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SUMMARY

Development of efficient and stable electrodes for hydrogen and
oxygen evolution from water constituted of abundant elements
and prepared by sustainable and scalable procedures is of consider-
able importance for producing green hydrogen from renewable
electricity. Herein, a method for the preparation of Ni,P, FesP,
and FeP supported on N-doped graphene (NiP/NG and FeP/NG) is
reported. The procedure uses metal salts, phosphorous oxide, and
chitosan as precursors of metal phosphide and N-doped graphene,
avoiding the use of undesirable and hazardous precursors, such as
PHs or NaH,PO,, and rendering a material with a strong metal phos-
phide-graphene interaction. Moreover, NiP/NG and FeP/NG elec-
trodes are demonstrated to be more efficient than the benchmark
catalysts Pt/C and RuO,, for hydrogen evolution reaction and oxy-
gen evolution reaction, respectively, at a large current density
(300 mA/cm?). In addition, water electrolysis was carried out using
NiP/NG//FeP/NG electrodes, also demonstrating improved effi-
ciency and stability compared with Pt/C//RuO; at a current density
(400 mA/cm?) near industrial requirements.

INTRODUCTION

Hydrogen is considered a clean energy vector and reagent that can be used either as
intermediate for the production of highly valuable chemicals (NH3, MeOH, or poly-
mers, among others) or directly as fuel.” In the latter case, Ho can be used in fuel cells,
where H, oxidation and O, reduction reactions take place to convert chemical en-
ergy into electricity.” Nowadays, most of the H, produced for industrial applications
is obtained from steam reforming of methane and hydrocarbons,® which is consid-
ered an energy intensive process, and it generates CO, emissions, causing severe
environmental concerns. Hence, sustainable and environmentally friendly mass pro-
duction of high purity H; is considered a great challenge to mitigate both the energy
crisis and climate change.

Water electrolysis using green electricity from renewable sources (photovoltaics,

wind turbines, etc.), appears to be a viable approach for large-scale production of

high-purity H,."> Water electrolysis consists of two half-reactions, the hydrogen !Instituto Universitario de Tecnologia Quimica
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and robust electrocatalysts based on abundant and low-cost materials for overall
water splitting is of paramount importance to minimize the costs of mass production
of high-purity H, for industry.

2H" +2e~ — H, (Equation 1)

2H,O — Oy +4H" +4e” (Equation 2)

In this regard, earth-abundant, non-noble-metal-based electrocatalysts, such as
metal oxides, carbides, nitrides, chalcogenides, phosphates, and phosphides,
have been widely investigated in recent years.”"'® Among them, transition metal
phosphides have attracted growing interest as catalysts for water splitting due to
their low overpotential, high electrical conductivity, optimum catalytic activity,
and chemical stability."" However, metal phosphides have been typically prepared
by phosphidation of metal oxides using extremely poisonous, hazardous, and explo-
sive phosphine. To facilitate the process, beside the direct use of PH3, this poisonous
gas can be generated in situ by reduction of hypophosphite (NaH;PO5) or from alkyl
phosphines (trioctylphosphine, triphenylphosphine, etc.).’” To circumvent the use
or generation of PH3, alternative synthetic procedures, such as the direct reaction
between transition metals and elemental phosphorous, in both gas and liquid
phase, plasma treatment or electrodeposition of precursors have been also re-
ported for metal phosphide preparation.’*'* However, some of these alternative
methods require high vacuum and expensive equipment and/or present low purity,
forming metal phosphates/phosphides mixtures. For those reasons, these methods
are not suitable for large-scale production of pure metal phosphides.

Herein we present an easy preparation method of high-purity crystalline metal phos-
phides that avoids the use or generation of hazardous species during synthesis.
Specifically, FeP/Fe,P and Ni,P nanoparticles supported on porous 3D N-doped
graphene (FeP/NG and NiP/NG) have been prepared and their performance as elec-
trocatalysts for HER and OER evaluated. Graphene-based materials have been
widely employed as electrocatalysts support in the last years.'® The combination
of totally accessible high surface area, strong adsorption capacity, high electrical
conductivity, and the possibility to generate defects acting as catalytic sites,
together with sustainability when obtained from biomass wastes justify the interest
of graphene and derivatives as electrocatalysts.'® In addition, graphenes can act
also as supports of metallic compounds, and depending on the preparation condi-
tions, they can establish a strong interaction with the supported particle that can
serve to tune the electronic density at the interphase and stabilize the particles under
operation conditions.

The use of metal phosphides supported on graphene derivatives has been widely
investigated recently, obtaining very promising overpotentials for HER and
OER."""” However, most of these materials have been prepared using hazardous
reagents. Moreover, due to their lack of stability, they are typically tested at current
densities in the order of tens of mA/cm?, still far from their implementation in com-
mercial applications that require current densities over 100 mA/cm?.

Herein, NiP/NG and FeP/NG have been prepared following a sustainable and
environmentally friendly method that use biomass wastes as source of NG and phos-
phate to form the metal phosphides. Besides, it has demonstrated low overpoten-
tials for HER at high current densities of relevance for industrial uses. Similarly,
FeP/NG exhibits a notable OER performance, with low overpotentials for high cur-
rent densities. Remarkably, a two-electrode cell using FeP/NG and NiP/NG as anode
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and cathode, respectively, displayed an impressive water splitting current density of
100 and 400 mA/cm? at 1.85and 2V, respectively, in alkali conditions for continuous
150 h test. In comparison, electrodes containing the commercial Pt/C and RuO, cat-
alysts exhibited lower performance and stability at these high current densities.
Benefiting from the easy, low-cost, and convenient scale-up of the preparation
method, together with the low overpotentials for HER and OER and high stability
at high current densities, the as-prepared FeP/NG and NiP/NG catalysts are prom-
ising candidates for its commercial implementation as electrocatalysts for overall
water splitting.

RESULTS

Material synthesis and characterization

Fe and Ni phosphides supported on porous 3D graphene were synthetized
following a simple and scalable preparation procedure. In brief, aqueous chitosan
solutions containing adequate amounts of Fe?* or Ni?* salts were prepared. Chito-
san is well known to adsorb high proportions of metal ions from water by complex-
ation of the metal ions by amino groups of this polysaccharide.”” The metal-chitosan
solutions were subsequently precipitated in a 2 M NaOH solution, immediately
forming hydrogel microspheres. The obtained metal-chitosan microspheres were
washed with ethanol/water mixtures containing increasing ethanol content up to
100% ethanol. Then, the microspheres were impregnated with a P4O,¢ solution in
ethanol and dried in supercritical CO;. The use of supercritical CO; drying has
been previously reported®’ as a way to obtain highly porous and high-surface chito-
san beds. Upon pyrolysis, the large surface area and porosity of the chitosan precur-
sor is typically inherited by the resulting graphitic carbon matrix. High-resolution
field effect scanning electron microscopy (HRFESEM) images of the microstructure
of the obtained microspheres are shown in Figure S1 in the supplementary informa-
tion. Finally, the resulting microspheres were pyrolyzed under Ar flow at 900°C for
2 h and the obtained samples denoted as FeP/NG and NiP/NG. For comparison pur-
poses, the N-doped graphitic carbon support in the absence of metal phosphides
(NG) was also prepared using the same procedure. This control in the absence of
metal salts confirmed the formation of N-doped graphitic carbon matrix with a loose
stacking of the defective graphene layers as previously reported.?’ Scheme 1 sum-
marizes the preparation procedure.

The chemical composition of FeP/NG, NiP/NG, and NG samples was determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES) and combus-
tion elemental analysis, and the results are summarized in Table 1. From these
data, we have estimated a metal phosphide content (wt %) in FeP/NG and NiP/
NG samples of 35 and 39.2 wt %, respectively. Based on the ICP-OES results, empir-
ical formulas of Fey 5P and Ni;P were obtained for FeP/NG and NiP/NG samples,
respectively. The obtained Fe; 5P stoichiometry could be due to the presence of
mixtures of Fe,P and FeP.

It is worth noticing that the metal phosphides growth is accompanied by an N con-
tent (wt %) decrease from 8.1 in NG to 4.1 and 3.0 wt % in FeP/NG and NiP/NG,
respectively. This reduction in N content can be ascribed to the catalytic activity
of the metal nanoparticles during the formation of the graphene layers, as previously
reported.??

The crystal structures of FeP/NG and NiP/NG were determined by X-ray diffraction
(XRD). Figure S2A in the supplementary information shows very sharp, intense XRD

¢ CellPress

OPEN ACCESS

Cell Reports Physical Science 3, 100873, May 18, 2022 3




¢ CellPress

OPEN ACCESS

Cell Regorts .
Physical Science

-, Gaseous CO,

Pyrolysis under
Ar atmosphere

M,P/NG

. Metals

,' Elemental phosphorous
’ Metal phosphide

Scheme 1. Metal phosphides supported on 3D graphitic carbon preparation procedure and the proposed metal phosphide formation mechanism
Top: (i) chitosan-metal complexes precipitation and hydrogel microspheres formation, (ii) P40+ microspheres impregnation, (i) supercritical CO,
drying, and (iv) pyrolysis under Ar atmosphere. Bottom: proposed formation mechanism of the metal phosphides supported on N-doped graphitic

carbons.

peaks for FeP/NG and NiP/NG, indicating the presence of crystalline structures in
both samples. FeP/NG XRD pattern reveals the co-existence of Fe;P (PDF-#
NO.85-1725) and FeP (PDF-# NO.78-1443), in good agreement with the composi-
tions anticipated by ICP-OES results. Meanwhile, the XRD pattern of NiP/NG shows
only Ni,P crystalline composition (PDF-# NO.03-0953). It is worth noticing that
diffraction peaks corresponding to Fe or Ni oxides, carbides, or nitrides were unde-
tectable in the diffractograms. All samples present also a broad and low intensity
peak at 26.5°, attributed to -7 layer stacking in graphitic carbon matrix. As it will
be commented subsequently, the electrocatalytic activity attributed to FeP/NG
and NiP/NG is based on the coincidence of the XRD patterns with the reported pat-
terns, with the precursors of the synthesis (metal acetates and phosphorous oxide)
not playing any role.

Table 1. Chemical composition, specific surface area, and total pore volume of FeP/NG, NiP/NG,
and NG samples

Sample Metal (wt %) P(wt%) M+P(wt%) C(wt%) N(wt%) Sger(m?/g) Veore (m¥g)

FeP/NG 25.7 s 35.0 39.8 4.1 249 1.01
NiP/NG  31.1 8.1 39.2 36.2 3.0 401 1.04
NG - - - 79.5 8.1 272 0.66
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Figure 1. XPS analysis of FeP/NG and NiP/NG samples
XPS spectra of (A) Fe 2p, (B) P 2p in FeP/NG, and (C) Ni 2p3/2 and P 2p in NiP/NG.

Raman spectroscopy revealed the typical 2D (2,700 cm '), G (1,580 cm "), and D
(1,350 cm ") bands characteristic to defective graphene obtained from the pyrolysis
of chitosan in all samples, while no obvious vibration bands for Fe or Ni oxides, car-
bides, or nitrides were observed in the low-frequency region, in good agreement
with the XRD results (see Figure 52B).%*

The surface chemical analysis of FeP/NG and NiP/NG was investigated by X-ray
photoelectron spectroscopy (XPS). High-resolution XPS peaks of Fe 2p, Ni 2p, and
P 2p and their corresponding best deconvolution to their different components
are presented in Figure 1. The Fe 2p spectrum of FeP/NG clearly exhibits two
spin-orbit peaks (2p3/2 and 2p1/2). In these, the coupled components at 707.8/
720.4 eV and 713.6/727.1 eV have been attributed to 2p3/2 and 2p1/2 of Fe** (Fe
in FeP) and oxidized Fe species of FePQy,, respectively.m‘25 This observation falls
in contradiction with XRD and Raman results. However, it is worth noticing that while
XRD probes the whole sample, XPS only provides information of the outermost
layers, which are more prone to undergo spontaneous oxidation upon air and mois-
ture exposure.”® Moreover, there is an additional doublet at 711.1/724.7 eV as-
signed to Fe®" in Fe,P. It is worth noticing that the component assigned to Fe®" in
FesPis +0.8 eV shifted from typical reported values.?’ This shift is attributed to elec-
tron density transfer to the graphenic support, demonstrating the strong interaction
between the Fe,P and graphene. The P 2p spectrum shows two peaks, the first
centered at 129.3 eV assigned to P 2p3/2 and P 2p1/2 of low-valence P* , indicating
Fe-P bonds. The second peak at 133.3 eV has been assigned to P-C bonds, while P-O
signals should be located at 134.5 eV, as previously reported.”® This is suggesting,
on one hand, a strong interaction between the obtained phosphides and the
N-doped graphitic support and, on the other hand, that the formation of PO, spe-
cies on the N-doped graphitic carbon can be considered negligible.
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Similarly to the case of FeP/NG, the high-resolution Ni 2p3/2 spectrum of the NiP/
NG sample shows two components coupled at 853.6/860.5 and 856.6/863.2 eV,
attributable to Ni®* (in Ni,P) and oxidized Ni species, together with the correspond-
ing satellites.?” Similarly to FesP, the binding energy values for Niin NizP are +0.6 eV
shifted from the reported values, also indicating an strong interaction between
them. The P 2p spectrum of NiP/NG shows two peaks at 129.9 and 133.1 eV attrib-
uted also to P 2p3/2 and P 2p1/2 of metal phosphides (P* ) and P-C, respectively.

The high-resolution XPS C1s, N1s, and O1s spectra of NG, FeP/NG, and NiP/NG are
shown in Figure S3 in the supplementary information. As can be seen there, the
graphitic support suffered negligible changes upon metal phosphides grafting.
The C 1s spectra show four components at 284.5, 285.3, 286.2, and 288.9 eV as-
signed to sp2 C, C-N, C-O, and O=C-O, respectively, in all samples. However, it is
worth noticing than the component at 285.3 eV, assigned to C-N bonds in NG,
has a larger contribution in FeP/CN (27%) and NiP/NG (25%) than that of NG
(17%). It has been previously reported that C-P bonds also present a peak centered
at 285.3 eV,” so this peak in FeP/NG and NiP/NG could be the combination of C-N
and C-P components. This can also be taken as evidence of the strong interaction
between the graphenic support and the metal phosphides. The N 1s spectra show
three components 398.0, 400.5, and 403.5 eV that can be ascribed to pyridinic-N,
graphenic-N, and N-oxides, respectively. Finally, O 1s spectra show two compo-
nents related to C-O and O=C-O bonds in all samples. It is worth noticing that addi-
tional compenents in FeP/NG and NiP/NG, related to the P-O bond, have been
determined.

This XPS analysis is in good agreement with the XRD and ICP-OES data, thus con-
firming that pure Fe,P, FeP, and NisP are present in FeP/NG and NiP/NG samples,
respectively, and additionally, the obtained data point out a strong interaction be-
tween the metal phosphides and the graphitic support.

In view of these results, the following reaction mechanism for metal phosphides for-
mation on the N-doped graphene support is proposed. First, it has been widely re-
ported that the pyrolysis of carbon precursors results in the chemical reduction of
transition metals and phosphate to elemental phosphorous.”®>? Then, it has been
also reported that phosphorous oxide (P4O10) can react with carbon under inert at-
mosphere and be converted into red phosphorous.33 Thus, simultaneous reduction
of metal ions to metal nanoparticles and phosphorous oxide to elemental phospho-
rous taking place during pyrolysis and the high temperatures will favor their reaction,
forming the metal phosphides. Actually, itis reported that metallic Ni can be directly
phosphorized to NizP even at temperatures as low as 200°C in the presence of red
phosphorous, '* while FeP has been easily obtained from milling of Fe and red phos-
phorous.®* The proposed mechanism is illustrated in Scheme 1.

The metal phosphides and support morphology were studied by HRFESEM and
high-resolution transmission electron microscopy (HRTEM). HRFESEM images of
FeP/NG, NiP/NG, and NG samples show very similar spongy coral-like morphology,
indicating that the supported metal phosphides have not altered the N-doped
graphitic carbon structure (see Figure S4 in supplementary information). HRTEM im-
ages (Figure 2) allowed to measure 0.20, 0.22, and 0.20 nm lattice fringes, corre-
sponding to the interplanar distance of the (201) facet of Fe;P, and (111) and (201)
facets and Ni-P, respectively,35’37 The selected area electron diffraction (SAED)
pattern of Fe,P and Ni,P is displayed also in Figure 2. The metal phosphides nano-
particles present a round-like morphology. HRTEM images show Ni;P nanoparticles

6 Cell Reports Physical Science 3, 100873, May 18, 2022

Cell Rer:norts .
Physical Science



Cell Rep_lorts .
Physical Science

Article

¢ CellPress

OPEN ACCESS

Figure 2. Microscopy characterization of the FeP/NG and NiP/NG samples

HRTEM images of FeP/NG (A-C) and NiP/NG (D-F). SAED patterns of Fe;P and NixP are included as insets in (A) and (D), respectively. The lattice fringes
ofthe (201) facet in Fe;P and the (111) and (201) planes of NiyP are indicated in (A) and (D), respectively. The histogram of Ni,P particle size distribution is

included in (F).

homogeneously distributed with an average diameter of 6.5 + 1.1 nm, after mea-
surement of a statistically relevant number of samples. However, Fe,P and FeP nano-
particles present a much wider size distribution, ranging from 20 to 200 nm, approx-
imately. Energy-dispersive X-ray spectroscopy and elemental mapping of
representative FeP/NG and NiP/NG scanning transmission electron microscopy
(STEM) images (Figures S5 and Sé in supplementary information) confirm that the
nanoparticles supported on the graphitic matrix are constituted of Fe and P or Ni
and P, in Fe,P/NG and NiP/NG samples, respectively.

The textural properties of FeP/NG, NiP/NG, and NG samples were measured by
isothermal nitrogen adsorption/desorption measurements, and the results are also
included in Table 1. FeP/NG, NiP/NG, and NG exhibit a Brunauer-Emmett-Teller
(BET) surface area of 249, 401, and 272 m?/g, respectively. Additionally, cyclic vol-
tammetry of all samples at different scan rates in 1 M KOH allowed us to determine
the electrochemical active surface area (ECSA) by measuring double-layer capaci-
tance (Cpy). As shown in Figure S7 in the supplementary information, FeP/NG and
NiP/NG presented very similar Cp, 3.06 and 2.72 mF cm ™2, respectively, but higher
than that of NG (1.10 mF cm?), suggesting that metal phosphides present similar
amounts of electrocatalytic active sites.

Hydrogen evolution reaction

The electrocatalytic activity of FeP/NG and NiP/NG catalysts for HER was investi-
gated in a 1 M KOH solution by using a three-electrode cell. For comparison pur-
poses, benchmark Pt/C electrocatalyst was also employed for the HER under

Cell Reports Physical Science 3, 100873, May 18, 2022 7
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Figure 3. HER performance of FeP/NG, NiP/NG, NG, and Pt/C
(A) Linear scanning voltammetry (LSV) curves showing the crossing of Pt/C plot through the NiP/NG and FeP/NG lines, (B) comparison of the over-
potential of the different samples at 10, 100, and 300 mA/cm?, and Nyquist plots at —150 mV versus RHE (C) and —300 mV versus RHE (D).

identical conditions. As can be seen in Figures 3A and 3B, the Pt/C-based electrode
showed the best catalytic activity at 10 mA/cm?, with an overpotential for HER of
98 mV, while the overpotentials, at same current density, measured for FeP/NG
and NiP/NG were 246 and 183 mV, respectively. Remarkably, NiP/NG electrode
showed lower overpotentials (300 and 376 mV) than that of Pt/C (363 and 470 mV)
at 100 and 300 mA/cm?, respectively, while the overpotentials of FeP/NG at these
current densities were of 356 and 414 mV, respectively. Hence, NiP/NG showed bet-
ter electrocatalytic activity for HER than FeP/NG in alkali electrolyte. For comparison
purposes, the ECSA normalized current from these samples for HER is presented in

Figure S8 in the supplementary information, obtaining an identical trend.

The improved catalytic activity of NiP/NG is evidenced in the Tafel plot (Figure S9A
in the supplementary information). As it can be observed there, the Tafel slope of
NiP/NG (68.9 mV dec ') was lower than that of FeP/NG (128.2 mV/dec ), indi-
cating faster reaction kinetics in NiP/NG, explaining its higher HER efficiency.
Notably, the Tafel slope for the commercial Pt/C (88.6 mV dec™") was also higher
than that of NiP/NG.

The measured Tafel slope values have also been used to study the most probable
HER mechanism. It is well known that HER mechanism in alkaline medium can
follow Volmer-Heyrovsky or Volmer-Tafel paths, as shown in Equations 3-5.%% In
the present case, NiP/NG Tafel slope indicates the occurrence of a Volmer-Heyr-
ovsky mechanism. This mechanism is also common for Pt/C and FeP/NG, while
the high FeP/NG Tafel slope value suggests the Volmer step (Equation 3) as the
limiting step.

8 Cell Reports Physical Science 3, 100873, May 18, 2022
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H,O + e~ —=H +HO™ Volmer step (Equation 3)
H,O + e + H"—=H;+ HO ~ Heyrovsky step (Equation 4)

H* + H* —H, Tafel step (Equation 5)

In order to further investigate the charge transfer kinetics in these electrodes under
alkaline conditions, electrochemical impedance spectroscopy (EIS) of all samples at
different potentials was measured. The Nyquist plots (Figures 3C and 3D) of NiP/NG
exhibited a larger semicircle at —150 mV versus RHE than that of Pt/C, indicating
slower charge transfer at this overpotential. However, the charge transfer resistance
at larger potential (—300 mV versus RHE), corresponding to a current density of 100
mA/cm?, approximately, for NiP/NG was lower than that of Pt/C. The experimental
data obtained from Nyquist plots was fitted to a simple equivalent circuit model, and
the obtained parameters and the equivalent circuit are presented in Table S1 in the
supplementary information. From these data, it can be observed that the obtained
charge transfer resistance (Rc1) of NiP/NG is significantly lower than that of FeP/NG.
Moreover, the Rer in NiP/NG at —150 mV is much higher (15.4 Q/cm?) than that of
the commercial Pt/C (2.2 ©/cm?), while at —300 mV the Ret in NiP/NG is 3-fold lower
than that of Pt/C. This change in the relative order of the charge transfer resistance
for NiP/NG and Pt/C is in accordance with the measurements corresponding to the
Nyquist plot.

Oxygen evolution reaction

Besides a remarkable catalytic activity for HER in alkali conditions, specially at high
current densities, FeP/NG and NiP/NG have also demonstrated excellent OER per-
formance in 1 M KOH electrolyte, as shown in Figures 4A and 4B. In this case, FeP/
NG electrocatalysts exhibit lower overpotential (217 mV) than NiP/NG (264 mV) at 10
mA cm~? for OER. Benchmark RuQ; electrodes were tested for comparison pur-
poses, and the observed overpotential at this current density was 183 mV, lower
than those of the metal phosphides on N-doped graphene. Interestingly, at larger
current density, near commercial requirements (300 mA cm 2), FeP/NG has demon-
strated to be more efficient than the commercial RuO, electrocatalysts, exhibiting
overpotential of 292 mV at 300 mA cm ™2, while the overpotential with the commer-
cial RuO; electrode was 308 mV at the same current density. For comparison
purposes, the ECSA normalized current from these samples for OER is presented
in Figure $10 in the supplementary information, obtaining an identical trend.

Furthermore, the excellent catalytic activity for OER of FeP/NG electrocatalyst was
also corroborated from the Tafel plot (Figure S9B). FeP/NG showed a Tafel slope
of 30.5 mV dec ', which is significantly lower than that of NiP/NG (53.2 mV dec )
and RuO; (55.4 mV dec™ ), suggesting faster OER kinetics.

The OER mechanism under alkaline conditions is a four electron process, following

Equations 6-10.

M+ OH = MOH+ e Step 1 (Equation 6)

MOH + OH™ @ MO+ H,O+ e Step 2 (Equation 7)
MO + OH =2 MOOH+ e Step 3 (Equation 8)

MOOH + OH™ 2 MOO  + H,;O Step 4 (Equation 9)
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Figure 4. OER performance of FeP/NG, NiP/NG, NG, and RuO,

(A) LSV curves showing the crossing of the RuO; line with the FeP/NG plot, (B) comparison of the overpotential of the different samples at 10, 100, and

300 mA/cm?, and Nyquist plots at 1.48 versus RHE (C) and 1.63 mV versus RHE (D).

MOO =2 M+ O,+e Stepb5 (Equation 10)

The low FeP/NG Tafel slope (30.5 mV dec ) indicates that the second step (Equa-
tion 7), when surface-adsorbed species produced in the early stage of the OER
remain predominant, determines the overall rate.*” However, the higher NiP/NG
and RuO; Tafel slopes may suggest the formation of O, OOH, or OO intermediates
(Equations 8-10) as the rate limiting steps, with step 3 (OOH) being the most
probable.*”

Additionally, the charge transfer reactions were investigated for all catalysts by EIS,
and the results are presented in Figures 4C and 4D. According to these, RuO; elec-
trodes exhibited the lowest resistance to charge transfer at 1.48 V versus RHE, cor-
responding approximately to 10 mA/cm?. However, at larger potential (1.63 V versus
RHE), FeP/NG has demonstrated the fastest charge transfer kinetics. The experi-
mental data has been fitted to an equivalent circuit, and the obtained parameters
are summarized in Table S2 in the supplementary information.

Water electrolysis

Inspired by the aforementioned HER and OER remarkable performance at high cur-
rent densities of NiP/NG and FeP/NG, water electrolysis in alkaline solution was per-
formed by operating a two-electrode configuration using NiP/NG and FeP/NG as
cathode and anode, respectively, for 150 h. For comparison purposes, an analogous
two-electrode cell constructed with benchmark Pt/C and RuQ; catalysts, as cathode
and anode, respectively, was also prepared, and its performance for overall water
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Figure 5. Water electrolysis at different potential for 150 h

Chronoamperometry of commercial Pt/C-RuQ; (red) and NiP/NG-FeP/NG cell (black) for continuous 150 h with increasing the applied voltage at 1.7 V

and 1.5V for NiP/Ng-FeP/NG and Pt/C-RuO2, respectively (A), 1.8 V (B) and 2V (C) every 50 h.

splitting was determined. As observed in Figure 5A, NiP/NG-FeP/NG cell achieved
10 mA/cm?, approximately, applying 1.72 V constantly for 50 h. However, only
1.53 V was needed to obtain similar current density with the Pt/C-RuQO; cell in the
same period. After 50 h, the cell voltages were increased to 1.8 and 1.85 V for the
commercial Pt/C-RuO; and NiP/NG-FeP/NG electrodes, respectively, and main-
tained for an additional 50 h (Figure 5B). In this case, current densities near 100
mA/cm? were obtained in both cells. Finally, 2V was applied in both cells for another
50 h, accounting for a stability test of 150 h in total (Figure 5C). At 2V, it can be
clearly observed that initial current density of 400 mA/cm? was obtained in both
cells. However, the commercial Pt/C-RuQ; cell immediately suffered a current den-
sity drop down to 100 mA/em?, approximately, while the NiP/NG-FeP/NG electrode
kept the current density constant for the 50 h test.

These results clearly indicate that the benchmark Pt/C-RuQ, electrodes are more
efficient than that of the NiP/NG-FeP/NG electrodes for the overall water splitting
reaction in alkali conditions at low current densities (10 mA/em?). At moderate cur-
rent density (100 mA/cm?), both the commercial Pt/C-RuQ; and the NiP/NG-FeP/
NG electrodes perform similarly. Importantly, at high current density in the range
used in commercial applications (400 mA/em?), the NiP/NG-FeP/NG electrodes
perform much better than the commercial ones.

Nyquist plots measured in the NiP/NG-FeP/NG and Pt/C-RuO; cells at 1.7 and 2V
are presented in Figure S11 in the supplementary information, and the parameters
obtained from the experimental data fitting to an equivalent circuit are summarized
in Table S3. As can be seen there, the charge transfer resistance in NiP/NG-FeP/NG
at 1.7 Vis larger than that of Pt/C-RuO;. However, Pt/C-RuO; presents a 3.6-fold in-
crease in charge transfer resistance at 2 V, while NiP/NG-FeP/NG’s charge transfer
resistance decreases 6.8-fold. Itis worth commenting that FeP/NG-NiP/NG catalysts
outperform most of the reported metal phosphides supported on carbon-based ma-
terials, especially at high current densities, near the commercial requirements (see
Table S4 in the supplementary information). This improved performance derives
from the preparation procedure in which both N-doped graphene and metal
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phosphide nanoparticles are formed simultaneously at high temperature (?00°C),
establishing a strong interaction without interference of solvent molecules or
ligands.

Moreover, NiP/NG-FeP/NG electrodes have demonstrated better stability than the
reference Pt/C-RuQO; electrodes, as can be seen in Figure 5, especially at large cur-
rent density. Evidence of this stability is provided by representative STEM images
presented in Figure S12 in the supplementary information of NiP/NG and FeP/NG
materials as prepared and after the 150 h chronoamperometry at increasing applied
bias. As can be seen there, shape and size of the metal phosphide nanoparticles did
not suffer significant changes upon this long-term test, demonstrating its stability.
Moreover, the nanoparticle crystallinity also remained unaltered after this electroca-
talytic reaction, as can be observed in the HRTEM images presented in Figure S13. In
these images, the SAED pattern and the measurements of 0.27, 0.20, and 0.22 nm
lattice fringes, corresponding to interplanar distances of the (001), (201), and (111)
facets of FeP, FesP, and NiP, respectively, confirm their high crystallinity under these
reaction conditions.

The presentmanuscriptdescribes a potentially green and sustainable procedure for the
preparation of Niand Fe phosphides grafted on N-doped graphene that avoids the use
or generation of extremely hazardous PHs. This new methodology enhances the inter-
action between the electrically conductive graphene and the metal phosphide resulting
in improved HER and OER electrodes. These metal phosphides on graphene outper-
form in terms of required overpotential and stability the performance of benchmark
electrodes made of Pt or Ru for high current densities required in commercial water
electrolysis. The present procedure may open the door also for the preparation of bi-
and multimetallic phosphides supported on various graphenes to develop a new gen-
eration of HER and OER electrodes with advanced performance.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Hermenegildo Garcia (hgarcia@qgim.upv.es).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The data that support the findings of this study are available from the corresponding
authors.

FeP/NG, NiP/NG, and NG preparation procedure
Commercially available reagents were purchased from Aldrich and used without
further purification.

Briefly, 1,000 mg chitosan, 625 pL acetic acid, and 3 mmol Fe(OAc), or
Ni(OACc),-4H-0O were added into 50 mL milli-Q water. After chitosan dissolved
completely, the solution was introduced drop-wise, with a syringe (0.8-mm diameter
needle) in an aqueous solution of sodium hydroxide (2 M, 500 mL). The gel micro-
spheres were formed and immersed in NaOH solution for 2h, then profusely washed
with distilled water to pH = 7. Then the resulting hydrogel microspheres were
washed by a series of ethanol/water baths with an increasing concentration of
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ethanol (10, 30, 50, 70, 90, and 100 vol %, respectively) for 15 min in each. After that,
the microspheres were impregnated in 100 mL P4O1g-ethanol solution (9 mM) for
2 days and exchanged by supercritical CO,. The resulting microspheres were pyro-
lyzed under Ar flow (200 mL/min), increasing the temperature at a rate of 2°C/min up
to 200°C for 2h and then to 200°C for 2 h. Sample NG was prepared without the
addition of metal salts.

Sample characterization

HRFESEM images were acquired by using a ZEISS GeminiSEM 500 apparatus.
HRTEM images were recorded in a JEOL JEM 2100F under an accelerating voltage
of 200 kV. Samples were prepared by applying one drop of the suspended material
in ethanol onto a carbon-coated copper TEM grid and allowing them to dry at room
temperature. Raman spectra were collected with a Horiba Jobin Yvon-Labram HR
UV-visible-NIR (200-1,600 nm) Raman Microscope Spectrometer using a 514-nm
laser. The chemical composition of the samples was determined by combustion
chemical analysis by using a CHNS FISONS elemental analyzer. XPS were measured
on an SPECS spectrometer equipped with a Phoibos 150 MCD-9 detector using a
non-monochromatic X-ray source (Al) operating at 200 W. Before spectrum collec-
tion, samples were evacuated in the prechamber of the spectrometer at 1 x 10 7
mbar. The measured intensity ratios of the components were obtained from the
area of the corresponding peaks after nonlinear Shirley-type background subtrac-
tion and corrected by the transition function of the spectrometer.

Electrochemical characterization

The working electrode was prepared using a mixture of the active catalyst, carbon
black, and polyvinylidene fluoride (PVDF) as binder in 8:1:1 ratio. This mixture was
ground in mortar using N-methyl-2-pyrrolidone (NMP) and ethanol as solvents.
This slurry was brushed onto one side of nickel foam, and then it was folded in
half. After drying overnight at 60°C, the foam was pressed at 10 MPa for 60 s.

In the electrochemical measurement, the as-fabricated electrode, Hg/HgO elec-
trode, and a carbon rod were used as the working electrode, reference electrode,
and counter-electrode, respectively. The 1T M KOH was used as electrolyte. iR
compensation was conducted for all curves (see Figure 513).

The OER, HER, and overall water splitting activities were assessed by linear sweep vol-
tammetry (LSV) under a small sweep speed (1 mV/s) in 1 M KOH. Double-layer capac-
itance of catalysts was determined from cyclic voltammetry curves with sweep rates
from 10 to 50 mV/s. The EIS of samples was conducted at different overpotential with
a frequency range of 0.01Hz-100 kHz. The calibration of the Hg/HgO reference elec-
trode was carried out in a three-electrode electrolytic cell. Two Pt electrodes were
used as the working electrode and the counter electrode, with the Hg/HgO electrode
as the reference electrode. H; was bubbled into the 1 M KOH electrolyte in the electro-
chemical cell until it was saturated, and then the LSV was conducted (see Figure S11).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.100873.
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