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Abstract

The synthesis of supported multi-element transition metal phosphides (TMPs) to exploit the
synergistic interplay between electronic and geometric effects resulting from the presence of
different metals in the material and the arrangement of heterogeneous atoms is pivotal for
reducing metal content while offering multiple active sites. However, the integration of Ni, Co
and P, for example, into a nanostructured carbon network to develop self-supporting NixCoyP
bimetallic phosphides is limited by several factors, including the synthesis and the discrepancy
between the crystal structure of the respective monometallic phosphides. Moreover,
conventional synthesis of supported TMPs often separates nanoparticles, support and
phosphidation steps, which do not allow tailoring of physical and catalytic properties via
particle-support, electronic and geometric interactions. Herein, we present an innovative solid-
state, ex situ phosphidation-free approach tailored to synthesize a library of self-supporting
NixCoyP TMPs in N,S,P-modified nanostructured carbon networks generated together with
NixCoyP particles. Extensive multivariate characterization validates the unique properties of
NixCoyP bimetallic materials with enhanced electrocatalytic performance for the hydrogen
evolution reaction and the selective electroconversion of biomass-derived 5-HMF (5-
hydroxymethylfurfural) to value-added FDCA (2,5-furandicarboxylic acid) with 90-100%
faradaic efficiency. Overall, the synthesis expands the possibilities for tailoring the
microstructure of supported TMPs for improved physical/catalytic properties.

1. Introduction

The economic viability of hybrid hydrogen production depends on the nature and structure of
the electrode materials as well as other constituents of electrolyzers. Recently, major advances
in the design of electrolyzer components have prompted the development of low-cost metals as
electrode materials for electrochemical biomass conversion into chemicals and fuels of

interest.l*] A practical approach to achieving efficient activity and stability is to modify the
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microstructure of the active metal(s) with heteroatoms such as phosphorus (P), to regulate
electron density delocalization (donor-acceptor capacity as a function of the electronic
environment created by the microstructure).’? This ensures that designed electrocatalysts have
the right structure, morphology and surface energy to drive the electrocatalytic reaction to
specific products with more exposed active sites, resulting in decent efficiency. Conventionally,
the phosphidation process is carried out only for the metal part(?2243l and not simultaneously
during the synthesis of the support, which does not leverage the significant modification of the
particle support by P to enhance catalytic performance. Indeed, P can modify the valence state
of Ni and Co as well as the carbon-based supports, thus promoting the adsorption/desorption of
reactants and/or intermediates owing to diverse structural and electronic properties that
synergistically enhance the performance.l?*4 Other unsupported transition metal phosphides
(TMPs) materials such as Mo-Ru-PP! have been reported for electrocatalytic tasks.
Traditionally, pre-made carbon substrates (Vulcan-XC72 (carbon black), CNTs (carbon
nanotubes), rGO (reduced graphene oxide), metal foams, etc.) are mixed with metal particles
due to their high specific surface area and good electrical conductivity, which often results in a
loss of active sites as the metal species are not strongly attached to the support.[2&:32425061 Thyg,
although unsupported electrocatalysts have attracted significant interest as electrode materials
in electrocatalysis, the self-supporting approach should improve metal-support interaction.
Self-supported electrocatalysts offer other advantages over conventional materials: abundant
active sites thanks to better catalyst dispersion, improved electroactive surface, and fast charge
transfer and mass transport kinetics.’

Embedding Ni and Co in the same self-supported bimetallic phosphides (NixCoyP)
within nanostructured N,S,P-modified carbon networks has been challenging, as the
crystallographic arrangement of the elements in the respective monometallic phosphides is
radically different. Specifically, Ni,P adopts a hexagonal structure, while CoP exhibits an
orthorhombic structure. Thus, during a self-supporting approach, introducing phosphorus can
lead either to segregated monometallic phosphide phases, or to a new bimetallic phosphide
crystal structure distinct from or linked to Ni2P and CoP. Consequently, this interaction can
induce a microstructural change in the material, favoring one crystal structure over another. For
example, if the interaction between phosphorus and nickel atoms predominates, the material
may favor a hexagonal crystal structure similar to that of Ni2P. Conversely, if the interaction
between phosphorus and cobalt atoms is stronger, the alloy may adopt an orthorhombic crystal
structure resembling CoP. Thus, depending on the synthesis approach and the distinct crystal

structures of the individual components and their respective phosphides, various
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crystallographic structures have been proposed for Co-Ni-P, amorphous or disordered phases,
which can appear under rapid quenching or non-equilibrium conditions.!*"l Moreover, ordered
phases such as the L12 and L10 structures were considered, characterized by specific
arrangements of Co and Ni atoms within a face-centered cubic (FCC) or tetragonal lattice,
respectively.[®! Furthermore, intermediate phases or metastable structures may also appear,
exhibiting unique arrangements distinct from those of pure elements or binary compounds.[!
The above potential structural difference highlights the complexity of ex situ
phosphidation-free synthesis of NixCoyP on N,S,P-modified nanostructured carbon networks as
self-supporting electrocatalysts, and underscores the need for developing an innovation single
step synthesis method. The adsorption free energy of the electroactive species and the density
of state (DOS) have been calculated by density functional theory (DFT) on models of NizP,
CoP and NiCo, ! not for the electrocatalytic oxidation of 5-Hydroxymethylfurfural (5-HMF).
Spectroelectrochemistry  (in  situ infrared reflectance spectroscopy coupled with
electrochemistry) that provides crucial information regarding the adsorbed surface species and
reaction products at the electrode-electrolyte interface,[**! have not yet been implemented with
DFT to study 5-HMF electrooxidation. Hence, the coupling of both techniques is recommended
to sort out the elementary steps of the electrochemical reactions and to define the active sites
and the rate determining step. To date, thermodynamic data for Pathway A (Scheme 1) have
been reported by ab initio calculations.!*? We note that the conversion of cellulosic biomass
into useful chemicals is a key goal in green chemistry.l%*®l Scheme 1 outlines the
electrocatalytic oxidation pathways of 5-HMF, emphasizing the preservation of C-C bonds for
valuable bio-products.l**3-41 Two electrocatalytic pathways diverge in the oxidation of 5-HMF.
Pathway A initially oxidizes the aldehyde group to form 5-hydroxymethyl-2-furan carboxylic
acid (HMFCA) or its anhydride, leading to 2,5-furandicarboxylic acid (FDCA) via
intermediates. Pathway B oxidizes the hydroxymethyl group to form 2,5-diformylfuran (DFF)
or furan-2,5-dicarbaldehyde (FDA), also yielding FDCA. These electrocatalytic processes,
mediated by electron transfer reactions, are still debated since the intuitive Pathway A (C-H
activation)!* is not valid for some organic molecules electrooxidation where the O-H activation
is prevailing.[!5¢81 Thus, for a better clarification of the 5-HMF oxidation mechanism, we
propose in this work a detailed DFT study using Ni2P as a model electrocatalyst comparing the
data with those obtained by spectroelectrochemistry, for the first time to our knowledge. To
address the above experimental challenges, we report herein a new sacrificial and ex situ
phosphidation-free synthesis strategy to develop NixCoyP (as electrocatalytically active species)

on nanostructured N,S,P-modified carbon networks (as support for electronic conduction and
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the metal loading reduction). Our novel experimental and theoretical approach relies on a set
of in-situ and ex-situ physicochemical, electrochemical, spectroelectrochemical, DFT and
chromatography investigations for two model reactions, the electrooxidation of 5-HMF and the

hydrogen evolution reaction (HER) for possible biomass electro-valorization systems.[1210]

FDA or DFF
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Scheme 1. Sketch of electrochemical synthesis of FDCA (right side) from abundant biomass
(left side) based 5-HMF, selectively oxidized by two main reaction pathways, written in acidic
forms (adapted from Ref.[*] under a CC BY 4.0 license, Licensee MDPI, Basel, Switzerland).

2. Results and Discussion
2.1. Synthesis and Physicochemical Characterization
2.1.1. Structural, Compositional and Textural Characterization
Based on our previous studies on nickel sulfides,*® we hypothesized that chemical
polymerization combined with the carbothermal reducing atmosphere generated by the
decomposition of polyaniline (PANI) and the continuous flow of nitrogen gas at 900 °C should
allow sufficient diffusion of Ni, Co, and P species to form a single nanostructured bimetallic
phosphide phase (NixCoyP). Table S1 shows the synthesis conditions for the different Ni/Co
compositions. We have chosen PANI as the source of carbon and nitrogen to enable an in situ
generation of the electrocatalyst support. However, it is still unknown which monometallic
phosphide structure (Ni2P (hexagonal), CoP (orthorhombic)) the bimetallic phosphide NixCoyP
will follow if we exclude segregated monometallic phosphide phases onto the in-situ generated
N,S,P-modified carbon networks.

Scheme 2 outlines the proposed synthetic approach for the preparation of self-
supporting heterostructure electrocatalysts consisting of a matrix of Ni, Co, P and C, using the
crystal structures of Ni2P and CoP as key reference points for understanding how phosphorus

affects the microstructure of bimetallic phosphides. Compared to existing methods,[2%24:3.5.19]
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our innovative solid-state, ex-situ, phosphidation-free approach enables the controlled,
simultaneous and single-step synthesis of a tunable amount of electrocatalytically active species
of NixCoyP particles on N,S,P-modified nanostructured carbon networks as particle support for
electronic conduction and metal charge reduction (targeting Ni+Co metal loading below 50
wt%). More specifically, the presence of Ni, Co, P and C precursors in the polymerized raw
material offers a number of advantages: (i) eliminating the need for a prefabricated
electrocatalyst support, (ii) avoiding the addition of an external P source during carbothermal
reduction (e.g., eliminating the risky handling of bulk phosphorus materials), and (iii)
eliminating the addition of carbon black powder during electrocatalytic ink preparation. Indeed
the traditional synthesis methodologies for TMPs consist of an ex-situ phosphidation
processes,[2424:319%-¢l\wherehy the metallic species (metals, hydroxides, oxides, carbonates, etc.)
obtained by different methods (electroreduction,**d hydrothermal,[**! solvothermal™®) are
first formed. A subsequently phosphorization processes is performed using different P sources
during: (i) liquid-phase reactions (based on trioctylphosphine, triphénylphosphine, etc.),*9191]
(i) solid-gas reactions (based on phosphorus vapor*°¥ or PH; formed during the decomposition
of P(V) precursors (NaH2PO,, NHsH:PO2, etc.)*%dl) that are often combined with thermal
treatment under mild temperature (300 °C under inert gas (Ar, N2)),1*%1 and (iii) solid-state
reactions at high reaction temperatures (800-1200 °C under inert gas (Ar, N2)).[%2% Hence, as
recently emphasized by Mazur et al.?®l our present methodology enables to minimize the
handling of corrosive, flammable, and hazardous organic phosphines while simplifying the
synthesis procedure for scale-up potentiality in obtaining supported TMPs-based
electrocatalysts. Herein, PANI was obtained from the polymerization of aniline initiated by
(NH4)2S20g (ammonium persulfate, APS) as oxidant in H3PO4 as acid dopant and phosphorus
source. During the synthesis, detailed in the Experimental section, the polymerization of aniline
was monitored by the transition of the solution color from green to green-black, which appeared
15 minutes after the start and persisted until the end of the synthesis. It remains to be seen
whether in situ phosphidation during heat treatment of the materials leads to the formation of

crystallized Ni-Co phosphides.
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Scheme 2. Outline of the developed synthesis: The structures correspond to the monometallic

situation, and the aim is to discover which structure the bimetallic will evolve towards.

We first used X-ray diffraction (XRD) to study the crystal structure of the synthesized
phosphide materials. Overall, the XRD results in Figure 1a show well-defined peaks (except
for PANI-Co), confirming the high crystallinity of the materials. Monometallic PANI-Ni shows
a NizP pattern characteristic of a hexagonal structure (ICDD #03-065-1989) and space group
P62m (lattice parameters a = b = 5.859 A, and ¢ = 3.382 A) with the main diffraction peaks at
30.5°, 31.7°, 35.3°, 40.7°, 44.5°, 47.3°, 54.1°, and 54.9°. For monometallic PANI-Co, the
diffractogram is characteristic of CoP with an orthorhombic crystal structure (ICDD #00-006-
0663) and the space group Pnma (lattice parameters a = 5. 070 A, b = 3.281 A, and ¢ = 5.587
A) with the main diffraction peaks at 31.5°/31.9°, 35.2°, 36.2°/36.6°, 46.1°, 48.0°, 52.2°, 55.9°,
and 56.7°. In addition, the determined crystallite size (Lv) estimated from the Scherrer’s law
was 32 and 64 nm for PANI-Ni (Ni2P hexagonal structure) and PANI-Co (CoP orthorhombic
structure), respectively. Interestingly, P is initially in substantial excess (the molar ratio of
(H3PO4)/(MCl,-6H.0, M = Ni, Co) being 5.5), so the difference in crystal structure between
PANI-Ni (NizP) and PANI-Co (CoP) materials is unlikely to be due to P deficiency.[?Yl The
above results confirm the effectiveness of polymerization with in situ phosphidation for the

rational design of nickel-cobalt phosphide materials with different microstructures (Scheme 2).
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Figure 1. Structural and textural characterization of the materials derived from calcination. a)
XRD patterns. b) Variation of the lattice parameters a (left y-axis, filled circles) and c (right y-
axis, filled squares) for a hexagonal structure as a function of cobalt content (atomic). c)
Variation of the Metal-Phosphorus distance d(M-P)) for a hexagonal structure as a function of
cobalt content (atomic). d) N2 adsorption-desorption isotherms: inset the BET surface area. e)

Pore size (diameter) distribution. f) Raman spectroscopy.

Having demonstrated the ability to synthesize self-supporting monometallic nickel and
cobalt phosphide materials, we then synthesized the bimetallic materials designated PANI-
Ni2Co1, PANI-Ni1Co;, and PANI-NiiCo. by exploring Ni-rich, Co-rich, and equimolar
synthesis conditions (Table S1). Prior to the XRD study of the bimetallic phosphide materials
named NixCoyP, we first performed a quantitative elemental analysis by inductively coupled
plasma optical emission spectrometry (ICP-OES). The results compiled in Table 1 (data
extended in Tables S1 and S2) confirm the Ni/Co atomic ratio of 1.9, 1.0 and 0.5 for PANI-
Ni2Co1, PANI-Ni1Coz, and PANI-Ni1Coo, respectively. Interestingly, ICP-OES analysis shows
that the (Ni+Co)/P atomic ratio is 1.8, 1.9, 1.8, 1.6 and 1.1 for PANI-Ni, PANI-Ni>Co1, PANI-
Ni1Coz, PANI-Ni1Co, and PANI-Co, which: (i) confirm the XRD results for monometallic
phosphides (Ni2P and CoP), and (ii) suggest that the bimetallic phosphides “NiCoP” may have
the structure of Ni2P, where Co substitutes for Ni, resulting in the structure Ni>.xCoxP (0 <x <
2). To probe such a hypothesis, we have performed XRD analysis of bimetallic phosphides. We
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note that traditional synthesis methods with ex-situ phosphidation resulted in a hexagonal
structure of “NiCoP”, which was active for electrocatalytic water splitting.[2*221 We particularly
sought to elucidate the crystal structure of the bimetallic phosphide NixCoyP with respect to the
differences between the monometallic phosphides (Ni2P with a hexagonal structure and CoP
with an orthorhombic structure). The diffraction patterns of all bimetallic materials in Figure
la correspond to a hexagonal crystal structure, that is, a Ni>P-based phase with partial
substitution of Ni atoms by Co atoms!?®! during the carbothermal co-reduction process of the
precursors NiCl,-6H.0 and Co!"Cl,-6H,0 in the presence of HsPM 04 and PANI at 900 °C
(N2, 6 h). Indeed, increasing the Co content leads to an upward shift and narrowing of the
diffraction peaks in NixCoyP compared to monometallic Ni2P due to a distortion of the lattice
parameters in the horizontal plane (Figure 1b) and an increase of the crystallite size from 31 to
51 nm (Tables 1 and S2). These changes led to a decrease in the metal-phosphorus distance
(d(M-P), M = Ni, Co) (Figure 1c), which can affect the binding energy and electrocatalytic
activity of bimetallic materials as a result of a set of three fundamental effects: deformation
(long-range geometric lattice deformation), synergistic (multiple metals), and ligand (short-
range electronic charge transfer effect).[¥] Consequently, NixCoyP bimetallic phosphides are
expected to exhibit improved electrocatalytic performance compared to monometallic

phosphides.

Table 1. Physicochemical data extracted from XRD, N2 adsorption-desorption, Raman
spectroscopy, ICP-OES, CHNS-O, EDX and XPS. n.d.: not determined.

Entry Ni,P Ni>Co:P Ni;Co:P Ni;Co,P CoP
XRD Lv(nm) 32 31 45 51 64
dimetar-p)(A) 2.28 2.11 2.11 2.10 2.14
a(A) 5.87 5.86 5.84 5.83 -
c(R) 34 2.92 2.92 2.91 -
&(%)? - 0.17 0.51 0.68 -
N Seer(Mm? gY) 260 287 284 n.d. 225
adsorption-
desorption Dery(nm) 9.6 10.5 11.2 n.d. 5.7
Vio(cm® g4) 0.378 0.482 0.465 n.d. 0.154
Raman Ap/As 2.6 2.6 2.7 3.2 2.6
spectroscopy
La(nm) 17.4 17.2 16.8 14 17.3
ICP-OES Ni+Co(wt%) 50.5 53.7 53.7 52.2 42.7



Ni+Co+P(Wt%)  65.1 68.5 69.2 6.7 63.5

Ni/Co: atomic - 19 1 0.5 -
(NI+CoyP: 18 19 18 16 11
EDX Ni/Co: atomic i 1.7+04 09+02 0501 -
(NMCOIP: 19x04 22403  23:06 17202 09201
CHNS-O C(Wt%) 278400 247+03 232201 207£00 235200
H(Wt%) 0.7+00 07+00 06+00 08%01 1.1%00
N(Wt%) 1700 14+00 14200 14+00 15200
S(wt%) 0.7+00 08+00 0600 0401 10200
O(Wt%) 44+01 41+01 52+01 68200 87+02
Bgv'jg;/‘;)ed 648+0.1 683%05 689+01 700£01 64.2+0.1
XPS Ni(at%) 1 n.d. 1 n.d. -
Co(at%) - n.d. 1.8 n.d. 4.2
P(at%) 2.7 n.d. 3.1 n.d. 4.9
C(at%) 84.5 n.d. 81.3 n.d. 67.6
N(at%) 3.2 n.d. 3 n.d. 3.2
S(at%b) 0.8 n.d. 0.8 n.d. 0.9
O(at%) 7.8 n.d. 9 n.d. 19.2

The N2 adsorption/desorption analysis (Figure 1d,e) confirms the synthesis of
mesoporous materials with a high specific surface area (Brunauer-Emmett-Teller (BET) surface
area) of 225-287 m? g*. Pore size distribution profiles (Figure 1€) show heterogeneous pore
diameters, suggesting the formation of hierarchical porous structure within the N,S,P-modified
carbon networks or the occupation of small pores by NixCoyP particles, thus exposing large
pores. Indeed, bulk CHNS analysis (Tables 1 and S2) revealed C, H, N and S contents of 21-
28, 0.7-1.1, 1.4-1.7 and 0.7-1.0 wt%, respectively, depending on the composition of the
phosphide materials. In addition, ICP-OES has previously shown that the amount of P varies
from 14.6 to 20.8 wt% depending on the composition of the bimetallic phosphides. We then
performed Raman spectroscopy to investigate the nature of the carbonaceous species present
in/on these carbon-based materials (Figure 1f). The fitted Raman spectra are reported in Figure

S1 (the extracted quantitative data are shown in Tables 1 and S2). All materials show two
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distinct peaks at ca. 1330 and at ca. 1600 cm™, corresponding to the well-known D-band and
G-band of carbon materials, respectively. Two less intense peaks at 1160 and 1480 cm ™ are
also present and are attributed to sp*-rich and sp?-amorphous carbon phases.?? The ratio of D-
band to G-band area, that is, Ap/Ac, which gives the measure of disorder/defects in
carbonaceous materials, is summarized in Table 1 and is related to the in-plane crystallite size
(La). The Ap/Ac (and therefore La) values are similar for the different materials (with a slight
deviation for PANI-Ni1Co2). More specifically, the Ap/Ac (2.6-3.2) and La (14.0-17.4 nm)
values are within the range of most substrates used in electrocatalysis, such as Vulcan-XC72,
CNT, rGO, etc.[*?+%I (larger than Vulcan-XC72[*4l) Typically, a higher Ap/Ag ratio indicates
a greater number of interstitial defects, probably due to the cleavage of C=C bonds leading to
the formation of sp® hybridized carbon, triggered by the relatively high temperature of the
carbothermal co-reduction process. The above results demonstrate the removal of carbon after
heat treatment (typical yield after the carbothermal co-reduction process is 15-25%, depending
on the chemical composition of the material) and support the hypothesis of metal distribution
in the carbon matrix.[28!

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analyses were
performed to study the structural morphology and provide detailed information on the spatial
distribution of the different structural elements within the NixCoyP phosphides. SEM images of
the control synthesis in the absence of metallic species versus the presence of monometallic
species are reported in Figure S2. Comparative backscattered SEM of monometallic and
bimetallic materials is shown in Figures 2a-e, highlighting the formation of a heterogeneous
structure composed of NixCoyP particles and an N,S,P-modified carbon network, taking into
account the elemental mapping (Figures 3 and S3). In Figure 2, there is no obvious
predominance of particle morphology as in the previous sulfides!*®! with cone-shaped
microscale crystals. Such shapes are governed by the vapor-liquid-solid (VLS) growth
mechanism,?”1 where the nickel-sulfur vapor creates supersaturation and nucleation at the
liquid-solid interface, resulting in axial crystal growth. Furthermore, Figures 2 and S2 shows
that the NixCoyP particles are directly embedded in the carbon network. This ensures a better
anchoring of the catalytic particles in the support and therefore a higher stability, as opposed to
the conventional case where the metal salt reduction takes place in the presence of a
prefabricated support (carbon, metal foam, etc.), resulting only in a surface decoration.[?&3>4a
It is even possible that the particles on the surface are covered by a layer of carbon from the
carbonaceous atmosphere generated by the decomposition of PANI during the carbothermal

reduction process at 900 °C (N2, 6 h). This will be scrutinized by atomic scale analysis.
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Figure 2. Backscattered SEM images at different magnification (from left to right) for materials
derived from: a) PANI-Ni, b) PANI-Ni>Cos, ¢) PANI-Ni1Cos1, d) PANI-Ni1Co2, €) PANI-Co.

Typical EDX spectra and the quantitative data of the different monometallic and
bimetallic materials are shown in Figures S4-S5. While the EDX elemental mappings of the
monometallic materials (Figure S3) show the coexistence of the metallic species (Ni or Co) and
the phosphorus species, Figure 3 clearly shows the overlapping of the Ni, Co and P signals,
confirming the formation of NixCoyP phosphide materials as revealed by the XRD study. The
Ni/Co atomic ratios (Table 1) of 1.7 + 0.4, 0.9 + 0.2, and 0.5 £ 0.1 for PANI-Ni2Co1, PANI-
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Ni:Cos, and PANI-Ni:Co, respectively, are in agreement with the theoretical expectations and
confirm the bulk ICP-OES results. Furthermore, the (Ni+Co)/P atomic ratios (Table 1) of 1.9 =
04,22+0.3,23+0.6, 1.7+0.2, and 0.9 £ 0.1 for PANI-Ni, PANI-Ni>Co1, PANI-Ni;1Cos,
PANI-NiiCoz, and PANI-Co, respectively, demonstrate: (i) the formation of Ni2P structure for
PANI-Ni and CoP for PANI-Co, and (ii) the formation of Ni>-xCoxP (0 < x < 2) structure.

SEns 0N e T
AMENLCob

" .o_ -’_,

Figure 3. Backscattered SEM images and the corresponding EDX mapping of the bimetallic

materials derived from PANI-NixCoy. Scale bar =5 pm.
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2.1.2. Atomic Scale and Surface Analysis

The above series of bulk and microscopic analyses validate the formation of the NixCoyP phase
within a P,S,N-modified carbon network, thus confirming our initial hypothesis and ruling out
the phase segregation despite the discrepancy between the crystal structure of the monometallic
phosphides, i.e. Ni:P (hexagonal) and CoP (orthorhombic). We next sought to carefully
determine the detailed atomic arrangement of Ni, Co, and P in NixCoyP by performing atomic-
scale scanning transmission electron microscopy and energy dispersive X-ray spectroscopy
(STEM-EDX). Figure 4a-e shows the STEM-EDX elemental mapping and the corresponding
EDX line scan intensity profiles. Extended TEM, STEM and EDX results are shown in Figures
S6-S17, all confirming the overlap of Ni, Co and P signals, i.e. their coexistence in the same
atomic region. In particular, Figure 4a shows the uniform elemental distribution of Ni, Co and
P within the PANI-Ni:Co: material at the atomic scale, thus confirming the previous micro-
scale SEM-EDX analysis. The EDX line profile of carbon confirms the previous hypothesis
that the most exposed NixCoyP particles on the surface of the N,S,P-modified carbon network
are covered by a layer of carbon, which results from the decomposition of polyaniline during
the carbothermal reduction process of the metal precursors at 900 °C (N2, 6 h). For example, in
Figure 4a, we would expect to see a clear decrease in the carbon signal on the two NixCoyP
particles, reflecting the difference with the substrate. However, a constant evolution can be seen
here, indicating the presence of a carbon layer on the particles (nanoscale layer of carbon whose
thickness is difficult to measure precisely).

For monometallic PANI-Ni (Figure S18), the lattice spacing of d(hkl) = 0.196 nm
corresponds to 26 = 46.0°, which is closed to 47.3°, characteristic of Ni2P(210), as revealed by
the previous XRD study. This result was confirmed by DFT calculations for the surface energy
(Table S3), which is 1.55, 1.13, and 0.59 J m for the surfaces (111), (201), and (210),
respectively. In the case of the bimetallic material PANI-Ni1Co: (Figure S19), the determined
value of d(hkl) = 0.222 nm corresponds to 26 = 40.4°, which is closed to 40.9° for NiP(111).
For the monometallic PANI-Co (Figure S20), the determined value of d(hkl) = 0.279 nm
corresponds to 26 = 32.1°, close to 31.9° for CoP(011).

14



WAV R o Yy
TITTTTTTT |RLLLRRARE! [rorTT LARRN RRRRARRRR] *x!ﬁﬁ—rﬂ‘rﬂ—v—rlﬁmﬂ
50 100 150 200 0 300 600 900
Distance (nm) Distance (nm)

i ; 100 200 300 400 0 100 200 300
+ +Co+P 8 . .
mn  shellof oxygen ot Distance (nm) Distance (nm)

Figure 4. Electron microscopy study. a) STEM-EDX images of the material derived from
PANI-Ni1Co: and the corresponding elemental mappings. b-e) EDX line-scan intensity profiles
and inset images of the corresponding bright-field STEM images of the materials derived from:
b) PANI-Ni (Ni2P structure), c) PANI-Co (CoP structure), and d-e€) PANI-Ni1Co1 (Ni2-xCoxP

(0 <x <2) structure).

We then used X-ray photoelectron spectroscopy (XPS) to study the surface state and
electronic structure of representative materials, i.e., PANI-Ni, PANI-Ni:Co;, and PANI-Co.
Indexed (low resolution) XPS spectra are shown in Figure S21. Extended quantitative results
are shown in Figure S22. This overall analysis shows the presence of Ni, Co, P, C and O
elements on the surface of the processed materials (Figure S22), which is in agreement with the
SEM-EDX and STEM-EDX analyses. The presence of O is mainly due to air exposure. High-
resolution XPS spectra of carbon C 1s (Figure S22a) show the presence of different functional
groups C=C (284.6 eV), C-C (285.0 eV) and C-N/C-O/C-S (286.2 eV) derived from polyaniline
materials.[*®28] Similarly, the high resolution N 1s spectra (Figure 5a) are composed of
pyridinic-N (398 eV), graphitic-N (400 eV), oxidized-N (403 eV) and oxidized aromatic or 7-
T* (405, 406 eV).[1825] |n Figure S22c¢, the XPS spectra of S 2p can be decomposed into six
peaks. The peaks at 161.9 and 162.9 eV are assigned to S 2ps;2 and S 2pas2 of S%°, respectively.?]
Interestingly, these peaks are completely absent in the CoP spectrum, reflecting the weakness

of the Co and S interactions. The binding energies at 163.9 and 165.1 eV belong to the thiophene
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(C=C-S-C=C) S 2p3;2 and S 2p1p, respectively, while the peaks at 167.9 and 169.1 eV are
respectively attributed to surface oxidation of sulfur species upon exposure to ambient air.[*%
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Figure 5. XPS study. High-resolution XPS analysis of: a) N 1s and b) P 2p. Surface atomic
composition of: ¢) N-based species and d) P-based species. High-resolution XPS analysis of: e)

Ni 2p and f) Co 2p. Surface atomic composition of: g) Ni-based species and h) Co-based species.

The high-resolution XPS spectra of P 2p can be decomposed into four peaks (Figure 5b).
The two spin-orbit splits 2ps/2 and 2p1/2 appearing between 129.8-132.8 eV and between 130.7-
133.7 eV are assigned to the phosphide and oxidized P species, respectively. For N-based
species (Figure 5c), the surface atomic composition is 59-62% graphitic-N, 18-22% pyridinic-
N, 10-20% oxidized-N, and 7-11% oxidized aromatic or n-n*. For P-based species (Figure 5d),

the surface is mainly composed of oxidized phosphorus species, 26-27 at.% for PANI-Ni and
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PANI-Ni1Cos, and only 3 at.% is composed of non-oxidized CoP in the monometallic PANI-
Co. These results are in agreement with the previous atomic-scale analysis in Figure 5, which
already suggests oxygen enrichment of the surface, more pronounced for PANI-Co since cobalt
is more sensitive to oxidation than nickel when the materials are exposed to natural atmosphere.
We did not detect any bulk oxide materials by high-resolution XRD (Figure 1a). From the high-
resolution XPS spectra of Ni 2p for PANI-Ni and PANI-Ni1Co: (Figure 5e), two main peaks
with a binding energy of 853.2 and 856.6 eV were assigned to Ni-P and oxidized nickel species,
respectively. Satellite peaks with binding energies of 861.6 and 859.9 eV were identified.Y
The high-resolution Co 2p spectra for PANI-Co and PANI-Ni;Co; (Figure 5f) show that the
peaks at 778.4 and 781.6 eV belong to Co-P and to the oxidized cobalt species, respectively.
The peak located at 786.2 eV is a satellite peak.[*2 We note that, in Figure 5f, peaks at binding
energies above 795 eV correspond to the spin-orbit split 2p1/2 of cobalt species already observed
at 778.4, 781.6 and 786.2 eV for the spin-orbit split 2pz». The quantitative results of Figure 5g
for Ni 2p and Figure 5h for Co 2p suggest that the presence of Co species promotes the oxidation
of P within the phosphide structure. The inconsistency between XPS and ICP-OES or EDX
regarding the different atomic ratios is due to the relatively large size of the particles, as shown
by SEM and S/TEM observations, whilst XPS is limited to a few nanometers. In PANI-Ni;1Cox,
the slight negative shift of the binding energy of P 2ps» suggests that some P atoms can be
proton trapping sites, thereby promoting the electrocatalytic hydrogen evolution reaction (HER).
Furthermore, it was observed that only the Ni 2ps2 peak shifts to a lower binding energy. Thus,
the valence state of Ni in PANI-Ni1Co; is more positive than that in NizP, indicating that a
partial valence electron transfer occurs between Ni and its surrounding elements (Co, P). On
the other hand, the coexistence of Ni, Co and P suppresses the oxidation of P and/or Co,
indicating the strong interaction between Ni and Co or P that can protect the surface from

extensive oxidation. !

2.2. Electrochemical Properties and Electrocatalytic Performance

2.2.1. Electrochemical Characterization and Electrocatalytic Properties

To explore the electrochemical behavior of the synthesized NixCoyP phosphide materials, cyclic
voltammetry (CV) was carried out. Figure 6a depicts the CVs obtained in an alkaline electrolyte.
The CV of the PANI-Co material (CoP structure) showed a large redox peak between 1 and 1.3
V vs RHE (reversible hydrogen electrode) attributed to the formation of mixed oxidation states

involving the hydroxide species Co(OH). and the oxyhydroxide species CoOOH upon
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polarization, Equations (1-2).3* During the backwards, the cathodic peak is centered at EcoP®

= 1.10 V vs RHE for the inverse electrochemical reaction of Equation (2).
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Co(OH)2 + OH  — CoOOH + H20 + ¢~ (2)
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Figure 6. Electrochemistry in 1 M KOH (25 °C, iR-drop uncorrected). a) CVs at 100 mV s

in the absence (blank) and the presence of 5-HMF (0.1 M). b) Variation of the potential of the

main reduction peak from (a). ¢) Surface atomic composition (from the Rand and Woods

method). d) Scan rate dependent absolute value of the double-layer charging current (Al = lanodic

— lcathodic) at 0.38 V vs RHE for determining ECSA. e) ECSA as a function of the electrocatalyst

composition. f) LSV of HER at 5 mV s?, the current was normalized by ECSA from (e). g)
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LSV of HER at 5 mV s™%, the current is normalized by the geometric surface area (0.196 cm?).
h) Tafel plots of HER by the current density from LSV at 5 mV s™%. i) LSV in the absence
(blank, OER) and presence of 5-HMF (0.1 M) at 5mV s 1,

In contrast, the CV of the PANI-Ni material (Ni2P structure) shows well-defined redox
peaks between 1.2 and 1.5 V vs RHE. These peaks are attributed to the presence of nickel
hydroxide (Ni(OH)2) and its subsequent oxidation to nickel oxyhydroxide species (NiOOH)
according to Equations (3-4).[*° Similarly, during the backwards, the cathodic peak centered at
Eni®®® = 1.28 V vs RHE is assigned to the reduction of NiOOH into Ni(OH). (inverse

electrochemical reaction of Equation (4)).

Ni + 20H" — Ni(OH), + 2¢~ (3)
Ni(OH)2 + OH~ — NiOOH + H,0 + & (4)

For the bimetallic-based electrode materials, NixCoyP, the observed reduction peak for
all synthesized nanostructured materials corresponds to the reduction peak of the oxyhydroxide
species Ni1-xCoxOOH. It is sharper and broader than that of Ni2P due to the modification of the
surface structure by cobalt species. This observation confirms the results obtained by XRD. The
surface atomic composition of NixCoyP alloys was determined by the electrochemical method

proposed by Rand and Woods and described by Equations (5-6).%!

peak __ peak peak
ENiCo - XNiENi + XCOECO (5)
peak_Epeak
— — _NiCo Co
XNi + Xco = 1= ANi = Epeak Epeak (6)
Ni ~ “Co

Where yni and yco(yni = 1-yco) are the Ni and Co surface atomic fractions EniP®3, Eco”® and
Enico™® are the oxide reduction peak potentials for Ni, Co and NiCo, respectively.

Since the observed reduction peak corresponds to the reduction of Ni;-xCoxOOH species
formed on the catalyst surface during anodic scan, the potential of the reduction peak reflects
the composition of the catalyst surface and can therefore be used to determine the composition
of the surface alloy present in NixCoyP, as proposed by Rand and Woods.®! In Figure 6a, the
alloyed phosphide materials have a reduction peak shifted away from the monometallic at 1.25,
1.21 and 1.19 V vs RHE for PANI-Ni2Co1, PANI-Ni1Co1, PANI-Ni1Coo, respectively (at 1.28
and 1.10 for PANI-Ni and PANI-Co, respectively). Figure 6b highlights the validation of the
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Rand and Woods model described by Equations (5).1%¢] Since the cathodic peak associated with
the CoOOH/Co(OH). redox couple is broad with an estimated position of EcoPeaModeld) = 1 10
V vs RHE, the fit of Figure 6b leads to a value of EcoP®Model2) = 1 15 v vs RHE for
CoOOH/Co(OH). These two values were used in Equation (6) to derive the surface atomic
compositions shown in Figure 6¢. The first model gives low values of the atomic surface
composition with respect to the theoretical composition (confirmed by ICP-OES elemental
analysis), which could be explained by surface nickel enrichment during voltammetric cycles,
a phenomenon well known in electrochemistry.7 The second model gives values of the atomic
surface composition close to the theoretical values, suggesting preservation of the
microstructure, which is more likely given the uncertainty in the precise determination of Eco®
by CV.

Since the redox peaks associated with cobalt species are not well defined, we next
estimated the electrochemically active surface area (ECSA) by the double layer charging
current method from CVs in the non-faradaic region (0.330-0.427 V vs RHE) at different scan
rates (100-20 mV s1). The CVs profiles are reported in Figure S23, while the electrochemical
double-layer capacitance (Cai) from the slope of the scan rate dependent absolute value of the
double-layer charging current (Al = lanodic — lcathodic) at 0.38 V vs RHE is shown in Figure 6d.
The determined Cq values are 2375 + 48, 6026 + 8, 5118 £ 29, 3995 + 12, and 1235+ 6 uF for
PANI-Ni, PANI-Ni2Co1, PANI-Ni;1Co1, PANI-NiiCoz, and PANI-Co, respectively. Using the
average specific capacitance, Cs of 2x35 uF cm2 (although there is no standard value for the
specific capacitance, which can vary from 11 to 130 pF cm?),8 the ECSA (= Cal/Cs) varied
from 34 for PANI-Ni (18 for PANI-Co) to 57-86 cm? for the bimetallic materials (Figure 5e),
highlighting a 2-3-fold increase in the potential surface area accessible to electrocatalysis. The
trend in ECSA is similar for the previous BET surface area (Figure 1d). It is worth mentioning
that ECSA using the capacitive double-layer method refers to the surface area accessible to the
electrolyte solution, unlike BET surface area, which represents the surface area of all materials
available for physical adsorption of N. gas. Likewise, in contrast to some widespread
misconceptions, the number of ECSA-derived active sites determined in the non-faradaic
region is likely to differ from the sites that will be engaged during the faradaic reactions, since
the adsorption sites of the reactions/intermediates may be different.

Next, we aimed to evaluate the electrocatalytic performance of the synthesized materials
for hydrogen generation by using the synthesized phosphide NixCoyP as bifunctional electrode
materials for both HER and 5-HMF oxidation (as an alternative to OER[1¢1314) In the presence

of 5-HMF, the oxidative peaks of Ni(OH). disappeared reflecting the activity of the synthesized
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materials for 5-HMF electrooxidation (Figure 6a), which is in agreement with other previous
works.B3% The electrocatalytic activity of NixCoyP electrodes for HER is reported in: (i) Figure
6f when the current from the linear sweep voltammetry (LSV) is normalized by ECSA from
Figure 6e, and (ii) Figure 6g when the LSV current is normalized by the geometric surface area.
The comparison of the HER performance of the prepared electrocatalysts with previously
reported phosphide-based electrocatalysts is reported in Table S4. Figure 6f shows that the
bimetallic electrocatalysts have a much higher activity per active site, which is consistent with
the previous physicochemical and electrochemical characterization. The overpotential required
to reach the metric current density of [j| = 10 mA cm=2 is 322, 317, 336, 299 and 411 mV, for
PANI-Ni, PANI-Ni>Co1, PANI-Ni1Co1, PANI-Ni;Coz, and PANI-Co, respectively. The same
trend was also obtained even after chronopotentiometry test at j = —10 mA cm 2 (Figure S24).
Mechanistically, HER can occur via three elementary steps as mentioned below (Equations (7-
9) with the corresponding Tafel slope (b), where Hags represents the H atom adsorbed on the

active site “*” (a: symmetry coefficient, F: Faraday constant, R: ideal gas constant, T: absolute

temperature).
H20 + * + & — *-Hags + OH", Volmer step, (b = ZZ# =118 mV dec ! at 25 °C) (7)
*-Hags + *-Haas — Ha + 2%, Tafel step, (b =>-=29mV decat25°C) (8)
*-Hags + € + H20 — H2 + OH™ + *, Heyrovsky step, (b= (ifz; =39 mV dec?) (9)

From Figure 6h, the HER Tafel slope values indicate that the VVolmer reaction is the
limiting step, that is, the dehydrogenating adsorption of water molecules on the electrocatalytic
surface.[*?l Indeed, experimentally observed Tafel slopes of 80-130 mV dec* correspond to a
symmetry coefficient of o = 0.72-0.45 in Equation (7), suggesting that there are mass transfer
issues that merge with the electrons transfer kinetics of the Volmer step.l*!] The coexistence of
Ni, Co and P in the same material allows to maximize the three fundamental effects, namely,
the deformation (long-range geometric lattice deformation), synergistic (multiple metals), and
ligand (short-range electronic charge transfer effect).[?3! The enhanced catalytic activity of the
synthesized electrode materials towards HER can also be explained by the formation of bipolar
M?¥*-P%~ (M = Ni, Co), where the proton acceptor ability is promoted, which favors the water
dissociation. Finally, the presence of both Ni and Co leads to a synergistic effect where protons
are known to bind strongly to the Ni surface while they bind weakly to Co, leading to an

antagonistic behavior towards H adsorption/desorption, which is favorable to enhance HER.[4?
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In fact, experimental data show that the key step is the Volmer reaction (H20 + * + € — *-Hags
+ OH", where “*” is the active site and Hags IS the H atom adsorbed on the active site) on the
NixCoyP electrocatalyst. Therefore, it is hypothesized that when a molecule of H>O approaches
the NixCoyP electrocatalytic surface, electron density transfer from partially and positively
charged M®" metal centers (M = Ni and Co) to partially and negatively charged phosphorus
atoms (P%), as well as pendant phosphorus and oxygen atoms, contributes to the weakening of
the H-OH bond.[2a42¢42d1 This hypothesis concurs with the XRD, XPS and CV analyses
mentioned above, which showed, for NixCoyP, distortion of lattice parameters, variation in
metal-phosphorus atomic distance, shifting of binding energies and displacement of the oxides
reduction peak. Thus, upon cleavage of these H-OH bonds, the hydroxyl species are
preferentially adsorbed onto Ni-based active sites, while the proton species are transferred to
adjacent cobalt and phosphorus active sites. Consequently, Ni- and Co-based active sites are
involved in both Volmer (Equation (7)) and Heyrovsky (Equation (9)) steps, while Co- and P-
based active sites are involved in Tafel steps (Equation (8)). It is known that this key role of Co
helps to stabilize the neighboring active sites of other metals such as Ni, Mo, etc.[*¥! Finally,
the overall electrocatalytic performance of the synthesized phosphide-based bimetallic
electrocatalyst, NixCoyP, is determined by the delicate balance of electrocatalytic activity of the
two metal species, i.e. desorption of hydroxyls from Ni-based active sites and desorption of
Hads from Co-based active sites.

To investigate the electrocatalytic activity of the synthesized electrode materials for the
5-HMF electrooxidation, the electrocatalytic OER activity in the absence of 5-HMF was also
studied to account for the postulated reduction in the anode overpotential of an electrolysis cell
for Hz production when OER is replaced by the electrooxidation of 5-HMF.[# Figure 6i
shows the polarization curves recorded on different NixCoyP electrode materials, which confirm
a decrease of around 0.23 V in the anode potential, hence a significant lowering of the cell
voltage of a potential Ho-production electrolyzer since Ucen = E(+) — E() = E(anode) — E(cathode)-
Tables S5 (OER) and S6 (5-HMF) summarize the comparison with the literature. The presence
of 5-HMF increases the current density in the potential range of 1.2-1.4 VV vs RHE. For the
bimetallic electrocatalysts, the onset potential for 5-HMF electrooxidation is significantly
shifted to lower potentials as well as the potential required to achieve a current density of 10-
50 mA cm2. These observations clearly show that the design of a bimetallic phosphide material
NixCoyP plays a crucial role in improving the electrocatalytic activity. Previous DFT studies
through the density of state (DOS) indicate that the d-band for Co-Ni-P is closer to the Fermi

level, which suggests a better performance and a lower intermediate adsorption energy.[**]

22



2.2.2. Bulk Electrolysis

We next interrogated the selective conversion of HMF to FDCA under constant potential,
choosing 1.42 V vs RHE based on the previous dynamic studies by CV (Figure 6a) and LSV
(Figure 6i). High performance liquid chromatography (HPLC) analysis was performed on the
course of electrolysis. To find the best conditions for HPLC analysis, we first recorded the UV-
visible spectra of 5-HMF and the electrooxidation reaction by-products (based on Scheme 1) in
the full range from 200 to 800 nm (Figure S25), leveraging on the seminal procedure developed
by Kokoh and his colleagues for the selective electrooxidation of 2,5-dihydroxymethylfuran in
alkaline media.*®! We have observed that the appropriate choice of wavelength when
quantifying the 5-HMF reaction and its oxidation products by HPLC with UV-vis detection is
A =265 nm. We note that A = 265 nm coincides with the maximum absorption wavelength of
FDCA.[*l FDCA production, total charge and faradaic efficiency of 5-HMF electrolysis are
shown in Figure 7a-d. It is evident that the concentration of 5-HMF decreases along the
electrolysis process while the concentration of FDCA product increases. The highest total
charge and FDCA concentration were obtained with PANI-Ni;Co;. The continuous increase in
FDCA concentration throughout the electrolysis for PANI-Ni,Co; and PANI-Ni;Co; materials
(Figure 7c) confirms their high electrocatalytic activity, in agreement with previous CV studies.
The persistence of FDCA production throughout the experiment suggests that these catalysts
effectively maintain accessible active sites for the adsorption and conversion of 5-HMF,
demonstrating efficient catalytic stability and activity (Figure 7a). HPLC chromatograms
confirm the production of the intermediate HMFCA and FDCA (Figure 7b). In particular,
PANI-Ni1Co: and PANI-Ni>Co: produced higher FDCA peaks, reflecting the higher current
densities and electrical charges observed above. This suggests a higher catalytic turnover for
these bimetallic systems. In contrast, PANI-Ni and PANI-CoP showed a reduced FDCA peak
intensity, indicating lower conversion, probably due to suboptimal adsorption of 5-HMF and
slower oxidation kinetics. It should be noted that 2,5-furandicarbaldehyde (FDA) was not
observed in the overall reaction, probably because the oxidation of the aldehyde group was
more favorable than that of the HMF alcohol group in our system or because of the low chemical

stability of an aldehyde group undergoing the Cannizzaro reaction in alkaline media.[47248l
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Figure 7. Bulk electrolysis (electrolyte: KOH (1 M); substrate: 5-HMF (0.1 M); temperature:
25 °C; working electrode: GDE (20 mm high, 25 mm width, 370 um thickness)). (a) Current
and electrical charge during the electrolysis. (b) Chromatograms from HPLC (Eluent: 0.6 mL
mint of H2SO4 (pH 2.19, 900 mL) + MeOH (50 mL) + MeCN (50 mL); injection: 20 pL;
column: Atlantis dC18 Column, 5 um, 4.6x150 mm (20 °C)) of the standards and electrolysis
products (diluted 500 times before analysis). (c) Concentration of FDCA product during the
electrolysis. (d) Faradaic efficiency for HMF-to-FDCA electroconversion.

The trends observed in the faradic efficiency during the bulk electrolysis of 5-HMF in
FDCA (Figure 7d) highlight significant differences between the catalysts, particularly related
to the presence and the content of nickel. PANI-Ni, PANI-Ni>Co; and PANI-Ni1Co1 maintained
high and stable faradic efficiencies (>99%) throughout the electrolysis process, while PANI-
Ni1Co. and PANI-Co showed a significant decrease in FDCA faradic efficiency over time.
These results reflect the high selectivity of bimetallic electrodes when the nickel content is at
least 50 at.%, with PANI-Ni2Co; and PANI-Ni1Co: providing efficient electron transfer for 5-
HMF oxidation, leading to high productivity (high current density (Figure 7a) and higher FDCA
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concentration (Figure 7c)) and faradic efficiency (Figure 7d). On the other hand, decreasing
yields were observed in the cases of PANI-Ni1Co; and PANI-Co, where the Co content is higher
than that of Ni. This suggests that the selectivity of CoP towards FDCA formation is lower than
that of Ni2P. This allows us to postulate that an excess of cobalt may not support the oxidation
pathway as effectively, presumably because of less favorable interactions with the reactants or
facilitation of side reactions that consume electrons without producing FDCA. The specific
Ni/Co ratio therefore appears to be critical, as the right balance can significantly influence the
electrocatalytic process by maintaining an environment conducive to efficient electron
utilization and catalytic stability. For example, monometallic PANI-Ni leads to the highest
faradaic efficiency, but the current density is significantly low when considering the LSV
(Figure 6i) and chronoamperometry (Figure 7a) results. In conclusion, the best compromise in

terms of current density and faradaic efficiency is Ni2.xCoxP when 0.5 <x <1.

2.2.3. Spectroelectrochemistry

To better understand the mechanism of 5-HMF electrooxidation, in situ infrared spectroscopy
is performed during dynamic voltammetry (CV) and potentiostatic (chronoamperometry) tests,
known as spectroelectrochemistry. Figure S26 shows the reference FTIR spectra of 5-HMF and
FDCA, and the corresponding infrared specific bands are listed in Table S7. Figure 8a-d and
Figure S27-S29 show single-potential infrared alteration spectra (SPAIRS or CV-FTIRS)
recorded during 5-HMF electrooxidation for synthesized electrode materials by recording the
electrode reflectivity at different potentials (step = 0.05 V) at the quasi-steady state scan rate of
1 mV s L. The CA-FTIRS coupling by recording a spectrum every At = 3 min with the electrode
potential poised at 1.42 V vs RHE is shown in Figure 8e-f and Figures S30-S33. We selected a
value of 1.42 V vs RHE for comparison with previous studies using electrolysis and HPLC.
Oxidation of 5-HMF results in the appearance of three bands in the 1100-1600 cm™ region,
regardless of the method, so the reaction products are the same. We note that the same bands
are observed during the forward scan (Figure 8a) and the reverse scan (Figure 8b), meaning that
the nature of the reaction products is similar during the CV in Figure 8c, which has been
previously reported for glucose electrooxidation.”*¥ Specifically, the bands at about 1400 and
1600 cm™* are assigned to (O-C-0) asymmetric stretching and to (O-C-O) symmetric stretching,
respectively, resulting from the formation of FDCA. The band observed at about 1200 cm is
characteristic of the C-C bond, which is considered unbroken during the electro-oxidation of 5-
HMF.[110:440501 Apother important result is that the bands of FDCA formation appeared at

different potentials depending on the electrode materials. They appear at 1.47 V vs RHE on
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monometallic electrocatalysts and at about 1.02 V vs RHE on bimetallic materials. These results
can explain the slow kinetics of 5-HMF electrooxidation on Ni2P and CoP electrode materials
and thus their low faradic efficiency. So far, it is clear that the main reaction product is FDCA,
as evidenced by HPLC analysis. The upward bands at 1900 and 2600 cm™ can be assigned to
the carbonyl and hydroxyl consumption, characteristic of 5-HMF electrooxidation. Furthermore,
the in-situ FTIRS study coupled with chronoamperometry at 1.42 VV vs RHE shows that the
intensity of the bands characteristic of the FDCA product increases during the course of the
reaction, which is consistent with the increase in concentration during bulk electrolysis and

HPLC studies at the same electrode potential.
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Figure 8. Spectroelectrochemistry in KOH (1 M) + 5-HMF (0.1 M). (a-c) SPAIRS (reference
potential = OCP = 0.52 vs RHE) on PANI-Ni;Cos at a quasi-steady state scan rate of 1 mV s,
spectra recorded every AE = 50 mV for: (a) Positive (forward) scan, (b) Negative (backward)
scan, and (c) Corresponding CV (iR-drop uncorrected). (d) Compared SPAIRS results at 1.42
V vs RHE during the forward-going scan. (e) In situ FTIR spectra during CA at 1.42 V vs RHE
on PANI-Ni;Cos. (f) Compared spectra at t =9 min at a poised CA potential of 1.42 V vs RHE.
Temperature: 22 £ 2 °C

2.3. Computational Study
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To elucidate the reaction mechanisms involved in the deprotonation of 5-HMF on the Ni2P-
based catalytic surface, DFT calculations were performed. Figure 9 illustrates several potential
intermediates along deprotonation pathways A and B (see Scheme 1). Initially, the gas-phase
5-HMF molecule (Figure 9a) undergoes exothermic molecular adsorption (Figure 9b). Surface
interactions involving both the aldehyde and alcohol groups (configuration H1) or solely the
aldehyde group (configuration H2) exhibit competitive computed adsorption energies of -1.02
and -1.00 eV, respectively. DFT optimizations of various structures resulting from the initial
protonation of adsorbed 5-HMF (see Figure 9c) indicate the superior stability of intermediates
derived from pathway B (B1 and B2). These two intermediates (+0.00 eV and +0.03 eV) are
equivalent and arise from the O-H bond breaking in the aldehyde group. Importantly, the
calculated intermediate resulting from deprotonation of the C-H bond in the aldehyde group is
predicted to be highly endothermic (B3 = +0.6 eV). Similarly, intermediates resulting from
pathway A, where the initial deprotonation may occur subsequent to the breaking of the C-H
bond in the alcohol group (Al and A2), are found to be less favorable by +0.2 and +0.1 eV,
respectively. These DFT results align with experimental observations, and further
investigations into transition states and the influence of applied potential will be pursued in
future studies. Indeed, it is well known that the reaction pathway depends strongly on the pH
of the medium. Under strong alkaline media (pH > 13) path B is favored over path A. However,
ex situ techniques (HPLC) cannot absolutely determine the mechanism pathway of the reaction.
Even if only FDCA and HMFCA are detected by HPLC, their presence of the first pathway B’s
product FDA cannot be completely excluded given it possible decomposition in alkaline media
by Cannizzaro’s reaction.[*7248] Conclusively, the oxidation of 5-HMF to FDCA involves the

oxidation of both alcohol and aldehyde functional groups.
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First deprotonation of adsorbed 5-HMF: calculated intermedates B3= +0.60 eV
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Figure 9. DFT calculations of the adsorption of the 5-HMF (5-Hydroxymethylfurfural)
molecule on a Ni2P (111) surface and subsequent deprotonated intermediates. a) Molecule of
5-HMF. b) Molecular adsorption of 5-HMF without deprotonation. c) In purple, deprotonated
intermediates (Al and A2) resulted from the pathway-A: deprotonation via C—H breaking of
alcohol group. In green, deprotonated intermediates resulted from pathway B: via O-H breaking
(B1, B2) and via C-H breaking (B3) of aldehyde group. The energy reference is calculated with

respect to the most stable total energy intermediate (B2) in eV.

2.4. Long-Term Electrolysis and HMF Electrooxidation Pathways

We also designed a specific bulk electrolysis setup to study the behavior of the anode (Ea) and
cathode (Ec) potentials during a galvanostatic operation to find the limiting electrode by
inserting a tiny reference electrode (RHE, MiniHydroFlex®, Bio-Logic) in each compartment.
Figure 10a (the detailed experimental setup is shown in Figure S36) shows the developed
temperature-controlled H-type cell using a Sustainion® X37-50 Grade RT membrane as the
hydroxide AEM separating the anode compartment [KOH (1 M) + 5-HMF (0.1 M)] from the
cathode compartment [KOH (1 M)]. Note that the orange color is characteristic of an aqueous
5-HMF solution. We started applying the current between the anode and the cathode 2 minutes
after the start of the OCP measurement (see Figure S36) to verify that the measurement of EC
is correct. Figure 10b shows the Ea and Ec profiles for an applied current of lappiies = 20 mA
[catalytic ink loaded onto both sides of GDE (10 mm high, 10 mm width, 370 um thickness)]
to avoid complete and rapid oxidation of 5-HMF. The results for the first hour are shown in
Figure S37. Here, the 13.36 hours tested are shorter than the 36 hours required for complete
conversion of HMF to FDCA, assuming 100% faradic efficiency for the 6 electrons transferred,

Equation (10). Despite these considerations, the significant increase in the anode potential after
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4 h of electrolysis, from about 1.2 V vs RHE at the beginning to 1.6 V vs RHE at the end, is
due to the consumption of 5-HMF in the vicinity of the electrode, as well as a possible
accumulation of reaction products and the availability of active sites. In fact, as discussed below,
for the most likely mechanism of indirect 5-HMF oxidation, the applied current at the anode is
used to electrooxidize the metal and hydroxyl species to oxyhydroxide species, whose reduction
back to hydroxyl species releases electrons to oxidize 5-HMF.[44¢51 For the cathode, the
potential does not change significantly. Note that both electrode potentials fall within the range
of the half-cell study (Figure 6a and 6g). Detailed post-mortem SEM and EDX analyses of the
anode and cathode electrodes are shown in Figure 10c for the anode and Figure 10b for the
cathode (high-resolution backscattered SEM and EDX quantification are shown in Figures S38-
S39). Overall, with the Ni/Co atomic ratios being 0.9 + 0.1 for the cathode ((Ni+Co)/P atomic
ratio 3.3 £ 0.7) and 0.9 = 0.2 for the anode ((Ni+Co)/P atomic ratio 3.0 £ 0.4), there is a light
decrease of P content (the studied material was PANI-Ni1Co (initial atomic ratios of Ni/Co =
0.9+ 0.2 and (Ni+Co)/P =2.2 £ 0. 3).
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Figure 10. Long-term stability test and post-mortem analysis. (a) Photograph of the homemade
temperature-controlled and compartmentalized H-type cell [temperature of 25 °C, Sustainion®
X37-50 Grade RT hydroxide AEM separated the anode compartment (KOH (1 M) + 5-HMF
(0.1 M), 45 mL) to that of the cathode compartment [KOH (1 M), 35 mL]; each compartment
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has a reference electrode (RHE, MiniHydroFlex®). b) Potentials of the anode and the cathode
recorded during the galvanostatic operation at an applied current lappiies Of 20 mMA
(corresponding to a current density jappiied Of 10 MA cm™2). (a) Potential-time trace of the cathode
(HER). (b) Potential-time trace of the anode (5-HMF electrooxidation). Post-mortem
backscattered SEM images and the corresponding EDX mapping for the electrodes after
prolonged electrolysis (panel (b)): ¢) Anode, and d) Cathode. The tested electrocatalyst was
Ni1Co1P. Scale bar = 10 um.

Finally, based on the HPLC and spectroelectrochemical analysis, it is possible to
propose a scheme of the reaction mechanism of 5-HMF electrooxidation on the synthesized
NixCoyP electrode materials (Scheme 3). It is known that in alkaline medium and in the presence
of electrocatalyst, 5-HMF electrooxidation can occur via direct oxidation or indirect oxidation
mechanism, with 6-electron transfer leading to the formation of FDCA.[26116:126:440.501 pyyring
the in direct oxidation, the applied potential is used to directly drive the electrooxidation of 5-
HMF, while the valence state of the metal catalyst remains unchanged at the end of the reaction.
A multi-step dehydrogenation via adsorbed hydroxyl species occurs, with the first pathway
being the oxidation of an aldehyde group (Scheme 1), since the C-H bond cleavage would
require a much higher energy barrier.[*>61 The second mechanism is the indirect oxidation of
5-HMF. In this mechanism, the applied potential leads to a change in the valence state of the
electrocatalyst, which acts as a redox mediator to drive the oxidation of 5-HMF. In our case,
whilst indirect oxidation (Scheme 3, left-side) is more straightforward, we suggest that both
direct and indirect oxidation could occur since the CV and XPS show the tendency of Ni to
change the valence state as a function of the applied potential or chemical environment. Thus,
the HMF oxidation on Ni>xCoxP (0 < x < 2) electrode materials is also driven by the Ni1-
«Cox(OH)2/Ni1-«CoxOOH redox center,[*4251c1 and the presence of P in pristine phosphide
materials enables regulating their electron transfer capacity. For the first time, with two
different configurations of spectroelectrochemical studies using cyclic voltammetry and FTIRS
chronoamperometry, the involvement of hydroxyl metal species (NiixCox(OH)2) is clearly
demonstrated, since 5-HMF electrooxidation starts only when these Ni1-xCox(OH). species are
formed (E > 1V vs. RHE). Furthermore, the overall proton-coupled electron transfer (PCET)
reaction is expressed by Equation (10). We postulate that upon the first PCET step of
dehydrogenation of 5-HMF molecules, Ni-based active sites are likely to be occupied by
organic adducts, while proton species are transferred to neighboring cobalt and phosphorus

active sites (as in the case of HER). Thus, modulation of the electronic properties of nickel by
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neighboring cobalt and phosphorus improves the stability of Ni-based active sites against

poisoning by organic intermediates, as shown in Figure 7a.

HMF + 80H™ — FDCA [carboxylate form] + 6H.0 + 6e- (10)

Indirect oxidation Direct oxidation

Ni,Co, P(OH), Ni,Co,P(OH);
<\ / /\Q/\ or Ni,Co,PO0 °
e
Cc
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0
Ni,C d
xCo,POOH o

Scheme 3. Direct (right side) and indirect (left-side) electrooxidation mechanism pathways of
5-HMF into FDCA [carboxylate form] in alkaline media at the developed NixCoyP-based

electrode materials.

3. Conclusion

In summary, this work has proposed a novel sacrificial synthesis strategy for the controlled ex
situ phosphidation-free development of free-standing NixCoyP (as electrocatalytically active
species) on nanostructured N,S,P-modified carbon networks (as support for electronic
conduction and metal charge reduction) and illustrated the important role of microstructure
refinement for the enhancement of physical and electrocatalytic properties. The synthesized
nanostructured electrocatalysts were used as bifunctional electrode materials for the hydrogen
evolution reaction (HER) and electrocatalytic conversion of organic biomass (5-HMF) to value-
added 2,5-furandicarboxylic acid (FDCA). Extensive physicochemical (XRD, BET, SEM,
STEM, EDX, Raman spectroscopy, XPS) and electrochemical characterization (CV, LSV),
demonstrated that, despite the structural divergence of monometallic phosphides (Ni2P
(hexagonal), CoP (orthorhombic)), a single Ni>-xCoxP hexagonal phase (0 < x < 2) is obtained
for bimetallic phosphide materials, ruling out the hypothesis of segregated phases during
carbothermal reduction (900 °C, N2, 6 h). The coexistence of Ni, Co and P within the same
crystalline structure in different atomic proportions leads to tunable geometric, electronic and
electrocatalytic properties. To further investigate the electrooxidation mechanism of 5-HMF,
we performed spectroelectrochemistry, chromatography (HPLC) and density functional theory
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(DFT) studies, which confirm the selective electrooxidation of 5-HMF into FDCA. In particular,
bulk electrolysis results show the ability to produce FDCA with a faradaic efficiency close to
100% for Ni>xCoxP when 0.5 < x < 1, which is the best compromise in terms of current density
and selectivity. According to XPS, the presence of P as negative sites (P*) can modify the
electronic properties of Ni as positive sites (Ni®"), while cobalt improves the chemical stability
of nickel. These properties facilitate the dissociation of water during HER (where the VVolmer
step is the limiting reaction) and promote the formation of FDCA upon activation of the
hydroxyl group of 5-HMF before the conversion of the two aldehyde functions to carboxylates.
Further theoretical investigations on the effect of Co doping on the interaction with 5-HMF are
currently underway, and detailed results will be presented in a future publication. Overall, this
work presents an effective strategy for the simultaneous synthesis of an active electrocatalyst
and its N,S,P-modified carbon support, and opens new avenues for the development of electrode

materials for biomass electro-valorization.

4. Experimental Methods

Materials and Chemicals. ANI (100%, Alfa Aesar), HsPO4 (85%, VWR), APS [(NH4)2S20s,
98%, Merck], NiCl2-6H20 (98%, Merck), CoCl.-6H20 (98%, Sigma Aldrich), KOH [99.98%
(trace metal basis), Acros Organics], iPrOH (99.5%, Sigma Aldrich), Fumion FAA-3-SOLUT-
10 (FuUMA-Tech, Fuel Cell Store), alumina (Al.O3, ESCIL France), 5-(Hydroxymethyl)furfural
(5-HMF, >99%, FG, Sigma-Aldrich), 2,5 furandicarboxylic acid (FDCA, 98%, Alfa Aesar), 2-
formyl-5-furancarboxylic acid (FFCA, Sigma-Aldrich), 5-Hydroxymethyl-2-furancarboxylic
acid (HFCA or HMFCA, >95%, Sigma-Aldrich), 2,5-Furandicarboxaldehyde (FDA or DFF,
97%, Sigma-Aldrich), acetonitrile (MeCN, 100%, Hoveywell) and methanol (MeOH, 100%,
VWR) were used as received. Sustainion® X37-50 Grade RT (Fuel Cell Store) as hydroxide
AEM was activated in 1 M KOH for 24 h prior to use. GDE (AvCarb MGL370, 370 um
thickness, Fuel Cell Store) was washed with iPrOH under medium shaking (orbital shaker
RSLAB-7PRO, RS Lab) and dried in an oven (50 °C, 1 h) prior to use. Ultrapure Ar (grade 5.0,
Air Liquide France) was used. A Milli-Q Millipore source produced ultrapure (18.2 MQ cm at
20 °C).

Synthesis of Self-Supported Electrocatalysts. We have modified our early method of oxidative
polymerization to target 5 compositions of NixCoyP (x:y = 1:0, 2:1, 1:1, 1:2, 0:1).5%3 A solution
S1 (100 mL) was prepared by dissolving suitable amounts of NiClz-6H20 and CoCl2-6H20 (see
details in Table S1) in H3PO4 (0.5 M) that contains ANI (0.4 M), and transferred in a glass
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reactor (5 °C). Then, a second solution S2 (110 mL) was prepared by dissolving APS (0.5 M)
in H3PO4 (0.5 M). Subsequently, S2 (100 mL) was added to S1 at 5 mL min! by a two-way
syringe pump (KD Scientific). After 14 h under stirring, the solvent was removed using a rotary
evaporator before drying the raw materials in an oven at 80 °C (overnight). Finally, these
materials were calcined (N2, 900 °C, 6 h) to yield the electrocatalysts. Temperature and duration

were based on our previous study for PANI-based materials monometallic materials.[*8"

Physicochemical Characterization. PAnalytical Xpert-Pro diffractometer (40 kV, 40 mA, Cukq
= 1.5406 A) was used for XRD. N2 adsorption-desorption measurements were conducted on
Micromeritics ASAP 2020 instruments. A FEG JEOL 2200FS microscope (200 kV) was used
for SITEM-EDX. Hitachi S-4800 FEG microscope was used for SEM together with ZEISS
EVOHD 15 microscope for EDX. Elementar vario MICRO cube was used for CHNS-O
analysis and Agilent 5110 VDV spectrometer was used for Ni, Co and P analysis (ICP-OES).
Raman spectroscopy was performed on a HORIBA Jobin Yvon LabRam HR8000UV Raman
spectrometer (A = 659.55 nm, LabSpec6 software) and the data were analyzed using pseudo-
Voigt functions. XPS was conducted on a Kratos Axis Ultra DLD spectrometer (150 W, Alkq
=1486.6 eV). Spectra [survey (1 eV per step, transition energy of 160 eV), high-resolution (0.1
eV per step, transition energy of 20 eV)] were calibrated using the C=C component C 1s at
284.6 eV. The Peaks fitting and the quantification (CASA XPS software) were carried out from
the peak area after subtraction of background noise (Shirley) and correction with suitable

sensitivity factors (Wagner).

Electrochemical Characterization. The experiments were performed in a conventional three-
electrode setup using an AUTOLAB PGSTAT128N potentiostat (Metrohm) equipped with a
linear SCAN250. A plate of glassy carbon (12.4 cm?) and a mercury-mercury oxide electrode
(MOE, Hg|HgO|KOH 1 M) were used as counter electrode and reference electrode, respectively.
The potentials were scaled versus RHE through E(V vs RHE) = E(V vs MOE) + AE, where AE
=0.928 V (Figure S33). The working electrode consisted of a rotating disk electrode (RDE) tip
of 5 mm (glassy carbon, 0.196 cm?) polished with alumina slurries (1, 0.3 and 0.05 pm)
followed by washing with ultrapure water (sonication in a water bath, 5 min). The catalytic ink
was prepared by: (i) sonication (ice bath, 15 min) of iPrOH (400 pL) + H2O (400 pL) + catalyst
(11 mg), (ii) sonication (ice bath, 10 min) of the previous mixture plus Fumion (11 mg). Then,
an aliquot of 4 pL was dropped onto the RDE (0.28 mg cm 2, Ni+Co content represents 43-54

wt% depending on the composition (Table 1), and therefore a metallic charge of 0.12-0.15
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mgni+co CM~2) mounted on an inverted rotator shaft. Then, the rotator’ speed was increased from
0 to 400 rpm for solvent evaporation (5-10 min) and obtaining a homogeneous thin-film of the
catalytic layer. ECSA was estimated by the double-layer region method by plotting the absolute
value of the double-layer charging current from CV (0.330-0.427 V vs RHE) for different scan
rates (100-20 mV s 1) and using the average specific capacitance of 35 uF cm 2 (although there

is no standard value for the specific capacitance, which can vary from 11 to 130 pF cm2).1%8

Spectroelectrochemistry. In situ FTIRS studies were performed with a home-made three-
electrode electrochemical cell [u-AUTOLAB type Il potentiostat (Metrohm) and Bruker
Vertex 80v spectrometer] in: (i) CV-FTIRS coupling [single potential alteration infrared spectra
(SPAIRS)] by recording the reflectivity Rei of the electrode at different potentials Ei (step =
0.05 V) at 1 mV s, (ii) CA-FTIRS coupling by recording a spectrum every At = 3 min when
the electrode is poised at 1.42 V vs RHE. As the working electrode, 6 uL of the above catalytic
ink was deposited onto a glassy carbon (7 mm diameter), which was pressed against a CaF»
window to obtain a thin layer of the outgassed solution [KOH (1 M) + 5-HMF (0.1 M)]. The
estimated loading is 0.21 mg cm™2 (Ni+Co content represents 43-54 wt% depending on the
composition (Table 1), and therefore a metallic charge of 0.09-0.11 mgni+co cm™2). The counter
electrode was a large-area glassy carbon (>2 cm?), and Hg|HgO|KOH 1 M was the reference

electrode.

Electrolysis. Bulk electrolysis was made in a temperature-controlled and compartmentalized H-
type cell. The working electrode was GDE (20 mm high, 25 mm width, 370 um thickness) with
enough space on the top for electrical wiring. The catalytic ink was prepared as above using
iPrOH (400 pL), H20 (400 pL), catalyst (50 mg), Fumion (40 mg), and drop-casting 101 pL
onto each side (metal loading of 0.54-0.68 mgni+co M 2). A large-area glassy carbon plate (>20
cm?) served as the counter electrode. The activated hydroxide AEM (see above) separated the
working electrode compartment [anolyte: KOH (1 M) + 5-HMF (0.1 M), 35 mL] to that of the
counter electrode compartment [catholyte: KOH (1 M), 35 mL]. The reference electrode
(HgHgO|KOH 1 M) was in the working electrode compartment. A SP-150 potentiostat
(Biologic Science Instruments, France) was used. The bulk electrolysis was performed at an
applied potential of Eappi = 1.42 V vs RHE (iR-drop uncorrected) for 2 h. A volume of 500 pL
was sampled from the working electrolyte every 30 min for HPLC analysis (see below). The
HMF-to-FDCA faradaic efficiency (FErpca(%)) was determined by Equation (11).
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6XCrpca[mol L™ |xV[L]xF[96485 C mol™!] v
Qox[C]

Where F is the Faradaic constant, Crpca is the concentration of FDCA, V is the volume of the

FErpca (%) = 100 (11)

working electrode compartment and Qox is the total electrical charge.

Long-term stability test with the representative NixCoyP electrocatalyst (loaded onto
GDE (10 mm high, 10 mm width, 370 um thickness) under the same conditions except for the
use of the galvanostatic method with two-electrode chronopotentiometry at an applied current
of |I| = 20 mA (corresponding to a current density |j| of 10 mA cm2) to avoid complete oxidation
of 5-HMF (3.5 mmol) during the 13.36 h tested (lesser than 36 h required for the full HMF-to-
FDCA conversion, assuming 100% faradaic efficiency for the 6 electrons transferred, Equation
(10)). A reference electrode (RHE, MiniHydroFlex®, Bio-Logic) was inserted in each
compartment to follow the evolution of each electrode potential, positive electrode (anode,
electrooxidation of 5-HMF, KOH (1 M) + 5-HMF (0.1 M), 45 mL) and negative electrode
(cathode, HER, KOH (1 M), 35 mL). A multi-channel VSP-3e potentiostat (Biologic Science
Instruments) was used to record the electrode potentials the anode (Ez) and cathode (Ec). We

report in Figure S36 the detailed experimental set-up.

HPLC. The reaction products were analyzed by HPLC (Dionex ICS-1000). The analysis
conditions were inspired by the seminal procedure developed by Kokoh and his colleagues:!!
(i) using an Atlantis dC18 Column (5 um, 4.6x150 mm, Waters), (ii) the eluent was prepared
by adding 900 mL of H2SO4 of pH 2.19 to a mixture of 50 mL acetonitrile and 50 mL methanol,
(iii) the flow rate was 0.6 mL min™%, (iv) the injection volume was 25 uL, and (V) the column
temperature was 20 °C. Based on the UV—vis spectra of Figure S24 (stock solutions in 1 M
KOH and diluted by the above eluent), the UV-vis detector wavelength was poised at A = 265
nm for products analysis and establishing the calibration curves by external standards of

expected products (Scheme 1).

Computational Methods.

DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP).[%%
The projected augmented wave method (PAW)®%! was applied and the electron exchange and
correlation energies were calculated within the generalized gradient approximation with the
Perdew-Burke-Ernzerhof (GGA-PBE) functional.[®* The optimization of structures was done
when the force tolerance was lower than 0.01 eV/A and the energy difference was lower than
1078 eV. The cutoff energy was set as 400 eV. Spin-polarization was also included throughout

our calculations. To study the reaction intermediates, NioP(111) surface slab was cut from
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optimized NizP bulk of P-62m space group with a =b =5.88 A, and ¢ = 3.37 A (Figure S35).
The 2x2- slab was formed by six atomic layers, for which, the bottom two layers were fixed o
bulk parameters. The adsorbed gas molecules and the top four surface layers were allowed to
relax. The adsorption energies of molecular or deprotonated 5-HMF molecule were calculated

following the Equation (12).

Eadsorption molecule+surface ~— Etot,molecule - Etot,surface (12)

Where Emolecule+surface 1S the total energy of the adsorbed system, Etot,molecute i the energy of the

5-HMF in gas phase and Etsurf is the total energy of the bare NizP surface.
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We present a solid-state, phosphidation-free strategy for the synthesis of NixCoyP multi-metal
phosphide materials in N,S,P-modified nanostructured carbon networks generated alongside
NixCoyP as self-supporting electrocatalysts. This one-step carbothermal reduction under an
inert atmosphere enhances the particle-support interaction and tunes the electronic and
geometric interactions between P, Ni and Co to promote the adsorption/desorption of reactants
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