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IN-SITU TEM HEATING OF FENICR/C COATINGS FOR HYDROGEN  
EVOLUTION REACTION  
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The catalytic electrolysis of water enables this process to be performed at low over-potential, and therefore at  
a lower energy expenditure. Materials like Ni, Mo or W could substitute costly Pt in this role, especially when applied 
in the form of coatings. Experiments conducted to date have shown that the efficiency of electrolysis is still increasing 
in the case of metal nano-rods separated by carbon sheets. The present work is aimed at assessing the temperature 
stability of such a coating obtained by the magnetron sputtering of an AISI 316L (Fe69Cr18Ni11Mo2, in wt%) target 
in an atmosphere of Ar and C2H2. The use of in-situ TEM (transmission electron microscopy) heating allowed the start 
of crystallization of the so-produced coating to be determined, which occurred at ~400℃. Isothermal annealing at  
this temperature for 1 hour resulted in the predominant precipitation of α-Fe in parallel with a smaller amount of Ni, 
Fe, C rich nano-particles, while Cr was distributed relatively uniformly throughout the whole coating. Simultaneously, 
the amorphous carbon underwent transformation to graphite. The experiment showed that the amorphous metal-
carbon composite coatings developed for the hydrogen evolution reaction (HER) may be liable to crystallize in the case 
it was used in the catalytic electrolysis of superheated steam. 
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INTRODUCTION 
 

The electrolysis of water is one of main 
sources of hydrogen, which is planned to substi-
tute petroleum derived fuels. The catalytic proper-
ties of platinum electrodes allow the over-poten-
tial of this process to be kept at low level, which 
makes the process energetically viable [1]. How-
ever, the high price of noble metals presses re-
searchers to find other solutions.  

Transition metals like Ni, Mo, W and espe-
cially their carbides might serve as good substi-
tutes for Pt electrodes in electro-catalytic pro-
cesses, even though their efficiency is only 

slightly lower [2, 3]. The number of processing 
steps necessary in the production of solid carbide 
electrodes turned interest to the physical vapor 
deposition (PVD) coatings made with carbon. The 
latter are usually obtained in magnetron stands, 
but the nickel targets used in such equipment must 
be alloys with up to ~15 at. % Mo or Cr securing 
its non-magnetic properties, which guarantees 
high deposition rates [4–5]. The process is per-
formed in an argon atmosphere with a varying ad-
mixture of acetylene or methane allowing the 
amount of co-deposited carbon to be controlled. 
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Depending on the chemical composition of the tar-
gets and magnetron process parameters, it is pos-
sible to obtain either metallic or composite 
metal/carbon amorphous coatings [5–6]. In the lat-
ter case, it is necessary to work with a higher ratio 
of CH4 or C2H2 in the reactive gas, which results 
in the development of nano-metallic rods im-
mersed in a carbon matrix.  

The heat treatment of metal/carbon amor-
phous coatings should cause at least their partial 
crystallization at 450–500℃, i.e. the metallic part 
should respond in a similar way as it does during 
the heating of metallic glasses [6, 7]. Their satura-
tion with carbon may, however, slightly shift the 
transformation temperature toward higher temper-
atures [8]. The role of amorphous carbon sur-
rounding the metallic components of such compo-
sites during heating is less foreseeable because 
even though it is a fast-diffusing species, the amor-
phous metallic areas are most probably already 
oversaturated with it. Simultaneously, the graphi-
tization of amorphous carbon takes place at tem-
peratures in excess of 2500℃. Therefore, the 
amorphous carbon channels should generally re-
main in their original form throughout whole ap-
plied treatment. Independent of the above prob-
lems, after heating such coatings up to ~600℃, 
one may expect the development of a nano-crys-
talline metallic/carbon composite microstructure, 
which has not been yet investigated.  

The present experiment was aimed at investi-
gating the crystallization process of magnetron de-
posited coatings using Fe69Cr18Ni11Mo2 (316L) 
targets. It was achieved by characterizing their mi-
crostructure and phase transitions both in the as-
received state and during in-situ heating up to 
~600℃ performed in a transmission electron mi-
croscope (TEM). The experiments involved mi-
crostructure observations, the acquisition of elec-
tron diffractions (ED) as well as scanning trans-
mission electron micrographs backed with X-ray 
energy dispersive spectroscopy (STEM/EDS) 
maps presenting local distribution of the alloying 

elements. All the above was done using thin  
lamella prepared with the focused ion beam (FIB) 
technique. 

EXPERIMENTAL PROCEDURE  

The FeCrNi/a-C:H coatings were obtained by 
the reactive magnetron sputtering of the AISI 
316L alloy (Fe69Cr18Ni11Mo2, in wt%) in an at-
mosphere of argon and various amounts of acety-
lene (C2H2). Before each deposition process the 
chamber was evacuated down to ~2×10−5 mbar. 
During deposition, the argon flow was always 
maintained at 6 sccm, while the C2H2 flow was 
varied from 0 to 4 sccm. Therefore, the total pres-
sure during subsequent processes ranged from 
4×10−3 to 6×10−3 mbar. The unbalanced magne-
tron electric supply unit working at 1 A and  
100 kHz frequency (at 1 kHz modulation) worked 
with a target 100 mm in diameter. The Si (100) 
wafers kept at 300℃ and under −50 V DC bias 
potential served as the substrates. According to the 
ESCA measurements, the above parameters pro-
vided up to 44 at. % C in the deposited coating, as 
described elsewhere [4].  

The microstructure of the coatings was char-
acterized with Tecnai G2 and Themis transmission 
electron microscopes (TEM). The specimens for 
these experiments were cut both perpendicular and 
parallel to the surface in the form of ~10 µm x  
~6 µm x 100 nm lamella using the Ga+ focused ion 
beam (FIB) technique (Fig. 1). The local chemical 
composition was examined with an integrated  
X-ray energy dispersive spectroscopy (EDS)  
attachment. The mappings presenting the distribu-
tion of the alloying elements were built of  
512 x 512 pixels and acquired with a 1 nm electron 
probe for 1 hour each. The in-situ heating was per-
formed using a single-tilt Gatan 628 heating 
holder with a tantalum furnace and a 901 hot stage 
controller. The experiment involved heating the 
FIB specimens presenting the coatings both in  
the cross-section and plan-view orientation at 
10℃/ min. to the onset of crystallization and hold-
ing them at this temperature until the end of amor-
phous-to-crystalline transformation.  
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Fig. 1. TEM micrograph of exemplary lamella presenting cross-

section microstructure of FeCrNi/a-C:H coating (with ob-
jective aperture removed) 

RESULTS 

The TEM observations performed in BF mode 
at low magnifications on the lamella cut perpen-
dicularly to the coating surface revealed a lack  
of any distinct features suggesting its amorphous 
microstructure (Fig. 2a). Nevertheless, the micro-
graphs acquired using the same mode but at high 
magnification indicated that the coatings are built 
of two phases of strongly differing density,  
i.e. rods of a high average atomic number (Z) sep-
arated by thin sheets of low Z matter (Fig. 2b).  

 

 

      
Fig. 2. TEM/ BF low (a) and high magnification (b) micrographs of cross-section of FeCrNi/a-C:H coating 

 
The observations performed using the same 

approach, but performed on lamella cut parallel to 
the surface revealed that the high Z nano-rods 
were indeed fully separated from each other by 
channels filled with low Z material <1 nm in thick-
ness (Fig. 3). It should be noted that the nano-rods 
were characterized by a roughly spherical section 
~4.5 nm diameter. The electron diffraction pat-
terns acquired from the selected area of this mate-
rial confirmed the generally amorphous structure 
of the coatings documented by the presence of two 
diffused rings at 0.20 nm and 0.12 nm correspond-
ing to nearest neighbors (nn) and next nearest 
neighbors (nnn), respectively (Fig. 3a, insert).  

Simultaneously, integrating the intensities along 
the length of the diffraction vector radii showed 
that another ring of low intensity was present at 
~0.14 nm (Fig. 3c). Dark field images acquired us-
ing part of the strongest ring (as marked with a cir-
cle in the diffraction pattern) indeed helped to dif-
ferentiate small bright dots (marked with arrows 
in Fig. 3b), which represent nano-crystallites or 
clusters of atoms. The positions of the intensity 
maxima of the rings on the diffraction pattern 
points to the possible presence of the α-Fe phase 
(d011 = 0.2027, d002 = 0.1433, d112 = 0.1170, all in 
nm). 

 
  

a b 
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Fig. 3. TEM/ BF high magnification micrograph (a) with selected area diffraction presented as inset and corresponding DF micrograph (b) 
of parallel-section of FeCrNi/a-C:H coating (red circle on diffraction pattern represents selected area aperture, while nano-crystal-
lites are indicated with arrows), while integrated intensities of diffraction spots are presented in (c) 

 

The in-situ TEM heating experiments helped 
to establish that the first nucleus of the crystalline 
phase in the investigated FeCrNi/a-C:H coating 
occurred at ~400℃ (Fig. 4a). Continuing heating 
up to 430℃ (Fig. 4b–d) resulted in a fast increase 
in the density of the crystallites, while above that 
temperature the number of crystallites in the ob-
served areas remained practically constant  
(Fig. 4e). It should be noted that the coarsening of 
crystallites within that time-temperature frame 
was relatively minor as at the upper temperature 
range (i.e. 450℃), the size of the nano-crystallites 
remained roughly the same (Fig. 4e).  

Keeping this coating for an extended time at 
the temperature at which the start of crystallization 
was observed (i.e. 400℃), resulted in the metallic 
areas being filled with the crystalline phase  
 

(Fig. 5a). The channels separating the crystalline 
matter remained as a roughly uniform whitish con-
trast, but a strong difference in the mass thickness 
contrast between the metallic and carbon domi-
nated phases precluded the determination of the 
crystallinity of the latter. The dark field (DF) im-
aging helped to show that even the largest crystal-
lites remained the size of the diameter of the orig-
inal amorphous metallic columns, though numer-
ous smaller ones were also observed (Fig. 5b). The 
diffraction of the selected area (placed as an insert 
in the BF image) showed rings consisting of fine 
spots from the nano-crystallites. Integrating their 
intensity along the ring’s radii allowed series of 
partly overlapping peaks to be differentiated, 
whose positions corresponded to α-Fe, Ni3C and 
graphite phases (Fig. 5c).  
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Fig. 4. TEM/ BF high magnification micrographs obtained during in-situ heating of parallel-section of FeCrNi/a-C:H coating at: a) 400℃, 

b) 410℃, c) 420℃, d) 430℃ and e) 450℃ 
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Fig. 5. TEM/ BF (a) and DF (b) high magnification micrographs obtained during in-situ heating of parallel-section of FeCrNi/a-C:H coat-

ing at 400℃ for 1 h. SA electron diffraction was placed as insert in BF image, while integrated intensities of diffraction spots are 
presented in (c) 

 
The measurements of the local chemical com-

position of the coating kept at 400℃ for 1 hour 
performed using the STEM/EDS technique 
showed the presence of nano-crystalline particles 
rich either in Ni and Fe or only in Fe, as was doc-
umented by maps presenting the distribution  
of metallic elements as well as the chemical com-
position profile acquired across a few of them 
(Fig. 6). The signal from Cr was weak and of  

a relatively constant intensity throughout the in-
vestigated area, indicating uniform distribution of 
this element. On the other hand, the carbon 
showed local enrichment among the Fe and (Ni, 
Fe) rich islands, even though the average level of 
this element was generally overrepresented due to 
typical TEM specimen surface contamination with 
hydrocarbons.  
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Fig. 6. STEM/ HAADF micrograph obtained during in-situ heating at 400℃ for 1 h of parallel-section of FeCrNi/a-C:H coating, accompa-
nied by maps presenting distribution of C, Cr, Fe and Ni, and profile acquired along line marked with arrow 

 
DISCUSSION 

The in-situ TEM heating at the 10℃/min. rate 
of the amorphous composite FeCrNi/a-C:H coat-
ing showed that its crystallization starts at ~400℃. 
The relatively slow increase in temperature and 
approximately uniform distribution of crystallite 

nucleus in the whole lamella including areas close 
to its edge, allows us to claim that the observed 
changes were representative of the ex-situ treated 
material. Literature data concerning experiments 
with metallic glasses made exclusively of non-fer-
rous metallic elements like Ti36Zr24Be40 [9], 
Zr62Al8Ni13Cu17 [10] or ZrCuNi [11] located their 
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crystallization temperature in the 410–460℃ 
range. In the case of iron based metallic glasses, 
which usually incorporate a significant portion  
of non-metallic alloying additions, their crystalli-
zation temperatures show a much wider scatter, 
i.e. for the Fe50Cr15Mo14C15B6 alloy it starts at 
~370℃ [12], for the Fe40Ni40P14B6 alloy at ~400℃ 
[13], while for the Fe72B20Si4Nb4 alloy it reaches 
~570℃ [14]. The average chemical composition 
of the present composite coating, which carried 
~44 at. % C (as documented in previous work [4]) 
locates itself close to the two former of iron based 
metallic glasses, and, consequently its temperature 
of the onset of crystallization is one of the lowest 
for that class of materials.  

Electron diffraction helped to establish that 
annealing at 400℃ for 1 hour of the amorphous 
coating caused its transformation to α-Fe, Ni3C 
and graphite. The maps presenting the local chem-
ical composition acquired using the STEM/EDS 
technique confirmed the nucleation and growth of 
nano-particles rich in Fe or (Ni, Fe) separated by 
carbon filled areas. The dominating precipitation 
of α-Fe was also observed in the case of 
Fe72B20Si4Nb4 metallic glass annealed at 550℃ for 
1 hour, while at higher temperatures such isother-
mal treatment also caused the nucleation and 
growth of boride phases (Fe2B, Fe3B and Fe23B6) 
[14], i.e. similar to that produced during the an-
nealing of Fe50Cr15Mo14C15B6 metallic glass [12]. 
In view of the above, it seems that the precipitation 
of ferrite is one of  the favorable paths during the 
crystallization of iron based amorphous alloys rich 
in non-metallic additions, like B or C.  

Ascribing a minority fraction of (Ni, Fe) rich 
particles to Ni3C carbides precipitating in parallel 
with α-Fe should be treated as tentative. It is be-
cause the differences between Ni3C and the meta-
stable hexagonal Ni phase unit cell are small and 
their differentiation with electron diffraction is 
practically impossible [15]. Additionally, the hex-
Ni lattice octahedral interstitial sites are of nearly 
the same dimensions as those in the austenite in  

steel, and therefore this phase is capable of accom-
modating ~102 times more carbon than α-Fe. That 
is why the chemical composition of hex-Ni would 
be approximately similar to Ni3C, i.e. beyond the 
resolution of the EDS system. The transformation 
of the amorphous carbon channels separating the 
metallic rich nano-rods in the FeCrNi/a-C:H com-
posite observed in the present experiment may at 
first seem surprising as usually it requires temper-
atures in excess of 3000℃ and high pressure [16]. 
Nonetheless, it was already shown by Kono and 
Sinclair [17] that the thin amorphous layer remain-
ing in contact with the metallic one (Co) changes 
to polycrystalline graphite at ~500℃. Later on, it 
occurred that layers of copper [18] or nickel [19] 
are even more effective in promoting the catalytic 
graphitization of amorphous carbon.  

CONCLUSIONS 

The investigations of the microstructure and 
phase composition of the annealed amorphous 
FeCrNi/a-C:H composite coating using in-situ 
TEM heating helped to establish that it starts to 
crystallize already at 400℃. The nano-crystalline 
products of this transformation consisted predom-
inantly of the α-Fe phase, while the presence of  
a lesser amount of graphite and nickel-iron-carbon 
rich particles was also documented. Simultane-
ously, the chromium addition was observed to be 
relatively uniformly distributed throughout the 
heat-treated coating. The performed experiment 
showed that the amorphous metal-carbon compo-
site coatings developed for HER, like the one de-
posited in the presented paper, may be liable to 
crystallize in the case it was used in the catalytic 
electrolysis of superheated steam.   
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