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Dear editor:

I, on behalf of all authors, hereby submit the manuscript entitled “Differences in N
species induced by pyrolysis temperature: d-band center adjustment over the biomass
carbon-supported CoP for boosting hydrogen evolution reaction ” for consideration as

an article in Journal of the Energy Institute.

Tuning the nitrogen (N) species (pyridinic N, pyrrolic N and graphitic N) in carbon
support has been demonstrated to be an efficient way to tailor the valence band structure
for supported metal nanoparticles via the electronics metal-support interactions
(EMSIs). To optimize the valence band-structure of supported CoP nanoparticles, we
were attracted to establish the relationship between the ratio of (pyridinic N + pyrrolic

N)/graphitic N, work function, and HER activity.

In this work, ginkgo leaves-based carbon supported CoP with differ N species were
prepared at 850, 900 and 950 °C (CoP@NSPC-850, CoP@NSPC-900, and
CoP@NSPC-950). We conducted an in-depth analysis of the impact of N species on
the d-band center and work function for CoP through XPS, UPS, and electrochemical
measurements. As the pyrolysis temperature increased, the content of pyridinic N and
pyrrolic N decreased, while the graphitic N content showed an opposite trend, resulting

in a reconfiguration of the valence band structure. This reconfiguration led to an upshift



of the d-band center towards the Fermi level, as well as an increase in the work function
value. When the ratio of (pyridinic N + pyrrolic N)/graphitic N was 1.33, the d-band
center and work function were optimized, resulting in a balance between the Volmer
process and Heyrovsky process, and ultimately leading to the best HER activity for

CoP@NSPC-900.

This work provides new insights in catalysts design through establishing the
relationship between its chemical properties, valence band structure and catalytic
activity, which is valuable for large-scale preparation of electrocatalysts from raw

biomass.

| sincerely appreciate you for reviewing the manuscript and considering the publication

of this work. Look forward to your positive feedback. Thanks a lot!

Yours sincerely,

Prof. Dekui Shen
Key Laboratory of Thermal Conversion and Control, Ministry of China
School of Energy and Environment, Southeast University

E-mail: 101011398@seu.edu.cn (D. K. Shen)



Highlights

1 Nitrogen species in biomass derived carbon support is tuning by adjusting the
pyrolysis temperature.

2 The impact of differ nitrogen species on the d-band center of CoP has been in-depth
studied.

3 Arelationship between nitrogen species, d-band center, work function and catalytic

activity is finally established.
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The change in N species (pyridinic N, pyrrolic N and graphitic N) reconfigured the
valence band structure of COP@NSPC-T, inducing the enhancement of work function
and the upshift of d-band center. A relationship between the ratio of (pyridinic N +
pyrrolic N)/graphitic N, work function, d-band center, and HER activity (710) of
catalysts was established. COP@NSPC-900 with a moderate work function value and
d-band center tend to achieve a balance for Volmer process and Heyrovsky process,
exhibiting the lowest 710 value activity among the resulted catalysts as the ratio of

(pyridinic N + pyrrolic N)/graphitic N is 1.33.

Key words: nitrogen species, electronic metal-support interactions, d-band center,

work function, 710, hydrogen evolution reaction.

1 Introduction

High consumption of fossil fuel leads to a serious energy crisis and environment
pollution. [1, 2] Searching alternative energy is urgent to relief these problems.
Hydrogen gas (H2) is an ideal clean energy carrier with high energy density (142 MJ
kg?), and has attracted more attentions. [3-6] In contrast of the traditional Hz production
method, electrocatalytic water splitting integrated with clean energy (solar, wind energy;,
etc.) provides a cost-effective and environment-friendly way for large scale H:
production. [7-9] However, noble metal (Pt, Ir, etc.) derived catalyst is regarded as the
most efficient catalyst for hydrogen evolution reaction (HER), but the high-cost and

low-abundance still restricts its practical application. [10, 11] Hence, developing
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efficient and cheap HER electrocatalysts is essential to consummate the roadmap of

hydrogen economy.

Recently, differ non-noble metal-based electrocatalysts have been investigated to
catalytic HER process, such as transition metal sulfides, carbides, phosphides. [12-18]
Among these catalysts, transition metal phosphides (TMPs) have stood out due to their
excellent catalytic activity, acid compatibility and economic practicality. [1, 19-22]
Cobalt phosphide (CoP) is one of such appealing catalysts for the HER, and has been
extensively studied. [23, 24] While most CoP-based catalysts will meet the problems
of agglomeration during the pyrolysis process, which can be addressed by using a
support to anchor the CoP nanoparticles (NPs) and increase the dispersion of CoP NPs
via electronic metal-support interactions (EMSIs). [1, 25] The highly delocalized
charge density in metal atoms caused by the EMSIs can be used to reconstruct the d-
band structure and alter the charge transfer between the metal atoms and carbon
substrates. [26] A faster kinetic process for HER will come from the reconfiguration of
the d-band structure, which ascribes from the optimization of the binding energy

between catalysts and intermediates (H*, H>).

To date, several studies have been devoted to focusing on tuning the d-band structure
of supported metal nanoparticles by adjusting the properties of heteroatoms in the
supports. [27, 28] [29, 30] For instance, Lie et al. altered the electronic structure of the

active sites of Co-Ag dual metal sites by introducing P doping in carbon nitride,
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inducing an optimize of valence band structure, promoting its photocatalytic hydrogen
production properties. [29] Lu et al. demonstrated that the high HER activity of
ruthenium and nitrogen co-doped carbon nanowires stemmed from the formation of Ru
centers linked to the coordination of N and C, resulting in a lower hydrogen binding
energy compared to the catalyst without N doping.[31] Ning and co-works investigated
the electronic effects of different N species interacting with Pt and found that pyridinic
N acted as an electron acceptor, whereas graphitic N functioned as an electron donor
for the Pt nanoparticles. The presence of different N species in carbon nanotube led to
distinct d-band structures of loaded Pt particles.[32] Thereby, efficiently tailoring the
d-band structure of supported metal can be accomplished by adjusting the hetero
dopants in supports, resulting in an optimized binding energy between catalysts and

reaction intermediates.

Biomass derived porous carbon is a potential sustainable support due to its adjustable
physical-chemistry properties, which is also regarded as a method for adequate
valorization of biomass. [33-41] Natural organic elements (e.g., N) will be introduced
into the carbon lattice as dopants, enabling the fine-tuning of the valence band structure
of supported TMP NPs through the EMSIs. [42, 43] Additionally, dopants can be
adjusted within the pyrolysis temperature, resulting different types of dopants in carbon
lattice and unique electronic structures that modify the interactions between carbon
supports and CoP, thus cause different catalytic properties. [44, 45] Therefore, we

prepared ginkgo leaves based-carbon supported CoP by carbothermal reduction method,
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and adjusted the heteroatom species in the supports by changing the reaction
temperature. The natural dopants (N and S) in carbon lattice were analyzed through X-
ray photoelectron spectroscopy (XPS) study. Given that the atomic ratio of S in carbon
supports is below 0.28 at%, no significant changes in S dopants were detected in the
supports, thus the changing of S dopants can be disregarded for the present analysis.
While the N dopants in carbon lattice have relative higher proportion (> 2.8 at%), and
various N species exhibit noticeable regular changes with increasing pyrolysis
temperature. In contrast, the change of the introduced P component lacks any apparent
regularity. (see below analysis). Hence, we prioritize N as the primary factor of interest
to investigate its influence on the d-band center position of the resulting catalysts. The
d-band center of resulting catalysts was then obtained through ultraviolet photo-
electron spectroscopy (UPS). With further investigation of HER activity of CoOP@NSC-
T (T=850, 900 and 950 °C), the relationship between N species, d-band center of CoP,
and catalytic activity was finally established. At 900 °C, a moderate ratio of different N
species was achieved, with the ratio of (pyridinic N + pyrrolic N)/graphitic N being
1.33, enabling CoP@NSPC-900 to exhibit the most effective catalytic performance

among the resulting catalysts.

2 Materials and methods
2.1 Chemical reagents
Sinopharm Chemical Reagent Co., Ltd. supplied the cobalt (I1) nitrate hexahydrate

(Co(NO3)2-:6H20, 99.99%), zinc chloride hexahydrate (ZnClz-6H20, 99.99%),
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magnesium chloride hexahydrate (MgCl2-6H20, 99.99%), 2-methylimidazole (2-

Melm), and phytic acid (PA, 55-70 wt.%), which were used without further purification.

Ginkgo leaves were collected from trees during autumn in Nanjing, Jiangsu Province,
China. The collected leaves were washed with ultrapure water and dried in an oven at
80°C for 12 hours. Then, they were crushed using a pulverizer to obtain ginkgo leaf

powders.

2.2 Preparation of nitrogen/sulfur co-doped carbon supported cobalt phosphide
(COP@NSPC-T)

The synthesize procedure was based on our previous work. [46] N and S co-doped
carbon (NSC) was obtained via a simple carbonization protocol using the ZnCl, and
MgClI; as the activators. The Co(NOz)2:6H>0 (30 mg) and 2-Melm (42 mg) were
dissolved in 5 ml ultra-pure water and stirred to form blue suspension. Phytic acid (250
ulL) was then pour into the blue suspension to obtain a pink solution. Subsequently,
NSC powders (120 mg) was dispersed homogenous in 10 ml ultra-pure water and mixed
with afore-mentioned pink solution. The mixture was vigorously stirred for 6 h and
evaporated using a water bath at 60 °C, and further dried at 80 °C under vacuum. To
identify the effect of the dopants of NSC on the d-band center of supported Co
compounds, the pyrolysis process was conducted at different temperature. Since our
previous work [46] has demonstrated that the resulting catalyst obtained at 800 and 900

°C did not correspond to the crystal of CoP and exhibited low HER activity, the
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pyrolysis temperatures in this study were set at 850, 900 and 950 °C to adjust the dopant
type in carbon lattice. The resulted catalysts were denoted as COP@NSPC-T (T = 850,

900 and 950).

2.3 Characterization of the prepared materials

The morphology of the COP@NSPC-T was examined via scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) on the FEI quanta 400FEG and
FEI Tacnai 20 electron microscope, respectively. The X-ray powder diffraction (XRD)
was conducted on Bruker D8 to study the crystal structure of catalysts. The K-Alpha
X-ray photoelectron spectroscopy (XPS) was taken on a Thermo ESCALAB 250X to
identify the element chemical states on materials surface, with the binding energy was
calibrated using C1s at 284.6 eV. Raman spectra was recorded on an iHR550 Raman
microscope (HOR-IBA scientific) at a range of 400~4000 cm™. To obtain the work
function (@) of CoOP@NSPC-T, ultraviolet electron spectroscopy (UPS) was performed
using a Phi5000 VersaProbelll with a bias voltage of -10 V. Besides, the position of d-

band center was identified from the raw UPS spectrum.

2.4 Electrochemical experiment setup

A conventional three-electrode system was used to study the HER performance of
CoP@NSPC-T. The electrocatalytic measurements for HER was conducted on CHI
760E electrochemical workstation at ambient condition with N2 saturation. in 0.5 M

H>SOa. The graphite rod was selected as the counter electrode. The mercury/mercurous
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sulfate electrode (Hg/Hg2SO4) served as the reference electrode. The glass carbon
electrode (GC, 0.196 cm?) modified with catalysts ink was used as the working
electrode. Such catalysts ink was prepared by mixing the 10 mg of the COP@NSPC-T
with 1000 pL ethanol/deionized water (V:V = 1:3) and sonicated for 30 mins. The well-
mixed catalysts ink (10 uL) was dropped onto the GC and dried naturally. Subsequently,
the Nafion (5 wt.%, 10 uL) was dropped onto the GC to keep the catalyst steady on the
surface of GC. The linear sweep voltammetry (LCV) plots were recorded with a scan
rate of 2 mV s*. The double layer capacitance (Cqi) associated with the electrochemical
surface area (ECSA) was evaluated through the cyclic voltammetry (CV) tests at a
range of -0.5~-0.3 V with a scan rate of 10, 30, 50, 70, 90 mV s, respectively. All the
HER testes were taken IR-correct and the obtained potentials were converted to a
reversible hydrogen electrode (RHE) using the equation of Eysrre = EvsHg/HQ2SO4 +

E’Hg/Hg2S04 +0.059 pH, where E?Hg/Hg.S04 was equal to 0.697 V.

3 Results and discussion

3.1 Characteristic of COP@NSPC-T

The N/S co-doped carbon supported CoP (CoP@NSPC) was prepared via a
carbothermal reduction method, following our previous work, [46] which is illustrated
schematically in Scheme 1. Ginkgo leaf powder served as the C, N and S sources was
firstly activated using ZnCl, and MgCl. during the carbonization process at 750 °C
under N2 protection, and the resulting products was further washed with 3 M HCI,

leaving behind N/S co-doped carbon (NSC). The activation process significantly
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altered the sheet-like morphology of raw ginkgo leaf powders (Figure S1), leading to
the formation of numerous pores (Figure 1a) which will benefit to its mass and
electronic transfer. Subsequently, NSC, ZIF-67, and PA were sequentially mixed, water
bathed, and dried to obtain the precursor. The dry precursor was then pyrolyzed at 850,
900 and 950 °C under N2 atmosphere, and the resulting catalysts were named

CoP@NSPC-850, COP@NSPC-900 and CoP@NSPC-950, respectively.
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Scheme 1 Schematic illustration of preparation of COP@NSC-T (T = 850, 900 and

950 °C).

The morphology and structure of the resulting catalysts were then extensively
characterized through HRTEM and HAADF-STEM measurements. The HRTEM
images unveiled intriguing details, including a fringe spacing of 2.79 A, suggesting the
possible presence of well-defined (002) lattice planes of CoP, whereas the surrounding

amorphous region was speculated to be the ginkgo leaves-based carbon supports
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(Figure 1b). These observations provided the evidence to support the structure of carbon
supported CoP. Furthermore, HAADF-STEM revealed that the highly dispersed light
flake CoP particles throughout the entire carbon supports (Figure 1c), corroborating the
findings from HRTEM. The EDS elemental mapping validated the presence of C, N, O,
S, and P, distributed across the entirety of the obtained materials (Figure 1d). Co is
predominantly dispersed in the form of nanoparticles, namely CoP, as evidenced by the
enrichment of P in the areas where Co accumulates. An enrichment of O around Co
element was proposed to result from the slightly oxidized P and Co states due to the
inevitable surface oxidation upon exposure to air. Notably, although the distribution of
S is also enriched along with Co, we hypothesize that S primarily exists as the dopants
in carbon lattice. A comprehensive analysis was provided in the XRD and XPS sections

for further insights and understanding.

CoP
0.279 nm /{

Figure 1 (a) SEM, (b) HRTEM, (c) HAADF-STEM images and (e) EDS elemental

mapping images of CoP@NSPC-900.

The XRD measurement was employed to study the structure of resulting catalysts



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

within different pyrolysis temperature (Figure 2a). CoOP@NSC-850, CoP@NSPC-900
and CoP@NSPC-950 exhibited same diffractions (Figure 2a). The peaks centering at
32°,36°, 46°, 48°,52°, and 57 ° indicates the (011), (002), (200), (111), (102), (210),
(112), (211), (103), (020) and (212) planes of CoP (JCPDS-29-0497). From Raman
spectrum, there are two distinct peaks locating at ~1350 cm™ and ~1580 cm,
representing the disordered carbon (D band) and graphite carbon (G band), respectively
(Figure 2b). The ratio of the intensity of D band and G band (lp/lg) represents the
graphitization degree for the carbon support. [47, 48] The value of Ip/lg for
CoP@NSPC-850, CoP@NSPC-900 and CoP@NSPC-950 is 1.08, 1.05 and 1.00,
respectively (Figure 2b). The decreased value of Ip/lg verifies the increased

graphitization degree as the pyrolysis temperature was raised.

(a) (b)

CoP@NSPC-950 1,/1,=0.97 CoP@NSPC-950
WMMW* W JL

10 20 30 40 50 € 70 500 1000 1500 2000 2500
20 (degree) Raman shift (cm™)
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Intensity (a.u.)

Figure 2 (a) XRD patterns, (b) Raman spectrum of COP@NSPC-T (T=850, 900, 950

°C)

The chemical states of different elements on the catalysts' surface were analyzed via

XPS study (Figure 3a and S3-5). The detailed amounts for Co, P, S and N species were
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further calculated using the integral area (Table S1-4). All the peaks of Co, P, Sand N
in fine spectrum of CoOP@NSPC-850, CoOP@NSPC-900 and CoP@NSPC-950 were
found to be at comparable binding energies in similar structures (Figure 3a and S2-4).
The high-resolution Co 2p spectrum depicts four peaks centering at 798.09, 781.93,
803.58 and 786.99 eV, namely Co 2p1/2, Co 2p32 and Co oxidations states (Figure S2a,
3a and 4a). The change in pyrolysis temperature has not caused a substantial impact on
the contents of differ Co species (Table S1). There are four peaks located at 134.36,
132.98, 130.15 and 129.71 in the high-resolution P 2p spectrum, indicating to the P-O,
P-C, P 2p12 and P 2pss2 (Figure S2b, 3b and 4b). As shown in Table S2, the quantities
of P 2p12 and P 2psp, indicating the bonding between Co and P, remain essentially
unchanged, while the variations in the content of P-C and P-O components show
random behavior. To achieve complete conversion of Co into CoP, an excessive amount
of PAwas introduced during the precursor treatment, which cause the basically identical
content of P 2p12 and P 2pz, observed for CoP@NSPC-850, CoP@NSPC-900, and
CoP@NSPC-950. Due to its colloidal properties, PA is susceptible to adhere to the
beaker wall, thus making some loss during the precursor treatment, which could explain
the fluctuations in P-O and P-C contents. High-resolution S 2p spectrum of resulting
catalysts can be divided into three peaks located on the 163.79 eV, 164.89 eV and
169.19 eV, corresponding to the presence of S-C-S, C=S and C-SOx-C, respectively
(Figure S2c, 3c and 4c). The total atomic ratio of S atoms for CoOP@NSPC-T (T = 850,
900 and 950 °C) is generally lower than 0.28 at%, thus the slight change of various S

species was ignored (Table S3). The high-resolution N 1s spectrum of all resulting



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

CoP@NSPC-T was subdivided into four peaks centering at 400.8, 398.45, 402.08, and
399.78 eV, indicating the pyrrolic N, pyridinic N, graphitic N and Co-N, respectively

(Figure 3a).

The amounts of Co-N are basically constant, while the contents of other N species
undergo significant change as the pyrolysis temperature increases (Table S4). The
relative atomic ratio of pyridinic N and pyrrolic N decreases with the increase in
pyrolysis temperature. Conversely, the content of graphitic N increases with the rise in
pyrolysis temperature, corresponding to the increased graphitic degree shown in Raman
results (Figure 2b). The variations in pyridinic nitrogen, pyrrolic nitrogen, and graphitic
nitrogen in carbon supports exhibit an obvious dependence on temperature. Pyridinic
N and pyrrolic N are generally considered as the active sites for HER, while graphitic
N often provides a good conductivity for carbon materials. [49, 50] The alteration of
nitrogen content in the carbon support could potentially be the crucial factor influencing
the activity of resulting catalyst. Therefore, different ratio of N species can tailor the
band structure through the EMSIs, thus affecting the binding energy with various
intermediates. [50] UPS measurements was further conducted to study the work
function and d-band center of CoOP@NSPC-850, CoP@NSPC-900, and CoP@NSPC-

950 (Figure S5-8).
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Figure 3 (a) N 1s and (b) value of work function (green) and d-band center (blue) for
CoP@NSPC-T (T = 850, 900 and 950 °C), (c) schematic illustration of valence band

structure of COP@NSPC-T (T = 850, 900 and 950 °C).

The work function was firstly determined from the UPS spectrum with -10 V bias
(Figure S5a). The secondary electron cut-off edge for CoP@NSPC-850, CoOP@NSPC-
900, and CoP@NSPC-950 was measured to be 15.48, 15.05, and 14.47 eV (Figure S5b),
respectively. The value of work function (&) for COP@NSPC-850, CoP@NSPC-900,
and CoP@NSPC-950 was calculated to be 5.74, 6.17, and 6.75 eV (Figure 3b),
respectively. The value of @ indicates the ability for electron capturing. [51, 52] The
position of the d-band center, which serves as a descriptor of hydrogen binding energy,
was then resolved within the raw UPS spectrum (Figure S6a, 7a and 8a). The linear

intersection near the Fermi level depicted the d-band center of CoP@NSPC-850,
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CoP@NSPC-900, and CoP@NSPC-950, which locates at 1.63, 1.54, and 1.47 eV
(Figure 3b and S6b, 7b, 8b). As a result, we can construct a schematic diagram
representing the valence band spectrum of the resulting CoP@NSPC-850,
CoP@NSPC-900 and CoP@NSPC-950 (Figure 3c). To obtain the most active catalysts
for HER, the hydrogen binding energy should be moderate to maintain a balance
between the adsorption and desorption process with reaction intermediates during HER.
Thereby, the HER activity of COP@NSPC-850, CoP@NSPC-900, and CoP@NSPC-
950 have been in-depth studied using electrochemical experiment to determine the best

catalysts among CoP@NSPC-T (T=850, 900 and 950 °C).

3.2 HER performance of CoOP@NSPC-T

The IR-compensated LSV curves were recorded in N2 saturated 0.5 M H;SOs to
evaluate the HER performance of CoP@NSPC-T and 20% Pt/C (Figure 4a). It is
obviously that the 20% Pt/C exhibits best HER activity. CoP@NSPC-900 shows better
performance than CoP@NSPC-850 and CoP@NSPC-950, while the 710 value for
CoP@NSPC-850, CoOP@NSPC-900 and CoP@NSPC-950 are 187, 160 and 182 mV,
respectively. The corresponding Tafel plots for COP@NSPC-850, CoOP@NSPC-900 and
CoP@NSPC-950 are 105.8, 87.5 and 97.0 mV dec (Figure 4b). In term of the ideal
Tafel slopes of 29, 38 and 116 mV dec™ corresponding to different rate-determining
steps of HER, [53] the electrocatalytic reaction on the surface of CoP@NSPC-850,
CoP@NSPC-900 and CoP@NSPC-950 follows the Volmer—Heyrovsky mechanism.

The lowest Tafel slope of CoOP@NSPC-900 suggests a faster kinetic process compared
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with CoP@NSPC-850 and CoP@NSPC-950. [54] The electrochemical surface area
was accessed using double-layer capacitor (Ca), which is determined from cyclic
voltammetry (CV) with different scan rates (Figure S9). The fitted Cqi of COP@NSPC-
850, COP@NSPC-900 and CoP@NSPC-950 is 60.4 109.4 and 63.2 mF cm?
respectively (Figure 4c), indicating there are more accessible active sites in
CoP@NSPC-900. In addition, long term stability test of catalytic activity was also
conducted via chronoamperometric response (i-t) tests, which have been already proved

in our previous work. [46]
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Figure 4 (a) recorded LSV curves () and (b) corresponding Tafel plots of CoOP@NSPC-
T (T = 850, 900 and 950 °C) and 20% Pt/C and (c) Cq stands for COP@NSPC-T (T =

850, 900 and 950 °C)

3.3 Mechanism analysis for the process

According to the electrochemical experiments, it is observed that the HER process on
the surface of CoP@NSPC-850, CoP@NSPC-900, and CoP@NSPC-950 follows the
\Volmer-Heyrovsky mechanism. During Volmer-process, hydrogen intermediates (Hads)
are formed on the catalysts surface by coupling the captured H* with electron on active

sites. [1, 4] Subsequently, the Hags combine with H* and electrons to form Hz and release
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from catalysts surface during the Heyrovsky process. [1] A balance between Hags
formation and H. desorption is crucial for accelerating the HER process. [50] Therefore,
the relationship between the ratio of (pyridinic N + pyrrolic N)/graphitic N, work
function, the position of d-band center, and 710 value have been established to analyze
the detail HER process on the surface of CoP@NSPC-850, CoP@NSPC-900 and

CoP@NSPC-950 °C (Figure 5).

The ratio of (pyridinic N + pyrrolic N)/graphitic N of CoP@NSPC-850, CoP@NSPC-
900 and CoP@NSPC-950 °C is 2.84, 1.33 and 0.95, respectively (Figure 5). The
gradually decreased ratio of (pyridinic N + pyrrolic N)/graphitic N reconfigures the
valence band of resulting catalysts, inducing an enhancement of work function and an
upshift of d-band center (Figure 3c). A higher value of work function is beneficial for
electron capture, accelerating the Volmer process. [51, 52] On the other hand, the d-
band center’s shift towards the Fermi level will enlarge the desorption energy between
H2 and catalysts surface, slowing down the release of H.. [55, 56] A binding energy that
is neither too strong nor too weak between catalysts and reactants is favorable for the
HER process. [19, 55, 56] As shown in Figure 5, COP@NSPC-900 has an intermediate
work function and d-band center, indicating the Volmer and Heyrovsky process
occurring on the surface of CoP@NSPC-900 is more balanced compared to
CoP@NSPC-850 and CoP@NSPC-950, thus result in a lowest 510 value of

CoP@NSPC-900 among prepared catalysts (Figure 5).
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Figure 5 Relationship between the ratio of (pyridinic N + pyrrolic N)/graphitic N (blue),
work function (green), the position of d-band center (grey), and #10 value (red) of

resulting COP@NSPC-T (850, 900 and 950 °C)

4 Conclusion

Carbon-supported CoP electrocatalysts were prepared using a carbothermal reduction
method with ginkgo leaves as the carbon source. The ratio of different N species in
carbon supports was adjusted through varying the pyrolysis temperature, leading an
optimization of valence band structure of resulting CoP@NSPC-T (T = 850, 900 and
950 °C) by electronic metal-support interactions between carbon supports and CoP NPs.
Based on the established relationship between the d-band center, work function, ratio
of (pyridinic N + pyrrolic N)/graphitic N and 710 value of resulting catalysts, it was
observed that the decrease of the ratio of (pyridinic N + pyrrolic N)/graphitic N resulted
in the increase of work function and upshift of d-band center. The CoP@NSPC-900
catalyst, with a ratio of (pyridinic N + pyrrolic N)/graphitic N of 1.33, exhibited an

optimal work function and d-band center, which kept a balance between Volmer and
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Heyrovsky processes, resulting in the highest HER activity among the COP@NSPC-T
catalysts (T = 850, 900 and 950 °C). This study offers a new insight in designing an
electrocatalyst by connecting their chemical properties, valence band structures, and
catalytic activity, which could be valuable for the large-scale preparation of HER

electrocatalysts.
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