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Abstract

Electrochemically-derived multicarbon products are a golden target for valorization of
captured carbon dioxide due to the potential of turning a waste product into useful commodity
chemicals with renewable energy sources. A tantalizing approach toward their synthesis, the
formose reaction utilizes homogeneous catalytic condensation of formaldehyde to generate
carbohydrates. While a sustainable approach to artificial carbohydrate production through
electrochemical generation of formaldehyde is desirable, to date it has not been fully realized.
Here, we study the electrocatalytic conversion of methanol to formaldehyde on palladium with
faradaic efficiency of over 90% at 0.9 V vs. Ag/AgCl, and with partial current density of nearly 3
mA cm? at 1.6 V vs Ag/AgCl. We observe the concurrent generation of palladium oxides as a
consequence of the high overpotentials employed, which may partially explain the higher
selectivity toward the partial oxidation product. Moreover, we demonstrate that formaldehyde
produced electrochemically from methanol is feasible for formose reactions without need for
further purification, achieving 21-28% carbon conversion to carbohydrates. This process,
therefore, represents a potential avenue for electrochemical generation of formaldehyde and its

utilization in generating multicarbon products inaccessible by other electrocatalytic means.

Keywords: Oxidation, formose, electrocatalysis, methanol, C; valorization



Introduction

A fully electrified approach to selectively yield multicarbon species from CO; feedstock
would help enable divestment from a petrochemical economy. Direct CO; electroreduction efforts
primarily employ copper for its unique ability to produce multicarbons such as ethylene.!?
However, there is limited progress in enhancing selectivity to products beyond C> species directly
on a heterogeneous electrocatalyst due to the multitude of reaction intermediates that could be
generated, their fundamental scaling relationships, and challenges associated with controlling C-
C coupling on a surface.>* We previously identified the electrochemically mediated formose
reaction as a suitable candidate for complexification of C1 products that may ultimately be derived
from CO..> This would lead to an abiotic pathway to sugars that, if refined, could compete with
plants on an energy basis.>® There are two components to this approach: 1) electrochemical
generation of formaldehyde (ideally from CO: or its derivative), and 2) its subsequent
catalytically-driven conversion to carbohydrates via the formose reaction. Demonstration of the
two aspects together has not yet been achieved and would present a significant advance in opening

up strategies for electrocatalytic valorization of CO,.

To address the first component of this strategy, our previous exploration of pathways for
formaldehyde generation identified the partial oxidation of methanol to solution-stabilized
formaldehyde as a promising route.® The methanol electrochemical oxidation reaction (MOR) is a
widely studied reaction for its use in fuel cells.” As formaldehyde is a common intermediate in this
pathway, the reaction may feasibly be tuned by selecting conditions favorable to partial oxidation,
including catalyst selection and electrolyte conditions including electrode potential, pH, water

content, and supporting electrolyte.®*2



The second aspect, the formose reaction, is noted for converting a concentrated solution of
formaldehyde in the presence of an initiator such as glycolaldehyde and a suitable homogeneous
catalyst into a complex product mixture containing carbohydrates, alcohols, and acids.'® While the
formose reaction is primarily conducted in aqueous solutions, several previous nonaqueous studies
suggested that methanol could enhance yield or selectivity of the formose reaction through
suppression of competing Cannizzaro reactions.'*'® Demonstration of the reaction’s robustness in
the presence of methanol without interference of the supporting electrolyte from electrolysis could

simplify product separation and processing for future efforts.

In this study, the effect of high anodic potential with high methanol content to generate
formaldehyde is explored. These conditions allow for enhanced partial oxidation of methanol to
formaldehyde, generating high concentrations suitable for employing directly into the formose

reaction.
Results and Discussion

Methanol Oxidation on Palladium Foil. Palladium is noted as an active catalyst for MOR,
with improved tolerance for CO generation compared to platinum alone,!” and its higher
abundance makes it an attractive candidate for manufacturing commercial MOR catalysts.*® In
alkaline MOR, deactivation of the catalyst at moderate overpotentials (around 0.8 V vs. RHE)
stems from either the formation of organic poisoning species or surface (hydr)oxides which
prevent methanol adsorption and inhibit deprotonation.'®-! Therefore, its oxophilicity can lead to
deactivation at potentials relevant to fuel cell operation.??> However, reinvigoration of activity at
high overpotentials, in the so-called “transpassive region,”?® has been noted by several authors.
This is possibly related to a distinct mechanism for methanol oxidation, which has not been fully

described, although a recent study has noted significant formaldehyde generation on platinum 2024



In this potential region, product characterization has rarely been performed, limiting insight into
the reaction. The possibility to afford higher current densities and provide unique reactivity offered

opportunities to investigate this potential region and its implications for formaldehyde generation.

In addition to the applied potential, solvent composition is known to play a significant role
in methanol oxidation.'? Conditions with low oxidant presence (i.e. low availability of active OH
at the surface) are expected to enhance formaldehyde generation.!® It has been reported that high
faradaic efficiency to formaldehyde can be achieved with high methanol content (up to 10% water
by volume).? On this basis, we employed 90% methanol in 10% water (v/v) for further analysis,
though it is noted that we find the results are similar for a range of mixed aqueous solvent
compositions with high methanol content, which can be found in the Supporting Information
(Figure S1). Additionally, although palladium MOR activity may be enhanced in alkaline media,°
high local availability of hydroxide tends to increase full oxidation to CO2,'®® while strongly
acidic media is less active and promotes dissolution of the catalyst.?® To mitigate these undesired
effects, we studied the neutral MOR in 0.1 M NaClOs. NaClO4 avoids some complicating aspects
of anion adsorption to the electrode, which affects MOR activity through a selective poisoning

effect.2’:28

To better understand the behavior of the transpassive MOR, we performed bulk electrolysis
at controlled potential to gain a potential-activity relationship (Figure 1a and b). Sufficient current
to allow major product detection, which is limited by the lower limit of the formaldehyde assay,
can only be achieved in these conditions at potentials above 0.7 V vs. Ag/AgCI (Figure 2b). At 0.9
V, faradaic efficiency (FE, a metric of selectivity) to formaldehyde is high, approaching 91 + 9%
(Figure 1a), though with low current density (11 pA cm) (Figure 1b). As higher potentials are

applied, FE decreases and current density concomitantly increases up to a maximum tested partial



current density of 2.99 mA cm? at 1.6 V (FE 58 + 12%). Decreased current efficiency to
formaldehyde at higher potential is accompanied by increased yield to CO2 and competition with
the oxygen evolution reaction (OER) (Supporting Information, Figure S2). Interestingly, these
current efficiencies compare with the recent work on platinum electrodes, which in a flow cell
configuration could achieve 15% FE at 25 mA cm™ and 45% at 50 mA cm™ on anodized platinum
electrode.?* The high current densities achieved in that work may be due to platinum being a highly

active MOR catalyst combined with favorable hydrodynamics of the flow cell configuration.
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Figure 1. Electrocatalytic trials of 90% MeOH/10% H20 (v/v). (a) Potential effect on faradaic
efficiency to formaldehyde. Potential is reported as applied voltage vs. Ag/AgCI (3 M KCI). Error
bars from three independent trials, each lasting one hour. (b) Partial current density toward

formaldehyde from one hour potentiostatic trials. (c) Total concentration of formaldehyde in cell



as a function of time at 10 mA applied current in a galvanostatic time trial. Error bars from two
independent quantification assays on a single trial. Inset: schematic illustrating the partial

oxidation reaction over the palladium surface.

Galvanostatic time trial. As FE is reasonably high for all potentials studied, controlled-current
conditions can be applied to reliably target high total yield of formaldehyde, a prerequisite for the
formose reaction to occur. Application of 10 mA current over 72 hours allowed for generation of
0.395 M formaldehyde solution, with a cumulative FE of 49%. The apparent rate of formaldehyde
accumulation decreased over time as concentrations in the cell increased, likely due to re-
adsorption of formaldehyde followed by its further oxidation to CO> (Table S2). Additional
support for this effect lies in the gradual decrease in anode potential required to maintain the
current (Figure S3). This may be mitigated in conditions which increase convection at the electrode

and thus remove the weakly retained formaldehyde, such as in a flow cell.

Over the course of electrolysis, the pH of the solution naturally drops due to proton abstraction,?®
with a final measured pH of 1.4. This acidification likely has a beneficial effect of stabilizing the
generated formaldehyde by inhibiting the alkaline Cannizzaro reaction (where formaldehyde
disproportionates to produce formic acid and methanol).3® A secondary consideration is the
possibility of electrode dissolution over time at such high potential and low pH, which may be

addressed in future studies.

Presence and role of PdOy. To understand the remarkable selectivity of the system, we aimed to
evaluate the physical state of the electrode during the partial MOR. From the Pourbaix diagram,
PdOx species are expected to be thermodynamically stable at the high anodic potentials employed
in this work, and thus may be the active components of the electrolysis.3* Surface (hydr)oxides

can affect adsorption behavior and deprotonation of organic species such as formaldehyde.
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Figure 2. Evidence for the generation of oxides in the MOR and solvent effects thereon. (a) XPS
spectra displaying pre- and post-catalysis surface states of palladium foil. The difference between
the two spectra is minor; however, by increasing water content, it is possible to see the
characteristic peak associated with the Pd oxide. (b) Steady-state cyclic voltammetry traces after
repeated potential cycling (200 mV s1) of MOR on palladium foil, inset displaying a characteristic

sharp reduction peak of oxide at 0.3 V vs. Ag/AgClI formed at the potentials of partial MOR.

We turned to X-ray photoelectron spectroscopy (XPS) for confirmation of oxides. The pre-
and post-MOR (at 1.6 V) scans of the Pd 3d region in XPS look similar, differing primarily by

increased asymmetric tailing in the post-catalysis line shapes. This may be due to enhanced



coverage of surface oxide or electronic factors that contribute to asymmetric peaks in metals.3>3

However, with higher water content, we observed a significant amount of oxide as confirmed by
the presence of a distinct Pd?* 3ds/, peak at a binding energy of 336.7 eV (Figure 2a).3*% Ex situ
observation of a thin surface oxide is challenging due to the penetration depth of XPS exceeding
that of the thin surface oxide layer combined with susceptibility of the surface oxide to reduction
by the incident beam. The oxide growth be limited in the high methanol conditions of our 90%

methanol v/v electrolysis as the extended growth of PdOx requires adsorption of water,*2%6:37

After establishing the oxides ex situ, we turned toward in situ detection with
electrochemical methods, which may be more sensitive to sub-monolayer oxide films.*®
Observation of the oxides comes from cyclic voltammetry of the foil (Figure 2b). Water suppresses
MOR current at lower overpotentials due to competitive adsorption. At higher anodic potentials,
water may be activated and participate chemically in the oxidation of methanol, the oxidation of
palladium or undergo OER over a palladium oxide film, which would reduce the faradaic
efficiency of the partial MOR. In pure methanol (which contains a trace amount of water from the
atmosphere), the steady-state voltammogram displays an anodic peak during the cathodic sweep
at 0.5-0.6 V vs. Ag/AgCl, reminiscent of the “hysteresis” behavior of the MOR, where refreshed
oxidation of methanol occurs after a small layer of oxide is removed.?®?! With water addition,
however, there is instead a cathodic peak apparent at 0.29 V, which can be attributed to dominant
reduction of PdOx species that are formed more readily from oxygen donated by water than from
methanol.?® Therefore, there are indeed surface oxide species formed during the conditions
employed for the partial oxidation reaction. It is not possible on this basis to identify the specific
oxide states for XPS quantitation or to decouple these from the concomitant methanol oxidation

that can occur at these potentials (see Figures S4 and S5). It does, however, allow us to recognize



the interplay between methanol and water at the electrode surface and note its potential relevance

to the uniquely high selectivity of the partial MOR.

As formaldehyde is repeatedly the dominant product detected, we suggest that incomplete
oxidation over inert PdOx may occur due to the lack of adjacent metallic sites required for
deprotonation, a sort of site blocking effect.1222%8:39 Electrokinetic and spectroscopic studies on a
more sensitive system, such as single crystal palladium surfaces, may help elucidate the nature of

the reaction mechanism.

Methanolic formose reaction optimization. For the second component of the process, we turned
our attention to the unusual aspects of the formose reaction in methanol. Before introducing the
additional factor of electrolyte, we first studied the formose reaction in pure methanol using
commercial paraformaldehyde (PF) as the precursor. Ca(OH)2, the most widely used formose
catalyst in aqueous reactions, was significantly less active in methanol than in water (Figures S6-
S7). This was expected based on previous studies due to its lower solubility in methanol and
possibly inhibited interaction with the hemiacetal-protected formaldehyde species.’** Over the
course of 120 minutes, there was no yellowing of the methanolic formose mixture, which is often
considered characteristic of reaction completion.*®#? Phenol-sulfuric assay analysis**** also
indicated no significant carbohydrate yield (Figure S6). However, by utilizing an alternative
alkaline earth hydroxide with greater solubility, Sr(OH)., the reaction proceeded rapidly, with
complete conversion as indicated by yellowing occurring within 15-20 minutes. Carbohydrate
yield (formaldehyde basis) increased with more strontium catalyst, in contrast to the calcium-
catalyzed aqueous reaction, which exhibits a negative relationship between carbohydrate yield and
catalyst stoichiometric loading due to the fact that calcium may serve as an effective substrate for

the Cannizzaro reaction in water.*! Below a minimum formaldehyde concentration of about 0.2



M, conversion to carbohydrates was not apparent, but increasing concentration strongly enhanced
the reaction, from less than 5% below 0.2 M to over 50% at 1 M (Figure S8). This set a minimum

target concentration of formaldehyde of 0.2 M, which was readily exceeded in the galvanostatic

time trial.
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Figure 3. HPLC chromatograms of a single reaction sampled before (black) and after (yellow) the
formose reaction show the consumption of formaldehyde and generation of multiple products as
discrete peaks. Methanol serves as a pseudo-internal standard, confirming that formaldehyde was
the major source of carbon for the reaction. Inset: expansion of the carbohydrate region of the
chromatogram. Major products correspond to elution times related to Cs-Cs species including

glucose, galactose, arabinose, and ribose (standards shown in inset).

Formose from electrochemically generated formaldehyde (MORose). With the two separate

aspects of the method established, we applied the optimized formose conditions to our



electrosynthesized formaldehyde solution, addressing the final question of whether supporting
electrolyte and electrochemical byproducts would interfere with the formose reaction. It is well-
known that formose chemistry is frequently influenced by the presence of third-party anions such
as silicates and borates.*>*® The presence of 0.1 M perchlorate in our electrolyte, however, did not
inhibit the strontium-catalyzed methanolic formose reaction. The robust conversion of MOR-
derived formaldehyde to sugars was established by several methods. Yellowing of the reaction
occurred within 20 minutes, on a similar timescale as the PF-derived methanolic formose. We
determined the yield of carbohydrates to be over 20% (24.5 +3.5%) through the phenol-sulfuric
acid assay. NMR and HPLC monitoring of samples taken during the course of reaction show the
development of new products which reproduce the behavior of the aqueous formose products
(Figure 3 and Figures S9-S11). Though high methanol content of solution may suppress
Cannizzaro-like reactions to an extent, there was clear evidence of the development of a formate
peak and some aliphatic alcohol/acids post-yellowing (Figure S10), suggesting the methanol-
containing solvent is not totally sufficient for averting product loss. HPLC additionally confirms
that formaldehyde was consumed during the reaction (Figure 3). Though others have noted some
degree of product selectivity in the methanolic formose reaction, HPLC (Figure 3) shows a number
of poorly-resolved products still result, as in the aqueous counterpart (Figure 3 and Figures S12-
S13). Efficient separation of all products was not possible due to common chromatographic
challenges associated with the complex mixture*’; however, comparison of the retention times of
the major products to standards of monosaccharides suggests pentoses and hexoses are formed
from the reaction, in agreement with the phenol-sulfuric analysis. This data taken together supports
the utility of the methanolic formose reaction for generating beyond-C, products from

electrosynthesized formaldehyde.



Conclusion

We show that high FE can be achieved under tuned conditions on palladium foil. Exploiting neutral
highly methanolic conditions decreases oxidant availability, favoring partial oxidation products.
Application of high overpotential on a semi-inert oxidized palladium surface affords selectivity to
formaldehyde, with increased activity at the cost of energy efficiency. This reaction is stable and
was used to produce a significant concentration of formaldehyde in a methanol/water/sodium

perchlorate solution, which was then directly applied in the formose reaction.

The integration of the MOR product into the formose reaction demonstrates the first deliberate
generation of carbohydrates from electrochemically produced formaldehyde. Sr(OH). allowed for
significant decrease of the induction time in methanol compared to conventional Ca(OH).. This
implies opportunities for further exploration of solvent conditions for integrated electro/formose

chemistry.

Materials

Palladium foil (99.9%, 0.025 mm thick, Alfa Aesar) Nafion™ N-115 (0.125 mm thick, Alfa
Aesar), platinum mesh and wire (99.99% ) were purchased from Alfa Aesar. Methanol (Optima®,
0.2 micron filtered, Fisher Chemical), sodium perchlorate hydrate (99.99% trace metals basis),
acetylacetone (puriss p.a. 99.5%, Fluka Analytical), ammonium acetate (certified A.C.S., Fisher
Chemical), phenol (for molecular biology, 99%, Sigma Aldrich), sulfuric acid (certified A.C.S.
plus, Fisher Chemical), perchloric acid (ACS reagent, Sigma Aldrich), D-glucose (99%,
anhydrous, Thermo Scientific), formaldehyde (certified reference material, 1000 pg/mL in H20),
strontium hydroxide (95%, Aldrich Chemistry), calcium hydroxide (95%, Sigma Aldrich) were all

purchased and used without further purification. Argon (99.999% Ultra High Purity, Linde) was



used for inert conditions in electrochemical experiments. Dri-Ref, 2mm Ag/AgCl (3M KCI)
reference electrode (WPI) was used for all experiments. Ultra-high purity water (18.2 MQ-cm,

TOC < 5 ppb) was generated in-house using a Millipore water purification system.
Methods
Further details of each method section may be found in the Supporting Information.

Preparation of Pd electrode. Palladium foil was sonicated in UHP water, 0.01 M HCIO4, and UHP
water again before being electrochemically cycled in 0.01 M HCIO4 between -0.3 and 1 V vs.
Ag/AgCI for at least 10 cycles until a reproducible CV was obtained (Figure S14). The electrode

was finally rinsed with UHP water and dried under N2 stream.

Electrochemical oxidation of methanol. A custom PEEK H-cell was employed for bulk electrolysis
experiments. Potentiostatic trials were performed over one hour. 90% MeOH/10% H.0 v/v (17
mL) with 0.1 M NaClO4 was the electrolyte in both chambers for the chronoamperometric
experiments, while 0.1 M H2SO4 was employed as catholyte in the galvanostatic time trial to
prevent precipitation of chloride species. Potentials are reported as applied vs Ag/AgCI due to
known challenges in defining an absolute reference scale in methanol. As reference electrode
construction may differ and aqueous references may be affected by methanol contamination,

calibration versus ferrocenium/ferrocene is included in Figure S15.

Quantification of formaldehyde product. Formaldehyde yield was characterized using the Nash
colorimetric assay. Formaldehyde concentration was obtained by comparison with a fresh

calibration series generated from a formaldehyde analytical standard (Figure S16).

Formose reaction conditions. The formose reactions were carried out in this work largely as

previously described.® Briefly, for MORose trials, the reaction was performed with the addition of



0.1 mM glycolaldehyde at 80°C with 40 mM Sr(OH)2 and titration to a measured pH of 10-12 with

1M NaOH.

Quantification of sugar yield. Total Cs. carbohydrates were quantified using the phenol-sulfuric

acid method (Figure S17).4344

'H-NMR of carbohydrates. A Bruker AV-600 was used to monitor the formation of carbohydrates
and formose byproducts. Dimethyl sulfoxide was used as an internal standard for normalization of
spectra, and the formose solution was added to D>O in a 9:1 ratio. Solvent suppression was used

to reduce the water peak.

HPLC w/ RI detection for carbohydrates. For direct confirmation of the presence of species related
to Cs-Cs products, a Dionex Ultimate 3000 HPLC equipped with an Aminex HPX-87H column
was used, with an ERC RefractoMax520 RI detector. Sugar standards measured include glucose,
ribose, arabinose, mannose, and fructose. Formaldehyde, methanol, and formic acid were also
identified. Samples were neutralized with HCI before syringe filtration at 0.2 uM, dilution by a

factor of 30 in H20, and direct injection into the column.

Gas product characterization. A gas chromatograph (Agilent Technologies, 7890B) was used to

monitor the time-averaged formation of CO and CO; species during electrolysis.

Oxide identification. XPS (Thermo Scientific K-Alpha) was performed pre- and post-electrolysis

to identify possible oxide states on the Pd electrode.
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Synopsis: Exploiting methanol oxidation for formaldehyde generation allows for C; valorization

without need for intermediate product purification.





