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Electro-selective-oxidation using water as a green oxygen source demon-

strates promising potential towards efficient and sustainable chemical
upgrading. However, surface micro-kinetics regarding co-adsorption and
reaction between organic and oxygen intermediates remain unclear. Here we
systematically study the electro-oxidation of aldehydes, alcohols, and amines
on Co/Ni-oxyhydroxides with multiple characterizations. Utilizing Fourier
transformed alternating current voltammetry (FTacV) measurements, we
show the identification and quantification of two key operando parameters
(Alharmonics/loer @and AVharmonics) that can be fundamentally linked to the

altered surface coverage (A8, /69
vital oxygenated intermediates (AGq;-

%) and the changes in adsorption energy of

EOR _ AGOY), under the influence of

organic adsorption/oxidation. Mechanistic analysis based on these descriptors
reveals distinct optimal oxyhydroxide surface states for each organics, and
elucidates the critical catalyst design principles: balancing organic and
M?3*®—QH* coverages and fine-tuning AG for key elementary steps, e.g., via
precise modulation of chemical compositions, crystallinity, defects, electronic
structures, and/or surface bimolecular interactions.

Oxygen evolution reaction (OER) is an important electrochemical half-
reaction in water electrolysis, but its slow kinetics has severely
restricted the overall catalytic/energy efficiency for hydrogen
production'™. Recently, the electro-oxidation of biomass-derived
molecules (such as aldehydes, alcohols, and amines) have been
recognized as a more sustainable and efficient method>” to replace
OER in the overall water electrolysis, or to serve as a potential meth-
odology for the green and safe production of value-added chemical
stocks® . To this end, cobalt/nickel-based hydroxides and oxyhydr-
oxides are widely used as low-cost OER electrocatalysts'®?. The

oxygenated species adsorbed on high-valence transition metals are
generally accepted as key intermediates during OER**">. Due to their
excellent OER activity, the Co/Ni-based compounds (of which the
active species are typically oxyhydroxides under applied anodic
potentials) have been employed for the electro-oxidation of biomass-
derived molecules in most recent studies®®**. To meet the criteria of
optimized operando surface coverage of key intermediate species®,
transition metal doping in Co/Ni oxyhydroxides usually leads to
improved catalytic performance. For example, recent studies revealed
that while Ir/Rh dopants significantly promote the oxygen radical
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formation®>*¢ and thus the OER performance, Mn/Cu doping better
balances the adsorptions of organic substrates and surface oxygen
species on NiOOH, to achieve the highest conversion rates and Far-
adaic efficiencies (FEs) for selective oxidation of amines/alcohols™*"",

The kinetic analysis for selective electro-oxidative conversion of
different organic molecules is shown in Fig. 1a (also see Supplementary
Figs. S1, S2), which suggest a general surface bimolecular reaction
(Langmuir-Hinshelwood) mechanism for the R-CHO, R-CH,OH, and
R-CH,NH, molecules. This is consistent to the proposed key surface
process including both adsorbed organic molecules and surface oxy-
genated species from partial water oxidation. The corresponding
surface reaction pathways are illustrated in Fig. 1b. These kinetic data
further reveal electro-oxidation rate vertexes in regards to the con-
centrations (surface coverages) of the furfural and furfuryl alcohol
molecules (solid curves in Fig. 1a, the kinetic data of other molecules
can be found in Supplementary Fig. S2), which clearly indicates the
importance of balancing these surface parameters for their optimal
reaction efficiency’>. The recently developed micro-kinetic
simulation****** provides a theoretical means to evaluate the surface
coverages of different intermediates, and Fig. 1c demonstrates the
simulation results of various intermediates following the EOOR path-
ways (Egs. 1-9). However, as the key parameters used in simulation
were typically estimated values (Table S1), the precise experimental
quantification of these surface parameters regarding both organic®

electrochemical operando conditions remain challenging. As a result,
the lack of precise, operando surface kinetic details have restricted the
rational catalyst design and methodology development for selective
electro-oxidation of diverse chemical stocks.

Here we report the parameterization, experimental quantifica-
tion and corresponding mechanistic investigations on the micro-
electro-kinetic behaviors of a series of NiCo hydroxides (a-Co,Ni;-
x(OH),) with varying Ni/Co ratios for the electro-oxidation of differ-
ent model organic molecules (aldehyde, alcohol, and amine). In situ
electrical transport measurements (ETS)**°° revealed an insulator-
semiconductor phase transition®® that correlates to high-valence
Co***-0H*/0* formation in a-Co(OH),, and their consumptions dur-
ing the oxidation of organic substances. Additional in situ spectro-
scopic results demonstrated that o-Co,Ni.,(OH), with different
Ni/Co ratios exhibited preferential activities towards either OER
or EOOR. Furthermore, Fourier-transformed alternating current
voltammetry (FTacV) measurements® were successfully conducted
on the a-Co,Ni;(OH), under operando electro-oxidation conditions.
From high-order FTacV harmonics we extract two key
parameters, the Alyarmonics/loer and the AVyarmonicss Which correlate
quantitatively to i) the relative change in surface coverage of
M>P-OH* (A8, /0SEY) from OER to EOOR, and ii) altered Gibbs free
energy change of the M"-OH* formation  step
(AAGEOPR-OER = AGEOOR _ AGSER) under the influence of organic

and active oxygenated intermediates”’ under comprehensive adsorption/oxidation, respectively. Catalytic activity diagrams
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Fig. 1| Reaction pathway and kinetics in the water-oxidation-assisted selective
electro-oxidation reaction following a surface bimolecular reaction (Lang-
muir-Hinshelwood) mechanism. a Experimental and simulated reaction rates of
organic electro-oxidation following the Langmuir-Hinshelwood (L-H) mechanism,
using furfuryl alcohol (black) and furfural (red) as the example. Round points depict
the experimental partial current densities (for organic oxidation) over the organic
substrate concentrations (Cgyp). Error bars were obtained from three independent
experiments. Solid curves illustrate the simulated reaction rates as a function of
Bsub+, With a fixed bulk pH value (i.e., Cop-=1M, which would not change

significantly during the whole reaction). b The schematic illustration of the surface
co-adsorption of organic molecules and active OH* species and the bimolecular
reaction (highlighted in shading) between them. The dark blue and red balls
represent the metal site and oxygen atom, respectively. “Sub” represents the
organic substance (R-CHO, R-CH,OH, and R-CH,NH, in this work), “Sub-ox”
represents the oxidation product and superscript “*” indicates the adsorbed spe-
cies. ¢ The typical microkinetic simulation of the surface coverages of possible
species for a-Ni(OH),.
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constructed by these two physio-chemical descriptors show char-
acteristic reactive regions that correspond to different organic oxi-
dation behaviors on the Co/Ni oxyhydroxides. It can be concluded
that different organic molecules (R-CHO, R-CH,0OH, and R-CH,NH,)
possess varying thermodynamic oxidation potentials and reaction
complexities (i.e., number of reaction steps and total consumption of
oxygenated species), and therefore demonstrate different pre-
ferences on the Goy- and the AGoy- parameters for their optimized
electro-oxidation efficiencies. Overall, the A8, /69 and

AAGEJOR-OFR  descriptors provide quantitative operando surface

information that are key to the optimization of reaction performance
(yield, FE, etc.) for specific target reactions, which lead to effective
guidance for rational catalyst design and modulation.

Results and discussion

In situ qualitatively characterizations of the generation of active
oxygenated species and their consumption under organic
oxidation

Similar to Ni hydroxides in Fig. 2a®°, the in situ electrical transport
spectroscopy (ETS) results of a-Co(OH), (XRD pattern can be found in
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Fig. 2 | The in situ measurements of «-Co,Ni.,(OH), reveal the active oxyge-
nated species generation and their consumption by organics. On-chip CV and
in situ electrical transport (ETS) signals of a-Ni(OH); (a), a-Co(OH); (b) in 1.0 M Fe-
free KOH with a slow scan rate (5 mV/s) of electrochemical potential. The red
dashed arrows indicate the potential scan direction. ¢ The typical ETS signals
obtained in 1.0 M KOH and with the addition of 10 mM organic substance (HMF, 5-
hydroxymethylfurfural) for a-Cog sNio.s(OH), (upper part) and its CV curves in the
condition of OER and EOOR (bottom part). The arrow indicates the decreased

in situ conductivity due to OH* consumption. d The catalytic activities (normalized
by roughness factor) of OER and EOOR of different a-Co,Nij.,(OH), (x = 0-1), where
two sets of volcano-like correlations (guided by dashed blue and red lines) can be
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observed. The yield of FDCA (2,5-furandicarboxylic acid) products (orange column)
in bulk electrolysis is also presented. Error bars were obtained from three inde-
pendent electro-organic oxidation reactions. All electrochemical data were pre-
sented without iR-correction. The size of carbon papers (C.P.) were 1x 2 cm? The
in situ Raman spectroscopy characterizations of a-Cog sNip s(OH), (e) and a-
C00315Nio gs(OH); () during EOOR, where the §(Ni"-0) (-480 cm™), u(Ni"-0)
(-550 cm™) and O-O™ peak (1060 cm™) are labeled in dashed lines and blue rec-
tangles, respectively. g, h Schematic illustration of surface processes and the
characteristic change in surface OH* coverage on the catalysts that favor OER and
EOOR pathway, respectively. The green, red, white, gray, and black circles repre-
sent Ni/Co, O, H, adsorbed substance, and oxidized products, respectively.
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Supplementary Fig. S6a) indicates a clear insulator-to-semiconductor
phase transition accompanied by the oxidation of Co to a high-valent
state and the corresponding evolution of oxygenated species (Fig. 2b,
also see Supplementary Fig. S13). The in situ conductance of a-
Co(OH), can be partitioned into three regions:

i) At the initial stage, the Co"-H,0* in the hydroxide shows an
insulating feature. When electrochemical potentials are scanned in the
positive direction, the oxidation of Co" and the formation of Co"-OH*
species (starting from 1.00-1.10 Vryg) first leads to an inclining con-
ductance, probably due to double-exchange interactions®**¢*
between Co"-O-Co™ (analogous to Ni"-O-N" interaction, see Supple-
mentary Fig. S13).

ii) The in situ conductance reaches to a relatively steady second
stage (1.15-1.40 Vgye) with the accumulation of Co"-OH* species.

iii) This is followed by the third inclining stage (1.40-1.55 Vrug)
corresponding to the formation of high-valence Co"-OH* (or the
consequent formation of O*/OOH*, as active species that are key to
OER}()A&,&S)‘

In addition, the evolution of oxygenated species on 3-Co(OH), are
identified in ETS signals (Supplementary Fig. S14), which corresponds
well with the conclusions from advanced X-ray characterizations®’,
explaining the weaker OER activity compared to a-Co(OH).

Recently, Co/Ni-based (or derived) oxyhydroxides have been
widely employed as catalysts for the electro-oxidation of organic
substances, which simultaneously demonstrate relatively good OER
activities. To systematically study the intrinsic correlations between
OER and EOOR on Co/Ni-based oxyhydroxides, we synthesized a series
of bimetallic NiCo hydroxides (a-Co,Ni.,(OH),) by a co-deposition
method®. The X-ray diffraction (XRD) patterns of as-prepared mate-
rials are shown in Supplementary Fig. S6a, which stay closely to the
standard PDF cards of a-Co(OH), (JCPDS #46-0605)"*° and a-Ni(OH),
(JCPDS #38-0715)°. The scan electron microscopy (SEM) images
(Supplementary Figs. S7 and S8) indicate the morphology of the
nanosheet assemblies. All a-Co,Ni(OH),) samples show similar
electrochemical active surface areas (ECSAs) determined by CV mea-
surements (Supplementary Figs. S18-20). The atomic ratios of Co/Niin
different hydroxide samples were determined by inductively coupled
plasma optical emission spectrometer (ICP-OES) characterizations
(Supplementary Tables S3 and S4), indicating the successful synthesis
of target Co/Ni ratios.

We then tested the OER (@1.615 Vgye) and EOOR current densities
(@1.450 Vgrye) in a divided H-type cell for each hydroxide catalyst.
These working potentials for different reactions were chosen for their
optimal yield and FEs (Supplementary Fig. S24). As shown in Fig. 2d,
the OER and EOOR current densities (normalized by roughness
factor, defined as ECSA catalysy/ECSA plank carbon paper) €ach show dis-
tinctive volcano-like correlations, indicating two regions in the a-
Co,Ni;..(OH), series for better OER activity (left, xx;< 0.5) and better
EOOR activity (right, xn; > 0.7). The FDCA (2,5-furandicarboxylic acid)
yield (Fig. 2d) and FE determined in potentiostatic electrolysis for HMF
(5-hydroxymethylfurfural)  oxidation confirm the catalytic
activity trend.

Our previous work found that the addition of organic molecules in
«-Ni(OH),-catalyzed EOOR would actively consume the oxygenated
species (Ni***~OH*/0*) initiated by partial-OER". The typical in situ
electrical transport (ETS) characteristic presented in Fig. 2c confirms
the similar process on a-Cog sNig 5(OH),. The a-Ni(OH), starts to show
a clear phase transition only after the formation of Ni**-~OH* at high
oxidation potentials (typically >1.40 Vrye), while the a-Co(OH), or a-
Coo sNip s(OH), demonstrates an additional intermediate conductive
stage indicative of Co**~OH* at lower potential range (-1.00-1.20 Vgyg)
due to the different d orbital configuration (t,)° of Co* centers (and
hence the double-exchange pathways) as compared to Ni. The ETS
signals in this low potential region (-1.00-1.20 Vgye) also show a sig-
nificantly reduced value, indicating that part of Co*" sites are

presumably occupied by the co-adsorbed organic molecules before
their oxidation, leading to a reduced surface coverage of Co**—OH*.
With increasing electrochemical potentials (Fig. 2c), the ETS signals
observed in EOOR show a similar inclining trend while remaining
below the values in OER. This indicates that the Co**—OH* contributes
to the oxidation of organic molecules under EOOR conditions, pro-
viding in situ experimental evidence to the previously suggested
processes regarding oxidation ability of Co® *%.

The in situ Raman spectroscopy of a-CogsNigs(OH), and a-
Coo.15Nig g5(0OH), that located at two volcano plot vertexes in Fig. 2d
for EOOR (Fig. 2e, f) further provides spectroscopic evidence for
different co-adsorption characteristics of organics and OER-initiated
oxygenated intermediates (of which the in situ Raman spectroscopy
during OER can be found in Supplementary Figs. S26 and S27). As
shown in Supplementary Fig. S27, the vibrational peaks of §(Ni"'-0)
(-480cm™) and o(Ni"-O) (-550cm™) indicating formation of
oxyhydroxides™” begin to be observed at 1.20 Vgye for a-
COO.SNiO,S(OH)Z and at 1.30 VRHE for (X'COollsNiO.gs(OH)z. The OER-
relevant v(0-0") peak (-1060 cm™)”> becomes obvious at 1.40 Vgye
for both catalysts. In the presence of organic molecules (Fig. 2e, f),
the emergence of §(Ni"-0) and v(Ni"-O) peaks appear at higher
electrochemical potential (1.30 Vgye for a-Cog sNips(OH), and 1.35
Vrue for a-Cog 15Nig g5(0H),), which further supports the model of
co-adsorption and surface reaction revealed by ETS. Most important,
the distinct character of the v(0-O") peak for the two catalysts
demonstrates the different reaction pathways for OER and EOOR. As
the higher consumption rate of Ni**~OH* species (by organic oxida-
tion) prohibits subsequent OER steps, the v(0-O") peak in a-
Coo.15Nip.gs(OH),) almost disappears, while the peak in -
CoosNigs(OH), (labeled by light blue rectangle Fig. 2e remains
almost unchanged. This leads to the tendency to complete the OER
cycle rather than proceeding with EOOR. The schematic illustration
of surface processes on the catalysts that favor OER and EOOR
pathway is shown in Fig. 2g, h.

The in situ EIS measurements*’>”* (Supplementary Figs. S28-30)
provide charge transfer resistance (R.) under different conditions. For
catalysts with higher EOOR activity, a reduced R, value from OER to
EOOR conditions (RE°°R<ROFR) can be observed, consistent to the
faster electro-kinetics probably from the reactions between OH* and
Sub*. Opposite trend (RECOR>RO™®) was observed for catalysts with
poor EOOR activity, suggesting the preference of 0O*/OOH* formation
pathway.

Overall, from the catalytic activity and operando analysis of OER
and EOOR, we qualitatively confirm the proposed EOOR mechanism
and general kinetic trends derived in Fig. 1. In this case, the EOOR
activity can be evaluated by the parameters correlated to the surface
micro-kinetics. These key operando surface parameters, however, still
calls for precise experimental quantification approaches.

Quantitative characterization of operando oxygenated species
using Fourier transformed alternating current voltam-

metry (FTacV)

As revealed by the above analysis of the in situ surface co-adsorption
and reactions, we assume that the electro-oxidation of organics on
oxyhydroxides complies with a “surface electron transfer-chemical
reaction (surface EC) model”, where E stands for the electron transfer
step from surface M?*-H,0* to M>"*~OH* species (Egs. 1 and 2), which
are not accompanied with any atomic rearrangement and thus kine-
tically much faster compared to the following steps, and C stands for
all the following surface steps with relatively slow kinetics regarding
the oxidation of organic molecules (Eqs. 3-5). As both the surface
electron transfer E steps and the subsequent C steps collectively
contribute to the d.c. CV/LSV signals, it is difficult to precisely identify/
quantify the electrochemically generated surface active M***-OH*
sites. To this end, the FTacV signaling has been demonstrated as an
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Fig. 3| The principle and results of the FTacV measurements on OER and EOOR.
a The applied electrochemical potential (d.c. +a.c.) and collected overall currents.
b The power spectrum of overall current processed after fast Fourier transforma-
tion (FFT) and the target harmonics (marked by a red box and a dashed arrow)
filtered by a band pass filter (BPF) followed with inverse FFT (iFFT) algorithms.

¢ The Alharmonics aNd AVharmonics Parameters extracted from the harmonics of o-
Ni(OH),. The FTacV harmonic responses for a-Cog15Nig gs(OH), (d) and a-

Cog_sNig.s(OH), (e) in 1.0 M KOH and the addition of 10 mM organic substances
(benzylamine). Here both the absolute values of peak currents and the peak
potentials (Process I) change, as labeled by dashed arrows, indicating the varied
Ome+8)-on- and AGoy-. All electrochemical data were presented without iR-correc-
tion. The size of carbon papers (C.P.) was 1 x 2 cm?. f Summarized values of the two
physio-chemical descriptors (A/EOOR OFR /JOER ' and AVEOOR-OR) in the electro-

oxidation of aldehyde (furfural), alcohol (furfuryl alcohol), and amie (benzylamine).

effective methodology that delicately decouples the relatively fast
interfacial electron transfer from non-Faradic and complexed chemical
processes”, as demonstrated in the studies of biological redox
enzymes’®’® and heterogenous catalysis’ .

As illustrated in Fig. 3a, FTacV superimposes a large-amplitude
sine wave on a linearly scanned electrochemical potential ramp.
When there are no redox active species, the alternating current (a.c.)
ideally originates only from the charge/discharge capacitance at the
applied frequency f®. In the presence of an electrochemical redox
process, the collected current includes both non-Faradaic charging
and Faradaic charge transfer current. Due to the nonlinearity of the
Faradaic interface (equivalent of a R..—C circuit), the overall applied
potential waveform (d.c. + a.c.) can generate harmonics at f, 2f, 3f ...
nf%*. These nonlinear high-order harmonic components can be col-
lected at a high sampling rate (Fig. 3a, bottom panel), and later be
transformed to the power spectrum in the frequency domain by fast
Fourier transformation (FFT) (see Fig. 3b). The target harmonics can
be processed by a band pass filter (BPF) to filter the extra compo-
nents, and finally converted to original time domain using an inverse
FFT (iFFT) algorithm, as illustrated in Fig. 3c. These high-order har-
monics (>4f) in the time domain are highly sensitive to the fast sur-
face electron transfer step, with negligible contribution from
subsequent, comprehensive, yet slow electron transfer and chemical
processes®. As a result, FTacV analysis appears to be ideal for
quantitative characterization of surface intermediates (Co>®%/
Ni***-OH*) formed through fast electron transfer step (Egs. 1 and 2),
and for micro-electro-kinetics investigations on «-Co,Ni;,(OH),,
while excluding interference from subsequent chemical steps in
the surface EC model and diffusion-controlled factors in d.c. CV
signals.

The proposed reactions in a water-assisted EOOR system are listed
below, where Eqs. 1 and 2 represent the fast E process and the other

reactions are designated as C steps.

M** —H,0 = M*"— OH +e +H — O(u,0) initial OER step (1*)
)

M3* —OH = M** —OH'+e~ initial OER step (1.57) (2)

M?*/3* _* + substance — M?*/3* — substance” organic adsorption
3

M3*/4* _ OH" + substance’ —— product’ catalytic oxidation
@

product’ — « +product organic desorption 5)

M** —OH + OH™ = M** —0"+H,0+e~ RDS of OER (2"%) (6)

M** — 0"+ OH = M** —OOH +e~ late OFR step 3% (7)

M** —OOH + OH™ = M*" — 00 +H,0+e" late OFR step (4'")
)
M** — 00" > %+ 0, 9)

0, evolution

The FTacV measurements were conducted systematically on a-
Co,Ni(OH), to investigate surface formation of Co*5/Ni***-OH*
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species and their variations from OER to EOOR, with the results shown
in Fig. 3c—f. As the 5th harmonics (-50 Hz) is attenuated by the power
frequency filter and worse peak shape of the 7th harmonics (Supple-
mentary Fig. S38), the 6th harmonics were extracted and used to
analysis. First, the harmonics in the OER condition can be partitioned
into two parts (illustrated in Fig. 3c): Process I (-1.05-1.40 Vgye) and
Process Il (<1.40-1.60 Vgye) based on the previous studies®®®.. Process I
is associated with the formation of surface Co>/Ni***~OH* species,
while Process Il at higher potentials is coupled to the following steps
that govern the OER (e.g., formation of Co*%/Ni***-0*)%%., Since the
potentials for Ni'"”" transition (Eq. 1) and Ni""" transition (Eq. 2) are
close®, only one set of peaks were observed in Fig. 3c. In contrast, the
potential difference is more significant between Co"™" and Co™"
transitions (Fig. 2b), and the two E transfer processes of Co can be
clearly distinguished in Process I peaks (Supplementary Fig. S39).
Nevertheless, in the Ni case, as the intrinsic kinetic for Eq. 2 is pre-
sumably faster than Eq. (1) judging by the comparison of complexity
from both steps (see rate constants fitting results in Supplementary
Table S2 according to our recent work®®), the main peak is expected to
originate from the Ni"”" transition with higher rate constant (Eq. 2).

Based on the general “surface confined catalysis”’®”*%*%557 model
where the concentration of a surface electroactive species follows the
Nernst equation with no thermodynamic (single and constant £°) or
kinetic dispersion (single and constant £°), the quantitative parameters
including the surface concentration of active sites and rate constant
(of the elementary step corresponding to the fast electron transfer
process) can be extracted from the simulation of FTacV data using the
MECSim package®, (amonics % Cys+ o> S€€ more detailed discus-
sions on the mathematical model in Supplementary Note 6). As shown
in the simulation results in Supplementary Fig. S40, the peaks in the
Process I region and the surface redox conversion in the d.c. CV cor-
relate well with experimental results. Therefore, the partial-OER-
initiated EOOR on a-Co,Ni;(OH), indeed fits into a surface EC
mechanism, where the generation of electrochemically active
M>*8-OH* species (Eqs. 1 and 2) are followed by the spontaneous
reaction between M*®-Sub* and M**®*-OH* (Eq. 4). For quantitative
analysis in this work, during the water-oxidation-assisted EOOR, the
adsorption of organic substance to form M*®-Sub* will in turn occupy
the available sites for the OH*, practically reduce the surface coverage
of M>*3—OH* (as compared to intrinsic M>**~OH* coverage during OER).
As confirmed in Fig. 3c-f, with the addition of 10 mM organics, the
FTacV harmonic peak current of Process | shows an obvious decrease in
value. On this basis, we take a step forward to focus more on the
change in coverage of active M*®-OH* species (designated as
ABy/ 085'3 = (Bg?f«)R - 685'3) /08&,'3) by calculating the relative change in
harmonic peak currents:

EOOR OER k' EOOR . — cOER . 3 EOOR _ AOER
T armonics — harmonics - (Csurface OH surface OH )/Coverallsites - BOH GOH
OER OER OER
Iharmonics k’Csurface OH’ /Coverall sites eoH'

10)

As a result, the FTacV harmonic peak currents quantitatively
reveal the formation of surface Co*®/Ni***~OH* (fast e transfer pro-
cess), apart from other surface-C-contributed currents and non-
Faradic signals in d.c. CV.

On the other hand, from the thermodynamic perspective, the d.c.
CV peak potentials have been frequently used to estimate the free
energy difference (AGo-—AGoy-) for the rate-determining step M**-~OH*
-> M*5-0*+ e~ on Ni oxyhydroxides during OER”***°, However, the d.c.
CV peak positions can be easily influenced by factors such as scan rate,
non-Faradaic charging current, and chemical catalytic current (see
Supplementary Fig. S21 and S41), making it less efficient in the study of
more complicated bi-molecular surface reactions. To this aim, high-
order FTacV harmonic signals only reflect the corresponding fast-
kinetic transitions (excluding solution phase reactants and structural

rearrangement as in other elementary steps), thereby offering unique
advantages for the potential-dependent thermodynamic evaluation of
the key kinetic-fast electron transfer step®’. Specifically, as OER and
EOOR mechanism (Egs. 1-9) share the same fast electron transfer step
(M®—OH* > M®"-OH* + &7, Eq. 2), the shifted Process  main peak values
in harmonics (AVharmonics from OER to EOOR in Fig. 3c-f) correlate to
the changed formation free energy of M®'-OH* (AGy:., as also illu-
strated by red ladder in Fig. 4c) under the interference of organics.
Note that the observed electrochemical potentials were intrinsically
determined by both equilibrium potentials of the reaction and the
activation energies regarding the transitions state, quantifying exact
value of AGgy« is still challenging. To this end, the AVyarmonics Values (V)
measured by FTacV is numerically equivalent to AAGE 2RO (defined
as AAGERR O = AGEIR — AGOEY), which can therefore be used to
evaluate the variations in different EOORs that share the same ther-
modynamic parameters with OER pathway. Meanwhile, it can be con-
firmed that negligible potential-dependent diffusion and kinetic
contributions from OH* formation itself and subsequent steps was
observed in the FTacV peak potentials (and therefore AViarmonics), S€€
experimental results and theoretical discussions in Supplementary
Fig. S41 and Supplementary Note 8. This parameter (AVharmonics) 1S
therefore of great significance towards catalyst design as it represents
an intrinsic thermodynamic factor that determines whether the elec-
trocatalytic reactions favors the EOOR or OER pathways
(AAGES2R-OFRy which can be rationally modulated by tailoring the
electronic structures of metal sites for different organic substances.

Mechanistic investigations and catalyst design principles for
water-oxidation-assisted EOOR systems by two operando
physio-chemical descriptors extracted from high-order FTacV
harmonics

With the two key operando physio-chemical descriptors (A8, /Bgf_l13
and AAGEPR-OFR) extracted from high-order FTacV harmonics, we can
effectively quantify the partial-OER-assisted electro-organic oxidation
processes following a surface EC model (i.e., surface electrochemical
OH* generation (E) > L-H bimolecular reaction between OH* and Sub*
(C) mechanism), from both electro-micro-kinetic and thermodynamic
aspects. Additionally, the small Pearson coefficient (-0.22, see Sup-
plementary Fig. S42) indicates insignificant correlation between the
two physio-chemical descriptors, suggesting their distinct repre-
sentations (from thermodynamic and micro-kinetic perspectives) in
the mechanistic investigation on the surface electro-catalytic pro-
cesses. Therefore, we expand this methodology to different electro-
organic oxidation reactions with different catalytic systems, including
electrocatalytic oxidation of alcohol (to either aldehyde or carboxylic
acids), aldehyde (to carboxylic acids), and amine (to nitriles), to seek
more detailed electro-kinetic rules that apply to the general EOORs
following the electrochemical EC model, regardless of the kinetically-
insignificant details on adsorption states of organic substances®.
Other electro-catalytic organic oxidations aiming for their complete
conversion to CO,, such as Pt-catalyzed methanol oxidation for fuel
cell applications reactions, may also comply with this category (with
key RDS to be surface reactions between OH* and CO*/CHO****°) but
are not the major focus in this investigation. Analogous to our
previously-developed analytical approach’’, we draw two-dimensional
catalytic activity diagrams from the two descriptors to study the
relationship between surface coverage alternation of key inter-
mediates (A8, /605 and the change in AGeqz (AAGHR ™) with the
yield of oxidation products, the results are shown in Fig. 5. For more
systematic performance analysis, the catalytic performance diagrams
constructed by the conversion, yield, selectivity and FE can be found in
Supplementary Fig. S45. Specifically, for model EOORs that have
relatively easy-to-activate substrates with few side reactions (con-
firmed by the HPLC/GC quantification, see Supplementary Fig. S31),
the conversion is generally high, and the reaction yield is equivalent to
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AAGEq_z = AGEEC?SR - AG

Fig. 4 | Schematic diagrams of the proposed OER and EOOR pathways and
Gibbs free energy steps under two conditions. The proposed OER and EOOR
pathways with shared initial steps (a) and schematic illustration of the electro-
chemical generation of Co*%/Ni**>-OH* species during OER and EOOR, and the
Gibbs free energy steps under the two conditions. b The vital fast-kinetic electron
transfer step (marked in red) and free energy steps during OER. ¢ The vital fast-

OER
Eq.2

Free energy steps

kinetic electron transfer step and altered free energy steps (marked in red arrow)
during EOOR, under the influence of organics oxidation. The dark blue, red, and
white balls represent the metal site, oxygen, and hydrogen atoms, respectively. “R”
represents the organic substance, “P” represents the oxidation product and
superscript “*” indicates the adsorbed species.

the selectivity. In the case of multiple possible products (such as
alcohol to aldehyde or carboxylic acid conversion) when selectivity is
critical, it can be divided into two separate reactions (alcohol to
aldehyde and alcohol to carboxylic acid) for performance

consideration. Furthermore, FE correlates to the overall energy effi-
ciency in EOORs and reflects other non-organic side reactions such as
OER. It is therefore a relatively independent parameter from yield/
selectivity offering additional information.
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Fig. 5 | The summarized catalytic activity diagrams for EOORs, using two
operando physio-chemical descriptors. The summarized catalytic activity dia-
grams for three EOORs catalyzed by a-Co,Ni;(OH), (a) and four catalyst systems
(c). The experimentally measured oxidation potential sequence of transition
mental sites and organic substances in 1M KOH is presented in the top axis of (a).
b The OER-relevant Tafel slopes derived in the kinetic Tafel region (at the potential
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furfural, furfuryl alcohol and benzylamine, respectively. Error bars were obtained
from three independent experiments. The dashed arrows indicate the decreased
OER-relevant Tafel slopes in the case of alcohol and amine oxidation from high Ni
contents to high Co contents. d The catalysts design principles for the efficient
organics electro-oxidation. The red arrows indicate the altered free energy steps
during EOOR. The green, red, white, and gray balls represent the metal site, oxygen,
hydrogen atoms, and the carbon atoms in different substances, respectively.

We first study the a-Co,Ni..,(OH), catalyzed EOOR, with furfural,
furfuryl alcohol, and benzylamine as model substances to represent
alcohol, aldehyde, and amine oxidations. As shown in Fig. 5a, we
observe correlations between the reaction yields (illustrated by the
size of circles) and the two physio-chemical parameters, indicating the
distinct surface M*>**-OH* coverages and the free energy variations in
each catalytic system that determine the oxidation performance. For
compositional analysis, the a-Co,Ni;.,(OH), catalysts exhibit a rela-
tively high yield (-80%) for aldehyde oxidation with increasing Ni/Co
ratios, which is accompanied by a significantly elevated A6, /¢9gﬁFS
and negligible change in AAGECR O as illustrated by the green
dashed arrow in Fig. 5a. This trend in a-Co,Ni;.,(OH), indicates that Co
sites favor high surface coverage of aldehyde molecule, whereas Ni
sites in oxyhydroxides help maintain the original surface Ni***~OH*
coverage under adsorption competition of aldehydes, until an optimal
level that effectively promotes the efficiency of surface aldehyde oxi-
dation. As shown in Fig. 5b, each of the «-Co,Ni;—,(OH), catalysts

exhibit an increased OER-relevant Tafel slope (derived from kinetic
Tafel region®® and potential range of 1.5-1.6 Vryg, see Supplementary
Fig. S23, where the OER electro-dynamics are dominant, i.e.,
FEoer > 80%), from an identical value of ~97 mV/dec to another iden-
tical value of ~155 mV/dec with the addition of 10 mM aldehydes. This
behavior indicates that systematic uniformity exists in a-Co,Niz.,(OH),
catalyzed aldehyde electro-oxidation, probably due to the collectively
altered OER RDS from Eq. 6 to the 1st step (Eq. 1) in the low-OER-
overpotential region®**’.

In comparison, the data points representing amine oxidation
collectively appear more to the top and right direction of the aldehyde
region in the activity diagram (see red points in Fig. 5a), demonstrating
the effective oxidation of amines induces similarly optimized
A8y, /057 (relatively higher surface M*'5-OH* coverage) and sig-
nificantly positive AAGH® O™, The characteristic A8, /60 indi-
cates a relatively lower binding energy of the amine molecules to
occupy the catalytic sites, which yet appears to be consistent with
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different Co/Ni ratios (and therefore less determining on the catalytic
performance). In sharp contrast, the more positive AAG5or~°® indi-
cates that the adsorption and subsequent electro-oxidation of amines
greatly interfere with M>**~OH* formation on a-Co,Niy.(OH), (x<0.3),
which is closely linked to the final yield in amine oxidation. This result
can be rationalized by the different complexity in the reaction path-
ways: while electro-oxidation of aldehydes involves only insertion of
one oxygen atom, oxidation of amines requires overcoming the extra
barriers of multiple oxidation/dehydrogenation steps (Eq. S70)"°. The
more complicated elementary steps for amine oxidation consume
more active OH* species per M>* site during a turnover cycle, leading
to the stronger average interactions between M***-OH* and adsorbed
amine species, and consequently the more severe interference with
OER cycle (experimentally observed more positive AAGERR R, The
significantly increased Ni-dependent OER-relevant Tafel slopes
(Fig. 5b) are also consistent with the slower OER-kinetics, resulting
from the higher barriers of OER under the amine oxidation conditions.
In addition, amine molecules generally have higher oxidation poten-
tials than aldehydes and alcohols™'® (as depicted in top axis of
Fig. 5a), which favors the catalysts with higher AGo- to keep a high level
of M>5-QH* coverage to achieve amines oxidation at a faster reaction
rate, which is also practically relevant as the nitrile products can be
hydrolyzed under aqueous reaction conditions.

As for the alcohol oxidation, higher Ni ratios (=50%) provide
balanced adsorption sites and active M***~OH* species for alcohol-to-
carboxylic acids conversion, as illustrated by the blue points in Fig. 5a.
The alcohol oxidation points in the a-Co,Ni.(OH), activity diagram
located in the moderate A8, /695 and AAGE RO regions, closer
to the aldehydes’ oxidation region (red points), presumably due to the
similar yet slightly more complex oxidation mechanisms (dehy-
drogenation and subsequent insertion of one O atom, see equation
S71), which is consistent with the previous conclusion that aldehydes
and alcohols dominantly undergo “indirect oxidation” and “potential-
dependent oxidation”, respectively*>®. In addition, note that the
Co**-0OH* species has closed oxidation potentials with alcohols and
amines, and thus incapable of oxidizing the two molecules (negligible
oxidation yield from low-Ni-catalysts, see Fig. 5a). Therefore, the
competitive OER cycle proceeds more easily on the Co sites, and its
OER-relevant Tafel slopes decrease in the case of alcohol and amine
oxidation from high Ni contents to high Co contents (illustrated by
dashed arrow in Fig. 5b).

For molecules that are more challenging to be activated (with less
polarity), such as toluene and cyclohexene (model substrates for
selective oxidation of benzyl C-H bonds and selective epoxidation of
alkenes, respectively), the corresponding FTacV results were shown in
Supplementary Fig. S43. The minimal variation in signals indicates
weak organic adsorptions even under high anodic potentials, which
are consistent with their chemical inertness. In such cases, in situ
generating extra strongly oxidizing radicals (such as CI- or Br-)**'"* or
redox mediators (such as HOCI)'*? is presumably required to achieve
high yields. Based on the innovation and scalability of measurement
and kinetics analysis methods, key information and conclusions that
were not easily obtained in previous literature have been obtained in
this work.

In sum, from the spatial distribution of the descriptor points, the
adsorption and subsequent oxidation of three organics on the surface
of a-Co,Ni;.,(OH), catalysts would cause different levels of inter-
ference toward the OER cycles. Specifically:

+ the more negative A8, /6% indicates the larger (lower) surface
coverage of organics (oxygenated species),

* the more positive AAGet °® demonstrates the increased free
energy barrier of M***~OH* formation due to additional interac-
tions between surface organic intermediates and OH* species and
insufficient active M>*5-OH* species for OER.

This two-descriptor system thus provides a convenient, efficient,
and systematic evaluation of the catalytic mechanisms and preferred
kinetic conditions at the microscopic level.

With the successful application of two key FTacV-derived physio-
chemical descriptors that lead to the construction of catalytic activity
diagram for a-Co,Niy.,(OH),-catalyzed alcohol, aldehyde, and amine
electro-oxidations, we aim to further extend this analytical strategy to
other electro-oxidation reactions that share a similar water-oxidation-
assisted (surface EC) oxidation mechanism. To this end, we chose
spinel (Co-based) catalyzed Fu oxidation®®, a-Co,Ni;..(OH), catalyzed
benzyl alcohol selective oxidation to benzaldehyde and benzoic acid
(Supplementary Fig. S34), and Ni-based hydroxide catalyzed benzyla-
mine oxidation" as model systems to represent the four EOORs with
more suitable catalyst categories. After the FTacV high-order harmo-
nics data acquisition and processing, we constructed a general cata-
lytic activity diagram for these EOORs, as shown in Fig. 5c.
Interestingly, with the varying catalyst materials spreading across a
wider range in both descriptors, we can more clearly observe sepa-
rated reaction “hot-zones” for the four reactions. Note that the 2D
activity diagram derived from d.c. CV (see Supplementary
Figs. S46 and S47) appears ineffective for the same task, because the
position of redox peaks is easily influenced by the scan rate, non-
Faradaic, and chemical catalytic currents. Specifically, the catalysts for
aldehyde oxidation in Fig. 5c are Co-based oxyhydroxides (amor-
phous, derived from electrochemical reconstruction of spinel

sulfides)®®, which demonstrate close values of AAGER O™ with

o-CoxNir(OH), in Fig. 5a, yet more negative A8, /695, since more

oxygen vacancies on amorphous Co oxyhydroxides are more bene-
ficial for organic adsorption over Co**-OH*. The near-zero and even

negative AAGHo "R also indicates a possible change of the OER RDS
from Eq. 6 to the 1st step (Eq. 1) under aldehyde oxidation on Co-based
oxyhydroxides™® (arrows in free energy steps in Fig. 5d), which is
consistent with the speculation drawn by OER-Tafel analysis in Fig. Sb.
The characteristic trend and high-yield regions of benzyl alcohol (to
benzoic acid) and benzylamine oxidations are close to that in Fig. 5a,
where the Mn-doped a-Ni(OH), demonstrates better activity for amine
oxidation" because Mn doping greatly increases the AGo- of a-Ni(OH),
to further hamper the OER pathway and increase M>"*~OH* coverage.
The selective electro-oxidation of benzyl alcohol to benzaldehyde can
be efficiently achieved by reducing pH and water activity (with more
cations)'”® to decrease the Ogyy-. The summarized parameters for the
four types of EOORs are listed in Table 1.

It is worth mentioning that the A(AGoy+) values we measured
under different EOOR conditions (Table 1), caused by the competi-
tive adsorption and consumption of active OH* by organic mole-
cules, correlate well to the variation in OH* adsorption energy during
OER simulated by changing the number of active sites in the litera-
ture (less than 25-50 meV)®. It further reveals the power of FTacV
measurement as an effective tool to experimentally obtain key
physio-chemical parameters that have only been provided by the
parameter fitting in theoretical micro-kinetic simulation/analysis.
The parameter of AAGESOROFR thus effectively indicates the oper-
ando interactions between the two surface species (closely corre-
lated to the micro-kinetic complexity of substance oxidation
processes). Combining with Afou/6or that represents the
decreased operando surface coverage of OH* species, these two
physio-chemical descriptors enable visualization of the electro-
kinetic and thermodynamic aspects of the reaction system from a
microscopic level. Therefore, the two key descriptors provide
effective catalysts design principles for organics electro-oxidation
via the modulation of surface coverages and Gibbs free energy of
M>*$—OH* (Fig. 5d). For the consideration of traditional kinetic ana-
lysis, experimental quantification of these operando physio-chemical
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Table 1| Summarized key parameters and design principles for EOOR systems

Substances Products Oxidation Potential Relative Change of B¢y ? Reaction Complexity Altered AGg, > M3®-OH* Requirement
Aldehyde Carboxylic acid Low 25-55% Simple -5to 5meV Relatively low level of o+
Alcohol Aldehyde Highest ® 13-20% Simple 0-12meV ° Relatively low level of o+
Carboxylic acid Moderate 25-35% Moderate 5-10 meV Balanced 0c+/Osupb
Amine Nitrile High 20-32% Complex 20-35 meV High level of Bop»
“Coverage relative to the 8o+ under OER conditions.
®In weak alkaline solution (1M K,COg).
descriptors provides the precise numbers of key parameters such as Methods

optimal surface 65,,+/0on- (in Fig. 1a, b), which is otherwise difficult to
obtain'®, thus providing effective guidance for catalysts improve-
ment. It is also relevant to note that effective performance prediction
maps were developed using apparent electrochemical parameters
for homogenous electro-organic synthesis”” and photo-generated
electrochemical charge for homogenous photo-organic synthesis'®,
respectively, offering improved efficiency and robustness for con-
structing machine learning (ML) models compared with DFT-
descriptors'®. However, construction of the reactivity diagram
from d.c. CV-derived parameters is inefficient for the heterogeneous
electro-catalytic organic oxidations targeted in this study. As classi-
cal electrochemical organic synthesis on inert electrodes such as
glassy carbon typically does not involve surface adsorption/
micro-reactions'”’'% (i.e., the organic substance presumably under-
goes an interfacial electron transfer process with a simple collision
on the electrodes and proceeds with homogeneous reactions), more
intrinsic physio-chemical parameters are necessary to achieve pre-
cise and efficient representation of the (surface) chemical space for
machine learning (ML) investigations in heterogeneous
electrocatalysis.

In summary, by using in situ electrical transport, Raman
characterization, and FTacV measurements, we systematically
studied three EOORs catalyzed by the Co/Ni oxyhydroxides
(classic OER catalysts), in which both surface adsorbed organic
molecules and active M>*5-~OH* species (their surface coverages,
interactions and etc.) are critical to determine the micro-electro-
kinetics of the reaction. We developed here two key operando
physio-chemical descriptors (A, /69;% and AAGH* °F) to
quantitatively determine the generation and consumption of
active intermediates, which further leads to construction of an
electro-catalytic activity diagram exhibiting characteristic regions
for the different organic oxidations, effective for active sites
recognition, mechanistic evaluation, and catalyst modulation.
General design principles can be summarized for the future cat-
alyst development with improved electro-oxidation efficiency:

i. Aldehyde oxidation typically requires no harsh conditions, the
catalysts should provide enough sites through vacancies creation,
metal leaching, or amorphization for molecular adsorption and
M38-QH* generation, which can be typically achieved by amor-
phous Co oxyhydroxides.

ii. The efficient oxidation of amines benefits from catalysts with
higher energy barriers of AGo- to keep a high level of surface
active Ni***-~OH* for fast catalytic reaction.

iii. The good catalysts for alcohol oxidation typically own a moderate
energy barrier of AGoy- and balanced 6sy,+/Oo4+.

iv. The efficiently selective oxidation of alcohol to aldehyde could be
achieved by reducing the surface 6,,,- and Ooy- via lowering pH
and/or water activity.

The methodology established in this work not only unravels the
in-depth microscopic details during electro-oxidation processes but
also provides an efficient fast-screening method to discover and
design high-performance heterogeneous electrocatalysts.

Synthesis of bimetallic NiCo hydroxides (x-Co,Ni;_,(OH),)

A series of a-Co,Niy.x(OH), with varying Ni content was synthesized via
a co-deposition method®’. In a typical procedure, x mmol (0 <x <1) of
Co(NO3),-6H,0 and 0.20 g of polyvinylpyrrolidone were dissolved in
40 mL of distilled water, forming a clear pink solution after sonication.
This solution was then transferred to a three-necked flask and stirred
with an electric agitator at 1000 rpm. Next, 40 mL of freshly prepared
NaBH, (0.12 g) solution was slowly added with continuous vigorous
stirring, turning the mixture black. Immediately afterward, 40 mL of
NiCl,-6H,0 (1-xmmol) solution was introduced dropwise into the
black mixture. After all reagents were added, the reaction was main-
tained under stirring for 6 h at room temperature (25°C). The final
product was collected by centrifugation, washed three times with
ethanol and distilled water, and dried in an oven at 60 °C for 6 h.

Synthesis of a-Co(OH),

Single-component a-Co(OH), was prepared similarly with the proce-
dure of a-CoxNi—(OH), but without the addition of NiCl,-6H,0
solution.

Synthesis of a-Ni(OH),

The pure a-Ni(OH), was prepared using a solvothermal approach,
following a previously reported method®. Briefly, 1mmol of
Ni(NO3),:6H,0 was dissolved in 20 mL of ethanol, followed by the
quick addition of 2 mL oleylamine and 10 mL ethanol. This mixture was
stirred for 30 min to achieve homogeneity, then transferred to a 50 mL
Teflon-lined autoclave. The autoclave was sealed and heated to 180 °C
for 15h in a convection oven, then allowed to cool naturally to room
temperature. The resulting green precipitate was collected, washed
several times with cyclohexane, ethanol, and distilled water, and dried
under vacuum at 60 °C for 6 h.

Synthesis of B-Co(OH),

The B-Co(OH), was prepared following a modified hydrothermal
method. Typically, 1 mmol Co(NO3),-6H,0 was dissolved into 20 mL
18.2MQ-cm H,0, then a mixture of oleylamine (2mL) and ethanol
(10mL) was quickly added. The mixture was stirred for 0.5h,
which was then transferred into a 50 mL Teflon-lined autoclave. The
autoclave was sealed and maintained at 180 °C for 15h and then
cooled naturally to room temperature. The resulting pink precipitant
was collected and washed with cyclohexane, ethanol, and
distilled water several times and was then dried under vacuum at
60 °C for 6 h.

Materials characterization

The as-synthesized samples were examined by XRD, which was carried
out on a Shimadzu Lab X/XRD-6000 X-ray diffractometer equipped
with a Cu-Ka radiation source (1=1.5418 A) operating at 40kV and
30 mA. SEM images were recorded on Hitachi S-4800 with samples
deposited on carbon conductive tapes. Inductively coupled plasma
optical emission spectrometer (ICP-OES) (PerkinElmer Avio500) was
used to test the Co/Ni ratios of the series of as prepared and post-
electrolysis catalysts.
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Electrochemical measurements

Typically, 5mg of catalyst was dispersed in ethanol (480 pL), ultra-
pure water (18.2 MQ-cm, 480 pL) and Nafion solution (5 wt% in ethanol,
40 pL) to form a well-dispersed ink. For fabrication of the working
electrode, 50 pL of the catalyst ink was dropped onto 1x 2 cm? carbon
paper. The electrode was then dried at room temperature. The mass
loading of the catalyst was 0.25mg-cm™. All electrochemical mea-
surements were carried out at 23-25 °C in this work.

Electrochemical experiments were performed in a typical three-
electrode system using a CS3004 multichannel potentiostat
(CorrTest Instruments). All electrochemical cell components were
cleaned with ultra-pure H,O (18.2 MQ-cm) prior to experiments. All
potentials were referenced to an Ag/AgCl reference electrode (in
3.5 M KCI), and platinum wire was used as the counter electrode in all
measurements. The measured potential vs. Eag/agci Was converted to
reverse hydrogen electrode potential (RHE) based on the Nernst
equation, Erue=Eys, Ag/agcl T 0.059 x pH +0.2046 V, which was fur-
ther calibrated by CV curves in 1.0 M KOH (99.999%) (Supplementary
Fig. S10). The CV tests were carried out after pumping high-purity
hydrogen for 30 min to saturate the electrolyte. All electrochemical
data were presented without iR-correction. All the catalysts were
tested after the electrochemical pre-activation (50 cycles of d.c. CV
with the range of 0.9-145V vs. RHE) to achieve a steady
surface state.

Electrolysis experiments

10 mg catalyst was dispersed in 1 mL ethanol with ultrasonic dispersion
for 30 min and the 40 uL Nafion solution (5wt%) was added into the
homogeneous suspension with ultrasonic dispersion for another
20 min. Then a certain amount of homogeneous suspensions were
dropped onto the carbon paper (C.P., 1x 2 cm?). Ultimately, the anode
electrode with a mass loading of 2.0 mg/cm? was prepared and was
employed in the electrolysis measurement.

All electrolysis measurements were performed in a typical three-
electrode system using a CS3004 electrochemical workstationin 1.0 M
KOH. Hg/HgO (1.0 M KOH) and Pt electrodes were used as reference
electrode and counter electrode, respectively. The potentials
were quoted with respect to the RHE through [Frye=
E ngmgo + 0.059 x pH +0.098 V. The separators of H-cell were anion
exchange membranes (AEM). All electrochemical data were presented
without iR-correction. The electro-oxidation of organic substrates was
similar to OER, except that the electrolyte was performed in 1.0 M KOH
solution with the addition of 10 mM furfural, furfuryl alcohol, benzyl
alcohol, HMF or benzylamine. The potentials for Faradaic efficiency
and selectivity measurements were 1.40 Vrye for HMF, furfural and
furfuryl alcohol, 1.46 Vrye for benzylamine, 1.42 Vgyye for benzyl alcohol
to benzoic acid, 1.54 Vg for benzyl alcohol to benzaldehyde (in
1M K,CO5).

In situ Raman spectroscopy measurements

In situ Raman spectroscopy test was performed using HORIBA XploRA
PLUS Raman microscope with the laser wavelength of 532 nm. The
Raman spectroscopy were captured (50 s x 2) with laser intensity fil-
tered to 1%. The electrochemical potential was applied by a potentio-
stat (CHI 660E).

Fourie transformed alternating current voltammetry (FTacV)
measurements

An arbitrary waveform generator (Keysight 33250A) was used to gen-
erate a sine wave to superposition on the direct current (d.c.) CV
electrochemical potential exported by a custom-built potentiostat
(CS150H, CorrTest Instruments). All the catalysts were tested after the
electrochemical pre-activation (50 cycles of d.c. CV with the range of
0.9-1.45V vs. RHE) to achieve a steady surface state. The a.c. volta-
metric experiments were undertaken with an amplitude of AE=160

mV, which provides an adequate level of nonlinearity to allow higher
order harmonics to be detected, and at the same time, does not induce
very significant ohmic losses and broadening®’* %8410 The fre-
quency of f=9.876Hz provides a sufficient level of kinetic
sensitivity®"®*. For better Faraday-sensitive signal detection and noise
rejection, the mass loading of the catalyst was reduced to 0.10 mg-cm™
in FTacV tests. All electrochemical data were presented without iR-
correction. Scan rate of ac CV measurements was set as 20 mV-s™,
sampling rate was fixed at 1000 Sa-s™ in this work. Fast Fourier trans-
form (FFT) codes were adopted to convert the time domain raw data
into the frequency domain power spectrum. Then a series of harmo-
nics were BPF and then converted to corresponding time domain data
via iFFT codes.

Data availability

The authors declare that the data supporting the conclusions of this
study are available within the paper and its supplementary materi-
als. Source data of figures are provided in this paper. Additional data
are available from the corresponding author upon request.
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