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Abstract

The activation and transformation of H,O and CO, mediated by electrons and single Pt atoms is
demonstrated at the molecular level. The reaction mechanism is revealed by the synergy of mass
spectrometry, photoelectron spectroscopy, and quantum chemical calculations. Specifically, a Pt atom
captures an electron and activates H,O to form a H-Pt-OH~ complex. This complex reacts with CO, via
two different pathways to form formate, where CO, is hydrogenated, or to form bicarbonate, where CO,
is carbonated. The overall formula of this reaction is identical to a typical electrochemical CO, reduction
reaction on a Pt electrode. Since the reactants are electrons and isolated, single atoms and molecules, we
term this reaction a molecular-level electrochemical CO, reduction reaction. Mechanistic analysis reveals
that the negative charge distribution on the Pt-H and the -OH moieties in H-Pt-OH~ is critical for the
hydrogenation and carbonation of CO,. The realization of the molecular-level CO, reduction reaction

provides insights into the design of novel catalysts for the electrochemical conversion of CO,.

Introduction

The electrocatalytic conversion of CO, into reduced, value-added molecules has received extensive

attention for both environmental and economic reasons. While noble metal nanomaterials, such as Pt, Pd,
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Ru, Rh, and Ir, are mostly commonly used in electrocatalysis due to their high activity, their high cost and
low natural abundance introduce major difficulties in using them for large-scale, industrial applications.
Single-atom electrocatalysts that comprise isolated active metal centers represent a promising strategy for
mitigating this issue, owing to their maximum atom efficiency and unique atomic structures and
electronic properties.!3 For instance, downsizing the Pt nanoparticles to single-atoms supported on
substrates improves their activities toward several electrochemical reduction processes, including
hydrogen evolution reaction, oxygen reduction reaction, and CO, reduction.*’ In this study, we explore
the possibility of further reducing the scale of an electrochemical reduction reaction to the molecular level.
The aim is to use electrons, isolated, single noble metal atoms, water, and CO, molecules to achieve an

electrochemical CO, reduction reaction (CO,RR) that involves as few chemical entities as possible.

We selected the platinum atom as the noble metal to mediate this molecular-level electrochemical CO,RR,
a choice inspired by a lineage of our recent studies. In studies related to CO, activation and
functionalization, we showed that the negative ions of metal atoms, including Pt-, activate CO,,%” and that
the activated groups on Pt atom, such as the hydro and the methyl groups, functionalize CO, into formate
and acetate.®® In another study, we showed that while a neutral platinum atom is inert toward water, after
adding an electron, a platinum anion activates a water molecule by breaking the O-H bond to form a H-
Pt-OH~ complex.!® The hydro and the hydroxy groups in this complex are expected to be active in
reacting with other small molecules. Based on these studies, we conceive that electrons endow Pt atoms
with activities for both water activation and the CO, functionalization, and that by coupling such activities,
Pt atoms can mediate a molecular-level electrochemical CO, reduction reaction. Here, we demonstrate
that in the presence of electrons, Pt atoms break water molecules into -H and -OH groups, and
respectively couple these two groups with CO, to form formate and bicarbonate. The overall chemical
formula for this molecular-level reaction resembles that of a typical electrochemical CO,RR on a Pt
electrode. This work demonstrates the smallest scale electrochemical CO, reduction reaction mediated by

single atoms known.

Results and Discussion

The molecular-level CO, reduction reaction starts with the controlled activation of one O-H bond in H,O
by single Pt atoms and electrons.!! Water activation occurred in a laser vaporization source, where a laser-
generated plasma containing Pt atoms and electrons interacted with water molecules introduced into the
vaporization chamber. The activation product, PtH,O~, was characterized by negative ion photoelectron

spectroscopy and confirmed as H-Pt-OH- (Figure 1A top panel and Figure S1). This activation product
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then reacted with CO, added into a reaction cell downstream by a second pulse valve. As all reactants
were carried by supersonically expanding helium jets, the reaction temperature is estimated to be on the
order of several Kelvins. The duration of the reaction is around 40us, which is determined by the
difference between the trigger timings of the second pulse valve and the time-of-flight mass spectrometer.
The resultant mass spectra show prominent new peaks of reaction products at the lower mass region,
while a mass series of [H-Pt-OH(CO,)]" is observed at the higher mass region (Figure 1A bottom panel).
Here, we focus on the species with an amu lower than 280, as these species represent the possible
intermediates and products resulting from the reactions among H,O, CO,, and single Pt anions. Pt clusters
are not expected to contribute to these reactions. The intermediates related to reactions with Pt clusters
should have the molecular formula Pt,(H,O)(CO,)~ (n>=2) with a minimum molecular weight of 450 amu,

which are beyond the scope of this work.

The peaks at the lower mass region are identified as HCO,~ (formate), HCO;~, CO;™, and the solvation
complexes of these species according to their masses and photoelectron spectra (Figure 1B top panel and
Figure S2). For comparison, the reaction between H,O and CO, with the presence of electrons only forms
the (CO,),(H,0),, solvation complexes'! (Figure S3). This confirms that electrons alone will not induce
chemical bond breakage or reformation in a H,O and CO, gas expansion under our experimental
conditions. Therefore, Pt atoms are critical for the formation of HCO,, HCO;~, and CO5;~. HCO, and
HCO;™ are likely due to the reactions between CO, respectively with the -H and -OH groups in the water
activation complex H-Pt-OH-. The CO;~ can be the result of electron-induced deprotonation of HCO;-,
which is common for gas-phase acidic anions. The high intensities of these lower mass products suggest

an efficient interaction between CO, and H-Pt-OH.

We then characterized the [H-Pt-OH(CO,)]” reaction intermediate with negative ion photoelectron
spectroscopy (Figure 2). The photoelectron spectra were taken at all the mass isotopes, and no significant
spectroscopic difference was observed among them. The [H-Pt-OH(CO,)]~ spectrum is convolved,
suggesting contributions from multiple isomers of [H-Pt-OH(CO,)]~ that coexist in the ion beam. The
photoelectron spectrum consists of two subregions. The first region is relatively weak in intensity and has
multiple peaks with electron binding energy (EBE) lower than 3.6 eV. This indicates that the isomers with
their vertical detachment energies (VDE), which are defined as the photodetachment transition energy at
which the Franck—Condon overlap is at its maximum between the anion’s vibrational wave function and
that of its neutral counterpart, below 3.6 eV make up a lesser portion in the [H-Pt-OH(CO,)]~ beam. The
spectral region above 3.6 eV, on the other hand, is higher in intensity, suggesting the [H-Pt-OH(CO,)]"
isomers with a VDE higher than 3.6 eV are the major species in the ion beam. In other words, these

1somers are more stable than those with a lower VDE.
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Figure 1. (A) Mass spectra of Pt~ reacting with H,O (top panel) and with H,O and CO, (bottom panel).

(B) The mass spectrum of Pt~ with H,O and CO, is bisected into the lower (top panel) and higher (bottom

panel) mass regions for a closer view of the reaction products.

The complexity of the [H-Pt-OH(CO,)]- photoelectron spectrum necessitates quantum chemical
calculations to identify the molecular species of this reaction intermediate. A distinct advantage for
studying gas-phase reactions between single atoms and molecules is the synergy between experimental

characterization and high-level quantum chemistry calculations for identifying reaction intermediates and
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products, which lays the foundation for mechanistic insight into the reactions at a molecular level.'> We
started by performing density functional theory to search for [H-Pt-OH(CO,)]~ isomers that are possibly
formed via the reaction between H-Pt-OH-and CO,. The energetics of these isomers were then refined at
the CCSD(T) level of theory. The optimized geometries for these reaction intermediates are presented in
Figure 3 along with their relative energies. All energies are zero-point energy corrected. The structures of
H-Pt-OH- and CO, are also presented for reference. All [H-Pt-OH(CO,)]~ isomers are in a doublet
electronic state. In the global minimum of [H-Pt-OH(CO,)]-, A, CO, is wedged into the Pt-H bond of H-
Pt-OH- to form a HOCO-Pt-OH- structure, that is, CO, is hydrogenated to formate. In structure B, which
is essentially isoenergetic to the global minimum, CO, is inserted into the O-H bond of H-Pt-OH-,
forming a H-Pt-HCOj; structure where CO, is carbonated. The bicarbonate is attached to the Pt atom via a
Pt-O bond. Structures C and D are formed by the absorption of CO, respectively onto the Pt and O atoms
in H-Pt-OH". In structure C, CO, exhibits a bent geometry. This suggests that CO, is activated, which is
the first step for CO, to be further functionalized, upon bonding with the Pt atom. In structure D, on the
other hand, while CO, also appears bent, its local charge is only slightly positive after interacting with the
O atom. This suggests that charge transfer in structure D is minimal, and CO, is not activated. Based on
the atomic connectivity, structure C is the prior step for forming structure A, while structure D is the

essential step to generate structure B.

[Pt(H,O)}CO,)I

Structure A s
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Figure 2. Photoelectron spectra of [H-Pt-OH(CO,)]- measured with 266 nm (4.661 eV) photons. The

stick spectrum overlay represents the calculated VDEs of the different [H-Pt-OH(CO,)]~ structures in

Figure 3. The dotted line represents the simulated spectrum.
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Figure 3. Optimized structures for H-Pt-OH-, CO,, and [H-Pt-OH(CO,)]". The relative energies of [H-Pt-
OH(CO,)] and their calculated VDEs to singlet and triplet neutrals are shown below each structure. The
Natural Bond Orbital (NBO) charge on each atom is also provided.

To verify these computationally optimized structures, we calculated their VDEs at the CCSD(T) level of
theory and compared them with the experimental spectrum. The EBE transition below 3.6 eV results from
the photodetachment transitions of structures C and D, whose calculated VDEs to their singlet neutrals
are 3.54 and 3.37 eV, respectively. For structure D, its VDE to the triplet neutral, which is 3.32 eV, also
falls into this EBE band. The EBE feature higher than 3.6 eV is due to the photodetachment transition of
structures A and B to their corresponding singlet and triplet neutrals. The transition from structure C to its
singlet also contributes to this EBE feature. We simulated the photoelectron spectrum based on the
calculated electron affinities and VDEs (see Methods). The match between the simulated and
experimental spectra indicates that structures A, B, C, and D all exist as the intermediates of the reaction

between H-Pt-OH~ and CO,.

The identification of the formate and bicarbonate adducts, structures A and B, and their corresponding
precursors, structures C and D, suggests two possible reaction mechanisms that are respectively
responsible for the formation of the formate and the bicarbonate products observed in the mass spectra.
To gain a detailed mechanistic insight into how H,O and CO, are transformed on the anionic Pt atom, we
investigated the reaction pathway with quantum chemical calculations (Figure 4). The reaction starts with

the breakage of one O-H bond H,O by Pt-, which has been elaborated in our previous work. This step
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Figure 4. Profile of the molecular-level CO,RR mediated by anionic Pt atoms. Zero-point corrected
energies are given in eV. The letters in parentheses correspond to their labels in Figure 3. The potential

energy surface is referenced to the total energy of isolated Pt-, H,O, and CO,.

includes a barrier of 0.51 eV and is exothermic by 1.26 eV.!° The resultant H-Pt-OH~ can react with CO,
via a Pt/C interaction that leads to CO, hydrogenation, or an O/C interaction that results in CO,
carbonation. The Pt/C interaction causes a 0.5|e| negative charge transfer to CO, and the formation of a
Pt-C bond (Structure C). The activated CO, then interacts with the Pt-H bond of H-Pt-OH~. The H atom
transfers to the C atom while the Pt atom binds the O atom, leading to the formation of HO-Pt-OCOH-
that contains a formate moiety (Structure A). The transition state, TS1, is located 0.05 eV below H-Pt-
OH- and CO,, the reactants for the CO, hydrogenation step, and 1.31 eV lower than Pt-, H,0O, and CO,,
which is the entrance channel of the entire reaction. Therefore, H-Pt-OH~ readily hydrogenates CO, into
the formate adduct intermediate via the Pt/C interaction route. Structure A can further dissociate into
PtOH and HCO,~, accounting for the formate and formate-containing products observed in the mass
spectrum. This step is endothermic, with the dissociation products 1.11 eV higher than the entrance
channel. Such extra energy can be provided via multicollisions with the fastest He molecules in the
Maxwell-Boltzmann distribution under our experimental conditions.!3 It is also worth noting that H-Pt-
OH~ may undergo a direct reaction mechanism where its -H group transfers to CO, to form a formate
without going through the HO-Pt-OCOH- intermediate (Structure A).!3* '* For the O/C interaction route,
the CO, wedges into the O-H bond of H-Pt-OH- to form a bicarbonate adduct (Structure B) via TS2,
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which lies 1.36 eV below the entrance channel. This adduct can dissociate into PtH and HCO;~, whose
total energy is almost identical to the entrance channel. Note that the CO, activation intermediate, D, the
transition state, TS2, and the adduct intermediate, B, in the CO, carbonation route, are respectively
similar in energy as compared to their corresponding structures, C, TS1, and A, in the CO, hydrogenation
route. Therefore, the carbonation and hydrogenation routes have alike energetic profiles before the
dissociation of the reaction intermediates, and the higher energy of hydrogenation products accounts for

the lower intensities of HCO,™ related species as compared to the HCO;™ related ones (Figure 1).

The observation of a significant amount of formate, bicarbonate, and their related products in the mass
spectrum suggests a high yield of PtH and PtOH as the reaction products, though they were not directly
observed due to a lack of charge. In addition, the solvation and deprotonation of formate and bicarbonate
indicate noticeable interactions among the reaction products. Therefore, PtH and PtOH may react with
each other to form two Pt atoms and one H,O molecule under our experimental conditions, completing

the catalytic cycle by regenerating Pt atoms. We can thus summarize all the reaction steps as follows:
Pt+e = Pt

Pt-+ H,O - H-Pt-OH-(Water activation)

H-Pt-OH- + CO, » HOCO-Pt-OH~ - PtOH + HCO, (CO, hydrogenation)

H-Pt-OH~ + CO, = H-Pt-HCO;~ - PtH + HCO; (CO, carbonation)

PtOH + PtH - 2Pt + H,O

By combining and balancing these steps, we proposed that the overall reaction that occurred in our

experimental setup is:

2P
H,0 + 2CO, + 2¢- —> HCO, + HCO5

Therefore, while the reactants in our setup are electrons and isolated, single atoms and molecules, the
overall reaction has the same formula as a typical electrochemical CO, reduction reaction on a Pt
electrode. We thus propose that the H,O and CO, activation and conversion mediated by Pt atoms and

electrons in this work represents an electrochemical CO, reduction reaction at the molecular level.

The neutral Pt atom is inactive to H,O. With the addition of an excess electron, Pt~ activates water by

breaking one of its O-H bonds to form H-Pt-OH~. The negative charge on Pt reduces to -0.09|e| after
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redistributing to the -H and the -OH groups, with the O atoms carrying the major portion of the negative
charge in this water activation complex. While the negative charge on Pt in this complex is significantly
lower than those observed in our previous studies, the H atom that is directly connected to Pt also
contributes its negative charge when Pt interacts with CO,. This is manifested by the decrease of the total
charge on the Pt-H moiety from -0.38|e| to -0.10|e| after the CO, activation step. The charge on the -OH
group, on the other hand, barely changes in the CO, hydrogenation route, suggesting that the CO,
reduction and functionalization into formate occurs on the Pt-H moiety. The O atom in H-Pt-OH- serves
as another site for the initial interaction with CO,. The negative charge on O is large (-1.04/e|), but NBO
charge analysis reveals that it barely transfers to CO, during the O/C interaction. The carbonation, which
is not a redox reaction, occurs primarily on the -OH group, and the charge on the Pt-H moiety changes
little in this route. This mechanism resembles the function of the ZnOH unit in a carbonic anhydrase.!*
The charge analysis thus suggests that the hydrogenation and the carbonation routes proceeds locally on
the Pt-H and the O-H moieties, respectively, and each of the two moieties needs to possess appropriate
negative charge for converting CO, into other species. A charge analysis shows that in neutral H-Pt-OH,
the charge on the Pt-H moiety is +0.38|e|, making it unable to activate or hydrogenate CO, (Figure S4).
Therefore, electrons play a critical role in this molecular-level electrochemcial CO, reduction reaction, not
only for enabling Pt atoms to activate H,O activation, but also for keeping adequate negative charge on

the Pt-H moiety in H-Pt-OH~ so CO, reduction and hydrogenation can occur on it.

Figure S5 presents a more complete reaction profile that also involves the route where Pt reacts with CO,
first then with H,O. In this route, CO, is activated and chemisorbed to Pt to form a Pt-CO," complex. The
H,0 molecule is physisorbed to this complex and gets activated via the breakage of the O-H bond. The -
OH group bonds to the Pt atom while the H atom bonds to the O atom of the CO, moiety, forming a
HOPtCOOH- complex that contains a carboxyl group. While carboxyl has been commonly characterized
in metal-surface electrochemical CO, reduction, in the context of gas-phase reactions where the catalyst is
strictly single Pt anion and the participation from substrate is absent, this HOPtCOOH:- complex will lead

to the formation of formate products but not the carbonate products.

Conclusions

To summarize, we demonstrate the activation and transformation of H,O and CO, mediated by electrons
and single Pt atoms. The reaction mechanism is revealed by the synergy of mass spectrometry,
photoelectron spectroscopy, and quantum chemical calculations. Specifically, a Pt atom captures an

electron and activates H,O to form a H-Pt-OH~ complex. This complex reacts with CO, via two different
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pathways to form formate, where CO, is hydrogenated, or to form bicarbonate, where CO, is carbonated.
The overall formula of this reaction is identical to a typical electrochemical CO, reduction reaction on a
Pt electrode. Since the reactants are electrons and isolated, single atoms and molecules, we term this
reaction as a molecular-level electrochemical CO, reduction reaction. Mechanistic analysis reveals that
the negative charge distribution on the Pt-H and the -OH moieties in H-Pt-OH- is critical for the
hydrogenation and carbonation of CO,. The realization of the molecular-level CO, reduction reaction

provides new insights into the design of novel catalysts for the electrochemical conversion of CO,.

Methods
Experimental Methods

Anion photoelectron spectroscopy is conducted by crossing a beam of mass-selected negative ions with a
fixed-frequency photon beam and energy-analyzing the resultant photodetached electrons. The
photodetachment process is governed by the energy-conserving relationship: #v = EBE + EKE, where Av
is the photon energy, EBE is the electron binding energy, and EKE is the electron kinetic energy. Our
apparatus consists of a laser vaporization cluster anion source with an attached ligation cell, a time-of-
flight mass spectrometer, a Nd:Y AG photodetachment laser (operating at 266 nm), and a magnetic bottle
electron energy analyzer with a resolution is ~35 meV at 1 eV EKE."S Photoelectron spectra were
calibrated against the well-known atomic transitions of atomic Cu~ . The reaction among Pt-, H,O, and
CO, was studied using a laser vaporization/reaction cell arrangement.!® Atomic platinum anions were
generated by laser vaporization of a pure platinum foil wrapped around an aluminum rod. The resultant
plasma was cooled with a water vaper seeded helium gas mixture delivered by a pulsed valve, having a
backing pressure of 80 psig. The resulting H-Pt-OH- then traveled through a reaction cell (4-mm diameter,
5-cm length), where it encountered CO,. CO, was introduced into the reaction cell by a second pulsed
valve, backed by 15 psig of pure CO, gas. The resulting [H-Pt-OH(CO),]~ anionic cluster was then mass-
analyzed and mass-selected by the time-of-flight mass spectrometer and their photoelectron spectra

measured.
Computational Methods

Geometries of intermediates and transition states were optimized at the Density functional theory (DFT)/
B3LYP level of theory using Gaussian16 package.!” Harmonic vibrational frequency calculations carried
out at the same level of theory to confirm the existence of only real frequencies for all energy minima,

and one imaginary frequency for the transition states. Frequencies were used to estimate the zero-point
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energy corrections for all species. More accurate energies were obtained by performing single-point
CCSD(T) '8 calculations using the B3LYP geometries. Obtained zero-point energies from DFT/B3LYP
were added to calculate more accurate zero-point corrected CCSD(T) energies. All CCSD(T) calculations
were performed using MOLPRO 2015 package.!® For all calculations, the aug-cc-pVTZ (H, C, O) 202!
and aug-cc-pVTZ-PP (Pt) 2?2 basis sets were employed. The inner 60 electrons
(1s?2822p®3s23p©3d'04s24p°4d'04f'4) of Pt were replaced with the Stuttgart relativistic pseudopotential.?
To reproduce the photo-electron spectrum, we considered one Gaussian function for each stick of Figure
2. The maximum was set equal to the calculated VDE and the full-width-of-half-maximum was
approximated as (VDE—EA). The latter allows the onset of the Gaussian at around the EA value. The
height of the Gaussian was fit to the experimental data. VDE is calculated as the energy difference
between the anionic and neutral system using the anionic optimized geometry, and EBE is the same
energy difference but using the optimal structure of each species. The VDE, EBE values, and intensities

are given in the SI.
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