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SUMMARY

In this study, we report a Janus- or twins-type honeycomb 3D porous nitrogen-
doped carbon (NC) nanosheet array encapsulating ultrafine CoP/Co,P nanorods
supported on Ti foil (CoP/Co,P@NC/Ti) as a self-supported electrode for efficient
hydrogen evolution. The synthesis and formation mechanism of 3D porous NC
nanosheet array assembled into a honeycomb layer with ultrafine CoP/Co,P sin-
gle-crystal nanorods encapsulated is systematically presented. The CoP/
Co,P@NC/Ti electrode exhibits low overpotentials (n40) of 31, 49, and 64 mV
at a current density of —10 mA cm 2in 0.5 M H,SO,, 1.0 KOH, and 1.0 M PBS,
respectively, exceeding the overwhelming majority of the documented transition
metal phosphide-based electrocatalysts. Density functional theory calculation re-
veals that the superior electrocatalytic performance for hydrogen evolution reac-
tion could be ascribed to the strong coupling effects of the reactive facets of CoP
and Co,P with the 3D porous NC nanosheet, making it exhibit a more thermo-
neutral hydrogen adsorption free energy.

INTRODUCTION

Water splitting via electrolysis has been regarded as a promising technology to produce hydrogen to miti-
gate the dependence on fossil fuels (You and Sun, 2018; Turner, 2004). To date, many non-Pt catalysts for
hydrogen evolution reaction (HER), such as transition-metal chalcogenides (Zhang et al., 2016éa, Lu et al,,
2016; Chen et al., 2016a; Staszak-Jirkovsky et al., 2016), carbides (Li et al., 2016; Lu et al., 2019; Fan
et al., 2015), nitrides (Zhang et al., 2016b; Cao et al., 2013), phosphides (Pu et al., 2017; Chung et al.,
2017; Shiand Zhang, 2016), metal alloys (Zhang et al., 2017a), and heteroatom-doped nanocarbons (Zhang
etal., 2016c; Qu et al., 2017) have been reported. However, the catalytic performance of these electroca-
talysts is far from being able to compete with Pt activity (Boppella et al., 2019), which limits their application
in HER. Transition metal phosphides (TMPs), especially cobalt phosphide (CoP or Co,P), have attracted
great attention because of their acid-base stability over a wide pH range of 0-14 (Wang et al., 2017a).
Various cobalt phosphide materials with different morphologies and structures, such as nanoparticles (Vigil
et al., 2016), nanorods (Zhu et al., 2015), nanowires (Xu et al., 2018), nanosheets (Liu et al., 2017a; Li et al.,
2018a), nanotubes (Du et al., 2014), polyhedrons (Wu et al., 2017), metal-organic framework-derived porous
nanostructures (Chai et al., 2020), and Co,P nanorods (Doan-Nguyen et al., 2015; Zhang et al., 2020; Liu
et al., 2018), have been developed. These materials have been engineered to maximize the number of
active sites for optimal electrocatalytic performance toward the goal of HER. Meanwhile, bimetallic phos-
phides (NiCoP, Yu et al., 2016; Zhang et al., 2017b, CoFeP, Tan et al., 2016; Chen et al., 2019; MoWP, Wang
et al., 2016, etc.), Co/CoP heterostructure (Wang et al., 2017b; Xue et al., 2017), B- or N-doped CoP (Cao
et al., 2020; Zhou et al., 2018), and CoP with exposed high-energy crystal planes (Zhang et al., 2017¢)
demonstrated enhanced HER electrocatalytic performance owing to the appropriately optimized adsorp-
tion free energy of H on the surface (AGy*). However, the catalytic stability of bare TMPs is insufficient un-
der high overpotential and strong alkaline conditions. To address this issue, TMPs encapsulated into nitro-
gen-doped carbon (NC) has been developed, which exhibits better activity and stability than the naked
ones (Ma et al., 2017). Within this unique structure, the TMP core can be effectively protected by NC in
the liquid electrolytes, and the synergistic effect between TMPs and NC can also create nonmetallic active
sites and facilitate the electrocatalytic reaction (Ma et al., 2018).
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Figure 1. Synthesis of CoP/Co,P@NC/Ti Self-Supported Electrode

(A) Schematic illustration shows the construction of a series of nitrogen-doped carbon (NC) nanosheet array constituting CoP and Co,P single-crystal
nanorods (CoP/Co,P@NC) on Ti foil with different angles placed in solution during the growth process.

(B) Optical photographs show the Co(OH)(NO3),.,-mH,O honeycomb microspheres (left) and Co(OH),(NO3),_,-mH,O honeycomb pore walls (right) on two
sides of an inch-sized Ti foil (0°-70°).

(C) Optical photographs show the Co(OH),(NO3),_.-mH,O honeycomb pore walls on two sides of an inch-sized Ti foil (90°).

To further improve the electrocatalytic performance, another issue is providing good contact between chemi-
cally synthesized catalysts and the electrode surface, which determines the interface resistance, and therefore
the performance of the electrocatalyst. Directly growing electrocatalysts on a current collector is desirable to
ensure good contact and thereby improve the performance of electrocatalyst (Tian et al., 2014). At present,
various TMPs have been deposited on current-collecting substrates via a two-step approach: depositing metal
precursors onto substrates and then converting them into the corresponding phosphides by a low-temperature
phosphidation reaction to achieve self-supported electrocatalysts as effective HER cathodes (Jiang et al., 2014,
Sun et al., 2020). However, during synthesis, urea as a precipitating agent and noxious NH4F as an etchant are
often used to increase the loading of metal phosphides, control their morphologies and structures, and enhance
the adhesion force between the metal phosphides and current collectors (Tang et al., 2017). Meanwhile, the elec-
trocatalyst is normally adhered to one side of the current collector, which may lead to low utilization of current
collectors and restrict further improvement of catalytic performance (Tang et al., 2016). Hence, the challenge is to
develop effective approaches that can simultaneously (1) grow the active phases on both sides of the current
collectors and control the size and exposed facets of the final metal phosphides to increase the exposed sites
with high activity, (2) optimize the morphology to assure that the active sites are accessible, (3) improve the adhe-
sion affinity between active phases and current collectors to achieve low charge transfer resistance and prevent
loss of catalyst, (4) eliminate the use of toxic reagents, and (5) tune the electronic structure of active phases to
increase the intrinsic activity of active sites.

Herein, we report a novel approach to prepare Janus- or twins-type 3D porous NC nanosheet arrays
assembled into a honeycomb layer with CoP/Co,P single-crystal nanorods encapsulated on both sides
of an inch-size Ti foil (CoP/Co,P@NC/Ti) as an efficient self-supported electrode for HER. It is constructed
through a facile low-temperature-solution approach by growing a large-scale Janus- or twins-type
honeycomb lamellar cobalt nitrate-hydroxide (Co(OH),(NO3),.,-mH,O (0 < x < 2)) on an inch-sized Ti
foil followed by phosphidation (as illustrated in Figure 1). Amazingly, the type and size of honeycomb
Co(OH)(NO3),_-mH,0 precursor deposited on two sides of a Ti foil can be easily tuned by adjusting
the placement of titanium plates in growing process, and this unusual precursor can effectively regulate
the morphology, structure, and crystalline phase of phosphatized product during phosphidation. In CoP/
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Co,P@NC/Ti electrode, the large honeycomb pores as well as the mesopores within the walls can act as
diffusion channels for electrolyte to increase the active sites. Meanwhile, the nanorods of CoP and Co,P
are confined within the honeycomb pore walls and the NC matrix can protect them from agglomeration
and corrosion. More importantly, the interaction between different facets in CoP/Co,P and the NC shell is
a key factor for optimizing the value of AGy*. These features ensure the high catalytic activity of the ob-
tained optimal electrocatalyst toward the HER process, surpassing those of most previously reported co-
balt phosphide electrocatalysts, and excellent durability of the optimal electrocatalyst.

RESULTS
Preparation of Honeycomb Porous Precursors and Electrodes

The scanning electron microscopic (SEM) images (Figures 2A-2L) illustrate the interesting finding mentioned in
Figure 1. By adjusting the placement of Ti foil, two types of architectures can be fabricated, namely, a Janus-type
structure (0°~70°) where the morphology of a precursor deposited on one side of a Ti foil is different from that on
the other side and a twin-type structure (90°) where the morphology of the precursor deposited on the two sides
of Tifoil is identical. When the Ti foil was tilted and then immersed in the reactant solution, the morphology of the
lamellar precursor that formed on the two sides of Ti foil was different. On one side, microspheres (~2.7-6.3 um
in average diameter) of the honeycomb structure cover the Ti foil surface (Figures 2A-2E). On the other side, a
layer of the honeycomb structure formed on the Ti foil surface, whereas the pores of the honeycomb structure
are perpendicular to the foil surface (Figures STA-S1E). Similarly, when Ti foil is vertical in the solution, two sides
are covered by a layer of the honeycomb structure (Figures 2F and STF). It should be noted that a honeycomb
structure with pore walls of ~12-25 nm thickness with a smooth surface is the basic unit for the morphology of the
precursor formed on both sides (Figures 2G-2K and S1G-S1K). The precursors were prepared via a low-temper-
ature-solution (80°C) process in the presence of triethanolamine (TEOA) (as illustrated in Scheme S1): a precursor
of lamellar nitrate-hydroxide cobalt (Co(OH)(NO3),.-mH,0) was proposed for the first time (Figure S2). During
preparation, TEOA, as an organic ligand, was used to induce the formation of highly porous honeycomb struc-
tures. Interestingly, only honeycomb structured Co(OH),(NO3),_- mH,O precursor microspheres were formed in
the absence of the Ti foil (Figure S3). This indicates that the honeycomb structured layer can only form when
deposition takes place on the foil, whereas the formation of the microspheres does not require direct contact
with the foil. Therefore, the nucleation and growth of honeycomb structure on the Ti foil may be easier than
the formation of honeycomb microspheres. Thus, in our approach, the honeycomb structured layer always forms
on both sides of the foil; however, honeycomb microspheres are formed nearly exclusively on the top of the
layer. To confirm this conclusion, the morphology evolution of Co(OH)(NO3).,- mH,O with different time of
low-temperature-solution reaction are studied (Figure S4). It can be found that the honeycomb structured layer
forms on both sides of the foil during the initial stage of reaction and the honeycomb microspheres are gradually
formed on the top of the layer with reaction time lasting. As it is well known, the way of nucleation and growth is
closely related to the concentration of reactants. As seen in Scheme S1, at initial stage of reaction, the concen-
trations of reactants are same on both sides of Ti foil, thus the heterogeneous nucleation and growth of
Co(OH),(NO3),.- mH,O precursor will occur on the upper and lower surfaces of the Ti foil simultaneously with
the formation of honeycomb structured layer. As reaction time was prolonged, the reactants near the Ti foil sur-
face are continuously consumed and the reactants in bulk solution will diffuse toward the Ti foil surface. However,
the diffusion rate to upper surface should be obviously faster than that to lower surface due to gravity, and the
concentration of reactants near the upper surface is higher, which leads to the faster growth rate of
Co(OH),(NO3), - mH,O precursor on the upper surface. When the upper surface is fully covered by honeycomb
structured layer, the homogeneous growth of Co(OH),(NO3),..- mH,O precursor occurs and the honeycomb mi-
crospheres appear on the upper surface. However, the concentration of reactants near the lower surface still
could not reach the concentration at which homogeneous nucleation could occur. Therefore, a Janus-type struc-
ture will form when Ti foil is placed at 0-70°. Knowledge regarding the formation of different honeycomb struc-
tures may be useful for controlling the morphology and thickness of the precursor deposition on a Ti foil to
achieve optimal HER activity after phosphidation. The corresponding elemental distribution mapping experi-
ments reveal the homogeneous distribution of Co, C, N, and O elements in the lamellar nitrate-hydroxide cobalt
precursor (Figures S5 and S6). Samples of the Co(OH),(NO3),.,-mH,O honeycomb structure and honeycomb
microspheres were scratched off from the Ti foil and imaged with transmission electron microscope (TEM, Fig-
ure S7). The corresponding fast Fourier transform (FFT) images show closely arranged diffraction rings indicating
the polycrystalline characteristics of the nitrate-hydroxide cobalt pore walls of the honeycomb layer and
microsphere.
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Figure 2. Characterization of Lamellar Nitride-Hydroxide Cobalt Precursor
(A-F) SEM images of lamellar nitrate-hydroxide cobalt precursor of honeycomb structured microspheres for 0°, 10°, 30°, 50°, and 70° and honeycomb

structured layer for 90°; inserts of (A-E) show the corresponding particle size distribution chart of precursor microspheres.

(G-L) Precursors with thin pore walls (~14-20 nm thickness) for 0°-90°.

(M) XRD patterns of the lamellar nitrate-hydroxide cobalt precursor and cobalt phosphides scratched from Ti foils (black diamonds represent the diffraction
peaks from CoP; red circles correspond to the diffraction peaks from Co,P; blue hearts signify the lamellar nitride-hydroxide cobalt precursor).

(N) TGA curve of lamellar nitride-hydroxide cobalt precursor.

(O) UV-visible spectrum of lamellar nitride-hydroxide cobalt precursor.
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The X-ray diffraction (XRD) pattern of the precursor matches well with those of lamellar Ni(O-
H)1 6(Ac)p.4-0.63H,0 (ICDD PDF No. 00-056-0570) (Figure 2M). Thermogravimetric analysis (TGA) of the
precursor (Figure 2N) shows that weight losses occurred at four stages (30-160°C, 225-300°C, 340-
390°C, and 414--451°C), corresponding to the loss of free water, the dehydroxylation of the brucite-like
layers, the decomposition of interlayer nitrate anions, and the decomposition of TEOA, respectively
(Guo et al., 2014). UV-visible spectrum of the precursor displays three light absorption bands at 495,
531, and 617 nm (Figure 20). These bands indicate the presence of hydroxylated cobalt (Il). X-ray photo-
electron spectroscopy (XPS) shows the superficial elemental composition and the states of the precursor
(Figure S8). On the basis of the TGA, UV-visible spectra, and XPS results (Figures 2N, 20, and S8), we deter-
mine that the lamellar nitride-hydroxide cobalt precursor exists in the form of Co(OH)(NO3),_,-mH,0 with
ligand molecules of TEOA. The precursor of honeycomb layer is a dense deep green film, and the precursor
of honeycomb microspheres formed a dense yellow film covering two sides of a Ti foil (Figure 59). On the
contrary, when using urea as precipitant and NH,F as etching agent instead of TEOA for the synthesis un-
der the same reaction conditions, we obtained purple Co(OH)F film covering only one side of the foil with
the other side blank (Figure S10). The film turned black after phosphidation.

After low-temperature phosphidation, the CoP/Co,P@NC/Ti-X-Y (X denotes the placement angle of Tifoil in the
synthesis process of Co(OH),(NOs),._.- mH,O/Ti precursor, wherein, X = 0, 10°, 30°, 50°, 70°, and 90°; Y denotes
phosphidation temperature, wherein Y = 300°C, 350°C, 400°C, and 500°C) can be obtained. Clearly, both
morphology and integrated nature of CoP/Co,P@NC/Ti-X-Y with rough and plicated surface remained (Figures
3A-3F and ST1A-S11F). The average diameter of microspheres diminished from ~2.7-6.3 to ~2.3-5.6 um, and
the thickness of the pore walls of the honeycomb structure increased slightly to about 23-35 nm (Figures 3G-3L
and S11G-S11L). In honeycomb pore walls, a mixture of highly dispersed CoP and Co,P crystals with a rod-like
shape (7-10 nm thick and ca. 40-80 nm long) can be observed in an NC matrix (CoP/Co,P@NC) (Figures 4A-4H
and S12). The XRD pattern of CoP/Co,P@NC-10-350 displays the diffraction peaks of orthorhombic CoP (ICDD
PDF No. 29-0497) and Co,P (ICDD PDF No. 32-0306), further suggesting the formation of cobalt phosphides af-
ter low-temperature (<500°C) phosphidation (Figure 2M). In addition, a broad peak at ~26.0° corresponding to
the (002) lattice planes of carbon implies that the NC matrix derived from the pyrolysis of the organic TEOA
ligand is formed. This is confirmed by Raman spectra where two narrow peaks at 1,361 and 1,561 cm ™" were
observed, which belong to the D-band and G-band of carbon, respectively (Figure S13). The corresponding
elemental distribution mapping images clearly indicate the homogeneous distribution of Co, P, C, N, and O el-
ements in CoP/Co,P@NC, confirming the uniform dispersion of CoP and Co,P nanorods in the honeycomb layer
and honeycomb microspheres (Figures 3M and S14). The O species may result from surface oxidation of CoP/
Co,P@NC-10-350 when the sample was exposed to air.

High-resolution transmission electron microscopic (HRTEM) images of CoP and Co,P nanocrystals taken
from the different regions of the scratched CoP/Co,P@NC specimen (Figures 4C-4H) display well-resolved
lattice fringes with interplanar distances of 0.197,0.221, and 0.254 nm that are indexed to the (112) and (200)
lattice planes of CoP and the (121) lattice plane of Co,P, respectively. Successive lattice fringes with the
same orientation pervade each crystal, manifesting the single-crystal nature of the nanorods. The results
suggest that the nitrate-hydroxide cobalt precursor is converted into mixed CoP and Co,P phases. The
low-magnification high-angle annular dark field scanning transmission electron microscopic (HAADF-
STEM) image (Figure 41) shows numerous bright rods in nanosheet representing the CoP and Co,P, further
revealing that rod-like CoP and Co,P crystals are embedded in honeycomb pore walls. The highly-magni-
fied HAADF-STEM images and corresponding energy-dispersive X-ray (EDX) elemental mapping images
show that C, N, Co, P, and O elements are evenly distributed within the CoP/Co,P@NC pore walls (Figures
41-4P). It is also confirmed by the EDX spectrum (Figure 4Q). Hence, the carbon- and nitrogen-containing
lamellar cobalt precursor is crucial for achieving electrode materials with ultrafine CoP and Co,P nanorods
that are well dispersed in an NC matrix. The NC effectively prevents aggregation and oxidation of CoP and
CoyP nanocrystals, maintaining them in small and dispersed crystals, so that the electrochemically active
components of CoP and Co,P nanocrystals are stabilized where a large external surface area of the crystals
are exposed. In addition, the strong coupling effect of CoP/Co,P nanocrystals with the NC matrix may pro-
mote the electrocatalytic performances (Zhuang et al., 2016). The influence of the phosphidation temper-
ature on the structure evolution of CoP/Co,P@NC is also studied. SEM analysis shows that CoP/Co,P@NC-
10-300 and CoP/Co,P@NC-10-400, obtained by the phosphidation at temperatures of 300°C and 400°C,
respectively, maintain their original honeycomb structure, although a slight variation in surface roughness
and pore wall thickness is observed (Figures ST5A-S15H). When the phosphidation temperature was raised
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Figure 3. Characterization of CoP/Co,P@NC Honeycomb Structured Microspheres/Layers

(A-L) (A-F) SEM images of CoP/Co,P@NC of honeycomb structured microspheres for 0°, 10°, 30°, 50°, and 70° and honeycomb structured layer for 90°;
inserts of (A-E) show the corresponding particle size distribution chart of CoP/Co,P@NC microspheres. (G-L) CoP/Co,P@NC honeycomb microspheres with
thick pore walls (~22-33 nm thickness) for 0°-90°.

(M) The EDX elemental mapping images of CoP/Co,P@NC microsphere on Ti foil showing the distributions of elements Co, P, C, N, and O.

to 500°C, collapses of the honeycomb pore walls are observed (Figures S151-S15L). In the XRD patterns of
CoP/Co,P@NC-10-300 and CoP/Co,P@NC-10-400 samples, CoP crystals are observed (Figure S16), but
the CoP crystals existed only after the phosphidation at 500°C, and the Co,P phase vanished.

The XPS survey scan of CoP/Co,P@NC/Ti-10-350 electrode (Figure S17A) suggests the existence of Co, P,
N, C, and O elements. The Co 2p3,, spectrum exhibits two main peaks at 778.8 and 781.6 eV, respectively,
and a satellite at 784.9 eV, attributed to the Co-P in CoP, oxidized Co species, and the satellite peak,
respectively. The peak assignments in Co 2p,» spectrum are similar to those of Co 2ps/, (Figure S17B).
The oxidized Co species arise from the unavoidable contact of the surface of CoP or Co,P with air. The
high-resolution spectrum for P 2p displays two peaks at 129.4 and 130.3 eV assigned to P 2p3,, and P
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Figure 4. Characterization of CoP/Co,P@NC-10-350

(A and B) TEM images of the pore wall in CoP/Co,P@NC-10-350 specimen scratched from Ti foil.

(C-H) HRTEM images of CoP and Co,P nanorods dispersed in NC porous matrix at different regions of the pore walls in CoP/Co,P@NC-10-350 specimen;
insets in (E) and (F) show the corresponding fast Fourier transform (FFT) images.

(I-K) STEM images of pore wall in CoP/Co,P@NC-10-350 specimen.

(L-P) The corresponding EDX elemental mapping images of C, N, Co, P, and O in CoP/Co,P@NC-10-350 specimen.

(Q) EDX spectrum of CoP/Co,P@NC-10-350 specimen.

2p1/2, respectively (Pan et al., 2018). The peak at 134.0 eV is due to oxidized phosphorous species, such as
PO43~ or P,Os (Figure $17C). Comparing the peaks with those of metallic Co 2p3/, (778.1-778.2 eV) and
elemental P (130.2 eV), consistent with previous report (Liu et al., 2014), we note that the Co 2p3/, binding
energy exhibits a positive shift, whereas the P 2p displays a negative shift. It suggests that the Co and P in
the CoP/Co,P@NC/Ti-10-350 electrode have a partial positive charge (3") and negative charge (37),
respectively, implying the electron transformation from Co to P. The electron-deficient Co and electron-
rich P can function as the hydride-acceptor and proton-acceptor centers, respectively, which facilitates
the HER (Popczun et al., 2013). The XPS spectrum of O 1s shows three feature peaks at 529.4, 530.9, and
532.7 eV, which are assigned to lattice oxygen, adsorbed oxygen on CoO, and the adsorption of hydroxyl
oxygen on the surface, respectively (Figure S18D). The fitted C 1s spectrum presents a major peak at 284.7 V
and two satellite peaks at 285.54 and 286.6 eV, assigned to the C-C, C-N, and C-C in the NC nanowall ma-
trix, respectively (Figure S18E) (Deng et al., 2014). The high-resolution N1s XPS spectrum shows peaks at
399.8 eV corresponding to pyrrolic N species and 401.3 eV indexed to quaternary N species (Figure S18F)
(Jiao et al., 2016), which further verifies the formation of an NC pore wall matrix with encapsulated
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CoP/CoyP nanorods. The pyrrolic N species can improve the electrocatalytic HER activity by interacting
with H* (Pan et al., 2018), whereas the quaternary N species facilitates the activation of the adjacent carbon
and generates more non-metallic active sites (Yang et al., 2017).

A Useful Structural Feature of the Catalysts

Previously reported CoP synthesized via low-temperature phosphidation usually yielded round particles (Li
et al., 2018b), which are obviously different from the CoP and Co,P nanorods produced in this study. It is
worth noting that the crystal growth orientation of rods is different from those of round particles. The
diffraction spots in the FFT images (inset images in Figures 4E and 4F) can be indexed to the (200) planes
of CoP, rather than the (011), (211), (112), or (111) facets previously reported for CoP nanoparticles synthe-
sized using other precursors under similar phosphidation conditions. This result indicates that the crystal
growth orientation of cobalt phosphide nanorods could be regulated by the morphology and chemical
composition of the precursor. The electrocatalytic performance of CoP and Co,P nanocrystals depends
substantially on the crystal orientation and is discussed below.

To verify the conclusion further, the CoP/Co,P@NC/Ti-10-350 (Cl) electrode was also prepared by phosphi-
dation of another precursor Co(OH)(Cl),..-mH,0, obtained by using CoCl,-6H,0 as cobalt source in the
precursor preparation (Figures S18 and S19). The corresponding TEM images reveal that the sample mainly
contains irregular-shaped CoP and Co,P nanocrystals in the CoP/Co,P@NC walls and only the (211) and
(111) lattice planes of CoP can be observed (Figures ST9K-S19L). We also synthesized CoP nanowires using
urea as a precipitant and NH4F as an etching agent for comparison (Figure S20). The TEM and HRTEM im-
ages (Figures S20B-520D) show that the CoP nanowires with diameters of ~30-40 nm and lengths of ~100-
200 nm are composed of ~5- to 6-nm CoP crystals rather than single-crystal CoP nanorods. Evidently, the
Co(OH),(NO3),.,mH,0 precursor is preferred for the formation of single-crystal CoP and Co,P nanorods
with (200) planes of CoP and (121) planes of Co,P as the predominant facets.

HER Electrocatalytic Performance

The HER electrocatalytic activities of CoP/Co,P@NC/Ti-X-Y electrodes were evaluated in Nj-saturated
acidic (0.5 M H,SQy), neutral (1.0 M PBS), and alkaline (1.0 M KOH) aqueous solutions (experimental details
are provided in Supplemental Information). For comparison, bare Ti foil, commercial Pt/C (20 wt %), and
CoP-NWs/Ti were also tested. Linear sweep voltammograms of these samples recorded in 0.5 M H,SO,4
are shown in Figure 5A. The CoP/Co,P@NC/Ti-10-350 electrode displays excellent catalytic activity with
overpotentials as low as 31 mV required to achieve current densities of 10 mA cm™2. This overpotential
is slightly higher than that of a Pt/C electrode (26 mV) but much lower than those of bare Ti foil, CoP/
Co,P@NC/Ti-0-350 (72 mV), CoP/Co,P@NC/Ti-30-350 (33 mV), CoP/Co,P@NC/Ti-50-350 (37 mV), CoP/
Co,P@NC/Ti-70-350 (47 mV), CoP/Co,P@NC/Ti-90-350 (97 mV), and the CoP NWSs/Ti electrode without
the NC nanowall matrix (106 mV) (Table S1). When correlating the catalytic activity to structural features,
some key insights can be obtained. Polycrystalline CoP nanowires require much higher overpotential
than CoP/Co,P@NC/Ti-10-350, although there is no resistance/limitation for diffusion to the nanowires.
The structure of samples CoP/Co,P@NC/Ti-X-Y is similar, where the CoP/Co,P nanorods are embedded
in NC matrix. These samples exhibited much lower overpotentials than CoP NWs/Ti. Therefore, the wrap-
ped NC matrix, where there are abundant active sites, appears to be a key factor for superior HER perfor-
mance. The HER activity of CoP/Co,P@NC/Ti-10-350 electrode surpasses that of overwhelming majority of
very recently reported TMP-based HER electrocatalysts in acidic aqueous medium (Table S2). In addition,
the crystallinity of the cobalt phosphides in the electrode also affects the performance. CoP/Co,P@NC/Ti-
10-350 has better crystallinity than CoP/Co,P@NC/Ti-10-300 (Figure S16) and shows a lower overpotential,
whereas the pore structure of the two samples is similar (Figure S21).

Figure 5B displays the Tafel plots for cobalt phosphide electrodes and Pt/C. The Tafel slope for the CoP/
Co,P@NC/Ti-10-350 electrode was 44 mV dec™' and lower than that for CoP/Co,P@NC/Ti-0-350 (53 mV
dec™"), CoP/Co,P@NC/Ti-30-350 (46 mV dec™'), CoP/Co,P@NC/Ti-50-350 (45 mV dec™'), CoP/
Co,P@NC/Ti-70-350 (50 mV dec™"), CoP/Co,P@NC/Ti-90-350 (50 mV dec™"), CoP-NWs/Ti (55 mV
dec™), and other TMP-based HER electrocatalysts reported recently (Figure 5B, Tables ST and S2). A
smaller Tafel slope is more beneficial for practical application as it would lead to a remarkably increased
HER rate with a decrease in overpotential (Liu et al., 2017b). We also assessed the intrinsic catalytic activities
of CoP/Co,P@NC/Ti-X-Y, CoP-NWs/Ti, and Pt/C electrodes for the HER in 0.5 M H,SO, medium by
measuring the turnover frequency (TOF) at an overpotential of 100 mV (Figure S22). As shown in
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Figure 5. HER Performance of CoP/Co,P@NC/Ti-10-350 in 0.5 M H,SO,

(A and B) (A) Linear sweep voltammogram (LSV) curves and (B) Tafel plots of different samples in 0.5 M H,SO,.

(C) LSV curves of CoP/Co,P@NC/Ti-10-350 electrode before and after 3000 CV cycles from +0.10 to —0.25 V versus RHE in 0.5 M H,SO; (inset shows the
chronoamperometry i-t curves of CoP/Co,P@NC/Ti-10-350 at the overpotential of 65mV in 0.5 M H,SOy).

(D) Nyquist plots of the electrochemical impedance spectra of different samples at n = —65 mV in 0.5 M H,SO4.

(E) CVs performed at various scan rates in the region 0.1-0.3 V versus RHE for CoP/Co,P@NC/Ti-10-350 in 0.5 M H,SO4.

(F) The capacitive current densities at +0.20 V as a function of scan rate for different samples (Aj = ja — jc). () bare Ti foil, (Il) CoP-NWs/Ti, (Ill) CoP/Co,P@NC/
Ti-0-350, (IV) CoP/Co,P@NC/Ti-10-350, (V) CoP/Co,P@NC/Ti-30-350, (VI) CoP/Co,P@NC/Ti-50-350, (VII) CoP/Co,P@NC/Ti-70-350, (VIII) CoP/Co,P@NC/Ti-
90-350, and (IX) Pt/C.

Figure S22B, CoP/Co,P@NC/Ti-10-350 electrode achieves a TOF of 0.61 s 'atan overpotential of 100 mV,
much smaller than that for Pt/C (1.80 s™") and greater than that for CoP-NWs/Ti electrode (0.14 s7h, sug-
gesting the intrinsic superior HER activity of CoP/Co,P@NC/Ti-10-350. In fact, this value is also higher than
those of reported CoP-based electrocatalysts at the same overpotential, such as CoP/Ti (0.24 s™") (Zhang
etal., 2018), CoP/CC (0.11s7") (Zhangetal., 2017¢c), and CoP NWs/Ti (0.14s7 ") (Gao et al., 2017). An impor-
tant criterion for a heterogeneous catalyst is its long-term stability. The stability of the CoP/Co,P@NC/Ti-
10-350 electrode was tested first via an accelerated degradation test (ADT) using cyclic voltammetry (CV) at
100 mV-s~"in a potential range of +0.1 to — 0.25 V versus reversible hydrogen electrode (RHE). The polar-
ization curve shows a negligible drift after 3,000 continuous cycles, and the overpotentials required to
achieve current densities of 10 and 100 mA cm ™2 merely increase by 7 and 9 mV, respectively (Figure 5C).
The time-dependent catalytic current density curve was also measured (inset image in Figure 5C) and
shows that the electrocatalytic activity was almost unchanged after 20 h. After long-term testing, we
observed small cracks in the honeycomb layer, whereas the CoP/Co,P@NC/Ti-10-350 electrode retained
its integral configuration (Figures S23A-S23F). However, the structure and chemical composition remained
unchanged (Figures S23G-S523| and 524-S26). These results demonstrate that the honeycomb structured
CoP/Co,P@NC/Ti-10-350 electrode is stable during long-term operation in acidic medium.

To further understand how the structural features of the electrocatalysts influence their performance, we
conducted measurements at various potentials in 0.5 M H,SO, solution. The Nyquist plots of different elec-
trodes at n = 65 mV in 0.5 M H,SO, solution are presented in Figure 5D. The corresponding Rg and R in
0.5 M H,S0O4, solution for these electrodes were calculated and listed in Table S3. The resistances for CoP/
Co,P@NC/Ti-10-350 electrode are Rg of 1.75 Q and R.; of 4.35 Q at the catalyst/electrolyte interface, smaller
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than the values recorded for CoP-NWs/Ti and other CoP/Co,P@NC/Ti-X-Y electrodes, reflecting better
contact between the current collectors and the CoP/Co,P@NC/Ti-10-350 catalyst, resulting in rapid charge
transfer kinetics (Chen et al., 2016b). The superior charge transfer ability can promote the transfer of elec-
trons to Hags and is beneficial for minimizing concomitant ohmic losses, thus contributing significantly to
enhance the electrocatalytic activity. The effective electrochemical active surface areas (ECSAs) can be esti-
mated from the double-layer capacitances (Cq)) at solid-liquid interface. Cq was measured by CV at various
scan rates in a non-faradic region from 0.1-0.3 V versus RHE (Figures 5E and S27). The Cq is linearly pro-
portional to the ECSAs (ECSAs = Cy/C, where Cs is the capacitance of an atomically smooth planar surface
of the material per unit area under identical electrolyte conditions and the average value is 40 uF cm™2),
which can be calculated by the slope of the linear relationship between the current density against the
scan rate (Figure 5F) (Yang et al., 2016). The CoP/Co,P@NC/Ti-10-350 electrode presents the highest
Cq of 135.4 mF-cm™2 when compared with CoP/Co,P@NC/Ti-0-350 (48.8 mF cm™2), CoP/Co,P@NC/Ti-
30-350 (125.3 mF cm™?), CoP/Co,P@NC/Ti-50-350 (122.1 mF cm~?), CoP/Co,P@NC/Ti-70-350 (68.1 mF
em ™), and CoP/Co,P@NC/Ti-90-350 (40.3 mF cm™2). Meanwhile, this value is over than sextuple that of
CoP-NWs/Ti (48.8 mF cm™2). These results indicate that the CoP/Co,P@NC/Ti-10-350 electrode has the
largest number of electrocatalytic active sites among these samples. Given that the Cy varies with the
ECSA, the Cy-normalized current density may reflect the intrinsic HER activity (Figure S28). It was found
that the Cq-normalized HER activity for CoP/Co,P@NC/Ti-10-350 electrode is higher than that of CoP-
NWs/Ti, indicating that combining CoP and NC can realize the improvement of intrinsic HER activity of
active sites. The synergistic effects between CoP and N dopants can activate carbon atoms adjacent to
the N dopants and generate more non-metallic active sites on NC, thus boosting the HER activity of
CoP/Co,P@NC/Ti-10-350.

Another challenging requirement for a good noble-metal-free HER catalyst is high catalytic activity
and operation stability over a wide pH range. Therefore, we investigated the HER activity of the
CoP/Co,P@NC/Ti-10-350 electrode in alkaline and neutral media. It delivers excellent HER activity in
1.0 M KOH and 1.0 M phosphate buffer saline (PBS) solution (Figures 6A and 6D, and Table S1). The onset
overpotentials of CoP/Co,P@NC/Ti-10-350 electrode is only 18 and 30 mV in 1.0 M KOH and 1.0 M PBS
solution, respectively. To achieve the cathode current densities of 10, 20, and 100 mA-cm 2 in alkaline so-
lution, the CoP/Co,P@NC/Ti-10-350 electrode only requires overpotentials of approximately 49, 68, and
116 mV, respectively (Figure 6A), outperforming those of CoP-NWs/Ti (91, 117, and 239 mV). In fact, the
HER activity of CoP/Co,P@NC/Ti-10-350 favorably compares with that of most the reported TMP-based
HER electrocatalysts tested in alkaline solution (Table S4). In addition, the CoP/Co,P@NC/Ti-10-350 elec-
trode also exhibits excellent electrocatalytic performance in neutral medium where only small overpoten-
tials of 64 and 96 mV are required to afford current densities of 10 and 20 mA-cm 2 for CoP/Co,P@NC/Ti-
10-350 electrode (Figure 6D). The overpotentials are lower than those of CoP-NWs/Ti (225 and 308 mV) and
most of the previously reported TMP-based electrocatalysts (Table S5). The mass-normalized HER activities
of CoP/Co,P@NC/Ti-X-Y electrodes show that the mass activity of CoP/Co,P@NC/Ti-10-350 electrode in
acidic, alkaline, and neutral solutions are also better than those of other electrodes (Figure S29). This result
suggests that the CoP/Co,P@NC/Ti-10-350 electrode possesses high intrinsic activity. The Tafel slopes
measured with CoP/Co,P@NC/Ti-10-350 electrode in alkaline and neutral solutions are 51 and 98 mV
dec, respectively (Figures 6B and 6E). Similar to acidic conditions, the CoP/Co,P@NC/Ti-10-350 elec-
trode also exhibits faster HER kinetics and activity through smaller Tafel slope, compared with the CoP-
NWs/Ti electrode and other reported HER electrocatalysts (Table S4 and Tabe S5). In addition, The HER
activity of CoP/Co,P@NC/Ti-10-350 (Cl) electrode was also evaluated for comparison. As shown in Fig-
ure S30, the CoP/Co,P@NC/Ti-10-350 (Cl) electrode exhibits overpotentials of 53, 73, and 92 mV at a cur-
rent density of —10 mA em™2in 0.5 M HySO,, 1.0 M KOH, and 1.0 M PBS solutions, respectively, slightly
larger than CoP/Co,P@NC/Ti-10-350 electrode. The differences in HER activities may result from different
morphology, size, and predominant facets of Co,P and CoP nanorods in the CoP/Co,P@NC walls.

The long-term durability of CoP/Co,P@NC/Ti electrode was also tested in alkaline and neutral media. After
an ADT test the polarization curves of CoP/Co,P@NC/Ti-10-350 electrode only exhibited a slight decay,
where the overpotential increased by 16 mV for achieving —100 mA-cm™2 in alkaline solution (Figure 6C).
An insignificant increase of the overpotential at a current density of 50 mA-cm 2
test in neutral medium (Figure 6F). The long-term durability test shows that the current density decreases
by only 9% and 8% after 20 h of electrolysis in alkaline and neutral media, respectively (inset images in Fig-
ures 6C and 6F). These results demonstrate the excellent catalytic stability of CoP/Co,P@NC/Ti-10-350

was observed afteran ADT

10 iScience 23, 101264, July 24, 2020

iScience



iScience ¢? CellPress
OPEN ACCESS

A B c
‘}‘E 0 010 L “.‘E 0 | = Initial
8 5 —— After 3000 cycles
> o3 0
g ot — Zo.08} T 201§
= —1 = = < 20
— -~
2400 :c S0.08 2 40 > -40 n=90mV
[")] b
c —_—v 2 « 2 2 60
gl —v S04} 3 8 6013 o
- —_—VIl [ = e
< > A = [ 100
® 80| M Ogo2f o Q gof5 510 15 20
5 —IX o 5 o Time/h
(8] 1.0 M KOH o 1.0MKOH| O 1.0 M KOH
-100 L s L 0.00 L L L 1 1 s L -100 1 L L 1 L 1
-0.4 -0.3 -0.2 -0.1 0.0 0.1 00 0.2 0.4 06 08 1.0,1.2 1.4 06 -05 -04 03 0.2 -01 0.0
D Evs.RHE/V E Log[j/(mA cm™)] £ Evs.RHE/V
‘?‘E ol NE o | ——Initial
S S ——After 3000 cycles
< 0] —I < 40l
E J— E (L4
- —_—ll - -
%‘ 20 | & %‘ 2013 8 n=65mV
3 | g |Ev
g 30f =—VI S o 3008 %
- | ® ; - -
= —Vi o) 2 5 © €2
g oy X o By &° S 4otk 510 15 20
5 0.02 - \\\0 1,\«\ = (3} Time/h
o 1.0 M PBS > *"1.0MPBS | O 1.0 M PBS
-50 L s L L 0.00 L L L s L L 50 L 1 1 L L L 1
05 04 -03 -0.2 -01 0.0 0.1 00 02 04 06 08 1.0 1.2 0.7 -0.6 0.5 -0.4 -0.3 -0.2 -0.1 0.0
E vs.RHE/V Log[j/(mA cm™)] Evs.RHE/V

Figure 6. HER Performance of CoP/Co,P@NC/Ti-10-350 in 1.0 M KOH and 1.0 M PBS Solutions

Linear sweep voltammogram (LSV) curves of (I) bare Ti foil, (I) CoP-NWs/Ti, (Ill) CoP/Co,P@NC/Ti-0-350, (IV) CoP/Co,P@NC/Ti-10-350, (V) CoP/Co,P@NC/
Ti-30-350, (VI) CoP/Co,P@NC/Ti-50-350, (VII) CoP/Co,P@NC/Ti-70-350, (VIII) CoP/Co,P@NC/Ti-90-350, and (IX) Pt/C in (A) 1.0 M KOH and (D) 1.0 M PBS
solutions; The corresponding Tafel slopes in (B) 1.0 M KOH and (E) 1.0 M PBS solutions; LSV curves of CoP/Co,P@NC/Ti-10-350 electrode before and after
3,000 CV cycles from +0.10 to —0.25 V versus RHE in (C) 1.0 M KOH and (F) 1.0 M PBS solutions. Inset images in (C) and (F) show the chronoamperometry i-t
curves of CoP/Co,P@NC/Ti-10-350 at overpotentials of 90 and 65 mV in 1.0 M KOH and 1.0 M PBS solutions, respectively.

electrode in alkaline and neutral solutions. Hence, CoP/Co,P@NC/Ti-10-350 electrode is a promising elec-
trocatalyst for the HER over a broad pH range.

Density Functional Theory Calculations

A series of density functional theory (DFT) calculations were carried out by building the relevant theoretical
models (Figures S31, S32, and 7A) to gain insight into the high HER activity of the CoP/Co,P@NC/Ti-10-350 elec-
trode. It has been proved that the adsorption free energy of H (AGy*) is an appropriate parameter for evaluating
the HER activity of a catalyst. A catalyst that gives AGy* = O is considered as a promising candidate to catalyze
the HER process, as it can achieve a fast proton/electron transfer step as well as a fast hydrogen release process
(Liu et al., 2015). As the CoP/Co,P@NC/Ti electrode is composed of CoP (200) facets along with a small fraction
of exposed facets of (112) and (211) planes as well as the exposed facets of Co,P (121) planes, we calculated the
AGH* value on the (100), (112), and (211) planes of CoP@NC and the (121) plane of Co,P@NC. For comparison,
calculations for these planes encapsulated with carbon (CoP(100), CoP(112), and CoP(211)@C), (Co,P (121),
CoP(100), CoP(112), CoP(211), and Co,P(121)@C) were also conducted. The calculated free energy profiles of
the HER on different cobalt phosphide catalysts are presented in Figure 7B. The computational results show
that the (100) surface of CoP and (121) surface of Co,P give large exothermic AGy* values of —0.89 eV and
—0.67 eV, respectively, which are lower than the relevant AGH* on the (211) and (112) planes of CoP (—0.51
and —0.20 V). The surfaces of CoP (100) and Co,P (121) planes should therefore exhibit a low HER activity per-
formance because of the foreseeable difficulty of hydrogen release.

After being dispersed in a carbon matrix, the AGy* values of the obtained CoP(112)@C and CoP(211)@C are sur-
prisingly large and endothermic, with values of 1.03 and 1.01 eV, respectively. In contrast, the Co,P(121)@C and
CoP(100)@C have low endothermic AGy* values of 0.15 and 0 eV, respectively, which are more favorable to cata-
lyze the HER process. This change could be caused by the strong coupling effect between C atoms and
CoyP(121) and CoP(100) in the CoP/Co,P@NC/Ti electrode. The AGy* values of CoP(112)@NC (0.19 eV) and
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(C) Schematic illustration shows structural features and strong synergistic effects for modulating the local electronic structure of CoP/Co,P@NC/Ti electrode

for enhancing electrocatalytic HER.

CoP(211)@NC (0.37 eV) are much smaller than those of CoP(112)@C and CoP(211)@C, indicating that the N dop-
ants introduced into the carbon matrix can reduce the value of AGL* and improve the electrocatalytic HER per-
formance. Introducing N dopants in Co,P(121)@C leads to a small exothermic AGy* of —0.20 V for Co,P(121)
@NC, which is still suitable for promoting the HER. In particular, due to the chemical bonding between
CoP(100) and the NC matrix, the CoP(100)@NC exhibits an optimal AGK* value of —0.05 eV. These calculation
results suggest that the CoP/Co,P@NC/Ti electrode should possess the highest catalytic activity for HER, which
is in good agreement with the experimental results. Thus the DFT calculations corroborate that the CoP/
Co,P@NC/Ti electrode composed of the CoP nanocrystals with (200) facets as the predominately exposed sur-
face (and a fraction of (112) and (211) exposed planes) and Co,P nanocrystals with the (121) plane as the predom-
inately exposed surface should be highly efficient HER electrocatalysts. The calculation results also indicate that
for the CoP/Co,P@NC/Ti electrode, the C atoms above CoP(100) and Co,P(121) adjacent to the N dopants are
the most effective active sites, and that their HER activities should be higher than those of the C atoms above
CoP(211) and CoP(112) adjacent to the N dopants.

Based on the aforementioned results, as illustrated in Figure 7C, several reasons are proposed to explain
the superior electrocatalytic performance of the CoP/Co,P@NC/Ti electrode for HER. The enhanced
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electrocatalytic activity and durability of the CoP/Co,P@NC/Ti electrode may be attributed to its unique
open structure and interface bonding between the predominately exposed facets of cobalt phosphides
and the NC matrix. First, the honeycomb structure provides highly open macropores with a mesoporous
pore wall of NC matrix. CoP and Co,P nanocrystals are dispersed in the matrix and readily accessible via
the macro- and mesopores. This structure has a large interfacial contact area, which acts as the effective
ECSA for HER, and facilitates the diffusion of hydrogen evolution-relevant species (e.g., H", OH™, and
H,0) in electrolyte to the ECSA, and the transport of electrolyte ions, reaction intermediates, and products
(e.g., Hp). The chemical bonding between the dispersed CoP and Co,P nanocrystals with the NC matrix and
the thickness of the honeycomb pore walls prevent agglomeration of the nanocrystals and thus loss of the
ECSA, and provide stability to the electrocatalyst. The DFT simulation indicates that the synergistic effect
of the high proportion of exposed facets of CoP (200) and the Co,P (121) planes with the NC matrix of thin
honeycomb pore walls can reduce the AGy* values to promote the adsorption of initial H* and yield super-
active catalytic sites in thin honeycomb pore walls, which greatly enhances the HER activity. Second, the
strong adhesion of the directly growing CoP/Co,P@NC honeycomb layer and honeycomb microspheres
to the Tifoil is beneficial for the electron transport within the current collectors and avoiding the sheltering
of active sites, resulting in good mechanical and catalytic stability. Third, the NC matrix prevents the ag-
gregation and undesired large-scale surface oxidation of the CoP and Co,P nanocrystals (Huang et al.,
2019).

DISCUSSION

In summary, we found that a honeycomb structured precursor of nitrate-hydroxide cobalt can be grown
simultaneously on both sides of a Ti foil by dipping it in a mixture of Co(NO3),-6H,0 and triethanolamine.
Subsequent phosphidation converts the coated foil into Janus- or twin-type CoP/Co,P@NC/Ti electrodes
composed of NC nanosheet arrays assembled into a honeycomb layer with CoP/Co,P single-crystal nano-
rods encapsulated. The morphology, structure, crystalline phase, and HER performance of these elec-
trodes can be regulated by controlling the angle of Ti foils immersed in the precursor solution during
the growth process. The electrode exhibits excellent electrocatalytic activity and good stability, outper-
forming most previously reported non-noble-metal HER electrodes. The unique open hierarchal porous
structure of this catalyst and nanorods of CoP and Co,P single crystals dispersed in the NC matrix of
thin pore walls of honeycomb structure generate the largest effective ECSAs. The (200) planes of CoP crys-
tals and (121) planes of Co,P crystals interact with the NC matrix, resulting in the most efficient electroca-
talytic sites for the HER. The synthesis approach can create the structural properties. The relationship be-
tween synthesis and structures, structure properties, and performance can be useful for the design of a
large variety of bifunctional self-supported electrodes with transition metal oxides, nitrides, carbides,
and phosphides for various electrocatalytic applications.

Limitations of the Study

In this work, we developed an efficient method to fabricate inch-size CoP/Co,P-based 3D self-supported
electrode for HER. Although excellent catalytic performance was explained by DFT calculations, advanced
in situ techniques are required to reveal the synergistic effects between CoP/Co,P and NC matrix for
enhanced HER performance.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information

1. Supplemental Figures
12h

2h 4h

Scheme S1. Schematic illustration shows the growth process of honeycomb structure precursor grown on the two sides of Ti
foil obtained at different reaction intervals during the deposition. Related to Figure 1.

1h

Com
2F ‘

Figure S1. (a-f) SEM images of lamellar nitrate-hydroxide cobalt precursor of honeycomb structured layers for 0< 10< 30<
50< 70< and 90< (g-I) precursors with thin pore walls (~12-25 nm thickness) for 0<=- 90< Related to Figure 2.




‘ Co-O octahedron

Figure S2. Schematic illustration of the structure of lamellar nitride-hydroxide cobalt (Co(OH)x(NO3).-x mH20), in which H
atoms are not shown. Related to Figure 2.

Figure S3. (a-d) SEM images of Co(OH)x(NOs).-x mH20 precursor synthesized by low-temperature-solution strategy without
using Ti foil. Related to Figure 2.



Figure S4. SEM images of honeycomb structure precursor grown on the two sides of Ti foil obtained at different reaction
intervals during the deposition: (a) 1 h (upper surface), (b) 1 h (lower surface), (c) 2 h (upper surface), (d) 2 h (lower surface),
(e) 4 h (upper surface), (f) 4 h (lower surface), (g) 12 h (upper surface), and (h) 12 h (lower surface). The placement angle of
Ti foil in solution is 70=during the growth process. Related to Figure 2.
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Figure S5. (a) SEM image of lamellar nitride-hydroxide cobalt precursor honeycomb microspheres; (b-f) the EDX elemental
mapping images of the precursor microspheres showing the distributions of elements Co, C, O, and N; (g) EDX spectrum of
the precursor microspheres. Related to Figure 2.
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Figure S6. (a) SEM image of lamellar nitride-hydroxide cobalt precursor honeycomb layer; (b-f) the EDX elemental mapping
images of the precursor layer showing the distributions of elements Co, C, O, and N; (g) EDX spectrum of the precursor layer.
Related to Figure 2.



50 nm

Figure S7. (a and b) TEM images of Co(OH)x(NQOs3)2x mH20 honeycomb layer scratched down from Ti foil; (c and d) TEM
images of the scratched Co(OH)x(NOs)..« mH20 honeycomb microspheres; (¢) HRTEM image of Co(OH)x(NO3z),-x mH20
microspheres; (f) the corresponding fast transformation Fourier image. FFT image of the honeycomb layer is given and the
image of honeycomb microspheres is the same and not shown. Related to Figure 2.
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Figure S8. XPS of lamellar nitride-hydroxide cobalt precursor: (a) XPS survey scan and high resolution XPS spectra of (b)
Co 2p, (c) N 1s, (d) C 1s, and (e) O 1s. Related to Figure 2.

X-ray photoelectron spectroscopy (XPS) of the precursor reveals the presence of Co, O, C, and N elements (Fig. S8a). In the
Co 2p spectrum (Fig. S8b), the peak value differences between 780.4 and 796.4 eV is 16.0 eV in line with the spin orbit
splitting values of Co 2ps, and Co 2pis2, suggesting that cobalt exists in the form of Co?* (Zhang et al., 2017). The high-
resolution XPS spectrum of the N1s core level exhibits three peaks at 405.6, 401.0, and 398.5 eV; they can be assigned to N-
O, quaternary N, and Co?*-N species in NO3", protonated TEOA, and the TEOA cobalt complex, respectively (Fig. S8c). In
the C 1s spectrum (Fig. S8d), two peaks at 285.2 and 288.2 eV can be attributed to carbon in C-N and C-O (Silva et al., 2013),
confirming the presence of TEOA in the precursor. For O1s XPS spectrum (Fig. S8e), the peaks at 530.9 eV and 532.9 eV are
observed, which are attributed to the -OH groups in cobalt hydroxide and TEOA, respectively.
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Figure S9. Optical photographs of (A) bare Ti foil, (B) Co(OH)x(NO3).-« mH20-microspheres/Ti (upper) and Co(OH)x(NOs)..
x MH20-layer/Ti (bottom), and (C) CoP/Co.,P@NC-microspheres/Ti (upper) and CoP/Co,P@NC-layer/Ti (bottom). Related

to Figures 2 and 3.
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Figure S10. Optical photographs of (A) bare Ti foil, (B) Co(OH)F-NWs/Ti (upper) and bare surface Ti foil (bottom) and (C)
CoP-NWs/Ti (upper) and bare surface Ti foil (bottom). Related to Figures 2 and 3.
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Figure S11. (a-f) SEM images of CoP/Co,P@NC of honeycomb structured layer for 0< 10< 30< 50< 70< and 90< (g-I)
CoP/Co,P@NC honeycomb structured layer with thick pore walls (~23-32 nm thickness) for 0290< Related to Figure 3.
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Figure S12. TEM images of the pore wall in CoP/Co,P@NC specimen scratched down from CoP/CoP@NC/Ti-90-350 elec-
trode. Related to Figure 3.
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Figure S13. Raman spectra of (a) Co(OH)(NO3),.,-mH,O precursor and (b) CoP/Co,P@NC-10-350 catalyst. Related to Figure

Figure S14. (a) SEM image of CoP/Co,P@NC honeycomb layer on Ti foil; (b-g) the EDX elemental mapping images of
CoP/Co,P@NC layer on Ti foil showing the distributions of elements Co, P, C, N, and O. Related to Figure 3.
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Figure S15. SEM images of CoP/Co,P@NC honeycomb microspheres on Ti foil obtained at 300 <€ (a, b), 400 <€ (e, f), and
500 <€ (i, j), respectively and SEM images of CoP/Co,P@NC honeycomb layer on Ti foil obtained at obtained at 300 <€ (c,

d), 400 <€ (g, h), and 500 <€ (K, I), respectively. Related to Figure 3.
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Figure S16. XRD patterns of (a) CoP/Co.,P@NC-10-300, (b) CoP/Co,P@NC-10-350, (¢) CoP/Co.P@NC-10-400, and (d)
CoP@NC-10-500 scratched down from Ti foil. Related to Figure 4.
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Figure S17. (a) Survey XPS spectrum of CoP/Co,P@NC/Ti-10-350 electrode and high-resolution XPS spectra of (b) Co 2p,
(c) P 2p, (d) O 1s, (e) C 1s, and (f) N 1s in CoP/Co,P@NC/Ti-10-350 electrode. Related to Figure 4.
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Figure S18. (a) XRD patterns of the Co(OH)x(Cl)..« mH0 precursor and phosphatized product scratched from Ti foil (black
diamonds represent the diffraction peaks from CoP; red circles correspond to the diffraction peaks from Co2P; blue hearts
signify the lamellar Co(OH)x(Cl)..« mH,0 precursor). Related to Figure 4.
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Figure S19. (a, b) SEM images of Co(OH)x(Cl).-x mH>O honeycomb microspheres on Ti foil; (c, d) SEM images of
Co(OH)x(Cl)2x mH20 honeycomb layer on Ti foil; (e, f) SEM images of CoP/Co,P@NC honeycomb microspheres on Ti foil
obtained at 350 €; (g, h) SEM images of CoP/Co,P@NC honeycomb layer on Ti foil obtained at 350 <€; (i, g) TEM images
of CoP/Co,P@NC-10-350 scratched from Ti foil; (k, I) HRTEM image of CoP/Co,P@NC-10-350. The CoP/Co,P@NC was
synthesized by using Co(OH)x(Cl)..« mH,0 as precursor. Related to Figure 4.
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Figure S20. (a) XRD pattern of CoP specimen scratched down from Ti foil; (b) TEM images of CoP nanowires scratched
down from Ti foil; (¢) HRTEM image of CoP nanowires; (d) SAED pattern of CoP nanowires. The sample was synthesized
by using urea as precipitant and NH4F as etching agent. Related to Figure 4.

b

o
T

0.14

> 0.12
~
< 0.10

y/mAcm? o
g

c
S 0.08

AN

o

o
.

S 0.06

o
> 0.04
O

Current densit
o
o

0 0.02
2 -01 0.0 /VO'
-200 L 1 E vs. RHE. 0.00 1 1 1 1 1
03 02 01 0.0 0.1 0.6 0.8 1.0 1.2 1.4
Evs.RHE/V Log[i/(mA cm'z)]

Figure S21. (a) LSV curves recorded at 2 mV s and (b) Tafel plots of (I) bare Ti foil, (II) CoP-NWs/Ti, (IlI)
CoP/Co,P@NC/Ti-10-300, (IV) CoP/Co,P@NC/Ti-10-350, (V) CoP/Co,P@NC/Ti-10-400, (VI) CoP@NC/Ti-10-500, and
(VI1) Pt/C in 0.5 M H,SO.. Related to Figure 5.
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Figure S22. (a) CVs of CoP/Co,P@NC/Ti-10-350, CoP-NWs/Ti and Pt/C electrodes in 1.0 M PBS (pH 7) with a scan rate of
50 mV s, (b) Calculated TOFs for CoP/Co,P@NC/Ti-10-350, CoP-NWSs/Ti and Pt/C electrodes in 0.5 M H,SO,. Related to
Figure 5.
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Figure S23. (a-c) SEM images of the used CoP/Co,P@NC-10-350 honeycomb microspheres on Ti foil at different magnifi-
cations; (d-f) SEM images of the used CoP/Co,P@NC-10-350 honeycomb layer on Ti foil at different magnifications; (g, h)
TEM and (i) HRTEM images of the used CoP/Co,P@NC-10-350 scratched down from Ti foil. Related to Figure 5.
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Figure S24. XRD pattern of the used CoP/Co,P@NC-10-350 scratched down from Ti foil. Related to Figure 5.
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Figure S25. (a) SEM image of the used CoP/Co,P@NC-10-350 honeycomb microspheres on Ti foil; (b-g) the EDX elemental
mapping images of the used CoP/Co,P@NC-10-350 honeycomb microspheres on Ti foil showing the element distributions of
Co, P, C, N, and O; (g) EDX spectrum of the used CoP/Co,P@NC-10-350 honeycomb microspheres on Ti foil. Related to
Figure 5.
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Figure S26. (a) SEM image of the used CoP/Co,P@NC-10-350 honeycomb layer on Ti foil; (b-g) the EDX elemental mapping
images of CoP/Co,P@NC-10-350 honeycomb layer on Ti foil showing the element distributions of Co, P, C, N, and O; (h)
EDX spectrum of CoP/Co,P@NC-10-350 honeycomb layer on Ti foil. Related to Figure 5.
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Figure S27. CVs performed at various scan rates in the region of 0.1 - 0.3 V vs. RHE in 0.5 M H,SO4 for (a) CoP NWs/Ti, (b)

CoP/Co,P@NC/Ti-0-350, (c) CoP/Co,P@NC/Ti-30-350, (d) CoP/CoP@NC/Ti-50-350, (¢) CoP/Co,P@NC/Ti-70-350, (f)
CoP/Co,P@NC/Ti-90-350. Related to Figure 5.
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Figure S28. The Cq normalized polarization curves for CoP-NWs/Ti and CoP/Co,P@NC/Ti-10-350 in 0.5 m H>SO4 electrolyte
at 2 mV s™!. Related to Figure 5.
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Figure S29. Mass-normalized HER activities of (I) CoP-NWs/Ti, (1) CoP/Co,P@NC/Ti-0-350, (111) CoP/Co,P@NC/Ti-10-
350, (IV) CoP/Co,P@NC/Ti-30-350, (V) CoP/Co,P@NC/Ti-50-350, (VI) CoP/Co,P@NC/Ti-70-350, (VII)
CoP/Co,P@NC/Ti-90-350 in (a) 0.5 M H,S0Os4, (b) 1.0 M KOH, and (c) 1.0 M PBS solutions. Related to Figures 5 and 6.

o A [ Coricop@NCTI10350 o b o[ copicop@NCrTI-10-350 o C | = COP/C02P@NC/Ti-10-350
e [~ CoP/C02P@NC/Ti-10-350 (CI = e COP/C02P@NC/Ti-10-350 (Cl), 1S [==——= CoP/C02P@NCI/Ti-10-350 (Cl)
o [3) o
< 20| < 20| < 20
1S £ IS
~ ~ ~
2 -0t >-40) 20|
%] ‘0 7]
S 5] g
3 6ot 360} 3 6o
- - o
c C c
© 8ol O 8ot O 8ol
= = s
3. |o5MH:s0 3, .| LomMKoH 8 1.0 M PBS
-100 L— L 2004 L L L o -100 -100 N L A s s
04 03 02 -01 0.0 0.1 05 -04 0.0 05 -04 -03 -02 -01 00 01
Evs. RHE/V Evs RHE/V Evs.RHE/V

Figure S30. LSV curves of CoP/Co,P@NC/Ti-10-350 and CoP/Co,P@NC/Ti-10-350 (Cl) in (a) 0.5 M H,SO4, (b) 1.0 M KOH,
and (c) 1.0 M PBS solutions. Related to Figures 5 and 6.
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Figure S31. The unit cells of CoP and Co-P, the Co and P atoms are in blue and pink, respectively. Related to Figure 7.
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Figure S32. Top and side view structures of the clean, carbon (@C) and N-carbon (@NC) shell catalysts surfaces of CoP and
Co2P. In the surface models, Co, P, C, and N atoms are given in blue, pink, gray and green, respectively. Related to Figure 7.



Table S1. Comparison of the HER performance of different electrocatalysts. Related to Figures 5 and 6.

a b

Electrocatalyst Electrolytes [Trlr#i/)] [r?]z\o/] [2112;] [me d)eC'l]
0.5 M H,SOq 31 46 89 44
CoP/Co,P@NC/Ti-10-350 1.0 M KOH 49 68 116 51
1.0 M PBS 64 96 213 98
0.5 M H,S0Oq4 106 129 220 55
CoP-NWs/Ti 1.0 M KOH 91 117 239 58
1.0 M PBS 225 308 - 106
0.5 M H,S0O4 26 41 115 28
Pt/C 1.0 M KOH 30 55 - 45
1.0 M PBS 58 134 - 70
0.5 M H,S0O, 72 88 133 53
CoP/Co,P@NC/Ti-0-350 1.0 M KOH 114 132 181 53
1.0 M PBS 101 126 258 102
0.5 M H,S0O, 33 49 96 46
CoP/Co,P@NC/Ti-30-350 1.0 M KOH 54 72 119 53
1.0 M PBS 92 126 283 103
0.5 M H,S0O, 37 50 93 45
CoP/Co,P@NC/Ti-50-350 1.0 M KOH 53 72 119 52
1.0 M PBS 68 102 227 108
0.5 M H,S0O4 47 61 103 50
CoP/Co,P@NC/Ti-70-350 1.0 M KOH 73 88 130 55
1.0 M PBS 92 124 261 101
0.5 M H,SOq4 97 112 152 50
CoP/Co,P@NC/Ti-90-350 1.0 M KOH 113 128 169 51
1.0 M PBS 134 165 - 92
CoP/Co,P@NC/Ti-10-300 0.5 M H,S0Oq 46 66 140 52
CoP/Co,P@NC/Ti-10-400 0.5 M H,S0Oq 56 77 168 54
CoP@NC/Ti-10-500 0.5 M H,SO4 123 145 235 56

A: overpotential required to achieve the stated current density; Pb: Tafel slope.



Table S2. Comparison of the electrocatalytic activity of CoP/Co,P@NC/Ti-10-350 electrode reported in this work and some
other representative phosphide-based HER electrocatalysts that have been recently reported in acidic medium. Related to Fig-
ure 5.

Loading N10 Tafel slope
Electrocatalyst Electrolyte [mg cm?] [mV] [mV dec] Ref.
CoP/Co,P@NC/Ti-10-350 0.5 M H2S04 5 31 44 This work
J. Am. Chem. Soc. 2018,
CoP/NCNHP 0.5 M H2S0, 2 140 53 140, 2610,
CoP NFs 0.5 M H2S0, 0.265 122 54.8 ACS Catal. 2020, 10, 412.
np-CosP 0.5 M H;SO — 80 44 Adv. Mater, 2016, 28
CoP@PC-750 0.5 M H,SO, 1.0 49 72 Small 2019, 15, 1900550.
Adv. Sci. 2020, 7,
CoP-INNC@CNT 0.5 M H,SO, 0.35 153 62 1903195
_ Adv. Energy Mater. 2019,
CoP/NPC/TF 0.5 M H3SO, 1.5 91 54 9. 1803970,
CoP@NC-NG 0.5 M H3S04 0.28 135 59.3 Small 2018, 14, 1702895.
CoP-400 0.5 M H2S0, 0.43 113 67 Small 2018, 14, 1802824,
CoP/CozP 0.5 M H,S0, ~0.36 99 51.4 Nanosci'glém& 10,
CoP@NC 0.5 M H,SO4 0.306 78 49 ACS Catal. 2017, 7, 3824.
J. Am. Chem. Soc. 2017,
CoyP-C 0.5 M H2S04 0.382 96 68 139, 11248,
J. Am. Chem. Soc. 2014,
CoP/CC 0.5 M H;SO, 0.92 67 51 136, 7587.
. Angew. Chem. Int. Ed.
CoP/Ti 0.5 M H3SO, 2.0 75 50 2014, 53, 5427,
. Appl. Catal. B Environ.
NIo,s7C01,33P/N-C NFs 0.5 M H,S0O,4 — 100 35 2019] 244, 620.
. Adv. Energy Mater. 2019,
CoP/NiCoP 0.5 M H2S0, 2 125 71 9. 1001213.
. Adv. Funct. Mater. 2019,
2D CoP/NiCoP/NC 0.5 M H2S0, 0.318 60 58 29, 1807976,
W-CoP NAs/CC 0.5 M H;SO, 2.6 89 58 Small 2019, 15, 1902613.
Mn—Co—P/Ti 0.5 M H;SO4 5.61 49 51 ACS Catal. 2017, 7, 98.
Adv. Funct. Mater. 2018,
Co-Co,P@NPC/rGO 0.5 M H2S04 0.357 61.5 50.64 28, 1801332,
Adv. Sci. 2019, 6,
FeP HNSs 0.5 M H,SO4 1.6 51.1 41.7 1801490
Adv. Funct. Mater. 2015,
FeP@PC 0.5 M H2S0, 0.243 52 49 25 3899,
Co-Fe-P nanotubes 0.5 M H,S0. 0.285 66 72 Nano E”‘ngg’ 2019, 56,
, Angew. Chem. Int. Ed.
Ni2P@NPCNFs 0.5 M H2S0, 0.337 63 56.7 2018, 57, 1963,
. Sci. Adv. 2019, 5,
Ni-FeP/C 0.5 M H,SO4 0.4 72 54 eaav6009.
Ni12Ps nanoparticles 0.5 M H,S04 3.0 107 63 ACS Nano. 2014, 8, 8121.
. Adv. Funct. Mater. 2016,
CP@Ni-P 0.5 M H,SO, — 98 59 26, 4067.
Adv. Mater. 2018, 30,
CusP@NPPC 0.5 M H2S0, 0.29 89 76 1703711,
Appl. Catal. B Environ.
3D MoP/NPG 0.5 M H2S0, 0.28 148 49 2020, 260, 118196.
MoP@C 0.5 M H2SO0, 6 49 54 Adv. Energy Mater. 2018,

8, 1801258.
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Table S3. Comparison of the R and R of different electrocatalysts in this work at the applied potential of -65 mV in 0.5 M

H,SO4. Related to Figure 5.

Electrocatalyst Electrolyte Rs [Q] Ret [Q]
CoP/Co,P@NC-10-350 0.5 M H,SO4 1.75 4.35
CoP-NWs/Ti 0.5 M H2S04 2.94 25.3
CoP/Co,P@NC-0-350 0.5 M H,SO, 2.05 19.29
CoP/Co,P@NC-30-350 0.5 M H,SO, 1.74 4.74
CoP/Co,P@NC-50-350 0.5 M H,SO, 1.77 4.39
CoP/Co,P@NC-70-350 0.5 M H,SO, 221 6.25
CoP/Co,P@NC-90-350 0.5 M H,SO,4 2.67 25.07




Table S4. Comparison of the electrocatalytic activity of CoP/Co,P@NC/Ti-10-350 electrode reported in this work and some
other representative phosphide-based HER electrocatalysts that have been recently reported in alkaline medium. Related to
Figure 6.

Loading 10 Tafel slope

Electrocatalyst Electrolyte [mg cm?] [mV] [mV dec] Ref.
CoPICo,P@NC/Ti-10-350 1.0 M KOH 5 49 51 This work
CoP/NCNHP 1.0 M KOH 2 115 66 J. Am. Che”;'(ﬁgc' 2018, 140,
CoP NFs 1.0 M KOH 0.265 136 56.2 ACS Catal. 2020, 10, 412.
np-CozP 1.0 M KOH _ 60 40 Adv. Mater. 2016, 28, 2951.
CoP@PC-750 1.0 M KOH 1.0 52 76 Small 2019, 15, 1900550.
CoP-INNC@CNT 1.0 M KOH 0.35 159 56 Adv. Sci. 2020, 7, 1903195
CoP/INPC/TF 1.0 M KOH 15 80 50 Adv. E”erfgo';"ga;gr' 2019, 9,
CoP@NC-NG 1.0 M KOH 0.28 155 68.6 Small 2018, 14, 1702895.
CoP-400 1.0 M KOH 0.43 154 72 Small 2018, 14, 1802824.
CoP@NC 1.0 M KOH 0.306 129 58 Nanoscale 2018, 10, 21019.
CoP-A 1.0 M KOH 0.4 100 76 Chem. Sci. 2019, 10, 2019.
CoP NWs/CC 1.0 M KOH _ 65 428 Adv. Mater. 2018, 30, 1703322.
CoP NCs 1.0 M KOH 0.2 62.5 69.2 Adv. Mater. 2018, 30, 1705796.
CoP@C 1.0 M KOH 3.2 70 5.7 ACS E”er%é‘;tt' 2018, 3,
CoP,/RGO 1.0 M KOH 0.285 88 50 J. Mater. C4h6e8r2' A 2016, 4,
U-CoP/Ti 1.0 M KOH 6.32 60 49 J. Mater. igir& A 2016, 4,
N Angew. Chem. Int. Ed. 2015,
Co-P/Cu 1.0 M KOH 26 94 42 5 6251
Nio.s7C01.33P/N-C NFs 1.0 M KOH _ 130 70 Appl. Catal. 8 Environ. 2019,
244, 620.
. Adv. Energy Mater. 2019, 9,
CoP/NiCoP 1.0 M KOH 2 133 88 o o1s.
2D CoP/NiCoP/NC 1.0 M KOH 0.318 75 64 Adv. Funclté(';’;gtfg' 2019, 29,
W-CoP NAS/CC 1.0 M KOH 26 94 63 Small 2019, 15, 1902613.
Mn—Co—P/Ti 1.0 M KOH 5.61 76 52 ACS Catal. 2017, 7, 98.
N-NiCoP/NCF 1.0 M KOH 2,085 78 83.2 Appl. Catal. B Environ. 2019,
254, 414,
C00.65Ni07P/CC 1.0 M KOH 1.05 97 60.7 ACS E”erglﬂftt' 2018, 3,
Co-Fe-P nanotubes 1.0 M KOH 0.285 86 66 Nano Energy 2019, 56, 225.
Fe-CoP/Ti 1.0 M KOH 1.01 78 75 Adv. Mater. 2017, 29, 1602441.
Feo20C0071P/Ni 1.0 M KOH _ 74 53.56 Nano E;‘gﬁ‘; 5020' 67,
CoosFeosP 1.0 M KOH 0.27 133 61 Chem. Sci. 2019, 10, 464
CF@FeCoP/NC 1.0 M KOH 0.4 89 75 Nano Energy 2019, 56, 82.
Ni;P @NPCNFs 1.0 M KOH 0.337 104.2 79.7 Angew. ngmig;g Ed. 2018,
Ni-FeP/C 1.0 M KOH 04 95 72 Sci. Adv. 2019, 5, eaav6009.
NiP/Ni/NF 1.0 M KOH _ 98 72 ACS Catal. 2016, 6, 714.

. Appl. Catal. B Environ. 2019,
Ni1 gCuo2-P/NF 1.0 M KOH 2 78 70 243 557
CoMoP@C 1.0 M KOH 0.354 81 55.53 Energy E”V";’gé Sci. 2017, 10,
Niz(10MOoxP/NF 1.0 M KOH 7.4 72 46.4 Nano Energy 2018, 53, 492.
3D MoP/NPG 1.0 M KOH 0.28 126 56 Appl. Catal. B Environ. 2020,

260, 118196.
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Table S5. Comparison of the electrocatalytic activity of CoP/Co,P@NC/Ti-10-350 electrode reported in this work and some
other representative phosphide-based HER electrocatalysts recently reported in neutral medium. Related to Figure 6.

Loading N0 Tafelslope

Electrocatalyst Electrolyte [mg cm?] [mV] [mV dec!] Ref.
CoP/Co,P@NC/Ti-10-350 1.0 M PBS 5 64 98 This work
CoP@NC-NG 1.0 M PBS 0.28 178 99.5 Small 2018, 14, 1702895.
CoP-400 1.0 M PBS 0.43 161 81 Small 2018, 14, 1802824.
CoP/CC 1.0 M PBS 106 93 J. Am. Chem. Soc. 2014, 136,

0.92 7587
CoP@BCN 1.0 M PBS 0.0204 122 59 Adv. Energy Mater. 2017, 7,

' 1601671,
CoPNW/Hb 1.0 M PBS 4.11 121 113 Nano Res. 2017, 10, 1010.
CoP/Ti 1.0 M PBS 2.0 149 58 Chem. Mater. 2014, 26, 4326.
np-CoP NWs/Ti 1.0 M PBS 08 100 71 Phys. Chem. Chem. Phys.

' 2014, 16, 16909.

) Appl. Catal. B. Environ.
N-CoP/CC 1.0 M PBS — 74 69 2019, 253, 21.
W-CoP NAs/CC 1.0 M PBS 2.6 102 87 Small 2019, 15, 1902613.
V-CoP/CC 1.0 M PBS 3.18 123 72.6 Chem. Sci. 2018, 9, 1970.

. Angew. Chem. Int. Ed. 2018,
Nio.1C0o9P-CFP 1.0 M PBS 0.58 103 125 57 15445,

. Appl. Catal. B Environ. 2019,
Nios7C01.33P/N-C NFs 1.0 M PBS — 110 69 P a2,
2D CoP/NICoP/NC 1.0 M PBS 0.318 123 78 Adv. Fung. e 2019, 29,
NiCoP/rGO 1.0 M PBS 124 91 Adv. Funct. Mater. 2016, 26,

0.15 6785
CoNiP/NF 1.0 M PBS 120 103 J. Mater. Chem. A 20186, 4,
10 10195
Mn-Co-P/Ti 1.0 M PBS 5.61 86 82 ACS Catal. 2017, 7, 98.
Co-Fe-P nanotubes 1.0 M PBS 0.285 138 138 Nano Energy 2019, 56, 225.
Ni,P@NPCNFs 1.0 M PBS 0.337 185 230 Angew. Cg‘;miégg Ed. 2018,
Ni-FeP/C 1.0 M PBS 0.4 117 70 ACS Nano. 2014, 8, 8121.
FeP NPs@NPC 1.0 M PBS 1.4 386 136 Nanoscale 2017, 9, 3555.
Appl. Catal. B Environ. 2020,
3D MoP/NPG 1.0 M PBS 0.28 150 102 260, 118196.
Adv. Funct. Mater. 2018, 28,
MoP/CNTs-700 1.0 M PBS 0.5 102 115 1706523,
Adv. Funct. Mater. 2018, 28,
MoP NWAs/CFP 1.0 M PBS 2.8 84 63 1804600
S-MoP NPL 1.0 M PBS — 142 98 ACS Catal. 2019, 9, 651.

MoP700 1.0 M PBS 0.25 196 79 ACS Catal. 2019, 9, 8712.




2. Transparent Methods
Chemicals

Cobalt nitrate hexahydrate [(Co(NO3), 6H20, AR], monohydrate sodium hypophosphite (NaHPO, H;0, AR), triethanolamine
(AR), urea [CO(NH,),, AR], ammonium fluoride (NH.F, AR) and sulfuric acid (H.SO4, AR) were purchased from Sinopharm
chemical reagent Co., Ltd. Potassium hydroxide (KOH, 99.9%) was received from Aladdin. Platinum, nominally 20 wt% on
carbon black, HISPECTM 3000 (Pt/C), Iridium (1V) oxide (99.99%) and Titanium foil (0.032 mm, metals basis, 99.7%) were
obtained from Alfa Aesar (China). All regents were used as received without further purification. The water used throughout
all experiments was purified through a Millipore system.

Materials Characterization

XRD was performed on a PANalytical Empyrean diffractometer with Cu K, radiation (A = 1.5405A) operated at a scanning
rate of 0.013<in the Bragg angle ranging between 5<and 80< Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) characterizations were performed on a FEI Tecnai F20 field-emission transmission
electron microscope (FE-TEM). Scanning electron micrographs were recorded with a Hitachi S-4800 field emission scanning
electron microscope (FE-SEM). X-ray photoelectron spectroscopy (XPS) measurements were performed in a VG Scientific
ESCALAB Mark Il spectrometer equipped with two ultrahigh vacuum (UHV) chambers. All spectra were calibrated with the
C-C peak of C 1s orbitals as 284.8 eV. Surface area measurements were performed on an ASAP 2020 Brunauer-Emmett-Teller
(BET) analyzer. Raman spectroscopy characterizations were carried out using a Renishaw in via Raman microscope with a
532 nm laser source under vacuum conditions in an in-situ reaction cell. Thermogravimetric analysis (TGA) was carried out
using a Rigaku TG-8120 instrument in the temperature range 25-800<C at a heating rate of 5 < min! under a nitrogen flow.
UV-vis diffuse reflectance spectrum was recorded at room temperature in air on a Shimadzu UV-2450 spectrophotometer.

Preparation of Large-Scale Lamellar Nitride-Hydroxide Cobalt Precursor of Co(OH)x(NO3)2.«'mH20 on Inch-Sized Ti
Foil

Large-scale Co(OH)x(NOs)..« mH2O/Ti precursor was synthesized via low-temperature solution method as follows: typically,
21.825 g of Co(NOs3); 6H-0 was dissolved in a 700 mL of mixed solution of triethanolamine (600 mL) and water (100 mL).
The mixed solution was then transferred into a beaker (1000 mL) and a piece of cleaned Ti plate (4 inch <4 inch) pre-treated
using 2.0 M hydrochloric acid, water, and acetone for 15 min, respectively, was immersed into the mixed solution.
Subsequently, the beaker with sealing film was heated to 80 <C for 12 h in an oil bath. After being naturally cooled down, the
Co(OH)x(NOs)2x MH2O/Ti precursor was taken out and washed with distilled water and ethanol several times before being
dried at 80 <C for 6 h.

Preparation of CoP/Co:P@NC/Ti Electrode

To obtain CoP/Co,P@NC/Ti electrode, the Co(OH)x(NOs).-x mH2O/Ti, which is truncated to small pieces (3 cm x1.5 cm) to
facilitate phosphidation, and NaH2PO, were put at two separate positions in a tube furnace with 0.3 g of NaH2PO; at the
upstream side of the furnace. After flushing with N, for 30 min, the furnace was elevated to 350°with a heating speed of
2 <Tmin! and held at this temperature for 120 min in a flowing N, atmosphere. The CoP/Co,P@NC/Ti electrode was obtained
after being naturally cooled to ambient temperature under N» atmosphere. The loading for CoP/Co,P@NC on Ti was
determined to be ~5 mg/cm? with the use of a high precision microbalance.

Preparation of Co(OH)F-NWs/Ti Precursor and CoP-NWs/Ti Electrode

Co(OH)F-NWs/Ti was prepared via a hydrothermal method. In a typical synthesis, Co(NO3), 6H20 (0.291 g), NH4F (0.093 g)
and urea (0.30 g) were dissolved in 20 mL of water under vigorous stirring for 30 min. Then the solution was transferred into
a Teflon-lined stainless autoclave (25 mL) and a piece of Ti foil (3 cm %x1.5 cm), which was cleaned by sonication sequentially
in acetone, water, and ethanol for 10 min each, was immersed into the solution. The autoclave was sealed and maintained at
120 <C for 6 h in an oven. Then the autoclave cooled down slowly at room temperature, the Co(OH)F-NWs/Ti was taken out
and washed with water thoroughly before drying at 60 <C for 12 h. To prepare CoP-NWSs/Ti electrode, Co(OH)F-NWs/Ti and
NaH2PO, were put at two separate positions in a porcelain boat with NaH.PO, at the upstream side of the furnace. The molar
ratio for Co to P is 1:5. Subsequently, the samples were heated at 350 <C for 120 min in a static N, atmosphere, and then
naturally cooled to ambient temperature under a flowing N, atmosphere.

Electrochemical Measurements



Electrochemical measurements were carried out on an electrochemical workstation (Zahner Zennium, Germany) in a standard
three electrode system with a carbon rod electrode as the counter electrode, CoP/Co,P@NC/Ti as the working electrode, and
a saturated calomel electrode (SCE, 0.241 V vs RHE) as the reference electrode. All potentials were referenced to a reversible
hydrogen electrode (RHE). Linear sweep voltammetry (LSV) polarization curves were acquired in H; saturated 0.5 M H2SOa,
1.0 M PBS, and 1.0 M KOH electrolytes with a sweep rate of 2 mV s in the range of + 0.1 to -0.4 V. vs RHE. The Tafel plots
are fitted from the corresponding linear sweep voltammetry (LSV) curves with internal resistance (iR) corrected according to
the Tafel equation 1 = a + blogljl, where b is the Tafel slope and jo represents the exchange current density. The accelerated
durability tests (ADTs) were conducted by performing up to 3000 CV cycles in 0.5 M H2SO4, 1.0 M PBS, and 1.0 M KOH
electrolytes with a sweep rate of 200 mV s in the range of + 0.1 to - 0.25 V. vs RHE. The amperometric i-t curves were
measured for 20 h in 0.5 M H2SOs, 1.0 M PBS, and 1.0 M KOH electrolytes under controlled potentials. Electrochemical
impedance spectroscopy (EIS) measurements were carried out from 100000 t0 0.1 Hz in 0.5 M H2SO4 and 1.0 M KOH solutions,
respectively at different overpotentials. All currents in our work are corrected against the ohmic potential drop. All the
potentials reported in our work were vs. RHE. In 0.5 M H,SO., E (RHE) = E (SCE) + 0.281 V; In 1.0 M PBS, E (RHE) = E
(SCE) +0.655 V; In 1.0 M KOH, E (RHE) = E (SCE) + 1.068 V.

The Detail Calculation Process of TOF for HER

First, the CV measurements of CoP/Co,P@NC/Ti-350, CoP-NWs/Ti and Pt/C electrodes were carried out in PBS electrolyte
(pH 7). Then, the absolute components of the voltammetric charges (cathodic and anodic) reported during one single blank
measurement was added. Assuming one electron redox process, this absolute charge was divided by two. The value was then
divided by the Faraday constant to get the number of active sites (n) of the CoP/Co,P@NC/Ti-350, CoP-NWSs/Ti and Pt/C
electrodes. The turnover frequency (s*) was calculated following equation: TOF = I/2nF where, | is Current (A) during the
LSV measurement in 0.5 M H2SO4 solution, F is the Faraday constant (C/mol) and n is the number of active sites (mol). The
factor 1/2 arrives by taking into account that two electrons are required to form one hydrogen molecule from two protons.

Theoretical Calculations
Computational Methods

All DFT calculations used the Vienna Ab Initio Simulation Package (VASP) (Kresse and Furthmiler, 1996; Kresse and
Furthmiler, 1996). The electron-ion interaction was described using the Projector Augmented Wave (PAW) method (Kresse
and Joubert, 1999; BI&ehl, 1994). The electron exchange and correlation energies were treated within the generalized gradient
approximation in the Perdew-Burke-Ernzerh of formalism (GGA-PBE) (Perdew et al., 1996). The plane wave basis was set up
to 450 eV, and MP k-point sampling was used. Electron smearing was used via the Methfessel-Paxton technique, with a
smearing width consistent to ¢ = 0.2 eV. Meanwhile, the spin polarization was included. The free energies were evaluated by
AG(H") = AE(H") + AZPE - TAS, where AE(H"), AZPE and AS are the binding energy, zero-point energy change and entropy
change of H" adsorption, respectively. In view of the AZPE and AS are very small for such packaged systems, so AZPE = —1/2
ZPE(H2) and AS = -1/2 S(H>), and they are 0.27 and 0.40 eV in our work, which are similar with reference values (Yang et
al., 2017).

Models

The calculated lattice constants of the CoP unit cell were a=5.063 A, b=23.266 A, ¢ =5.538 A and 0. = B =y = 90.00°, the
CoP unitcell werea=b=15.718 A, ¢ =3.401 A and y = 90.00°. The Co (HCP) unit cell dimensions were a=b =2.493 A, c =
4.026 A and y = 120.00°. These two cells are shown in the Figure S36. Top and side view structures of CoP(100), (112), (211)
and Co2P(121) surfaces as well as their carbon (@C) and N-carbon (@NC) shell models are shown in Figure 7a, the unit cell
p(1 <1) is used for all these models. 5 x5 x1 k-point sampling was used for CoP(100), 5 %3 x1 for CoP(112) and Co.P(121),
and 3 x5 x1 for CoP(211). In total, CoP(100) has 24 Co and 20 P atoms, in which 8 Co and 8 P were fixed, both CoP(112)
and (211) has 32 Co and 32 P atoms, in which 12 Co and 12 P were fixed, Co2P(121) has 42 Co and 21 P atoms, in which 12
Co and 6 P were fixed.
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