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A B S T R A C T   

Unraveling structure-property relationships is of critical importance for designing superior catalysts. Heusler 
alloys are a family of materials whose atomic packing structure may change with a change in the external field, 
for example, temperature, magnetic field, and/or stress, and are ideal models for studying the structure-property 
relationship. In this study, a series of Ni–Mn–Sn–Co Heusler alloys with controlled phases and compositions, 
including the tetragonal martensite phase (Ni46Mn36Sn11Co7, labeled Co7), cubic austenite phase 
(Ni42Mn43Sn10Co5, labeled Co5), and tetragonal/cubic mixing phase (Ni46Mn38Sn12Co4, labeled Co4) were 
investigated. The alloys with the martensitic phase exhibited superior catalytic activity toward hydrogen evo-
lution reaction (HER) than those with the austenitic phase. At an overpotential of 350 mV, the HER current 
density of the martensite phase of the Co7 sample was almost 2 times higher than that of the austenite phase of 
the Co5 sample. In-situ temperature-dependent catalytic measurements for the Co4 alloy suggest that the cat-
alytic activity decreases significantly when phase transformation from martensite to austenite occurs. The effi-
cient electron transfer kinetics and low electron work function are responsible for the high activity of the 
martensite phase, according to Tafel and work function analyses. These results provide a promising strategy for 
the development of high-performance Heusler alloys by controlling their phase structures and phase transitions.   

1. Introduction 

Amid the current energy crisis and environmental issues, hydrogen is 
believed to be a promising alternative to traditional fossil fuels [1,2]. 
Catalysts play a significant role in reducing overpotentials and energy 
consumption in highly efficient and low-cost hydrogen production 
processes. Therefore, the development of an electrocatalyst material 
with high activity, high stability, and low cost is a prerequisite for 
applying the electrocatalytic water decomposition method to produce 
hydrogen [3]. Generally, there are two strategies for improving the ef-
ficiency of a catalyst. One is to maximize the number of catalytically 
active sites, which can boost the apparent efficiencies at fixed working 
potentials. This can be achieved using strategies such as nanostructuring 
[4–7], single atom design [8,9], or highly efficient precious metal 

loading [10–13]. Another method is to optimize the catalytically active 
sites to achieve higher intrinsic activities. Typical methods include 
electronic structure tailing via elemental doping, formation of hetero-
junction, and high-entropy intermetallic compounds [14,15], in addi-
tion, topological semimetals, such as Weyl semimetals, Dirac 
semimetals, and nodal line semimetals, are also potential and efficient 
catalysts [16]. and introduction of external stimuli [17,18]. 

Notably, the use of phase transition engineering for designing high- 
performance catalysts has received increasing attention. Yang et al. 
found that a Pd–Cu alloy with a bcc phase could be regarded as a highly 
active electrocatalyst for hydroxide oxidation in alkaline electrolytes 
[19]. Wang et al. used nickel to evaluate the role of the crystal structure 
of an electrocatalyst in the analysis of oxygen [20]. Currently, studies on 
the phase structure to regulate the catalytic performance of hydrogen 
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evolution mainly focus on element doping and the annealing process 
[21–23]. However, element doping changes the catalyst composition 
and introduces uncertainties in understanding the working mechanisms. 
To date, the influence of phase structure on catalytic processes remains 
an open question. Recently, Co-based Heusler alloys have been proposed 
as promising catalysts for energy conversion [24–27] owing to their 
tunable elemental composition and low cost [28]. However, the 
hydrogen evolution reaction (HER) efficiencies of most Heusler com-
pounds cannot fulfill the requirements of industrial-scale hydrogen 
production [29]. By changing the compositions and elemental combi-
nations, hundreds of compounds with tunable electronic and crystal 
structures can be obtained. More importantly, their phase structures and 
phase transition behaviors can be precisely designed [30–32]. This 
provides an ideal platform for investigating the influence of phase 
structures and limitations of their catalytic activities. 

In this study, Co-based Heusler alloys with the desired phase struc-
tures were synthesized by carefully tailoring the compositions. By 
carefully assessing the intrinsic HER activities of the pure austenite (A) 
and martensite (M) phases, and their mixtures (A + M), we found that 
the M phase was the best choice. To reveal the influence of the phase 
structures, a Heusler compound with a first-order phase change at room 
temperature was designed [33–35]. Notably, the HER activities signifi-
cantly decreased on transition from the low-temperature M phase to the 
high-temperature A phase. Using a combination of Tafel and ultraviolet 
photoelectron spectroscopy (UPS) analyses, it was confirmed that the M 
phase has a lower electron transfer resistance and is more powerful in 
maintaining the d-band centers that favor the hydrogen evolution pro-
cess. Our findings highlight the importance of phase control in the 
search for and design of high-performance alloy catalysts with multiple 
phases. 

2. Experimental details 

2.1. Sample preparation 

Three Ni–Co–Mn–Sn alloy ribbons with different compositions were 
fabricated by the arc melting method with the corresponding high- 
purity elements (>99.9 wt %). The melting loss rate of the as-cast al-
loys was <1%. To avoid the occurrence of a large amount of second- 
phase precipitation, the copper roller rapid quenching method was 
used to prepare the ribbons. Ribbons with lengths of 10–40 mm, widths 
of 1–2 mm, and thicknesses of 60–70 μm were obtained at a linear speed 
of 10 m/s. This type of self-supporting ribbon also facilitates subsequent 
experimental research on the catalysis of electrochemical hydrogen 
evolution. Three as-spun ribbon samples were prepared: 
Ni46Mn36Sn11Co7, Ni42Mn43Sn10Co5, and Ni46Mn38Sn12Co4 (at. %). 

2.2. Material characterization 

The phase constitution and microstructures of the samples were 
examined by X-ray diffraction (XRD, Bruker D8 Advance, Germany) 
using Cu Kα radiation, field emission scanning electron microscopy (FE- 
SEM, Quanta 250, FEI, USA), and transmission electron microscopy 
(TEM, Talos F200×, ThemoFisher, USA). The TEM samples were pre-
pared using an ion beam thinner (Gatan 691, Gatan, USA). Furthermore, 
in-situ XRD was performed to characterize the change in the phase 
structure of the ribbons during the heating process. Differential scanning 
calorimetry (DSC 214) was used determine the phase transition tem-
peratures of the alloys. The phase transition temperatures were cali-
brated, and suitable ribbons were subjected to in-situ water splitting 
electrocatalysis experiments. The work functions and Fermi energy level 
positions of the materials were measured by ultraviolet photoelectron 
spectroscopy (UPS, Axis Ultra DLD). 

2.3. Electrochemical measurements 

Electrochemical measurements were performed at different tem-
peratures using an electrochemical workstation (Zahner Zennium) with 
a three-electrode configuration. A platinum sheet was used as the 
counter electrode, an Ag/AgCl electrode with 3.5 M KCl was selected as 
the reference electrode, and Ni–Mn–Co–Sn alloy ribbons were used as 
the working electrode (WE). All tests were performed in a 1 M KOH 
solution. 

In the linear sweep voltammetry (LSV) measurement, the voltage 
applied to the WE was swept linearly from +0.1 V to − 0.6 V vs. the 
reversible hydrogen electrode (RHE) at a scan rate of 5 mV/s. The 
relevant RHE potential was calculated using the Nernst equation [E(RHE) 
= E(Ag/AgCl) + E (standard electrode potential) + 0.059 × pH], where E 
(standard electrode potential) = − 7.37 ∗ 10− 4 ∗ T + 0.2268 (T is the 
work temperature). 

The chronoamperometry (j-t) test is as follows: Under an over-
potential of − 1.4 V, the current density was stabilized and then heated, 
and the temperature was recorded every minute. 

The frequency range of the electrochemical impedance spectroscopy 
(EIS) test was 0.1− 105 Hz, and the potential was − 1.45 V (vs. RHE). An 
equivalent circuit simulator was used to obtain the solution resistance 
(Rs) and charge transfer resistance (Rct). The equivalent electrical circuit 
model of R (QR) was used to fit the EIS data using the ZSimpWin 3.50 
software. 

The electrochemically active surface area (ECSA) was estimated from 
the electrochemical double-layer capacitance of the hybrids, which was 
determined from the cyclic voltammetry (CV) curves measured in the 
potential range close to the open-circuit potential (±50 mV vs. RHE). 

For the in situ warming experiments, a constant-temperature water 
bath was used and the temperature in the electrolytic cell was measured 
using a thermocouple probe, and the temperature difference was 
controlled at 1 K. 

3. Results and discussion 

3.1. Crystal and phase structures of Heusler alloys 

The L21 austenite structure of the Ni–Co–Mn–Sn Heusler alloys is 
shown in Fig. 1(a) The Sn and Mn atoms occupy the 4a (0, 0, 0) and 4b 
(0.50, 0.50, 0.50) positions, respectively, and Ni (Co) atoms occupy the 
8c (0.25, 0.25, 0.25) and (0.75, 0.75, 0.75)) positions. It has been re-
ported that the valence electron concentration (e/a) can be used to tailor 
the phase transformation temperature and phase structures [36,37] 
thus, we changed the number of valence electrons by tailoring the Co 
content. The pure austenite (A) and martensite (M) phases, and their 
mixtures (A + M) can thus be obtained. 

In the material synthesis process, rapid solidification technology is 
employed to eliminate the existence of a second phase in the parental 
alloys [38,39] (Fig. 1 (b)). This is because the single roller rapid solid-
ification ribbon throwing technology can enable the cooling rate of the 
high-temperature melt to attain a value greater than 106 K/s and rapidly 
solidified ribbons in a single-phase form can be obtained with a highly 
uniform composition; three ribbons with different Co atomic ratios were 
synthesized accordingly: Ni46Mn36Sn11Co7 (labeled Co7), 
Ni42Mn43Sn10Co5 (labeled Co5), and Ni46Mn38Sn12Co4 (labeled Co4). 
Fig. 1(c) shows the corresponding XRD patterns of the as-prepared 
samples at room temperature. Co5 crystallized in the L21 fcc structure 
with typical (220) reflections, which can be attributed to the pure 
austenitic phase, as reported in a previous work [40]. In contrast, the 
Co7 sample crystallized into an orthorhombic martensitic structure with 
the (125) reflection, suggesting the existence of martensite [41]. 
Notably, a mixture of martensite and retained austenite was observed in 
the Co4 sample at room temperature. Thus, changes in the catalytic 
activity during the phase transition from the martensite to austenite can 
be monitored. The high quality of the as-prepared ribbons was further 
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confirmed by high-angle annular dark field (HAADF) imaging and 
energy-dispersive X-ray spectroscopy (EDS) (Fig. 1(d), Fig. S1), where a 
uniform elemental distribution was observed for all samples. 

The differences in the phase structures were further confirmed by 
TEM. Fig. 2a shows the low-magnification TEM bright-field image of 
Co4 with flaky martensitic variants distributed along the grain bound-
aries. Three satellite points (marked by red arrows) representing the 
typical diffraction properties of the modulated 4O structures can be 
observed in the inset of Fig. 2(a), which shows the selected area electron 
diffraction (SAED) pattern of Co4. This indicates the coexistence of the 
martensite and austenite phases at room temperature, which agrees with 

the result of XRD. Only the austenite phase was observed in the Co5 
sample, as shown in Fig. 2(b), which could be confirmed as a symmet-
rical L21 structure from its corresponding SAED pattern (inset). The 
bright-field TEM image of the 10 M version of strip martensite in Co7 is 
shown in Fig. 2(c), and the corresponding SAED pattern shows four 
satellite points between the fundamental maxima. These results confirm 
that the three components have different phase structures at room 
temperature. 

To investigate the catalytic behavior at room temperature and sub-
sequent temperature-dependent activity changes, it is important to 
determine the phase transition temperatures of the ribbons. The DSC 

Fig. 1. (a) Crystal structures of the Ni–Co–Mn–Sn Heusler alloys and their phase structure control strategy. (b) Process of composition modulation of the 
Ni–Mn–Sn–Co ribbons and the process of ribbon preparation. (c) XRD patterns of the Heusler alloy ribbons with different compositions and phases. (d) HAADF image 
and EDS elemental mapping of the Co4 sample. 

Fig. 2. Confirmation of phase transition. (a)–(c) TEM images of the ribbons alloy with different compositions at room temperature. Low magnification TEM bright 
field images and the corresponding SAED patterns (insets) of Co4, Co5, and Co7, respectively. (d) DSC curves of the alloys with different compositions. (e) Variable- 
temperature XRD patterns of Co4. (f) M-T curves of the electrode materials with different compositions. 
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curves during the heating process are shown in Fig. 2(d), where As is the 
start temperature of the martensite to austenite phase transition and Af is 
the end temperature. As shown in the figure, the As of Co5 is approxi-
mately 260 K, while that of Co7 and Co4 is approximately 407 K and 
311 K, respectively. These phase change behaviors were further 
confirmed by in situ variable-temperature XRD experiments, as shown in 
Fig. 2(e). For the Co4 sample, the peaks corresponding to the martensite 
phase decreased gradually with increasing temperature. In contrast, the 
characteristic (220) peak of the cubic austenite phase became the main 
peak after the phase transition. The position and shape of the peaks were 
almost unchanged for the Co5 and Co7 samples without any phase 
transition (Fig. S2), which provided a control group for subsequent 
electrochemical experiments. As another strong evidence for the phase 
transition, magnetic measurements (as a function of temperature) show 
that only the Co4 alloy ribbons exhibit magnetic mutations during the 
phase transformation process (Fig. 2(f)). The results of in situ heating 
SEM, shown in Fig. S3(a)–(f), show the phase transition process more 
precisely. Evidently, the Co4 alloy exhibited a mixed phase of martensite 
and austenite at room temperature, and the martensite gradually dis-
appeared with an increase in temperature until it completely became the 
austenitic phase. The results suggest that the Co7, Co5, and Co4 samples 
crystallized in martensitic, austenite, and mixed phases during the cat-
alytic measurements at room temperature. Notably, the phase transition 
of the Co4 ribbon was completed slightly above room temperature, 
thereby enabling the investigation of the influence of the phase transi-
tion using the water-bath heating technique. 

3.2. Electrochemical measurements 

The electrochemical HER performances of the three samples with 
different phase structures were assessed by LSV, wherein the curves 
were either normalized by the geometric areas or electrochemical sur-
face areas (ECSAs) [42]. The Co7 catalyst with a pure martensitic phase 
exhibited the best HER activity with a current density of 10 mA cm− 2 at 
an overpotential of 290 mV (Fig. S4). It exhibits a good catalytic activity 
in numerous pristine Ni–Co alloys, as shown in Table S1. The intrinsic 
activities were obtained by measuring the corresponding ECSAs (Fig. S5) 

and normalizing the activity area, as shown in Fig. 3(a), (the detailed 
calculation process is provided in the Supplementary Information) [43, 
44]. The Co7 catalyst with the martensitic phase exhibited the best 
intrinsic catalytic activity. At a given overpotential of − 0.3 V, the cur-
rent density of the Co7 martensite phase was 0.063 mA cm− 2, which is 
twice that of the Co5 austenite phase (0.035 mA cm− 2) The Tafel slopes 
of the catalysts were calculated from the LSV curves. As shown in Fig. 3 
(b), Co7 shows a smaller Tafel slope (118 mV dec− 1) than those of the 
Co5 (140 mV dec− 1) and Co4 (120 mV dec− 1) catalysts. The Tafel slope 
indicates that the kinetic process of the alloy ribbon is dominated by 
either the Volmer or Heyrovsky rate-determining step, with high 
hydrogen coverage [45,46]. 

To investigate the role of phase structures on catalytic behavior, we 
conducted an in-situ thermal phase change analysis of hydrogen evo-
lution by water electrolysis. The current density vs. temperature curves 
for each catalyst were recorded at a constant voltage of − 1.4 V vs. Ag/ 
AgCl (Fig. 3(c)). A continuous increase was observed for all three 
investigated samples. This is not unusual, as the increase in temperature 
increases the rate constant according to the Arrhenius law. However, in 
comparison with the Co7 and Co5 samples, which exhibited no phase 
transitions, the temperature-dependent activities of the Co4 sample 
deviated from the rate constant-dominated model in the temperature 
range of the phase transition. To exclude experimental errors during the 
heating process, the relationship between the heating time and tem-
perature was studied (as shown in Fig. S6). Evidently, the heating rates 
of the three electrodes during the heating process were basically the 
same, indicating that other factors must be affecting the activity 
enhancement in addition to the well-known temperature activity 
enhancement. 

Fig. 3(d) shows the LSV curves of the Co4 sample at different tem-
peratures. The overpotential decreased at elevated temperatures. In 
contrast to the linearly increasing overpotentials exhibited by the Co5 
and Co7 samples, the overpotential for the Co4 sample at a current 
density of 10 mA cm− 2, decreased linearly before the phase transition 
and deviated from the linear relationship after the phase transition 
(Fig. 3(e), Fig. S7). The slope becomes significantly smaller, indicating 
that it is possible that the austenite phase structure becomes more after 

Fig. 3. Measurement of the electrocatalytic activity. (a) ECSA-normalized LSV curves of the catalysts in 1 M KOH solution. (b) Tafel slopes of the different electrodes 
at room temperature. (c) Current density curves as a function of temperature for each electrode at a constant voltage. (d) LSV curves of the Co4 alloy ribbons at 
different temperatures. (e) Dependence of overpotential on temperature for the different electrodes at 10 mA cm− 2. (f) Dependence of the Tafel slopes on temperature 
for the materials exhibiting a phase change and those with no phase change. 
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the phase transformation, which hinders the further promotion of HER 
catalysis by temperature. The Tafel slopes decreased with increasing 
temperature (Fig. 3(f)and S8). However, the Tafel slope of the Co4 
sample increased to a higher value at the phase change temperature 
(~320 K), this strengthens the plausibility of our speculation in the 
previous text that the increase of the austenite phase hinders the HER 
catalytic process. 

To understand the underlying reason for the phase change-induced 
activity deterioration, EIS data were measured at different tempera-
tures, as shown in Fig. S9. A Randles circuit including the solution 
resistance (Rs), charge transfer resistance (Rct), and equivalent capaci-
tance (CPE) was used to fit the results. The Rct of the Co5 and Co7 
samples decreased with increasing temperature, whereas that of Co4 
increased from 2.6 to 2.9 Ω in the phase transition temperature zone, 
which undoubtedly hindered the electrolytic water splitting process 
(Fig. 4(a)). Notably, the Rs values of each component alloy catalyst 
showed only marginal differences at different temperatures, as shown in 
Fig. S7(d), and decreased linearly with increasing temperature for all 
catalysts. The control experiment showed that the influence of temper-
ature can be excluded. 

According to Sabatier’s principle, the free energy of hydrogen 
adsorption (ΔGH), which is based on the d-band centers, plays a decisive 
role in understanding HER activities [47–50]. However, it is difficult to 
obtain the variation of hydrogen adsorption energy directly due to the 
large size of the four-atom crystals. The change in the work function and 

Fermi energy level of the material also significantly affects the catalytic 
performance of the material [51–54]. Therefore, an effort was made 
from these two aspects to explain why the Heusler alloys in the 
martensitic phase exhibit a better HER catalytic potential. The work 
function of the electrode material and position of the Fermi level can be 
obtained from UPS analysis [55]. The magnitude of the work function 
and the position of the Fermi level can be calculated using Equations (1) 
and (2): 

Wf = hv − Ecutoff (1)  

EFermi level = 0 − Wf (2)  

where Wf is the work function, hv is the energy of the excitation light 
source He I (21.2 eV), Ecutoff is the secondary electron cutoff energy of 
the material, and EFermi level is the Fermi level position. 

The UPS test results for the three samples are shown in Fig. 4(b)–(d). 
From the figures that as the temperature increases, the secondary elec-
tron cutoff energy of all samples shifts to the left, with the specific values 
in Fig. S10, and the values of the work function for all samples are 
calculated in conjunction with Eq. (1) in Fig. 4(e)–(g). The work func-
tion of all samples decreases with increasing temperature, which is due 
to the accelerated electron motion promoted by temperature. With an 
increase in the temperature from 298 to 335 K (which is after the phase 
transition temperature), the work function of the Co4 ribbons decreased 

Fig. 4. Analysis of the catalytic mechanism of different electrode materials. (a) Variation curve of the charge transfer resistance (Rct) with temperature. (b)–(d) In- 
situ ramp-up UPS analysis curves of Co4, Co5 and Co7 electrode materials, respectively. (e)–(g) Histogram of the work functions of Co4, Co5 and Co7 electrode 
materials at different temperatures, respectively. (h) Rct vs. work function, which exhibits a positive relationship for all the materials. (i) Changes in the Fermi energy 
level during phase transition of the Co electrode material. 
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from 4.04 to 3.53 eV. This differential value (0.51 eV) is significantly 
smaller than those for the Co5 (0.70 eV) and Co7 samples (0.71 eV) 
without any phase transition. This indicates that the increase of the 
austenite phase reduces the decrease of the work function, making it 
difficult for electrons to escape to the electrode surface, thus inhibiting 
the HER process. 

Combined with the Rct variation in the previous section, we further 
to understand how the austenitic phase hinders the HER process. As 
shown in Fig. 4(h). Rct is positively correlated with the work function, 
that is, a smaller work function facilitates charge transfer. At the same 
temperature, the martensite phase exhibited a lower Rct and work 
function than the austenite phase. Upon heating, both Rct and the work 
function decreased for all three samples. The reduction in impedance 
and work function during the heating process for the Co4 material 
exhibiting a phase transition was considerably smaller than that for the 
Co5 and Co7 materials without any phase transition; that is, the 
austenite phase hinders the charge transfer process. 

With the changes in the work function, the influence of phase tran-
sition on the HER activities can be understood by tailoring the Fermi 
level. As shown in Fig. 4(i), the shift of the Fermi level influences the 
position of d-band centers and thus controls the electron filling of the 
antibonding states. The filling of the antibonding orbitals is closely 
related to the adsorption energy of hydrogen and HER kinetics [56,57]. 

Evidently, the decrease in the percentage of antibonding orbitals 
after the phase transition of Co4 is small. In contrast, compared to other 
samples without phase transition (e.g., Co5), the Fermi energy level rises 
more away from the d-band center during the warming process. It is 
reasonable to assume that the austenitic phase in the alloy increases and 
the martensitic phase decreases due to the phase transformation of the 
Heusler alloy. This affects the movement of the Fermi energy level and 
thus the occupation of electron orbitals in the alloy. Specifically, the 
martensite phase occupies more bonding orbitals than the austenite 
phase in the HER process, indicating that the binding energy of 
hydrogen intermediates on the electrode surface and the electrolytic 
water splitting process in an alkaline environment is higher for the pure 
martensite phase than that for the austenite phase. Water is more easily 
dissociated to obtain hydrogen precipitation intermediates, accelerating 
the electrochemical adsorption process and resulting in higher catalytic 
activity [58–61]. Considering that the high Tafel slopes are a result of 
the high hydrogen coverage and low charge transfer coefficient of the 
Heusler catalysts, we can conclude that the martensite phase Heusler 
alloy with lower electron transfer resistance and faster electrochemical 
adsorption process is preferred for HER catalysis. 

4. Conclusion 

Heusler alloys with controlled phase structures and phase-transition 
behaviors were synthesized. The phase-structure-dependent HER ac-
tivities, as well as the influence of phase transitions, were investigated 
by carefully controlling the alloy composition and transition tempera-
ture. The experimental results show that the martensitic phase struc-
tures of these alloys exhibit superior catalytic activity, which can be 
attributed to the lower work function for the electron transfer. This 
study provides a guide for the use of Heusler alloys with controlled 
phase structures as potential catalysts. 
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