
 1 

Hydrogen Evolving Activity of Dithiolene-Based Metal-Organic 
Frameworks with Mixed Cobalt and Iron Centers 

Keying Chen‡, Courtney A. Downes‡, Jason D. Goodpaster§, and Smaranda C. Marinescu*‡ 

‡Department of Chemistry, University of Southern California, Los Angeles, California 90089, United States.  

§Department of Chemistry, University of Minnesota – Twin Cities, Minneapolis, Minnesota 55455, United States 

KEYWORDS Metal dithiolene, metal-organic framework, electrocatalysis, hydrogen evolution 

ABSTRACT: Electrocatalytic systems based on metal-organic frameworks (MOFs) have attracted great attention due to their po-
tential application in commercially viable renewable energy-converting devices. We have recently shown that the cobalt 
2,3,6,7,10,11-triphenylenehexathiolate (CoTHT) framework can catalyze the hydrogen evolution reaction (HER) in fully aqueous 
media with Tafel slopes as low as 71 mV/dec and near unity Faradaic efficiency (FE). Taking advantage of the high synthetic tuna-
bility of MOFs, here we synthesize a series of iron and mixed iron/cobalt THT-based MOFs. The incorporation of the iron and co-
balt dithiolene moieties is verified by various spectroscopic techniques, and the integrity of the crystalline structure is maintained 
regardless of the stoichiometries of the two metals. The hydrogen evolving activity of the materials was explored in pH 1.3 aqueous 
electrolyte solutions. Unlike CoTHT, the FeTHT framework exhibits minimal activity due to a late catalytic onset (-0.440 V ver-
sus RHE) and a large Tafel slope (210 mV/dec). The performance of the mixed-metal MOFs is adversely affected by the incorpora-
tion of Fe, where increasing Fe content results in MOFs with lower HER activity and diminished long-term stability and FE for H2 
production. It is proposed that the FeTHT domains undergo alternative Faradaic processes under catalytic conditions, which alter 
its local structure and electrochemical behavior, eventually resulting in a material with diminished HER performance. 

INTRODUCTION 
Metal-organic frameworks (MOFs) have attracted growing 

attention as a new class of functional materials over the last 
two decades. Their unique properties, such as large surface 
area, permanent porosity, structural regularity, and high syn-
thetic tunability, endow MOFs with potential for a wide spec-
trum of applications.1 In the context of increased global energy 
consumption and environmental issues, the development of 
MOF-based electrocatalysts has become an emerging research 
topic in recent years.2 The rigid structure and hybrid nature of 
MOFs make them an excellent platform for the heterogeniza-
tion of molecular catalysts, a novel strategy to construct cata-
lytic materials with improved stability and reusability.2,3 More 
importantly, this strategy allows for the understanding and 
optimization of the activity of a bulk material at the molecular 
level. To date, many MOF-based electrocatalytic systems have 
been reported for various reactions, including the hydrogen 
evolution reaction (HER),4–14 oxygen evolution reaction 
(OER),15–20 oxygen reduction reaction (ORR),21–26 and CO2 
reduction (CO2RR).27–33 
Dithiolene-based MOFs are among the most active MOFs 

for electrocatalytic HER.4–9,14,34 This class of 2D MOFs are 
typically constructed by linking single-metal centers with tri-
nucleating ligands such as benzenehexathiolate (BHT) and 
triphenylene-2,3,6,7,10,11-hexathiolate (THT). MOFs incor-
porating cobalt or nickel as active metal centers have been 
extensively studied for the HER,5,7,9 with CoTHT displaying 
the lowest overpotential (143 mV) to reach the benchmarking 
metric of 10 mA/cm2, a Tafel slope of only 71 mV/dec, and 

with near unity Faradaic efficiency (FE) for H2 evolution.4 
However, the electrocatalytic activity of the iron dithiolene-
based MOFs remains relatively unexplored. The molecular 
iron dithiolene complexes have been shown to exhibit moder-
ate activity towards visible-light-driven photocatalytic HER 
with high turnover numbers in conjunction with CdSe quan-
tum dots as a photosensitizer and ascorbic acid as the electron 
donor.35 Additionally, prior report has suggested that the iron 
dithiolene coordination polymer based on the BHT ligand 
(FeBHT) was capable of performing HER with decent activi-
ty, characterized by a Tafel slope of 119 mV/dec and an over-
potential of 473 mV to reach 10 mA/cm2 in fully aqueous 
mdia.8 Although the electrocatalytic activity of FeTHT has 
not been reported, recent studies regarding its physical proper-
ties have suggested that FeTHT films exhibit similar room-
temperature electrical conductivity compared to that of the 
CoTHT films, with values ranging between 0.02 and 0.3 
S×cm-1.36,37 The room-temperature mobility of FeTHT was 
reported to be ~220 cm2V-1s-1, a record high value for MOFs.38 
Based on these previous studies and the fact that iron is inex-
pensive and more abundant than cobalt, the investigation of 
the HER performance of FeTHT is of great interest. 
The hybrid nature of MOFs allows for a high degree of var-

iability and multivariate synthetic tunability. Such tunability 
has been explicitly studied by Yaghi and coworkers where 
MOFs were shown to incorporate up to 8 unique ligands and 
10 different metals without disturbing the crystalline structure 
of the overall framework.39,40 In the context of electrocatalysis, 
introducing multiple metal centers into the same structure is a 
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common strategy to improve the catalytic performance.41–43 
For example, it is well-known that the incorporation of Fe into 
Co or Ni (oxy)hydroxides can dramatically improve the OER 
performance of the catalysts.44,45 Chang and coworkers also 
reported the synthesis of the multivariate Co/Cu COF-367 for 
CO2 reduction. The incorporation of Cu allowed for dilution of 
the active Co sites and substantially enhanced activity on a 
per-cobalt basis.29 Hence, we sought to utilize the high syn-
thetic tunability of MOFs to design a series of mixed Co/Fe 
MOF electrocatalysts and investigate the influence of different 
metal moieties on the HER activity. 
Herein, a series of dithiolene-based MOFs incorporating Co 

and Fe metal centers with variable ratios were successfully 
synthesized and characterized. The presence of both metals 
was analyzed by various spectroscopic techniques. The elec-
trocatalytic HER activity of the materials was studied in pH 
1.3 aqueous solutions. It is found that, unlike its cobalt ana-
logue, FeTHT exhibits minimal activity towards the HER. 
More interestingly, the incorporation of the Fe centers also 
drastically reduces the activity and stability of the mixed-metal 
frameworks. It is proposed that the FeTHT undergoes alterna-
tive Faradaic processes under catalytic conditions, which alter 
its local structure and electrochemical behavior, resulting in a 
material with diminished activity for the HER. 

RESULTS AND DISCUSSION 
Synthesis and Characterization. Prior reports have sug-

gested that both CoTHT and FeTHT can be synthesized 
through the liquid-liquid interfacial synthesis, which was pro-
posed to lead to materials with high structural similarity.5,36,37 
Therefore, it was expected that similar synthetic methodology 
would be applicable to the mixed-metal MOFs. To tune the 
stoichiometries of the metals in the resulting MOFs, metal 
precursors were prepared as a series of solutions of CoCl2 and 
FeCl2 with different molar ratios and underwent similar liquid-
liquid interfacial synthetic procedure (see SI for experimental 
details). The resulting mixed-metal frameworks (CoFeTHT) 
were collected as powder, solvent exchanged with water (3´) 
and methanol (3´), then dried under vacuum. We confirmed 
the incorporation and determined the concentration of each 
metal within the frameworks by inductively coupled plasma 
optical emission spectroscopy (ICP-OES) measurements with 
results summarized in Table 1. Analysis by ICP-OES reveals 
that both Co and Fe are successfully incorporated into the 
framework through this synthetic method. Additionally, alter-
ing the feeding molar ratios of the precursors results in MOFs 
with varied metal compositions, and such variability is rela-
tively reproducible by comparing the composition of the mate-
rials prepared from three individual trials (Table S1). It is also 
found that the feeding Fe:Co molar ratio in the precursor solu-
tions is typically much higher than that of the resulting MOFs. 
For example, when the precursor contains the same amount of 
CoCl2 and FeCl2, the resulting product has an Fe content as 
low as 5.29% (MOF 3 in Table 1). Even when FeCl2 was 1000 
times more than CoCl2 in the precursor, Fe still makes up only 
76.1% of the total metal centers in the product (MOF 1 in Ta-
ble 1). When the precursor solution contains FeCl2 and CoCl2 
in the 100:1 ratio, the resulting product has an Fe content of 
46.1% (MOF 2 in Table 1). These results suggest that the in-
corporation rate of Fe into the framework is much slower 
compared to that of Co. During synthesis, the slower growth 
of the FeTHT framework was visually observed. 

Table 1. Metal content in mixed-metal THT-based MOFs 

Material Feeding Fe:Co 
Molar Ratio 

Average Product 
Fe:Co Molar Ratio  

Average 
Fe% 

1 1000 3.19 ± 0.04  76.1% 

2 100 (8.54 ± 0.97) ×10-1 46.1% 

3 1 (5.61 ± 0.47) ×10-2 5.29% 

Powder X-ray diffraction (PXRD) measurements confirm 
the crystalline structure of the as-synthesized series of THT-
based MOFs (Figure 1a). MOFs 1, 2, and 3 exhibit very simi-
lar PXRD patterns, with prominent peaks at 1.2o, 2.4o, 3.2o and 
4.2o, indicating a similar crystalline structure regardless of the 
metal compositions. The PXRD patterns of the mixed-metal 
MOFs (CoFeTHT) also match with those of the Co and Fe-
only MOFs, as well as with their simulated PXRD patterns. To 
confirm the structural similarity of the MOF series, FTIR 
spectrum was acquired for each MOF and compared to the 
simulated spectrum of a cobalt dithiolene molecular model 
(see SI for details). As shown in Figure S17, each MOF dis-
plays a very similar FTIR pattern and also shows relatively 
good agreement with the calculated spectrum. The only nota-
ble difference between the experimental and computational 
result is for the C–H stretching modes, which are experimen-
tally observed at 2970–2870 cm-1, but are calculated to be at 
3150–3020 cm-1. This is likely due to the discrepancy between 
the simulation model and the actual extended structure, which 
is discussed in detail in the SI. While the molecular model also 
influences the exact peak positions of the remainder of the 
spectrum, the number of peaks and relative positions allows 
for assignment of the spectrum as follows. The peaks at 1600–
1300 cm-1 correspond to C–C bond stretches, the peaks at 
1170–970 cm-1 correspond to C–H in-plane bending, the peaks 
at 925–800 cm-1 correspond to C–H out-of-plane bending, and 
the peaks at 680–525 cm-1 correspond to C–C out-of-plane 
bending. Finally, the S–H bond stretches at around 2520 cm-1 
observed in the experimental spectra is likely caused by the 
residual unreacted THT ligand in the sample. 
The chemical composition of the materials was further 

probed by X-ray photoelectron spectroscopy (XPS), which 
indicates the presence of Fe, Co, S, and C. The peak character-
istics of each element appear similar for materials across the 
series, yet with variable peak intensities (Figure S1). Hence, 2 
will be used herein as a representative example for discussions 
of the XPS features (Figures 1b, 1c). Two sets of peaks are 
observed in the Co 2p region, with binding energies of ~779 
eV and ~794 eV. Deconvolution of these signals generates 5 
peaks. The peaks at 779.8 and 794.8 eV are assigned to CoIII, 
the peaks at 778.6 and 793.6 eV are assigned to CoII, and the 
broad peak at 782.2 eV is assigned to the Fe LMM Auger peak 
generated by the Al Kα source. For the Fe 2p regions, decon-
volution of the signals at ~708 eV and ~721 eV also gives rise 
to a mixed valency of FeII/FeIII, and the interference of the Co 
Auger peak (~713.2 eV) is again present. Excluding the Auger 
peaks, the characteristics of the Co and Fe regions are similar 
to those reported for materials with solely Co or Fe as the met-
al center, suggesting similar coordination environments.5,36 
The Co 2p region of CoTHT displays a set of broad peaks at 
around 779 and 794 eV, corresponding to the mixed-oxidation 
states of CoII/III induced by the non-innocent nature of the di-
thiolene ligands.5 On the other hand, the Fe 2p region of 
FeTHT also shows a broad set of peaks around 708 eV and 
721 eV, again fitted to the mixed-valency of FeII/III.36 There-
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fore, the similarities between the XPS results of the mixed-
metal MOFs and the Co and Fe only MOFs further confirm 
that both metals are incorporated into the framework structure 
with the expected coordination environment.  

 

Figure 1. (a) Synchrotron and simulated PXRD patterns of THT-
based MOFs, X-ray wavelength: 0.4127	Å. High-resolution XPS 
spectra of 2: (b) Co 2p core level; (c) Fe 2p core level. 

The morphology of the materials was evaluated by scanning 
electron-microscopy (SEM). As shown in Figure S2, materials 
with different metal ratios all display a sheet-like morphology, 
consistent with the previous reports on CoTHT and 
FeTHT.5,37 The energy-dispersive X-ray spectroscopy (EDX) 
of 2 reveals the uniform distribution of Co, Fe, and S through-
out the material (Figure S3), further confirming the chemical 
composition.  
Electrocatalytic H2 Evolution Studies. The electrocatalytic 

HER performance of FeTHT was first investigated by linear 
sweep voltammetry (LSV) in N2-saturated pH 1.3 H2SO4 
aqueous solutions using a three-electrode configuration (see SI 
for experimental details). In contrast to its cobalt counterpart, 
FeTHT displays poor electrocatalytic HER activity within the 
investigated electrochemical window (Figure S4a). A catalytic 
onset is seen at -0.440 V versus RHE and at large overpoten-
tials (h > 0.70 V) the maximum current density achieved is 
only 3.5 mA·cm-2, far less than the benchmarking metric of 10 
mA·cm-2 for the HER. This poor performance is related to the 
large charge transfer resistance (Rct) obtained by fitting the 
electrochemical impedance spectroscopy (EIS) data with the 
two-time constant serial (2TS) model (Figure S5). Although 
Rct decreases at larger overpotentials (Table S2) as expected 
for an enhanced HER rate with increased catalytic driving 
force, the large Rct at -0.518 V versus RHE (Rct = 923 Ω) is 
still too prohibitive to allow for efficient catalysis. Sluggish 
charge transfer kinetics in the electrochemical window inves-
tigated thus precludes the ability to achieve high electrocata-
lytic activity. Tafel analysis reveals a Tafel slope of 210 
mV/dec for FeTHT (Figure S4b), suggesting a large energy 
barrier for the rate-limiting Volmer-like discharge reaction.46  
In addition to the low initial electrocatalytic activity, suc-

cessive cyclic voltammetry (CV) experiments of FeTHT in a 
pH 1.3 solution revealed an unstable current response (Figure 
S6). A predominant irreversible redox wave is observed 
around 0 V versus RHE in the first cathodic sweep of the CV. 

During sequential scans, this feature gradually diminishes, 
shifting to more anodic potentials, and eventually disappear-
ing. This behavior suggests a possible change in the electronic 
properties of the material under electrochemical polarization. 
Controlled potential electrolysis (CPE) experiments were per-
formed to further evaluate the stability and H2 production effi-
ciency of FeTHT. As shown in Figure S7a, the current re-
sponse is relatively stable yet extremely low (~0.5 mA) even 
under a large overpotential input (η = 0.518 V). This behavior 
further testifies the low activity of the catalyst as observed in 
the LSV studies (Figure S4). The Faradaic efficiency (FE) for 
H2 production is quantified to be 72.2 ± 1.4%, suggesting 
more than a quarter of the electrons were consumed in other 
alternative Faradaic processes, likely related to the changing 
redox features observed in the CV studies (Figure S6). The 
EIS measurements reveal a drastic increase in the Rct after 
CPE (Figure S7b, Table S3), indicating a much hindered HER 
kinetics after polarization. In view of the poor electrocatalytic 
activity and cyclability of FeTHT, attention was then turned 
to the electrochemical study of the mixed-metal MOFs, with 
the hypothesis that the inactive Fe sites could serve as the 
structural building blocks to dilute the Co sites and enhance 
the activity on a per-Co basis, similar to the report by Chang 
and coworkers.29 
The HER activity of the mixed-metal MOFs 1-3 was first 

evaluated in pH 1.3 aqueous solutions using LSV. As shown 
in Figure 2a, upon increasing the Co content within the 
framework, the overall activity is substantially enhanced, with 
3 exhibiting the highest activity for the mixed-metals MOFs. 
The catalytic onset is reduced from -0.440 V for FeTHT to -
0.091 V for 3 and the Tafel slope is lowered from 210 mV/dec 
for FeTHT to 80.2 mV/dec for 3 (characteristic values sum-
marized in Table 2). Such enhancement in activity correlates 
positively with the diminished Rct value and enhanced double 
layer capacitance (Cdl) extracted from the EIS measurements 
(Figure S8). For 1, the Rct is as high as 4190 W even at h = 
368 mV, whereas for 3 the Rct is only 46.8 W at h = 168 mV. 
The Cdl values are used as an indicator of the electrocatalyti-
cally active surface area, and are extrapolated from the EIS 
spectra instead of cyclic voltammograms to obtain a more 
accurate description of the catalyst under the HER 
conditions.47 The much larger Cdl value (15.9 mF) for 3 com-
pared to 1.12 mF for 1 indicates the increase in Co content 
gives rise to a larger electrochemically active surface area 
(Table S4), suggesting Co metal center to be the actual catalyt-
ically active site. However, upon normalizing the current by 
the bulk loading of Co, 2 and 3 display similar activity that is 
much higher than the activity of 1, and on par with that of the 
CoTHT (Figure 2b). This result was unanticipated, as one 
would expect that by diluting the electroactive Co sites with 
catalytically inert Fe sites, the activity would be boosted on a 
per-cobalt basis, as was reported for the multivariate Co/Cu 
COF-367 catalysts mentioned previously.29 The experimental 
results observed herein suggest that, instead of being an inert 
site and serving merely as a diluting factor, the Fe site is play-
ing a detrimental role and adversely influencing the overall 
activity at high concentrations. 
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Figure 2. Polarization curves of FeTHT, mixed-metal MOF 1-3, 
and CoTHT with current normalized by (a) geometric surface 
area and (b) bulk loading of the Co metal centers. All measure-
ments were performed in N2-saturated pH 1.3 aqueous solutions, 
scan rate: 5 mV/s, rotation rate: 2000 rpm. The non-zero back-
ground current is due to the non-Faradaic capacitive charging.  

Table 2. Electrocatalytic properties of THT-based MOFsa 

Material Onset (V) vs. RHE Tafel Slope (mV/dec)b 
FeTHT -0.440 210 
1 -0.400 101 
2 -0.117 95.2 
3 -0.091 80.2 

CoTHT -0.079 81.6 

a. See Table S7 for the HER activity comparison with other dithi-
olene-based electrocatalysts and Figure S16 for comparison with 
Pt/C; b. See Figure S9 for Tafel plots. 

To further investigate the stability and HER performance of 
the mixed-metal MOFs, CPE experiments were performed. 
Figure 3 shows the current response of all three materials dur-
ing a one hour electrolysis experiment at an overpotential of 
0.418 V. MOF 1 exhibits a relatively stable, yet low current 
response (~ 0.1 mA), whereas 3 is able to maintain a relatively 
high current (~ 8 mA) over the period of one hour. The most 
interesting behavior is observed for 2, where the current starts 
off high (~ 5 mA), but gradually declines over time (~ 1.6 mA 
at 60 min). The EIS measurements of 2 before and after elec-
trolysis reveal a drastic increase in Rct from 98.5 Ω to 940 Ω 
and a substantial decrease in Cdl from 19.3 mF to 4.25 mF 
(measured at η = 168 mV, Figure S10, Table S5). The changes 
in Rct and Cdl suggest that the decline in activity is a result of 
the impeded charge transfer processes along with the dimin-
ished electrocatalytically active surface area. The ICP-OES 
analysis of the post-CPE electrolyte solutions revealed that the 
amount of Co and Fe in the solution is negligible, suggesting 

the diminished activity was not caused by the dissolution of 
the catalyst. Additionally, the Faradaic efficiency (FE) for H2 
generation for 1, 2, and 3 are 70.3%, 72.8%, and 86.6%, re-
spectively, whereas CoTHT has a near unity FE for H2 pro-
duction as reported previously.4,5 The extend of reduction in 
the FE correlates with the amount of Fe present in the frame-
work, indicating that the FeTHT domains within the frame-
work are going through alternative faradaic processes during 
electrolysis. The turnover frequency (TOF) of the catalysts 
was estimated by dividing the amount of H2 produced (in 
moles) during the 1 hour CPE experiment by the catalyst load-
ing (in moles of metals) determined by ICP-OES (Table S6). It 
is noteworthy that the as-calculated TOF is a lower-bound 
estimation of the actual TOF, as not all metal sites are electro-
chemically accessible and therefore, active, during electroly-
sis. If we assume only Co is responsible for catalysis, the cor-
responding TOFCo is 11.8 h-1, 85.7 h-1, and 132 h-1 for 1, 2, and 
3, respectively (Table S6). These results demonstrate that the 
TOFCo decreases drastically when more Fe is present in the 
catalyst, further suggesting that Fe is inhibiting the catalytic 
activity of the Co sites.  

 

Figure 3. Controlled potential electrolysis (CPE) of 1 (red), 2 
(blue), and 3 (green) at -0.418 V versus RHE in N2-saturated pH 
1.3 aqueous solutions. 

The poor stability of the mixed-metal MOFs is also revealed 
by the CV studies in pH 10 electrolyte solutions. As shown in 
Figure S11b, when 1 is subjected to consecutive CV scans, the 
intensity of the redox feature centered around -0.3 V versus 
RHE diminishes gradually. The instability of the redox wave 
is also observed for 2 and 3, albeit less drastic within the CV 
timescale in comparison to 1. The CoTHT framework dis-
plays redox feature at similar potential, yet with better cycla-
bility (Figure S12). The correlation between the extent of re-
duction in the redox feature and the content of Fe within the 
framework again suggests that the Fe domain is responsible 
for the instability of the material under electrochemical condi-
tions. 
Physical characterizations were performed on FeTHT and 

MOF 2 after electrolysis to provide insights into the electro-
chemical deactivation of the material. For 2, the PXRD pattern 
taken after 1 hour CPE experiment shows a drastically dimin-
ished peak intensity at 4.5° and 9.1°, corresponding to the 
[100] and [200] reflection, respectively (Figure S13a). In the 
case of FeTHT, the intensity of these two peaks further dimin-
ishes to essentially an undetectable level (Figure S13b). The 
change in PXRD patterns suggests that the electrolysis leads to 
a deteriorated coherence within the 2D sheets, which is likely 
induced by the FeTHT domains, as the Co-only analogue is 
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capable of maintaining its structural integrity based on our 
previous study.4 To detect the origin of the structural changes, 
XPS measurements were applied to elucidate the chemical 
environment after electrolysis. As shown in Figure S14a, the 
Fe 2p region of the post-CPE FeTHT displays a very broad 
peak ranging from 702 eV to 727 eV, suggesting the formation 
of new bonding environments of Fe centers. Additionally, a 
new satellite peak appears at around 233 eV in the S 2s region 
(Figure S14b), which could be contributed by the sulfonic acid 
group in the Nafion, though the possibility of a modified S 
environment in the dithiolene linker cannot be excluded. For 
post-CPE analysis of MOF 2, the Fe 2p and S 2s regions dis-
play similar behaviors compared to those of FeTHT (Figure 
S15). The Co 2p peaks are present but hard to distinguish, 
because of the sloped baseline of the region, which is likely 
resulted from the interference of the Fe Auger series. Never-
theless, previous work with the Co-only analogue has suggest-
ed that electrolysis does not alter the Co 2p XPS features.4 In 
short, the XPS characterizations indicate the transformation of 
the bonding environment for Fe, and possibly S for FeTHT 
and MOF 2.  
Discussion. Based on previous reports on molecular metal 

dithiolene complexes, FeTHT is expected to be an inferior 
electrocatalyst for the HER compared to CoTHT. Computa-
tional studies focused on the electronic structure of [Fe(bdt)2] 
and [Co(bdt)2] (bdt = benzene-1,2-dithiolate) molecular com-
plexes have suggested that there are significant differences in 
the composition of the frontier orbitals. For [Co(bdt)2], the 
frontier orbitals possess mixed metal-ligand character (non-
innocent), yet for [Fe(bdt)2], these orbitals are predominantly 
metal-centered.48 Therefore, the dithiolate ligands in the 
[Fe(bdt)2] complex are considered innocent. Eisenberg and 
coworkers have illustrated that [Fe(bdt)2] has a more negative 
reduction potential (-0.90 V vs. SCE) compared to [Co(bdt)2] 
(-0.64 V vs. SCE), and exhibits lower activity when incorpo-
rated into a photocatalytic HER system.35,49 The diminished 
HER activity of iron dithiolene complexes is expected to be 
retained upon incorporation into the extended THT-based 
framework. However, the extent of the reduction in the HER 
activity for FeTHT in comparison to CoTHT is much greater 
than anticipated. For the molecular [Fe(bdt)2] complex, alt-
hough its activity is inferior compared to the Co analogue, it is 
still capable of performing photocatalytic HER for up to 80 
hours with high turnover numbers.35 Additionally, our previ-
ous study regarding an analogous polymer, FeBHT, where 
iron dithiolene active units are incorporated into an extended 
framework using BHT as linkers, has shown moderate activity 
towards the HER with a Tafel slope of 119 mV/dec and an 
overpotential of 473 mV to reach 10 mA/cm2.8 However, in 
this study, the electrocatalytic testing of FeTHT shows a min-
imum activity and an inability to achieve the HER benchmark-
ing metric of 10 mA·cm-2 within the investigated potential 
window, while CoTHT is reported to be among the most ac-
tive MOF-based HER catalysts.4 Such large performance gap 
between CoTHT and FeTHT is also surprising from a physi-
cal property point of view, as a recent report demonstrates that 
the room-temperature electrical conductivity of the as-
prepared FeTHT is comparable to that of CoTHT,36,37 sug-
gesting that FeTHT should be sufficiently conductive to pro-
mote charge transport in the pristine oxidation state. 
Electrochemical characterizations suggest that under cata-

lytic conditions, the FeTHT domains undergo alternative Far-
adaic processes that alter its electrochemical behavior. First, 

the diminished redox feature observed in the consecutive CV 
scans of FeTHT (Figure S6) suggests that the material is dy-
namically changing under operating conditions and the elec-
trons seem to be trapped within the framework. Second, the 
EIS response of FeTHT reveals a much larger Rct after 1 hour 
CPE experiment (Figure S7), indicating a more hindered HER 
kinetics on the post-CPE catalyst, or in other words, the mate-
rial becomes less active during electrolysis. The electrochemi-
cal instability of FeTHT persists within the mixed-metal 
frameworks. For instance, the CV studies of the mixed-metal 
MOFs in pH 10 electrolyte solutions highlight the limited cy-
clability of the Fe-containing MOFs (Figure S11). Within the 
same timescale, the change in the redox feature is more drastic 
for 1 relative to 2 and 3, indicating that when more Fe is pre-
sent in the framework, the material is more prone to have al-
tered electrochemical behaviors. Furthermore, the compro-
mised FEs for Fe-containing MOFs demonstrate that electrons 
undergo alternative Faradaic processes other than the HER. It 
is observed that the loss of FE correlates positively with the 
increase in Fe content, indicating that the FeTHT domains are 
responsible for the loss of FE. Post-electrolysis physical char-
acterizations of the catalysts suggest that the altered electro-
chemical behavior could be attributed to the changes in the 
local coordination geometry of the Fe center. The PXRD 
measurements of MOF 2 and FeTHT after electrochemical 
treatment display peaks with diminished intensity, indicating a 
deteriorated coherence within the 2D sheets (Figure S13). 
Additionally, the XPS features of the Fe 2p and S 2s regions 
are very different between the pristine and post-electrolysis 
catalysts, suggesting a change in the bonding environment of 
the Fe sites (Figures S14, S15).  
In an attempt to lower the catalyst cost and enhance the ac-

tivity on a per-site basis, a series of mixed Co/Fe MOFs were 
tested for the hydrogen evolution reaction. However, the po-
larization curves normalized on the cobalt loading (Figure 2b) 
suggest that the presence of Fe does not boost the activity of 
the Co sites. Furthermore, the CPE experiments (Figure 3) 
show that the presence of Fe can in fact suppress the perfor-
mance of the Co sites. For 2, where the metal composition is 
roughly 50% Co and 50% Fe, the current response drastically 
decreases over the course of the electrolysis, indicating that 
the high intrinsic activity of the Co sites are masked in the 
presence of Fe. The calculated average TOF of the MOFs (Ta-
ble S6) also illustrates that when more Fe is present in the 
framework, the Co sites appear to behave less active for the 
HER. 
To explain the adverse impact of Fe sites on the HER activi-

ty of the mixed-metal frameworks, it is proposed that the elec-
trochemical treatment of FeTHT yields a material with atten-
uated charge transfer ability, rendering the originally active Co 
sites inaccessible by the electrons. This conductivity-switching 
phenomenon has been observed by Boettcher and coworkers 
while studying transition metal oxyhydroxides for electrocata-
lytic OER.44,45,50 The electrical conductivity of the oxyhydrox-
ides is found to be higher under anodic potentials and lower 
under cathodic potentials. Although similar behavior has not 
been reported for any THT-based materials, it has been seen in 
some analogous BHT-based materials. For example, the 
NiBHT and AgBHT frameworks are found to exhibit a lower 
electrical conductivity upon chemical reduction.51,52 These 
prior studies, together with the electrochemical behavior of 
FeTHT observed in this work, suggest the possibility of a 
declined electron transfer ability of FeTHT under electrocata-
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lytic conditions, which could be caused by the change in the 
coordination geometry of the Fe sites. 
For example, it is possible that the diminished redox feature 

observed for FeTHT is due to the low ability of the reduced 
FeTHT to undergo electron transfer, which essentially forms 
an insulating layer at the electrode/catalyst interface that pre-
vents further electronic communication. Additionally, the 
large Tafel slope of FeTHT (210 mV/dec) indicates a large 
kinetic barrier for the first one-electron one-proton reduction 
(Volmer step), which could arise from the insulating nature of 
the reduced FeTHT. Upon incorporation of Co, which is 
known to be active under cathodic potentials, the energy barri-
er for electron transfer is lowered, leading to a decrease in 
Tafel slope (Table 2). Following the same line, the deactiva-
tion mechanism of the mixed-metal MOFs can also be ration-
alized. During electrolysis, the FeTHT domains would be 
reduced and deactivated gradually. As these FeTHT domains 
are distributed homogeneously throughout the framework, as 
suggested by the EDX mapping, their deactivation can impede 
electron transfer within the entire structure, rendering the ac-
tive Co sites catalytically inert. This aligns well with the 
changes in the Rct and Cdl values of MOF 2 observed after 1 
hour of electrolysis (Table S5); the almost 10 fold increase in 
Rct suggests a severely hindered charge transfer kinetics, 
whereas the drastically decreased Cdl reveals a diminished 
number of the catalytically active sites. When more Fe is pre-
sent in the framework, the deactivation process is accelerated, 
which is observed in the more pronounced deactivating behav-
ior of 2 in comparison to 3. As for 1, due to the significantly 
higher Fe concentration within the structure, the material deac-
tivates rapidly and exhibits electrocatalytic activity analogous 
to that of FeTHT.  

CONCLUSIONS 
In summary, taking advantage of the synthetic tunability of 

MOFs, a series of THT-based MOFs with varying stoichi-
ometries of cobalt and iron were synthesized and character-
ized. The composition of the materials can be readily altered 
by tuning the ratios of the iron and cobalt precursors, as re-
vealed by ICP-OES and confirmed by XPS and EDX meas-
urements. The materials within the series possess similar crys-
talline structures regardless of the chemical composition, as 
suggested by PXRD and FTIR measurements. The electrocata-
lytic HER activities of the materials were characterized in pH 
1.3 aqueous solutions. It is found that, unlike its Co analogue, 
FeTHT exhibits minimal activity towards the HER, with a 
catalytic onset of -0.440 V versus RHE and a Tafel slope of 
210 mV/dec. Upon incorporation of more Co into the frame-
work, the overall electrocatalytic HER activity of the frame-
work increases drastically, indicating Co being the catalytical-
ly active center. However, further investigation suggests that 
Fe centers within the framework are not merely inert spectator 
species serving to dilute the catalytically active Co centers, but 
rather active inhibitors of efficient and steady H2 evolution. 
The long-term stability of the material as well as the FE for H2 
production drastically decline when more Fe is present in the 
structure. Post-electrolysis characterizations of the catalysts 
suggest a diminished crystallinity and a drastically altered 
chemical environment for the Fe sites. It is proposed that the 
poor activity of FeTHT and the adverse effect of the Fe cen-
ters in the mixed-metal frameworks originate from the ability 
of iron-containing materials to participate in alternative Fara-
daic processes, leading to a material that is less electrochemi-

cally active for the HER. This hypothesis is supported by EIS 
characterizations and CV studies where an irreversible redox 
peak is observed to diminish over consecutive CV scans. Fu-
ture experimental studies such as in-situ conductivity meas-
urements and X-ray absorption spectroscopy measurements, as 
well as density functional theory calculations are necessary to 
fully elucidate the deactivation mechanism of the Fe and 
mixed-metal MOFs. Our work suggests that, while incorporat-
ing tunable molecular units into extended frameworks serves 
as an attractive strategy to build heterogeneous electrocata-
lysts, precautions should be taken when carrying out this strat-
egy, as the physical properties of the bulk material, such as the 
ability to move charge, could be altered under catalytic condi-
tions and adversely impact the overall activity of the material. 
Furthermore, although diluting expensive, highly active metals 
with cheaper, more abundant, and catalytically inert metals is 
a method to increase the per-site activity and decrease the 
overall cost of the catalyst, our observation of the decrease in 
activity of the Co active sites with increasing Fe content 
demonstrates that the identity of the diluting metal should be 
chosen carefully.  
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Synopsis:  

Two-dimensional dithiolene-based metal-organic frameworks (MOFs) are among the most active MOF-based electrocata-
lysts for the hydrogen evolution reaction. Herein, a series of MOFs with 2,3,6,7,10,11-triphenylenehexathiolate linkers and 
mixed cobalt and iron centers are synthesized and characterized by various spectroscopic techniques. The electrocatalytic 
performance of the MOFs suggests that the incorporation of the Fe centers adversely influences the expression of the high 
intrinsic activity of the Co centers, due to alternative Faradaic processes under catalytic conditions. 

Table of Contents (TOC) graphic:  

 

M S

S

S
M

S

S
M

S

2H+ + 2e-

H2

M = Co, Fe


