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Abstract. Compared to single metal site catalysis, the bimetallic synergistic strat-
egy can exploit the complementary ability of different active sites for active species
uptake and desorption to develop excellent catalysts. Pure phase metal phosphides
are a disadvantage as a promising electrocatalyst for platinum-free hydrogen pre-
cipitation with either too strong or too weak adsorption of hydrogen. Here, syn-
thetic Fe-doped CoP particles anchored with MWCNTs, which exhibited excel-
lent catalytic performance for HER, required an overpotential of 123 mV to reach
10 mA cm™2, with a Tafel slope of 58.8 mV dec™ L. It was found experimentally
that Fe doping improved the conductivity of the catalyst regulated the electronic
structure of CoP, and optimized the overall hydrogen adsorption energy of the
catalyst. The difference in hydrogen adsorption strength of Fe, Co is used to break
the symmetry constraint of single active center and improve the intrinsic activity
of the catalyst, a strategy that can be used to guide the preparation of inexpensive
and high performance catalysts.

Keywords: Fe-doped CoP - HER - Synergistic strategy

1 Introduction

Traditional fossil fuel resources are dwindling, and their combustion produces large
amounts of pollutants and greenhouse gases, which have a serious impact on the envi-
ronment. Therefore, developing clean energy is a major challenge facing the world today.
Hydrogen (Hy), with a calorific value of 22282 kJ mol !, is a clean and sustainable energy
source and an ideal substitute for fossil fuels [1-3]. The combustion of hydrogen does
not produce greenhouse gases such as carbon dioxide, which can effectively reduce air
pollution and greenhouse gas emissions [4]. Electrocatalytic hydrogen evolution can pro-
duce clean hydrogen through the reaction of splitting water into hydrogen and oxygen,
which can be used as a clean energy medium [5].

The hydrogen evolution reaction (HER) to produce hydrogen gas from cheap elec-
trons generated by renewable energy is a central issue in the manufacture of zero-carbon
and carbon-neutral energy carriers [6]. Currently hindering the development of HER is
the lack of catalysts with high performance and excellent stability. The current study
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shows that noble metal-based catalysts (Pt, Ru, Ir, etc.) exhibit the best catalytic perfor-
mance in electrochemical water splitting [7—10]. However, the scarcity of global reserves
and high price of precious metals limit their wide application.

Attempts have been made to replace noble metal-based electrocatalysts with tran-
sition metals. Non-noble metal alloys, transition metal sulphides [11-15], phosphides
[16-22], carbides [1, 23], and nitrides [24—28] have demonstrated their potential as effi-
cient and durable HER catalysts. Among them, CoP is the most promising substitute
due to its high catalytic activity and durability [29-31]. Although the morphology of
phosphide has been tuned to obtain a large number of active sites, unfortunately, its
performance and durability are still not ideal compared with the noble metal Pt.

In order to improve the intrinsic activity of metal phosphide HER, doping with
metallic elements becomes a promising approach Charge transfer between external atoms
and the host occurs, and the electronic structure is adjusted to enhance the kinetic process
of HER. Most of the current studies focus on the doping of noble metal atoms to improve
HER performance, and there is a lack of research on transition metal element doping.
In addition, the limited enhancement of HER performance of transition metal-doped
phosphides has hindered the research of cheap and durable CoP catalysts.

Fe3* is more acidic among transition metals and can serve as lewis acid sites. Specif-
ically, Fe** with higher acidity than Co®* can pull electrons from the neighboring Co-
P bond, reducing the electronic energy associated with Co** oxidation and causing
a positive change in the corresponding Co redox [6]. Therefore, we hypothesize that
the enhanced HER activity can be attributed to the introduction of more acidic sub-
stituents into more electron-rich Fe centers through inductive effects. The electron-rich
Fe provides electrons to protons, which are easily trapped and form H,qg active mate-
rial. After giving a certain voltage, enough Had is accumulated and then transferred to
the electron-deficient Co sites, where Co is beneficial for proton desorption. Both of
them have different tasks and synergistically improve the performance of HER. This
bimetallic synergistic effect is helpful to guide us to discover more potential catalysts.

2 Experiment Section

2.1 Chemicals

Iron chloride hexahydrate (FeClz-6H,0), cobalt chloride hexahydrate (CoCl,-6H,0),
Sodium hypophosphite (NaH,PO;-H,0), methanol (CH3OH) and hexamethylenete-
tramine (HMT) were purchased from Sigma-Aldrich and directly used without further
purification. Ultrapure deionized water (DI, 18.4 M cm™!) was used in all experiments.
MWCNTs were purchased from Tanfeng Tech. Inc (China). Cabon paper HCPO20P were
purchased from Shanghai Hesen Electric Co., Ltd (China).

2.2 Preparation of Coj_xFexLDH/MWCNTSs

In a typical synthesis process of Cog 75Feq25s LDH/MWCNTSs, the total moles of Co and
Fe are 2. The MWCNTs (100 mg) was dispersed into the water of 70 mL to form a dis-
persion solution under continuous ultrasonication. Subsequently, 0.5 mmol iron chloride
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hexahydrate (FeCl3-6H>0), 1.5 mmol cobalt chloride hexahydrate (CoCl,-6H,0), and
0.875 mmol hexamethylenetetramine (HMT) were added into the above solution under
vigorous stirring. The solution was refluxed at 100 °C for 5 h in an oil bath, and then
the precipitates were collected by centrifugation for several times with water and alco-
hol. The samples were dried at 60 °C overnight to obtain Cog 75Fe 25 LDH/MWCNTs.
For comparison, the bulky Cog75Feg25LDH samples without MWCNTs were also
obtained under the same conditions. Other CoFeLDH/MWCNTs, prepared by adjusting
the proportion of Fe.

2.3 Preparation of Coi_xFe,PFIMWCNTs

To prepare the Cog75Fep25PIMWCNTS, a low temperature phosphidation method
was employed here. In details, 300 mg of NaH,PO,-H,O and as-synthesized
Cog.75Fep2sPIMWCNTSs were placed in the quartz boats individually, and then placed
in two separate positions within the tube furnace. The furnace was heated up to 300 °C
with a temperature ramping rate of 5 °C/min and kept at 300 °C for two hour under an
N, flow of 100 sccm.

2.4 Electrochemical Measurements

The catalyst ink was prepared by dispersing 4 mg of various catalysts into 1 mL of
the mixed solvent containing water, ethanol and 5% Nafion with a volumetric ratio of
768:200:32. For the preparation of the catalytic electrodes, 10 L of the catalyst ink was
loaded onto a carbon paper (CP) electrode. A CHI760E electrochemical workstation
was used to conduct all the electrochemical tests, with an CP as the working electrode, a
graphite rod as the counter electrode, a Hg/Hg> SOy electrode as the reference electrode,
and 0.5 M H,SOy4 as the electrolyte. The CV result is shown in Fig. S1. Before the
electrochemical test, E(RHE) = E(Hg/Hg,SO4) + 0.71 V for 0.5 M H,SO4 electrolyte.

3 Results and Discussion

The morphology of the catalysts was characterized by SEM and TEM. The SEM images
(Fig. 1a) showed that the nanoparticles were grown on the surface of the MWCNTSs
and the surface-grown catalysts encapsulated the MWCNTs to form a core-shell struc-
ture. This structure may provide more active sites for the HER reaction and is thought
to improve the catalytic performance. As shown in Fig. 1b, the lattice spacings of
Cog.75Fep2sPIMWCNTs of 0.243, 0.238 and 0.283 nm correspond to [111], [201] and
[002] crystal planes, respectively, which are very close to the lattice spacings of the corre-
sponding crystal planes of (CoFe)P,. The high-angle annular dark field image (HAADF)
map shows that the nanoparticles are uniformly dispersed on the surface of MWCNTSs
(Fig. 1c), which also indicates that electrons can interact with the catalyst nanoparticles
rapidly through the MWCNTSs channels. The STEM-EDX map shows the same distri-
bution area of Fe, Co and P elements, which proves that the products are uniformly
distributed on the surface of MWCNTs, indicating that Fe doped CoP was successfully
synthesized (Fig. 1d).
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Fig. 1. (a) SEM and (b) HR-TEM image of Cog 75Fe 2sP/MWCNTs. (¢) HAADF-STEM images
and the corresponding. (d) STEM-EDX of Cog 75Fe( 25 PAIMWCNTs.

The surface composition and chemical properties of Cog 75Feq25sP/IMWCNTSs were
investigated by x-ray photoelectron spectroscopy (XPS). As shown in Fig. 2a, the Co 2p
XPS spectra of Cog 75Fep s PAIMWCNTS had characteristic peaks at 781.8 and 797.9 eV,
which were assigned to Co>* [32]. The Co 2p XPS spectra had characteristic peaks at
783.7 and 799.2 eV, which were assigned to Co**, and the other peak positions were
assigned to satellite peaks. The characteristic peaks of Fe 2p XPS spectra (Fig. 2b)
in Cog75Fep2sPMWCNTs at 712.4 and 726.3 eV, which are attributed to Fe3*. The
characteristic peaks of Fe 2p XPS spectra at 710.2 and 724.5 eV, which are assigned to
Fe?*, and other peak positions are attributed to satellite peaks [33]. The Co 2p and Fe
2p XPS spectra of Cog 75Feq25P/MWCNTs indicate that the acidic Fe3+ pulls electrons
out of the Co site, leading to a change in the electronic structure of the catalyst. The
characteristic peaks of the O 2p XPS spectra (Fig. 2¢) in Cog 75Feg2sPIMWCNTs at
531.8 and 533.3 eV, respectively attributed to surface oxygen and exogenous oxygen.
The lattice oxygen is not found in the O 2p XPS spectra, which indicates that no metal
phosphate is formed [34]. P 2p XPS spectra at 130.1 and 131.2 eV for the low valence
P [35] and higher binding energy at 134.3 eV are attributed to PO43~ or P,Os, which is
attributed to the oxidation of the surface P element [36].

The HER activity of Cog75Feg25sPPIMWCNTSs in 0.5 M H>SO4 was determined by
linear scanning voltammetry (LSV). For comparison, COP/MWCNTs, FeP/MWCNTs
and 20% Pt/C loaded on carbon paper (CP) substrates were prepared. The LSV (Fig. 3a)
showed that Cog 75Fep s PPMWCNTS had a higher activity towards HER with an over-
potential of only 126 mV at 10 mA cm™~2, which was significantly smaller than that on
CoP/MWCNTs (233 mV) and FeP/MWCNTs (160 mV).

As shown in Fig. 3b, Cog75Fe025sP/IMWCNTs delivered a small Tafel slope of
89.8 mV dec™!, close to that for the commercially available Pt/C catalyst (48.9 mV
dec™!), which was lower than CoP/MWCNTs (102 mV dec™!) and FeP/MWCNTs
(100 mV dec™), indicating favorable HER activity. To predict the intrinsic catalytic
reaction kinetics of the sample, the Tafel slope was derived from the corresponding
polarization curve using the Tafel formula (y = a + b logj, where b is the Tafel slope,
and j is the current density). A lower Tafel slope indicates more efficient hydrogen
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Fig. 2. (a) High-resolution XPS spectra of Co 2p, (b) Fe 2p, (¢) O 2p and (d) P 2p for
Cog.75Feg 2,5PIMWCNTs.

reaction evolution dynamics, meaning that increasing the same current density requires
smaller overpotentials.

Itis well known that under a specific set of conditions, the HER mechanism is divided
into two steps in acidic solution, which are electrochemical adsorption process (Volmer)
and desorption process (Heyrovsky or Tafel). Generally, a Tafel slope of 120 mV dec™!
indicates that the Volmer step is the rate-determining step:

H™ +e + % — xHygs

This step is followed by either an electrochemical desorption step (Heyrovsky
reaction, Tafel slope is 40 mV dec_l) [37],

H™ +e +*+ *Hyys — Ho+2%
or a recombination step (Tafel reaction, Tafel slope is 30 mV dec™1) [38, 39],
*Hpgs + ¥Hags — Ho+2x%

The rate-determining step of Pt/C follows the Volmer-Heyrovsky mechanism in
0.5 M H,SO4 solution according to the literature. The Tafel slope of CoOP/MWCNTs
and FeP/MWCNTs increased to 102 and 100 mV dec™!, all of them indicated a
tendency to limit the absorption of H* on active sites (Volmer Step). The slope of
Cop75Fe0.2sP/MWCNTSs (89.8 mV dec™1) implies that the reaction mechanism is the
Volmer-Heyrovsky mechanism in the HER, in which the rate-determining step is the
desorption process and the reaction kinetics is optimized. Analysis of the overpotential
and Tafel shows that Fe has a large effect on HER performance. In Fig. 3c, the practical
H; yield is basically agreement with the theoretical value, giving a faradaic efficiency of
nearly 99% for HER in 0.5 M H,SO4. The electrochemical impedance spectrum shows
a charge transfer resistance of 7.1 Q for Cog75Fep25sPPIMWCNTSs, which is close to
Pt/C (7 ©2) and less than CoP/MWCNTs (10.2 2) and FeP/MWCNTs (8.9 2). This also
indicates that Fe doping modulates the electronic structure of the catalysts, making the
charge transport more efficient.
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Fig. 3. (a) SEM and (b) HR-TEM image of Cog 75Fe 25sPFMWCNTs. (¢) HAADF-STEM images
and the corresponding (d) STEM-EDX of Cog 75Feg2sPFMWCNTs. (a) HER-LSV curves of
Coq.75Feq 25sPIMWCNTSs, CoP/MWCNTs, FeP/MWCNTs and Pt/C. (b) Tafel plots of different
samples. (¢) Faraday efficiency of HER for Co 75Feq s PAIMWCNTs with constant current density

of 100 mA cm™2. (d) Nyquist plots for Cog 75Feq 25 PIMWCNTSs, CoOP/MWCNTs, FeP/MWCNTs
and Pt/C.

The electrochemical double layer capacitance (Cg) was determined by cyclic
voltammetry (CV). As shown in Fig. 4a, b and ¢, Cog75Fep2sP/MWCNTSs exhib-
ited a larger Cq; of 3.2 mF cm™? in contrast to COP/MWCNTs (2.2 mF cm™2) and
FeP/MWCNTs (2.1 mF cm™2). The larger electrochemically active surface area of
Cog.75Fe02sPPIMWCNTs indicates that the Fe doped CoP is a dual active site.
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Fig. 4. CV curves at the non-Faradic region of (a) Cog 75Feq 25 PAIMWCNTSs, (b) CoP/MWCNTs
and (¢) FeP/MWCNTs. (d) Double-layer capacitance (Cdl) of Cog75Feg25P/MWCNTS,
CoP/MWCNTs and FeP/MWCNTs.

When evaluating HER electrocatalysts, the TOF value at the overpotential of —0.2 V
versus RHE reveal the intrinsic activity of the catalyst. According to the estimated num-
ber of active sites, the TOF value (Fig. 5a) of each active site of Cog 75Fe 2sPIMWCNTSs,
CoP/MWCNTs and FeP/MWCNTs in 0.5 M H,SO4 was calculated. As shown in
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Fig. 5a, the TOF value of Cog75Feg2sPIMWCNTs (0.18 s’]) was higher than that
of CoOP/MWCNTs and FeP/MWCNTs, which further indicates the synergistic effect of
the bimetallic sites. The ECSA-normalized specific activity (SA) at n = —200 mV is
shown in Fig. 5b. Cog 75Feq 25 PAIMWCNTSs (SA = 556 pA cm™2) offers higher specific
activity than the bare CoOP/MWCNTs (SA = 386 nA cm—2) and FeP/MWCNTSs (SA =
86 LA cm™2), demonstrating the effectiveness of the bimetallic synergy strategy. Further-
more, the mass activity (MA) is calculated at the overpotential (r)) of —200 mV (Fig. 5¢),
and Cog.75Fen2sPAIMWCNTSs shows higher MA (107 A g_l) than CoP/MWCNTs (MA
=52A g™ "), and FeP/MWCNTs (MA = 11 A g~ !). The corresponding specific activity
and mass activity of HER at the overpotential of —200 mV were showed in Fig. 5d,
which demonstrating the bimetallic synergistic strategy is potentially applicable to the
exploration of superior catalysts.
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Fig. 5. a Turnover Frequency (TOF) plots of Cog75Feg25P/MWCNTs, CoP/MWCNTs and
FeP/MWCNTs. b OER-LSV curves for specific activity, and ¢ mass activity of different cata-
lysts. d The corresponding specific activity and mass activity of OER at the overpotential of —
0.2 V versus RHE.

4 Conclusion

In summary, the Cog75Fep25PIMWCNTS catalyst with heterogeneous structure and
strong metal carrier interaction was synthesized by hydrothermal method. A series of
physical characterization and chemical experiments showed that the unique bimetallic
synergy of the Cog75Feq2sPIMWCNTs composite and the SMSI between the nano-
nanoparticles and the MWCNTs substrate give the material superior electronic conduc-
tivity, abundant active sites and stable structure, which are the fundamental reasons for
its high electrocatalytic HER activity and stability. The Cog75Feg25sPPMWCNTS cata-
lysts have an overpotential of only 126 mV at a current density of 10 mA cm~2 in 0.5 M
H,S0y4 solution and TOF values as high as 0.18 s~! at an overpotential of —200 mV.
The bimetallic synergy can provide a promising strategy for the design of superior HER
catalysts. Provides a promising strategy for the design of superior HER catalysts.
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