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ABSTRACT: Transitioning from crude oil to renewable carbon sources is crucial for a circular economy. Lignin, a byproduct
of the paper industry, has significant potential as a renewable feedstock, but its efficient depolymerization remains challeng-
ing. This study presents an iron dual-atom catalyst (DAC) supported on biochar derived from spent coffee grounds for the
selective electrochemical depolymerization of kraft lignin under ambient conditions. The catalyst was synthesized via pyrol-
ysis and characterized using X-ray absorption spectroscopy (XAS), low-energy ion scattering (LEIS), and X-ray photoelectron
spectroscopy (XPS). These techniques confirmed the DAC’s atomic dispersion and chemical composition. The DAC’s in-oper-
ando stability was confirmed through XAS under varying electrochemical potentials. In a water/sodium carbonate electrolyte,
the DAC achieved lignin depolymerization within 20 h. Nuclear magnetic resonance (NMR) and high-resolution mass spec-
trometry (HRMS) analyses identified aliphatic products such as sodium acetate and formate, alongside phenolic monomers
and dimers. This work demonstrates the potential of DACs for the valorization of biomass while establishing a framework for
the monitoring of catalyst behavior at an atomic level during electrochemical biomass depolymerization, thus contributing to
the development of advanced catalytic processes.

INTRODUCTION COzRR and the oxidation of Cu20 nanocubes upon exposure
to air after electrolysis. >¢ These observations highlight the
urgent need for a comprehensive understanding of catalyst
dynamics within the context of reaction conditions. !

When employing heterogeneous electrocatalysts, it is im-
perative to consider potential changes in their structure and
chemical environment throughout the course of a reaction.!
For instance, within the context of the electrochemical CO2 X-ray absorption spectroscopy (XAS) methods, including X-
reduction reaction (eCO2RR), copper remains as the sole ray absorption near-edge structure (XANES) and extended
catalyst capable of generating multi-carbon products at via- X-ray absorption fine structure (EXAFS), are highly effective
ble rates. 24 Nevertheless, it has been shown that 7 nm cop- for investigating the atomic and electronic structure of
per nanoparticles undergo substantial transformations, re- atomically dispersed catalytic metal sites, such as single-
sulting in the formation of larger metallic grains during atom catalysts (SACs) and dual-atom catalysts (DACs), or
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Scheme 1. Schematic representation of the preparation process for the iron DAC, followed by in-operando XAS measurements con-
ducted in an aqueous lignin/sodium carbonate medium under varying potentials to evaluate the catalyst's stability

nanoparticles. 7-11 These hard X-ray techniques permit stud-
ies to be conducted under conditions that more closely re-
semble those that would be encountered in a realistic set-
ting; in other words, the catalyst structure can be studied
“on duty”. 12-14 Improvements in time-resolved XAS have en-
abled the tracking of reaction dynamics over a timescale
that extends from milliseconds to hours. 15-18

COzRR and the electrochemical biomass depolymerization
are two processes that share a common objective: address-
ing global carbon challenges. While CO,RR directly reduces
atmospheric or captured COz by converting it into useful
chemicals, biomass depolymerization complements this
process by unlocking the potential of renewable carbon
stored in complex lignocellulosic polymers. ! Lignin, a sig-
nificant component of lignocellulosic biomass and the most
substantial natural source of aromatic compounds, is pro-
duced on an industrial scale of about 70 million tons ° as a
byproduct of the pulp and paper industry. However, the uti-
lization of lignin for high-value applications remains lim-
ited, with only a small percentage (<2%) 2° being employed
for such purposes. The majority of lignin is currently incin-
erated for energy recovery. Lignin's highly crosslinked mo-
lecular structure, composed of three primary phenylpro-
pane units by ether and carbon-carbon bonds, along with
hydroxyl and methoxy groups, renders it highly resistant to
breakdown, 2122 what makes the selective and efficient de-
polymerization into high-value added products challeng-
ing. 23 This inherent property has hindered its broader uti-
lization. 2* The abundance and inherent aromaticity of lig-
nin, as a feedstock, make it a promising candidate for the
sustainable production of value-added chemicals. Lignin de-
polymerization can be achieved through oxidative and

reductive electrochemical approaches. While oxidative
methods, which break down lignin via anodic reactions,
have been more extensively explored, reductive electro-
chemical depolymerization remains still heavily unex-
plored. In a previous study, we demonstrated the first re-
ductive depolymerization of lignin using electrochemical
methods under mild conditions. 25

The majority of studies on electrocatalysts for lignin valori-
zation have focused on bulk electrodes, including carbon, 26-
29 nickel, 30-32 platinum, 33 lead, 34-3¢ and copper. 25 Yet, the
structural and chemical diversity of these electrodes is ra-
ther limited. ! So far, studies have focused on bulk, i.e. mac-
roscopic, materials whereas nanoscopic or atomically-dis-
persed catalysts for the reductive depolymerization of lig-
nin, to the best of our knowledge, have not been reported so
far. The progress in the eCOz2RR has successfully demon-
strated the application of such catalysts to achieve high Far-
adaic Efficiencies (FE) and current densities. Electrocata-
lytic lignin depolymerization has been so far heavily under-
researched within this respect. 37 The progress in catalyst
discovery for eCOzRR and water-splitting using nanostruc-
tured materials can be attributed to the increased surface
area of nanostructured materials, which provides more ac-
tive and low-coordinated catalytic sites, and their ability to
precisely tailor electronic properties to favor specific reac-
tion pathways. The subsequent evolution from nanopartic-
ular to atomically structured electrodes, such as SACs and
DACs, offers promise for further improvement. SACs are
composed of discrete metal atoms dispersed across a sup-
port material. This configuration enables nearly every metal
atom to function as an active site, with the potential to
achieve efficiencies as high as 100%. 38 The single-atom
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configuration permits precise control over the electronic
environment surrounding the active sites. SACs can be de-
signed to selectively activate or break specific chemical
bonds, thereby enabling high selectivity for targeted reac-
tions. 37 The robust attachment of individual atoms to the
support structure confers enhanced stability and mitigates
the proclivity for aggregation, thereby outperforming con-
ventional catalysts in these aspects.

Despite the significant strides made in the design of the co-
ordination environment of SACs, they are confronted with a
pivotal challenge in the optimization of the adsorption of all
reaction intermediates, which is constrained by thermody-
namics. 3° This limitation significantly restricts SACs in cat-
alyzing reactions that require the synergistic activation of
multiple molecules and intermediates. To address this is-
sue, the concept of DACs has been introduced. The presence
of adjacent active sites in DACs offers additional positions
for molecule activation and intermediate adsorption,
thereby providing an extra level of flexibility for catalytic
control. 3°

The terms DAC and SAC may be misleading in that they im-
ply that only the metal atoms have a catalytic effect. Even so,
it can be assumed that the matrix also has a catalytic effect. ?
The selection of the matrix is of critical importance to SACs
and DACs. Commonly used matrices, such as ZnO, 40
poly(ionic liquid) surface-coated filter paper, 4! bipyridine-
based two-dimensional conjugate covalent-organic frame-
worKks, 42 porous nitrogen-substituted carbon, 43 hollow car-
bon-nitrogen spheres, ** and nitrogen-substituted carbon
nanofibers %5, are predominantly composed of carbon and
nitrogen in various commercially available modifications.
Since carbon is a major component of biomass, it is logical
to use biomass as a carbon source for the matrix. Carbon as
a bulk catalyst has already been used for the electrochemi-
cal depolymerization of lignin, the substrate of interest in
the present study. 26-2° The recent surge in interest sur-
rounding biochar, a material produced through the thermo-
chemical conversion of biomass, can be attributed to its ver-
satility in a multitude of applications. Primarily utilized as a
soil amendment, biochar has demonstrated efficacy in re-
ducing greenhouse gas emissions and enhancing soil qual-
ity. *¢ Additionally, biochar is being employed as a precursor
in the synthesis of catalysts and adsorbents for contaminant
removal, underscoring its growing utility in various fields. 4
Yet, the use of biomass also presents logistical challenges,
such as the need for large-scale harvesting and transporta-
tion, which often rely on non-renewable energy sources.
These challenges can be mitigated by using biomass waste,
as is the case with lignin, which does not require any addi-
tional logistical changes as the existing infrastructure can
efficiently accommodate its use. 47

Coffee is among the most extensively traded agricultural
commodities globally, with an estimated annual production
of approximately 8 billion kilograms. 48 The commercial
production of coffee beverages generates vast amounts of
spent coffee grounds, which require effective waste man-
agement. These byproducts present a significant challenge
due to their high oxygen demand during decomposition and
the potential release of environmental pollutants, including
residual caffeine, tannins, and polyphenols. 4° Nonetheless,

novel strategies for the valorization of spent coffee grounds
present a sustainable alternative. 485051

SACs have demonstrated remarkable advancement as effi-
cient catalysts, exhibiting distinctive reactivity and selectiv-
ity for biomass conversion. Most studies, though, have con-
centrated on the conversion of biomass-derived down-
stream components, including sugars, platform molecules,
and small molecules. 37 In contrast, the application of DACs
in biomass conversion remains largely unexplored. While
bulk electrodes composed e.g. of carbon, 2829 copper, 25 sil-
ver, 52 and nickel 313253 have gained recognition for their ap-
plication in electrochemical lignin depolymerization, to the
best of our knowledge, iron has not yet been utilized in this
context. [ron-based DACs have been predominantly studied
for other reactions, such as the oxygen reduction reac-
tion 5455 (ORR), oxygen evolution reaction (OER), >¢ and
CO2RR 57, However, most of these DACs consist of mixed
dual atoms, such as iron-nickel 5457 or iron-cobalt 565859
combinations, rather than purely iron-based systems. This
highlights both a significant gap in current research and the
as yet untapped potential of DACs, particularly iron-only
DAGs, for the electrochemical depolymerization of lignin.

In this study, we disclose an iron dual-atom catalyst on cof-
fee waste biochar as electrocatalyst for the reductive depol-
ymerization of kraft lignin towards organic chemicals, both
aliphatics and phenolics. This represents a significant ad-
vance in the development of atomically structured catalysts,
marking a departure from the use of bulk catalysts, such as
copper, 25 silver, 52 and carbon, 282° which have been the fo-
cus of our previous investigations. In this study, our objec-
tive is twofold: first, to characterize the catalyst and test its
performance and stability under in-operando conditions,
and second, to examine the electrochemical depolymeriza-
tion of lignin (Scheme 1).

MATERIALS AND METHODS

Materials. The coffee grounds were collected by a fully au-
tomated machine with a ceramic grinder and subsequently
kept at =18 °C until required for use. Kraft lignin obtained
from industrial pulping spent liquor was used as starting
material for the lignin depolymerization. All other chemi-
cals were purchased from commercial suppliers and em-
ployed in their original, unpurified state. All aqueous solu-
tions were prepared with ultrapure water, obtained from a
Millipore system.

Preparation of coffee grounds. The ground coffee waste
(30 g) was subjected to three cycles of washing with ul-
trapure water and subsequent drying at 105 °C for 48 h. The
coffee was mixed with n-hexane (50 mL) and heated over-
night at 80 °C under reflux. The coffee was separated from
the n-hexane by filtration, after which the coffee powder
was washed with water and ethanol and dried for 48 h at
105 °C. The n-hexane was removed from the filtrate under
reduced pressure, resulting in the isolation of coffee oil with
ayield of 8.3% (based on the total weight of the coffee).

Catalyst Preparation. First, 2.0 g of coffee ground waste,
0.5 gof melamine, and 150 mg of FeCl2 x4 H,0 powder were
combined in 30 mL of ethanol and stirred for 1 h, followed
by 10 min of sonication in an ultrasonic bath. The ethanol
was subsequently removed under reduced pressure, and
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the residue mixture was subjected to drying at 60 °C over
night. Subsequently, the catalyst was synthesized by pyro-
lyzing the as-prepared material at 800 °C with a heating rate
of 5 °C-'min~! under a nitrogen atmosphere for 2 h. Subse-
quently, the furnace was permitted to cool to room temper-
ature. The catalyst was then ground with concentrated hy-
drochloric acid to remove any excess metallic species. The
catalyst was separated from the hydrochloric acid by vac-
uum filtration and subsequently washed to a pH of 7 with
ultrapure water. Finally, the catalyst was washed three
times with ethanol and dried overnight at 60 °C. The syn-
thesis process of the control sample (BC) was similar to that
of the catalyst, with the exception of the addition of FeClz x
4 H20 during the process.

Electrode Preparation. The electrodes were prepared by
first combining 100 mg of the catalyst with 0.8 mL of
Nafion™ solution, following by the addition of 0.6 mL of eth-
anol and 0.6 mL of ultrapure water. Subsequently, the sus-
pension was subjected to ultrasonication for 5 min. Carbon
paper (2 cm X 5 cm) was coated with a catalyst suspension
(~5 mg-cm) on both sides and dried overnight at 60 °C.

Electrochemical Depolymerization of Kraft Lignin. In a
standard experiment, kraft lignin was initially dissolved at
a concentration of 3 g-L-1in 5 mL of a 2 M aqueous sodium
carbonate solution. Subsequently, 45 mL of water was
added to this mixture. The electrochemical depolymeriza-
tion process was conducted with a three-electrode system:
a working electrode (carbon paper (CP), biochar coated on
carbon paper (BC), dual-atom catalyst coated on carbon pa-
per (DAC)), a platinum mesh counter electrode, and an
Ag/AgCl (saturated KCI) reference electrode. Chronoam-
perometry was performed with a constant potential of
-1.6 V. All experiments were conducted at room tempera-
ture and ambient pressure. After each reaction, water was
removed under reduced pressure, and the resulting solid
was dried under the same conditions. The dried solid was
then suspended in ethanol and stirred vigorously for 1 h.
The remaining residue was filtered off, and ethanol was
evaporated from the filtrate under reduced pressure, yield-
ing a white solid.

Nuclear Magnetic Resonance Spectroscopy. Nuclear
magnetic resonance (NMR) measurements were performed
on a BRUKER Avance 400 MHz spectrometer and on a
BRUKER Avance III 600 MHz spectrometer. The following
probe heads were used: 5 mm broadband inverse probe
with automatic frequency determination, 5 mm QNP probe,
and 5 mm broadband inverse probe. Chemical shifts were
referenced with respect to MeSi.

Direct infusion (DI) ESI-HRMS. Depolymerized lignin
samples were dissolved in methanol, ultrasonicated for
30 min and centrifuged for 10 min (14000 rmp). High-reso-
lution mass spectrometry (HRMS) was used as an advanced
analytical method to gain the structure information of deg-
radation products of lignin. MS and MSn spectra were ob-
tained using an Orbitrap-1QX high-resolution mass spec-
trometer (ThermoFisher Scientific, Bremen, Germany),
equipped with an ESI source. ESI-MS analyses were carried
out in ESI(-) and ESI(+)mode. The solutions were infused
into the ESI source via direct infusion (DI) at a rate of 5 pL
min-1. Typical spray and ion optics for negative mode con-
ditions were the following: source voltage, 3.0 kV; sheath

gas flow rate, 8 arb; capillary temperature, 275 °C; capillary
voltage, -50 V; tube lens voltage, -130 V. Fragmentation
and interpretation was done based on negative ionization
mode, positive ionization mode was used for additional con-
firmation. Xcalibur version 2.0.7 and Mass Frontier version
8.0 (ThermoFisher Scientific, Bremen, Germany) software
were used for data processing and evaluation.

Differential scanning calorimetry and thermogravimet-
ric analysis (DSC/TGA). Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) data were ob-
tained using a Netzsch STA 449 F5 Jupiter instrument. Sam-
ples were placed in 40 pL Alz03 crucibles closed with Al203
lids and heated from 20 °C to 800 °C (5 °C-min-1), followed
by a period of two hours during which the sample was main-
tained at 800 °C, under a nitrogen flow (25 mL-min-1).

X-Ray Spectroscopy (XAS). Extended X-ray absorption
fine structure (EXAFS) experiments were carried out at the
materials science beamline 10 at the DELTA storage ring
(TU Dortmund / Germany) operating with 1.5 GeV elec-
trons and a stored current of 100-130 mA®® (Range:
4-14 keV).ASi(111) channel-cut monochromator was em-
ployed, and the intensity of the incident beam on the sample
was measured using a nitrogen-gas filled ionization cham-
ber, while the X-ray fluorescence from the sample was col-
lected using a large-area PIPS® photodiode (Passivated Im-
planted Planar Silicon). The energy range measured cov-
ered the X-ray absorption edge of Fe (7112 eV). Fluores-
cence mode EXAFS data were collected on the fly in the
quick-scanning EXAFS mode, in which the Bragg-angle of
the monochromator was continuously decreased while
each data point in the spectrum is collected within a small
integration time of typically 50-100 ms. 6!

X-Ray Spectroscopy Sample Preparation. A small reac-
tor was built for in-operando synchrotron radiation meas-
urements. With the catalyst (DAC) coated carbon paper was
attached to the front with epoxy resin. Kapton® tape was
used to seal the front and back, creating a compartment for
the electrolyte. The counter and reference electrodes were
fixed in separate chambers.

Low-energy ion scattering spectroscopy (LEIS). Low-en-
ergy ion scattering spectroscopy was performed using an
ION-TOF Qtac100 spectrometer (IonTOF, Germany). The re-
sidual pressure of the LEIS chamber is maintained at 10-8
mbar. LEIS experiments were performed using He* ions
with an energy of 3 keV as the primary beam at an incident
angle of 0° and a scattering angle of 145°. The measurement
area was 2 mm x 2 mm. A beam of 2 keV Ar* ions at an inci-
dentangle of 59° was used as sputter cleaning beam to clean
the sample from residual contaminations The flux of pri-
mary He* ions was maintained approximately 1-1014 jon s-1.
The total measurement time was 1.1-104 s. The time-of-
flight (ToF) filter was switched on while measuring the scat-
tered ions. This filters out low-energy ions, which contrib-
utes to reducing the background. The charge compensation
was switched to minimize charging of the electrically insu-
lating catalyst samples.

The samples were prepared by pressing onto a copper tape

with a spatula until firm and then introduced into the cham-
ber.
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X-ray powder diffraction (XRD). XRD experiments were
carried out employing the Bragg-Brentano parafocusing ge-
ometry on an X'Pert Pro multi-purpose diffractometer
(PanAnalytical, Almelo, The Netherlands). Non-monochro-
matized Cu Ka radiation (40 kV, 40 mA) was used for irra-
diation of the powder samples on a rotating zero-back-
ground holder, and the scattered intensities were collected
with a multi-strip X'celerator detector in an angular range
from 20=10 to 110° The incident beam path was com-
prised of a vertical divergence slit with an opening angle of
0.5°, a 0.04 rad Soller slit and a fixed horizontal mask
(10 mm), respectively. In the diffracted beam path, a
0.02 mm Ni KB-filter, a 0.02 Soller slit and an anti-scatter
slit were installed.

X-ray photoelectron spectroscopy (XPS). XPS spectra
were collected in a Prevac photoelectron spectrometer
equipped with a hemispherical analyzer (VG SCIENTA
R3000) using monochromatized aluminum Al Ka radiation
(E = 1486.6 eV). The binding energy scale was calibrated to
the position of XPS C 1s peak at 285.0 eV attributed to ad-
ventitious carbon. The data were processed in the Casa XPS
software.

Scanning Electron Microscopy with Energy Dispersive
X-ray Spectroscopy (SEM-EDX). Energy-dispersive X-ray
(EDX) spectroscopy was employed to analyze the catalyst,
utilizing a Hitachi TM3030 PLUS tabletop scanning electron
microscope with an Oxford EDX detector.

Inductively coupled plasma optical emission spectrom-
etry (ICP-OES). The samples were digested in an HNO3/HCI
mixture (1 mL ddH:0, 250 pL HNOs, 250 pL HCI) and the
iron content was measured using inductively coupled
plasma-optical emission spectrometry (ICP-OES; Avio 220
Max, PerkinElmer).

High-resolution transmission electron microscopy
(HR-TEM). HR-TEM images were performed on a JEOL JEM-
F200 microscope (Cs: ~1 mm), operated at 200 kV with a
field-emission gun and a Gatan Rio16 camera.

RESULTS AND DISCUSSION

We employed a supported iron dual-atom catalyst (DAC)
synthesized from coffee waste biochar for the reductive
electrochemical depolymerization of kraft lignin. For the
preparation of the catalyst matrix, the coffee oil has been re-
moved from the coffee grounds using n-hexane. This ap-
proach presents two major advantages. First, the coffee oil
does not interfere with the pyrolysis process, where it could
otherwise vaporize and subsequently condense in the fur-
nace. Second, the coffee oil can be reused, aligning with the
principles of Green Chemistry by converting a waste product
into a valuable resource. For instance, it could serve as a
green lubricant. 50 It should be noted that the focus of this
study was not on characterizing the oil. The relevant data
can be found in the Supporting Information, which includes
1H, 13C, 1H 'H-COSY, and 'H 3C-HSQC NMR (Figure S1-4).

To simulate and gain a deeper understanding of the pyroly-
sis conditions within the furnace, the mixture of coffee resi-
dues, melamine, and iron chloride, which had not yet un-
dergone carbonization, was subjected to a thermogravimet-
ric analysis (TGA) (Error! Reference source not found.). At
the onset of the heating process, up to 254 °C, the TGA curve

exhibits a minimal loss of mass (~ -6%), predominantly at-
tributable to the evaporation of residual moisture and the
initial evaporation of highly volatile organic constituents
within the coffee ground and melamine. In the primary de-
composition phase, between 254 °C and 600 °C, there is a
pronounced reduction in mass as organic compounds are
thermally decomposed, yielding smaller, volatile molecules.
These processes contribute to the formation of a carbon-
rich structure in the sample. Upon reaching 800 °C, the sam-
ple was maintained at this temperature for 2 h to facilitate
the formation of a stable, carbon-rich structure. At this
stage, the TGA curve exhibits only minimal additional mass
loss, indicating that most of the volatile components have
already been released. Carbonization at even higher tem-
perature was not tested as the previous study indicated an
iron-catalyzed graphitization step occurring rapidly above
850 °C. 62
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Figure 1. Thermogravimetric analysis (TGA) for the mixture of
coffee ground, melamine, and iron chloride. The sample was
heated from 20 °C to 800 °C, at a rate of 5 °C-min-1. Next, the
sample was maintained at 800 °C for 2 h under a nitrogen flow
(25 mL-min-1), which was sufficient to simulate the pyrolysis
process occurring within the furnace.
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Figure 2. Low-energy ion scattering (LEIS) spectrum of DAC.
The spectrum provides confirmation of the surface composi-
tion of the DAC, exhibiting peaks for carbon, nitrogen, and oxy-
gen derived from the biochar matrix and melamine, in addition
to iron peaks, which are indicative of successful doping. Fur-
thermore, trace elements such as magnesium, sodium, potas-
sium, and chlorine are detected, originating from the coffee
precursor and FeClz.
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Figure 3. XPS N 1s (A) and Fe 2p (B) core level spectra of DAC.

The XPS N 1s spectrum reveals peaks attributed to pyridinic
(green), pyrrolic (blue), and quaternary (red) nitrogen spe-
cies, indicating successful nitrogen doping of the biochar ma-
trix. Furthermore, the Fe 2p spectrum validates the presence
of Fe3+ as the predominant oxidation state, accompanied by a
negligible contribution from metallic Fe.

The final mass stabilized at approximately 31.6 %, reflect-
ing the catalyst yield after pyrolysis and confirming the ef-
ficacy of the pyrolysis conditions in producing the desired
product.

Low-energy ion scattering spectroscopy (LEIS) measure-
ments were performed on the DAC (Figure 2). Coffee is
known to contain major amounts of caffeine, but it is also
rich in numerous phytochemicals, including phenols (such
as chlorogenic acid and caffeic acid), diterpenes (such as
cafestol and kahweol), lactones, niacin, and trigonelline,
which is the precursor of niacin. ¢3-%5 In total, there are al-
most 1000 defined phytochemicals in coffee. ¢¢ The peaks
observed in the LEIS spectrum can be attributed to the pres-
ence of carbon, nitrogen, and oxygen, which can be ex-
plained by the addition of melamine and the above-men-
tioned components of coffee. The successful doping of the
coffee by the iron species is corroborated by the presence of
a peak that can be assigned to iron. Furthermore, magne-
sium, sodium, potassium and chloride have been identified
as minor constituents of coffee. 636768 [t is plausible that the
chloride present is augmented by the introduction of FeCl.

Similarly to the LEIS measurement, a SEM-EDX measure-
ment (Figure S5) enabled the detection of carbon, nitrogen,
oxygen, iron, sodium, potassium, and chlorine. Further-
more, the sample exhibited the presence of calcium, magne-
sium, aluminum, phosphorus, and sulfur, which are also
known components of coffee. 67.6°
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Figure 4. Coordination structure and stability of DAC. A Fourier transform (FT) of the Fe K-edge EXAFS spectrum of DAC pre-reaction
and corresponding fitting curve (k-range for the FT 1.3 A1 < k < 11.6 A-1). The inset depicts the back-transformed data from 1.0 A <
R < 3.2 A according to the dashed vertical lines. B Fourier transformation of the Fe K-edge EXAFS spectrum of DAC post-reaction and
corresponding fitting curve, again the range from 1.0 A < R < 3.2 A was back-transformed into k-space and is depicted in the inset. C
Normalized Fe K-edge XAS spectra measured in-operando for different potentials (vs. RHE) as indicated. D First derivation of the
normalized Fe K-edge XAS spectra. E Gaussian fit for the first derivative in the edge region (7112 eV < E < 7143 eV) of the normalized
Fe K-edge XAS spectra. No systematic shift of the edge positive is observed.
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Figure 5. Structural model, based on fitting results, for DAC
comprising a N2-Fe-Fe-N2 motif. The model illustrates the co-
ordination environment of the dual-atom active sites in the
DAC. Fitting results from XAS and extended EXAFS analysis
confirm the presence of Fe-N and Fe-Fe bonds, along with car-
bon interactions from the biochar matrix.

The iron content of the DAC was determined to be 2.81 %
by inductively coupled plasma optical emission spectrome-
try (ICP-OES). Additionally, the iron content of a biochar
(BC) sample, which did not undergo the FeClz addition, was
also quantified as a reference. A negligible quantity of iron
(0.01 %) was identified in this sample, as iron is a known
component of coffee. 67

The picture of the surface composition given by LEIS was
supplemented by X-ray photoelectron spectroscopy (XPS),
another technique well-suited for surface analysis, but also
providing additional information about the chemical state
of elements. In addition to carbon and oxygen, which are the
main components of the surface of DAC, the presence of sig-
nificant amounts of N was identified. The XPS N 1s spectrum
(Figure 3A) shows three components at 398.3 eV,399.7 eV,
and 400.9 eV assigned to pyridinic, pyrrolic, and quaternary
nitrogen species, respectively. 7071 In the case of the compo-
nent at 399.7 eV, the contribution of Fe-Nx bonds resulting
from the interaction between the d-orbitals of Fe and p-or-
bitals of N cannot be excluded. 72

Conversely, the analysis of the XPS Fe 2p spectrum (Figure
3B) discloses that Fe3* is a dominant iron-containing form
on the studied surface. Its presence is confirmed by the po-
sition and multiplet structure of the main peak at 710.6 eV
in the Fe 2p3/2 region. 73 Still, a very weak peak at 706.9 eV
is observed on the shoulder on the side of lower binding en-
ergies, indicating the occurrence of traces of strongly re-
duced species, most probably metallic Fe.

High-resolution transmission electron microscopy (HR-
TEM) was utilized to examine the structure of the catalyst.
As documented in literature, atomically dispersed metal at-
oms, particularly those supported on carbon materials, are
potentially vulnerable to high-energy electron irradiation,
which can result in the structural collapse of the support
and the aggregation of originally dispersed metal atoms
during TEM analysis. 74 In a similar manner, in this study,
the coffee waste biochar and iron atoms exhibited sensitiv-
ity to electron irradiation, complicating the analysis and
leading to iron aggregation. A representative image is pro-
vided in the Supporting Information (Figure S6).

In order to achieve a more profound comprehension of the
structure of DAC, X-ray powder diffraction experiments
(Figure S7) were conducted on DAC and BC as a reference.
The XRD patterns of DAC and BC, both exhibit two

prominent broad reflection peaks at 23° and 43°, corre-
sponding to the (002) and (101) reflections of the graphitic
phase, respectively. 4! Furthermore, the presence of a weak
reflection peak around 80°, attributed to the (112) reflec-
tion, suggests the occurrence of long-range graphitic stack-
ing, thereby indicating that DAC and BC can be classified as
turbostratic carbons. 4!

To gain insight into the coordination structure of the iron
atoms in DAC, X-ray absorption (XAS) measurements, that
may provide a detailed picture of the atomic environment
around the metal centers 776 were conducted. The Fourier-
transformed (FT) X-ray absorption fine structure (EXAFS)
spectrum of DAC (Figure 4A) exhibits two peaks at about
1.5 A and 2.1 &, indicative of the presence of a Fe-N (1.98 £
0.03 A) and a Fe-Fe (2.58 + 0.03 A) bond. Furthermore, also
carbon from the matrix is detectable in a distance of 2.66 £+
0.05 A. Most important, compared to metallic Fe in a body-
centered cubic structure with 8 iron neighbors in the first
shell, the magnitude of the peak at 2.1 A belonging to Fe-Fe
interactions in the first shell is a factor of about =~ 5 smaller
(see Figure S8), a strong indication for a substantially re-
duced Fe-Fe coordination number. Accordingly, a Fe-Fe co-
ordination number of about 1.6 can already be anticipated
for sample DAC from the inspection of the Fourier-trans-
formed data, which is confirmed by the quantitative fits
(Figure 4A). Second, the second Fe-Fe shell, expected at a
radial distance of about 2.9 A, is absent in the raw data. If
such a shell is included in the fit model, the resulting ampli-
tude is zero, i.e., there are no small iron clusters in the sam-
ple, which would also reveal Fe second nearest neighbor at-
oms. The fitting results (Figure 4A) thus suggested a struc-
tural model for DAC comprising a N2-Fe-Fe-N2 motif (Figure
5). Assuming thatiron and nitrogen are incorporated in gra-
phene sheets of the carbon matrix, a simple 2-dimensional
model appears sufficient here. To ascertain the stability of
the catalyst, the measurement was repeated post-reaction
(after lignin depolymerization: -1.6 V (vs. Ag/AgCl (satd.
KCl) for 20 h). The same structural motif (N2-Fe-Fe-N2) was
observed to fit (Figure 4B) after the reaction, with identical
Fe-N and Fe-Fe bond distances of and only slightly changed
coordination numbers, indicating that the catalyst remains
stable throughout the course of the reaction.

For stability assessment of the catalyst, in-operando XAS
measurements were conducted, contingent on the poten-
tial. To this end, a reactor was designed in which the elec-
trochemical lignin depolymerization could be conducted
concurrently with the XAS measurement. The theoretical
(Figure S10) and practical (Figure S11) configuration of
the reactor is detailed in the Supporting Information. Due to
the high absorbance of the lignin solution, only fluorescence
XAS-data could be detected. Figure 4C depicts the normal-
ized Fe K-edge XAS spectra at applied potentials of -1.2,
-1.4,-1.6,-1.8,and -2.0 V (vs. Ag/AgCl (satd. KCI)) (-0.34,
-0.54,-0.74,-0.94,and -1.14 V (vs. RHE)), respectively. Alt-
hough the in-operando data is noisier than the ex-situ meas-
urements due to the significantly lower fluorescence inten-
sity under in-operando conditions, all spectra exhibit iden-
tical edge positions as well as post-edge absorption minima
and maxima. This indicates that the catalyst does not un-
dergo substantial alterations as a function of potential. To
verify this assertion with greater precision, the absorption
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edge was observed and examined for energy shifts, that
would be a sensitive indicator, e.g, for potential-induced
changes of the Fe-valence. Figure 4D depicts the first deriv-
ative of the spectra. Due to the inherent noise in the spectra,
a Gaussian fit was performed for the first derivative of the
absorption edge (Figure 4E). No discernible shifts are evi-
dent, confirming that the catalyst maintains stability across
arange of potentials.
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Figure 6. Representation of electrocatalytic depolymerization
and partial dearomatization of kraft lignin (3 g-L-1) in an aque-
ous sodium carbonate medium catalyzed by carbon paper (CP),
biochar without Fe-doping (BC) or DAC. The process involves
the application of a constant potential (-0.74 V vs. RHE), driv-
ing the electrochemical reduction of lignin. The selective cleav-
age of lignin results in the formation of both aliphatic com-
pounds (e.g, sodium levulinate, sodium 4-hydroxyvalerate so-
dium formate, sodium hexanoate, and sodium acetate) and ar-
omatic species, which are selectively extracted using ethanol as
a solvent.

Although DACs have demonstrated efficacy in other cata-
lytic processes due to their synergistic active sites, their po-
tential in addressing the structural complexity of biomass,
such as lignin and cellulose, has yet to be fully realized. To
address this gap, the performance the DAC was evaluated
using the reductive depolymerization of kraft lignin as a
representative reaction. This model reaction was selected
to substantiate the catalytic activity and stability of the DAC
under realistic electrochemical conditions. The principal
aim of this study was not to optimize the depolymerization
process but to demonstrate the DAC's capacity to facilitate
biomass valorization while maintaining structural integrity.

-20 [~ 1

40 |- -

-60 =

Current (mA)

-80 - —BC +H
—DAC
—CP

1 1 1

5 10 15 20

Time (h)

-100
1]

Figure 7. Constant potential electrocatalytic depolymerization
at—0.74 V vs. RHE of Kraft lignin in 0.2 M Na2C03/H20. The DAC
demonstrates the highest and most stable current throughout
the reaction, reaching -48.4 mA (-4.0 mA.cm-2) by the reac-
tion's completion, thereby exhibiting a significant performance
level that surpasses that of CP and BC. The CP electrode dis-
plays a consistent but low current of -6.4 mA (-0.5 mA-cm-2),
while BC exhibits minimal catalytic activity with a current of
-2.8 mA (-0.2 mA-cm-2).

The DAC was successful in enabling lignin depolymeriza-
tion, resulting in the production of both aliphatic and phe-
nolic compounds. Qualitative observations, such as the de-
colorization of the lignin solution, provided visual evidence
of the reaction's progress (Figure 6, Figure $S12). The se-
lection -1.6 V as the potential (vs. Ag/AgCl (satd. KCI))
(=0.74 V vs. RHE) was based on the premise of maintaining
a potential below that required for water splitting (E >
1.23 V vs. RHE) 77 throughout the reaction, irrespective of
pH fluctuations.

Figure 7 illustrates the current course during the 20-hour
reaction for DAC and CP and BC for comparison. The DAC
exhibits the highest and most sustained current, reaching
-48.4 mA (-4.0 mA-cm~2) at the completion of the reaction,
which is significantly higher than that observed for the
other materials.

In contrast, the CP and BC electrodes demonstrate much
lower currents, with CP maintaining a consistent but weak
performance (-6.4 mA, -0.5 mA-cm~2) and BC exhibiting
minimal activity throughout the reaction (-2.8maA,
-0.2 mA-cm-2). These results underscore the superior cata-
lytic activity of the DAC.

Following the depolymerization reaction, the lignin prod-
ucts (DL) were extracted via solid-liquid extraction using
ethanol as the solvent. The selection of ethanol was based
on its incompatibility with the electrolyte, sodium car-
bonate, which ensures minimal interaction and a cleaner
product separation. Furthermore, ethanol's reusability and
status as a safe, sustainable solvent, endorsed by CHEM21,
make it an ideal choice for this process. >2

Table 1 presents a list of the phenolic monomers and di-
mers that can be identified in DL through DI ESI-HRMS anal-
ysis. Table 2 illustrates the relative intensity of the result-
ing phenolic products as a function of the employed electro-
catalyst, demonstrating the impact of catalyst selection on
the observed product distribution.
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Table 1.Identified phenolic products of depolymerization identified by direct infusion (DI) ESI-HRMS.

m/z 121.0292 137.0272 149.0605 151.0400 165.0193
o] O OH jo] OH
/ /
0
Z
o
/
\
O/ /
OH OH OH
OH
OH
Name | 4-hydroxybenzal- | 4-hydroxyben- | (E)-4-(3-hydroxyprop- | 4-hydroxy-3 methox- | 2-(4-hydroxyphenyl)-2
dehyde zoic acid 1-en-1-yl)phenol ybenzaldehyde oxoacetic acid
m/z 165.0552 189.0915 193.0504 195.0297 195.0661
OH (0] O OH
—
(6]
o OH OH
o
o
o/ o/
OH OH
OH OH
OH
Name | 3-hydroxy-1-(4- 4-((4-methyl- 4-(4-hydroxyphenyl)-3- | 2-(4-hydroxy-3-methox- | 3-(4-hydroxy-3 methox-
hydroxy- 2,5-dihydrofu- | oxobutanoic acid yphenyl)-2-oxoacetic yphenyl)propanoic acid
phenyl)propan-1- | ran-2-yl)me- acid
one thyl)phenol

Table 2. Relative intensity of the phenolic products in
the depolymerization products as a function of the elec-
trocatalyst.

m/z
121.0292
137.0272
149.0605
151.0400
165.0193
165.0552
189.0915
193.0504
195.0297
195.0661
Intensity

maximum medium

The DI ESI-HRMS analysis revealed the presence of aliphatic
compounds, including the products known for lignin depol-
ymerization, 2829 levulinic acid (115.0400 m/z) and 4-hy-
droxyvaleric acid (117.0556 m/z), in low intensity. Addi-
tionally, hexanoic acid (115.0763 m/z) was identified. Fur-
thermore, formic acid and acetic acid, which are also known
aliphatic products of lignin depolymerization, 282952 were
detected with the help of a nuclear magnetic resonance
(NMR) analysis.

Further analyses and discussions are presented in the Sup-
porting Information (SI).

CONCLUSION

This study introduces an iron dual-atom catalyst (DAC) sup-
ported on biochar derived from spent coffee grounds for the
electrochemical reductive depolymerization and partial
dearomatization of Kraft lignin. The DAC's atomically dis-
persed iron sites exhibited high catalytic efficiency and se-
lectivity under ambient conditions. In-operando XAS con-
firmed the catalyst's structural stability across varying elec-
trochemical potentials, thereby ensuring consistent perfor-
mance throughout the reaction. Building on the
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demonstrated stability and effective depolymerization of
lignin into aliphatic and phenolic products, this study high-
lights the potential of the DAC for innovative biomass valor-
ization. By integrating innovative catalyst design with in-op-
erando characterization, a framework for the broader appli-
cation of dual-atom catalysts is established, and a model for
exploring structure-performance relationships in electro-
chemical systems is provided. These findings pave the way
for new opportunities in the rational design and optimiza-
tion of catalysts tailored to efficient and scalable biomass
conversion processes.
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