has been extensively studied in the literature and
several reaction mechanisms have been proposed.54,55

Conversely, few kinetic data sets and proposed reaction mecha-
nisms exist for the rapid growth phase, where phase separation
and crystallization of insoluble high-molecular weight polymer
chains occurs.56 Therefore, it has been more convenient to
report total trioxane conversion and not production rate of the
final polymer.

Here, we only take the growth phase of the reaction into
consideration for the overall CO2 to POM pathway, as this
slower phase dictates the overall rate of production of the final
polymer. Shieh et al. reported kinetic data on polymerization
of trioxane at 30 °C using BF3 as initiator in an organic solvent
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(Fig. 3c).56 They proposed a kinetic model that emphasizes on
the crystallization and depolymerization steps, however, their
rate constants depended on the initial trioxane concentration.
To obtain rate constant that is independent of initial concen-
tration, we used overall reaction (R11) as the kinetic model
explaining the growth phase:

ðCH2OÞ3 þ ðCH2OÞ3;n ! ðCH2OÞ3;nþ1 ðR11Þ

with the polymerization rate expression of:

d½ðCH2OÞ3�=dt ¼ �k11½I�½ðCH2OÞ3�2 ð20Þ

Our proposed rate expression reflects the kinetics of the
chain growth in the cationic polymerization process. Total
polymer production, regardless of molecular weight is output.
This cationic polymerization mechanism has second-order
dependence in trioxane concentration and first-order depen-
dence in initiator concentration (I). Commonly the concen-
tration of initiator is kept at two to three orders of magnitude
lower than trioxane concentration to assure formation of high
molecular weight chains. While the rate constant of this reaction
(R11) at 30 °C (Table 1) is four orders of magnitude larger than
the trioxane cyclization reaction (R10), the polymerization reac-
tion proceeds more slowly at lower trioxane concentrations due
to the effectively cubed dependence on trioxane concentration.

Overall CO2 fixation route to POM. Fig. 4 shows the full
chemical pathway of a carbon fixing poly(oxymethylene) con-
sists of the three mechanistic steps. The CO2 photocatalytic
reduction to formaldehyde then allows formaldehyde conver-
sion to 1,3,5-trioxane. Finally, trioxane polymerization yields
an extending POM chain. The overall reaction network from

CO2 to polyoxymethylene is obtained by integrating photo-
catalytic unit, trimerization unit, and polymerization unit
within one system. Chemical kinetic and reaction engineering
will be required to overcome what we identify as two main bot-
tlenecks in the process: (i) slow CO2 reduction reaction (k1 and
k2), and (ii) trioxane formation and polymerization (k10). The
corresponding rate constants estimated in this work for this
reaction graph are presented in Table 1.

The data of vapor–liquid equilibria of formaldehyde
aqueous mixtures confirms the stability of formaldehyde in
solution with minimal mass loss from liquid phase.
Formaldehyde oligomerization reactions rates are multiple
orders of magnitude higher than the formaldehyde production
reaction rates, guaranteeing the continuous conversion of for-
maldehyde upon production in the solution with minimal
mass loss.51,57–59 For the catalytic conversion of CO2, the
initial reduction of CO2 to either formic acid or carbon monox-
ide is the rate-limiting step, having rate constants two to three
orders of magnitude smaller than all other photocatalytic reac-
tion steps. The subsequent reaction of photocatalytically pro-
duced formaldehyde is fast, and the hydration of formal-
dehyde will outcompete its subsequent reduction to methanol.
Thus, for this system all photocatalytically converted CO2 will
ultimately be incorporated into the polymer. Concerning the
polymerization kinetics, the trimerization of formaldehyde to
trioxane is kinetically limited by ring-closing of the trimer
(R10), because formaldehyde hydration, dimerization, and tri-
merization ((R7)–(R9)) are comparatively rapid with k7–k9 being
four to five orders of magnitude higher than k10.

With the rate-limiting steps identified, a simplified reaction
network can be developed facilitating the analysis of carbon

Fig. 4 The full chemical pathway of a carbon fixing poly(oxymethylene) consists of three steps: (1) CO2 photocatalytic reduction to formaldehyde,
(2) formaldehyde conversion to 1,3,5-trioxane, and (3) trioxane polymerization to POM. The proposed overall reaction network from CO2 to polyoxy-
methylene is obtained by integrating photocatalytic unit (green), trimerization unit (blue), and polymerization unit (orange). Chemical kinetic and
reaction engineering will be required to overcome what we identify as two main bottlenecks in the process: (i) enhancing photocatalytic activity to
improve the slow CO2 reduction reaction (k1 and k2), and (ii) engineering trioxane formation and polymerization (k10) to accelerate the POM growth.
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fixing materials. In this simplified scheme, the photocatalytic
reduction of CO2 to formic acid and carbon monoxide is com-
bined into a single step which directly produces formaldehyde.
Formaldehyde is converted with perfect selectivity to the
trimer H(HCHO)3OH, which then reacts to produce trioxane
and ultimately POM.

CO2 ! HCHO ! HðHCHOÞ3OH ! trioxane

! POM

Analysis of the carbon fixing material begins with discus-
sion of the competition between the rate of adsorption and
rate of photocatalytic conversion of CO2. To obtain a represen-
tative value for kc,sat of the system, the rate of reactions (R1)
and (R2) are calculated for the system interfaced with amine
adsorbent. As these rates are proportional to the dissolved CO2

concentration, kc,sat is taken as the effective rate of CO2 conver-
sion in the presence of the saturated CO2 concentration. As cal-
culated in (i), the aqueous amine adsorbent system provides a
saturated CO2 concentration of 0.035 molar. kc,sat for the
designed system is then calculated as:

kc;sat ¼ �d½CO2�
dt

� V ¼ k1½CO2� þ k2½CO2�
¼ ðk1 þ k2Þ½CO2� ¼ ð9:72� 10�7 þ 4:86� 10�8Þ
ð0:035MÞð0:1 LÞ ¼ 0:0129mmolCO2 per gcatper h

ð21Þ

The rate of adsorption and capacity of the amine solution
are taken as previously calculated, 2.74 per hour and
0.035 mmol gads

−1, respectively. The mass-ratio of catalyst to
adsorbent is taken to be the same as the concentration within
the experimental photocatalytic system analyzed, 25 g of
photocatalyst per 100 mL of aqueous solution, to give an
approximate mass ratio of catalyst to adsorbent mater (here
taken as the whole aqueous solution mass), of one-forth. The
Damköhler number for this carbon fixing material is:

Da ¼ mc

mads

kc;sat
kadsqe

¼ 1
4

0:0129mmol gcat
�1 h�1

2:74 h�1 � 0:035mmol gads�1

¼ 0:034

ð22Þ

The carbon fixing material adsorbent-catalysis system here
is strongly limited by its catalytic activity. The steady-state rate
of CO2 conversion with the carbon fixing material is
0.312 mmol h−1 calculated following eqn (5). Normalized per
total mass of the carbon fixing material including aqueous
amine adsorbent and photocatalyst this value is 2.5 μmol h−1

g−1. Because the system is catalytically limited, the rate of CO2

photocatalytic conversion is approximately to instantly reach
the rate of kc,sat. This fast saturation assumption is reasonable
given that CO2 rapidly partitions between the atmosphere and
the aqueous solution.60

As the hydration of formaldehyde, and subsequent reaction
to become H(HCHO)3OH are rapid compared to the rate at
which CO2 is converted, the production rate of formaldehyde,
and formation rate of H(HCHO)3OH are taken to be identical
and equal to this value of rCO2

. Mass action rate expressions

for the reactions of H(HCHO)3OH conversion to trioxane, and
trioxane polymerization to POM are then:

d½HðHCOHÞ3OH�
dt

¼ rCO2

V
� k10½HðHCHOÞ3OH� þ k10r½T� ð23Þ

d T½ �
dt

¼ k10½HðHCHOÞ3OH� � k10r½T� � k11 I½ � T½ �2 ð24Þ

d½POM�
dt

¼ k11½I�½T�2 ð25Þ

Here the square bracketed term represents a concentration
of formaldehyde per reaction volume V, which is introduced to
normalize the conversion rate of CO2, rCO2

, as a rate per
volume. The reaction volume within which the formaldehyde
is produced and subsequently reacts is a design parameter for
the carbon fixing material, and is taken as identical across all
reaction steps, regardless of required aqueous or organic
phase.

With all physical and chemical parameters of the
carbon fixing material defined, the above three coupled
differential equations are solved numerically to calculate the
rate at which the designed carbon fixing material produces
POM.

5. General insights for carbon fixing
materials from case study analysis

The polymer growth rate is a parameter that affects the utility
and possible applications of any carbon fixing material. The
production rate of POM over time is shown in Fig. 5, normal-
ized per sum of the mass of adsorbent and photocatalyst. A
steady state POM growth rate of ∼0.08 mg h−1 gcat

−1 can be
achieved for the model pathway developed in section 4. It is

Fig. 5 Simulated growth rate of POM over time under 400 ppm CO2

pressure at room temperature calculated using eqn (23)–(25) assuming
the CO2 reduction to CO and HCHO as the main rate limiting steps in
the overall pathway network.
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noted that in the absence of the adsorbent material, the pro-
posed carbon fixing material would convert a negligible
amount of CO2 (<10−10 mg h−1 gcat

−1). Hence, interface of the
catalytic system with some CO2 adsorbent is necessary to
achieve a non-negligible POM growth rate. Furthermore, nearly
all of the CO2 converted to formaldehyde is ultimately incor-
porated into the POM product due to the fast rate of formal-
dehyde hydration and polymerization reactions. Because of
this, improvements to the kinetics of polymerization have do
not alter the POM steady-state growth rate and only affect the
time to arrive at steady-state growth; regardless of polymeriz-
ation kinetics, the POM potential for growth will always be
defined by either adsorption or catalytic activity. This may not
be the case for other polymers grown by atmospheric CO2 fix-
ation through different polymerization pathways.

Creating a carbon fixing material that grows faster than the
case study presented here requires improvements to the photo-
catalytic system and possibly the adsorbent. Using the tools
introduced in this work, the parameter space can be explored
as the rate of catalytic reduction (given as improvements to
kc,sat), or adsorption (given as improvements to the product
kads·qe). The Damköhler number of these systems, as well as
their maximum growth rate, is presented in Fig. 6a. In the
current POM example explored in this work, the system is cata-
lytically limited. Hence, its interface with a more effective
adsorbent produces a carbon fixing material only negligibly
better. The catalytic limitation needs to be overcome first
before adsorption capacity can impact the overall growth rate.
Quantitatively, we observe that the increase must be at least an
order of magnitude before the system Damköhler number
reaches unity where the crossover to mass transfer limitation
occurs.

To analyze potential growth rates achievable through
carbon fixation, rates can be benchmarked against that of
living plants—a natural carbon fixing material also capable of
growth, self-repair and reinforcement through use of the same
chemical feedstocks. While maximum growth rates of plants
vary by stage of growth and species, a representative range is
taken as growth between 1 and 10 mg of mass gained per hour
per gram of dry plant mass (mg h−1 gplant

−1).61,62–64 This range
brackets at an upper limit the rapid growth of invasive and
weedy species such as Artemisia vulgaris with a relative growth
rate of greater than 9.4 mg h−1 gplant

−1, and the more moderate
growth of mature woody deciduous trees such as Fagus sylva-
tica at less than one mg h−1 gplant

−1. This range of growth rates
is marked in Fig. 6b.

To reach the lower bound of growth rate that rivals that of
living plant systems, photocatalytic activity of the proposed
case needs only be increased by nearly a factor of three. To
reach the upper bound of 10 mg g−1 h−1 without an improved
adsorbent the catalytic activity need be improved over four
orders of magnitude. However, if an adsorbent ten times more
active than the aqueous amine solution explored in this work
is incorporated, improvements to catalytic activity need only
be improved 36 times to reach this upper bound of plant
growth rate. This highlights the interplay between adsorption

and catalytic conversion within such systems, where one must
quantify the inherent limitations (defined by the Damköhler
number) in order to achieve the largest improvement to
growth rate by the most reasonable and experimentally feasible
improvements to adsorbent or the catalyst.

The time to reach the steady state growth rate is a function
of the polymerization kinetics as conversion rate of CO2. For a
range of improved systems with faster polymerization rates
and CO2 conversion rates, the time to reach 95% of the
systems steady state growth rate is shown in Fig. S3.† For the
case study explored in this work, this time is nearly two
months. Increasing the polymerization rate and the rate of

Fig. 6 (a) Damköhler number of carbon fixing material incorporating
improved CO2 adsorbents and photocatalysts. Where Damköhler
number is unity (white curve), represents when an equivalent improve-
ment to either the photocatalyst (kc,sat) or adsorbent (kadsqe) result in
the same relative improvement to system growth rate. (b) Overall growth
rate of carbon fixing material incorporating improved CO2 adsorbents
and photocatalysts. The white lines present the bounds of plant-like
growth rate. Comparison is made to the relative growth rates of natural
plant systems bracketed by the bounds as white curves at 1 and 10 mg
g−1 h−1. The lower left-hand corner of each section of this figure rep-
resents the values for the case study presented in this work, with no
improvements to catalyst or adsorbent.
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CO2 conversion will always improve the time for the system to
reach steady state growth—yielding a faster growing system
overall.

6. Future outlook for carbon fixing
materials

A material system that can convert ambient CO2 into a strong
and self-healing material would greatly benefit the construc-
tion industry, where lightweight precursors would be able to
be shipped and upon arrive would grow and densify into the
desired structural material and self-healing protective coatings.
Gradual degradation of conventional protective coatings is
associated with high cost of maintenance, repair, and reapply-
ing coatings. Application of self-healing CFM coatings allows
for growth of additional coating layer over time. Depending on
the relative rate of growth to degradation, the CFM coating life-
time can be extended marginally or drastically (Fig. S4†). This
would be especially beneficial in applications where it is
exceedingly dangerous and costly to reapply a coating, such as
offshore wind turbines or oil rigs.65,66 An accurate techno-
economic assessment of carbon fixing materials requires
designing a prototype product with well-defined geometry for a
targeted application. Yet, the potential economic benefit of a
self-repairing coating is reflected in Fig. S5,† where the life-
time of different types of conventional coatings is presumable
extended by multiple factors upon applying self-healing CFM.
The economic impact is particularly evident for off-shore wind
applications, where coatings can cost thousands of dollars per
square meter to repair and reapply, with maintenance account-
ing for over half the upkeep cost of these installations.67,68

To avoid additional energy input to the carbon fixing
materials and solely relying on solar energy for reduction of
CO2, ideally, the carbon fixing network of reactions are engin-
eered to run at room temperature. This is vital for CO2 photo-
catalytic reduction as the dominant pathways and rate con-
stants of competing reactions may be adversely affected at
higher temperatures by the increased electron–hole recombi-
nation in the photocatalyst. On the other hand, the kinetics of
polymerization reactions may be accelerated at higher temp-
erature. For example, in this case study, the rate constants of
formaldehyde conversion to 1,3,5-trioxane (k7–k10) will increase
by two to three orders of magnitude at temperatures above
60 °C. Therefore, depending on the chemistry of carbon fixing
material, minimal energy input to raise the polymerization
kinetics may be advantageous and can be included in the ana-
lysis of the pathways.

Our performance calculation for the presented chemical
route to a carbon fixing material can help guide the research
and development of these composite materials. Our compart-
mental approach in developing overall kinetic models may be
used to evaluate growth via alternative chemical pathways.
However, adopting this general theoretical framework must be
accompanied by some experimental considerations. Major
considerations include the following: the study of CO2 adsor-

bents under low partial pressure of CO2 and excess nitrogen,
where the adsorption selectivity of CO2 over nitrogen may limit
capacity; the quantification of probable intermediate species
and complete C1 products monitoring during photocatalytic
reduction of CO2 with high accuracy and repeatability; the
long-timescale study of photocatalytic activity; and finally eval-
uating the relative monomer production rate to consumption
rate at room temperature and in presence of atmospheric CO2.
Detailed discussion of each point can be found in the ESI.†
For realization of CFM in lab, further design parameters such
as morphology of each compartment, efficient interfacing of
the compartments, concentrating the intermediates, and direc-
tional growth of the product must be thoroughly analyzed and
optimized. In other words, the timescale and chemical reac-
tion conditions for carbon fixing materials in the environment
can vary significantly from those used for the experimental
study of CO2 adsorbents and photocatalyst in the laboratory or
used in industry. Many experimental and chemical approaches
to successful CO2 photoreduction may not be directly appli-
cable for incorporation into carbon fixing material, providing
an opportunity to discover catalysts under previously unex-
plored conditions with alternative catalyst/adsorbent mor-
phologies and interfaces.

7. Summary

The work introduces a series of new analytical tools by which
one can describe the fundamental limits of growth for what we
call carbon fixing materials – a new class that can convert
atmospheric CO2 into high-strength, high-stability polymer
systems which grow and self-repair using only energy input
from sunlight. The two distinct limits of chemical kinetic
limitations and mass transfer limitations are discussed. We
employ a reaction engineering, and materials science analysis
to answer basic questions about the maximum growth rate,
photocatalytic requirements and limits of applicable materials.
A Damköhler analysis is used to derive criteria for the cross
over from kinetic control to mass transfer limited growth,
setting upper limits on performance of a potential photo-
catalyst that may be used for carbon fixation. Another tool
introduced is a reduced model that describes the photo-
catalytic reduction of CO2 to single carbon products, validated
using known catalytic pathways and kinetic data. In this work,
we show that formaldehyde as a C1 intermediate has unique
potential for incorporation into the material backbone of
carbon fixing materials. A diamond-shaped reaction network
graph for CO2 reduction, passing through CO and HCOOH
intermediates, accurately describes kinetic data for Co pro-
moted TiO2 nanoparticles at room temperature and 1 atm CO2

and used to analyze the example of a carbon fixing poly(oxy-
methylene) system with embedded catalyst promoting the
photocatalytic reduction of CO2 to formaldehyde. The latter
then trimerizes to a trioxane monomer which subsequently
polymerizes to polyoxymethylene. This reaction engineering
analysis introduces benchmarks for carbon fixing materials
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with respect to achievable rates of photocatalysis, mass trans-
port and polymerization. These results should prove valuable
for the design, evaluation and benchmarking of this emergent,
new class of environmentally sustainable materials.
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