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ABSTRACT

Electrochemical valorization of surplus biomass-derived feedstocks such as glycerol into high-
value chemicals offers a sustainable route for utilizing biomass resources and decarbonizing
chemical manufacturing; however, glycerol is typically valorized solely via anodic oxidation,
with lower-value products such as hydrogen gas generated at cathode. Here, we establish the
efficient cathodic valorization of glycerol to the desirable C3 oxidation products via the electro-
Fenton process at a stable NiSe» cathode, built upon the theoretical understanding and
experimental demonstration of NiSe2’s high selectivity and stability toward acidic H20:
electrosynthesis. A proof-of-concept linear paired electrochemical process for concurrently
valorizing glycerol into the same oxidation products at both NiSe> cathode and Pt anode achieves
high selectivity for value-added Cs products and high glycerol conversion with little external
energy input needed, when the electro-Fenton generation of hydroxyl radicals is carefully
controlled. This conceptual strategy of linear pairing is generalizable for enabling atom-efficient

electro-refinery of diverse biomass-derived feedstocks.
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Harnessing solar and wind generated electricity for electrochemical synthesis of high-
value chemicals from biomass feedstocks offers a sustainable alternative to conventional
chemical manufacturing from fossil fuels!?. Glycerol is a byproduct of the rapidly growing
biodiesel production and has become a surplus biomass-derived chemical* with a low price of
0.17 $/kg°. Oxidative upgrading of glycerol is very attractive®?, because all C3 and C, oxidation
products have higher economic values than glycerol’”. Compared to thermal oxidation that
requires high temperature and oxygen pressure, electrochemical oxidation’ poses several
advantages including near-ambient operation, less reagent waste, and distributed small-scale

production®?.

Electrochemical oxidation of glycerol typically occurs at catalytic anodes made of noble

10-13 14-16

metals or earth-abundant electrocatalysts'*'°, which is paired with either four-electron

oxygen reduction reaction (4¢” ORR) in a galvanic cell>!’

or hydrogen evolution reaction (HER)
in an electrolytic cell’!® (Fig. 1a). In either case, the chemicals generated at cathode have lower
economic values (e.g., ~1 $/kg or ~0.002 $/mol for H, from steam methane reforming'®) than the
glycerol-derived chemicals generated at anode [e.g., ~150 $/kg or ~13.5 $/mol for
dihydroxyacetone (DHA)”2°]. Recently, anodic glycerol oxidation has been paired with CO2*! or
CO?2 reduction reaction (CO2/CORR) that generates C; and/or Ca+ products at cathode? (Fig.
la), but the different cathode and anode feeds lead to different product portfolios between the
two half-cells with additional system complexity and separation cost. Using glycerol as the sole

feed in a so-called linear paired electrochemical process>?*%¢ to produce the same value-added

oxidation products at both cathode and anode simultaneously could be appealing.

Linear paired electrochemical valorization of glycerol requires a cathodic reaction that

can generate oxidative species to oxidize glycerol. Hydrogen peroxide (H20) is an oxidant (E° =



1.76 V vs. SHE) that can be cathodically generated via the selective 2" ORR (O2 + 2 H" + 2 ¢
— H202)*"%%, and be further converted into the even more oxidizing hydroxyl radical (-OH, E° =
2.80 V vs. SHE) by the Fe?*"-mediated electro-Fenton process in acidic solutions (Fe?" + H.O, +
H" — Fe** + H,0 + -OH) where Fe?' is regenerated at the H>O»-generating cathode (Fe*" + ¢ —
Fe?")?. The application of electro-Fenton process has been largely limited to environmental
pollutant removal®, but chemically generated ‘OH from H>O» has found use in biomass-to-

3132 and lignin depolymerization®®. These

chemical processes®® such as carbohydrate oxidation
works suggest it might be possible to utilize electro-Fenton process for electrochemical oxidation
of glycerol to value-added C; (and C») products when the -OH electrogeneration can be carefully

controlled. However, robust, inexpensive, and selective 2e ORR electrocatalysts to produce

H>0O; under slightly acidic conditions are needed for enabling efficient electro-Fenton process.

Here, we present the systematic investigation of cathodic valorization of glycerol via the
electro-Fenton process, and the further linear pairing with the anodic oxidation to concurrently
produce the same glycerol-derived oxidation products at both cathode and anode (Fig. 1b). This
is made possible by the discovery of a robust and earth-abundant NiSe» electrocatalyst for the
selective 2e- ORR and electro-Fenton process in acidic solutions. Building on the recent

3435 a5 selective 2e” ORR catalysts that are more

developments of transition metal compounds
cost-effective than noble metals*® and more catalytically active than carbon-based materials in
acidic solutions®’, we combine theory and experiment to elucidate the origins of NiSe>’s high
selectivity toward acidic 2e” ORR and excellent stability against surface oxidative leaching.
NiSe; cathode operated at the optimum potential for H,O» electrosynthesis and electro-Fenton

process enables the efficient glycerol oxidation in the cathodic half-cell, with a high glycerol

conversion and high selectivity for valuable C3 products. Finally, a linear paired electrochemical



system comprising of NiSe> cathode and Pt anode for efficient concurrent glycerol valorization

to Cz products is demonstrated under a marginal external applied bias.

RESULTS
Identifying c-NiSe: catalyst for the electro-Fenton process

The Fe**-mediated electro-Fenton process operates at an optimum pH of ~3 (ref. ?°) and
poses more stringent requirements for catalyst stability than 2e” ORR because -OH is more
oxidizing than H>O,. Therefore, an electrocatalyst that is not only selective for acidic 2e” ORR
but also stable in the presence of strong oxidants such as H>O> and -OH is needed. We utilized
the calculated bulk Pourbaix diagrams available from the Materials Project’® to identify
promising earth-abundant catalyst candidates with high aqueous electrochemical stability in the
pH and potential ranges of interest for acidic 2e” ORR. Similar to cubic pyrite-type CoSe> (c-
CoSe», Fig. 2a), an acidic 2¢” ORR catalyst with demonstrated stability®>, cubic NiSex (c-NiSez,
Fig. 2a) exhibits a wide electrochemical stability window in the bulk Purbaix diagram
(Supplementary Fig. 1). Therefore, NiSe> could be a promising cathode catalyst for the electro-

Fenton process.

The promise of c-NiSe; as an active and selective 2e” ORR catalyst is revealed by the
calculated free energy diagrams of the ORR energetics on the most thermodynamically stable
(100) surface (Fig. 2b). The 2e” ORR (Fig. 2b, solid traces) proceeds via the adsorption of OOH*
(O + * + H" + € — OOH*, where * is the unoccupied surface binding site) followed by its
desorption to form H,O» (OOH* + H" + € — H2O2uq + *). At the calculated standard
equilibrium potential of 2¢ ORR (Upyg), the preferential binding of OOH* to the Ni site on c-

NiSe is relatively weak (endothermic by 0.10 eV), whereas the Co site on c-CoSe> preferentially



binds to OOH* more strongly (exothermic by 0.24 eV)?>. Thus, c-NiSex is expected to be not
only active for 2 ORR as the OOH* adsorption is nearly thermoneutral at Uxyg, but also
selective toward 2e” (vs. 4¢”) ORR because it is situated on the weak OOH* binding leg of the 2¢
ORR volcano®®. In contrast, c-CoSe is situated on the strong OOH* binding leg. Furthermore,
the 2e” ORR selectivity is also kinetically governed by the resistance to the O-O bond cleavage in
OOH?*, which leads to the competing 4 ORR (Fig. 2b, dashed traces). We reason that the
OOH* dissociation on pyrite-type structures likely proceeds via a dinuclear pathway across two
neighboring metal sites (OOH* + * — O* + OH*)**. But this pathway features a high activation
barrier of 0.61 eV (0.63 eV) on c-NiSe: (c-CoSez) and is kinetically disfavored due to the large
spacing between the neighboring metal sites separated by diselenide anions. Thus, computational

assessments of ORR pathways suggest that c-NiSe> should be active and selective for 2e” ORR.

The surface stability of c-NiSez under aqueous electrochemical environments is evaluated
by considering O* and/or OH* adsorbate formation when the surface is in equilibrium with
water. Unlike c-CoSe, where O* and OH* preferentially bind to Se (Se-O*) and Co (Co-OH*),
respectively, Ni on ¢-NiSe» is the preferential binding site for both O* (Ni-O*) and OH* (Ni-
OH*). On a surface unit cell comprising of two metal sites and four Se sites, should O* builds up
on the c-NiSe: surface, a significant O* coverage would have to be reached (which is unlikely
because O* binds to Ni endothermically by 0.08 eV at Upyg) before any O* would bind to Se;
however, any presence of O* on ¢-CoSe> would bind to Se immediately (Fig. 2c). Since one
possible degradation pathway of pyrite-type structures is the oxidation of dichalcogenide anions
followed by the dissolution of metal cations (Supplementary Fig. 1), the low affinity of O* to Se
on c-NiSe> suggests an increased resistance to surface oxidation. In addition, OH* binds to Ni

more weakly (endothermic by 0.27 €V) than to Co (exothermic by 0.08 eV) at Upyp, which



allows the c-NiSe; surface to stay clean and mostly free of adsorbate over a wider range of
potentials compared to the c-CoSe> surface (Fig. 2¢). Note that O* and OH* can also form
during ORR if the O-O bond cleavage occurs (Fig. 2b). Therefore, these surface adsorbate
analyses suggest c-NiSe> should be more resistant to surface oxidation and degradation under

aqueous environments and ORR operating conditions.

Electrocatalytic 2e- ORR properties and stability of c-NiSe:

We synthesized nanostructured c-NiSe> (Supplementary Fig. 2) via a hydrothermal
method, and examined the acidic 2e” ORR catalytic properties of the powder sample by drop-
casting on a rotating ring-disk electrode (RRDE) (see Methods for details). We also synthesized
nanostructured c-CoSe; catalyst®® as a comparison (Supplementary Fig. 3). RRDE experiments
were performed with various catalyst loadings that resulted in similar ranges of double-layer
capacitances (Cqa) between these two catalysts (Supplementary Fig. 4) for fair comparisons. In
Os-saturated 0.05 M H2SO4 (pH ~1.2), c-NiSe> exhibits high H>O> selectivity (up to 95%) and
relatively little dependence on overpotential and catalyst loading (Fig. 3a and 3b). In contrast,
although c-CoSe> is more catalytically active toward 2e” ORR, the H>O> selectivity decreases
more dramatically with increasing overpotential and catalyst loading (Fig. 3a and 3b). Such
differences between the H>O; selectivity profiles of c-NiSe; and c-CoSe» are also observed at pH
~2.8 in Oz-saturated 0.1 M NaHSO4/Na>SO4 buffer (Supplementary Fig. 5 and 6), further

showing that c-NiSe: is more selective toward acidic 2e” ORR than c-CoSex.

The stability of c-NiSe> (vs. c-CoSe») catalyst for acidic 2e” ORR was evaluated by long-
term RRDE stability tests at various catalyst loadings. The catalyst stability is monitored by
tracking the disk potential at a certain disk current density (jaisk) or peroxide current density

(Jperoxide) (Supplementary Fig. 7). The stable disk potential throughout the tests shows that c-



NiSe; exhibits a higher catalyst stability than c-CoSe> at both pH ~1.2 (0.05 M H>SOs4) and pH
~2.8 (0.1 M NaHSO4/Na>SO4) (Supplementary Fig. 8 and 9). The spent catalysts show no
obvious structural and compositional change (Supplementary Fig. 10). We further performed
elemental analyses of the spent electrolytes to quantify the leaching rates of metal and selenium
from the catalysts normalized by the catalyst masses (Umol geatatyst' h™'). The ratio between the
Co and Se leaching rates of the less stable c-CoSez is close to the 1:2 stoichiometry (Fig. 3¢ and
Supplementary Table 1). This suggests the leaching of c-CoSe> could be initiated by the surface
oxidation of Se»?" to the soluble SeOx due to the preferential affinity of O* to its Se site (Fig. 2c),
followed by the near-stoichiometric dissolution of Co*" from the surface. In contrast, the Se
leaching from the more stable c-NiSe> is not only substantially suppressed compared to c-CoSe»,
but also slower than the Ni leaching (Fig. 3c). These suggest the leaching of ¢-NiSe> could
mainly result from the preferential adsorption of both O* and OH* onto Ni (Fig. 2c¢) and the
subsequent acid-base reaction with the electrolyte to dissolve Ni**. This hypothesis is supported
by the slower leaching of ¢-NiSe> under the less acidic pH of ~2.8 (Fig. 3¢), and future studies
will be helpful for confirming the catalyst leaching mechanisms. These in-depth catalyst leaching

studies further confirm the enhanced stability of c-NiSe; for acidic 2¢” ORR.

Bulk electrosynthesis of H20: using c-NiSe: cathode

We further performed constant-potential bulk electrosynthesis using integrated electrodes
of ¢-NiSez nanosheets directly grown on carbon fiber paper (NiSe2/CFP, Supplementary Fig. 11)
to accumulate H>O; in Oz-saturated 0.05 M H2SO4 in a two-compartment three-electrode H-cell
(Supplementary Fig. 12) at various applied potentials ranging from 0.50 to 0.65 V vs. RHE (Fig.
3d and Supplementary Fig. 13). Both the cumulative H>O> yield and selectivity after 6 hours of

bulk electrosynthesis are potential-dependent, and peak at the optimum potential of 0.60 V vs.



RHE (Fig. 3d). Cyclic voltammograms recorded before and after each electrosynthesis trial
suggest additional cathodic current is generated on NiSe>/CFP after the accumulation of H>O» in
the solution (Supplementary Fig. 13), likely due to the electroreduction of H>O» to water as the

Faradaic side reaction.

To understand this potential-dependent electrosynthesis of H202, we studied the side
reaction of H>O> electroreduction in competition with 2e” ORR on ¢-NiSe> catalyst drop-casted
on RRDE. In 0.05 M H>SOs, the catalytic onset potential of H>0» electroreduction on c-NiSe:
coincides with that of 2e” ORR, and the rate of H>O; electroreduction increases with higher
overpotential and H20: concentration (Supplementary Fig. 14a). Therefore, as H>O»
concentration builds up, the net rate of H>O» production (i.e., the production rate minus the
electroreduction rate of H202) on c-NiSe: is positive only in a certain potential range and
displays a parabolic trend peaking at an optimum potential (Supplementary Fig. 14b). Similarly,
H>0; electroreduction also occurs on c-CoSe> but it affects the net production rate less because c-
CoSe: exhibits a more positive catalytic onset potential for 2e- ORR (Supplementary Fig. 14 and
Fig. 3a). A similar parabolic trend in the net rate of H2O: production on ¢-NiSe; is observed in
0.1 M NaHSO4/Na>SOs4 buffer at pH ~2.8 (Supplementary Fig. 15). These results show the
importance of considering H>O» electroreduction and operating NiSe»/CFP at the optimum

applied potential for H>O> electrosynthesis.

We demonstrated sustained bulk electrosynthesis of H>O> in O;-saturated 0.05 M H>SOg4
at the optimum 0.60 V vs. RHE using one NiSe,/CFP electrode repeatedly for five consecutive
runs over 37 hours (Fig. 3e). Since the cathodic current on NiSe»/CFP gradually increased over
time because of the electroreduction of the accumulated H,O», we replaced the catholyte with

fresh H»O»-free electrolyte between runs to maintain the steady net production of H>O»



(Supplementary Fig. 16). Over the initial 2-hour period of each run, the NiSe»/CFP electrode
consistently accumulated 203 = 10 ppm H>O, and produced 15.4 + 1.4 umol H>O, with a
cumulative H2O> selectivity of 51.8 £ 1.8% with no obvious decay (Fig. 3e and Supplementary
Fig. 16). A higher H>O» yield of 34.8 &+ 2.8 umol and a higher accumulated concentration of 661
+ 53 ppm were achieved over a longer period of 7.4 + 0.5 hours at the end of each run, but with a
lower H20; selectivity of 30.8 + 1.2% (Fig. 3e and Supplementary Fig. 16). NiSe2/CFP shows a
similar H>O; electrosynthesis performance in O;-saturated 0.1 M NaHSO4/Na,SO4 buffer at pH
~2.8 (Supplementary Fig. 17). The spent NiSe»/CFP electrode is structurally and compositionally
stable after H,O; electrosynthesis (Supplementary Fig. 18), and catalyst leaching studies confirm
that NiSe,’s stability is maintained in the presence of dilute H>O, oxidant (Supplementary Table
2). These experiments suggest that the unavoidable electroreduction of H>O» could limit the
maximum accumulated concentration of H>O; and the overall selectivity practically achievable
using these earth-abundant electrocatalysts, however, the electro-Fenton process of converting
H>0; to -OH may allow us to utilize the produced H>O, as an oxidant more efficiently by

circumventing the undesired H>O» electroreduction to water.

Glycerol valorization via the electro-Fenton process

To enable glycerol valorization by the electro-Fenton process, we operated NiSe»/CFP
cathode at the fixed potential of 0.60 V vs. RHE in Oz-saturated 0.1 M NaHSO4/Na>SO4 buffer
(pH ~2.8) containing Fe?* and glycerol. The balanced equation shows that cathodic glycerol
conversion consumes protons (Fig. 4a). To maintain the proton balance and stabilize the acidic
pH in the cathodic half-cell, it is critical to place 0.05 M H2SOy4 in the anode compartment to
transport protons through the Nafion membrane (Supplementary Fig. 19). We used proton and

carbon-13 nuclear magnetic resonance (‘H and '3*C NMR) to identify and quantify the many



possible C3, C», and C; products that can be sequentially formed from the oxidation of glycerol
(Fig. 4b, details of NMR in Supplementary Fig. 20 and 21). Control experiments show that the
electrogenerated H,O» itself is not capable of oxidizing glycerol without the presence of Fe*"
(Supplementary Fig. 22), which confirms that the electro-Fenton process is indeed responsible

for glycerol valorization at the cathode.

We further studied the impact of Fe*" concentration ([Fe*']) on the glycerol valorization
via the electro-Fenton process. The rate of ‘OH formation from the Fenton reaction should
increase with higher [Fe?'] based on the rate law, but too much Fe?" would consume the
formed -OH and decrease the oxidizing power (Fe*" + -OH + H' — Fe’" + H,0)*. After a
controlled amount of charge is passed through NiSe)/CFP cathode at 0.60 V vs. RHE
(Supplementary Fig. 23), high glycerol conversion is achieved when [Fe?'] is 0.5 mM or 1.0
mM, while too little Fe?* (0.1 mM) results in low glycerol conversion likely due to the slow -OH
formation (Fig. 4c). On the other hand, the selectivity toward all detected Cs products
[glyceraldehyde (GLAD), dihydroxyacetone (DHA), glyceric acid (GLA)] remain relatively high
when [Fe?*] is 1.0 mM or below but decreases substantially when [Fe?'] is increased to 2.5 mM
(Fig. 4c). One possible explanation is that at high [Fe?], the high -OH formation rate increases
the relative concentration of ‘OH to glycerol locally near the cathode, which might not be
effectively dissipated even under vigorous stirring, driving the glycerol oxidation further to
primarily C» [glycolaldehyde (GAD), glycolic acid (GA), glyoxylic acid (GLOA)] and C;
[formic acid (FA)] products (Supplementary Fig. 24). This could also explain the relatively low
glycerol conversion when [Fe?**] is 2.5 mM despite the fast -OH formation rate (Fig. 4c). Overall,
we identified 0.5 mM as the optimum [Fe?] to concurrently achieve high glycerol conversion of

up to ~55% and high Cs product selectivity for cathodic valorization of glycerol (Fig. 4d and
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Supplementary Table 3). As more charge is passed, the glycerol conversion steadily increases
but the C; product selectivity decreases slightly due to the sequential oxidation of intermediate
products. The gradual loss in the carbon balance of all detected aqueous phase organic products
likely results from the eventual oxidation of FA to gaseous CO> undetectable by NMR (vide
infra). The spent NiSe»/CFP cathode was shown to be structurally and compositionally stable
after the electro-Fenton process (Supplementary Fig. 25). These observations suggest that
achieving an efficient electro-Fenton production of -OH but maintaining a moderate
concentration of this strongly oxidizing radical is the key to achieving high C; product selectivity

and conversion from glycerol.

Linear paired glycerol valorization

To valorize glycerol at both cathode and anode concurrently, anodic glycerol oxidation
needs to operate in acidic solution to match the pH requirement of the electro-Fenton process.
Therefore, anodic glycerol oxidation was performed in an Ar-saturated H>SOs solution
containing 50 mM glycerol on an anode made by drop-casting commercial Pt/C catalyst'>!* on
carbon fiber paper (Fig. 5a). This paired system needs to operate in a two-compartment H-cell
(Fig. 5a) rather than in an undivided cell because the O> needed for the electro-Fenton process
can undergo undesirable ORR on the Pt/C anode®. Protons are transported through Nafion
membrane and stabilize the pH of the catholyte (Oz-saturated NaHSO4/Na>SO4 buffer containing

50 mM glycerol and 0.5 mM Fe?", pH ~2.8) where the electro-Fenton process takes place.

Anodic glycerol oxidation at Pt/C anode in 0.05 M H>SO4 was first evaluated in the half-
cell (Supplementary Fig. 26). To mimic the operation of the paired system, we applied a constant
current of 1.7 mA (Supplementary Fig. 26¢) to approximately match with the current on

NiSe»/CFP cathode in the electro-Fenton half-cell studies (Supplementary Fig. 23a). After a
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controlled amount of charge was passed, the applied potential of Pt/C anode was relatively stable
around 0.55 V vs. RHE, and glycerol was selectively oxidized into C3 products [GLAD, DHA,
GLA, hydroxypyruvic acid (HPA)] with very small quantities of C2 (GA) and C; (FA) products
(Supplementary Fig. 26e and Supplementary Table 3). The anodic half-cell studies show the
viability of valorizing glycerol in a linear paired electrochemical system that theoretically could
operate at a negligible external bias (< 0.05 V) with little external energy input needed if the
internal resistance is negligible (Supplementary Note 1, also see the thermodynamic basis of this

linear paired electrochemical system in Supplementary Note 2).

We then demonstrated the proof-of-concept linear paired electrochemical valorization of
glycerol by feeding glycerol in both cathode and anode compartments of the H-cell where
NiSe2/CFP cathode was operated at 0.60 V vs. RHE and Pt/C anode matched the current
(Supplementary Fig. 27 and 28). With 0.1 M NaHSO4/Na;SOs4 catholyte and 0.05 M H2SO4
anolyte, the paired system operated steadily at an external bias around 1 V (Fig. 5b, Condition I),
and the product distributions in the catholyte and anolyte (Fig. 5S¢, Condition I) closely resembled
those found in the respective half-cell studies under similar conditions, i.e., high percentage of C3
products (vide supra). This external bias is higher than the theoretical value because there is a
large solution IR drop between the anode and the reference electrode located on opposite sides of

the membrane (Supplementary Fig. 28a and Supplementary Note 3).

When a higher supporting electrolyte concentration of 0.5 M was applied for both
catholyte and anolyte, the paired system operated at a much lower external bias below 0.2 V (Fig.
5b, Condition II) due to the greatly reduced solution IR drop at the anode (Supplementary Fig.
28b). After a controlled amount of charge was passed, the product distributions in the anolyte

were mostly unaffected (Fig. 5c, Condition II), whereas the detected aqueous phase organic
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products in the catholyte slightly decreased (see possible explanations in Supplementary Note 4).
The Cs product selectivity in both catholyte and anolyte of the paired system decreased with
increasing glycerol conversion up to ~53% (Fig. 5c and Supplementary Table 4), due to the
sequential oxidation of intermediate products, similar to the respective half-cell studies (vide
supra). Since FA was detected as a late-stage oxidation product in both catholyte and anolyte
(Supplementary Table 4), control experiments suggested that both the electro-Fenton process and
the anodic oxidation could further oxidize FA into gaseous CO; (Supplementary Fig. 29), which
may account for the loss in the carbon balance of all detected aqueous products in both catholyte
and anolyte (Supplementary Note 5). Finally, we note that the residual excess external bias of 0.2
V for this paired system appears to be mostly caused by the internal resistance, and the overall
paired process can be viewed as a controlled partial oxidation of glycerol by oxygen gas, which
should be thermodynamically spontaneous (see Supplementary Note 2). By employing zero-gap
cell designs involving membrane electrode assemblies to lower the ohmic overpotential and by
designing more active cathode and anode electrocatalysts to lower the kinetic overpotentials
further, we believe that paired electrochemical systems for efficient glycerol valorization that

need no external bias and no external energy input could be realized.

CONCLUSIONS

In summary, we demonstrated a linear paired electrochemical process for concurrent
glycerol valorization by the electro-Fenton process at a stable and earth-abundant NiSe> cathode
together with direct oxidation at a Pt anode. This process is enabled by the development of NiSe»
as a highly selective and stable 2e” ORR catalyst for H>O2 production in acidic solution, which is

elucidated by calculated free energy diagrams and surface adsorbate analyses and experimentally
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shown with RRDE and catalyst leaching studies together with sustained electrosynthesis of
H>0:. The electro-Fenton process at NiSe> cathode at the optimum operation conditions leads to
efficient cathodic glycerol valorization with a high selectivity toward valuable Cs; oxidation
products and high glycerol conversion of 55%. The linear paired system achieves similarly high
glycerol conversion and product selectivity and can operate at a very small external bias below
0.2 V, which could theoretically be made into an unbiased system after further optimization in
the future. The design principles for stable and selective electrocatalysts for acidic H>O»
production and the electro-Fenton process, and the conceptual strategy of linear pairing the
electro-Fenton process with anodic oxidation presented here can open up new opportunities for
electrochemical valorization of a variety of biomass feedstocks with high atom efficiency and

low energy cost.
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METHODS
Computational method

Spin polarized electronic structure calculations were performed using the Vienna Ab initio
Simulation package (VASP)*** interfaced with the Atomic Simulation Environment (ASE)*.
Projector augmented wave (PAW) pseudopotentials**® with a cutoff of 450 eV were used to
treat core electrons, and the Perdew—Burke—Ernzerhof (PBE) functional*’* was used to treat
exchange and correlation. Dispersion was treated using Grimme’s D3(ABC) method*®. To better
describe the Co 3d electrons in c-CoSez, a Hubbard U parameter’, Uesr= 2.0 eV, was taken from
a previous report’!. A variety of Hubbard U parameters were tested for c-NiSe», and were found
to have little to no effect on the geometries or energies; therefore, no Hubbard U parameter was
used for this catalyst. Solvation effects were treated using the continuum solvent method
VASPsol*>33, The Brillouin zone was sampled using a (10, 10, 10) and (10, 10, 1) I'-centered
Monkhorst—Pack mesh®* for bulk and surface calculations, respectively. Lattice constants were

determined by fitting to an equation of state (EOS)>.

For both ¢-NiSez and c-CoSe, their respective (100) surface exhibits the lowest surface energy
compared to other crystal surfaces, and thus is the most thermodynamically stable surface [0.044
vs. 0.064 vs. 0.069 eV A for c-CoSez (100) vs. (110) vs. (111) surface®; 0.036 vs. 0.053 vs.
0.058 eV A~ for ¢-NiSez (100) vs. (110) vs. (111) surface]. The (100) surfaces of c-NiSez and c-
CoSe> were modelled as a 1 x 1 unit cell slab with two repeats in the z-direction, leading to a
total of 8 metal atoms and 16 Se atoms and a vacuum gap of at least 15 A. The top half of the
slabs was allowed to relax while the bottom half was frozen to simulate the bulk. For each ionic
configuration, the electronic energy was converged below 10 eV. Both the clean slab and

adsorbates were allowed to relax until the forces were converged below 0.005 eV A2, Transition
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states were located using the nudged elastic band (NEB) method®®>” and were refined using the
dimer method®®°. All transition states were confirmed saddle points with one imaginary
frequency corresponding to bond breaking. The atomic coordinates of the optimized

computational models are provided in Supplementary Data 1.

Binding energies were calculated with respect to O and H'aq) and €. The energy of H'(aq) and
e was calculated using the computational hydrogen electrode (CHE) method®!, where H' o) is
assumed to be in thermodynamic equilibrium with Ha). The use of the CHE method for our
calculation is validated by the fact that the difference in the OOH* binding energy on the c-NiSe»
(100) surface calculated by the CHE method vs. the grand-canonical density functional theory
(GC-DFT) method, accounting for the change in surface charge density upon adsorption®*%3, is <
0.1 eV and can be safely neglected. In order to avoid well-known errors in the DFT treatment of
O2(g), the free energy of Oz was determined by matching the experimental standard equilibrium
potential (1.229 V) of the reaction 1/2 Oy + 2 H'aq) + 2 € — H20qy. The adsorption of O,
forming O2* from Oy), is excluded from our calculation because DFT does not treat Oz
accurately, and the estimated free energy difference between Oz and O2* on the ¢-NiSe; (100)
surface is < 0.1 eV and can be safely neglected. The free energies of species were calculated
using G = H — T-S, where H is the enthalpy including zero-point energy (ZPE) and thermal
corrections, and S is either the total experimental entropy at 298 K and 1 bar (for gas phase
species) or calculated under the harmonic approximation taking into account both vibrational
contributions and hindered translations/rotations (for surface bound species). The free energy of
H>Oqy was calculated using the experimental free energy of formation for H>Oqyand H2O(g). The
solvation free energy of H2O2@q Was calculated using the experimental Henry’s law constant®.

The calculated standard equilibrium potential (Ugyg) of the 2¢” ORR reaction Oz + 2 H' (aq) + 2
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e — H2023q) 1s 0.81 V, slightly higher than the experimental standard equilibrium potential of
0.69 V.

Free energies of different surface adsorbate coverages were calculated to predict the most
thermodynamically stable surface termination of each catalyst for a given set of potential and pH
conditions under the assumption that the surfaces can be approximated in equilibrium with
H,0().6”%® The equilibrated proton-coupled electron transfer reaction for a general surface

intermediate can then be written as:
X-OuH,* + 2m —n) (H +¢) = X* + m H20 (1)

where X is the surface binding site, m is the number of oxygen atoms, and # is the number of

hydrogen atoms. The free energy of this reaction can be written as:
AG(U,pH) = Gx++ m Gy,0 — Gx.0,1,* — (2m —n) (G + Gyy+) (2)

Using the computational hydrogen electrode (CHE) method®*"" (G- + G+ = ¥2Gy, — UshE —
2.303ks- T-pH) and converting the standard hydrogen electrode (SHE) to the reversible hydrogen
electrode (RHE) (Urnk = Usue + 2.303ks- T-pH), the free energy can be rewritten as a function of
UrnE:
AG(Urng) = Gx* +m Gp,o — Gx.o, 1, — (2m —n) (/2Gy, — Urng) 3)

A 1 x 1 unit cell slab of the (100) surface of each catalyst that has two metal binding sites and
four Se binding sites was used to model intermediate surface coverages as a function of potential.
For ¢-NiSez, the Ni site is the preferential binding site for both OH* and O*. For c-CoSez, the Co
site is the preferential binding site for OH*, and the Se site is the preferential binding site for O*.
A wide variety of surface coverages were examined on various combinations of binding sites.

For the sake of clarity, only the most thermodynamically stable surface coverages (in the Urne
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range of 0 V to 0.95 V) on the most preferential combination of binding sites were shown in Fig.

2c.
Chemicals

All chemicals were purchased from Sigma-Aldrich and used as received without further
purification, unless noted otherwise. Deionized nanopure water (18.2 MQ-cm) from Thermo

Scientific Barnstead water purification systems was used for all experiments.
Materials synthesis

c-NiSe> powder sample was prepared by a hydrothermal method. Following a procedure
modified from a previous report’?, nickel hydroxide [Ni(OH):] precursor was first synthesized by
dissolving 451.3 mg of NiSO4-6H20 (Acros Organics, 98+%) in 58.3 mL of water and 8.75 mL
of 2 M ammonia aqueous solution (diluted from ammonium hydroxide solution, 28.0-30.0%
NHj3 basis), and heating the solution at 180 °C for 24 h in a sealed 100-mL Teflon-lined
stainless-steel autoclave. The resulting Ni(OH), precursor was hydrothermally converted into c-
NiSe: as follows: 4.29 g of NaOH (=97.0%) and 571 mg of Se powder (>99.5%) were suspended
in 50 mL of water via sonication and heated at 220 °C for 24 h in a sealed 80-mL autoclave;
upon cooling to room temperature, 35 mg of Ni(OH), precursor was suspended in 10 mL of
water and added dropwise into the Se-containing solution under vigorous stirring, and then
heated at 180 °C for another 24 h in the same autoclave. The as-converted c-NiSe, product was
successively washed with water, 1.25 M aqueous solution of Na,S (nonahydrate, >98.0%) (to
dissolve the elemental Se impurity’®), and water four times for each washing step, and dried

under vacuum at 50 °C.

To prepare Ni(OH), precursor on carbon fiber paper (Ni(OH)./CFP), Teflon-coated carbon fiber

paper (Fuel Cell Earth, TGP-H-060) was first treated with oxygen plasma at 150 W power for 5
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min for each side and annealed in air at 700 °C for 5 min. A 3 cm x 6 cm piece of annealed CFP
was placed in the solution made of 2.1 mmol of Ni(NO3)2:6H20 (=297.0%), 4.2 mmol of NH4F
(>98.0%), and 10.5 mmol of urea (99.0-100.5%) in 80 mL of water, and heated at 110 °C for 5 h
in a sealed 100-mL autoclave. NiSeo/CFP was prepared by the same hydrothermal selenization
method described above, except for using a 1.5 cm x 6 cm piece of Ni(OH),/CFP as the
precursor. The as-converted NiSe>/CFP was immersed in 1.25 M aqueous solution of Na,S three
times to remove any excess elemental Se, rinsed with water and ethanol, and dried under N> gas
flow. The areal loading of c-NiSe, grown on CFP was determined by the mass change of CFP
after the materials growth. The c-CoSe, samples were prepared following the published
procedures®. All catalyst samples were stored in an argon-filled glove box to minimize the

exposure to air.
Materials characterization

Powder X-ray diffraction (PXRD) patterns were collected on a Bruker D§ ADVANCE powder
X-ray diffractometer using Cu Ko radiation. Scanning electron microscopy (SEM) was
performed on a Zeiss SUPRA 55VP field emission scanning electron microscope at an
accelerating voltage of 1 kV. For SEM imaging, powder samples were drop-casted onto silicon
wafer substrates. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific
K-Alpha XPS system with an Al Ka X-ray source. Raman spectroscopy was performed on a
Thermo Fisher Scientific DXR3xi Raman Imaging Microscope using a 50 um confocal pinhole
aperture and a 532 nm laser source and with a low laser power of 0.1 mW and an exposure time
of 1.0 second to avoid sample degradation. For XPS and Raman experiments, powder samples
were drop-casted onto graphite substrates, which were made by cutting thin slices of graphite rod

(Graphite Store, low wear EDM rod), abrading with 600 grit silicon carbide paper (Allied High
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Tech Products), and sonicating in water and ethanol until clean. X-ray absorption spectroscopy
(XAS) of NiSe2/CFP before and after electrochemical testing was performed in transmission
mode at the Advanced Photon Source (APS) Beamline 10-BM-B, and analyzed using ATHENA

and ARTEMIS software’.
Electrode preparation

Drop-casted catalysts were prepared on a rotating ring-disk electrode (RRDE-3A, ALS Co., Ltd)
made of a glassy carbon disk (with a geometric area of 0.126 cm?4isk) surrounded by a Pt ring.
The collection efficiency of the bare RRDE was 0.43, determined experimentally using the ferri-
/ferrocyanide redox couple. The RRDE was successively polished with 1, 0.3, and 0.05 pum
alumina suspensions (Allied High Tech Products) on a polishing cloth (Buehler, MicroCloth),
thoroughly rinsed with water and methanol, briefly sonicated in methanol for < 20 s, and dried
under ambient conditions before use. The catalyst inks were prepared by suspending pre-
weighed catalyst powders in desired volumes of a 9: 1 (v/v) mixture of water and 5 wt% Nafion
solution by sonication for 1 h. A fixed volume (10 pL) of catalyst ink was then drop-casted on
the disk electrode and dried under ambient conditions at a rotation rate of 700 rpm to form a
uniform catalyst film where the Nafion loading was identical (0.4 mgnafion cmgisk) Whereas the
catalyst loading was varied (Fig. 3a and 3b). NiSe»/CFP cathode was fabricated from as-
synthesized NiSe,/CFP sample (vide supra) by using 5-min epoxy (Devcon) to define the
exposed geometric area as ~1 cm x ~1 cm. The Pt/C anode was prepared by on drop-casting 200
uL of the catalyst ink (50 mg of 20 wt% Pt/C suspended in 900 pL of isopropanol and 100 pL of
5 wt% Nafion solution by sonication for 1.5 h) on both sides (100 pL on each side) of the pre-

fabricated bare CFP electrode (~1 cm x ~1 ¢cm), resulting in a catalyst loading of ~2 mgp; cm2geo.

Rotating ring-disk electrode measurement
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RRDE measurements were conducted in an undivided three-electrode cell with a graphite rod
counter electrode and a Hg/Hg>SO4 (saturated K>SO4) reference electrode (calibrated against a
saturated calomel electrode) connected to a Bio-Logic VMP-300 multichannel potentiostat. All
potentials were reported versus RHE (E vs. RHE = E vs. SHE + 0.059 x pH). Prior to RRDE
measurements, the electrolyte solution (40-45 mL) of either 0.05 M H>SO4 (pH ~1.2) or 0.1 M
NaHS04/Na,SO4 buffer solution (pH~2.8) was purged with O» gas for >10 min, and a blanket of
0O, gas was maintained above the electrolyte solution during the measurements. Under O»-
saturated condition, the catalyst-coated disk was first conditioned by running cyclic voltammetry
(CV) between -0.025 V and 0.75 V vs. RHE at 100 mV s ! and 1600 rpm for 10 cycles, while
holding the Pt ring at 1.3 V vs. RHE. The Pt ring was then conditioned by running CV between
0.05 V and 1.20 V vs. RHE at 100 mV s ! and 1600 rpm for 10 cycles while holding the disk at
0.75 V vs. RHE to remove the surface PtOy’>7%. The 2¢” ORR catalytic properties were evaluated
by performing linear sweep voltammetry of the catalyst-coated disk from 0.75 to -0.025 V
vs. RHE at 50 mV s ! and various rotation rates, meanwhile holding the Pt ring at 1.3 V vs.
RHE. Finally, the background current, double-layer capacitance (Cai, determined by CV of the
disk between -0.025 V and 0.75 V vs. RHE at various scan rates and 0 rpm), and uncompensated
resistance (Ru, determined by electrochemical impedance spectroscopy of the disk at 0.75 V vs.
RHE) were measured under Ar-saturated conditions. By manually conducting background

current and iR corrections, the H>O selectivity (py ) 18 calculated as follows:

X lrlﬂ
%)= ——=x100%  (4)
ldisk T =y~

Prrok €

where iqisk and iring are the respective disk and ring current, and N is the collection efficiency. For

the ease of visualizing the H>O; selectivity from RRDE voltammograms (Fig. 3a), both disk and
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ring current densities (jaisk and jring) are normalized to the geometric area of the disk electrode

(Adisk), and the ring current density is further adjusted by the collection efficiency:

. _ Idisk
Jdisk Aqisk (3)

. _ iring —
]ring Agisk XN ]peroxide (6)

where jperoxide 1S the partial current density for H>2O> production.

The protocols for long-term RRDE stability tests were described in Supplementary Fig 7. After
these stability tests, the spent catalysts were recovered from the disk electrode by sonicating in
water and ultracentrifuging at 13200 rpm for 1 min, followed by re-dispersing in minimal
amount of water and drop-casting onto graphite substrates for XPS and Raman characterization
(vide supra). To monitor the catalyst leaching during these stability tests, the spent electrolyte
solutions were filtered with 0.22-um syringe filters (Restek) and then analyzed with inductively
coupled plasma mass spectrometry (ICP-MS) measurements on an Agilent 8900 Triple
Quadrupole ICP-MS spectrometer. ICP-MS standard solutions were prepared by dissolving
NiSO4:6H20 (=98%), or CoSO4-7H20 (=99%), or SeO2 (=99.9%) in a matrix solution of 0.05 M
H2SO4 (pH ~1.2) or 0.1 M NaHSO4/Na,SOs4 (pH ~2.8).

Bulk electrosynthesis of H20:

NiSe2/CFP cathode (vide supra) was used for constant-potential bulk electrosynthesis of H20O2 in
Ogz-saturated 0.05 M H>SOs (pH ~1.2) or 0.1 M NaHSO4/Na>SOs (pH ~2.8) solution (4 mL,
stirred at 1200 rpm) placed in the cathode compartment of a two-compartment three-electrode H-
cell (see Supplementary Fig. 12). Nafion 117 membrane (Fuel Cell Store) was cleaned by
successively immersing in 3 wt% H>O», water, 1| M H>SO4, and water at 80 °C for 1 h for each

cleaning step, and stored in 0.05 M H2SO4 at room temperature before use. NiSeo/CFP cathode
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was conditioned by running CV between -0.025 V and 0.75 V vs. RHE at 100 mV s ! for 5
cycles to reach the steady state before use. Chronoamperometry was then performed to produce
H>0O; at NiSe»/CFP cathode, and the optimum operating potential was found to be 0.60 V vs.
RHE (see Fig. 3d). A small aliquot (25 pL) of catholyte was periodically sampled during
chronoamperometry and mixed with 8 mL of Ce(SO4), stock solution (~0.4 mM Ce*" in 0.5 M
H>SO4 matrix solution) to chemically detect the produced H,O» by UV-Vis spectrophotometry at
318 nm (2 Ce*" + H202 — 2 Ce*" + Oz + 2 H"). The concentration of the produced H20O> can be

calculated as follows:

8 mL x [Ce*'] —8.025 mL x [Ce*]
[HZOZ] — before

after
2 x0.025 mL (7)

where [H20:] is the cumulative H>O> concentration, [Ce4+] and [Ce4+] are the [Ce*'] in
before

after

the stock solution (determined by fitting to the standard curve) before and after mixing with the

catholyte aliquot. The cumulative H>O: yield (ny,0,), H202 selectivity (szoz), and Faradaic

efficiency (FEp,0,) are calculated based on [H202], the catholyte volume (taking into account the

evaporation), and the total amount of charge passed (Q

orap) (8€€ detailed methodology for these

calculations described in our previous report>®):

1,0, (mol)
0/ — 272 0
Pu,0, (%) Orotal (O~ 2% 1i1y0, (moD) * F x 100% (3)
nHzoz(mol) + T F

2 X np,0, (mol) x F

FEy,0, (%) = 0. ©

x 100% (9)

where F is the Faraday constant (96485 C mol™!). To monitor the catalyst leaching during H.O»
bulk electrosynthesis, the spent catholytes were filtered with 0.22-um syringe filters (Restek) and

diluted by 15 times with a matrix solution of 0.05 M H>SO4 for ICP-MS analysis (vide supra).

Glycerol valorization and product analysis
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All experiments of glycerol valorization were performed in the two-compartment three-electrode
H-cell described above. Half-cell studies of glycerol valorization via the electro-Fenton process
at NiSe, cathode were performed by chronoamperometry with controlled amounts of charge
passed at 0.60 V vs. RHE in O;-saturated 0.1 M NaHSO4/Na>SO4 solution (pH ~2.8) containing
glycerol (~50 mM) and Fe** (0.1, 0.5, 1.0, or 2.5 mM, prepared from FeSO4-7H>0, >99.0%) (see
schematic in Supplementary Fig. 19). Half-cell studies of direct oxidation of glycerol at Pt/C
anode were performed by chronopotentiometry with controlled amounts of charge passed at 1.7
mA in Ar-saturated 0.05 M H>SO4 solution (pH ~1.2) containing glycerol (~50 mM) (see
schematic in Supplementary Fig. 26). Linear paired glycerol valorization at the NiSe> cathode (in
Oz-saturated 0.1 M or 0.5 M NaHSO4/Na>SO4 solution containing ~50 mM glycerol and 0.5 mM
Fe?*, pH ~2.8) and Pt/C anode (in Ar-saturated H»SO4 solution containing ~50 mM glycerol)
was performed by operating the cathode via chronoamperometry at 0.60 V vs. RHE while
recording the applied potential of the anode (see schematic in Supplementary Fig. 27). The
analysis of the products from glycerol valorization was performed by 'H and '’*C NMR
spectroscopy on a Bruker AVANCE III 600 MHz NMR spectrometer. Glycerol (=99.0%), DL-
glyceraldehyde (>90%), dihydroxyacetone (Pharmaceutical Secondary Standard; Certified
Reference Material), DL-glyceric acid (TCI America, 20% in water, ca. 2 mol/L), B-
hydroxypyruvic acid (=95.0%), tartronic acid (Alfa Aesar, 98%), sodium mesoxalate
monohydrate (>98.0%), glycolaldehyde dimer (crystalline, mixture of stereoisomers), glycolic
acid (99%), glyoxylic acid monohydrate (98%), oxalic acid (99.999%), and formic acid (=98%)
were individually prepared into NMR standard samples (500 pL) in Norell® Sample Vault
Series” NMR tubes (diam. x L 5 mm x 178 mm) using D0 (99.9 atom % D) as the solvent and

maleic acid (Standard for quantitative NMR, TraceCERT®) as the internal standard" (detailed
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ratios among the different components in these NMR samples are described in Supplementary
Fig. 20 and 21). To achieve quantitative 'H NMR results, the relaxation delay was set to 20
seconds (longer than 5 times of the T1 relaxation times of all compounds of interest determined
by inversion recovery experiments), and the zgcppr.UW pulse sequence was used for the solvent
suppression, and 4 scans were collected. For 3C NMR results, the relaxation delay was set to 2
seconds, and 256 scans were collected. After the half-cell or linear paired glycerol valorization
experiments, the catholytes and/or anolytes of interest were filtered with 0.22-um syringe filters
(Restek) and prepared into NMR samples accordingly (detailed ratios among the different
components in these NMR samples are described in Supplementary Fig. 22, 23, 24). The

quantifications of [glycerol],, [glycerol] B and [C,, product] | are based on the selected 'H NMR

peak integration ratios relative to the maleic acid internal standard (see peak assignments and
peak selections in Supplementary Fig. 20). The glycerol conversion, C, product selectivity (n = 1,
2, 3), and carbon balance of all detected aqueous phase organic products are calculated as
follows:

[glycerol]; x V; — [glycerol]fx Vy

glycerol conversion (%) = % 100% (10)

[glycerol]; x V;

[Cy product]f xVy

C,, product selectivity (%) = g % 100% (11)

X
[glycerol], x V; — [glycerol]f>< Vy

3 % [glycerol] x ¥+ Y3 nx[C, product] x ¥}

carbon balance (%) = x 100% (12)

3 x [glycerol], x V;
where V;and Vy are the initial and final electrolyte volume, [glycerol]. and [glycerol] - are the
initial and final concentration of glycerol, [C,, product] fis the final concentration of C, product
(n=1, 2, 3), all of which are listed in Supplementary Table 3 and 4. The Faradaic efficiency of

all detected aqueous phase organic products at the anode (FEanode) and the cathode (FEcathode) are
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calculated and estimated, respectively, based on the methods described in Supplementary Note 6,
and these calculated FEanode and estimated FEcamode Values are also listed in Supplementary Table

3 and 4.
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FIGURE LEGENDS/CAPTIONS

Fig. 1. Different pairing strategies for electrochemical valorization of glycerol. (a) In
previous work, anodic oxidation of glycerol is paired either with 4 ORR in a galvanic cell or
with HER or CO2/CORR in an electrolytic cell. (b) In this work, cathodic valorization of
glycerol enabled by the electro-Fenton process at a stable NiSe, cathode is further paired with
anodic oxidation and integrated into a linear paired electrochemical process to concurrently

produce the same glycerol-derived oxidation products at both cathode and anode.
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Fig. 2. Computations of ORR energetics and surface stability of c-NiSez vs. c-CoSez. (a)
Crystal structures of ¢-NiSe; and c-CoSe;. (b) Calculated free energy diagrams of the 2e” vs. 4¢
ORR pathway on the c-NiSe> vs. c-CoSez (100) surface at Uryg. The transition state for OOH*

cleavage (OOH* + * — O* + OH*) is denoted as TS. (c¢) Different coverages of O* and/or OH*

(top) and comparisons of their free energies (bottom) on the c-NiSe; vs. c-CoSe; (100) surface in
equilibrium with water. The binding energies of O* and OH* on their preferential binding sites
at Uryg are shown as the bottom insets in panel c¢. The yellow shaded regions indicate the
potential range where the adsorbate-free clean surface is lower in free energy compared to the
O*- and/or OH*-adsorbed surfaces. The inset images show the co-adsorption of one O* and one
OH* to their preferential binding sites on the surface unit cell comprising of two metal sites and
four Se sites. The Ni, Co, Se, O, and H atoms are displayed in green, magenta, orange, red, and

white, respectively.

Fig. 3. Electrocatalytic properties and stability for acidic H20: electrosynthesis. (a) RRDE
voltammograms recorded at 1600 rpm and (b) the HO selectivity profiles of drop-casted c-
NiSe> (left) and c-CoSe» (right) catalysts with various catalyst loadings in O-saturated 0.05 M
H>SO4 (pH ~1.2). (¢) Normalized metal and selenium leaching rates of drop-casted c-NiSe, and
c-CoSe; catalysts during RRDE stability tests in Oz-saturated 0.05 M H2SOs4 (pH ~1.2, left) and
0.1 M NaHSO4/Na>SO4 buffer (pH ~2.8, right). For each catalyst, the error bars result from four
RRDE stability tests at different catalyst loadings (Supplementary Table 1). (d) The cumulative
H>O> yield (left) and HxO: selectivity (right) after 6 hours for four trials of H20> bulk

electrosynthesis in Oz-saturated 0.05 M H2SO4 (4 mL, stirred at 1200 rpm) using four NiSe>/CFP
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electrodes (~1.06 mgni cmge, ~1 cm’geo) operated at different fixed applied potentials (0.50,
0.55, 0.60, 0.65 V vs. RHE) (see details in Supplementary Fig. 13). (e) Long-term (37 h)
sustained bulk electrosynthesis of H>O; in Oz-saturated 0.05 M H>SOj4 at the optimum potential
of 0.60 V vs. RHE using one NiSe,/CFP electrode repeatedly for five consecutive runs (see

details in Supplementary Fig. 16).

Fig. 4. Glycerol valorization enabled by the electro-Fenton process at NiSe: cathode. (a)
Balanced equation of cathodic glycerol valorization, which suggests proton consumption. (b)
Possible reaction pathways of glycerol oxidation into various C3, Co, and C; products by the
electro-Fenton process at NiSe»/CFP cathode. The detected (or anticipated) and undetected
products are labeled based on NMR analyses. (¢) Glycerol conversion (left) and the selectivity
toward all detected C3 products (right) as a function of [Fe**] (0.1, 0.5, 1.0, or 2.5 mM) after
passing a controlled amount of charge through NiSe»/CFP cathode in O;-saturated 0.1 M
NaHSO04/NaSO4 buffer (pH ~2.8) starting with ~50 mM glycerol under vigorous stirring (see
details in Supplementary Fig. 23 and 24). (¢c) Aqueous phase organic (C3, Cz, and Ci) product
selectivity, glycerol conversion percentage, and carbon balance of all detected aqueous phase
organic products for cathodic valorization of glycerol (~50 mM) under the optimum [Fe**] of 0.5

mM.

Fig. 5. Linear paired glycerol valorization at NiSe: cathode and Pt anode. (a) Schematic
illustration and working principle of the linear paired system in a two-compartment H-cell (see
details in Supplementary Fig. 27). (b) The cathode current and external bias over time, which

shows the steady operation of the linear paired system comprising of a NiSe/CFP cathode
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(~1.24 mgni cm2geo, ~1 cm?geo) operated at 0.60 V vs. RHE in Os-saturated NaHSO4/Na>SOs4
buffer (pH ~2.8, containing ~50 mM glycerol and 0.5 mM Fe?*) and a Pt/C anode (~2 mgpicm’
2ge0, ~1 cmP’geo) operated in Ar-saturated H2SOs solution (containing ~50 mM glycerol). The
current and bias are influenced by different supporting electrolyte concentrations (Condition I:
0.1 M NaHSO4/Na>SO4 for catholyte, and 0.05 M H»SO4 for anolyte; Condition II: 0.5 M
NaHS04/NaySO4 for catholyte, and 0.5 M H>SO4 for anolyte). For both current and bias, average
+ standard deviation is calculated for each electrolysis run from all the collected data points (see
Source Data). (¢) Product selectivity, glycerol conversion percentage, and carbon balance of all
detected aqueous phase organic (Cs, C,, and Ci) products for linear paired electrochemical
valorization of glycerol under different supporting electrolyte conditions (I and II, as described in

panel b).
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