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Abstract: Hydrogen energy is a plentiful and environmentally friendly form of secondary energy that
could play a crucial role in achieving global energy sustainability. At the same time, the electrolysis
of water for hydrogen production is a significant future-oriented advancement in the energy sector,
whereas appropriate hydrogen evolution catalysts have always been the key to hydrogen evolution
reactions. In this study, lignin was utilized as an appropriate raw material for modification in order
to obtain carbon materials, which was then supported with Ru to prepare an Rugg@MLC catalyst. At
a current density of 10 mA cm 2, the required overpotential was a mere 35.6 mV and the slope of
Tafel was 31.7 mV dec~!. This study provides a feasible strategy and pathway for preparing highly
efficient electrocatalysts for the hydrogen evolution reaction.

Keywords: ruthenium nanoparticles; lignin; modification; hydrogen evolution reaction

1. Introduction

In our contemporary society, we face the dual challenges of rapid industrialization and
a burgeoning population, both of which are contributing to the imminent depletion of fossil
energy resources. This scarcity poses a formidable obstacle to the advancement of human
civilization. Additionally, the widespread utilization of fossil fuels leads to the emission of
harmful gases, primarily CO,, which not only degrades our living environment but also
has a profound impact on our daily lives [1-3]. Through people’s exploration and research,
hydrogen energy has been found to be a new type of clean and renewable energy that has
considerable development prospects; the high energy density of hydrogen energy and the
fact that only water is produced after its combustion provide strong support for it replacing
fossil energy [4-8]. The electrolysis of water is a viable method for hydrogen production.

However, the electrolysis of water to produce hydrogen still faces huge challenges.
In the process of the electrolysis of water, the process of electron transfer is complex; it
usually requires a high overpotential (1) and therefore efficient catalysts are usually needed
to reduce the overpotential of hydrogen evolution [9-12]. Currently, commercial electrocat-
alysts are generally Pt-based catalysts; platinum group elements have excellent hydrogen
evolution performance, so they are recognized as the best HER catalysts [13-15]. Pt-based
catalysts can effectively reduce the overpotential of electrolytic water and accelerate the
process of electron transfer. However, Pt-based catalysts are expensive and infrequent
in the earth’s crust [16-18], which hinders the industrial development and application of
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hydrogen evolution via the electrolysis of water [19,20]. Ru is the most cost-effective metal
within the platinum group and exhibits hydrogen evolution performance comparable with
that of Pt, making it a preferred alternative to Pt [21]. A lot of research on the application
of Ru-based electrocatalysts in the field of hydrogen evolution in the electrolysis water is
ongoing. Supporting Ru nanoparticles on various anion-doped carbon materials is a com-
monly adopted approach in the research of Ru-based catalysts. The objective of enhancing
the hydrogen evolution reaction (HER) activity of Ru-based catalysts is achieved by modi-
fying the secondary metal active sites and reinforcing the electronic interactions between
the active sites and the support material [22]. Currently, significant attention is given to
nitrogen (N) doping [23-27], sulfur (S) doping [28-30], phosphorus (P) doping [31-33], or
the combined synergistic effects of multiple elements [22,34-36]. Heteroatoms decrease the
electronegativity of Ru by transferring the electrons of Ru, thereby enhancing Ru’s capabil-
ity to desorb hydrogen [37,38]. Throughout the hydrogen evolution process, heteroatoms
serve a regulatory function rather than acting as active checkpoints, with Ru remaining
as the active center for the HER [39]. For instance, Sun et al. employed the “one-pot
method” to disperse ultra-small Ru nanoparticles (Ru NPs) on S-doped graphene, resulting
in the synthesis of Ru/S-rGO-24. The metal-carrier interaction between S-rGO and Ru NPs
facilitated the electron transfer from Ru, leading to the easy breaking of the O-H bond in
water, reducing the dissociation energy, and enhancing the electrocatalytic activity [40].
Nitrogen-doped porous carbon substrates were synthesized by Yao et al. using ZIF-8 as the
precursor and a SiO?~ protected calcination strategy. Furthermore, ethylene glycol (EG)
was used as a reducing agent and solvent to prepare Ru/PNC using a microwave-assisted
method. The experimental results demonstrated that the prepared porous nitrogen-doped
carbon (PNC) exhibits high dispersibility, a large specific surface area, and a rich pore
structure, enabling significant exposure of active sites [41]. These studies confirm that
heteroatom doping plays a crucial role in the formation and effective dispersion of ultra-
small Ru (ruthenium) nanoparticles, resulting in the creation of a significantly expanded
electrochemically active surface area. This, in turn, exposes a greater number of active sites,
contributing to improved catalytic performance. Furthermore, these findings highlight the
importance of metal-support interactions in promoting electron deficiency within the Ru
nanoparticles, which facilitates the disruption of H-OH bonds, lowers the energy barrier
for hydrolysis, and enhances electrocatalytic activity. These insights have profound implica-
tions for our research. The outstanding properties of heteroatom-doped carbon substrates
in enhancing catalyst performance, coupled with the economical use of ruthenium, indicate
that nitrogen-doped ruthenium-containing catalysts hold substantial promise for advance-
ments in the field of hydrogen evolution in electrolytic water. However, it is important to
note that Ru nanomaterials with different morphologies exhibit poor stability when they
undergo aggregation. Hence, it is crucial to prepare suitable carriers that can effectively
support Ru metal particles and enhance their dispersibility. In this research paper, a novel
approach was employed where lignin was utilized as a carbon material for the modification
and support of ruthenium in the synthesis of hydrogen evolution reaction (HER) catalysts.

Lignin is a biomass raw material with a high yield [42]. It boasts a complex three-
dimensional network structure and stands as the only naturally occurring product with an
aromatic structure among natural polymers [43,44]. However, lignin molecules lack strong
hydrophilic functional groups and exhibit an insufficiency of active sites for reactions.
Additionally, they display certain shortcomings in terms of hydrophilicity and chemical
reactivity. These limitations restrict the scope of lignin’s applications. As such, the activation
or modification of lignin becomes a pivotal research approach aimed at enhancing its
practical utility. At present, the methods of activation and modification of lignin are usually
sulfonation, graft modification, cross-linking reactions and oxidative ammonolysis [45].
Lignin is regarded as an ideal source for the production of carbon materials due to its
abundant availability and distinctive physical and chemical properties. Furthermore,
the resulting carbon materials have found extensive applications in both industrial and
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everyday life. These applications include organic waste gas adsorption [46], electrode
materials [47], super capacitors [48,49] and more.

In this paper, a well-distributed ruthenium-containing nano-catalyst was prepared
using modified lignin as a carbon precursor material; the Ru was anchored on the lignin
after ammonolysis. Firstly, the lignin was modified by ammonia, which not only increased
the reaction activity of lignin but also increased the content of total nitrogen and available
nitrogen in lignin, and then mixed with RuClj for the hydrothermal loading of Ru, and fi-
nally it was calcined and reduced with Ru®* at a high temperature to prepare Ru-containing
catalysts with moderate sizes and uniform dispersions, i.e., Rux@MLC (Ru-containing
modified lignin carbon) catalysts. In an alkaline environment, the catalysts exhibited a
superior HER catalytic performance compared with the commercial 20 wt% Pt/C. This
study provides a feasible preparation strategy for the rational synthesis of cost-effective
Ru-based catalysts with excellent performance and broad applicability.

2. Results and Discussion

In this work, we used lignin as a catalyst carrier and RuCl; as a Ru source to synthesize
Rux@MLC catalysts for hydrogen evolution from electrolytic water via hydrothermal
synthesis. The preparation process of the Rug g@MLC catalyst is shown in Figure 1.

RuCIa

Figure 1. Synthesis process of Rugg@MLC.

First of all, the morphology of the prepared Rups@MLC catalyst was observed by
scanning electron microscopy (SEM). As shown in Figure 2a,b, the loose blocky structure of
the Ru g@MLC catalyst can be obviously observed. It is also obvious from the diagram
that the prepared catalyst is uniformly dispersed and there are no adverse conditions such
as agglomeration and hardening. In order to observe the microscopic morphology of the
catalyst in more detail, images obtained through transmission electron microscopy (TEM)
are shown in Figure 2¢,d. It is clear that Ru nanoparticles are uniformly supported on the
carbon materials.

Figure 2e is a histogram illustrating the particle size distribution of the Ru nanoparti-
cles in Figure 2d. This histogram reveals that the average particle size of the Ru nanoparti-
cles is approximately 3 nm. Finally, Figure 2f is a high-resolution TEM (HRTEM) image
where easily recognizable Ru lattice fringes are visible and have approximate spacings of
0.205 nm and 0.234 nm, which correspond to Ru’s 101 and 100 crystal planes, respectively.
Figure 3 is the Rup g@MLC catalyst’s EDS element map image, which shows the distribution
of the C, N, O and Ru elements. This observation confirms the successful incorporation of
nitrogen (N) into the carbon materials. Simultaneously, it provides further evidence of the
effective loading of the ruthenium (Ru) element onto the carbon materials.
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Figure 2. SEM images of Rupg@MLC (a,b); TEM images of Rugg@MLC (c,d); size distribution in
Rup s@MLC (e); HRTEM image of Rugg@MLC (f).

ADF(frame 1) e 100 Am

Figure 3. STEM-EDS image of Rug@MLC and its corresponding elemental mapping of C, N, O
and Ru.
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Subsequently, the crystal structure of the Rux@MLC catalysts was examined and
characterized using X-ray diffraction (XRD). As depicted in Figure 4, the diffraction peaks
at 20 angles of 38.3°, 42.2°, 44.0°, 58.4°, 69.4° and 78.3° are notably prominent for the five
catalysts. These peaks correspond to the crystal planes of Ru [4], indicating that the Ru
molecules in the aforementioned catalysts are effectively supported on the modified lignin.
As anticipated in this study, an increase in the quantity of RuCl; added to the reaction
results in higher peak intensities, particularly on the crystal planes of (100) and (101). As
the quantity of RuCl; increases, there is a noticeable enhancement in the peak intensity.
This observation indicates that when RuClj serves as the source of ruthenium, a higher
Ru content facilitates the formation of ruthenium crystals during the preparation process.
Therefore, the precise control of the metal content plays a pivotal role in the electrocatalyst
synthesis. Likewise, the XRD patterns of all the catalyst samples exhibit diffraction peaks
corresponding to the 002 crystal plane of graphitized carbon at a diffraction angle of 26.4°.
The presence of this diffraction peak shows that the carbon materials produced possess a
certain degree of graphitization tendency, indicating their substantial electrical conductivity.

—— Ru,,@MLC

— Ry, (@MLC
— Ry ;@MLC
——Ru, ( @MLC

Intensity (a.u.)

Ru#06-0663 E | s | = gl 110) | (103) |
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Figure 4. XRD spectra of Rup,@MLC, Rug4@MLC, Rup @MLC, Rups@MLC and Ru; g@MLC.

The Raman spectra of the Rux@MLC catalysts can be found in Figure S1 of the
Supporting Information (SI). The analysis of Figure S1 shows that the sample appears as
two strong peak signals near 1350 cm~! and 1591 cm~! that correspond to disordered
carbon (D band) and ordered graphitic carbon (G band) [50,51], respectively. Similar to
the previously reported doped graphite materials, the degree of defects inside the crystal
structure of the catalyst can be judged by comparing the ratio of the strength (ID) of the
material at the D peak to the strength (IG) at the G peak [52,53]. The greater the intensity of
the D peak, the more disordered the carbon with lattice defects represented by the D peak
in the prepared catalyst; the lattice defects contribute to electron transfer. The more defects
inside the material, the stronger the crystal’s conductivity [54]. In addition, the reported G
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band of N-doped graphene is generally narrower than the D band [55-57]. In our study, the
G band is wider than the D band (Figure S1), which further indicates that there are more
defect checkpoints in the prepared nitrogen-doped carbon nanomaterials. As depicted in
Figure S1, the ID/IG ratio of each catalyst steadily increases when the concentration of the
Ru solution used in the preparation is increased; the initial ratio is approximately 0.801.
This phenomenon primarily stems from the disruption of the structural crystal within the
carbon material upon the introduction of Ru elements. This observation indicates that the
carbon nanomaterials synthesized using this approach exhibit good electrical conductivity.
However, the incorporation of Ru elements leads to an increase in the internal defects
and an accelerated electron transfer rate, ultimately conferring several advantages for
enhancing the electrocatalytic activity of these catalytic materials.

X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical state
and electronic configuration of the Rug g@MLC catalyst’s surface. The findings were charge
corrected using the benchmark of the standard characteristic peak at 284.6 eV in the Cls
orbital and are depicted in Figure 5. Figure 5a illustrates the full XPS spectrum, which
clearly shows the presence of both carbon (C) and nitrogen (N) in Rugg@MLC. The presence
of these elements indicates the successful integration of ruthenium into the catalyst.
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Figure 5. Full XPS spectrum of Rups@MLC (a) and the high-resolution spectra of the C 1s and Ru 3d,
N 1s and Ru 3p of Rupg@MLC (b-d).

The XPS findings for C 1s and Ru 3d are presented in Figure 5b. As shown in the figure,
the fitted peaks corresponding to C-O and C=O are observed at binding energies of 286.4 eV
and 288.5 eV, respectively. The peaks centered at 282.7 eV and 286.1 eV correspond to Ru
3ds3/, and Ru** 3d3/,, whereas the peaks at 280.6 eV and 281.8 eV correspond to Ru 3ds
and Ru** 3ds ,, respectively [58-61]. As demonstrated in Figure 5¢, distinct fitting peaks are
observed for graphite nitrogen, pyrrole nitrogen and pyridine nitrogen at 401.5 eV, 399.7 eV
and 397.9 eV, respectively. This is basically consistent with the peak positions reported
by existing studies [60]. The inclusion of graphitized nitrogen significantly enhances the
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conductivity of carbon groups, whereas pyrrole nitrogen and pyridine nitrogen effectively
adsorb specific cations [62-65].

Finally, in Figure 5d, we present the high-resolution XPS fitting of Ru 3p. Notably,
the peaks at 461.6 eV and 465.6 eV correspond to the characteristic peaks of Ru 3ps,, and
Ru** 3pj3,,, respectively. In addition, the peaks at 484.5 eV and 488.1 eV correspond to the
characteristic peaks of Ru 3pq/, and Ru** 3p; /,, respectively. It is worth mentioning that
the presence of Ru*" indicates the oxidation of some ruthenium particles on the sample
surface. Upon comparing the peak areas, it becomes evident that, despite the coexistence
of Ru and Ru**, the content of Ru surpasses that of Ru**. This observation suggests a
significant reduction in the Ru®* originating from RuCls.

The electrochemical performance tests for the hydrogen evolution reaction (HER)
were carried out using a three- electrode system with a 1 M KOH electrolyte (alkaline,
pH = 14) under a nitrogen atmosphere at room temperature. In Figure 6a, the polarization
curve in the 1 M KOH electrolyte solution is presented. It is noteworthy that all catalysts
exhibit an initial potential very close to zero. As the voltage increases, once the current
density reaches 10 mA cm 2, the overpotentials for Ruy,@MLC, Ruy4@MLC, Ruys@MLC,
Rugg@MLC, Ruj g@MLC and the 20 wt% commercial Pt/C catalyst are determined to be
270.6 mV, 129.2 mV, 75.5 mV, 35.6 mV, 41.7 mV and 37.2 mV, respectively.
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Figure 6. HER polarization curves of Rug,@MLC, Rug4@MLC, Rugc@MLC, Rugg@MLC,
Ruj ¢@MLC and 20%wt Pt/C (a); Tafel slope diagram (b); Nyquist curves (c); durability test for
Rup g@MLC and 20%Pt/C before and after 2000 cycles of cyclic voltammetry in 1 M KOH (d).

It is not difficult to find that the activity of the catalyst enhances gradually with the
increase in Ru loading. The catalyst exhibits its optimal catalytic performance when the
amount of added RuCl; is 0.8 g, as evidenced by the results obtained for Rupg@MLC.
However, when the quantity of RuClz used is increased to 1.0 g, the catalyst’s performance
is inferior to that of the 0.8 g quantity. This observation indicates that the electrocatalytic
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hydrogen evolution performance of the catalyst cannot be indefinitely improved by simply
increasing the amount of RuCl; used. The catalyst’s catalytic performance exhibits a trend
of initially increasing and then decreasing with the Ru content. This phenomenon may
be attributed to an excessive amount of Ru being added surpassing the carbon material’s
uniform loading capacity. The surplus Ru element cannot be uniformly dispersed on
the carbon material, leading to agglomeration, which subsequently impacts the catalyst’s
catalytic performance.

Further, the reaction mechanism of the samples at different Ru contents was explored
by Tafel analysis. Figure 6b shows the Tafel slopes of several Ruy@MLC (Rug,@MLC,
Rug4@MLC, Rug¢@MLC, Rups@MLC and Ru; (@MLC) catalysts under alkaline condi-
tions. The corresponding Tafel slopes were found to be 190.2 mV dec™!, 130.3 mV dec ™!,
829 mV dec!,31.7mV dec ! and 34.1 mV dec ! for the respective catalysts. The results
indicate that under alkaline conditions, the rate-determining step for Rug,@MLC and
Rup 4@MLC is the Volmer reaction (hydrogen adsorption), whereas the Herovsky reaction
involving electrochemical desorption is the rate-determining step for the HER reaction
process of the other catalysts. We speculate that with the increase in Ru content, the contents
of Ru and Ru** in the catalyst also increase accordingly. The increase in Ru content is
beneficial to the formation of Ru nanoclusters, thereby enhancing the strong electronic
coupling effect between Ru nanoclusters and single-atom Ru** in the catalyst, which is
beneficial to realize the rapid dissociation of water and optimize the H* strength of metal
adsorption [66], which, in turn, promotes the Volmer reaction and results in the change in
the RDS mechanism from low Ru content to high Ru content. Surprisingly, we also found
a similar pattern in Zhang et al.’s research report [67]. This study revealed that the intro-
duction of Ru atoms into NiFe-LDH can efficiently reduce the energy barrier of the Volmer
step, eventually accelerating its HER kinetics. Moreover, this shows that with an increase in
the Ru atom content, the prepared NiFeRu-LDH nanosheets have a smaller size and greater
roughness, and beyond a certain Ru content, agglomeration of nanoparticles is observed.
The Tafel plot of NiFeRu-LDH was as low as 31 mV dec™!, which was much lower than the
132 mV dec ! for the Ni foam, 153 mV dec ! for NiFe-LDH and 32 mV dec ! for the Pt/C
catalyst. In addition, the HER polarization curve of NiFeRu-LDH is negatively shifted with
an increase in Ru content.

In Figure 6¢, an equivalent circuit model is presented for impedance fitting, illustrat-
ing the electrochemical impedance spectra of the Rug,@MLC, Ruy4@MLC, Rugs@MLC,
Rups@MLC and Ru; ¢@MLC samples under alkaline conditions. Within this model, Rct
represents the charge transfer resistance, Rs signifies the solution resistance and Cp, de-
notes the equivalent capacitive element. Notably, the Ruys@MLC catalyst, prepared with
0.8 g of RuClj, exhibits the lowest charge resistance, the highest charge transfer rate and
displays impedance curves with the smallest semicircle radius. The impedance semicircles
for the other catalysts aligns closely with the performances observed in the polarization
curves. These results indicate that Rugs@MLC displays faster interfacial charge transfer
kinetics in the hydrogen evolution reaction (HER) process, reflecting its electrochemical cat-
alytic hydrogen evolution performance. Stability is another important index for evaluating
the performance of electrocatalysts. The curves shown in Figure 6d are the polarization
curves of Rugg@MLC and Pt/C before and after 2000 cycle voltamperes. It is obvious
that after 2000 cycles of CV, the catalytic performance of Pt/C decreases and the stability
of Rups@MLC is greater than that of Pt/C. After 2000 cycles of CV, the overpotential of
Rupg@MLC is reduced by only 14 mV at a current density of 10 mA cm 2, ranging from
35.6 mV to 49.6 mV. Figure 6d illustrates the constant voltage curve for Rugg@MLC at
an overpotential of 10 mA cm 2. This curve demonstrates that even after 10 h of test-
ing, the current density remains above 80.3% of the initial value, decreasing from 10 mA
cm ™2 to 8.03 mA cm 2, underscoring the catalyst’s high stability. The catalytic stability of
Rug s@MLC is excellent compared with the previously reported Ru-based carbon-supported
catalytic systems; it has a lower Tafel slope (31.7 dec™!) and a lower overpotential (35.6 mV)



Catalysts 2023, 13, 1404

9of 15

than Ru@CQDs800 [68], Ru@CN-0.16 [69], Ru S/DA [70] and Ru/C (5 wt 25%) [71], as
presented in Table 1.

Table 1. Comparison the electrochemical activity of Ruygg@MLC with other previously reported
Ru-based carbon-supported catalytic systems.

Catalyst Name Tafel Slope (dec—1) ViomA.cm 2 (mV) Stability (Vg ma.cm 2, 1M KOH)
Rupg@MLC 31.7 35.6 49.6 mV (After 2000 cycles of CV)
Ru@CQDs800 63 65 69 mV (After 2000 cycles of CV)
Ru@CN-0.16 53 32 a slight increase in overpotential after 2000 cycles
Ru S/DA 20 58 73 mV(After 5000 cycles of CV)
5 wt% Ru/C 73 55 126 mV (After 10,000 cycles of CV)

To investigate the electrochemical active surface area (ECSA) and catalytic activity
of the samples, cyclic voltammetry curves were measured for Rug,@MLC, Rug4@MLC,
Rug¢@MLC, Rupgs@MLC and Ru; ¢@MLC at various scanning rates. The double-layer
capacitance (Cgq1) of the samples was determined. The scanning rate for the cyclic voltam-
metry curve commenced at 20 mV s~ ! and was subsequently increased by 20 mV s~ ! until
reaching 100 mV s~ 1. The results are illustrated in Figure 7. The Cq4; values for different
catalysts were obtained and used to derive the ECSA and other relevant information, as
presented in Table 2. These findings unequivocally indicate that Rupg@MLC possesses a
higher number of active surface sites.

70
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Figure 7. Function of current density and scanning rate of Ruy,@MLC, Rup 4@MLC, Rug¢@MLC,
RuO.g@MLC and Rul_o@MLC.
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Table 2. Comparison of the electrochemical active surface area (ECSA) and catalytic activity of
several catalysts.

Samples Cgq1 (mF/cm?) Cpt. (mF) ECSA (cm?)
Rug,@MLC 11.9 0.833 41.65
Rup 4@MLC 18.5 1.295 64.75
Rup¢@MLC 249 1.743 87.15
Rugg@MLC 40.9 2.863 143.15
Ruj (@MLC 332 2.324 116.2

Cpr = Cq; x 0.07 cm?; ECSA = Cpy./Cs; Cs = 0.02 mF cm 2.

Cpr and C; represent the double layer capacitance and specific capacitance, respec-
tively [72,73]. The Cs in alkaline solution was 0.020 mF cm—2; Cy; is the slope obtained
by plotting the difference between the absolute value of the current density at different
scanning rates and the corresponding scanning rates [74]. The effective area of the catalyst
supported on the electrode during the test is 0.07 cm?.

3. Experimental Section
3.1. Materials and Methods

In this work, we used lignin as a catalyst carrier and RuCl; as a Ru source to synthesize
Rux@MLC catalysts for hydrogen evolution from electrolytic water by hydrothermal
synthesis. The process was as follows: Weigh out 25 g of alkaline lignin and dissolve it in
250 mL of deionized water. Stir the mixture slowly until the lignin is completely dissolved,
then filter out any insoluble impurities to obtain a lignin solution. Take 25 mL of the
prepared lignin solution and heat it to 50 °C in an oil bath. While stirring continuously,
slowly add 2.5 mL of ammonia water to the solution. Reflux the mixture at a constant
temperature of 50 °C for 2 h to obtain the modified lignin solution. Remove most of the
water from the solution by rotary evaporation, then dry it at 50 °C in an oven. Weigh 1.2 g
of the modified lignin, disperse it in 20 mL of deionized water (the standard amount of
modified lignin used in this study was 1.2 g) and stir slowly until the lignin is completely
dissolved. Weigh out 0.2 g, 0.4 g, 0.6 g, 0.8 g or 1.0 g of RuCl3 and dissolve in the above
solution. Then, sonicate the solution in an ice water bath for 0.5 h to evenly disperse the
solute. After reacting in a hydrothermal reactor at 180 °C for 8 h, filter and dry to obtain a
solid containing Ru. The obtained Ru-containing solid was calcined at 700 °C under N,
protection for 2 h to obtain black solid powder as a Ru-containing catalyst, i.e., Rux@MLC
(X=0.2,04,0.6,0.8 and 1.0).

3.2. Physicochemical Characterization

In this study, we employed various analytical techniques to characterize the catalyst
Ruo.g@MLC:

Scanning Electron Microscopy (SEM): The morphology of the Rugg@MLC catalyst
was observed using an scanning electron microscope (FEI Quanta FEG 650, FEI, MA, USA).
Pure platinum was utilized as a reference material for SEM testing.

Transmission Electron Microscopy (TEM): For precise microscopic examination, we
used TEM. The catalyst sample was dispersed in an ethanol solution and sonicated. Subse-
quently, a few drops of the dispersed liquid were carefully placed on a copper mesh. After
the solution dried, we captured high-resolution TEM images (JEOL JEM-F200, accelerating
voltage: 200 kV, JEOL, TKY, Japan) and conducted an energy spectrum surface scan (JED-
2300T, JEOL, TKY, Japan). This analysis revealed clear Ru lattice fringes. We also mapped
the distribution of the C, N, O and Ru elements through EDS element mapping.

X-ray Diffraction (XRD): The crystal structures of the Rux@MLC catalysts were exam-
ined using XRD. We employed a Ritsuya Corporation D/max 2200 PC type X-ray powder
diffractometer (JEOL, TKY, Japan) in a scanning range of 10 to 80° at a 26 angle, with Cu-Ko
as the target material.
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Raman Spectroscopy: We assessed the degree of graphitization of the samples using a
Thermo Fisher DXR (Thermo Fisher, MA, USA) laser Raman spectrometer.

X-ray Photoelectron Spectroscopy (XPS): To analyze the surface chemical state and
electronic configuration of the Ruygs@MLC catalyst, we conducted XPS analysis with a
ThermoFisher instrument (model ESCALAB 250 Xi, MA, USA). The analysis chamber was
maintained at a vacuum pressure of 8 x 1071° Pa and we used Al K« rays with a photon
energy of 1486.8 eV as the excitation source. The XPS parameters included a working
voltage of 12.5 kV, a filament current of 16 mA, and signal accumulation for 10 cycles.
During the analysis, we applied a passing energy of 40 eV and a step size of 0.1 eV, with
charge correction based on the binding energy of C 1 s at 284.60 eV as the energy standard.

3.3. Electrochemical Performance Testing

Electrocatalytic testing of the prepared catalysts was conducted at room temperature
using a standard three-electrode system. A glassy carbon electrode (GCE) with a diameter
of 3 mm served as the working electrode, whereas a platinum electrode and an Ag/AgCl
electrode (3.5 M KCl) functioned as the counter electrode and reference electrode, respec-
tively. The experimental electrolyte solution consisted of 1 M KOH (alkaline, pH = 14),
and a continuous stream of N, was introduced during all electrochemical tests. Before
each test, the catalyst underwent activation through a cyclic voltammetry curve (CV). For
electrochemical impedance spectroscopy (EIS): First test the open-circuit voltage. After
the open-circuit voltage is stable, then select the determined overpotential for testing. The
intersection coordinate value of the low frequency region and the horizontal axis in the
impedance spectrum is the charge transfer resistance value (Rct), and the intersection
coordinate value of the high frequency region and the horizontal axis in the impedance
spectrum is the solution internal resistance (Rs).

4. Conclusions

In the work, we used alkaline lignin as the original material, obtained modified lignin
through ammonolysis modification and increased the content of total nitrogen and available
nitrogen in the lignin. Then, using a hydrothermal synthesis method and RuClj as the
metal Ru source, we loaded the Ru onto the modified lignin. Finally, we calcined and
reduced Ru at high temperature to obtain the electrolysis hydrogen evolution catalyst
Rup s@MLC, which had good catalytic performance and good stability. The three-electrode
system showed the good catalytic activity of Rupg@MLC in 1 M KOH medium. At a current
density of 10 mA cm ™2, the required overpotential was a mere 35.6 mV and the slope of
Tafel was 31.7 mV dec™!; Rugs@MLC also showed high stability. In this paper, different
preparation conditions were also explored, including different activation methods and
different Ru reduction temperatures to prepare the catalysts (for more information see the
SI). We compared the performance differences of the different catalysts in order to determine
the optimal preparation conditions: first, after the ammonolysis of lignin, then using 0.8
g RuCl; as metal Ru source, loading by hydrothermal synthesis, and finally calcining at
700 °C to reduce Ru. The Rupgs@MLC catalysts prepared using this step-by-step method
had the best catalytic performance. This study provides a feasible strategy and pathway
for preparing highly efficient electrocatalysts for the HER in alkaline environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13111404 /s1, Figure S1: Raman Spectrum of Ru0.2@MLC,
Ru0.4@MLC, Ru0.6@MLC, Ru0.8@MLC and Rul.0@MLC.
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