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In the context of searching for renewable energy sources, dye-
sensitized solar cells (DSSCs) have been widely studied in order 
to increase their efficiency and reduce the production costs.1 
Therefore, a counter electrode for this kind of solar cells should 
exhibit high conductivity and high catalytic activity2 to catalyze 
iodine electrolyte reduction and recollect electrons.3–5 For this 
reason, platinum is commonly used,6 which increases the cost 
of DSSCs. The main advantage of DSSCs over other solar cells 
is their easy manufacture and cost-benefit ratio, however it is 
necessary to reduce their cost to compete with other solar cells. 
To solve this problem, the platinum counter electrode can be 
replaced with materials such as carbon,7–9 graphene,10 copper 
oxide,11 and composites.12,13 Among those, MOF-derived carbons 
seem to be a brilliant choice since the MOF cations become zero-
valent after carbonization and loose most of the functional groups 
coming from a binder. These materials possess a good catalytic 
activity, high thermal stability and are inexpensive.14–17 Deok et al. 
improved the electrochemical activity of copper-containing MOFs 
by the addition of carbon nanotubes.18 Zheng et al. encapsulated 
FeNi alloy in carbon nanotubes to achieve an electrocatalytic 
response of DSSCs to the reduction of the triiodide anion [reac
tions (1),(2)].19 Sun et al. reported the catalytic activity towards 
the reduction of triodide using nanocarbon obtained by the 
pyrolysis of ZIF-8 (a MOF based on zinc(ii) cations and methyl
imidazole as a binder).20–24

   I–
3 + 2e– ® 3 I–	 (1)

3 I2 + 2e– ® 2 I–
3 	 (2)

In this work, we synthesized monometallic and bimetallic 
MOFs and accomplished their further pyrolysis to form bimetallic 
nanocarbons.†

The FT-IR spectra of MOF samples and carbon materials 
were compared to verify changes due to the pyrolysis of MOFs 
[Figure 1(a)]. The characteristic absorption bands corresponding 
to the asymmetric and symmetric stretching vibrations of benzene-
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A Cu–Ni-containing bimetallic carbon-based material was 
prepared by the pyrolysis of a metal-organic framework (MOF) 
synthesized from copper and nickel salts and trimesic acid 
precursors at room temperature. This material was tested as 
a counter electrode for the reduction of I3

– by means of cyclic 
voltammetry. 
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Figure  1  IR spectra of the metal-organic frameworks (1) CuNi0.25–BTC, 
(2) CuNi0.5–BTC, (3) Ni–BTC, (4) Cu–BTC and metal-containing carbon 
materials (1) CuNi0.25@C, (2) CuNi0.5@C, (3) Ni@C, (4) Cu@C (a) before 
and (b) after pyrolysis. 

†	 Copper(ii) nitrate trihydrate (> 99.0%), nickel(ii) nitrate hexahydrate 
(> 98.0%), ethanol, 1,3,5-benzenetricarboxylic (trimesic) acid (BTC, >95.0%), 
and sodium hydroxide from Sigma Aldrich were used. A redox electrolyte 
was composed of 0.1  m LiCO4, 10  mm LiI and 1  mm I2 solutions in 
acetonitrile. In the synthesis of MOFs, copper(ii) nitrate trihydrate (1.4 g) 
and trimesic acid (0.75 g) were dissolved in deionized water (20 ml) and 
ethanol, respectively, in a molar ratio of 2 : 1; pH 3.5 was adjusted with a 

0.1  m solution of NaOH. The Ni(NO3)2 : Cu(NO3)2 molar ratios were 
0,  0.25, 0.5 and 1. The aqueous solution of trimesic acid was added 
dropwise to the solution of metal salts with stirring at room temperature. 
The solid precipitates were exposed for 24  h, filtered off and dried at 
70 °C for 2 h. The obtained powders were pyrolyzed at 500 °C in an N2 
flow for 2  h. The fabrication of the electrode is described in Online 
Supplementary Materials. 
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1,3,5-tricarboxylate (BTC) are in a range of 1620–1373 cm–1. 
The bands at 3500 and 1200 cm–1 are attributed to the vibrations 
of water molecules linked to metal ions; those at 1050–940 cm–1 
correspond to the deformed stretching of the carboxylic group 
owing to coordination with copper ions, while the bands at 
910–818 cm–1 appeared due to the presence of nickel ions. After 
the pyrolysis [Figure 1(b)], all of the bands disappeared due to 
the total conversion of mono and bimetallic MOFs into carbon 
materials. The formed nanocarbon exhibited absorption in a region 
of 4000 to 400 cm–1.

Figure 2 depicts the XRD patterns of individual M@C and 
mixed CuNi@C samples. The major XRD peaks of Cu@C at 
2q = 43.25°, 50.21° and 74.02° correspond to the planes (111), 
(200) and (220), respectively. The very strong peak of carbon at 
50.43° indicates a high degree of crystallinity. A peak at 42.93° 
relates to copper and copper oxide. The peak at 50.43° corresponds 
to graphitic carbon. Diffraction peaks and planes of CuNi0.5@C 
are similar to those of CuNi0.25@C, viz., around 43.42°, 50.43° 
and 74.14°, which correspond to the (130), (102) and (220) 
planes, respectively. The strong peak in (130) plane shows a high 
crystallinity. A small shoulder at 74.02° for CuNi0.5@C and 
CuNi0.25@C can be attributed to the presence of nickel in carbon 
material. The metal moves the peaks to higher 2q values; both peaks 
are ascribed to copper–nickel nanoalloy formed during pyrolysis 
at 500 °C. The high crystallinity of all carbon materials containing 
metallic copper and copper–nickel alloy was revealed.

The major XRD peaks of Cu-BTC MOFs appeared at 2q = 
= 6.9°, 9.4°, 11.56°, 13.41° and 19.17° corresponding to the planes 
(200), (220), (222), (400) and (333), respectively (Figure S1, see 
Online Supplementary Materials); this is in agreement with data 
reported previously.15 For the Cu–BTC MOF [Figure S1(a)], the 
intensity of peaks indicates a high degree of crystallinity and the 
absence of copper oxide from the structure (a high material purity). 
The Ni–BTC MOF exhibited peaks at 2q = 10.97°, 15.13°, 17.77°, 
18.65° and 27.14° corresponding to the (111), (114), (151), (052) 
and (111) planes, respectively. The strong peaks show a high 
crystallinity of the material; the peaks do not match with XRD 
patterns for nickel oxides or hydroxides. 

The diffraction peaks for the CuNi0.25–BTC and CuNi0.5–BTC 
MOF are similar [Figure S1(c),(d)], mixed peaks being observed 
for the copper- and nickel-containing MOFs (the atomic percentages 
are given in Table S1). The peaks of the bimetallic materials were 
detected at 2q = 6.69°, 11.5°, 13.46°, 17.52°, 18.75°, 21.30° and 
26.04°, which correspond to the planes (200), (400), (151), (052), 
(333) and (111), respectively.

In the pyrolyzed MOFs (Figure 2), the signals from the MOFs 
disappeared and the signs of graphitization appeared in addition 
to the formation of metal oxide particles. The oxidation of metal 
cations was caused by the release of water molecules from the 
BTC MOFs.

Figure 3 shows the SEM images of individual metal–carbons 
Cu@C and Ni@C and mixed-metal composites CuNi0.25@C 
and  CuNi0.5@C. Their morphologies are very different: the 
copper-containing carbon material had a porous irregular surface 
[Figure 3(a),(b)], while a prickle-type morphology was observed 
in the nickel-containing material [Figure 3(c,d)]. In both individual 
copper–carbon [Figure 3(b)] and nickel–carbon [Figure 3(d)] 
composites, similar small particles can be seen at the surface 
of bigger particles or prickles synthesized during the pyrolysis. 
These are metallic copper and nickel nanoparticles having sizes of 
30–50 nm embedded in carbon. Irregular and porous surfaces are 
favorable for the penetration of electrolyte; thus, a redox reaction on 
the bimetallic material can occur more quickly. In CuNi0.25@C 
[Figure  3(f)], nanoflower-like small particles with incrusted 
needles can be observed. The particle sizes are around 200 nm 
with needles of 100 nm. Cavities are formed on the surface with 
the appearance of a greater active area for catalysis purposes. 
An  irregular morphology is seen in CuNi0.5@C [Figure  3(h)] 
containing much bigger needles than those in CuNi0.25@C due to 
the presence of nickel causing changes in the crystal growth. 
Similarly to individual copper- and nickel-containing materials 
[see Figure 3(b),(d)], small particles of 20–35 nm are incrusted 
on the surface [see Figure 3( f ),(h)]. This irregular morphology 
increased the contact area between the carbon material and solu
tion, which is favorable for the redox reaction of electrolyte.

Figure 4 shows the CV curves of the counter electrodes with 
CuNi0.25@C and CuNi0.5–BTC. The peak current of reduction 
peak is used to characterize the electrochemical activity of the 
electrode. Differences between the oxidation and reduction peak 
potentials for CuNi0.25@C, CuNi0.5@C, Cu@C and Ni@C are 
204, 447, 651 and 751 mV, respectively. Therefore, the potential 
of CuNi0.25@C has a minimum difference, and the reversibility of 
the electrode is the best among them. The possible reason is the 
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Figure  2  XRD patterns of monometallic (1) Cu@C, (2) Ni@C and bimetallic  
(3) CuNi0.25@C, (4) CuNi0.5@C carbon materials obtained by pyrolysis at 
500 °C.
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Figure  3  SEM images of (a) Cu–BTC, (b) Cu@C, (c) Ni–BTC, (d) Ni@C, 
(e) CuNi0.25–BTC, ( f  ) CuNi0.25@C, (g) CuNi0.5–BTC, (h) CuNi0.5@C.
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presence of Cu2+ and Ni2+, which increase the conductivity of 
the whole material; in this case, the counter electrode has better 
catalytic activity and reversibility.

Thus, we successfully synthesized copper–nickel-containing 
carbon materials by the pyrolysis of metal-organic structures. The 
bimetallic MOFs were synthesized at room temperature; they can 
function as electrodes in a redox reaction for the iodine electrolyte. 
CuNi0.25@C and CuNi0.5@C have peak potential differences of 
204 and 447 mV, respectively, which are lower than that of mono
metallic carbon materials. These MOFs are potentially applicable 
to electrodes for the reduction of I3

– in solar cells.
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in the online version at doi: 10.1016/j.mencom.2019.07.014.
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Figure  4  Cyclic voltammograms for (1) CuNi0.25@C, (2)  CuNi0.5@C, 
(3) Cu@C and (4) Ni@C electrodes at a scan rate of 20 mV s–1 in 0.1 m 
LiClO4, 10 mm LiI, 1 mm I2 solutions in acetonitrile. LiClO4 was used as a 
supporting electrolyte.


