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Defect-Promoted Ni-Based Layer Double Hydroxides with
Enhanced Deprotonation Capability for Efficient Biomass

Electrooxidation
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Malte Klingenhof, Thomas Merzdorf, Paul Wolfgang Buchheister, Matthias Kroschel,
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Jason A Scott, and Nicholas M Bedford*

Ni-based hydroxides are promising electrocatalysts for biomass oxidation
reactions, supplanting the oxygen evolution reaction (OER) due to lower
overpotentials while producing value-added chemicals. The identification and
subsequent engineering of their catalytically active sites are essential to
facilitate these anodic reactions. Herein, the proportional relationship
between catalysts’ deprotonation propensity and Faradic efficiency of
5-hydroxymethylfurfural (5-HMF)-to-2,5 furandicarboxylic acid (FDCA, FEqpc,)
is revealed by thorough density functional theory (DFT) simulations and
atomic-scale characterizations, including in situ synchrotron diffraction and
spectroscopy methods. The deprotonation capability of ultrathin layer-double
hydroxides (UT-LDHs) is regulated by tuning the covalency of metal
(M)-oxygen (O) motifs through defect site engineering and selection of M**
co-chemistry. NiMn UT-LDHs show an ultrahigh FE.., of 99% at 1.37 V
versus reversible hydrogen electrode (RHE) and retain a high FE., of 92.7%
in the OER-operating window at 1.52 V, about 2 that of NiFe UT-LDHs
(49.5%) at 1.52 V. Ni—O and Mn—O motifs function as dual active sites for
HMF electrooxidation, where the continuous deprotonation of Mn—-OH sites
plays a dominant role in achieving high selectivity while suppressing OER at
high potentials. The results showcase a universal concept of modulating
competing anodic reactions in aqueous biomass electrolysis by electronically
engineering the deprotonation behavior of metal hydroxides, anticipated to be
translatable across various biomass substrates.

1. Introduction

The prevalent environmental and energy
issues in fossil fuel-related industries have
prompted the rapid growth of emerging
renewable energy economies and asso-
ciated technologies. Renewable energy
powered electrocatalytic hydrogen pro-
duction from biomass is emerging as
promising next-generation technology in
this portfolio, which maximizes the usage
of renewable power by converting biomass
into fuels and commodity chemicals at
the anode while efficiently producing
green hydrogen at the cathode.l!! Among
prospective biomass oxidation reactions,
the  5-hydroxymethylfurfural —oxidation
reaction (HMFOR) to FDCA holds great
promise to substitute the sluggish OER
for higher-efficiency energy conversion.?]
Further, FDCA is listed as one of the
“top 10" value-added chemicals high-
lighted by the U.S. Department of Energy
(D.O.E), which is a versatile candidate
for producing biobased polymers and a
range of other derivatives used in plastic
industries, pharmaceuticals and fuels.]
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Among the reported nonnoble metal electrocatalysts, numer-
ous Ni-based hydroxides have been widely investigated as HM-
FOR electrocatalysts delivering high selectivity of HMF conver-
sion to FDCA in alkaline aqueous systems and reasonable Faradic
efficiency toward FDCA (FEgpc,) at selected potentials.[*) Despite
encouraging progress to date, FEpp, generally declines with in-
creased selected working potentials due to the competition of
OER at nonselective active sites. To maximize FDCA production
and realize high-rate hydrogen generation, an eminently lower
onset potential and high selectivity toward HMFOR in an en-
larged potential window are required, especially when consider-
ing the need for high reaction rates (and thus higher voltages)
associated with the projected industrial-scale output at cathodes
and anodes. To date, regulating and enhancing the selectivity of
HMFOR toward the competing OER across a range of working
potentials remains a challenge. As such, understanding the re-
action mechanism of HMFOR on the representative Ni-based
hydroxides and how the underlying atomic-scale structure influ-
ences this reaction mechanism is crucial for their expanded use
under multiple practical conditions.

The fundamentals of proton and electron transfer processes
in the electrooxidation of primary alcohol/aldehyde-containing
organic molecules on Ni(OH), catalysts in alkaline media have
been previously explored.’] The consensus is that the electro-
deprotonated Ni hydroxide catalyst is the active phase that
serves as a proton and electron acceptor in a spontaneous alco-
hol/aldehyde dehydrogenation reaction, which consequently gets
reduced into its original form.[°! A high intrinsic deprotonation
propensity in the catalyst is thus desirable to provide abundant
active sites for HMFOR while mitigating OER. Therefore, in-
sights into the electron and proton transfer processes involved
in these reactions and regulating the deprotonation capability of
Ni hydroxide-based catalysts are needed to achieve kinetically fa-
vorable HMFOR, yet studies exploring such vital processes are
limited to date.’®’] Furthermore, the coupling of the atomic-scale
structure of materials during catalysis and the understanding of
active structure’s influence on deprotonation capability is not well
elucidated, leaving a void in structure—activity relationship explo-
ration for these well-studied materials.!®]

Layered double hydroxides (LDHs) are rapidly growing into
a prominent family of catalytic materials showcasing high HM-
FOR activity arising from their easily regulated electronic and in-
terfacial structures, abundant accessible active sites, large spe-
cific surface areas, and preferable electron transfer.!*»?] NiFe
LDHs are one of the most well-studied materials for anodic oxida-
tion reactions in alkaline aqueous systems given their excellent
performance, especially for OER.I'Y NiMn LDH, conversely, is
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not as well reported for anodic electrocatalysis, although it does
have redox properties that are attractive in electrodes for super-
capacitors and batteries.l'!l In the context of HMFOR, NiMn can
potentially provide more deprotonated sites during the electroox-
idation of alcohols and aldehydes in HMF, as Mn has a higher
redox capability compared with Fe and ready access to a higher
valence state.['

Herein, we report on a series of Ni-based UT-LDHs consisting
of NiFe and NiMn as the metal constituents. The as-prepared ul-
trathin NiMn LDHs (denoted as UT-NiMn) demonstrate a much
lower onset potential at 1.3 V versus reversible hydrogen elec-
trode (RHE) and an ultrahigh Faradic efficiency toward FDCA
(FEppca) of nearly 100% at 1.37 V. At potentials beyond the
OER-operating window, exceptional FEp., (92.7% at 1.52 V)
is demonstrated, far outperforming commonly used ultrathin
NiFe LDHs (UT-NiFe). A suite of atomic-scale characterization
techniques combined with theoretical simulations is performed
to reveal the origin of catalytic activity and concomitantly of-
fer a critical contextualization of the catalytic behaviors of UT-
LDHs during HMFOR and OER. Potential-dependent electro-
chemical impedance spectroscopy (EIS) and in situ high-energy
X-ray diffraction (HE-XRD) coupled with pair distribution func-
tion (PDF) analysis confirm that the high selectivity and fast ki-
netics of UT-NiMn for HMFOR originate from its high depro-
tonation propensity which stimulates the proton and electron
transfer process during the reaction. Further, near-edge X-ray ab-
sorption fine structure (NEXAFS) results and DFT calculations
verify that the facilitated deprotonation process of UT-NiMn is
attributed to the higher covalence of M—O bonds due to the en-
hanced electron transfer in defective structures. Finally, in situ X-
ray absorption near-edge structure (XANES) reveals elementary-
sensitive electronic structure changes triggered by the catalysts’
interaction with HMF and intermediates. Altogether, we can con-
clude that the simultaneous deprotonation of Ni-OH and Mn-
OH active sites in UT-NiMn catalysts offers more abundant ac-
tive sites as proton and electron acceptors, facilitating the hydro-
gen atom transfer (HAT) and electron—proton transfer (EPT) pro-
cesses in HMFOR for aldehyde and alcohol groups, respectively.
Importantly, competing OER reactions are mitigated via the fast
MnOOH-MnO, structural equilibrium at high potentials. The
work provides new insights into the development and application
of Ni-based electrocatalysts with ultrahigh selectivity and reac-
tivity in aqueous biomass electrolysis systems. Moreover, the in-
depth understanding of the fundamental structural science driv-
ing desirable HMFOR reactivity demonstrated here is presumed
to provide a roadmap for future catalyst development for organic
molecule oxidation and high value added product synthesis, help-
ing meet global goals in efficient sustainable energy generation
and large-scale production of fuels and commodity chemicals.

2. Morphological and Structural Understanding of
Defective UT-LDHs

The UT-LDHs were prepared by the previously reported copre-
cipitation method in formamide and water solutions, combined
with a subsequent ultrasonication treatment.['*] Formamide, a
highly polar solvent, was utilized for synthesis to inhibit layer
stacking during growth, where ultrasonic treatment was con-
ducted to obtain near single layer LDHs. The conventional LDHs
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Figure 1. a) Pair distribution functions (PDFs) of NiFe layered double hydroxide (LDH), NiMn LDH, UT-NiFe, and UT-NiMn; 3D atomic force microscopy
(AFM) images of b) UT-NiMn and c) UT-NiFe. d) Bright-field scanning transmission electron microscopy (STEM) image of UT-NiMn. e,f) Dark-field
STEM image of UT-NiMn. g) Inverse fast Fourier transform (FFT) of the selected square region in (f). h) The zoomed-in diagram of the selected yellow
region in (g), for a clearer demonstration of the existence of distorted structure and metal vacancies (blue and red spheres represent Ni and Mn atoms,
and yellow hollow dash represents metal vacancies, distorted hexagon represents the distortions in the structure, oxygen atoms are not visible in DF-
STEM images). i) Line profile for the selected line in its inverse FFT image indicating the expanded lattice structure due to the existence of oxygen
vacancies. j,k) Ni K-edge X-ray absorption near-edge structure (XANES) and edge X-ray absorption fine structure (EXAFS) spectra of NiMn LDH, NiFe
LDH, UT-NiMn, and UT-NiFe; WT contour of Ni K-edge of I) UT-NiMn and m) UT-NiFe.

were fabricated by a typical coprecipitation method for sub-
sequent control experiments (see Supporting Information).!14]
Comprehensive characterization techniques, including powder
XRD (PXRD), high-resolution transmission electron microscopy
(HR-TEM), HE-XRD coupled with PDF analysis, and atomic
force microscopy (AFM), were used to verify the successful syn-
thesis of UT-LDHs contrasted against coprecipitated LDHs. The
PXRD patterns of NiFe and NiMn LDHs show two basal plane
peaks at 20 = 11.38° (8.09 A~') and 22.93° (16.22 A~'), corre-
sponding to the (003) and (006) lattice planes of typical layered
hydrotalcite structures (Figure S1, Supporting Information).'>!
In contrast, very small and broad peaks can be observed at the
same position in the patterns of UT-NiFe and UT-NiMn, as-
cribed to the limited ability of UT-LDHs to re-stack layers dur-
ing the drying process.'®! Additionally, the absence of diffrac-
tion peaks, including the (110) plane peak of the ab-plane, is
observed in the PXRD pattern, indicating a more disordered
structure of UT-LDHs with reduced lateral size.['] HE-XRD data
coupled with PDF analysis further confirms the successful syn-
thesis of UT-LDHs, providing atomic-scale structural informa-
tion in real space by converting the total scattering extracted
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from HE-XRD data into a function of coordination spheres ex-
ceeding 20 A in the material (Figure 1a).'8! The PDF of UT-
LDHs exhibits decreased peak intensities and short-range or-
der within 12 A (the region of unit cells and layering), deriving
from more disordered structures in ultrathin materials."! Ad-
ditionally, the long-range order is further impacted by intrinsi-
cally more abundant defects and the reduced height and lateral
size of UT-LDHs.[2] The topology of UT-LDHs was examined by
AFM, demonstrating well-distributed nanosheets with an aver-
age height of 2-3 nm (Figure 1b,c; Figures S2 and S3, Support-
ing Information). In contrast, a series of LDHs prepared by the
traditional coprecipitation method feature hierarchical structures
with a total size of #500 nm and a thickness of 10-15 nm (Figures
S4 and S5, Supporting Information). High-angle annular dark-
field scanning TEM (HAADF-STEM) images of UT-LDHs illus-
trate uniformly dispersed nanosheets with lateral sizes of around
20-40 nm (Figure 1d—f; Figures S6 and S7, Supporting Infor-
mation). Fast Fourier transform (FFT) and inverse FFT analy-
ses were applied to reveal an atomic structural understanding
of the selected area (Figure 1g; Figure S8, Supporting Informa-
tion), showing limited short regions with ordered lattice fringes,
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while the other selected areas are more disordered in nature. The
presence of distorted hexagonal coordinates and the partial ab-
sence of metal sites clearly reveal structural distortions and metal
vacancies in the UT-LDHs (Figure 1h; Figure S9, Supporting
Information); further, the existence of oxygen defects is iden-
tified by the line profile along the (0012) edge plane of UT-
NiMn nanosheets (Figure 1i). Compared with the nondefective
NiMn LDHs with a d,,;, of 0.258 nm, the d,);, of UT-NiMn is
0.327 nm, revealing an expanded lattice due to localized oxygen
deficiency.[2!]

The presence of oxygen defects was further examined by a se-
ries of XAS techniques. The Ni K-edge XANES spectra of UT-
NiMn and UT-NiFe are shown in Figure 1j. UT-LDHs show lower
E, and decreased white line intensity compared with the LDHs
prepared by coprecipitation methods, revealing the changed elec-
tronic structure of Ni atoms due to copious oxygen defects. The
free electrons accompanying the oxygen defects localize to the
nearby Ni, leading to the formation of electron-rich Ni®™* (n =
number of free electrons generated from oxygen defects).??! Fur-
thermore, both NiMn and NiFe UT-LDHs show the increased
intensity of the pre-edge features (inset in Figure 1j), where the
pre-edge feature is a reflection of the dipole forbidden 1s to 3d
transition. The deviated centrosymmetry in distorted and oxygen-
defect-rich UT-LDHs allows more metal 3d and 4p mixing and
in turn amplifies the pre-edge intensity.??] Similarly, the XANES
spectra of Mn K-edge and Fe K-edge present the same trend
(Figure S10, Supporting Information), implying the existence of
oxygen defects throughout UT-LDHs. The element-specific local
structure of UT-LDHs is revealed by EXAFS (Figure 1k; Figure
S11, Supporting Information). The Ni K-edge EXAFS exhibits
two peaks at 1.6 A for the first coordination shell and 2.7 A
(without phase correction) for the second coordination shell, cor-
responding to Ni-O and Ni-M, respectively. Both peak intensi-
ties are decreased due to the decisive effect of unsaturated oxy-
gen and metal sites near Ni atom, further showcasing a disor-
dered in-plane LDH structure. Further, the co-existence of the
two metals at Ni-M position in both UT-LDHs and LDHs is
verified by wavelet transform (WT) of Ni K-edge EXAFS spec-
tra, respectively, in which two hotspots in high k-space can
be observed at 2.7 A (Figure 11,m; Figures S12 and S13, Sup-
porting Information). Compared with conventional LDHs, de-
creased intensity is also observed at the Fe—O and Fe—Fe(Ni)
peaks in Fe K-edge EXAFS spectra and the Mn-O and Mn-
Mn(Ni) peaks in Mn K-edge EXAFS spectra of UT-LDHs, respec-
tively (Figure S11, Supporting Information). Interestingly, the
Mn K-edge EXAFS spectra of both NiMn LDHs and UT-NiMn
display a shorter Mn—O bond at 1.4 A and an additional peak
at 3.3 A, which is a consequence of JT distortion near the Mn
site in Mn-containing systems.[?’ The defective structure of UT-
LDHs is further validated by fitting the EXAFS spectra of respec-
tive edges; importantly, the detailed fitting results reveal an ob-
vious reduction in the coordination numbers of M-M and M-
O bonds (Tables S1 and S2 and Figures S14-S17, Supporting
Information).

3. Catalytic Performance and Kinetics Analysis

The electrocatalytic performance of UT-LDH and conventional
LDH catalysts were evaluated by linear sweep voltammetry (LSV)
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measurements in 1 M KOH with and without 10 x 10~ m HMF.
As shown in Figures S18 and S19 (Supporting Information), both
UT-NiMn and UT-NiFe electrocatalysts exhibit substantially en-
hanced OER and HMFOR catalytic performances compared to
their LDH counterparts. In particular, for HMFOR, UT-NiMn
and UT-NiFe show 146 and 57 mV lower overpotentials than
their corresponding LDHs at a current density of 40 mA cm=2,
respectively. Interestingly, UT-NiMn and NiMn LDHs show a
large HMFOR versus OER potential gap of 200 and 97 mV at
40 mA cm™2, respectively, which are much larger than those of
classical UT-NiFe (64 mV) and NiFe LDHs (11 mV) (Figure 2a).
Lin et al. studied the competition between organic compound
oxidation reactions (OCOR) between OER by a series of elec-
trochemical methods, and it was found that the detrimental
OCOR/OER competition region of catalysts starts near the “end-
point” of the catalyst oxidation features.**! In our work, un-
der the OER condition, the LSV curve of UT-NiFe shows a sole
oxidation feature “a,” representing the transition from Ni** to
Ni3+.”] In contrast, the UT-NiMn shows an additional oxida-
tion feature “b” of Mn** to Mn*" transition.[®} Thus, the en-
larged HMFOR working potential window of the Mn-containing
hydroxides is likely due to the introduction of Mn, which de-
lays the happening of competing OER (Figure S18, Supporting
Information).

HMF to FDCA conversion was analyzed using high-
performance liquid chromatography (HPLC) to track the
reaction process and possible intermediates involved in the
HMFOR (Scheme S1, Supporting Information), and the con-
centration of FDCA was calculated by using the calibration
curve in Figure S20 (Supporting Information). As illustrated in
Figure S21 (Supporting Information), the charge consumption
on the catalysts shows a positive linear relationship with the
FDCA concentration and a negative linear relationship with
the HMF concentration. UT-LDHs reach the reaction endpoint
within 70 min, around one-third of the reaction time of copre-
cipitated LDHs. Moreover, the plots of In[HMF] versus time
for each anode illustrate a linear trend (Figure S22, Supporting
Information), suggesting a first-order reaction rate for HMF
consumption. The rate constants follow the order Kyt
(0.081 + 0.003 571 > Kyrnire (0.067 + 0.003 s71) > Kyingm 1op
(0.028 + 0.003 s7!) > Kyiperpu (0-011 £ 0.001 s71), suggesting
the fastest HMFOR kinetics are present on UT-NiMn. To better
understand the electrodynamic process during the HMFOR,
a charge-time (C-T) plot is introduced to assess the charge
transfer kinetics on different catalyst surfaces during reaction.
The charge transfer kinetics of HMFOR are analyzed using
the quasi-linear region (the orange region in Figure 2b) within
the first 20 min of conversion to avoid the influence of HMF
concentration on the charge transfer kinetics caused by HMF
consumption during the reaction. Figure 2b shows that the
overall charge transfer rates follow the trend UT-NiMn (6.7+0.2
C min~!)> UT-NiFe (3.9+0.1 C min~!) > NiMn LDHs (2.620.1
C min~!) > NiFe LDHs (1.7+0.1 C min~!), consistent with the
HMFOR kinetics. Both UT-NiMn and NiMn LDHs exhibit a
distinct plateau at the end of their C-T plots, closely associated
with diffusion-limited HMF concentrations toward the end of
the reaction. Despite a reduced charge consumption rate with
HMF consumption, UT-NiFe and NiFe LDHs retain relatively
high charge consumption rates when the HMF concentration is
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Figure 2. a) 5-Hydroxymethylfurfural oxidation reaction (HMFOR) versus oxygen evolution reaction (OER) potential gap for NiMn layered double hy-
droxide (LDH), NiFe LDH, UT-NiMn, and UT-NiFe catalysts acquired from linear sweep voltammetry (LSV) curves at a current density of 20 mA cm™2.
b) Charge-time plot of NiMn LDH, NiFe LDH, UT-NiMn, and UT-NiFe catalysts during HMFOR using 10 X 10~3 m HMF at an identical current density
of 10 mA cm~2. ¢) HMF conversion rate and FDCA (furandicarboxylic acid) yield faradic efficiency by NiMn LDH, NiFe LDH, UT-NiMn, and UT-NiFe in
1M KOH + 10 x 1073 M HMF. d) Potential-dependent FEgpcs of NiMn LDH, NiFe LDH, UT-NiMn, and UT-NiFe in 1M KOH + 10 x 1073 m HMF.

at a lower level (even at the end of the reaction), indicating the
co-occurrence of HMFOR and OER on Fe-containing hydroxide
catalysts.

The HMF-to-FDCA conversion performance of UT-LDHs and
LDHs follows the same order of UT-NiMn > UT-NiFe > NiMn
LDH > NiFe LDH (Figure 2c), among which UT-NiMn displays
the best HMFOR performance with a FEpy., of nearly 100%.
As FDCA is the only final product observed from the chromatic
graphs (Figure S23, Supporting Information), the relatively large
difference between the HMF conversion rate and FEp., of con-
ventional LDHs is caused by the degradation of HMF under
strongly alkaline conditions after a long reaction period.[?®! Im-
portantly, when coupled with the hydrogen evolution reaction
for high-rate production of hydrogen and value-added products,
decent FEpp., is observed for UT-NiMn at higher potentials
which are especially desirable. Thus, instead of testing the cat-
alysts at low potentials to purposely avoid the OER region, the
HMEF conversion performance at different potentials is screened
(Figure 2d; Table S3, Supporting Information). UT-NiMn ex-
hibits a superior FEppc, (>95%) across a large potential window,
ranging from 1.37 to 1.47 V, and retains a high FEp;., (92%) at
a high potential (1.55 V). In contrast, UT-NiFe and NiFe LDHs
only show a high FEp,., at potentials of 1.42 V or lower. Over-
all, the results indicate that the charge transfer kinetics, HM-
FOR kinetics, and FEpp, of UT-LDHs are significantly improved
compared to traditional LDHs. UT-NiMn catalysts offer better
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performance than UT-NiFe under the considered test conditions
and display particularly superior selectivity toward HMFOR in all
studied potentials.

4. Structural-Activity Relationship Revealed
HMFOR-OER Competition

In situ HE-XRD coupled with PDF analysis was conducted on
LDHs and UT-LDHs under OER and HMFOR conditions to
gain insights into their dynamic structural transformation and
correlation with the different electrocatalytic performances. All
electrodes were precycled using CV method to acquire the sta-
bilized catalyst surface prior to the experiments under differ-
ent conditions. Under the OER condition, coprecipitated NiFe
LDHs do not undergo an obvious structural change at applied
potentials (Figure S24, Supporting Information). The two pre-
dominant peaks at 2.06 and 3.08 A are assigned to Ni(Fe)-
O and Ni(Fe)-Fe(Ni) of the typical hydroxide structure, respec-
tively. Similarly, the coprecipitated NiMn LDHs display a stabi-
lized structure with applied potential (Figure S24, Supporting In-
formation). In contrast, the UT-NiFe catalysts show unambigu-
ously structural changes across the PDFs, whereby the Ni(Fe)-
O peak shifts from 2.04 to 1.85 A and the Ni(Fe)—Fe(Ni) peak
shifts from 3.08 to 2.82 A under the applied potentials. This
occurs in conjunction with the peak positions being shifted at
longer pair distances, suggesting a full structural transformation

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

AsURDI'] suowto)) aanear) d[qeoridde ayy £q paureaos are saponIe YO asn Jo sa[n1 10§ K1eIqr] duIuQ AJ[IAN UO (SUONIPUOD-PUB-SULIB)/WOD" K[1m" KIRIqI[auT[uo//:sd1y) SUONIPUOY) pue SWIA], ay) 338 “[£Z0T/01/4¢] U0 Areiqry auruQ K21p “Yoyiorqiqrenuaz - ASHA Aq €25S0€T0T PWPE/Z00 0 ]/10p/wod Ka[imKreiqijaurjuoy/:sdny woiy papeoumod 0 ‘S60v 1251



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

G(r) (A?)
G(r) (A?)

1M KOH = Dry
— 135V
2.04 281 — 145V
1.85 ! 13.08 — 155V

C d

& &
= <
a a

(ii) 9

1. Catalyst oxidation reaction
P

lll. Spontaneous HMF oxidation reaction

MOO

# +OH"

H20

Figure 3. Atomic pair distribution functions (PDFs) of a) UT-NiMn and b) UT-NiFe in pure 1 M KOH. c) UT-NiMn and d) UT-NiFe in 1 m KOH + 10 X
10~3 M HMF. e) Schematic diagram of i) the competition between catalyst deprotonation reaction and oxygen evolution reaction (OER) (top) and ii) the
reaction mechanism of deprotonated catalyst sites as electron and proton acceptors for 5-hydroxymethylfurfural oxidation reaction (HMFOR) (bottom).
f) Involved structural transformation and structure regeneration process of Ni-based layered double hydroxides (LDHs) during OER and HMFOR.

from hydroxides to oxyhydroxides under OER conditions
(Figure 3a).['*?’] In contrast, UT-NiMn provides different in situ
structural changes (Figure 3b), which are attributed to different
degrees of deprotonation propensity for Ni-O and Mn-O sites
under applied potential. At applied potentials of 1.35 and 1.45 V
under OER conditions, UT-NiMn shows a broad peak consist-
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ing of two merged peak features centered at 1.85 and 1.96 A,
which are assigned to Ni-O and Mn-O bonds of NiOOH and
JT-distorted MnOOH, respectively.?] For applied potentials up
to 1.55 V, a further decrease in M-O bond length to 1.91 A
is observed, which is assigned to the Mn—O peak in a MnO,-
like structure due to the further deprotonation of Mn-O sites
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in MnOOH.!?®>?] A scheme depicting the dynamic redox pro-
cess between MnOOH and MnO, has been frequently reported
for Mn-based catalysts during the OER (Scheme S2, Supporting
Information).?) Under HMFOR conditions, the coprecipitated
LDHs show a stabilized structure similar to under OER condi-
tions, while UT-LDHs collectively demonstrate new features rep-
resenting their reduced-state structures. UT-NiFe attains well-
split features of hydroxides and oxyhydroxides (Figure 3c), uncov-
ering that both structural motifs are observable during HMFOR.
UT-NiMn similarly demonstrates the appearance of multiple
structural features, including NiOOH, Ni/Mn(OH), and merged
features of MnOOH and MnO,-like structures (Figure 3d). The
important differences in structure between OER and HMFOR for
UT materials is that the original hydroxide structure is directly
observable in the PDFs across all voltages, showcasing HMF’s
ability to convert the material away from high-valence oxides.

Our findings from in situ PDF measurements demonstrate
clear structural change differences under OER and HMFOR con-
ditions, providing key insights into the active site structures and
electrocatalytic mechanisms. In pure KOH electrolytes, the cat-
alytic reaction on hydroxides could be simplified into two con-
secutive processes, namely the catalyst deprotonation reaction
(step I) and OER (step II), as shown in Figure 3ei. Specifically,
M(OH), initially turns into M(OH)O in the dehydrogenation re-
action with applied potentials, and the phase transformation of
M(OH), - MOOH happens subsequently with the accumula-
tion of M(OH)O intermediate (Figure 3f).°¢! Thus, the occur-
rence of structural transformation depends on the reaction rate
constants of step I (kgepy,) and step II (kg,). When kyepo>>koy,
the hydroxide catalyst rapidly transforms into its oxyhydroxides
(and potentially high valence oxides) with a fast accumulation
of deprotonated intermediates, as shown in Figure 3f; however,
when Ky, “Ko,, the rapid release of O, inhibits the further ac-
cumulation of deprotonated Ni(OH)O and structural evolution
does not occur.3!l As structural transformation is only observed
in UT-LDHs, while LDHs remain a stable structure with applied
bias, it can be concluded that UT-LDHs have a higher propen-
sity for deprotonation rather than direct OER compared to tradi-
tional LDHs, of which UT-NiMn shows the highest level of de-
protonation according to its final in situ state. Importantly, the
trend toward deprotonation propensity strongly correlates to the
previously observed trend of the catalysts’ FEpp., performance
and selectivity toward HMFOR. Additionally, structure stabiliza-
tion observed with the presence of HMF validates the redox re-
action mechanism between HMF and hydroxide-based catalysts,
of which biomass substrates transfer protons and electrons to
electrogenerated oxyhydroxides/oxides and convert the catalyst to
their reduced states (Figure 3eii). Thus, the universal high selec-
tivity of UT-NiMn toward HMFOR over a broad potential range
is likely related to its higher deprotonation propensity. This is es-
pecially the case at Mn—OH sites, where continuous catalyst oxi-
dation on these sites delays the occurrence of OER, and the more
oxidized Mn-O sites may be able to accept two protons and elec-
trons from HMF and its intermediates by reducing from MnO,
to MnOOH and finally to Mn(OH),.

Overall, according to the “indirect oxidation” scheme of HMF,
where the oxidation of HMF and its intermediates spontaneously
occurs on the electrogenerated electrocatalysts, HMFOR could be
considered a simple chemical reaction involving two categories of
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reactants: the proton and electron from HMF and its intermedi-
ates, and deprotonated M—O sites (Schemes S2 and S3, Support-
ing Information).!®"! As the HMF concentration is high enough,
an elevated concentration of deprotonated M—O active sites is de-
sired for highly active and efficient HMF conversion. Thus, com-
bined with the catalyst performances of HMF-to-FDCA conver-
sion in the previous section, an estimation could be made that a
high kye,,, is desired to achieve enhanced HMFOR performance.
In addition, the competition between the HMFOR and OER orig-
inates from competition between the catalyst deprotonation reac-
tion and OER. Thus, to fulfill high selectivity toward HMFOR
over the competing OER, a reaction rate of Ky, > ko, is es-
pecially preferred. The structure stability of the UT-LDHs and
LDHs after OER and HMFOR was further examined by postre-
action XRD, XAS, and NEXAFS (Figures S25-S31, Supporting
Information). The PXRD results of the postreaction UT-LDHs
show even less prominent features of hydrotalcite than their re-
spective pristine materials, indicating a slightly more disordered
structure of the UT-LDHs after catalytic reactions (Figure S25,
Supporting Information). Further, the O K-edge XANES of both
post-OER UT-LDHs display a peak before 530 eV, indicative of
metal oxides, suggesting the emergence of high-valence metal
oxyhydroxides or oxides (Figures S28c and S29¢, S25¢ and S26c,
Supporting Information).?2] Notably, this feature is absent in
post-HMFOR materials, which underscores the redox processes
of HMF on the deprotonated catalyst, consistent with our in situ
PDF results. The unaltered peaks in Ni and Fe XANES spectra
and EXAFS affirm the stable structure and oxidation states of Ni
and Fe postreactions. Conversely, the appearance of the shorter
M-M peaks at the Mn K-edge and Ni K-edge EXAFS, combined
with the adsorption peak shifts in Mn K/L-edge XANES, eluci-
dates an increased oxidation state of Mn, likely due to the par-
tial formation of MnOOH/MnO,; and they may phase separate
from the LDH material after sustained electrooxidation.33] Col-
lectively, postreactions findings suggest a lack of materials degra-
dation for all catalyst tested with stable higher-order oxidization
states, with the final catalyst structure reflecting observations
from in situ PDF measurements.

5. Understanding the Selectivity Difference
Between UT-NiFe and UT-NiMn Toward HMFOR

Potential-dependent EIS was conducted to study the different
electrochemical interface behaviors of UT-NiMn and UT-NiFe
during OER and HMFOR, providing further evidence on their
deprotonation propensity related to HMFOR selectivity. Opti-
mum fit parameters for EIS data and the equivalent circuits used
for fittings are presented in Tables S4-S7, Figures S32 and S33
(Supporting Information). In the Bode plot, there are two re-
gions of interest, a low-frequency interface region dominated
by mass transfer and a high-frequency interface region domi-
nated by charge transfer.?*] The case of OER (Figure 4a,b) is
first introduced to establish a rationale between catalyst behav-
ior and its reflection in the Bode plot before discussing HM-
FOR (Figure 4c,d). Combined with the position of the oxidation
peak features in the LSV curves (Figure S18, Supporting Infor-
mation) of UT-NiFe and UT-NiMn, the appearance of the domi-
nant peak in the mid-high frequency region (10'-10° Hz) of the
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Figure 4. Bode phase plots of in situ electrochemical impedance spectroscopy (EIS) on a) UT-NiMn and b) UT-NiFe in 1 m KOH with 10 x 1073 m HMF.
Bode phase plots of in situ EIS on ¢) UT-NiMn and d) UT-NiFe in 1 M KOH with 10 x 10~ M HMF. Optimal liner combination fitting result of the X-ray
absorption near-edge structure (XANES) spectra and average oxidation state of e) Ni K-edge of UT-NiMn in 1 M KOH. f) Mn K-edge of UT-NiMn in 1 m
KOH. g) Ni K-edge of UT-NiMn in 1 M KOH+10 X 10~ M HMF. h) Mn K-edge of UT-NiMn in 1 M KOH+10 x 10~3 M HMF.

Bode plots is an indicator of catalyst deprotonation/catalyst sur-
face oxidation. At the same time, with further applied potentials,
the plot shows decreased peak intensity in the high-frequency re-
gion combined with a growing high-rising end in the ultralow-
frequency region (‘10! Hz), representing OH~ accumulation
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on the catalyst surface for catalyst structural transformation and
the OER. The observed increase in intensity with applied poten-
tials is attributed to the increased thickness of the diffusion layer
with further accumulated OH™.3° With the completed struc-
tural transformation at further increasing potentials, the plot
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demonstrates a peak in the low-frequency region (10~'-10' Hz),
signifying OER onset and the generation of O, molecules, which
is highly consistent with the ending oxidation peak and sharply
rising current density in the LSV curve corresponding to the OER
(Figure S18, Supporting Information). Interestingly, the Bode
plot of UT-NiMn exhibits a constant peak even at high poten-
tials in the high-frequency region, suggesting a continuous cata-
lyst oxidation reaction even with the occurrence of the OER. This
may be explained by the OER reaction mechanism at Mn sites,
where a constant equilibrium exists between MnOOH and MnO,
during the OER (Scheme S2, Supporting Information).

HMFOR is a spontaneous redox reaction that happens on the
catalyst surface between HMF/HMF derivatives and the depro-
tonated catalyst surface. Thus, continuous catalyst electrooxida-
tion is necessary to provide sufficient electron and proton accep-
tors for the involved proton and electron transfer processes.¢!
Under this scenario, the Bode plot of UT-NiMn shows peaks of
unremitting catalyst oxidation in the high-frequency region over
the full testing range (from 1.2 to 1.55 V), with the OER peak
appearing only from 1.5 V and remaining at high intensity. The
finding confirms the low involvement of the OER at 1.5 V, which
is consistent with the high FE,., performance of UT-NiMn,
even at 1.55 V. In contrast, UT-NiFe shows a gradual shift of the
predominant peak position from the high-frequency region to
the low-frequency region. Combined with the reduced potential-
dependent FEp ., performance of UT-NiFe at applied potentials,
it can be concluded that OER is more involved than HMFOR at
high potentials.

The EIS fitting results of UT-NiMn and UT-NiFe under OER
and HMFOR conditions are further compared to give a clearer
image of their potential-dependent selectivity performance be-
tween HMFOR and OER (Figure S34, Supporting Information).
In the equivalent circuit model for EIS fitting, the Rs represent
the resistance of the electrolyte, and the R1 and R2 represent the
charge transfer resistance and mass transfer resistance, respec-
tively. For UT-NiFe, R1 in the HMFOR system is considerably
larger than that in the OER system in the range of 1.3-1.4 V
due to the continuous charge consumption on catalyst oxidation,
which is simultaneously reduced by biomass substrates. A high
FEppca is also achieved within this voltage region. The sudden
drop in R2 for HMFOR at 1.45 V suggests greater involvement
by the OER from this point onwards, at which a marked drop in
FEgpca is also observed. Regarding UT-NiMn under OER condi-
tions, a constant decrease in R1 from 1.3 to 1.4 V is apparent.
However, the plot shows an increase in R1 at 1.45 V; at the same
time, R2 representing OER also appears, revealing the initiation
of the self-redox MnO,-MnOOH couple involved in the OER. In
contrast, a similar hump of R1is observed at 1.5 Vin the HMFOR
system, combined with the emergence of R2, further validating
that OER begins from this point. Accordingly, the OER will only
commence once the catalysts reach their “upper limit” of depro-
tonation and further OH™ accumulation. The ability of UT-NiMn
to further deprotonate facilitates the delay in the OER and broad-
ens the HMFOR working window with better FEgpc,.

In situ XANES was applied to UT-NiMn and UT-NiFe un-
der OER and HMFOR operating conditions to characterize
elemental-specific catalyst deprotonation propensity and their
roles in determining the HMFOR working window and selec-
tivity at high potentials (Figure 2d). Linear combination fitting
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was performed on the in situ XANES spectra of Ni K-edge, Mn
K-edge, and Fe K-edge to acquire the weighted average oxida-
tion states (Figures S35-S42, Supporting Information). The Ni
in UT-NiFe has a slightly higher oxidation state (1.77) than for
UT-NiMn (1.65). In a pure 1 m KOH electrolyte, the Ni valence
state in UT-NiFe gradually increases and reaches its final oxida-
tion state (3.80) at 1.45 V (Figure S43a, Supporting Information).
The valence state of Ni in UT-NiMn reaches its highest oxidation
state (3.84) when the applied potential reaches 1.55 V (Figure 4e).
The potentials of the above-observed equilibrium oxidation states
are consistent with the respective “endpoint” of the oxidation fea-
ture ataround 1.45 V of UT-NiFe and 1.55 V of UT-NiMn, as seen
in the polarization curves (Figure S18, Supporting Information).
Interestingly, the Fe in UT-NiFe exhibits a generally stabilized ox-
idation state (2.85) across the reaction range (Figure S43b, Sup-
porting Information), suggesting no catalyst deprotonation has
occurred on Fe-OH sites.['%] The Mn in UT-NiMn has an initial
oxidation state of 2.62 and reaches its stabilized highest oxidation
state (3.98) at 1.45 V (Figure 4f). Under the HMFOR condition,
the Ni in both UT-LDHs remains stabilized as Ni?** across the
entire tested ranges, and the Fe in UT-NiFe remains stable at the
oxidation state of 2.88 at all potentials (Figure 4g; Figure S43c,d,
Supporting Information). However, the Mn in UT-NiMn displays
an increased oxidation state even in the presence of HMF, im-
plying a higher rate of catalyst deprotonation than the rate of the
spontaneous HMFOR on Mn-O active sites (Figure 4h). As dis-
cussed previously, the HMFOR working window is closely related
to the potential window of catalyst deprotonation, and the essence
of the competition between HMFOR and OER is the competition
between catalyst deprotonation and the OER. Thus, the UT-NiMn
with a larger catalyst deprotonation window (up to 1.55 V) and
higher catalyst deprotonation propensity on Mn sites possesses a
larger working window and higher selectivity toward HMFOR. In
contrast, the concurrent catalyst deprotonation on both Ni-OH
and Mn-OH sites in UT-NiMn provides more abundant proton
and electron acceptors than the UT-NiFe, as no deprotonation is
observed on Fe—OH sites.

The pre-edge features of the transition metals’ XANES spectra
provide information on the quadrupole-allowed dipole-forbidden
1s to 3d excitations. In the 1 m KOH electrolyte, the Ni K-edge
and Mn K-edge pre-edge of UT-NiMn and Ni K-edge pre-edge
of UT-NiFe illustrate continuous positive shifts due to the in-
creased oxidation state of Ni and Mn, while the Fe K-edge pre-
edge remains stable (Figure S44, Supporting Information). In-
terestingly, in the presence of 10 X 10~ M HMF, despite a sta-
ble pre-edge spectrum of the Ni K-edge of UT-NiFe and UT-
NiMn, the pre-edge of the Mn K-edge still shows even further
positive shifts with applied potential. This is despite a more sta-
bilized rising edge and adsorption edge of the Mn K-edge, re-
vealing the formation of the electron-deficient Mn at Mn—O sites
(Figure S45, Supporting Information). In line with the proposed
HAT and EPT reaction mechanisms by Fleischmann et al. and
Bender et al. (Scheme S3, Supporting Information), the reaction
at Ni-O sites for both UT-LDHs may follow the HAT mechanism,
where electrons are transferred to the Ni**, reducing it back to
Ni?*, and protons are transferred to nearby 0.4l In comparison,
at Mn-O sites, the reaction follows the EPT reaction mechanism,
in which both electrons and protons are transported to nearby O,
so that Mn remains electron-deficient with no obvious structural
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Figure 5. Near-edge X-ray absorption fine structure (NEXAFS) spectra of a) Ni L-edge of UT-NiMn, NiMn layered double hydroxide (LDH), UT-NiFe,
and NiFe LDH. b) Fe L-edge of UT-NiFe and NiFe LDH. c) Mn L-edge of UT-NiMn and NiMn LDH. d) O K-edge of UT-NiMn, NiMn LDH, UT-NiFe, and
NiFe LDH (blue region represents the pre-edge region of O K-edge spectra). e) The fitted pre-edge of O K-edge of UT-NiMn, NiMn LDH, UT-NiFe, and
NiFe LDH. f) Liner trend of the covalence/hybridization level of catalyst from the integrated area of O 2p and M 3d hybridization in the O K-edge versus
catalyst FE;pcp performance. g) Density functional theory (DFT) calculated energy profiles of HMF oxidation to FDCA (furandicarboxylic acid) over
UT-NiFe and UT-NiMn surface at U = 1.42 V versus reversible hydrogen electrode (RHE). M refers to the Ni(Fe) and Ni(Mn) in UT-NiFe and UT-NiMn,
respectively, and HMF-OH, and FFCA-OH, stand for their geminal diol form in pH = 14 alkaline solution.

changes observed. Therefore, as shown in the schematic illustra-
tion (Figure S45, Supporting Information), Ni-O and Mn-O sites
in UT-NiMn electrocatalyst function as dual active sites during
HMFOR for the aldehyde-group-favored HAT mechanism and
the alcohol-group-favored EPT mechanism, respectively.[®]

6. Alteration of Deprotonation Capability by
Electronic Structure

To understand the enhanced performance and origin of the high
deprotonation propensity of UT-LDHs, the electronic structures
of LDHs and UT-LDHs were further examined by NEXAFS
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(Figure 5a—d). As NEXAFS is sensitive to the valence state and
geometry, the valence states of Ni, Fe, and Mn are determined by
comparing the spectral shapes and peak positions of Ni, Fe, and
Mn L-edges with octahedral hydrotalcite structures. The Ni and
Fe of both UT-NiFe and NiFe LDHs have an oxidation state of
2* and 3%, respectively.'>8 The Ni in UT-NiMn and NiMn LDHs
shows the same valence state of 2*; however, the Mn shows a
mixed 2*/3* valence state, commonly reported in layered Mn
oxides.3®] Due to the double exchange effect, the coexistence of
Mn?* and Mn3* endows UT-NiMn with better electron transport
properties, where electrons could easily hop and delocalize be-
tween 3d’ (t,,’e,”) Mn** and 3d*(t,,e,*) Mn** via bridging O.1”)
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XAS measurements of the O K-edge offer a rationale for the
relationship between the catalyst performance and transition
metal (TM)-O hybridization level. The pre-edge of the O K-edge
(Figure 5d, light blue region) is regarded as a key indicator of
the hybridization level of TM 3d and O 2p orbitals, and the
extent of hybridization is proportional to the intensity of the
pre-edge features.[38! As shown in Figure 5a and Figure S46 (Sup-
porting Information), the t,, peaks of Ni** in the Ni L-edge spec-
tra of UT-LDHs display a sharp drop in peak intensity com-
pared to their bulk counterparts. Correspondingly, increased in-
tensity could be observed at their t,,” features of Ni** in the pre-
edge region of the O K-edge, indicating electron transfer from
the O 2p orbital to the t,, orbital of Ni** (Figure 5e). Similar
trends can be seen in the spectra of Fe L-edge, Mn L-edge, and
their corresponding O K-pre-edge, showing decreased peak in-
tensities at both of their t,, and e, peaks and increased inten-
sities at Fe’* t,," and e,", and Mn**/Mn** t,," and e,” peaks
(Figure 5b,c,e). The above findings indicate the interfacial elec-
tron transfer and formation of low-valence M, or to say, the
M®-8+ _ O+ 9)= (5 = 2 or 3) couple in UT-LDHs, which further
facilitates the formation of oxygen vacancies, as previously ob-
served in hard X-ray XAS.3? Detailed fitting results are shown
in Table S3 (Supporting Information). Further, the analysis of in-
tegrated O K-pre-edge areas reflecting the hybridization level of
TM-O shows a strong correlation with the overall performance
of HMF conversion to FDCA (Figure 5f). With enhanced M 3d-O
2p hybridization, the M—O bond acquires higher electron den-
sity/covalency along the more electronegative M site, lowering
the covalency of the neighboring O-H through the inductive ef-
fect and thus decreasing the energy required for the deproto-
nation process of UT-LDHs.[*! Consequently, UT-LDHs show
a lower onset potential and a larger working potential window
for HMF conversion. Moreover, the oxygen holes generated on
the O 2p orbitals due to strong hybridization turn the magnetic
ground state of UT-LDHs from antiferromagnetic to ferromag-
netic. This is especially the case for UT-NiMn with a negative
charge transfer energy, endowing UT-LDHs with much higher
electrical conductivity and charge transfer ability than non-UT
materials.[*!]

DFT calculations were conducted on the thermodynamic ac-
tivity of UT-NiFe and UT-NiMn toward the full reaction pathway
of HMF to FDCA conversion. The results confirm that the steps
involving electrogeneration of MOOH generally exhibit an en-
ergetically uphill process for UT-NiMn and UT-NiFe, while the
oxidation of biomass substrates on the electrogenerated catalyst
surface are all spontaneous reactions (Figure 5g). During the ini-
tial catalyst deprotonation step (Figure S47, Supporting Informa-
tion), UT-NiFe has a barrier energy of 2.31 eV to overcome depro-
tonation and transfer into its oxyhydroxide. However, UT-NiMn
requires a significantly smaller energy (1.49 eV) to be converted
into its oxyhydroxide. Furthermore, UT-NiMn demonstrates 0.82
and 0.81 eV lower barrier energy than UT-NiFe for the conver-
sion reaction of HMFCA to FFCA, and FFCA to FDCA, respec-
tively. The lower barrier energy for the reaction on UT-NiMn is
attributed to the stronger M—O bond and weaker O-H bond com-
pared with UT-NiFe, as shown in their isosurfaces of electron
density distribution (Figures S48 and S49, Supporting Informa-
tion), which is consistent with the above XAS O K-edge results
(Figure 5d).
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7. Conclusion

By combining a suite of in situ X-ray based techniques and po-
tential dependent electrochemical characterizations, the impera-
tive role of enriched deprotonated sites on Ni-based UT-LDHs as
electron and proton acceptors in highly selective and fast-kinetics
HMFOR is comprehensively revealed. Notably, the deprotonation
ability of M-O sites in LDHs can be effectively tuned by intro-
ducing defects into the material structure, thereby facilitating an
internal electron density redistribution and correspondingly en-
hancing the covalency along the M-O sites and weakening the
O-H bonds. Further, in the UT-NiMn system, the concurrent
deprotonation of Ni-OH and Mn-OH active sites and distinct
functions of Ni-O and Mn-O sites as dual active sites for respec-
tive aldehyde and alcohol groups on HMF are clarified from the
viewpoint of their different electronic structure changes during
HMFOR, which effectively avoids the competition between active
sites. The work establishes a new platform for designing highly
efficient next-generation electrocatalysts for HMFOR through ra-
tionally engineering the materials’ deprotonation ability. It offers
a universal guideline to promote other primary alcohol/aldehyde
organic oxidation reactions in hybrid water electrolysis systems
for renewable-energy generation and mass production of clean
fuels and chemicals.
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Supporting Information is available from the Wiley Online Library or from
the author.
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