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Introduction

The nexus of electrochemical processes is the use of heterogenous electrocatalyst
materials. They can and should be tailored with a high level of precision and control to
broaden their use.

In this doctoral thesis, | developed and optimized several metal, nitrogen-doped
carbon (MNC) electrocatalyst materials. These novel materials were derived from
polycrystalline and amorphous metal-organic frameworks (MOFs), which contained
various non-platinum group metals such as iron, cobalt, nickel and bismuth for various
applications including oxygen reduction reaction (ORR), oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER). In addition, multimetallic systems based on iron
triad metals have been screened. With the best performing materials in hand, | have
fabricated single fuel cells and zinc—air batteries. These studies emphasize the use of
rationally designed organic linkers in electrocatalysis and the potential of this approach
in energy conversion and storage devices.

Chapter 1 gives a short overview of MNC materials used for the electrochemical
conversions of small molecules (CO2, H20, N2, O2). Chapter 2 focuses on novel iron and
cobalt based electrocatalysts used in electrochemical reactions such as ORR, OER and
HER. In Chapter 3, | introduce and electrochemically evaluate multimetallic materials
developed on the basis of combinations of various iron triad metals (Fe, Co, Ni), which
were prepared using 1H-benzo[d]imidazole-5,6-diol as an alternative organic ligand. In
Chaptrer 4, the same linker was used to fabricate optimized MNC materials that
incorporate Bi(0) nanoparticles for their use in electrochemical reduction of CO: to
formate.
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1 MNC catalyst materials for energy demand

In this Chapter, | present a concise description of the metal, nitrogen-doped carbon
(MNC) based materials used in energy conversion and storage devices. | also briefly
summarize electrochemical conversions that were used to test their performance.

The EU aims to become climate-neutral by the year 2050, which is in line with the
Paris Agreement [1] and the EU Green Deal [2]. The ultimate goal of the electrocatalysis
is to use renewable energy to convert small molecules (H20, N2 and COz) into high value
added products, e.g. methane, alcohols, formic acid and ammonia (Fig. 1) [3—6]. These
transformations also present us with an opportunity to store energy. For example,
conversion of water to hydrogen gives rise to hydrogen, which can be used as fuel.
Although electrochemical conversions are thermodynamically feasible, there are some
outstanding issues with their long-term performances, which mainly come down to
optimization of materials and device engineering. In case of the materials used, a special
attention needs to be drawn to their activity, selectivity for a particular process and
durability [7].

alternative power sources: power

solar, wind, hydro, hydrothermic  plant —> agriculture — food
tidal, wave, nuclear .
} > non-edible] ___ biofuel
» biomass storage

N, CO, H,0 | electro- and

2 ‘l chemocatalisis E,2 H,
l .‘ j storage
fuel |

batteries/ cells |—————— chemicals and
supercaps ‘ materials

| !

battery, fuel cell and combustion-powered transportation

Figure 1. Electrochemical conversions as the engine for circular economy. Figure adapted with
permission from Pavel Starkov (the author).

Metal-containing nitrogen-doped carbon materials are relatively inexpensive;
however, they may often lack chemical stability and require rounds of optimization to be
directly employed in the large-scale applications (Table 1) [8—12]. Availability of various
fabrication routes helps finetune the underlying materials through changing several
chemical and physical properties, e.g. their conductivity, stability, porosity and surface
morphology.

12
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Table 1 Comparison of various parameters for trifunctional ORR/OER/HER catalysts.

catalyst ORR OER HER
entry catalyst precursors loading Ey, @-3 mA cm™ Enlf-z@@lggqo/?, AE _CEr;]l_Oz %11%82? reference
mg cm 2 2 @1600 rpm rpm rpm
.~ cobatbasedmaterias

1 Co/MMCs PPy + carbon fibers + CoCl; 0.22 a l\c/|).8K40H) 1 Ml.4K10H) 0.57 @ (|3/i0r<8(gH) [13]

2 Co/CNFs (1000) Co foil + melamine 0.3 © 10"\/|8?30H) a I\%-5K5OH) 0.65 a l\a-lK%H) [14]
Co,B/Co/N-B- . 0.83 1.53 0.22

3 CIB.C B4C + Co(OAc), + melamine 0.127 (0.1 M KOH) (0.1 M KOH) 0.70 (0.1 M KOH) [15]
0.86 1.58 0.209

4 CoT@NC NH,@Zn3;0OH(PzC); 0.2 (0.1 M KOH) (1 M KOH) 0.72 (1 M KOH) [16]
0.84 1.52 0.283

5 Co,N@NC-2 ZIF-67 0.3 (0.1 M KOH) (0.1 M KOH) 0.68 (1 M KOH) [17]
0.85 1.58 0.292

6 Co@N-C-800 THB + Co(OAC), 0.36 (0.1 M KOH) (1M KOH) 0.73 (0.5 M H,S0,) [18]
0.264

. 0.85 1.60 (1M KOH)
7 TAL-2-900 CoCl, + L1 0.50 (0.1 M KOH) (0.1 M KOH) 0.75 0.289 [19]
(0.5 M H,S0,)

8 Co@N-CNTF Co(OAc); + adenine 0.28 (0.1?\}|8|iOH) a Ml.SK%H) 0.77 a l\a.2K60H) [20]

9 Co/NGC-3 g-CaNa + glucose + ZIF-67 0.20 o 1?\)'8}?%) o ll,'v??(GOH) 0786 | g 101-\/2|£|)<3OH) [21]

10 D-Co@CNG GO + Co(NOs), + Zn(NO3) + 2-MIM 0.20 (O.l?\)ISéOH) a ,\ﬁ'f(%H) 0.79 a %Z}SSH) [22]
0.376

11 CO/COOS%DOCO N-C shrimp-shell + Co(NO3), + pyrrole 0.305 © 1Oll\/I8?<4OH) © 11,'\/??(40H) 0.81 (0.1 M KOH) (23]

: : (@20 mA cm™)

0.839 1.51 0.075

12 Co,P Co(acac), + TOP 0.2 (0.1 M KOH) (1 M KOH) 0.671 (1 M KOH) [24]
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13 CoP NPSICNSs | Co(OAc), + melamine + phytic acid 0.25 o 1?\}|SEOH) a ,\ﬁ'i%H) 07 " %1K1(5)H) [25]
14 Co,P/CoNPC ZIF-67 + red phosphorus 0.39 © 10"%8‘:(30'_') a IJ\-/'|5K58H) 0.713 a l\a'zKﬁz)H) [26]
15 Co2PINPG=900 COPC(NHs)s + GO + CleNsPs 0.254 © 1?“8&%) a I\ﬁSOH) 0.74 a %Izlng) [27]
0.79 158 0.174
16 CoP@SNC Co(Ac),+ HEDP 06 (0.1M KOH) AMKoH | 079 (L MKOH) [28]
17 Co,P/CoNin melamine + P123 + TPP + 01 0.85 1.65 0.80 0.098 [29]
NCNTSs Co(NO3), : (0.1 M KOH) (0.1 M KOH) : (0.5 M H.S0,)
18 CoP-PBSCF NaH;P0,-H,0 + H-PBSCF 0.255 o 10M7 ?(ZOH) o lT\)ISIZOH) 08l | 1?\)|2:<10H) [30]
19 | Co-B-OINPC-50% | Co(Ac),+ NaBH, + lecithin + g-CsNq 0.42 o 1?\}I8P§OH) a “ﬁ'i%H) 0753 | %ilgH) [31]
20 | COSA+C0sSy/HCNT |  ZnS + ZIF-67 + polydopamine NA o 10,'\/|85K50H) o lJI-\)ISEOH) 0705 | ,\a'f(%H) [32]
) Co(NO3), + thiourea + GO + sodium 0.79 1.495 0.15
21 NS/rGO-Cos dodecyl benzene sulfonate (SDBS) 0.404 (0.1 M KOH) (0.1 M KOH) 0.705 (0.5 M H,S0,) [33]
22 COo85Se@NC ZIF-67 + Se 0.20 (0.1O|§;|3%<70H) a ,\ﬁ%H) 0733 | %IZESH) [34]
DAP—DAB- 0.90 1.62 0.20
23 Co(OAC),-4H,0 DAP +DAB + Co(OAc), 0.30 (0.1 M KOH) ©1MKoH) | 972 (1 M KOH) [35]
24 CF-NG-Co Co(AC), + GO + melamine 0.28 0 1?\)|8E0H L ,\ﬁﬁ%H 0.75 L &ZK%H [36]
iron-based materials
R o 2,4,6-triaminopyrimidine 0.85 1.55 0.33
25 | BA-TAP-Fe-800 + barbituric acid + FeCls 0.283 (0.1 M KOH) ©imkoH) | %7 | (0.1MKoH) [37]
tannic acid + FeCl,-4H,0 + 0.21/0.42 0.86 1.565 0.075
26 FeP,/Fe-N-CINPC Na,HPO, (HER) (0.1 M KOH) (1 M KOH) 0705 | (0.5 M H,S0,) [38]
0.86 1.61 0.24
27 PPy/FeTCPP/Co pyrrole + FeTCPP + Co(NOs), 0.3 (0.1 M KOH) ©.1 M KOH) 0.75 ©.1 M KOH) [39]
FeS/Fe;C@N-S-C- benzenetricarboxylic acid + 0.87 1.80 0.174
28 Pd(PPhs), + 3,8-DBPT- 0.3/0.6 : ' 0.93 ' [40]
800 dibromophenanthroline + Fe(OAc), (0.1 MKOH) (1 M KOH) (05 M H,SO)
+ DMSO
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other metal based materials [Ni, W, Ru, Mo

. Ni(NO3).+ 2,6-pyridine dicarboxylic 0.75 1.66 0.301
29 NiI-NC700 acid + 4,4"bipy 031 (0.1 M KOH) ©i1MKoH) | 99 | (0.1MKOH) [41]
30 W,NWC WO, powder + DCDA 0.20 o 1?\)'82%) a l\ﬁ%H) 0.73 a %Illng) [42]
31 RU-SA/TisCoTy TisAIC, + RuCls 0.61 01 &'?40004) 01 93 o0 | 97 | (s &'2172504) [43]
32 G@N-MoS, sulfur + MoCls + MgO + NHs 0.25 o 2 1K60H) o 1J|i}I6I§OH) 0.914 (0.5%2:3304) [44]
multi-transition-metals based materials
CoO,-NeC/TIO,C | TisCyTy + Co(NOg)z + ZN(NOg)z + 2- 0.85 1.58 0.367
33 (22.7%) mim 0.141 (0.1 M KOH) @amMKon) | 072 (1 M KOH) [45]
34 N/CF-EC-900 Co(NOs), + Fe(NOs)s + albumin 0.17 oimKor | oimror | 07 | o1 KoM [46]
35 Ir02-Zn0 ZNnCl, + IrCls + NHs 0.2547 a ,3'8}(%'4) a &'%H) 0.78 a ,a'zK%H) [47]
36 ZnCo-PVP-900 Zn(NOs), + KsCo(CN)s + PVP 0.28 (0.1?\)|8+30H) a ,\ﬁ'ﬁ%H) 0.80 a ,a'zK%H) [48]
37 CoMn; DH Mn(NO); + Co(NOs)s 0.25 o 1?\;&0'_') oiteon | 080 a ﬁ,‘llng) [49]
. ) NiCl, + CoN-PCP support + 0.871 1.50 0.094
38 Ni,P/CON-PCP A LPO. 0.26 (0.1 M KOH) amior | 9622 | 1 mKom [50]
. : polyacrylonitrile + Ni(NO3), 0.82 1.508 0.130
39 | NiCoP/CNF-900 + Co(NO), + red P NA (0.1 M KOH) @aMkoH) | 968 | (1 mKoH) [51]
FeNi@N- g-C3N, + aniline + Fe(NOg); + 0.84 1.59 0.203
40 CNT/NCSs Ni(NO3), 0255 (0.1 M KOH) ©i1MKoH) | O7° (1M KOH) [52]
41 | PUNIO/NI/CNT-3 | CNTs +2Zn plate + NiCl, + K:PtCls 0.255 o 1?\)|9£0H) 01 W@H) 076 | 10{\/}1K70H) 53]
: CoCly-6H,0 + NiCl,-6H,0 + 0.79 157 0.330
42 CoP/Ni,P@NC EDTMPS NA (0.1 M KOH) (aMkoH) | 078 (1 M KOH) [54]
: ZIF-67 + Ni(NO3), 6H,0 + 0.79 17 0.3
43 NiCoOS thioacetamide 0318 (0.1 M KOH) ©iMmkor) | 9% | (0.1 MKoH) [55]
bacterial cellulose + Ks[Fe(CN)g] +
44 | FeColCo,P@NPCF CoCl, 0.28 © 1?\)'7520'4) o 1}\)I5P§OH) 0.77 " ,\a'ZK%H) [56]
+ melamine + phytic acid ) )
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RhCI; + CuCly+ PVP + ascorbic 0.85 1.54 0.017
45 RheCu./C acid 0.282 (0.1 M KOH) amkoH) | 9% | (05MH,s0) [57]
46 C06Ss@M0S; Co(OAC), + Na,MoO, + PVP 0.407 o 1?\)I8I§OH) a ,&'%H) 0.69 a %Il}ng) 58]
) nickel foam + Co(NOg3), + Na,MoO, 0.83 1.406 0.102
47 0-Coo0sMoosSe, + hexamethylenetetramine + Se NA (0.1 M KOH) (1 M KOH) 0.576 (1 M KOH) [59]
18 C09Se-M0S,/N- Zn(NOs), + Co(NO3); + 2-MIM + 017 0.82 1.57 0.75 0.163 (60]
CNAs@CNFs Na,MoO, : (0.1 M KOH) (1 M KOH) : (1 M KOH)
0.181,
Cos47/N@CosFe;/N- urea + GO + oxidized CNTs 0.94 1.72 (1 M KOH)
49 c + FeCls + CoCl, 0.60 (0.1 M KOH) ©1mMkoH) | 078 0.115, [61]
(0.5 M H,S0,)
Cu-
~ Cu(OH), + Cu foam + Co(NOs) 0.84 1.485 0.059
50 | foam @S(i)‘(‘)CONC + dimethylimidazole NA (0.1 M KOH) @MkoH) | 984 | (1 mKoH) [62]
0.2 ORR
) P123 + Co(NO3), + Fe(NO3); + 0.885 1.58 0.238
51 FesC-Co/NC melamine 8'@ (H)EE (0.1 M KOH) (AMKoH) | 06% (1 M KOH) [63]
non-metal based materials
) ) 0.87 1.60 0.31
52 SHG melamine + NiSO, + KCI 0.71 (0.1 M KOH) (0.1 M KOH) 0.73 (0.1 M KOH) [64]
) sodium citrate + Co(NOg), 0.84 1.65 0.22
53 NOGB-800 + KaFe(CN)q] + dopamine 04 (0.1 M KOH) (MKon) | 98t (1M KOH) [65]
. 0.76 1.57 0.15
54 N-doped graphene graphene + melamine 0.283 (0.1 M KOH) (1 M KOH) 0.81 (0.5 M H,S0,) [66]
o 0.82 1.64 0.09
55 NCN-1000-5 citric acid + NH,CI 0.2 (0.1 M KOH) amkoH) | %82 | osMhsoy [67]




MNC materials can be inferior to the electrocatalysts containing precious metals
(Pt, Pd, Ru, Ir) [68,7]. Such materials are essential to overcome the burden exerted by the
scarcity and high prices of noble metals. In the future, by using these novel energy
materials the dependency on fossil fuels is prospected to be reduced.

The porosity and nanostructure of MNC materials play an important role in catalytic
performance, albeit the molecular nature of specific active centers is not always
completely understood. To reduce the ambiguity, these materials are subject to acid
etching to remove metal impurities, which are present at the surface. The catalytic
activity may sometimes get affected due to harsh acidic etching due to metal leaching
from the metal sites. To alleviate these issues, polymer templates and silica nanoparticles
are used to retain the original porous structure [69].

In addition to more conventional uses in ORR, OER and HER (Table 1), MNC materials
can also be engineered to address selective CO2 conversion to various products including
carbon oxide [70,71,72] and methane [73,74]. Copper and bismuth are considered as big
contenders for efficient CO: reduction reaction (CO2RR) to produce alcohols and
hydrocarbons [75].

Preparation of MNC materials heavily relies on carbonization of organometallic
compounds or a mixture of transition metal salts with nitrogen and carbon sources. Often
additional heteroatoms are used to dope the materials to increase activity and durability
without significantly increasing their cost of production (Table 2). Alternatively,
hydrothermal and solvothermal methods are used to prepare metal containing carbon
composites.

To prepare atomically dispersed MNC electrocatalysts, various templating strategies
(polymers [76], silica [77], magnesium oxide [78], micelles [79]) have been employed.
Metal-organic frameworks can often be used for the templating purposes. Coordination
of metal to nitrogen not only creates the number of catalytically active M—Nx sites, but it
also helps stabilize metal centers and ensures that the sites are atomically dispersed. Acid
etching is used both to remove metal impurities and as sacrificial scaffold [8].

Table 2. Examples of heteroatom doping.

heteroatom ‘ heteroatom source
B(OH);
B2O3
phytic acid
hexachlorocyclophosphazene
H3PO,
NaH2P02
KSCN
sulfur sulfur
thiourea
DCDA
melamine
DABCO
urea
thiourea
and the metal complexes (Fig. 2)
H.0,
air
NH,F
PTFE

boron

phosphorous

nitrogen

oxygen

fluorine

17
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Figure 2. (A) Widely used nitrogen containing ligands for MNC catalysts. (B) Different nitrogen catalytic
sites. Adopted with alterations from [80].
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Metal-organic frameworks (MOFs) form a good general platform to fabricate MNC
electrocatalysts and, by varying the organic linkers, one can prepare more sophisticated
hybrid materials. Importantly, post-synthetic modifications further help functionalize
materials in accordance with specific applications in energy devices [81]. Prominent
features of the materials derived from MOFs are their high porosity and high surface
area. Both characteristics favor molecular diffusion and catalytic processes. For example,
ionic conduction is employed by incorporating guest ions within the pores and integrating
post-synthetic strategies to induce polarity [82]. To reduce the cost of production,
typically, mechanochemical tools — ball milling and grinding — are used to avoid the use
of solvents, and the platinum-group-metals are replaced with more abundant and
affordable metals (e.g. iron triad) [83].

Electroconductivity and higher surface area of MNC materials make them viable for
the use as supercapacitors [84]. The electrical properties of these materials, accompanied
with mesopores, facilitate ion transport and electron transfer. Typically, the carbon
sources are graphite, g-CaN4 (graphitic carbon nitride) and smaller organic molecules.
For example, N-doped wrinkled carbon foils were prepared from 2D MOFs, pyrolyzed in
ammonia atmosphere and etched with acid to remove metallic nanoparticles from the
surface of the catalyst. These carbon foils are used in sodium storage devices [85].

Lithium ion batteries (LIBs) have gained place in the industrial applications including
in electric vehicles [86]. The biggest issue with these devices is the low specific density of
metal ion anodes. Most of LIBs are based on intercalation of lithium ions in graphite
anode, which assist in enhancing energy density of the metal-ion batteries [87]. Recently,
the research agenda has shifted to materials that are economically viable, efficient and
hold potential for multifunctional storage. Organic—inorganic hybrid materials serve this
purpose very well.

Overall, the MNC composites are one of the alternative solutions to address
environmental challenges. Their development receives great attention because of their
potential use to transform electricity obtained from renewable energy sources such as
wind, solar, nuclear, geothermal and hydroelectric sources. Through advances in
molecular engineering they also represent a good platform for many energy conversion
and storage devices, including fuel cells, chemical converters, portable and wearable
devices.

1.2 Outlook

To meet higher green energy demands, many groups are working on the building blocks
used to fabricate MNC materials (different metal sources, heteroatoms and carbon
supports). Transitions metals (e.g. Fe, Co, Ni, Cu, Bi) provide a good alternative to
platinum group metals. Their use has potential to bring down the cost of the devices.
However, to be applicable at the large scale, more work needs to be done to reduce their
catalyst loadings and increase their durability. So far, metal-organic frameworks used to
produce MNC materials lacked novelty and largely relied on 2-methylimidazole. Although
these catalysts were shown to be effective in several applications, their non-modularity
prevents us from finetuning the electrocatalyst materials. To address the need for energy
conversion and energy storage devices, also the stability of MNC materials has to be
considered.

19



1.3  Aims and objectives

The main objective of this research work was to create new functional materials, which
would be derived from a subset of novel metal—organic frameworks. They would be used
as precursors to better control activity of materials employed in electrochemical and
heterogeneous catalysis applications. Namely,

1. to substitute cost-inefficient constituents such as porphyrins, phthalocyanines,
1,10-phenanthroline with new adaptable carbonaceous ligands based on the
benzimidazole core;

2. toassess their catalytic performance in oxygen reduction reaction (ORR), oxygen
evolution reactions (OER), hydrogen evolution reaction (HER) and CO2 reduction
reaction (CO2RR);

3. to formulate electrodes with the most active electrocatalysts and test them in
zinc—air batteries and single fuel cells.

4. totest applicability of the new ligand to fabricate MNC materials, which contain
various metal(0) nanoparticles.
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2 Development of iron and cobalt materials

Three structurally diverse benzimidazoles TL1, TL2 and TL3 were used to prepare iron
and cobalt based catalyst materials TAL-1-900, TAL-6-900, TAL-7-900 and TAL-2-900,
TAL-26-900, TAL-27-900, respectively. In the case of TAL-1-900, by testing different metal
to ligand ratios, it was shown that there was no impact on the reactivity of the final
materials in ORR and OER. As for the cobalt counterpart, which were prepared from
amorphous MOF TAL-2, carbonization at different temperatures (800, 900 to 1000 °C)
indicated that the material pyrolyzed at 900 °C was the optimal one.

Upon carbonization of various precursors and subsequent acid etching, the materials
contained various nanoparticles imbedded into the carbon matrix (Fig. 3A). For example,
iron carbide was observed in TAL-1-900 and TAL-7-900 samples, while Fe30a4
nanoparticles were detected in TAL-6-900 [88]. In case of the cobalt derived catalysts,
only Co(0) nanoparticles were present (Fig. 3E). Acid etching was required to remove
much of the nanoparticles (a-Fe in the case of iron catalysts and cobalt oxides in the case
of cobalt catalysts) found at the surface of the catalyst. This was done by etching with a
mixture of HNO3 and/or H2S04 (50 °C, 8 h). The samples were then recarbonized to
remove sulfonate and nitro groups.
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Figure 3. (A) Preparation of TAL-derived catalyst materials using different organic linkers and metal
sources. PXRD patterns for (B) iron TAL MOFs, (C) cobalt TAL MOFs, (D) iron-TAL derived materials,
and (E) cobalt-TAL-derived materials.

We assessed the afore-mentioned catalysts in three classical electrocatalytic
transformations — oxygen reduction, oxygen evolution and hydrogen evolution reactions.
Rotating disc electrode (RDE) technique was used to perform the measurements. Glassy
carbon (GC) electrodes were modified with the material suspended in isopropanol with
5% Nafion, a fluoropolymer/co-polymer, as a binder.

The catalytic performance of MOF derived iron materials (TAL-1-900, TAL-6-900
and TAL-7-900) was assessed in 0.1 M KOH (Fig. 4; 800 pug cm™2). CVs showed larger
surface in case of TAL-1-900 as compared to Pt/C within the same potential window [88].
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The polarization curves of TAL-1-900 for ORR exhibited a higher halfwave potential
(Eonset = 1.01 V, E1/2 = 0.87 V) than Pt/C (E12 = 0.85 V). Altogether, TAL-1-900 was more
active than TAL-6-900 and TAL-7-900.
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Figure 4. Electrochemical characterization of iron based TAL electrocatalysts. (A) ORR and (B) OER
polarization curves at 1600 rom with scan rate of 10 mV s~1 in 0.1 M KOH. Tafel plots for (C) ORR
and (D) OER. (E) ORR stability test for TAL-1-900 over 5000 cycles in the potential range 0.6-1.0 V.
(F) OER chronoamperometric measurement at 1.6 V for TAL-1-900.

The Koutechy—Levich (K-L) and Tafel plots were constructed to better understand
the reaction kinetics and the mechanism occurring on the surface of electrode.
The linearity of the K—L plots indicated that it was a first order reaction with a number of
electrons per O: being four. This means dioxygen was converted to water via a
2x2e~ mechanism and that water, not hydrogen peroxide, was produced. The Tafel plot
for TAL-1-900 strongly overlapped with that for Pt/C indicated that the reaction
mechanisms are similar (Fig. 4C).

The same trend was observed when comparing the OER performances, in which
TAL-1-900 (E10 = 1.60 V @ 10 mA cm=2 vs RHE) had higher activity than TAL-6-900
(E10=1.64 V), TAL-7-900 (E10 = 1.61 V) and Pt/C (E10 = 1.73 V), which was used a standard
(Fig.4B). The bifunctional performance (AE) of all materials in hand was calculated by
subtracting E1/2 from Eio. TAL-1-900 had the lowest value of AE =0.73 V when compared
to TAL-6-900 (0.83 V), TAL-7-900 (0.78 V) and °f*Pt/C + °ERpt/C (0.84 V).

Next, TAL-1-900 catalyst was tested for stability. In ORR, TAL-1-900 was cycled in the
potential range of 0.6—1.0 V vs RHE for 5000 cycles. The electrocatalyst proved to be
stable with only a small change in the halfwave potential (AEy2 = 6.1 mV) (Fig. 4E).
Similarly, TAL-1-900 was stable under OER conditions after 5000 cycles in the potential
window of 1-1.8 V [88]. To check the durability of TAL-1-900, chronoamperometric test
at 1.6 Vin 0.1 M KOH was performed for 10000 seconds and compared to Pt/C (Fig. 4F).
The enhanced ORR/OER activity of the fabricated electrocatalysts means that these
materials hold potential to be employed in real-life applications.
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The same three ligands were used to prepare cobalt catalysts TAL-2-900, TAL-26-900
and TAL-27-900 (Fig. 5; catalyst loading 500 pg cm™2). All the materials were carbonized
at 900 °C before and etched with 0.5 M HNOs. The structure—activity dependencies of
ligands employed for the preparation of the cobalt and iron materials were similar.
In ORR, electrocatalyst TAL-2-900 (Eonset = 1.00 V, E1/2 = 0.85 V), which was derived from
the diol linker, performed better than TAL-26-900 and TAL-27-900. In OER, TAL-2-900
(E10 = 1.60 V) outperformed RuO: (Fig. 5B). The activity in both ORR and OER conditions
was comparable or better than the standards (Fig. 5A).

The ORR stability test was performed in a wider potential window (0.2—1.2 V vs RHE)
corresponding to harsher conditions. TAL-2-900 turned out to be rather stable with a
change in halfwave potential between the first and 5000th cycle being 20 mV.
The chronoamperometric test was performed at 1.6 V vs RHE in 0.1 M KOH. RuO2
gradually degraded down to 74% of its initial activity after 10000 seconds, while the
TAL-2-900 activity remained virtually unchanged (99%) (Fig. 5F).

The only significant difference between the cobalt (TAL-2-900) and iron (TAL-1-900)
catalysts was the fact that the cobalt materials performed much better in HER.
The overpotential for TAL-2-900 was —308 mV at =10 mA cm™2, while the one for Pt/C
was —-233 mV in 0.1 M KOH (Fig. 5G). In 1 M KOH electrolyte, the HER activity of
TAL-2-900 improved to —264 mV vs RHE @-10 mA cm™2, while the one for Pt/C was
-57 mV (Fig. 5I).
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Figure 5. Electrochemical characterization of cobalt based TAL electrocatalysts. (A) ORR and (B) OER
polarization curves at 1600 rom with scan rate of 10 mV s~ in 0.1 M KOH. Tafel plots for (C) ORR and
(D) OER. (E) ORR stability test for TAL-2-900 over 5000 cycles in the potential range 0.2-1.2 V.
(F) Chronoamperometric measurements at 1.6 V for TAL-2-900. (G) HER polarization curves for
TAL-1-900 and TAL-2-900, TAL-26-900 and TAL-27-900 in 0.1 M KOH. (H) Tafel plots for HER curves
in 0.1 M KOH. (1) HER stability tests for TAL-2-900 and Pt/C in 1 M KOH.

Additionally, TAL-2 was carbonized at different temperatures (800, 900 and 1000 °C)
to gain more insight into the structure—activity relationships (Fig. 6A, B, and C). All of the
three carbonized materials contained Co(0) nanoparticles, albeit, as observed by PXRD
(Fig. 6D), there was less graphite and Co(0) in the sample prepared at 800 °C. Out of these
series, TAL-2-900 was the best performing catalyst in all the transformations.

Rotating ring disc electrode (RRDE) was used to find out the percentage production
of hydrogen peroxide (Fig. 6E). Production of H202 was in the range of 25—-30% for all the
catalyst (Fig. 6F). Altogether, TAL-2-900 showed promising results as a trifunctional
electrocatalyst.
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Figure 6. Comparison of TAL-2 derived materials carbonized at different temperatures. (A) ORR
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To evaluate the real-life use of the best performing materials, TAL-1-900 and
TAL-2-900 were applied in anion exchange membrane fuel cell as cathode materials.
The mass loading was 2 mg cm™ and HMT-PMBI was used as polymer hydroxide
membrane [89]. TAL-2-900 exhibited higher power density (> 400 mW cm2) and current
density (1100 mA cm™2) and outperformed both Pt/C and TAL-1-900 (Fig. 7) Usually, while
the benchmark for power density is considered as 1 W cm=[90], TAL-2-900 only reached
the half of this target.
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Figure 7. Power density and polarization curves for H,/O; single cell alkaline anion-exchange
membrane fuel cell using TAL-1-900, TAL-2-900 and Pt/C (2 mg cm~2) along with HMT-PMBI anion-
exchange membrane. Pt-Ru/C (0.8 mgper, cm=2) was used as the anode. T = 60 °C

In the iron and cobalt systems, we saw that the choice of the ligand (TL1-TL3) was

important for the overall activity. Hence, | have screened an additional series of rationally
designed ligands (TL4-TL9) recently developed within our group [91] (Table 3). Specifically,
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| used heterogenous catalysts developed only from the corresponding iron containing
MOFs (Table 3) in ORR and OER (Fig. 8). Overall, the electrochemical data indicated that
the diol moiety was essential for high efficiency. More studies are needed to understand
the role of different substitution patterns in the benzimidazole core in the fabricated final
catalysts.

Table 3. Differentially substituted nitrogen ligands and final iron based catalyst materials used in
this work.
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Figure 8. Electrochemical screening of iron based materials derived from different ligands in (A) ORR
and (B) OER. Polarization curves at 1600 rpm with scan rate of 10 mV s~1in 0.1 M KOH.
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3  Multimetallic alloy nanomaterials

In the earlier sections of this PhD thesis, | have tested various single metal MNC materials.
Often, however, employing metal various combinations can be advantageous, because
this may give rise to synergistic effects, which can further enhance the stability of such
materials in long-term operations [92]. In this chapter, | have focused on bi- and
trimetallic MNC materials comprising of iron, cobalt and nickel.

Using two or more metals can lead to (1) new active sites containing dual metals
[92], (2) mixed oxide nanoparticles or (3) mixed metal nanoalloys. The use of the diverse
combinations of metals and, perhaps, ligands can provide different compositions and an
increased number of active centers that may boost the intrisic activity of the
electrocatalysts and, importantly, their durability [93,94]. Electrocatalysts comprising of
different metals tend to give lower overpotentials for OER when compared to other
combinations [96].

The majority of multimetallic materials explored so far are based mixed metal oxides
[95-100]. MOFs have also been reported as precursors for metal/metal oxide composites
[101]. Multimetallic 2D MOFs obtained from terephthalic acid were active in OER without
a need for carbonization [102-104]. Li et al. also reported that the activity of CoFe OER
catalysts was improved by doping them with Ni, V and Cr [99]. Most often, in such studies
combinations of various metals are not compared.

With our optimized ligand TL1, | surveyed a series of materials derived from a set of
iron triad metals. Namely, | evaluated FeCo (TAL-18-900), CoNi (TAL-31-900), FeNi
(TAL-32-900) and FeCoNi (TAL-36-900) containing materials (Fig. 9). The preparation of
multimetallic electrocatalysts was similar to that of TAL-1-900 and TAL-2-900 and we
were using MOFs obtained from equimolar amounts of the initial salts. The obtained
MOFs were carbonized at 900 °C and etched with HNOs.

STEM micrographs indicated the presence of metallic nanoparticles that are covered
by the carbon onion-like shells (Fig. 10). All the materials were porous with pore sizes of
2-4 nm (Fig. 9C, D). The XPS data had confirmed that M—Nx and pyridinic nitrogen were
the major nitrogen species in all of the samples (Fig. 9E).
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Figure 9. (A) Scheme of preparation of multimetallic electrocatalysts, (B) STEM micrograph of
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Figure 10. Elemental mapping of different materials using HAADF-STEM.
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The electrocatalysts were tested under three conditions — ORR, OER and HER in
0.1 M KOH (Fig. 11 A). The materials showed comparable activity in the ORR and HER,
and TAL-32-900 outperformed Pt/C under the ORR conditions. The higher activity may
be associated with synergistic effect of iron and nickel metals in both the ORR and
OER reactions. The lower values in the Tafel plots for ORR (Fig. 11B) indicated that the
4e” mechanism was predominant, in which oxygen is reduced to water. In the OER,
TAL-36-900 catalyst performed the best, and metal alloys that included nickel showed
better performance. In HER, there was no significant difference in the activity among the
materials.
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Figure 11. (A) Electrochemical characterization of FeCoNi electrocatalyst in ORR, OER and HER in at
1600 rpm with scan rate of 10 mV s1in 0.1 M KOH, (B) Tafel plots for ORR, OER and HER.

All the materials were less active than Pt/C in ORR and RuO; in OER when tested in
acidic media (0.5 M H2S0g; Fig. 12A). Interestingly, TAL-18-900 performed better among
other materials under all three conditions. Higher values of Tafel slopes in OER indicated
fast deterioration of materials’ performance (Fig. 12B). In HER, the overpotential values
at =10 mA cm™ were similar to that of Pt/C.
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Figure 12. (A) Electrochemical characterization of FeCoNi electrocatalyst in ORR, OER and HER in
0.5 M H,S0, (B) Tafel plot for ORR, OER and HER, respectively.

To access the stability of materials in alkaline media, more stringent cycling
conditions were employed with a wider potential window (0.2-1.2 V for ORR and 1-1.8 V
for OER) (Fig. 13). TAL-18-900 and TAL-31-900 were stable in ORR with shifts in halfway
potential of 12 and 11 mV, respectively. TAL-32-900 and TAL-36-900, however, were
more stable in OER with minor shifts in potential at 10 mA cm™ (Fig. 13B). The negative
shift in performance might be a result of loss of material from the surface of the electrode
during long-term operation. In OER, the stability of TAL-31-900 (FeNi) and TAL-36-900
(FeCoNi) could be associated with formation of nickel hydroxide as the active species,
which is protected by additional iron [105].
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Figure 13. Stability test of FeCoNi electrocatalysts in (A) ORR and (B) OER for 5000 cycles in 0.1 M KOH.
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In acidic media, stability test showed the same trend as was the case in alkaline
medium in ORR (Fig. 14A). However, all the materials were not stable in OER in 0.5 M
H2S04 (Fig. 14B).
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Figure 14. Stability test of FeCoNi electrocatalysts in (A) ORR and (B) OER after 5000 cycles in 0.5 M
H>S50,.

All the catalysts were subjected to solid-state zinc—air battery (ZAB) tests. The cycling
stability was demonstrated by using galvano charging/discharging up to 60000 s, and the
persistence of ZABs was evaluated using standard CV tests (Fig. 15). They showed that
TAL-18-900 was a better performing catalyst yielding 12 mW cm™ as power density peak,
which dropped significantly after the galvano charging/discharging performance
(Fig. 15A). A similar trend was observed for TAL-31-900 with an exception that at the
starting point of cycling the potential range was narrower (1.2-1.7 V), and the battery
failed to retain the range (Fig. 15B).

TAL-32-900 and TAL-36-900 showed promising results in the preliminary solid-state
battery tests, which have outperformed the commercial Pt-Ru/C battery in cycling
(c.f. Fig. 15C, D, and E). The electopolarization curves of power density for TAL-32-900
before and after charging/discharging cycling confirmed its durability, while TAL-36-900
exhibited rather low current and power densities. Importantly, TAL-32-900 (FeNi)
indicated excellent durability within a higher potential range (1-2 V) (Fig. 15C), whereas
Pt-Ru/C (0.4-1.6 V) failed to retain the discharging potential over longer period of time
(Fig. 15E).
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4 Development of bismuth materials for electrochemical
reduction of CO;

It is well established that the anthropogenic activities, particularly CO2 emisions, are
caused by the excessive use of fossil fuels and that they have an overall negative impact
on climate change. Within the framework of the UN Paris Agreement, it was decided to
work together to keep the rise in average temperatures below two degrees (i.e. 2 °C) [1].

In the recent past, electrochemical reduction of carbon dioxide (CO2RR) coupled
with intermittent sources of energy supply (specifically, wind and solar sources) have
emerged as a promising way to store and convert energy. By using appropriate
electrocatalysts, CO2 can be converted into higher value added products such as carbon
monoxide (CO), formic acid (HCOOH), ethylene (C2H4) and higher hydrocarbons.
However, it remains to be an outstanding challenge to produce products with high
selectivity because of the similar thermodynamic potentials and the concurrence of
hydrogen evolution reaction. These similar potentials for several products also give rise
to various reaction intermediates that go on to form multiple products. Hence, the much
sought after selective product formation will often depend on multiple variables such as
the potential applied, the electrolytes, electrochemical reactor setup, membranes and
the electrocatalysts used at hand. To date, there is a lack in high-durability protocols to
compare electrocatalyst activities in the experimental research.

The majority of studies reported to date have focused on copper-based
electrocatalysts to produce hydrocarbons [108]. In these cases, carbon monoxide
often serves as an intermediate, which binds strongly to the metal sites to afford the
overall progress to various CO2RR products. Unfortunately, CO is often an effective metal
poison and this concurrently leads to the overproduction of hydrogen. In contrast, use of
other transition metal catalysts (especially, nickel and silver) reduce CO2 conversion to
CO, however, using them the multi-carbon products are produced at lower efficiencies
[108].

In this work, we have tested our newly developed ligand in application towards the
formation of a bismuth(0)-based MNC material for selective electrochemical reduction
of CO2 to formate.
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Figure 16. Scheme of preparation of novel bismuth-metal based electrocatalysts

The preparation of bismuth-based electrocatalysts was done by carbonizing
polycrystalline bismuth metal—organic frameworks derived from 1H-benzo[d]imidazole-
5,6-diol ligand (Fig. 16), whereby carbonization at various temperatures was tested. Flash
pyrolysis was applied for two hours under inert atmosphere using dinitrogen and led to
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formation of materials with variable structural morphology and electrochemical activity.
Altogether, five samples were assessed: TAL-33-300, TAL-33-400, TAL-33-500, TAL-33-600
and TAL-33-700. The XRD data demonstrated that the most active electrocatalysts were
rich in amorphous carbon and metallic bismuth. Another interesting observation was that
upon the increase in annealing temperatures, the concentration of metallic bismuth
particles increased and, overall, had in resulted in better CO2 reduction efficiencies
(Fig. 17).
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Figure 17. TEM images of bismuth electrocatalysts (A) TAL-33-400, (B) TAL-33-500 and (C) TAL-33-600.

Electrochemical characterization was done by characterizing the products formed in
solution by performing cyclic voltammetry and chronoamperometry under CO2RR
conditions. The typical H-type cell was used with 0.45 M KHCOs and 0.5 M KCI solution
saturated with CO: as catholyte at pH of 8.4 at 25 °C. The analyte was 1 M KOH separated
by cation membrane activated in 0.1 M NaOH for 24 h. Under similar conditions,
electrolyte CVs were measured to compare electrocatalytic performances across all of
the samples (Fig. 18) in CO2 and argon-saturated solutions. The electrocatalyst loading
was kept constant at 1 mg cm™.

Out of all of the samples, only TAL-33-400, TAL-33-500 and TAL-33-600 displayed CO>
electroreduction at —1.43 V vs AgCl/Cl. This suggests that there is a narrow window of
carbonization conditions, which deliver active electrocatalysts.
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Figure 18. Cyclic voltammetry in CO, and argon-saturated electrolyte (0.5 M KHO3 and 0.5 M KCl),
(A) TAL-33-300, (B) TAL-33-400, (C) TAL-33-500, (D) TAL-33-600 and (E) TAL-33-700.

To elucidate the product selectivity and investigate catalyst stability,
chronoamperometric measurements were performed using H-type cell at =1 V vs
RHE for 1.5 h, subsequently for 4 h. The bismuth electrocatalysts carbonized at
400-600 °C exhibited higher selectivity towards formate formation. TAL-33-600 retained
high Faradaic efficiency close to 100% for 1.5 h as compared to other catalyst materials.
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After 1.5 h, TAL-33-400 efficiency started to drop off (Fig. 19). In contrary, the amount
and the nature of the bismuth(0) nanoparticles present in TAL-33-600 ensured its
continued performance.
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Figure 19. (A) Faradaic efficiency of bismuth based electrocatalysts for 1.5 h at —1.0 V vs RHE, (B)
Stability measurement at —1.0 V vs RHE for 4 h and their Faradaic efficiency.

As is evident from the obtained electrochemical results, TAL-33-600 delivered the
best activity along with the highest Faradaic efficiency and stability with just a minor loss
of 6% over the span of 4 h. On this basis of these data, we conclude that the size and the
number of Bi(0) nanoparticles formed at 600 °C is central in determining in the high
electroactivity of the underlying catalyst. This points out that the interplay of the
nitrogen-doped carbon network and the carbonization parameters are important in
establishing the catalytically active Bi(0) nanoparticles.
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Conclusions

In this PhD thesis, | have fabricated multifunctional MNC materials from polycrystalline
and amorphous metal-organic frameworks, which are based on carbon rich
benzimidazole linkers.

1. | have screened a family of catalysts based on iron and variously substituted
benzimidazoles to identify 1H-benzo[d]imidazole-5,6-diol as the best performing
and most cost-efficient ligand for iron-based materials fabrication used in ORR
and OER.

2. With three selected ligands, | showed that a similar trend is valid in the cobalt
based series in ORR, OER and HER.

3. | have developed multimetallic systems using various combinations of iron triad
metals in ORR, OER, HER. Additionally, have proved that these novel catalysts
can be applied as cathode materials in single fuel cell and zinc—air batteries.

4. |fabricated new MNC materials that contain nitrogen-doped carbon-supported
Bi(0) nanoparticles for CO2RR.
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Abstract

Fabrication of novel metal, nitrogen co-doped carbon
materials based on a unique organic ligand

The nexus of electrochemical processes is the use of heterogenous electrocatalyst
materials. They can and should be tailored with a high level of control and precision to
broaden their use.

To meet higher green energy demands, many groups are working on new building
blocks used to fabricate metal, nitrogen-doped carbon (MNC) materials by using different
metal sources, heteroatoms and carbon supports. Less expensive transitions metals
(e.g. Fe, Co, Ni) provide a good alternative to platinum group metals. Their use has the
potential to bring down the costs in manufacturing; however, for them to be applicable
at a large scale, more work needs to be done to reduce catalyst loadings. So far,
metal—organic frameworks (MOFs) used to produce MNC materials lacked novelty and
largely relied on 2-methylimidazole as the nitrogen ligand. Alternatively, one has to rely
on complexation with 1,10-phenanthroline as organic ligand. Although, upon
carbonization, these catalysts were shown to be effective in several applications, their
non-modularity had prevented finetuning the electrocatalyst materials. To address the
increased needs for energy conversion and energy storage devices, the focus should shift
to the stability of MNC materials.

In this doctoral thesis, | developed and optimized several new electrocatalyst
materials. All of them are based on a novel family of benzimidazole linkers with
1H-benzo[d]imidazole-5,6-diol identified as an alternative to 1,10-phenanthroline and
2-methylimidazole.

The novel materials were derived from polycrystalline and amorphous metal-organic
frameworks, which contained various non-platinum group metals such iron, cobalt and
nickel for various applications including (1) oxygen reduction reaction (ORR), (2) oxygen
evolution reaction (OER), (3) hydrogen evolution reaction (HER) and (4) carbon dioxide
reduction reaction (CO2RR). In addition, multimetallic systems based on iron triad metals
were screened. Using the best performing materials, | have fabricated single fuel cells
and zinc—air batteries. These studies emphasize the use of rationally designed organic
linkers in electrocatalysis and the potential of the new family of ligands in energy
conversion and storage devices.

Chapter 1 gives a short overview of MNC materials used for the electrochemical
conversions of small molecules (CO2, H20, N2, O2). Chapter 2 focuses on novel iron and
cobalt based electrocatalysts used in electrochemical reactions such as ORR, OER and
HER. In Chapter 3, | introduce and electrochemically evaluate multimetallic materials
developed on the basis of combinations of various iron triad metals (Fe, Co, Ni), which
were prepared using 1H-benzo[d]imidazole-5,6-diol as an alternative organic ligand. In
Chapter 4, the same linker used to fabricate optimized MNC materials that incorporate
Bi(0) nanoparticles for their use in electrochemical reduction of CO; to formate.
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Lihikokkuvote

Uue orgaanilise ligandi kasutuselevott metalli ja
lammastikuga rikastatud siisinikmaterjalide siinteesimiseks

Efektiivsetel elektrokeemilistel reaktsioonidel on suur roll uute rohetehnoloogia
protsesside arendamisel. Sealjuures on reaktsiooni keskmeks heterogeensed
siisinikmaterjalid, mida nimetatakse elektrokataliisaatoriteks. Ule maailma panustatakse
hetkel nende uurimisse selleks, et tuvastada ja optimeerida metalli ja lammastikuga
rikastatud stsinikmaterjale (MNC materjale), kasutades erinevaid metalle,
heteroaatomeid ja siisinikukandjaid. Ideaalis oleks odavamate ja keskkonnasdbralike
siirdemetallide (nt raud, koobalt, nikkel) kasutuselevott kuluefektiivseks lahenduseks
kasutatavatele plaatinariihma metallidele.

MNC materjalide arendamisel ja tootmisel kasutatakse laialdaselt |dhteainetena
metall-orgaanilisi vorestikke (MOFe), kuid paljudel juhtudel on neid vaja rikastada teiste
komponentidega. Selle t66 raames arendasime uut tilipi orgaanilist ligandi, mis
vGimaldab rikastada MOFe juba varastel fabritseerimisstaadiumitel. Uued
elektrokatalilisaatorid pdhinevad sisinikrikka bensimidasooli derivaatidele. Neist kdige
mitmekiilgsemaks ja efektiivsemaks osutus 1H-benso[d]imidasool-5,6-diool, mis on
osutunud vaga heaks alternatiiviks 1,10-fenantroliinile ja 2-metidlimidasoolile.

Materjale slinteesiti moodustades metall-orgaanilisi vorestikke, kusjuures ei olnud vahet
kas on tegemist poliikristalliliste vdi amorfsete materjalidega. Lisaks Uhemetallilistele
variantidele oleme ndidanud, et on vGimalik samaaegselt inkorporeerida ka mitmesuguseid
mitteplaatina rihma metalle. Ldppmaterjale testiti elektrokatallisaatoritena
mitmesugustes protsessides, sealhulgas hapniku redutseerimisreaktsioonis (ORR),
hapniku eraldumisreaktsioonis, vesiniku eraldumisreaktsioonis (HER) ja susinikdioksiidi
redutseerimisreaktsioonis (CO2RR). Optimeeritud materjale testiti ka kiituseelementides
ja tsink—0hk akudes. Antud uurimistdd nditas, et elektrienergia muundamise ja
salvestamise jaoks MNC materjalide omadusi saab tdiustada, kasutades uusi
ratsionaalselt valjaarendatud orgaanilisi ligande.

Esimeses peatikis antakse lilevaade MNC materjalidest, mida kasutatakse vaikeste
molekulide (CO2, H20, N2, 02) elektrokeemilistes muundamistes. Teine peatiikk
keskendub uudsetele raua- ja koobaltipShistele katallisaatoritele, mida rakendati
elektrokeemiliste reaktsioonide naitel (ORR, OER ja HER). Kolmandas peatiikis
tutvustatakse ja vorreldakse materjale, mida valmistati erinevate raudtriaadi metallide
ehk raua, koobalti ja nikli segudest kasutades 1H-benso[d]imidasool-5,6-diooli
orgaanilise ligandina. Neljandas peatiikis rakendatakse sama ligandi selleks, et
optimeerida MNC materjale, mis sisaldavad metallilise vismuti erisuuruses nanoosakesi
erinevates kogustes. Neid optimeeritud materjale kasutati sisinikdioksiidi
elektrokeemilisel redutseerimisel formiaadiks.
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of multiple starting materials, with examples arising from a single

ABSTRACT: Preparation of electrocatalysts often relies on the use HOKIN> Ho,cjiIN> Sos
& b [” H \> |
Hoy | voc” "} ‘ M

precursor being less common. We have surveyed a series of i =
heterobivalent scaffolds to identify an iron/benzimidazole-based
metal—organic framework as a uniform starting material. By
merging the catechol and imidazole units together, we get a direct
entry into a highly efficient bifunctional oxygen electrocatalyst,
which alleviates the need for dopants and modifying conditions. We
demonstrate that by fine-tuning the chemical nature of an organic
linker, one is able to modulate the electrochemical properties of a

single precursor-derived electrocatalyst material.

H
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etal—organic frameworks (MOFs) are a great platform
for designing and building novel materials with a foray
into applications in energy storage and conversion, e.g., water
splitting, fuel cells, and metal—air batteries." MOFs incorporate
both the metal centers and organic ligands, which serve as
essential building blocks.” Hence, having an intrinsic ability to
modify their combinations may lead to more efficient, modular
electrocatalyst materials. The oxygen reduction reaction
(ORR) electrocatalysts have been exemplary with different
MOFs having been traditionally employed as carbon-scaffolds
and nitrogen-rich sources." However, they often necessitate
using dopants to raise the overall performance of the
underlying electrocatalyst." To date, only a few MOF-derived
materials were shown to serve as highly efficient electro-
catalysts for ORR (Figure 1). Among them are iron-based
MIL-88B-NH,,” cobalt-based ZIF-67,* and bimetallic systems
based on MET-6" and hexaiminobenzene.®
In the ORR domain, the use of organic constituents for
fabrication of earth-abundant-metal-based electrocatalyst ma-
terials (M—N—C) dates back'”"" to the report of the first M—
N-C catalyst, cobalt phthalocyanine (Figure 1A)."> Since
then, a number of complementary metal complexes (e.g.,
phthalocyanines,'>™"* porphyrins,'® phenanthrolines,"*™'* and
ferrocene'”) have been examined. Recent work indicated that

v ACS Publications  © 2019 American Chemical Society
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conductive MOFs such as M;(HITP),”?° and
M,(HHTP),*>*" may also serve as potential ORR catalysts.
While such systems show low intrinsic activity, they have been
used to demonstrate that organic constituents can participate
in the electrochemical O, reduction through complementary
ligand-centric mechanisms (Figure 1B).”

Herein, we introduce a new family of carbon-rich®
benzimidazole-based MOF precursors, which are equipped
with additional functional groups to modulate their electronic
and ligating properties (Figure 1C). We assess them as ORR
and oxygen evolution reaction (OER)>® catalyst materials to
identify that monocatechol/imidazole fused hybrid 1 is the
best performing ligand for fabricating effective bifunctional
oxygen (ORR/OER, AE = 0.73 V in 0.1 M KOH)
electrocatalyst from an iron MOF-derived single-component
precursor.

We envisaged building an Fe—N—C catalyst from a single
MOF precursor by using designer ligands. While one would
typically rely on multidirectional, symmetric structures based
on porphyrins, phthalocyanines, and hexasubstituted tripheny-
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electrocatalysts.

lenes, we wished to focus on constructing several related but
unique heterobivalent scaffolds. This would have given us
means to see whether and how different organic ligands could
affect the morphology and catalytic performance of the final
electrocatalyst materials. To test this hypothesis, we prepared
three MOFs as insoluble, polycrystalline powders TAL-1, TAL-
6, and TAL-7 from iron chloride and $,6-disubstituted 1H-
benzo[d]imidazoles (1, R = OH; 2, R = COOH; 3, R =
OCH;) as ligands (Figure 2A). For TAL-1, we have tested
various ratios of metal to linker (2:1, 1:1, 1:2); however, they
did not significantly alter the chemical composition of the
material obtained (Table SS5). TAL materials were then
subjected to carbonization at T = 900 °C and acid leaching
to give three electrocatalysts termed TAL-1-900, TAL-6-900,
and TAL-7-900, respectively.

The structure and morphology of prepared electrocatalysts
were examined by powder X-ray diffraction (PXRD), X-ray
photoelectron spectroscopy (XPS), and high-resolution
scanning and transmission electron microscopy (HRSEM
and HRTEM) (Figure 2 and SI). The HRTEM images of
TAL-1-900 and TAL-7-900 show dense a-Fe/Fe;C@C
nanocrystals, which are embedded into the structured, onion-
like shells of carbon (Figure 2B). The characteristic layer

153

distance of the iron/iron carbide particles was 0.203 nm, and
the spacing of the carbon shells was 0.371 nm; they remain
constant after acid leaching.”*™>” The presence of a-Fe in the
Fe;C@C nanocrystals in TAL-1-900 and TAL-7-900 was
confirmed by PXRD (Figure 2C). TAL-6-900 material,
however, incorporated iron oxide nanoparticles with a
characteristic interplanar spacing of 0.29 nm corresponding
to d(220) of Fe;0,** The XPS survey spectra show the
presence of carbon, oxygen, nitrogen, and iron on the surface
of the catalyst materials (Figure 2D, Figure S1, and Table S2).
The deconvolved N 1s region shows the presence of graphitic
N (nitrogen), pyrrolic N, Fe—N,, and pyridinic N species,
which are all required for the high ORR/OER activity.>'"**
The iron content at the surface of the materials was low (<0.41
at. %). This is consistent with a low total content of iron in the
materials as measured by microwave plasma atomic emission
spectroscopy (MP-AES) (Table S1, <3.6 wt %).

With the optimized materials in hand, we evaluated the
electrochemical behavior of TAL-1-900, TAL-6-900, and TAL-
7-900 using cyclic voltammetry (CV) in argon-saturated 0.1 M
KOH solution at room temperature (Figure 3A). We
compared electrochemical performance (catalyst loading 800
ug cm™% loading dependences are shown in Figure S6c)
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against the state-of-the-art commercial 20 wt % Pt/C catalyst
(E-TEK; loading 20 pgp, cm™).

The TAL electrocatalysts exhibited a symmetrical and
rectangular CV profile without any characteristic redox
features. The double-layer capacitance was larger than that of
Pt/C, indicating that TAL-derived materials have a high
electrochemically accessible surface area. The porosity of
prepared catalysts was examined with the Brunauer—Emmett—
Teller (BET) multipoint theory (Table S4). TAL-1-900 has
slightly larger surface area, while the pore size distribution
indicates that all the materials are mesoporous (Figure S3).

The rotating disk electrode (RDE) technique was employed
to study the ORR kinetics of TAL-modified glassy carbon
(GC) electrodes in O,-saturated 0.1 M KOH (Figure 3B).
TAL-1-900 (R = OH) performed on par with 20 wt % Pt/C
catalyst (E,, = 1.01 V, E;;, =087 Vvs E,, = 1.0l V, E,, =
0.85 V). While TAL-6-900 was less active than TAL-1-900,
electrocatalyst TAL-7-900 showed good performance, albeit
with a slight offset in the onset potential (E,,). Notably, when
1 and iron(Il) chloride were premixed in DMF for 2 h,
concentrated, and subjected to carbonization, the afforded
material was not effective in the ORR tests (data not shown).
Hence, the formation of corresponding MOFs is a prerequisite
for fabrication of an active electrocatalyst. The effect of various
catalyst loadings was explored. RDE measurements confirmed
that increasing the catalyst loading from 0.1 to 0.8 mg cm™>
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significantly improved the ORR activity (Figure S4c): higher
current densities and more positive half-wave potentials. For
loadings <0.4 mg cm™?, the calculated electron count (1) was
<4.

Koutecky—Levich (K—L) plots (Figure 3C) were con-
structed from the RDE data (Figure 3D) and showed good
linearity and parallelism for TAL-1-900. This behavior is
typical for the first-order reaction kinetics with respect to the
concentration of dissolved dioxygen. The number of electrons
transferred per O, molecule (1) was calculated from the RDE
data using the K—L equation. All TAL-derived electrocatalysts
follow the desired four-electron transfer pathway (n = 4; the
insets in Figure 3C and Figure S11), indicating that oxygen is
reduced fully to water. Kinetic current densities were
calculated using the K—L equation at 0.9 V and compared.
TAL-1-900 exhibited the j, value similar to that of Pt/C (2.0 vs
1.9 mA cm™).

In the kinetically controlled region of the ORR, the Tafel
plots of TAL-1-900 overlapped with those of Pt/C, with two
distinct regions present at different potential ranges (Figure
3E). TAL-1-900 catalyst had similar dual Tafel slopes in the
low and high overpotential regions as Pt/C (=56 and —130
mV dec™! vs —61 and —117 mV dec™"). The Tafel slope value
of =56 mV dec™ for TAL-1-900 indicates that the rate-
determining step in the ORR is the formation of adsorbed
intermediates (OOH).
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Figure 3. Electrochemical oxygen reduction on TAL materials in 0.1
M KOH. (A) Cyclic voltammograms of electrocatalyst-modified GC
electrodes (under argon); v = 50 mV s™'. (B) RDE polarization
curves for TAL and Pt/C-modified GC electrodes at 1900 rpm; v =
10 mV s™". (C) Koutecky—Levich plots for O, reduction on TAL-1-
900 modified GC electrode. Inset: number of electrons transferred per
O, molecule. (D) RDE polarization data on oxygen reduction
recorded at various rotation rates on TAL-1-900 modified GC
electrode; v = 10 mV s™*. (E) Tafel plots for O, reduction on TAL
and Pt/C catalysts. (F) Electrochemical stability test for TAL-1-900
(mid-range: 0.6—1.0 V).

After continuous cycling from 0.6 to 1.0 V vs RHE,
electrocatalytic activity of TAL-1-900 remained at the same
level without any change in the onset potential (Figure 3F).
However, only a slight decrease in diffusion-limited current
density was observed indicating that its porosity remains
largely unaffected.

As TAL-1-900 showed excellent electrocatalytic behavior in
the ORR tests, we wished to see how it performs in the oxygen
evolution reaction (Figure 4). The materials with high
bifunctional activity are used in metal—air batteries;** however,
the active sites responsible for OER’s high activity are different
from the sites required for ORR.">'"">* To assess the overall
oxygen electrode activity (AE) of TAL electrocatalysts, the
potential differences of OER at a current density of 10 mA
cm™? and of ORR at a current density of —3 mA cm™ were
calculated at electrode rotation rate of 1600 rpm. The
bifunctional ORR/OER activity of TAL-1-900 (AE = 0.73
V; Ejp = 1.60 V @10 mA cm™>) is among the best reported to
date (Table S7), while TAL-6-900 and TAL-7-900 were less
active (AE = 0.83 and 0.78 V, respectively).

TAL-1-900 has a Tafel slope of 84 mV dec™ (Figure 4B),
which is considerably smaller than those of TAL-6-900 (95 mV
dec™), TAL-7-900 (112 mV dec™"), RuO, (116 mV dec™!),
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Figure 4. Electrochemical oxygen evolution on TAL materials in 0.1
M KOH. (A) LSV curves for TAL-modified GC electrodes, v = 10
mV s™". (B) Tafel plots based on LSV curves. (C) Chronoampero-
metric response for TAL-1-900 and Pt/C recorded at applied
potential of 1.6 V. (D) Electrochemical stability of TAL-1-900 after
5000 cycles.

and Pt/C (112 mV dec™"), indicating faster OER kinetics. The
durability of the TAL-1-900 catalyst was evaluated by a
chronoamperometry test at an applied potential of 1.6 V
(Figure 4C). The current density of the TAL-1-900 catalyst
shows a slight increase during the testing time, demonstrating
that the catalyst exhibits excellent durability toward OER.
Electrocatalytic OER behavior also remained unchanged after
continuous cycling of the TAL-1-900 electrode 5000 times in
the potential range between 1.0 and 1.8 V vs RHE (Figure
4D).

The overall relationship TAL-1-900 > TAL-7-900 >> TAL-6-
900 indicates that electron-rich precursors may boost the
ORR/OER catalyst’s activity. Our observation, however, may
have several alternative explanations. These include rendering
the activity of Fe—N, sites and pyridinic, pyrrolic, and graphitic
nitrogen;~ " initiation of the ligand-centered 2¢ X 2¢ pathway
similar to the one proposed for HITP and HHTP ligands
(Figure 1B);”*%*" creation of catalytically active M—O,* or
mixed Fe—N,O, sites; the control of pore sizes and other
structural aspects of the carbonized molecular meshwork.
Notably, in the case of TAL-6-900, we observed formation of
Fe;0, but not Fe/Fe;C nanocrystals. While the M—N,, species
are known to reduce dioxygen in the ORR via a direct
reduction of oxygen to hydroxide (a 4¢ process), the less active
metal-based particles (e.g, Fe/Fe;C,>*™>" Fe,N*°) do it in a
stepwise 2¢ X 2¢ manner (first, forming the peroxides and then
decomposing them to water).'”""**** This observation also
suggests that the organic linker itself may modulate not only
the rate of formation of nanocrystals embedded into carbon
support but also their composition.

Interestingly, we observed an improvement in the TAL-1-
900 vs TAL-7-900 performance. This may be attributed to the
catechol unit itself because the iron—catechol complexation is
sufficiently strong,”” and several polycatechol-based covalent®
and metal—organic frameworks were previously reported.'”*
Hence, employing catechol precursors may lead to increased
conductivity of the final material and/or additional (electro)-
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chemical contributions (e.g., enhanced carbonization or ligand-
centered 2e X 2e processes).

In summary, we have surveyed a series of carbon-rich, fused
hybrid-type organic linkers to construct iron-based MOFs,
which serve as direct precursors for efficient bifunctional
electrocatalyst materials. This single simple-precursor strategy
relied on carbonization of benzimidazole derivatives under a
nonmodifying (N,) atmosphere. The active Fe—N-C
materials contained Fe—N, sites, pyridinic nitrogen, and Fe/
Fe;C nanocrystals, except for TAL-6-900, which contained
Fe;O, and was much less active. Our results confirm that there
is a link between the electronic and ligating properties of the
initial organic ligands and the electrocatalytic properties of the
final electrocatalyst materials. Translating this into practice will
require further exploration of structure—activity relationships
of chemically decorated carbon-rich precursors.
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Sustainable technologies rely on the development of universal catalyst materials. While a lot of the
attention has been given to improving the performance of one single catalyst material for one specific
application, there is still a need to find ways to develop catalysts that can simultaneously be utilized for
several chemo- and electrocatalytic processes. In this work, we have surveyed a series of novel, cobalt-
based catalyst materials derived from an amorphous MOF in an array of diverged applications.
Specifically, we have focused on organic transformations such as oxidative of alkylarenes and benzylic
homocoupling reactions as well as several electrocatalytic processes, which directly relate to energy
conversion and storage devices, such as oxygen reduction (ORR), oxygen evolution (OER) and hydrogen
evolution (HER) reactions. We have observed that only one material, TAL-2-900, delivered the optimal
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1. Introduction

The notion of M-N-C catalysts, where M is typically Fe, Co, Mn or
Ni, is often reserved for the catalysts developed for applications in
energy conversion and storage devices.® However, recent reports
have also emphasized the potential of this type of materials in
facilitating heterogeneous organic transformations.*

There is an accountable divergence in the ways that the
M-N-C materials are prepared, and they depend on the ultimate
application prerogative."> When used in the electrochemical
settings, the underlying materials are typically acid-etched to
make sure that the additional influence of related nanoparticles
(metal and/or that of metal oxides, carbides, nitrides, sulfides
and phosphides) deposited directly at the surface of the catalyst
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solution. The stability and recyclability of this unique multifunctional material has been examined.

is eliminated. In heterogeneous catalysis applications, however,
the contribution of these species to the overall chemical reactivity -
while being well acknowledged and often relied upon - is not
readily distinguished from the instances of single-atom
catalysis®® and the role that nanocrystals protected by graphitic
carbon layers might play.

Metal-organic frameworks (MOFs) are one of the most
attractive building blocks for the formation of active M-N-C
materials.'> Whereas only a handful of crystalline MOFs can
directly be used as electrocatalysts,"*** a vast majority of MOFs
still require an additional carbonization step to allow for
increased stability and conductivity as well as to introduce a
variety of catalytically active species (M-N,).'* During this
process, additional doping with heteroatoms and metals”® or
the use of alternative supports'®'” is often advantageous.

While crystalline MOFs are widely used for carbonization,”™
their innate crystallinity may not always be a critical factor to
achieve high catalytic activities (aside from contributing to the
topology). All the catalyst materials reported to date are based
on monometallic (e.g. MIL-101, ZIF-67, MOF-74-Zn, Prussian
blue analogues)'" and mixed ligand/mixed metal (e.g. the MIL-
101/ZIF-67 composite'® and ZnCo-MOFs'®) MOFs are highly
crystalline. During the pyrolysis, however, MOFs undergo
drastic molecular rearrangements; hence, amorphous MOFs
can be used as the precursors.’”*! To this end, we recently
assessed iron-based catalysts derived from polycrystalline

Mater. Adv., 2021, 2, 4009-4015 | 4009
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metal-organic framework precursors (TAL-1-900, TAL-6-900,
TAL-7-900),>**® which were based on carbon-rich®* organic
linkers. Even the slightest variations around the benzimidazole
core have led to alterations in the performance of the materials
as bifunctional oxygen electrocatalysts** and in heterogeneous
catalysis.”

Herein, we report a unique amorphous cobalt-based MOF-derived
multifunctional material, which acts as an efficient trifunctional
electrocatalyst®?® and as a robust heterogeneous catalyst.

2. Results and discussion
2.1 Morphological and physical characterizations

We prepared a series of catalysts from an amorphous metal-
organic framework precursor TAL-2 by carbonizing it at different
temperatures (Fig. 1). Importantly, we have treated these
carbonized materials with 0.5 M HNOj; to remove the traces of
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cobalt(0) and cobalt oxides from the surface of the materials.
Regardless of this treatment, the final porous M-N-C materials
still contained cobalt(0) nanoparticles, which were protected by
the graphitic layers as is evident from the high resolution
transmission electron microscopy (HRTEM; Fig. 1B-D and
Fig. S1, S2, ESI) micrographs. Increasing the temperature of
carbonization did not lead to a substantial change in the N,
adsorption/desorption isotherms or the distribution of pore
sizes, which effectively remained in the 3-4 nm range (Fig. 1E
and F). However, as is seen in the powder X-ray diffraction
(PXRD; Fig. 1G) patterns and the microwave plasma-atomic
emission spectroscopy (MP-AES; Table S1, ESIT) datasets, the
graphitic carbon and cobalt(0) content was significantly higher
in the samples that have been treated at 900 and 1000 °C. The
X-ray photoelectron spectroscopy (XPS) data indicated that
carbonization at higher temperatures both lowered the nitrogen
content and altered the distribution of nitrogen species at the
surface (Fig. S3 and Tables S1-S5, ESIY).
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(A) Preparation of TAL-2 derived catalysts materials. HRTEM micrographs of (B) TAL-2-800, (C) TAL-2-900 and (D) TAL-2-1000 catalysts. Physical

characterization of the materials by (E) N, uptake, and (F) pore size distribution and (G) PXRD patterns.
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2.2 Oxidative organic transformations

The de novo Co-N-C catalysts were screened against oxidative
transformations with tert-butyl peroxide (TBHP) as terminal
oxidant at a considerably low catalyst loadings, namely, that of
5 mg mmol . While TBHP-driven oxidations of arylmethanes
have been reported to be catalyzed by Fe-N-C materials
effectively,”>*”° the cobalt corresponding Co-N-C catalysts
were not.*® Typically, Co-N-C catalysts are used for reduction
reactions (nitroarenes,**> N-heterocycles,® and hydrocarbons®*),
reductive aminations® and alkylations,®**” while the oxidative
esterification of benzyl alcohols were done under dioxygen.**™*°
Overall, the cobalt materials outperformed the three pre-
viously reported related Fe-N-C systems (TAL-1-900, TAL-6-900,
TAL-7-900),>*** and importantly, they sustained their activity
over a larger number of cycles (Fig. 2A and B; Tables S6 and S7,
ESIt). TAL-2-900 and TAL-2-1000 were more active because they
contained metallic Co nanoparticles, which were protected by
graphitic carbon layers, as confirmed by PXRD and HRTEM.
Interestingly, TAL-2-900 was a more robust catalyst for
converting toluene to benzoic acid, while TAL-2-1000 was better
at oxidizing diphenylmethane to benzophenone. This indicates
that small differences in the active sites (e.g. the total content of
pyridinic nitrogen) at the surface of the catalyst play an
important role in catalyst stability. A further set of substrates

A 5 mg/mmol cat
PhCH; — >
6 eq TBHP
80°C,16 h

PhCOOH

——TAL-1-900 -=-TAL-6-900 —+TAL-7-900
TAL-2-800 —+TAL-2-900 —*-TAL-2-1000
50

40

30

20

conversion, %

10

cycle

without acetic acid from para-xylene

View Article Online
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was subjected to oxidation (Fig. 2C). Addition of acetic acid
slightly improved the yields in the cases where polymethylated
arenes were converted to the corresponding carboxylic acids.

2.3 Benzylic homocoupling

Knowing that radical pathways were involved in oxidative
transformation reactions, has encouraged us to extend the
use of TAL-2-900 as a heterogeneous catalyst for carbon-carbon
bond forming reactions via activation at the benzylic positions.
While M-N-C materials are widely explored in oxidative and
reductive processes,”™® there is only a handful of examples of
their use in other organic transformations. For instance, Zhang
et al. developed an oxidative coupling between primary and
secondary alcohols.** This reaction was shown to proceed via
formation of intermediary aldehydes and ketones, respectively,
which undergo aldol condensation. A reductive C-H alkylation
of quinolines by aldehydes using cobalt-based catalysts was
also demonstrated.***?

We were interested to see whether the M-N-C catalysts
could be compatible with organometallic reagents; hence, we
explored C(sp*)-C(sp?) homocoupling reaction of benzyl
bromides in the presence of a Grignard reagent. This reaction
traditionally ~requires stoichiometric metallic lithium,**
magnesium,” copper®® or nickel."” Recently, a rhodium-catalyzed

B 5 mg/mmol cat

PhCH,Ph —— 3 PhCOPh

6 eq TBHP
80°C,16 h

——TAL-1-900 -=-TAL-6-900 —+TAL-7-900
TAL-2-800 —TAL-2-900 —e-TAL-2-1000

-

(=3

o
d

conversion, %
N B [=2] (=
o o o o

o

1 2 3 4 5 6

cycle

from meta-xylene from mesitylene

with acetic acid

[e] COOH
COOH COOH COOH
©/ + + +*
COOH COOH COOH COOH COOH COOH
93% from BnOH? 42% + 3%? 32% + 18%? 16% + 37%?
81% from BnCOOH®  84% from PhEt? 47% + 8% 45% + 24%"° 20% + 47%°
Gl i itie (1.0 equiv), TBHP (6 equiv per CH; group), TAL-2-900 (5 mg/mmol), neat, 80 °C, 24 h. ® Additional AcOH (1 equiv per CH; group)

Fig. 2 Use of TAL-derived catalysts in oxidative transformations. (A) Catalyst recyclability during oxidation of toluene into benzoic acid. (B) Catalyst
recyclability during oxidation of diphenylmethane into benzophenone (conversion were determined by NMR using 1,3,5-trimethoxybenzene as internal
standard). (C) Substrate scope for TAL-2-900-catalyzed oxidations (isolated yields).
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Scheme 1 TAL-2-900 catalyzed C(sp®)—C(sp®) homocoupling reactions®.

version employing dimethylzinc was demonstrated,*® and sev-
eral photocatalyzed conditions were developed.*>*” Gratifyingly,
we observed the desired homocoupling products with cobalt
based catalyst TAL-2-900 but not the iron version (TAL-1-900)
(Scheme 1). The reactions were carried out using methylmagne-
sium bromide at ambient temperature to give corresponding
bibenzyls in good to excellent yields, while aryliodides and
bromides were also well tolerated. After standard aqueous
workup, the spent catalyst had a significantly reduced activity.
Specifically, on the next cycle, the isolated yield of homocoupled
product has dropped from 93% to 38%. Alternatively, the THF
solution containing the product was removed by syringe
under anhydrous conditions and the reaction vessel was
recharged with THF, benzyl bromide and MeMgBr. This mod-
ification gave the desired product with an improved yield on the
second run (93%).

2.4 Electrocatalytic transformations

After having identified the most promising catalyst for the
organic transformations, we wished to screen the TAL-2 catalyst
series as trifunctional electrocatalyst materials across oxygen
reduction (ORR), oxygen evolution (OER) and hydrogen evolution
(HER) reactions (Fig. 3). Potentially, these datasets should give
insights into whether there is a link between the performance of
the individual catalysts across electrocatalytic and chemocatalytic
interconversions.”"*> Out of the three catalysts, TAL-2-900, once
again, showed a superior activity profiles in all of the electro-
catalytic reactions.

To learn the effect of different carbonization temperatures
on electrocatalytic ORR performance, TAL-2 based catalysts
were tested by rotating disc electrode (RDE) and rotating ring-
disc electrode (RRDE) techniques in 0.1 M KOH electrolyte.
Oxygen reduction polarization curves (Fig. 3A) confirmed that
TAL-2 based catalyst carbonized at 900 °C had the highest ORR
electrocatalytic activity with an onset potential (E,,) of 1.00 V, a
half-wave potential (E,;,) of 0.85 V and a diffusion-limiting
current density of —5.78 mA em ™ The kinetic parameters of
TAL-2-900 were on par with the ones obtained for commercial
Pt/C catalyst (Eon = 1.01 V; Ey ), = 0.86; jg = —6.16 mA cm ™) and
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other promising non-noble metal ORR catalysts (Table S9,
ESIT). Despite the fact that BET surface area of TAL-2-900
(421 m* g ') is lower than that obtained for TAL-2-800
(589 m* g~ ") (Table S11, ESIY), the superior ORR performance
of TAL-2-900 indicates higher density of electrochemically
accessible active sites for ORR.

To shed light on the enhancement of the ORR activity,
electrochemically active surface area (ECSA) of TAL-2 derived
catalysts was estimated by collecting the electrochemical
double-layer capacitance (Cq;) from CV curves (Table S10, ESIT).
The ECSA values have decreased for the samples that were
obtained by increasing the carbonization temperatures. Hence,
the superior electrocatalytic activity of the TAL-2-900 sample
may be explained by a higher amount of ORR active sites,
specifically in the form of cobalt(0) nanoparticles.

The Koutecky-Levich (K-L) plots were constructed using
data derived from RDE (Fig. S4, ESIt) and the calculated
number of electrons transferred per oxygen molecule n was in
all the cases approximately four. RRDE studies confirmed that
oxygen reduction proceeds via a two-step 2 x 2 H,0, mechanism
(Fig. S5B and C, ESIY). The Tafel plot analysis demonstrated
that the TAL-2-900 material had the highest slope value
(~76 mV decade™ ') against all the other samples that were
surveyed in this study (Fig. 3B). Similarly to Pt/C, this means
that the rate determining step for ORR is the first electron
transfer step, whereby O (aqs) is reduced to O,(ags) - A continuous
potential cycling in the range between 0.6 and 1.0 V was used to
assess the long-term stability of TAL-2-900, with E; , shifting only
by 20 mV after 5,000 cycles (Fig. 3C). The RDE studies have
confirmed that TAL-2-900 was a highly stable active ORR electro-
catalyst in 0.1 M KOH.

The electrocatalytic activity towards ORR of the TAL-2-900
material has also been tested under acidic conditions (0.5 M
H,S0,; Fig. S7, ESIT). As in the case of alkaline media, TAL-2-
900 has shown higher onset and half-wave potentials (0.82 V
and 0.73 V vs. RHE) than those for TAL-2-800 and TAL-2-1000.
Notably, TAL-2-900 remained stable after 5000 cycles with E;,
having decreased only by 20 mV (Fig. S7D, ESIf).

The OER performance of the TAL-2 derived catalysts was
assessed and iR-corrected OER polarization curves are shown in
Fig. 3D. The benchmark current density of 10 mA cm > was
achieved at 1.60 V for TAL-2-900 material, which is superior to
that of ruthenium oxide (1.69 V). The Tafel slopes obtained for
the OER electrocatalytic activity among the series, confirm that
TAL-2-900 functions similarly to the RuO, systems. Under the
long-term OER operation, this catalyst material is stable
(Fig. 3F). The overall oxygen bifunctional electroactivity (AE)
value for TAL-2-900 is 0.75 V, which makes it much lower than
the rest of the M-N-C samples, whilst haven been screened at
the similar loadings (Table S10, ESIY).

The electrocatalytic HER activity of the best performing
catalyst was compared with the commercial Pt/C in 1 M KOH
(Fig. 3G and H) at the current density of —10 mA cm 2. Under
these conditions, the overpotential with TAL-2-900 as a catalyst
was achieved at —264 mV vs. RHE with a low Tafel slope value of
115 mV dec '. The HER overpotential values 5 for TAL-2-800

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical characterization of TAL-2 derived catalyst materials. (A) ORR polarization curves for TAL and Pt/C-modified GC electrodes at
1600 rpm; v = 10 mV st (B) Tafel plots for ORR on TAL and Pt/C catalysts. (C) Electrochemical ORR stability test for TAL-2-900 (mid-range: 0.6-1.0 V).
(D) OER polarization curves (under argon); » = 10 mV s . (E) OER Tafel plots. (F) OER chronoamperometric stability of TAL-2-900 and RuO, in 0.1 M KOH
over 10 000 seconds (1.6 V). (G) HER polarization curves for TAL and Pt/C electrocatalysts in 1 M KOH; v = 10 mV s~*. (H) HER Tafel plots for TAL and Pt/C
electrocatalysts in 1 M KOH. (I) HER polarization curves for TAL and Pt/C electrocatalysts in 0.5 M H,SO,; » = 10 mV s ™. (J) Alkaline single fuel cell test of
TAL-2-900 and Pt/C. (K) Zinc—air battery testing with TAL-2-900, shows the voltage produced by two batteries, LED light using the same batteries, and

(L) galvanostatic cycling of one battery for 8 h.

and TAL-2-1000 were 417 and 411 mV, respectively, indicating
that the carbonization step at 900 °C was the optimal path to
improve the electroactivity toward HER. In acidic media, the
overpotential () was the smallest for TAL-2-900, while its
overpotential was comparable to the values obtained for other
Pt-free HER catalysts (Fig. 31 and Table S9, ESIt).

© 2021 The Author(s). Published by the Royal Society of Chemistry

Finally, the performance of TAL-2-900 as catalyst material
was evaluated in alkaline electrolyte membrane fuel cell
and zinc-air battery. Alkaline membrane fuel cell test yielded
current density up to 1100 mA cm > (Fig. 3]). Loading of
the catalyst was kept at 2 mg cm™ > on GDL membrane modified
with direct suspension pipetting. HMT-PMBI (hydroxide
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conducting membrane) was used as polymer electrolyte in both
tests for Pt/C and TAL-2-900. Under similar conditions, TAL-2-
900 showed 20% better activity than Pt/C. The value of power
density for TAL-2-900 is >400 mW cm ™ leaving behind Pt/C
350 mW cm 2. Similar results were recently reported using the
same anion exchange membrane and an alternative Co-N-C
material as a cathode catalyst.”® Durability tests of poly(vinyl
alcohol)-based solid-state zinc-air battery assembled using
TAL-2-900 as an electrode material were performed by cycling
at constant current density of 5.0 mA cm > (Fig. 3K). As
expected from the ORR/OER data, TAL-2-900 catalyst-driven
Zn-air battery delivered long cycle life over 8 h (Fig. 3L).

3. Conclusions

In conclusion, we have introduced a new materials preparation
strategy by involving amorphous not crystalline MOFs, which
were obtained from dihydroxybenzimidazole as a carbonaceous
linker. Upon carbonization, it delivered a unique Co-N-C
material, which simultaneously served as a heterogeneous
catalyst for several organic transformations (incl. oxidation
and homocoupling reactions) as well as an electrocatalyst
material for ORR, OER and HER processes. This is the first
example of an M-N-C catalyst being used for C(sp*)-C(sp?)
carbon-carbon bond formation, and it was carried out in the
presence of an organometallic reagent.
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ARTICLE INFO ABSTRACT

Keywords: Electrochemical reduction of carbon dioxide (CO3) into green fuels and valuable chemicals is an up-and-coming
CO; electroreduction method of CO; valorization. Formate/formic acid is one the most desirable product among the many other
Bismuth . possible chemicals that can be generated from CO,. Herein, we report on a simple and tunable method to prepare
;/f)ertmeﬂ;ergamc framework Bi-based electrocatalyst. An affordable metal-organic framework (MOF) precursor TAL-33 has been utilized upon

carbonization. This MOF was fabricated from a novel modular carbon-rich ligand 1H-benzo[d]imidazole-5,6-diol
and bismuth chloride. Cyclic voltammetry and chronoamperometric measurements were performed to investi-
gate the electrocatalytic activity and selectivity towards the formate. The most promising samples have shown
high Faradaic efficiency and stability. The in-depth physical characterization of catalyst structure (XPS, XRD,
SEM, and TEM) was performed to investigate the structure-activity relationships. Theoretical studies have been
performed to confirm that the enhanced CO; electroreduction to formate is linked to the presence of metallic
bismuth sites.

Formic acid

1. Introduction production and storage devices, which can be used in hydrogen fuel cells

[7,8]. The first catalysts used to reduce CO2 to formic acid were

Over the past century, human industrial development has led to the
production of carbon dioxide (CO3) at a higher rate than its consump-
tion. The resulting rise in the concentration of CO; in the atmosphere is
one of the primary drivers of global warming [1]. One of the more
sustainable ways to solve this issue is through electrochemical reduction
of CO, [2-4]. There are various products, which can be produced by CO,
reduction, including methane, ethanol, methanol, and other high value
products. One of the most reliable compounds is formic acid (HCOOH)
or formate (HCOO ™) depending on pH value [5,6]. The formic acid/-
formate market is expected to grow to one megaton per year by 2030
[6]. Formic acid and formate have various uses in medical, agricultural,
and textile industries. Formic acid can also be used for energy
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rhodium-based catalysts, which exhibited a Faradaic efficiency (FE) of
ca. 80% [9]. More recently, catalytic materials based on ruthenium have
been implemented with the resultant FE values up to 95%, and the
iridium-based materials exhibited FE values up to 97% [10]. Metals such
as In, Pb, Hg, Sn and Bi are often reported to catalyze CO2RR to formate
with high selectivity, '! among them tin and tin oxides are the most
commonly used metals for electrocatalytic conversion of CO3 to formic
acid [11-13]. Typically, the combination of additional metal and/or
nitrogen-doped carbon materials enhances the electrocatalytic perfor-
mance of CO2RR electrodes due to the increased conductivity and
electrochemical accessibility of the surface area [14]. Often,
bismuth-based composites exhibit highest selectivity, and good activity,
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towards formate/formic acid [15,16]. In comparison, bismuth shows
inferior activity for hydrogen evolution reaction (HER), meaning that
the HER reaction does not interfere with CO, reduction reaction [17,
18].

Bismuth has recently gained popularity as a promising nontoxic
electrocatalytic material for the production of formate/formic acid via
the electroreduction of CO5 [7,19]. In recent studies, several
bismuth-based electrode configurations were implemented for the
electrochemical conversion of CO,. The examples include bismuth(0)
particles synthesized on copper and titanium substrates [20], bismuth
particles deposited onto the copper surface [21], oxide-derived bismuth
films [22], carbon-supported bismuth nanoparticles [23], and bismuth
nanosheets [24]. Zhong et al. [25] used nanostructured bismuth
dendrite electrocatalysts, which were grown on a carbon paper and
showed good performance in CO, reduction to formic acid with a
Faradaic efficiency of 96.4% and a current density of 15.2 mA em 2 at
1.8 V. In another study by Zhong et al. [24], BiOCl nanosheets were used
in the electrochemical reduction of CO5 into formic acid with FE of 92%
and a current density of 3.7 mA mg~! at — 1.5 V. Due to their promising
results, attention has focused on the electrochemical valorization of CO2
to formate using a bismuth-based catalyst. However, further studies are
needed to optimize the mass-transfer between the reactants and to
explore sustainable ways of applying Bi-based electrocatalysts at the
large scale.

Metal-organic frameworks (MOFs)-derived metal/carbon hybrids
have demonstrated promising potential in electrochemical reactions
because they might have intrinsic conductivity and activities [26-30].
Because of their high porosity and their large specific surface area,
which are both highly beneficial for charge transfer, MOF-derived ma-
terials can be utilized as carbon-rich catalyst materials for the electro-
chemical reduction of CO, [31-33]. Often, the MOF precursors are
combined with additional carbon and nitrogen sources to generate
optimal amounts of the desired electroactive sites [34-37]. For instance,
Zhang et al. applied in-situ electrochemical transformation strategy to
prepare the bismuth nanosheet arrays from the bismuth-based metal
organic framework CAU-17 (Big(CoH306)9(H20)9) supported on carbon
cloth [34]. Hwang et al. combined Cu-based MOFs (Cu—benzene-1,3,
5-tricarboxylic acid) along with graphene oxide sheets to yield an effi-
cient Cu-MOF/GO material with FE of 58% in 0.1 M tetrabutylammo-
nium bromide /dimethylformamide [35]. Zhang et al. utilized bismuth
single-site catalysts by thermal decomposition of Bi-MOF with dicyan-
diamide. Obtained Bi-Ny sites on porous carbon networks promoted COy
electroreduction to CO with high turnover frequencies [36].

Herein, we report on the use of novel TAL-33 MOF as a single pre-
cursor for Bi-based catalyst material, which has excellent activity and
selectivity towards formate production. The Bi-based electrocatalyst
materials were synthesized from novel TAL-33 MOF precursor, and post-
synthetic treatments of catalyst powders were optimized. Subsequently,
electrochemical and morphological studies of the samples were con-
ducted to compare the TAL-33-based catalytic materials carbonized at
different temperatures. The catalytic mechanism was studied by
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comparing the morphological, structural, and electrochemical results.
Observed selectivity of prepared Bi-based electrocatalysts was ratio-
nalized using DFT calculations.

2. Experimental part
2.1. Synthesis. Carbonization

TAL-33 MOF material was synthesized using 1 H-benzo[d]imidazole-
5,6-diol linker and Bi-metal precursor (BiCls) (Fig. 1). Synthesis of 1 H-
benzo[d]imidazole-5,6-diol was performed using an earlier published
procedure [38]. BiCls (3.15 g, 9.99 mmol, 1.0 equiv) was slowly added
into a mixture of 1 H-benzo[d]imidazole-5,6-diol (3.00 g, 19.98 mmol,
2.0 equiv) in 25% aq. NHs/DMF/EtOH/water (4:10:10:15), the resulting
solution was left to stir at room temperature. After 24 h, suspension was
filtered, washed with EtOH, and dried to give the desired material (4.98
).

Bi-based materials were prepared by carbonizing the TAL-33 MOF at
different temperatures (300 —700 °C) in a tube furnace, leading to five
samples: TAL-33-300, TAL-33-400, TAL-33-500, TAL-33-600, and TAL-
33-700. Carbonization of the material was done by applying a rapid
heating process in a N atmosphere. The material was placed into a
ceramic boat, which was moved into the furnace tube after the specified
temperature was reached. The temperature was kept constant for 2 h.
After the heating, the heater was turned off and the material was left to
cool down at room temperature.

2.2. Morphology studies

Powder X-ray diffraction (PXRD) measurements were performed on
a Bruker D8 Advance instrument. The ICDD PDF-4 + database (2020)
was used for qualitative analysis. Bruker Topas 6 software was used for
the full profile analysis. The surface morphology of the material was
examined using scanning electron microscopy (SEM) with FEI HR-SEM
NanoSem 450. SEM samples were prepared by dissolving the powder
material in isopropyl alcohol and then drop-coating a catalyst suspen-
sion onto polished GC plates. SEM data was acquired at 10 kV acceler-
ating voltage using secondary electrons detector. The X-ray
photoelectron spectroscopy (XPS) experiments were conducted at ultra-
high vacuum conditions with a non-monochromatic twin anode X-ray
tube (Thermo XR3E2) which has the characteristic energy of 1253.6 eV
(Mg K,). The electron energy analyzer was SCIENTA SES 100. The data
was processed by CasaXPS software (version 2.3.17). The obtained XPS
spectra were averaged over the sample area. TEM images were taken
using a JEOL JEM-1400 Plus microscope (JEOL, Akishima, Tokyo,
Japan) working at 120 kV. The samples were dispersed in absolute
ethanol, dropped onto a Lacey-covered copper grid and evaporated in
the air at room temperature. Low-temperature nitrogen adsorption was
done at the boiling temperature of nitrogen (77 K) by using the Nova-
Touch LX2 (Quantachrome Instruments) and the calculations were done
with TouchWin 1.11 software (Quantachrome Instruments).

i ") TAL-33-300
HO N g ve carbonization TAL-33-400
) — —_— TAL-33-500
™ Ml TAL-33-600

HO' \ i L o,
) o_ _o N 300-700 °C, N, TAL.33.700

fused hybrid <~ g N/>
(o) (o} S @
precursor [M]I ‘™) Bi-based catalysts

TAL-33

Fig. 1. Synthesis of Bi-based catalyst materials.
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2.3. Electrochemical measurements

The catalytic ink, for application of catalyst onto the electrode sur-
face, was made by dispersing the sample in a Nafion solution (per-
fluorosulfonic acid- PTFE copolymer 5% w/w solution, Alfa Aesar) at a
catalyst: Nafion mass ratio of 80:20. The mixture was diluted 50-fold to
2% in absolute ethanol (EMSURE). An ultrasonic bath was used for
homogenizing the ink for roughly 0.5 h. The cathode was prepared by
air-brushing the ink on a 6 cm? Toray paper (TGPH-120, QuinTech) on a
heated metallic plate at 90 °C for faster evaporation. The bismuth
loading was 1 mg cm 2.

The electrochemical activity of Bi-based materials was measured in a
standard three-electrode configuration glass cell in a 0.45 M KHCO3
(99.7% Sigma Aldrich) and 0.5M KCl (99.5%, EMSURE) solution,
saturated by CO, or Ar, using an AgCl/Ag (3.5 M KCl) as the reference
electrode and a Pt wire as the counter electrode. The electrode potentials
were referred to the reversible hydrogen electrode (RHE) scale accord-
ing to the equation:

Erne = Eagagcr + 0.059 pH + E°pg/agct

where E’pg/agci= 0.205 at 25 °C, pH= 8.4 (corresponding to 0.45 M
KHCO3 and 0.5 M KCl solution), and Eag/agcl is the applied potential
against Ag/AgCl reference. Cyclic voltammetry was performed using
PGSTAT302N (Metrohm Autolab B.V.). All cyclic voltammetry mea-
surements were performed at room temperature (25 °C), and the cur-
rents were normalized by the geometric area of the electrodes. CORR
was performed in an H-type cell that has compartments divided by a
cationic exchange membrane (Nafion 112). A 0.45 M KHCO3 and 0.5 M
KCl solution saturated with CO, was used as a catholyte. A 1.0 M KOH
(85% Panreac) solution was used as anolyte. The cation exchange
membrane was activated in 0.1 M NaOH solution for 24 h. A nickel
mesh immersed in the anolyte was used as a counter electrode, and
AgCl/Ag placed in the catholyte was utilized as a reference electrode.
The CO2RR was carried out by chronoamperometry measurements at a
controlled potential of — 1.0V vs. RHE for 1.5h using the same
PGSTAT302N. The reduction of CO3 into formate was followed by ionic
chromatography (883 Basic IC plus, Metrohm), with a conductivity up to
15000 pS ecm™!. The mobile phase consisted of 1.8 mM NayCO3 and
1.7 mM NaHCOs solution. The calibration curve was carried out from
0 to 30 ppm in a solution of 0.0045 M KHCO3 and 0.005 M KCl (cor-
responding with a 100 times dilution of the catholyte). The gaseous
compounds were analysed by gas chromatography using a GC, Hewlett
Packard HP 5890 Series II coupled to a thermal conductivity detector
(TCD). The gaseous compounds were collected from the sealed cathodic
compartment during the electrolyses in a Tedlar Bag (1 liter). Previous
calibration was carried out with pure gaseous samples of Oz, N3, CO, Hy
and CO.

2.4. DFT calculation method

For computational models, bismuth (111) surface, BiN4, and BiNy
with nitrogens in cis and trans arrangements were used, as shown in
Fig. 2. The Metal-N-C structures used in the electronic structure calcu-
lations were taken from previous studies and optimized for bismuth
metal centers.

Electronic structure calculations were performed using GPAW soft-
ware [39] using the RPBE functional [40]. In all calculations (2 x2 x1)
k-point sampling, grid spacing of 0.18, at least 14 A vacuum layer, and
force minimization below 0.01 eV/A were used. Geometric structures
were optimized until no imaginary vibration frequencies for the adsor-
bate were observed. The obtained frequencies were further used to
calculate energy corrections from zero-point energy, heat capacity, and
entropy within harmonic approximation. Solvation effects were
included by shifting solvated species with an OH group by — 0.30 eV
[41]. Dispersion correction was applied using the D4 method [42]. In
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(b)
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°o°o°f;o°o

%
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Fig. 2. Top view on models used in calculations - (a) bismuth (111) surface and
(b, ¢, d) Bi-N-C structures.

the gas-phase calculation of CO,, further correction by 0.45 eV was
applied to account for systematic error in RPBE functional [43]. The
energy for concerted proton-electron transfer steps was calculated
employing a computational hydrogen electrode [44].

3. Results and discussion
3.1. Electrochemical characterization

To initially evaluate the electrochemical properties of the samples,
cyclic voltammetry and chronoamperometry studies were performed.
Fig. 3 shows the voltammetric responses of the different samples in the
Ar and CO; saturated solution. The reduction of Bi oxide occurs at about
— 0.05 V vs. RHE, whereas the CO; electroreduction appears at about
— 0.7 Vvs. RHE [45]. However, interestingly, the activity of the samples
is remarkably affected by the carbonizing temperature and samples
carbonized at 400-600 °C display much better activity than those
carbonized at 300 and 700 °C. Also, in Fig. S1, the comparison among
the different catalysts both in Ar and COp-saturated solution is reported.

To better study the electrocatalytic properties of the samples towards
CO; electroreduction, chronoamperometry measurements were per-
formed in an H-type cell at — 1.0 V vs. RHE for 1.5 h. The faradaic ef-
ficiency towards the formate was calculated using the following eq.:

FE = nNFIQ

Where n is the number of moles of the formate, N represents the number
of electrons transferred from CO3 to produce one molecule of formate in
the reaction (= 2), F is the Faradaic constant (= 96,485 C mol ™) and Qis
the charge passed through the working electrode (calculated from the
current produced in the chronoamperometry measurement). GC ana-
lyses of the gas products indicate that hydrogen was the only subproduct
detected. Fig. 4a shows the variation of current density versus time at
constant potential for every sample. The results indicate that currents
remain rather stable during 1.5 h. The current density values were
similar to those reported in previous studies [46]. Fig. 4b reports FE
values towards formate for the different samples after 1.5 h. The results
evidence that, in agreement with the voltammetric results (Fig. 3), the
behavior of the samples is determined by the carbonizing temperature
and samples treated at 400-600 °C display a high selectivity towards the
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Fig. 3. Cyclic voltammetry response in Ar (black line) and CO; (red line) saturated 0.45 M KHCO3 and 0.5 M KCl solution of (a) TAL-33-300, (b) TAL-33-400, (c)

TAL-33-500, (d) TAL-33-600, and (e) TAL-33-700. Scan rate 50 mV s~ ..

production of formate. In particular, the sample treated at 600 °C dis-
plays the best FE and reaches a value close to 100%. However, for
carbonizing temperatures higher than 600 °C, the FE decreases to values
about 70%. FE values above 95% are promising, with most current
catalytic materials falling below that efficiency [47]. Detailed values of
current density and formate faradaic efficiency are shown in the

Table S1. From these results, it can be assumed that the TAL-33-600
sample has the highest activity for COoRR with the highest efficiency
out of the measured samples.

To complete this electrochemical study, chronoamperometry mea-
surements were also carried out at — 1.0 V vs RHE for 4 h with TAL-33-
based samples to preliminary testing their stability under working
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conditions. Fig. 5 shows the current density and the Faradaic efficiency
results during these 4 h. The results indicate that, for the TAL-33-400
sample, the formate FE significantly decreased after 4 h of CO2RR.
However, samples carbonized at 500 and 600 °C display much better
stability and the resulting FE values show a decrease of only 6-8% after
4 h, remarkably less than the other samples. The stability of these
samples is similar to values for previously established catalysts [4,46].
Also, the formate FE values are promising with a valued of 92-94% for
TAL-33-500 and TAL-33-600 after 4 h. These numerical values are also
displayed in Table S2.

3.2. Morphology studies

The porosity data collected from the analysis of Ny adsorption-
desorption isotherms are summarized in Table S3. The highest surface
area (S,) was observed with TAL-33-600 (123 m? g’l), followed by TAL-
33-800 (109 m? g1, which can be another indicator of the importance
of optimized carbonization. Results of total volume (Vi) calculations

correlate with S, values among the carbonized TAL-33-derived samples,
with TAL-33-600 having the highest total volume (0.16 cm® g1). Ob-
tained results were in agreement with electrochemical capacitance
behavior, which clearly indicated that the surface area of the samples
increases with the increasing annealing temperatures (Fig. S2).

To investigate the structural features of TAL-33 derived materials,
and to understand the structure versus electrochemical activity and
stability of prepared Bi-based catalysts, XRD and XPS analyses were
conducted. XRD data confirms the presence of amorphous carbon ma-
terial and bismuth in all carbonized samples. Two sharp peaks at 38° and
40° in XRD patterns (Fig. 6a) indicate the presence of metallic bismuth
in samples carbonized at 400-600 °C. To investigate the surface chem-
ical state of the most active samples (TAL-33-400, TAL-33-500, TAL-33-
600), XPS measurements were carried out. The survey spectra in Fig. 6b
of the three samples show that all the materials consist of Bi, C, O, and N
elements, and that their average concentrations are similar.

Table 1 summarizes the surface elemental composition for Bi, C, O
and N. The atomic concentration of bismuth on the surface of catalyst
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Table 1
Surface elemental composition of the three primary samples determined by XPS.

Catalyst Surface elemental composition (at%)

Bi C N o
TAL-33-400 2.6 70.2 15.3 11.9
TAL-33-500 23 67.9 20.3 9.6
TAL-33-600 2.4 71.5 18.5 7.7

materials is relatively equal for all the samples, while the concentration
of oxygen, carbon, and nitrogen varies with carbonization temperature.
A trend can be observed for concentrations of oxygen — as it decreases
with increased carbonization temperature. In contrast, the carbon and
nitrogen atomic concentrations do not show any apparent shift.

High-resolution XPS spectra of the Bi 4 f region (Fig. 7) has peaks at
binding energies of 159 eV and 165 eV, which correspond to Bi 4 f;/
and Bi 4 f5/5. This indicates that a large portion of bismuth has an
oxidation state of + 3, suggesting the possibility of an oxide layer for-
mation. According to high-resolution XPS data bismuth particles in all
samples have the same oxidation state (Table 54).

The fitted O 1 s spectra in Fig. 8 consists of the following oxygen
species: 0—C-OH, C=0, C-O, C-OH and water along with chemisorbed
oxygen. The occurrence of bismuth oxide could have slight beneficial
properties to the charge transfer because the oxide layer inhibits the
HER reaction [48]. In recent contribution by Deng et al. electrochemical
results on MOF-derived Bi catalysts also demonstrated that the BiyOs3 is
beneficial for improving the reaction kinetics and selectivity to formate
[49]. Summarized data on relative oxygen content can be seen in
Table S5.

High resolution C 1 s spectra consist of the following peaks: sp2, sp®,
carbide, C—0, C=0, and n—n * (Fig. S3). These show the bonds found in

the carbon backbone of the Bi-based material. The carbide peak is much
larger in TAL-33-400 than in the other samples, which means that in
samples TAL-33-500 and TAL-33-600, the bismuth particles did not form
as many bonds with the carbon backbone as the TAL-33-400 sample.
From Table 56, the TAL-33-600 sample has a high amount of sp> carbon,
which has been previously shown to be beneficial for reducing CO5 into
formate. According to previous speculations, the synergy of carbon
matrix and BizO3 moieties may synergistically increase the abundant
active sites (enhancing intrinsic activity), thus causing excellent charge-
transfer behavior [49].

The high-resolution N 1 s spectra consist of peaks corresponding to
NO, bulk N-h, graphitic-N, pyrrolic-N, imine, pyridinic-N, and metal-Ny
species (Fig. S4). Relative concentrations of different nitrogen species
found in the samples can be seen in Table 2. The most significant
observation is that the amount of metal-Ny decreases with increasing
temperature, TAL-33-400 sample has the highest concentration of the
metal-Ny sites. This indicates that in samples TAL-33-400 and TAL-33-
500, the Bi particles form much more coordinate bonds with nitrogen
than in the TAL-33-600 sample, correlating to the observed increase in
activity with increase in metallic bismuth concentration.

In summary, the morphological data shows that samples TAL-33-400
and TAL-33-600, which had high activity and selectivity, had high
amounts of oxide in the sample, thus inhibiting the competing HER re-
action. TAL-33-600 also had a high amount of sp® carbon, which was
beneficial for the CO,RR reaction. Notable amounts of sp2 carbon, which
most probably was responsible for the side reactions that occurred at the
beginning of the measurement. The XPS data also indicates that the TAL-
33-600 sample has less bonds between bismuth and carbon/nitrogen.
According to the XPS and XRD data, higher amounts of metallic bismuth
in the lattice, sufficient amounts of bismuth oxide, and sp® carbon led to
a more efficient CO2RR reaction and higher FE of CO electroreduction
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Fig. 7. High-resolution Bi 4 f spectra of (a) TAL-33-400, (b) TAL-33-500, and (c) TAL-33-600 samples.
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Table 2

The relative content of nitrogen species at the surface of TAL-33-derived samples.
Catalyst N total Imine Pyridinic-N Metal-Nx Pyrrolic Graphitic NO Bulk N-h

(%) (%) (%) (%) (%) (%) (%) (%)

TAL-33-400 15.4 19.1 9.2 33.7 27.0 7.6 1.2 2.2
TAL-33-500 20.3 0.0 40.7 17.0 31.5 6.6 1.7 2.5
TAL-33-600 18.5 0.3 46.6 7.6 32.5 7.5 2.0 3.5

to formate. facets. The improvement of the SEM image quality can also be noticed,

3.3. Microscopic imaging

To investigate the surface morphology of the materials and to un-
derstand the difference in electrocatalytic behavior, TEM and SEM
analysis of the samples carbonized at different temperatures were con-
ducted. According to SEM observations (Fig. 9), samples carbonized at
300 °C consist of a mixture of larger (in order of 1-10 um) porous flakes
and smaller (sub-um) irregularly-shaped structures. Rounded particles
can be seen in the image of the TAL-33-400 sample carbonized at
400 °C. Particles are partly embedded into bigger flakes and have rough
surface. The size of the particles is ranging from few hundred to several
hundreds of nm. At 500 °C particles are bigger (up to two um) and
appear more separated from flakes, but still have rough irregular sur-
faces. For TAL-33-600 carbonized at 600 °C, clearly separated particles
can be seen everywhere on the samples. Compared to lower tempera-
tures, particles at 600 °C are even bigger and have smooth surfaces with

indicating than conductivity of the samples has been increased probably
due to the complete separation of particles from carbon matrix. Further
increase in temperature lead to sintering of Bi particles into bigger
structures.

TEM images in Fig. 10a indicate that after carbonization at 400 °C,
bismuth existed predominantly in amorphous form. Fig. 10b, the TEM
images indicate the beginning of Bi nucleation and crystallization. The
carbonization of samples at 600 °C resulted in the formation of clearly
crystallized structures of Bi metallic nanoparticles (Fig. 10c). Inset in
Fig. 10c shows a homogeneous distribution of spherical Bi nanoparticles
with an average size of 25 + 8 nm. The SEM and TEM analysis further
prove the nucleation and formation of metallic Bi nanoparticles with
increasing carbonization temperature (Fig. S5 and S6).

3.4. DFT calculations results

Experimental studies have shown that under experimental
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Fig. 10. (a) TEM images of TAL-33-400, (b) TAL-33-500 and (c) TAL-33-600 materials.
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conditions bismuth oxide undergoes reduction to pure metal [45] which
displays selectivity towards HCOOH formation [50]. To confirm the
positive effect of metallic Bi on CO; selective electroreduction to formic
acid and to contrast it to the selectivity on coexisting Metal-N-C struc-
tures, density functional theory (DFT) calculations were performed. Bi
(111) surface was chosen to model reaction pathways on bismuth metal,
as it is the most stable bismuth surface and the most common cleavage
plane [50-52]. Three main pathways that can occur on bismuth surfaces
were investigated [47] — CO; reduction to CO or HCOOH and the
competing hydrogen evolution reaction (HER). For each of the path-
ways, energy of each intermediate structure was calculated, and the
highest energy barrier (limiting potential) for each pathway was found
and used to describe the observed selectivity in our catalyst.

The results obtained in terms of limiting potentials for different
calculated species for each pathway are summarized in Table 3. From
the calculations, it can be found that cis-BiNy is predicted to show the
best activity towards HCOOH formation. However, our calculations
indicate that the formation energy of cis-BiNy is less favorable than that
of trans-BiN, (see Table S7). Hence, it is unlikely for it to be present in
our catalyst in significant concentrations. Therefore, the observed ac-
tivity and selectivity is attributed to the Bi(111) surface, hence con-
firming the experimental observation that the TAL-33-600 sample which
contains most metallic bismuth is the best-performing.

In addition to the excellent Bi(111) activity and selectivity, it can be
observed that the limiting potential for HER is noticeably higher than for
the respective HCOOH and CO pathways, thus corroborating our
observation that HER is not a significant side reaction for any of the
samples.

To further explain the different observed selectivity for HCOOH
formation on Bi(111) surface and contrast it to the CO formation on
BiNy, free energy diagrams were plotted for all involved states in CO and
HCOOH formation as shown in Fig. 11. The selectivity for the HCOOH
formation was highly dependent on the adsorption strength of the
*OCHO intermediate. This is best visible for the BiN,4 that binds the
intermediate too strongly, resulting in the high potential required to
produce HCOOH in the second step. Furthermore, the strong adsorption
of *OCHO intermediate over time poisons the site, since the second
reduction step to yield HCOOH has a very high reaction barrier
(0.95 eV). This allows us to explain the observed Faradaic efficiency
drop with time in the TAL-33-400 sample, which (as shown from
morphological studies) contains the most metal-Ny sites.

4. Summary

In this work, the Bi-based electrocatalysts were fabricated by an
optimized carbonization of TAL-33 MOF material. The prepared cata-
lysts have exhibited promising results in the CO2RR by conversion to
formate. The bismuth MOF-based materials’ structure, composition and
morphology were analyzed by scanning and transmission electron, X-ray
diffraction and X-ray photoelectron spectroscopies. Additionally, elec-
trocatalytic activity and stability of the bismuth MOF-based catalysts in
CO;, electroreduction were investigated in the KHCO3 solution by using
cycling voltammetry and potentiometric measurements. Overall, five
different samples were optimized (across the carbonization tempera-
tures 300-700 °C), and the obtained FE values varied between 51% and
100% upon 1.5 h of testing. The sample carbonized at 600 °C delivered
the highest efficiency and stability, with a loss of only 6% of FE after 4 h.
With the TAL-33-600 sample reaching FE of 100%, HER played a minor
role during the reaction, and only CO2RR occurred in the cell. According
to the surface morphological investigations, the TAL-33-600 sample
showed the highest activity because at this temperature the bismuth
nanoparticles were formed. SEM and TEM measurements indicate that
the formation of bismuth(0) is important to achieve high CO, conver-
sions. The DFT calculations have also confirmed these results.

Journal of CO2 Utilization 59 (2022) 101937

Table 3
Calculated limiting potentials (eV) towards HER and CO,RR to HCOOH and CO.
Model / Product H, HCOOH co
BiN, 0.69 0.95 0.55
trans-BiN, 1.52 0.94 1.51
cis-BiN, 1.04 0.23 1.00
Bi(111) 1.19 0.37 0.99
(a) T N
% e _*CO . ]
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Fig. 11. Free energy diagrams for HCOOH and CO formation on (a) Bi(111)
and (b) BiNy. In blue color is shown CO pathway, while in red color is shown
HCOOH pathway. Starred species denote surface adsorbates.
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