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HIGHLIGHTS

® Carbon isotope effects have been observed in artificial photosynthesis.
® The dissociation of 2CO, is easier than that of *3CO,.

® The same carbon isotope atoms have a relatively higher probability to bond together to form hydrocarbon chains.
® The quantum mechanics tunneling of electrons explains the carbon isotope effects.
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Although carbon dioxide (CO,) and water (H>O) have been converted into hydrocarbons, ranging from pentane
(CsHj») to octadecane (C;gHzg) through an artificial photosynthesis reaction catalyzed by nanostructured Co/
Co0, the mechanism of the reaction is not very clear. In this work, the isotope effect of carbon is studied by
conducting the '*C/'?C competition experiments using an equal molar ratio of *CO, and '2CO, as the reagents.
It is shown that the dissociation of 2CO, is easier than that of >CO,, and the same carbon isotope atoms have a

relatively higher probability to bond together to form the hydrocarbon chains. The quantum mechanical analysis
of the observed isotope effect helps us to better understand the mechanism for hydrocarbon synthesis.

1. Introduction

Artificial photosynthesis, the analog of the natural process of pho-
tosynthesis (converting carbon dioxide and water into carbohydrates or
hydrocarbons), has attracted wide interest because it stores solar energy
as chemical energy while consuming greenhouse gas [1]. Researchers
have devoted a great deal of effort to develop a direct process to gen-
erate hydrocarbon fuels from CO, and water. This is desirable because
it consumes CO,, one of the main greenhouse gases, and also produces
useable liquid hydrocarbon fuels. In 2009, long-chain hydrocarbons
were synthesized from CO, and water with laser-induced nanos-
tructured cobalt (Co) catalyst at lower temperature and pressure than in
previous works [2-5]. By following the same laser irradiation fabrica-
tion methods, novel nanostructured materials with special electronic,
thermal, and catalytic properties were reported recently [6-8]. A me-
chanism of surface plasmon excitation focusing was proposed, where
the intensity of the sunlight is greatly enhanced around the tips of the
Co nanostructures. The enhanced photons dissociate the CO, and water

molecules, and CO and H, molecules associate to form hydrocarbons
[2-5]. Recently, the long-chain hydrocarbon synthesis has been further
studied with a low-cost nanostructured Co catalyst made using an acid-
etching method. The adsorption of the CO, molecules on the surface of
the catalyst was found to act as a source of carbon, and the fact that the
lowest unoccupied molecular orbital (LUMO) of the adsorbed CO, was
also found to be near to the bottom of the conduction band of CoO
which plays an important role in the dissociation of CO, [9]. However,
the dynamics of the dissociation of CO, and the hydrocarbon synthesis
is not understood. We use carbon isotopes to confirm the hydrocarbon
synthesis mechanics and to investigate the dynamics as well.

In this work, we performed a series of *3C/*2C competition experi-
ments to study the carbon isotope effects. The kinetic isotope effect is
the change in the rate of a chemical reaction when one of the atoms in
the reactants is substituted with one of its isotopes [10]. It is a powerful
tool for studying reaction mechanisms and functions, which has been
studied both theoretically and experimentally [11-15]. In this paper,
we have conducted the '3C/'2C competition experiments using an equal
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Fig. 1. Gas chromatography (GC) spectra of hydrocarbons produced with carbon dioxide at ratios of 13¢/12C: (a) 1:99, (b) 50:50 and (c) 99:1 after 20 h of light

irradiation.

molar ratio of *CO, and '2CO, as the reagents to confirm whether
there is a carbon isotope effect in this nanostructured Co/CoO-catalyzed
CO,, and water conversion reaction. It is shown that '2CO, dissociates
easier than '®CO,. The distribution derived from a classical mechanics
model that assumes hydrocarbons are randomly formed without an
isotope effect is inconsistent with experiments. Using the quantum
mechanical concept of resonant tunneling and applying Bayesian sta-
tistics, we study the tendency that the same carbon isotope atoms have
a relatively higher probability to bond together to form the hydro-
carbon chains. With the concept of quantum mechanics, the observed
isotope effects can be explained and helps us better understand the
mechanism of the hydrocarbon synthesis from carbon dioxide and
water at the comparatively low temperature and pressure [2-5].

2. Experimental
2.1. Reagents and catalyst

The cobalt (Co) powder was obtained from Goodfellow. The dia-
meters of the Co micro-particles are in the range of 50-100 pm. The Co
micro-particles were mixed with a 3.5% aqueous solution of hydrogen
chloride (HCI) for 10 min, then rinsed with distilled water. The oxide
layered structures were removed from the Co particle surfaces by acid
etching. The catalyst was then degassed in vacuum for approximately
1 h to remove the carbon dioxide adsorbed on the surfaces. Nanoflakes
were then formed on the particle surfaces after placing the Co powder
in air at room temperature for 2 h. This method was reported in a
previous article [9]. In this work, we used carbon dioxide (CO,) isotope
mixtures with three different ratios of 3C0O./'2CO5: 1:99 (naturally
abundant), 50:50, and 99:1 (purchased from Sigma-Aldrich Corpora-
tion).

2.2. Artificial photosynthesis of carbon dioxide and water procedure

2-g catalyst was loaded in a glass reactor (20 mL), and 350 mg of
distilled water was added into the reactor to cover the catalyst.
Afterwards, the reactor was evacuated to about 1 x 107 atm and then

filled with '*CO,/">CO, mixtures of different ratios (a) 1:99, (b) 50:50,
and (c) 99:1 to an absolute pressure of 2 atm at room temperature. A
solar lamp for simulating natural sunlight (Honle, SOL 500) with a
power density of 100 mW/cm? was used to irradiate the nanostructured
Co micro-particles in the sealed reactor at a temperature of ~ 110 °C.
After an irradiation period of 20 h, the reactor was cooled to room
temperature.

2.3. Product analysis

Approximately 3 mL of dichloromethane (DCM) was injected into
the reactor to extract non-volatile organic products. The DCM extract
was then analyzed using a Bruker Scion SQ gas chromatography-mass
spectrometry (GC-MS) with a 30 m ZB-624 capillary column. To qualify
the GC-MS apparatus used in this experiment, 0.1 mL of standard
12CH30H (from Sigma) and 0.1 mL of standard *CH3;0H (99 atom %
3¢, from Aldrich) were separately dissolved in 1 mL of di-
chloromethane (CH,Cl,). The mixtures were then analyzed by GC-MS.
We did not notice any difference between their MS intensities, but their
MS peaks shift corresponding to the mass difference between '2C and
13¢C [8]. Standard natural abundance alkanes from CgHig to CooHun
were purchased from Sigma. The full molecule MS intensity of the
standard natural abundance hydrocarbons measured with the GC-MS
apparatus yielded a the ratio *3C :'2C = 1.10%, which is close to the
natural isotopic ratio of 1.109% [16,17]. The GC-MS apparatus is al-
most equally sensitive to *C and '2C within a precision about 0.1% [9].
The relative intensities of the peaks of full molecule MS provide us a
direct measure of the relative abundance of the isotopes in the hydro-
carbons [18,19]. Therefore, the relative abundance of the isotopes can
be determined from the relative abundance of the molecular ions M + i
[18,19]; where i represents the number of the *C atoms incorporated
into the produced hydrocarbon molecules. Therefore, the '*C/*2C ratio
in a hydrocarbon chain with a carbon number of n can be calculated by

13c _ ZingMJrz'i
PC N A (n — 1) )

where Ay ; is the relative intensity of the M + i peak of an alkane.
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Fig. 2. Mass spectra of the heptane (C;H;¢) produced with carbon dioxide at
ratios of 13C02/12C02: (a) 1:99, (b) 50:50 and (c) 99:1 after 20 h of light ir-
radiation.

3. Results and discussion

Fig. 1 shows the gas chromatography (GC) spectra of samples pro-
duced with carbon dioxide at ratios of *3C/*2C: (a) 1:99, (b) 50:50, and
(c) 99:1 after 20 h of light irradiation. The spectrum in blue for ex-
periment (a) reveals a series of straight-chain hydrocarbon compounds
ranging from propane (C3Hg) to octadecane (C;gHsg). This is three
carbons longer than that from previous detected results [9]. In the
green and red spectra (experiments (b) and (c), respectively), the
longest observed hydrocarbons are shorter than that in the blue spec-
trum for experiment (a).

3.1. The carbon isotope effect in nanostructured Co/CoO catalyzed CO,
and water conversion reaction

Fig. 2 shows the comparison of the mass spectra of the heptane
(C7H;¢) obtained from experiments (a), (b) and (c). It demonstrates that
13C is incorporated into the produced alkanes. Other hydrocarbons
show similar results. Fig. 3 zooms into the spectra in Fig. 2, and onto
the molecular peaks of the heptane (C;H;¢) synthesized from experi-
ments (a), (b) and (c). The ion peak is analyzed to calculate the ratio of
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Fig. 3. The molecular ion peaks of the heptane (C;H;¢) synthesized from ex-
periments (a), (b) and (c).

13C to '2C. The intensity of each peak (from M to M + 7) is proportional
to the abundance of the molecule in the sample [18]. The molecular ion
peak at m/z = 100 corresponds to C;H;¢ with all 7 carbon atoms being
12C. The peak at m/z = 101 corresponds to 1 of the 7 carbon atoms
being replaced by '°C; the peak at m/z = 102 corresponds to 2 of the 7
carbon atoms being replaced by '3C ; and so on; the peak at m/z = 107
corresponds to the 7 carbon atoms being '3C. The ratio of *3C to '2C is
calculated to be 0.65, using Eq. (1) for experiment (b). The analysis of
the ratio of '3C to 2C ratio in other hydrocarbons for experiments (a),
(b) and (c) are listed in Table 1.

The results of (a) agree with the fact that the natural abundance of
Carbon-13 is 1.109% [17] while for experiment (c), the carbon-12 re-
lated molecular MS signal is too weak in the GC spectra of hydro-
carbons with carbon numbers larger than 7 to conclude reliable ratio of
13C to '2C. This anomalous phenomenon is explained in Section 3.3
using quantum mechanics. There is a carbon isotope effect in experi-
ment (b): we have more '2C atoms than '3C atoms in the hydrocarbons,
as the ratio of 13C to '2C is 0.65, i.e. the dissociation of 2CO, is easier
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Table 1
Quantitative analysis of the C to '2C ratio for experiment (a), (b) and (c).

(a) (b) (©

CyHie 0.01 0.65 700
CsHig 0.01 0.65 N/A
CoHao 0.01 0.66 N/A
CioHas 0.01 0.65 N/A
Ci1Has 0.01 0.69 N/A
C12Hae 0.01 0.62 N/A

than that of 13CO,.

3.2. Estimation of the isotope effect in the dissociation of CO,

In the artificial photosynthesis reaction catalyzed by nanostructured
Co/Co0, CO, molecules may attach to the CoO surface that encloses a
Co nanostructure. There are some defect energy levels in the band gap
of CoO at the interface between CoO and Co [9,10]. When sunlight
irradiates the nanostructured surface, electrons may be excited from a
defect energy level to the conduction band of CoO and then quantum
tunnel to the LUMO of the CO, molecules through the plasmonic nano-
focusing at the interface [8,9]. On the other hand, the plasmon-induced
hot-electrons in Co may also inject into the conduction band of CoO and
then quantum tunnel to the LUMO energy levels of CO, molecules
[8,9]. Then the CO, molecules will dissociate because the charged CO,
molecules are not stable. The dissociated molecules will form hydro-
carbons on the surface of Co nanostructures [20-22].

Because of the chemisorption of CO, onto the CoO, their electrons
are in the same system [9]. The potential energy of an electron close to
the surface outside a solid is higher than that at a distant location
[23,24], while the electron near a CO, molecule absorbed onto the solid
surface is localized around the molecule. Considering these effects, we
illustrate the electron potential energy V(r) of a CO5 molecule absorbed
onto the CoO surface with the LUMO near the bottom of the conduction
band of CoO in Fig. 4. The excited electrons resonantly tunnel to the
CO,’s LUMO levels with vibrational energies. The mass of '3CO, is
larger than that of 2CO,. Hence, the LUMO of '*CO, is lower than that
of 12C0O,. A previous study in reference [25] showed that 2CO, and
13C0, have different ground state energies when they are adsorbed onto
CoO with bonding energies: E *CO, = 0.25 eV and E2CO, = 0.26 eV.
Instead of using the potential V(r) shown in Fig. 4, we can use a two-
step potential barrier to simply estimate the tunneling:

V Energy (a.u.)

Excited @
Electrons @

CoO Conduction
Band
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3eV, 0 < r < 0.25A
0.265eV, 0.25A < r < 3.5A
0.25eV, 3.5A <r

V(r) =

The quantum transmission probability T can then be calculated. The
ratio of transmission probability (T;3) of 13C0, to that (T;5) of 12CO, is
calculated to be 0.70.

After the electron is excited to the LUMO of the adsorbed CO,
molecule, the molecule may be dissociated to CO in the life time of an
electron in the LUMO state. The longer the lifetime of the electron in
the LUMO, the higher the probability for dissociation. If we do not
consider the interaction with the radiation field, the energy of the CO,
system consists of electronic energy, Egecron = ELumo; Vibrational en-
ergy, Evibrational; @ possible translational energy of the molecule, K; and
the interaction of electron with the CO5 molecule ion and the CoO solid,
H' ; ie. E = Eyeeyron + Evibraionas + K+ H'. In the simple adiabatic
model, we may neglect H'. The lifetime At = % is estimated with the
energy-time uncertainty principle [26], where AE is the energy un-
certainty of the excited system. When E,j.cron = ELumo in the first ex-
cited state and Eiprational is in the ground state, Eejecron + Evibrationat A0 NOt
contribute to AE in this simple adiabatic model. If there were not any
translational motion of the CO, molecule, AE would be zero and At
would be infinitely long. However, as the adsorbed molecule may mi-
grate on the solid surface [27], this uncertainty may contribute to AE
and At is no longer infinitely long. We may estimate AE with the kinetic
energy of the carbon atom, i.e. AE =K = %mvz, where m is the mass of
the carbon atom and v is its average migration speed. The speed may
mainly be related to molecular configuration of the surface [27]. Since
the mass of the carbon-12 atom (m;,) is different from that of carbon-
13 (m;5,), the lifetime of an electron in their LUMO states is different.
The ratio of the life time of 12CO, (Af,) to that of 13CO, (At3) is esti-
mated by
Ay _ s

Atz myp 3

where m,3 = 13 Da, m;, = 12 Da. Therefore, the ratio of the lifetime of
carbon-13 to that of carbon-12 is calculated to be 0.92. This may also
contribute to the carbon isotope effect in the artificial photosynthesis
reaction in addition the quantum tunneling. For the experiment with an
equal molar ratio of 12CO, and 3CO, as the reagents, we are able to
estimate the ratio of '*C to '2>C in the hydrocarbons to be
ii—i-% = 0.92 X 0.70 = 0.64,which is fitted to the ratios of experiment
(b) as shown in Table 1.

From the fact that the dissociation of *2CO, is easier than that of
13C0O,, we know that there is more dissociated carbon dioxide in

LUMO

r Distance of CO2 to the CoO surface (a.u.)

Fig. 4. Cartoon of electron potential barrier of CO, absorbed on to CoO surface. The excited electrons are tunneling to the COy’s LUMO levels with vibrational

energies.
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Fig. 5. Comparison of the calculated isotope heptane distribution and the measured isotope heptane distribution.

experiment (a). Therefore, we are able to understand that the longest
hydrocarbon in experiment (a) is longer than that in experiments (b)
and (c) because the higher the concentration of disassociated carbon
dioxide, the higher the probability to form a longer hydrocarbon chain.

3.3. Anomalous isotope distribution in the hydrocarbon chains

If we suppose that during the formation of the hydrocarbons, the
carbon atoms are selected randomly, then a simple method of combi-
nation can be used to predict the pattern of the mass spectra. For in-
stance, from the mass spectrum of heptane in experiment (a), the ratio
of 13C to '2C is 0.65. For convenience, we assume that there are 100 2C
atoms and 65 '3C atoms, so the probability of forming a heptane chain

with all 7 carbon atoms being 'C is @ = 0.028. The probability of

forming a heptane chain with 6 gC atoms and 1 '3C atom

6 1
is% = 0.133, etc. Therefore, a series of theoretical M to M + n

65
molecular ion peaks is obtained. As shown in Fig. 6, the calculated

isotope heptane distribution (green color bars) differs from the mea-
sured isotope heptane distribution (blue color bars). However, it is
observed that the two distributions match well except for the ones with
all 7 carbon atoms being 2C and '3C; this indicates that the same
carbon isotope atoms have a higher probability to bond together to
form the hydrocarbon chain. The quantum mechanical resonant-tun-
neling effect may explain this anomalous phenomenon.

In quantum mechanics, when a particle with a certain energy travels
towards a potential barrier that has a greater energy, there is a small
probability that this particle can tunnel to the other side. This phe-
nomenon is called quantum tunneling, which cannot be adequately

\e/

\g/ \\
\/

o/ \e/\s/
v,

\/ \/ \/

Position (a.u.)

\e/ \o/
\/ \/

Energy (a.u.)

Fig. 6. The energy level of electrons (silver colored) of carbon-12 atoms (black
dots) and that of electrons (silver colored) of carbon-13 atoms (red dots), when
vibrational energy is taken into account in the potential energy wells (green
colored). The same isotope atoms have strong interaction due to the resonantly
tunneling effect. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

explained by classical mechanics. It has been shown that the tunneling
of electrons may lead to the anomalous isotope effects in chemical re-
actions [28-30].

Resonant tunneling also occurs in potential profiles with more than
two barriers. During the process of the formation of the hydrocarbon
chains in the artificial photosynthesis, resonant tunneling plays an
important role because the same carbon isotope atoms have a higher
probability to bond together.

As shown in Fig. 6, the black dots represent the energy levels of
carbon-12, and the red dots represent the energy levels of carbon-13.
Since the same carbon isotopes have the same energy levels, the
probability of quantum tunneling of electrons between the same carbon
isotopes is higher than that between different carbon isotopes. There-
fore, it is observed that there are more hydrocarbon chains with pure
carbon-12 atoms and pure carbon-13 atoms produced than expected.

To better explain that the measured abundances differ from the
predicted abundances as shown in Fig. 5, we apply the Bayesian sta-
tistics technique to quantitively analyze the tendency that the same
isotope carbon atoms like to join together. Considering that the hy-
drocarbons may form through two paths: one classical and the other
quantum. The calculated distribution in Fig. 5 is for a classical me-
chanics model where we have not considered any preference. Let R (1)
be the bonding preference between two '*C (*3C) atoms. If there is a
group of n *2C (*3C) atoms, the bonding preference is R (1), where
n is an integer larger than 1 and smaller or equal to the number of
carbon atoms in the hydrocarbons. Let D (d) be the bonding preference
between a single 3¢ (*2C) atom and a group of n 12¢ (n *3C) atoms. Let
N be that between a group of n *C atoms and a group of n '*C atoms.
When the preference parameter is larger than 1, the atoms like to join
together. When the parameter is smaller than 1, they dislike to join
together. When the parameter is equal to 1, the same as classical
bonding, they have no preference. The likelihood for each isotope hep-
tane is given in Table 2. Taking the likelihoods and considering the
calculated distribution in Fig. 5 as the prior, we can get the posterior
which is the distribution of isotope heptane formed via the quantum
mechanical effect. If we suppose there is Q% of the heptane molecules
formed via the quantum mechanical effect, we can fit the calculation
prior«(100 — Q)% + posterior-Q% to the experimental distribution. As
shown in Fig. 7, the calculation with the quantum mechanical effect fits
the experimental abundances very well. We found that Q = 30, ie.
about 30% of the heptane is formed through the quantum mechanical
effect. R and r are 8 and 12, respectively; which shows that same iso-
tope carbon atoms obviously prefer to join together. D, d and N are 0.5,
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Table 2
Likelihood for isotope heptane quantum mechanical formation. R, r, D, d and N are preference parameters, please read the context for their definitions.
7'2%C 6'2C+13C 5'2c + 213C 4'2¢ + 313C 312C + 413C 2!2¢ + 53¢ 12¢ + 6'3C 7'3¢
Likelihood RS RD R*"N R3r2N RN Rr*N r3d ro

0.30
B Experimental
0.25 .
D Theoretical with QM
Theoretical without QM
0.20 o
>
=
3 015
Q
&
0.10
0.05
0
7¢?  6c'%c” 5C%2c® ac'%43c” 3¢ac” 2¢%sc” 6 7€

Fig. 7. The calculated isotope heptane distributions with and without con-
sidering the quantum mechanical effect, and the experimental distribution.

0.0, and 0.1, respectively, which shows that different isotope carbon
atoms obviously do not like to join together. A single 'C atom can join
a group of n *2C but at low preference, D = 0.5; a group of n >C and a
group of n 12C can join together but at much lower preference N = 0.1;
while a single '2C atom cannot join a group of n *C because d = 0. The
fitting also shows that in the pure '2C heptane, about 30% are formed
quantum mechanically, while in the pure *C heptane, more than 90%
are formed quantum mechanically.

The resonant quantum tunneling model also explains the observed
ratio of 3C to '2C for experiments (a) and (c) in Fig. 3 and Table 1.
Fig. 3a shows the relative amounts of 7'C and 6'2C+'3C. Due to the
resonant tunneling effect, 6'%C + 3C is most likely formed from a single
13C joining a 6'2C group, in which the six '2C atoms have been inter-
acting via the resonant tunneling effect. By taking the molecular vi-
bration energy into account, we know that the ground state energy level
of the single '°C is lower than that of 6'?C (or n*>C) group. The '°C, due
to its electrons in the excited state, resonantly interacts with the 6'2C
group (or nC). This makes the '°C joining the 6'2C group possible in
agreement with D = 0.5 in the above Bayesian analysis although the
dissociation rate of 3CO, of about 20% is less than that of '2CO,. As for
the ratio of '3C to 2C for experiment (c), the carbon-12 related mole-
cular MS signal is too weak to find a reliable ratio of *3C to '2C. Si-
milarly, due to the resonant tunneling effect, 12C + 6'3C is most likely
formed from a single '2C joining a 6'3C group in which the six *C
atoms have been interacting via the resonant tunneling effect, but the
ground state energy level of a single *2C is higher than that of 6*3C (or
n'3C) group, which may make the '>C joining the 6'>C (or n'3C) group
very difficult without resonant quantum tunneling, this is in agreement
with d = 0 in the above Bayesian analysis. Thus, the amount of
12C¢ + n'3C is too small to be detected. However, additional modelling
is needed in the future to explain all the observed behavior in the
present experiments.

4. Summary

12¢/13C competition experiments using an equal molar ratio of
12C0, and '3CO, as the reagents were conducted to study the carbon
isotope effect. GC-MS was used in the isotope analysis because it is
adequate for measuring the isotope ratios of 12C and '*C and because
the mass spectra reveal the distribution of the *2C and *3C in the syn-
thesized hydrocarbons. Two anomalous isotope effects were found: 1)

the dissociation of 2CO, is easier than that of 1*CO, and 2) the same
carbon isotope atoms have a relatively higher probability to bond to-
gether to form the hydrocarbon chain than do different ones.

During the process of the hot-electrons injecting into the conduction
band of CoO and the subsequent quantum tunneling to the LUMO en-
ergy levels of CO, molecules, a simplified two-step potential barrier for
the quantum tunneling was used to explain the first carbon isotope
effect.

A conceptual quantum resonant tunneling model is used to explain
the second carbon isotope effect. Since the same carbon isotopes have
the same energy levels, the probability of quantum tunneling of the
electrons between the same carbon isotopes is higher than the prob-
ability of quantum tunneling of electrons between different carbon
isotopes. Therefore, it is observed that hydrocarbon chains with pure
carbon-12 atoms or pure carbon-13 atoms are more abundant than
expected.
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