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Abstract

Polymer electrolyte fuel cell’s (PEFC’s) have the potential to offer a leading energy conversion
technology. These fuel cells make use of hydrogen and oxygen and by means of a chemical reaction,
electricity, heat and liquid water are produced. In 2015 the Department of Energy (DoE) of the United
States declared a 5000-hour lifetime target for transport applicable fuel cells. With current
technological limitation, the achieved lifespan is, however, restricted to only 1700-hours. An
assessment to find a more active but primarily more durable support for the oxygen reduction reaction

(ORR) in a PEFC than the currently employed carbonaceous support was therefore undertaken.

A MXene, TisAlC; was selected for assessment based on its theoretically suitable electrical and thermal
conductivities, as well as its possession of among the strongest resistance to oxidation of the many

different MAX phases.

The synthesis of high (>50 m? g1), specific surface area, delaminated TisC,Tx flakes was attempted first
with mild in-situ HF conditions. While this method could both etch and delaminate flakes in a single
stage, because the flake size remained large and unchanged, the specific surface area was not seen to
increase to the outlined requirements. To synthesize TisC;Tx flakes with a high specific surface area,
HF etching was therefore employed. In this report, 0.5 g of 400-mesh TisAlC; flakes synthesized by hot
pressing were etched in 10 ml of 48 wt % HF for 24 hours at 30 °C. After micronizing for 10 minutes
and probe sonicating in solution for a further 40 minutes, high specific surface area (86 m? g?),
delaminated TisC,Ty flakes were attained. Using metal organic chemical deposition, well dispersed 2-

5 nm platinum particles were successfully deposited onto the support material.

Initial electrochemical performance evaluations indicated a lack of conductivity which restricted
electron transport and therefore limited catalyst activity. This was determined to be the result of
more defective flakes and by correlation, an increase in interfaces leading to increased resistance.
With the incorporation of carbon to the catalyst material to synthesize a hybrid electrode, a positive
result confirming ORR activity was attained. While the electrochemical surface area (ECAS) was less

than half of that of Pt/C (80 vs 28 m? g?), it confirmed where the synthesis constraints lie.

In review of the durability results, it was found that trapped intermediates between high specific
surface area MXene sheets not only restricts access to catalytic sites but are further protonated and

reduced to form hydrogen peroxide which causes irreversible damage the PEFC’s catalyst membrane.



Table of Contents

Plagiarism DECIAIatioN .......c.uviiiiiiiie et e e e e eae e e e et e e e e e ba e e e e abae e e e abaeeeenreeeeenrees i
Yol oYY 1=To Fd<T o Y=Y o (PP i
Y o1 - [ot TP PR TOPPRPR iii
LISt OF IHUSTIAtiONS...ceeiiieiie ettt sttt sttt e e st e s bt e e sabeesabeeesabeesabeeesnbeesabeeesabeesanes vi
LIST OF TABIES ..ottt sttt et e b e s b e sat e sab e st e e bt e b e e bt e aneesne e et e eneeen X
NOMENCIATUIE ...ttt et e b e bt e s bt s et et e e bt e beesbeesbeesateeateenbeenneesanenas Xii
Chapter ONe: INtrOTUCTION........viii ettt e et e e et e e e e aba e e e e bbaeesenataeeeenbaeesensseeesennsenas 1
Chapter TWO: LItErature REVIEW ........viiiiiiiiii ettt ettt et e et e e st e e s s abe e e e s abeeesssbeeesennsenas 3
2.1 Polymer Electrolyte FUEI CellS......ccuuiiiiiiiiiieieee ettt e e saae e 3
2.1.1 PEFC Operating PrinCiPleS........veiiiciiieecieie ettt e sttt e et e e e srae e e s e e e enanaeeeeas 3
2.1.2 PEFC Operating ParameEtersS.... ... e et aaaaaaaasaaanaeanes 4
2.1.3 PEFC Catalyst ShOrtCOMINGS.....ceiiiiiiiiiiiiiie ettt e e e s sarae e e s saaaeeeeas 4
2.1.4 Platinum as a PEFC Catalyst for the ORR ........uiiiiiiiiie e 5
2.1.4.1 Motivation for Platinum Selection ...........coceiiieiiiiiiniieeeeeeee e 5
2.1.4.2 Platinum Alloys and Particle Size Distribution ...........ccceeciieeieiiiiee e 7

2.15 Catalyst SUPPOrt CONSIAEIatioNS......c.uviiiieiiee et ree e e ebee e e e areeas 8
2.1.5.1 Current Catalyst Support Properties and Shortcomings.........ccceevecveeeiicieeesecieeeennns 8
2.1.5.2 Properties of an Ideal Catalyst SUPPOIt .....cccivciiiiiiiciiii e 9

2.2 IMAX PRaS@S..c ettt ettt sttt ettt e b e s b e s at e st et e bt e be e s bt e sbeesaeesateenbeenbeesbeesanenas 11
2.2.1 Composition and Crystal Structure of MAX Phases ........ccccveeieciieeeeciiee e 11
2.2.2 Atomic Bonding Within IMAX PRases .......cceccviiiiiiiiieiciiiie e e ssivee s ssvvee s ssvae e e ssaneee e 12

23 IMIXEINE'S .ttt sttt st sttt e b e bt e s bt s et sttt r e b e s re e sae e st e e e reesreesnee e 12
2.3.1 Composition and Crystal Structure of MXeNne’s......ccccuvevivciiiiiiciiee e 12
2.3.2 MXene Properties as a Function of MAX Phases ........ccccceeeeciieeeccieee et 13
2.3.3 Selection of a TisAlC; as the Starting MAX Phase.........cccocciveeieciiee et 14
2.3.4 Synthesis of TisC;Tx Through the Selective Etching of TisAlC,.....ccoovciviiiiciiiiiieeee, 16
2.3.4.1  Using HydroflUoriC ACIH.......cooicuiiieieiiie ettt e e e e s sae e 16
2.3.4.2 Using in-situ Hydrofluoric ACId .........ceeeecuiiiiiciiiie et 17

2.35 Delamination of TizCoTx FIAKES ..ccueiiuiiiiiiiiiieeeeee et 17
2.3.5.1 Sonication as a Means of Delaminating TisAlC; Flakes........ccccccvveeeiiiiieecciieeeciee, 18
2.3.5.2 Intercalation as a Means of Delaminating Ti3AIC2 Flakes .......ccccceeevveeeviiveeeciineennn, 19

24 Electrochemical Performance Evaluation ..........ccceevierieniiiiiieiieeeeenee e 19
2.4.1 Platinum DePOSITION...ccciiiiiiee e e e e e a e e 19
242 Electrochemical Surface Area MeasuremMeNtS ........cocueevieiieeneenienie e 20

2.5 Rationale and Sustainable Development Goals........ccccccuveeiiiiieieccieee e 21
2.5.1 Rationale of the StUY.......coociiiiiceccce e e e 21



2.5.2 Sustainable Development GOAlS .......c.ueiiiiiiiii i e 21

Chapter Three: Hypothesis and Key QUESTIONS ........eeiiiiiiiiiiiiee ettt e e eree e e 22
3.1 [ LY7o 4 T=T] PSPPSR 22
3.2 KEY QUUESTIONS ...ttt ettt e e ettt e e e e e e e st b et e e e e e s e anrbbeeaeessessnnsenaeaaesssnnns 22

Chapter Four: Research APPrOach ........cccuueiiiiieiiiciee ettt rre e e e tre e e e sbee e e e earee e e e enaaeeeeeanaeas 23
4.1 EXPErimMENTal SYSLEM c.eeeiiiiiee e e et e e e e e e e e e ab e e e e e abe e e e e areeas 23
4.2 MXene SYyNthesis PAarameEers .....occuiii ittt sree e s e e s s areeas 23

421 IN-SItU HF EECRING ettt e s aree e s s 24
4.2.2 [ | ol o I = ol o1 T =TSRRI 24
4.3 [ YT o [T o T D I=Y o Yo 1Y ] o TSP 25
4.4 Electrochemical Performance Evaluation ..........coceeiieiieiiiiiieieeseeneeeeeeee e 26
441 Electrode and Catalyst Ink Preparation ..........ccccoeviieeiiiiieec s 26
4.4.2 Electrochemical System Configuration .........ccceeiviiiiieiiiec e 26
4.4.3 Electrochemical Surface Area and Activity Parameters.......cccccceeeecieeeeeciiieeeccieee e, 27
4.4.4 Accelerated Durability Testing Parameters ........ccueeeeciiieeciiiee e 27
4.5 MXeNne CharaCteriSatioNn ......c.cueieiiieiieeiiie ettt ettt e st e e e sbeesbeeesabeeenns 27

Chapter FIVE: RESUILS oottt eee e e et e e e st e e e eabeee s snbeeeeennseeeeenreeas 29
5.1 MAX Phase Material Characterization by Batch .......cccoccviviiiiiiiiie e, 29
5.2 Ti3CoTx MXENE SYNTNESIS ..t e e e rre e e e sabee e e e aaeeeean 33

5.2.1 X-ray Diffraction Analysis CONSIderations.......ccceccuueeeeciiieeeciiee e et eeaee e 33
5.2.2 IN-SItU HF ECNING ..t et e e e e e e e areeas 34
5.2.2.1  Etchant HCI:LiF Molar Ratio Optimization .........cccoecveeiiiiieeiicee e, 34
5.2.2.2 Temperature and Molar Ratio Optimization ..........cccceeeiieiieeiiee e, 38
5.2.2.3  Etching Time Optimization......c.cccceccuieeeiciiee et 40
5.2.3 [ | = ol Y1 o V= RS 41
5.2.3.1 TisAIC; Etching in 30 wt % HF for Different Times ......ccoccvevvieerieeinieenieceeeeneene 41
5.2.3.2  Concentration Changes.......cccccueeiiiciiieeieiiee e eriee e eeree e estee e s srae e s s savae e s s sabaee s snreeas 44
5.2.3.3  Sonication of HF Etched MXENE'S .....c.coiuiiiiiriieiieieesiee sttt 45
5.2.3.4  Size Reduction by Mechanical Grinding.........ccccceeeeiiiiiiiiee e, 48
5.2.3.5  Etching ReSUILS SUMMAIY ...ccciiiiiiiiiiiie ettt eee e e savae e s e sabae e e s areeas 52

53 Electrochemical Performance Evaluation ..........ccceevieiiiniiiieiieeeeeee e 53
5.3.1 Platinum on Carbon Baseline Activity Measurements..........ccccceeeecveeeeecieeeeecveeeceenneen. 53
5.3.2 Platinum on MXene Activity Measurements ........cccccveeeeeeciiiiieeee et e e ecnvee e 56
5.3.2.1 21wt % (40 eq. wt % Pt/C) Platinum on TizsCaTx.uuevieerrerierrirrsieeieesieesieesenesnesnens 57
5.3.2.2 40wt % (78 eq. wt% Pt/C) Platinum on TizCoTx coveereereereeereereenreesreecieeceeeeeveennees 58
5.3.2.3 40wt % (78 eq. wt% Pt/C) Platinum on TisC,Ty after Carbon Addition ................ 60
5.3.3 Platinum on MXene Durability Measurements .......ccccceeeeeciiiieeeeeeeccciireeee e, 63
534 Platinum on Carbon Durability Measurements .......cccccoeeeecviiieeee e, 64



Chapter Six: OVErall DiSCUSSION ......cuuiiiiciiee e ccitee e cetee et eete e e et e e e e eatae e e s ebre e e esnbaeeeenntaeeeennseeeeennneeas 66

Chapter Seven: Conclusions and Recommendations ..........coccveiiiiiiieieiiiee e 69
7.1 ConCluSIoNS OF the STUY....cciiiiiiei e e e e s ereeas 69
7.2 Recommendations from the STUAY .......c.ueeiiiiiie e e 69

REFEIEINCES ...ttt ettt sttt et e b e s bt e s bt e sab e e bt e b e e be e s bt e sheesateeabeebeesaeesanenas 71

Vi



List of Figures

Figure 2.1: Polymer electrolyte fuel cell basic operating principle shown as a diagram............c........... 3
Figure 2.2: Depiction of the associative and dissociative oxygen reduction reaction methods replicated
from HOION & STEVENSON (2013). .uuvreiiiiiiiiiiiiieeieeeeeeeeiieeee e e e e eeeeiree e e e e e eeeetabeeeeeeeeeeesssbaereeeeessessrrereeeeas 5
Figure 2.3: a) Oxygen reduction activity plotted as a function of the oxygen binding energy (Jaksic et
al., 1998) and b) Oxygen reduction activity as a function of O and OH binding energy (Ngrskov et al.,
2004). oottt ettt e e et e e e eeeee e ee e et ettt e et e e et e e e eeeeeeeneeeeeeeeeeee e e eneereees 6
Figure 2.4: Diagram of catalyst nanoparticles and support material for a) the ideal Pt dispersion on the
support material b) Pt dissolution resulting from support corrosion and c) Ostwald ripening via Pt
agglomeration 0N @ COrroded SUPPOIt......uviiiiiiiie ettt e e e s e e e st ee e e s abe e e e ssbeeeesnnbeeas 9
Figure 2.5: Periodic Table presenting the elements constituting a MAX Phase (Halim, 2016). ........... 11
Figure 2.6: Crystalline structure by unit cells for a) 211, b) 312, and c¢) 413 MAX phases replicated from
Barsoum & RAdOVIC (2011). .uueeiieiiieeeeiiiee et ee ettt e e ettt e e e ette e e e ette e e e e ataee e e ntaeeeensaeeesnsaeeesansaeeesnnssneanns 12
Figure 2.7: a) Etched TisAlC; Crystal Structure by i), ii) top view and iii), iv) side view with interparticle
distances in A. Ti, C, O and F are shown in purple, grey, red, and cyan, respectively (Liu & Li, 2019) b)
SEM image of etched Ti3C,Tx etched in 49 wt % HF at 60 °C for 24 hours (Li, Wang, et al., 2015)......13
Figure 2.8: SEM images of TisAlC, depicting the layered structure of the MAX phase replicated from a)
Zhou (2012) and b) Koyappayil & Chavan (2020). ........ceeeciieeiecieee ettt eciree e e eerre e e e erae e e e eraeeeeeaees 15
Figure 2.9: Crystal structure transformation from a) MAX phase to MXene b) pre and c) post sonication
adapted from Naguib et al. (2011). Ti, C, Al, O and H are shown in grey, black, red, blue and pink,
LT o1 =Tt A1 V=] Y PSPPI 18
Figure 5.1: XRD of TisAlC; MAX phases synthesized by hot pressing as sourced from Easchem Co.
Diffractogram is shown first by batch number and then particle size of 200 and 400-mesh, respectively,
against the reference pattern of TisAICs. c..eii i e see e e areeas 29
Figure 5.2: SEM images of batch 1 a), b) batch 2 c), d) and batch 3 e), f) of TisAlIC; MAX phases
synthesized by hot pressing as sourced from Easchem Co. Images a), b) and c), d) correspond to a 200-
mesh particle size and e), f) a 400-mesh particle size....................... 31

Figure 5.3: TisAlC; material Raman spectrums shown first by batch size and then particle size. ........ 32
Figure 5.4: XRD evolution from zero to 90 hours showing a decrease in peak intensity of 0.5 g, 200-
mesh Ti3C, Ty etched in 10 ml of 30 wt % HF at 30 °C after filtering and drying at 60 °C...........cc......... 33
Figure 5.5: SEM images of 0.5 g, 200-mesh TisC,Tx etched in 10 ml of 30 wt % HF at 30 °C after vacuum
filtering and oven drying at 60 °C. The particle inscribed in the red square is shown at a higher

magnification the adjacent right sided IMAage. .....ccuveiriciiii e e 34

vii



Figure 5.6: XRD diffractogram of 0.5 g, 200-mesh TisAIC; etched in 10 ml in-situ HF at different molar
ratios of LiF:HCI, for 24 hours at 35 °C against reference patterns of TisAIC; and LiF. ........cccvveeennnneen. 34
Figure 5.7: 0.5 g, 200-mesh Ti3AlIC; etched in 10 ml in-situ HF using a 3:1 HCI:LiF molar ratio for 24
hours at 35 °C shown at different magnificationsin a) and b). ....ccccceeeeiiieicciiei e, 35
Figure 5.8: EDS spectrum sources and elements shown in atomic weight % of 0.5 g, 200-mesh Ti3C,Tx
etched in 10 ml 3:1 HCI:LiF for 24 hours at 35 °C. co.eveiiiiieieeeie ettt s 36
Figure 5.9: SEM images of 0.5 g, 200-mesh TisC,Tx etched at different HCI:LiF molar ratios in 10 ml in
situ-HF for 24 hours at 30 °C. Images a) and b) 10:1 HCI:LiF at different magnifications & images c) and
d) 6:1 HCI:LiF at different magnifications. The particle inscribed in the red square is shown at a higher
magnification in the adjacent right sided iIMage. ......couciiiiiiiii e 37
Figure 5.10: XRD of 0.5 g, 200-mesh TisC;Tx etched in 20 ml 3:1 HCI:LiF for 24 hours at 60 °C (covered)
contrast to 0.5 g TisAlC; etched in 10 ml 3:1 HCI:LiF for 24 hours at 60 °C (uncovered)...................... 39
Figure 5.11: SEM images of 0.5 g, 200-mesh Ti3C,Tx etched in 20 ml 3:1 HCI:LiF for 24 hours at 60 °C
(covered). The particle inscribed in the red square is shown at a higher magnification in the adjacent
[ T=d Y A o 1Yo [T o T= =TSP STR 40
Figure 5.12: XRD of 0.5 g, 200-mesh TisC;Txetched in 20 ml 3:1 HCI:LiF for 24 hours at 60 °C (covered)
comparison to 0.5 g TisAIC; etched in 20 ml 3:1 HCI:LiF for 48 hours at 60 °C (covered). ................... 40
Figure 5.13: SEM images of 0.5 g, 200-mesh TisC,Tx etched in 20 ml 3:1 HCI:LiF for 48 hours at 60 °C
(covered). The particle inscribed in the red square is shown at a higher magnification the adjacent
(T4 A o [=Te [T o T =T PSPPI 41
Figure 5.14: XRD diffractogram of 0.5 g, 200-mesh TizAlC; etched at 30 °Cin 10 ml 30 wt % HF at various
time intervals from 1.5 to 24 hours against the reference pattern of TisAlCs......ccovvviiiivivieeiiiciiieeenns 41
Figure 5.15: SEM images of 0.5 g, 200-mesh TisC, T after etching in 10 mlin 30 wt % HF at 30 °C for 1.5
hours. The particle inscribed in the red square is shown at a higher magnification the adjacent right
£ [o [=To T8 0 F= =TSR 42
Figure 5.16: SEM images of 0.5 g, 200-mesh Ti3;C,Tx etched in 10 ml, 30 wt % HF at 30 °C for a), b) 3
hours, c), d) 6 hours, e), f) 12 hours and g), h) 24 hours. The particle inscribed in the red square is
shown at a higher magnification in the adjacent right sided image..........cccoccveeeeciei e, 43
Figure 5.17: XRD diffractogram of 0.5 g, 200-mesh TisAIC; etched in 10 ml 48 wt % HF at 30 °C for 24
hour comparison to 30 wt % HF at 30 °C for 24 hours against the pattern of TizAlICs.......cccvevvveeneenns 44
Figure 5.18: SEM images of 0.5 g, 200-mesh TisC,Ty after etching in 10 ml of 48 wt % HF at 30 °C for 24
hours. The particle inscribed in the red square is shown at a higher magnification the adjacent right

(3o (Yo I T 0 T =TSSP SR 44

viii



Figure 5.19: XRD diffractogram of 0.5 g, 200-mesh TisAIC; etched in 10 ml 48 wt % HF at 30 °C for 24-
hours and probe sonicated for various times from 5 to 40 minutes against the reference pattern of
TH3AIC . ettt ettt b et h et h et b e h et e bt a e e bt eh e e bt eheea e e bt e atebeehe et e eheeaee b sheeneenbeeaean 45
Figure 5.20: SEM images of 0.5 g, 200-mesh TisC,Tx etched in 10 ml of 48 wt % HF at 30 °C for 24 hours
and probe sonicated for 5 minutes a), b) 10 minutes c), d), 20 minutes e), f) and 40 minutes g), h)..47
Figure 5.21: XRD diffractogram of 0.5 g, 200-mesh TisAIC; etched in 10 ml 48 wt % HF at 30 °C for 24-
hours and ground by mortar and pestle and a micronizor before being probe sonicated for 40 minutes
against the reference pattern of TisAICs. c.uuii i e ree e s 48
Figure 5.22: SEM image of 0.5 g, 200-mesh Ti;C, T etched in 10 ml of 48 wt % HF at 30 °C for 24 hours
and ground by a), b) mortar and pestle and c), d), micronizor. The particle inscribed in the red square
is shown at a higher magnification the adjacent right sided image. ........cccceevvveeeiiee e, 49
Figure 5.23: SEM images of 0.5 g, 200-mesh TisAIC; etched in 10 ml 48 wt % HF at 30 °C for 24-hours
and ground by a), b) mortar and pestle c), d) sonicator before being probe sonicated for 40 minutes.

The particle inscribed in the red square is shown at a higher magnification the adjacent right sided

Figure 5.24: XRD of 0.5 g, 400-mesh Ti3C,Tx etched in 10 ml of 48 wt % HF at 30 °C for 24 hours after
micronizing for 10 minutes and probe sonicating for 40 minutes with TisAlC; reference. .................. 51
Figure 5.25: SEM images of 0.5 g, 400-mesh TisC,Tx etched in 10 ml of 48 wt % HF at 30 °C for 24 hours
after micronizing for 10 minutes and probe sonicating for 40 Minutes.......cccccceevecieeeccciee e, 51
Figure 5.26: TEM images of a 40 wt % Pt/C commercial catalyst at different magnifications a) and b)
with the histogram c) showing of the corresponding platinum particle size distribution. .................. 53
Figure 5.27: First cyclic voltammogram from 0.01 to 1.2 V versus RHE of a 40 wt % Pt/C catalyst
recorded at 50 mV/s in 0.10 M deoxygenated HCIO, solution recorded at room temperature.......... 54
Figure 5.28: Second cyclic voltammogram from 0.01 to 1.2 V versus RHE of a 40 wt % Pt/C catalyst
recorded at 50 mV/s in 0.10 M deoxygenated HCIO,4 solution recorded at room temperature.......... 55
Figure 5.29: Linear sweep curves corrected for IR drop and background current for a 40 wt % Pt/C
catalyst in 0.1M HCIO4 solution recorded at room teMPErature. .......ccccoeeeeecrieeeccciieeeeereee e e 55
Figure 5.30: TEM images of a 40 eq. wt % Pt/C to Pt/MXene catalyst at different magnifications a) and
b) with the histogram c) showing of the platinum particle size distribution..........c.ccccccevveeeiiieeeennen. 57
Figure 5.31: Cyclic voltammogram from 0.01 to 1.2 V versus RHE of a 40 eq. wt% Pt/C to Pt/TizC, T«
catalyst at 50 mV/s in 0.10 M deoxygenated HCIO, solution at room temperature.........ccceeveeuveennen. 58
Figure 5.32: TEM images of a 40 wt % Pt/TisC,Tx catalyst at different magnifications a) and b).

Corresponding particle size distribution shown in Figure 5.33. ......cccoooiiiiiiciiee e 58



Figure 5.33: Platinum particle size distribution of a 40 wt % Pt/TisC,T« catalyst corresponding to TEM
iMages @) and D) iN FIGUIE 5.32. ...ttt et e et e e e e aae e e s e aba e e s entaeeeenraeeeennneeas 59
Figure 5.34: Cyclic Voltammogram from 0.01 to 1.2 V versus RHE of a 40 wt % Pt/MXene catalyst
recorded at 50 mV/s in 0.10 M deoxygenated HCIO4 solution at room temperature. .........cccceeeuveeene 59
Figure 5.35: TEM images of the 46 wt % Pt/MXene at different magnifications a), b). Images c), d) show
the catalyst after carbon addition (to 15 wt % of the catalysts total mass), post bath sonication for 30
ITHNIUTES. oottt ettt e et e e e st e e st e e e s s s e e e e e s se e e e e n s et e e s ab et e e e nne e e e s nnreeeeaanreeesaanreeesenreeesenreeas 60
Figure 5.36: Histogram of Pt particle size distribution based off TEM imaging from Figure 5.35 a), b)
showing Pt dispersion and inter particle distance for the 46 wt % Pt/MXene.......cccoceevvvevvveeecrerennnen.. 61
Figure 5.37: Cyclic Voltammogram from 0.01 to 1.2 V versus RHE of a 46 wt % Pt/MXene catalyst +
15 wt % carbon recorded at 50 mV/s in 0.10 M deoxygenated HCIO4 at room temperature. ............ 61
Figure 5.38: Linear sweep curves corrected for IR drop and background current for a 46 wt % Pt/MXene
catalyst + 15 wt % carbon catalyst in 0.10 M HCIO4 solution at room temperature........ccccceeeeeeennnenn. 62
Figure 5.39: Metal support durability measurements recorded up to 3000 cycles from 0.01 to 1.2 V
versus RHE for a 46 wt % Pt/MXene catalyst + 15 wt % carbon catalyst recorded in 0.10 M
deoxygenated HCIO4solution at room tEMPErature. ........eeeeeviee e et e e e e 63
Figure 5.40: Metal support durability measurements recorded to 5000 cycles from 0.01 to 1.2 V versus

RHE for a 40 wt % Pt/C catalyst in 0.10 M deoxygenated HCIO, solution at room temperature. ....... 64



List of Tables

Table 1: Advanced Catalyst Supports Considered for the ORR. .........cccveiiiiiiiiciieecccee e 10
Table 2: TizC,Tx in-situ HF etched SSA by different methods of grinding and sonicating..................... 52
Table 3: TizC, T« HF etched SSA by different process methods of grinding and sonicating................... 52

Table 4: Corrected current densities of the linear sweep curves for a 40 wt % Pt/C catalyst from an
RPM range of 400 to 2500 RPM referenced against results from the Levich Equation. ........ccccc.uee..... 56
Table 5: Electrochemical surface area results summary for a 46 wt % Pt/MXene catalyst + 15 wt %
carbon catalyst recorded in 0.10 M deoxygenated HCIO, solution at room temperature .................. 64
Table 6: Electrochemical surface area results summary for a 40 wt % Pt/C catalyst recorded in 0.10 M

deoxygenated HCIO4 solution at room t€MPErature........cocccuiieeeeeii et eeerrree e 65

Xi



CNT
cv
COze

ECSA
EDS

F

H*
In-situ
MEA
MOCD
n

ORR
PEFC
PEM
Pt(acac)z
RDE
RHE
SEM
TEM

%

XRD

Nomenclature

Catalytically active site

Angular rotation rate

Carbon nanotubes

Cyclic voltammetry

Carbon dioxide equivalent gasses
Diffusion coefficient

Electron

Electrochemical surface area
Energy dispersive spectroscopy
Faraday constant

Proton

In the original place

Membrane electrode assembly
Metal organic chemical deposition
Number of electrons transferred in a half reaction
Oxygen reduction reaction
Polymer electrolyte fuel cell
Proton exchange membrane
Platinum (1) acetylacetonate
Rotating disk electrode

Reversible hydrogen electrode
Scanning electron microscopy
Transmission electron microscopy
Kinematic Viscosity

X-Ray diffraction

Xii



Chapter One: Introduction

It has been determined that the transport sector is responsible for 14 % of the 45 billion tonnes of
CO.e (carbon dioxide equivalent), emissions in 2017. While the transport sector does not impact as
significantly as the power generating sector (25 % of the total CO.e emissions), it is seen as having the

largest short-term potential to reduce these emissions (Holmberg & Erdemir, 2017; IPCC, 2018).

To promote renewable energy as a viable solution to support the reduction in CO.e emissions, the
development of efficient storage and conversion technologies are required. To this end, Polymer
electrolyte fuel cell’s (PEFC’s) have the potential to offer a leading energy conversion technology.
These fuel cells make use of hydrogen and oxygen and by means of a chemical reaction, electricity,
heat, and liquid water are produced. In 2015 the Department of Energy (DoE), of the United States
declared a 5000-hour lifetime target for transport applicable fuel cells. With current technological
limitation, the achieved lifespan is restricted to only 1700-hours. The limitations are mainly due to the
oxygen reduction reaction (ORR), the cathode reaction within the PEFC. This reaction has slow kinetics
and occurs in a low pH and an oxygen rich environment. Platinum was introduced as an electrocatalyst
in a PEFC to speed up the kinetics, however, the current support material of choice, carbon black, is
often oxidised due to the harsh operating conditions. This support corrosion leads to platinum particle

detachment and agglomeration both of which decrease the PEFC’s efficiency and durability.

Advanced support materials such as carbon nanotubes (CNT’s), graphene and inorganic oxides are a
few developments in the space of catalysis. While CNT’s and graphene show promising characteristics
with respect to their surface areas and power densities, they are still subject to varying degrees
corrosion. Then, while inorganic oxides have a high corrosion resistance, they require larger platinum
nanoparticles which only further increases already high platinum costs. It is therefore clear that, a new
class of catalyst supports need to be identified which hold the desired features of both activity and
durability. To this end, TisC,Tx was assessed. TisC;Tyx is a negatively charged, ternary layered carbide
synthesised by the exfoliation of TisAlC,. Literature suggests TisC;Tx MXene sheets possess suitable
conductivity, an adequate pore size, a strong corrosion resistance which would hinder the detachment

of platinum particles and can have specific surface areas of up to 68 m? g.

The objective of this study was therefore to determine if TisC,Tx can offer a more active but primarily

more durable support for the ORR in a PEFC than the currently employed carbonaceous supports.



All TisC,Tx synthesis routes investigated in this report were at the lowest feasible operating
temperature, with the shortest possible etching time and with HF concentrations kept to a minimum.
These conditions maintained that the scope of work be kept to the mildest possible conditions such
that the desired MXene properties could be attained. This consideration was made due to the extreme

risk presented by the etching solution.



Chapter Two: Literature Review

2.1  Polymer Electrolyte Fuel Cells

2.1.1 PEFC Operating Principles
A polymer electrolyte fuel cell’s (PEFC’s) consists of three key components: an anode, a cathode, and
the proton exchange membrane (PEM). Together, these components form the membrane electrode
assembly (MEA). The membrane is composed of a hydrated solid and promotes proton conduction.
Furthermore, the membrane which is chemically resistant, acidic, absorptive and ultimately a good
proton (H') conductor when hydrated, and allows proton transfer which permits the energy
generation process (Rayment & Sherwin, 2003). Typically, these membranes are produced from
Nafion, although other types of membranes are sometimes used. A PEFC has an electric efficiency

between 50-60 % and typically operates between 50-100 °C (Palatkar, Dhopte & Sajjanwar, 2017).

Shown in Figure 2.1 is the principle of operation. Each electrode in the fuel cell makes use of its own
catalyst to perform a function. On the anode side, the catalyst dissociates hydrogen into protons and
electrons. As mentioned, the membrane between the electrodes is designed to be electrically
insulating, thus, only the protons will pass through leaving the electrons to travel an external pathway,
which then becomes the utilized power supply. On the cathode side, oxygen molecules react with
hydrogen ions and the returned electrons, to form water (Rayment & Sherwin, 2003). The reactions
taking place at the anode and cathode are shown in Equations 1 and 2, respectively:

Hy 2 2H" + 2¢e (1)
% 0, + 2H* +2e" > H,0 (2)
Finally, because high temperatures are not required to hydrate the PEM, PEFC’s are able to operate

at the temperatures described above.

Electrical Circuit

Cathode
Catalyst

Anode
Catalyst

Polymer Electrolyte Membrane

Figure 2.1: Polymer electrolyte fuel cell basic operating principle shown as a diagram.



2.1.2 PEFC Operating Parameters
The efficiency of a fuel cell is limited by the management of its operating conditions. Since the product
of Equation 2 is water, it is important to avoid electrode flooding which will decrease the availability
of active sites for the desired Equations 3-5 to occur. As mentioned, it is important that the PEM
remains hydrated to facilitate proton transfer. Consequently, it is required to maintain a balance

between the rate of water removal and retention.

In addition to water management, air flow must also be regulated. The rate of air flow or in some
cases oxygen flow, must again be governed so as not to dry either of the electrodes or the PEM. The
airflow must therefore be regulated in tandem with the water management system to maintain

optimal efficiency and durability of all components.

The rate of water formulation is of course by Equation 2, dependant on the activity of the catalyst. It
is therefore predicted that the increased durability of a novel catalyst support will also make the PEFC
easier to control. This is given that the rate of water retention will then be constant over a longer time

period (Rayment & Sherwin, 2003).

2.1.3 PEFC Catalyst Shortcomings
In a PEFC and for the oxygen reduction reaction (ORR), taking place on the cathode, the catalyst is
solid platinum (Pt) nanoparticles, deposited on an inert, high surface area (+ 250 m? g1), carbonaceous

support. The reactants within the cell are both gaseous O, and H, making the reaction heterogeneous.

In accordance with Wu et al. (2020), the commercial viability of PEFC’s is limited by the ORR taking
place on the cathode which has very slow kinetics. It is because of this slow reaction that
electrocatalysis was introduced. The preferred of the two mechanisms by which the ORR can proceed,
is the dissociative or four-electron process. This process was described by Holton & Stevenson (2013),

and is shown in Equations 3-5; where * denotes a catalytically active site.

% 0, +* > 0% (3)
O* + H" + e > OH* (4)
OH* +H*+e > H,0 + * (5)

As seen in Equation 3, O, is adsorbed to the metal surface where its bonds are broken, and individual
oxygen atoms attained. Following in Equation 4, these atoms are protonated by the H* ions from

across the PEM, and then reduced by electrons returned from the external circuit.



Finally in Equation 5, the bound OH* molecules are further protonated and reduced before leaving
the metal surface as H,0. The unpreferred, associative or two-electron process involves the
preservation of the O=0 bonds shown in Equation 2. This leads to the process described in Equations

6 to 9 (Holton & Stevenson, 2013).

0+ * > 0y* (6)
0,* + H  + e > HO,* (7)
HO,* + H* + e > H,0,* (8)
H,0,* = H,0, + * (9)

As seen in Equation 6, the O=0 bonds are retained, and oxygen adsorbed onto the catalyst surface. In
Equation 7, the adsorbed oxygen is protonated and reduced and in Equation 7, the previous product
subjected to the same process. What this leads to, as seen in Equation 8, is the formation of hydrogen
peroxide (H203), which will either react further or desorb. Figure 2.2, replicated from Holton &

Stevenson (2013) summarises the two mechanisms.

dissociative

-

02 —— 02* - — HzOz* E— Hzo

associative Tl

HZOZ
Figure 2.2: Depiction of the associative and dissociative oxygen reduction reaction methods replicated
from Holton & Stevenson (2013).

Where the associative mechanism is taking place and hydrogen peroxide formed, significant harm to
the PEM is incurred. This is the result of its rapid PEM degradation occurring in the presence of H,0,
(Holton & Stevenson, 2013). A good catalyst can therefore be described as one which favours the

dissociative over the associative mechanism.

2.1.4 Platinum as a PEFC Catalyst for the ORR

2.1.4.1 Motivation for Platinum Selection
The ORR occurs at the cathode of the PEFC in a low pH and an oxygen rich environment which must
be endured by the catalyst. It is therefore important that the catalyst be stable and resistant to
corrosion while maintaining a high enough chemical activity to decompose O, per Equation 2.
Furthermore, it isimportant that the catalyst be noble enough to enable the facile release of the liquid
water product as described in Equation 4. This is an important characteristic as it once more avails the

catalytic site to reinitiate the process.



This balance of ideal interactions between catalyst and substrate is known as the Sabatier principle
and is best represented by the Balandin volcano plot shown in Figure 2.3 (Jaksic et al., 1998). In Figure
2.3 a) the oxygen reduction activity is plotted as a function of its binding energy. From Figure 2.3 a)
platinum has the highest activity of all bulk metals, it is also seen that it overshoots the optimum point
and binds 0.2 eV too strongly. It is still, however, regarded as the optimum metal in terms of oxygen

reduction activity.

With a similar undertaking to the oxygen activity for the hydroxyl reduction activity, Jaksic et al. (1998)
and Ngrskov et al. (2004), combined the data to produce the plot shown in Figure 2.3 b). The resultant
plot motivates the use of Pt in a PEFC as it holds the ideal balance of binding energies of both oxygen
and hydroxyl groups. This agrees with literature published by Wu et al. (2020), who mention that Pt
was found to facilitate the ORR best by having the ideal balance between its affinity to dissociate

oxygen and then hydrogenate it to water.
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Figure 2.3: a) Oxygen reduction activity plotted as a function of the oxygen binding energy (Jaksic et
al., 1998) and b) Oxygen reduction activity as a function of O and OH binding energy (Ngrskov et al.,
2004).

As important as a catalyst’s activity is, so is its selectivity. While it is important to maximize production
of a desired product, it is equally as important to limit the production of those undesired. As
mentioned, two routes exist for the reduction of oxygen in a PEFC. The alternative mechanism where
0, is adsorbed associatively and then protonated and reduced, results in the formation of H,0,. The
presence of H,0; is highly detrimental to the operating environment in the polymer electrolyte fuel
cell. Platinum once more when compared to other pure metals, provided the best selectivity with an

almost exclusive selection for the dissociate or four electron mechanism (Yuan, Wang & Zhang, 2008).



Furthermore, platinum was also selected as the ideal catalyst based on its thermodynamic stability in
the previously mentioned low pH and oxygen rich environment at potentials over 0.9 V — a feature
which most noble metals do not possess in their pure forms (Stephens et al., 2012). Due to this
characteristic feature, platinum is also less susceptible to dissolution by comparison. Finally, while
platinum can be poisoned by carbon oxides, it is neither the most nor the least susceptible to poisoning
from impurities such as sulphur containing molecules or carbon monoxide by comparison to other
catalysts (Cheng et al., 2007; Sethuraman & Weidner, 2010). It is based on these properties of activity,
selectivity, stability, and poisoning resistance which make platinum the ideal candidate for

electrocatalytic application in a PEFC.

2.1.4.2 Platinum Alloys and Particle Size Distribution
From the volcano plot shown in Figure 2.3, the optimum binding interaction according to the Sabatier
principle is not obtained with pure platinum. Several strategies to further improve the catalyst have
been developed amongst which alloying is one of the most known ones. In alloying, a means of cost

reduction is also found when cheaper metals forming enhanced properties are utilized.

In a study by Antolini (2009), it was found that by alloying Pt with Palladium (Pd) in a 3:1 atomic ratio,
the catalyst provided a higher specific activity than pure Pt for the ORR. Antolini (2009) do, however,
also mention that Pt alloy catalysts present larger particle sizes than pure Pt catalysts and because of
the resulting decrease in specific surface area, a corresponding decrease in catalytic activity is also
exhibited. While other metals such as cobalt (Co), and Iron (Fe), can be seen from Figure 2.3 b) to
possess poor activity for the ORR, Antolini (2009) suggest that by alloying either of these metals with
Pd, a higher activity than that of pure Pt can be attained. It was also found by Vliet et al. (2011), that
alloying 55 wt % Pt with Nickel (Ni), has a mass activity of 2.5 times that of pure Pt for the ORR. While
the activity of the catalyst can be manipulated in this manner, it is important to note that the alloy

stability is a factor yet to be augmented (Jackson et al., 2017).

The activity and stability of Pt based catalysts is clearly an important aspect in the efficient operation
of PEFC’s, and in accordance with Wang, Markovic & Stamenkovic (2012), there still exists a lack of
understanding of the fundamental properties at the nanoscale. Given the ideal affinity Pt possesses
for the ORR in terms of the properties previously mentioned, this study will utilize only pure platinum

metal for assessment in the PEFC.



It is generally recognised that noble metals are extremely expensive with Li, Hu, et al. (2015) noting
that the Pt cost for a 100 kW PEFC is more than that of an entire power equivalent combustion engine.
High metal utilization corresponding to a high electrochemical surface area (ECSA), is therefore a
crucial requirement. Given that the active sites of the catalyst are only on its surface, having a bulk
catalyst material would serve no additional purpose. It is thus typical that Pt nanoparticles between 2
and 5 nm are uniformly distributed on high surface area catalyst supports (Li, Hu, et al., 2015). With
platinum now motivated as a catalyst, an investigation into its support material and its corresponding

role in ORR will be investigated.

2.1.5 Catalyst Support Considerations
In accordance with Sharma & Pollet (2012), a catalyst support material, by virtue of its durability and
activity directly govern a PEFC’s electrocatalytic performance. In terms a PEFC’'s commercial viability,
increasing the catalyst support durability will directly decrease the PEFC manufacturing cost (Rabis,

Rodriguez & Schmidt, 2012).

2.1.5.1 Current Catalyst Support Properties and Shortcomings

Carbon catalyst supports for the ORR are known to suffer from corrosion due to the low pH and oxygen
rich environment which causes their oxidation. They are, however, employed due to their high specific
surface areas of + 250 m? g%, high conductivity’s of around * 103-10* S cm?, diverse range of
morphologies, availability, and relatively low cost (Marinho et al., 2012; Rabis, Rodriguez & Schmidt,
2012; Trogadas, Fuller & Strasser, 2014). In accordance with Li, Hu, et al. (2015), the primary
mechanism of the carbon catalyst supports oxidation can be represented by Equation 10.

C+2H,0 > CO, + 4H" + 4e (10)
This mechanism occurs primarily during a PEFC’s shut down/start-up sequencing during which time
the potential can spike to 1.5 V. This is considerably higher than the typical operating potential of
between 0.6-1.0 V. This drastic surge then increases the rate of irreversible carbon loss at the

electrode (Li, Hu, et al., 2015).

Rabis, Rodriguez and Schmidt (2012), motivated the use of carbonaceous supports for potentials
below 0.8 V where the kinetics of the carbon oxidation reaction are very sluggish. It is, however, due
to the actual start-stop cycles of a PEFC, the shortcomings of the carbonaceous support material is
made abundantly evident. In Figure 2.4 a), depicts the desired catalyst support with uniformly

distributed Pt nanoparticles.



a) b) c)

Figure 2.4: Diagram of catalyst nanoparticles and support material for a) the ideal Pt dispersion on the
support material b) Pt dissolution resulting from support corrosion and c) Ostwald ripening via Pt
agglomeration on a corroded support.

One of the primary mechanisms of electrochemical surface area (ECSA), reduction is Pt particle
detachment at the support surface as shown in Figure 2.4 b). This rate of is seen to increase
monotonically between 0.65 and 1.10 V beyond which the formation of an oxide film inhibits further
dissolution (Wang et al., 2006). As a result of the platinum dissolution, some catalyst material is lost
in the wastewater stream leaving the fuel cell. A portion of the remaining catalyst material then
undergoes Ostwald ripening where dissoluted catalyst particles redeposit and form larger particles as
shown in Figure 2.4 c). The agglomeration shown in Figure 2.4 c) can also occur without support
corrosion through crystallite migration if the platinum anchoring or metal-support interaction is too

weak (Nie, Li & Wei, 2015; Ahmad Junaidi et al., 2021).

To increase the lifetime of PEFC’s Rabis, Rodriguez and Schmidt (2012), recommended several key
aspects for investigation. First, it was suggested to implement a catalyst with a higher oxygen
evolution affinity than that of carbon corrosion at the H; or air front. This concept is, however, limited
by mass transport properties. Second, it was suggested to use an anode electrocatalyst with an ability
to only oxidize and not reduce oxygen, however, no data on the durability of such a catalyst is known
yet to exist. Finally, they recommend an investigation into alternative catalysts supports to eliminate
the consequence of corrosion. This project will focus primarily on this: the development of an
advanced catalyst support material to increase the durability of a PEFC. To this end, there are specific

requirements such an advanced catalyst is to satisfy which are discussed in the following section.

2.1.5.2 Properties of an Ideal Catalyst Support
In accordance with Trogadas, Fuller and Strasser (2014), carbon black is the most utilized
carbonaceous support for fuel cells. As described, these supports are susceptible to corrosion. In the
pursuit of finding alternative support materials, Rabis, Rodriguez and Schmidt (2012), recommend the

following key parameters be considered.



1. The electronic conductivity must be at least equal to 0.1 S cm™ over the typical PEFC operating
temperature range (50 - 100 °C). This is sufficiently larger than the proton conductivity of the
ionomer at 50 % relative humidity

There should exist porous structures with pore sizes of at least 25 nm

It should hinder (almost) completely the dissolution of metal cations

A Brunauer-Emmett-Teller (BET) surface area of at least 50 m? g'tis required

vk W

It is desired although recognisably a challenge, that the material cost less than the currently
employed high surface area carbons

Carbon nanotubes (CNT), graphene, inorganic oxides and carbide supports were subjected to
investigation in accordance with the above parameters by Sharma and Pollet (2012). These results are

summarized in Table 1.

Table 1: Advanced Catalyst Supports Considered for the ORR.

Type of Support . ECSA Power density
Support properties (m? gY) (MW cm?)
Carbon nanotubes | SP?carbon, hydrophobic, high conductivity, i 595
Pt 2-5 nm with 0.04 mg cm™
2 o
Graphene Sp? carbon sheet, hydrophobic, high i i
conductivity, 103-10*S cm™® 4>-82 390-440
Inorganic Oxides Semiconductor., high oxidation resistance, Pt 32-90 <90
nanoparticles between 5—-30 nm
Inorganic Carbides Similar catalytic properties to Pt, CO 182 200
tolerant

While carbon nanotubes and graphene show promising characteristics with respect to their power
densities and conductivities, they are still subject to varying degrees of carbon corrosion. Contrary,
while inorganic oxides can be seen to have a high corrosion resistance, they require larger Pt

nanoparticles which only further increases already high Pt costs (Sharma & Pollet, 2012).

Typically, inorganic carbides, although showing promising activity characteristics are particularly
vulnerable to continuous oxidation upon exposure to water and are often not stable at voltages above
0.8 (Sharma & Pollet, 2012). MXene's, however, while still inorganic carbides are said to have an
electronic conductivity of up to 5000 S cm™, pore sizes between 15 and 200 nm in diameter, a strong
corrosion resistance which should hinder the dissolution of metal cations, and a specific surface area
of the sheets of up to 68 m? g (Lipatov et al., 2016; Shahzad et al., 2017; Liu et al., 2018; Maleski et
al.,, 2018). MXene’s, and more specifically, TizsC,Tx synthesized from the MAX phase TisAIC; will

therefore be investigated for use as an advanced catalyst support in this project.
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2.2  MAX Phases

2.2.1 Composition and Crystal Structure of MAX Phases
MAX phases are unique in their characteristics and features which exhibit properties of both metallic
and ceramic materials. They are generally ductile, thermally, and electrically conductive as well as
resistant to oxidation (Ghosh & Harimkar, 2012). MAX phases with Mn.1AX, formula, are ternary
layered carbides comprised of an early transitional metal (M), an A-group element (mostly groups 13
and 14) and either a carbon or a nitrogen (X) and with n ranging from 1 to 3. This is represented by
Figure 2.5 replicated from Halim (2016), in which the early transitional metal is shown in red, the A-
group element in blue, and the C or N in black. MAX phases are the precursors to MXene’s and are
polycrystalline nanolaminates further known to form laminated structures with anisotropic properties

(Yoon et al., 2018).

H M A He
Li | Be ; transiti F | Ne
K Co | Ni | Cu Br | Kr
Rb Rh | Pd | Ag I | Xe
Cs Ir | Pt | Au At | Rn
Fr Mt | Ds | Rg Uus | Uuo

Figure 2.5: Periodic Table presenting the elements constituting a MAX Phase (Halim, 2016).

By the many feasible combinations of the transitional metal, A group and C or Nitrogen, it was found
that over 60 different MAX phases exist (Liu et al., 2017). Figure 2.6, replicated from studies by
(Barsoum & Radovic, 2011), shows that for each hexagonal unit cell, two formula units exist. It can be

noted that colours assigned to each atomic species correspond between Figure 2.5 and Figure 2.6.

In Figure 2.6, all unit cells with space group P63/mmc consists of M¢X octahedra corresponding to TisC.
The unit cells are then interleaved, in accordance with the M,.1AX, formula, with the appropriate
number of A group layers. These A groups layers also act as a mirror plane from which the MX layers
are reflected (Eklund, Rosen & Persson, 2017). With A-group elements located at the centre of a
trigonal prism, they can accommodate larger elemental species by comparison to an octahedral site
location (Barsoum & Radovic, 2011). Further, in Figure 2.6 c), for the 413 MAX phases, two polymorphs
exist, a and B (Eklund et al., 2007). For the a polymorph, layering is ABABACBCBC; and for the B

polymorph, layering is ABABABABA.
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Figure 2.6: Crystalline structure by unit cells for a) 211, b) 312, and c) 413 MAX phases replicated from
Barsoum & Radovic (2011).

2.2.2 Atomic Bonding within MAX Phases
Bonding within MAX phases is in accordance with Magnuson & Mattesini (2017), made up of a
combination of metallic, covalent, and ionic chemical bonds. Further, MX layers are further described
by to possess strong covalent bonds originating from the overlap between the p and d levels of the X
and M elements, respectively. A-group elements bound are bound metallically and are by contrast,
less strongly bound by comparison to the MX phases. For A-group elements, only their p orbitals
overlap d orbitals of M atoms. This difference in bond strength is what allows the selective etching of

A group elements (Li, Wang, et al., 2015; Magnuson & Mattesini, 2017).

2.3  MXene's

2.3.1 Composition and Crystal Structure of MXene’s
MXene’s are synthesised by the wet chemical etching of MAX phases and are negatively charged
hexagonal, ternary layered carbides (Maleski et al., 2018). They are 2D materials with Mn.1XnTx formula
and have a similar hexagonal structure to their MAX phase precursors. The properties of a MXene
such as its structure, lateral flake size, conductivity, capacitance and surface functionalization are all,
albeit to varying degrees, a function of its MAX phase (Wei et al., 2021). MXene’s are, however,
through removal of the A-group found generally to be less prone to oxidation than their MAX phase

precursors (Wei et al., 2021).

12



As mentioned in Section 2.3.2, Naguib et al. (2011) and Magnuson & Mattesini (2017), indicate that
the removal of the A-group is possible because it is weaker bound by comparison to MX-groups. After
the acid etching of a MAX phase, Alhabeb et al. (2017), suggest the formation of hydrogen and van
der Waals bonds to hold the 2D M,.1X, layers together.

Figure 2.7 a) shows the crystal structure of the etched and terminated MAX phase — now a MXene. As
seen in image a) ii) and iv), the distances between the surface Ti layers and the oxygen and fluoride
termination groups are 0.88 and 1.23 A, respectively. This suggests that O terminated with respect to
F terminated groups are more strongly bound (Liu & Li, 2019). This difference in bond strength was
later found by Liu & Li (2019) to correlate to ORR activity. Figure 2.7 b) shows the SEM image of
exfoliated TisAlC; replicated from Li, Wang, et al. (2015). As seen, by removal of the Al atoms, an

accordion-like morphology is obtained. This morphology is desired to simplify the delaminating stage.

a) b)
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Figure 2.7: a) Etched TisAIC, Crystal Structure by i), ii) top view and iii), iv) side view with interparticle
distances in A. Ti, C, O and F are shown in purple, grey, red, and cyan, respectively (Liu & Li, 2019)
b) SEM image of etched TisC,Tx etched in 49 wt % HF at 60 °C for 24 hours (Li, Wang, et al., 2015).

As the properties of the MAX phase often extend to the MXene, both material characteristics must

therefore be considered in selecting a MAX phase for analysis in this work.

2.3.2 MXene Properties as a Function of MAX Phases
Naguib et al. (2011) were the first to synthesize any MXene, however, when Li et al. (2015), later tried
replicating their experimental procedure under the same conditions, they could not achieve the same
results. The results obtained by Li et al. (2015), were supported by Mashtalir et al. (2013). Li et al.
(2015), later attributed the deviation in results to the method in which the MAX phase was prepared

which was by either high pressure or pressure less synthesis.
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This observation was supported by Alhabeb et al. (2017), who mention that as all MXene’s are a
function of the MAX phase from which they are derived, the sintering conditions of the precursor may
introduce impurities — such as TiC, Ti,AlC and Al,Os; — which may further introduce variability to the
required etching time. Another important aspect in synthesizing MXene’s is the particle size of the
MAX phase materials. In accordance with Sinha et al. (2018), this is an important variable in order to
accrue high quality and yield MXene’s flakes. This is supported by Lei (2015), who mentioned that
etching and delaminating parameters are both functions of the MAX phase’s particle size. Ultimately,
a reduction in starting particle size will reduce the required etching time or required etching

concentration (Lei, Zhang & Zhou, 2015).

2.3.3 Selection of a TizAIC; as the Starting MAX Phase
As the properties of the MXene are often like those of its MAX phase precursor as mentioned in
Section 2.4.1, it is important to assess all both sets of materials to ensure the best fit for purpose
catalyst support is selected. Of the 60 plus MAX phases, TisAlC; is one of the few shown to possess the
suitable electrical and thermal conductivities required for use in a PEFC. This MAX phase also possess

among the strongest resistance to oxidation of the many different MAX phases (Wang & Zhou, 2010).

For this MAX phase TisAlIC; used for the synthesis of TisC,Ty, Li, Wang, et al. (2015), investigated the
thermal stability and found that between 0 and 200 °C in an oxygen environment, only a 0.38 % weight
loss of material was exhibited. It is important to note, that the temperature was elevated at a rate of
15 °C/min with measurements taken as soon as the final temperature had been attained. The 0.38 %

weight loss they attributed only to the removal of physically adsorbed water.

Given that a typical operating temperature of a PEFC is around 80 °C, this motivates thermal suitability
for the desired application. Lipatov et al. (2016), later considered the propensity of TisC; flakes to
oxidise over a 70-hour period in 50 % relative humidity air. They compared the conductivity before
and after air exposure through the fabrication of field effect transistors and their results showed a
decrease in conductivity of 18.5 %. However, with a film resistance only a single order of magnitude
(versus three for graphene), above that of a single flake, these authors still deemed the results
promising for electrocatalytic applications. The variation in resistance between bulk and monolayer
flakes was attributed to the resistance perpendicular to the basal plane. This is defined as that
contributed toward by contact resistances between individual flakes at their interfaces (Lipatov et al.,

2016).
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In accordance with Naguib et al. (2011), the resistance of a cold pressed, “thin”, TisC; disc is 0.03
uQ m. The same authors also determined the elastic modulus along the basal plane of a single TisC;
sheet as 300 GPa. This value is slightly higher than the 250 GPa attained for a chemically derived
graphene sheet (Gémez-Navarro, Burghard & Kern, 2008). This means the MXene sheet will be stiffer

and less prone to any deformation of its morphology.

It was also predicted by Naguib et al. (2011), that by varying the surface termination groups of the
MXene, the electronic structure of the of the layers can be tuned to a desired application. To this end,
Lipatov et al. (2016) and Maleski et al. (2018), determined that for a TisC,Tx sheet with a lateral size of
9 um, a conductivity of 4600 + 1100 S cm™ is attained. This significantly surpasses the 0.1 S cm
requirement outlined by Rabis, Rodriguez & Schmidt (2012), in 2.1.5.2. Based on the desired
properties of the TisC;Tx MXene discussed, its corresponding 312-TisAlC; MAX phase has been selected
for analysis. Shown in Figure 2.8, is the SEM images of TisAlC; at different magnifications a) and b).
These images present the physical morphology and layered structure relating to the crystal structure

described in Figure 2.6.

Figure 2.8: SEM images of TisAlC, depicting the layered structure of the MAX phase replicated from a)
Zhou (2012) and b) Koyappayil & Chavan (2020).

Regali et al. (2014), found that the properties inherent within the TisC,Tx MXene’s surface terminations
can potentially aid in increasing surface activity towards the oxygen reduction reaction. Further, with
a high resistance to corrosion, TisC,Tx may more importantly also offer a longer lasting catalyst
support. If proven successful, the increase in surface activity would also mean less Pt will be required

for the same performance.
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2.3.4 Synthesis of TisC,Tx Through the Selective Etching of TizAIC;
2.3.4.1 Using Hydrofluoric Acid
In accordance with Naguib et al. (2011), the selective wet etching of the A-group with In-situ
hydrofluoric acid (HF), creates an active site for termination (Tx), by a surface group (typically -OH or
-F). These surface terminations, in accordance with Maleski et al. (2018), are responsible for the
MXene’s hydrophilic nature and also render them capable of solution processing. As described in
Section 2.3.1 Li, Wang, et al. (2015) and Magnuson & Mattesini (2017), mention that A-group
elements are weakly bound by comparison to the Mn.1Xx layers which allows for this selective etching.
In accordance with Naguib et al. (2011), the following three simplified reactions take place with TisAl,C

and hydrofluoric acid in the aqueous etching solution:

TisAIC, + 3HF > AlFs + 3/2H, + TisCy (11)
TizCa+ 2H,0 = TisCy(OH); + H, (12)
TisCy + 2HF 2 TizCF, + Hy (13)

The Equations (11-13), were validated using density function theory (DFT), based geometry
optimizations. Equation 11 is the most essential and allows either Equation 12 or 13 to proceed. During
the first reaction there is a loss of metallic bonding because of the etched-out Al atoms. As a result,
TisC, layers are etched from one another. After exfoliation, each unit formula has two Ti atoms
exposed and requires suitable ligands for satisfaction to an equilibrium charge. Given that the
experiment typically occurs in an aqueous solution rich in fluorine and hydroxyl ions, these are the
resulting termination groups. It is worth noting that there will be a combination of Equations 12 and

13 occurring and they are not satisfied independently (Naguib et al., 2011).

For hydrofluoric acid (HF), etching, Naguib et al. (2011), who discovered MXene’'s first etched TisAIC,
in a 50 wt % HF solution at room temperature for 2 hours. More recently, however, Li et al. (2015)
suggest etching in a 49 wt % HF solution at 60 °C for 24 hours. It was further noted by Li, Wang, et al.
(2015), that exfoliating at a temperature of less than 60 °C, significantly increases the required etching
time and at 0 °C, regardless of the HF concertation, at least 72 hours will be required to initiate
exfoliation. Alhabeb et al. (2017), discussed the variability in etching time and found that at room
temperature, exfoliating in a 5 wt % HF solution for 72 hours removes the same amount of Al as that
of a 30 wt % solution for 18 hours. There was, however, a large discrepancy in morphologies with only
the 30 wt % HF solution providing the accordion like structure shown in Figure 2.7 b). These authors
also found that MXene powder exfoliated from the lower concentration solution would hardly be
distinguishable from that of the MAX phase powder. This was attributed to the limitation imposed on

the exothermic kinetics of the HF reaction with Al.
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Consequently, it was found that a decrease in the amount of H, escaping (Equations 12 and 13),
hinders transformation to the desired accordion like morphology (Li, Wang, et al., 2015). It is thus

desired to exfoliate MAX phases in both higher concentrated HF solutions as well as temperatures.

2.3.4.2 Using in-situ Hydrofluoric Acid

The in-situ hydrofluoric acid method was developed to decrease the reliance on hazardous HF. Further
it was found that while all HF methods require further processing for delamination following
exfoliation, using a specific in-situ HF method, eliminates the need for secondary processing. This
methodology also allows larger flakes with cleaner edges to be produced (Liu et al., 2017). All
Equations 11-13 remain the same but are preceded by Equation 14 where the HF is formed from a
reaction between LiF and HCI.

LiF + HCI - LiCl + HF (14)
Several parameters such as HCl volume and concentration, HCI:LiF molarity, temperature and time
have been evaluated by various authors for the optimization of in-situ HF etching methods (Lipatov et
al., 2016; Alhabeb et al., 2017; Liu et al., 2017). Lipatov et al. (2016), took the approach of etching
using an approximate 2:1 HCI:LiF ratio in 10 ml of etchant at 35 °C for 24 hours. By contrast, Liu et al.
(2017), etched using a 3:1 HCI:LiF ratio in 20 ml of etchant at a temperature of 60 °C for 24 hours. The
method and conditions outlined by Lipatov et al. (2016), is known as the minimally intensive later
delamination (MILD) method. With an excess of Li* ions in solution, intercalation is facilitated in the
etching solution using this method. Alhabeb et al. (2017), motivated MILD application in environments
where high electrical conductivity and environmental stability are favoured. They do, however,
suggest the use of alternate methods where smaller more defective sheets are required such as in the
case of electrochemical applications. It should be noted, however, that Maleski et al. (2018), showed
that while smaller particles possess a higher specific surface area, they are less conductive than their
larger counterparts. There is therefore a trade-off between specific surface area and conductivity

when considering electrochemical applications.

2.3.5 Delamination of TisC,Tx Flakes
The desired catalyst properties for an ORR catalyst as per Section 2.1.4 is 2 to 5 nm Pt particles
uniformly distributed on a support possessing a specific surface area of at least 50 m? g (Rabis,
Rodriguez & Schmidt, 2012). It is also imperative that the support possess a specific area to achieve
the desired loading of Pt with a coverage of around 0.4 mg cm%geometric l0ading (Stephens et al., 2012).
Shahzad et al. (2017), indicate that multi layered TisC, sheets only possess a specific surface area of

0.5 m? g1, By contrast, the specific surface area of delaminated TisC, sheets is up to 68 m? g1
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It is therefore vital that exfoliated sheets be delaminated to attain the SSA requirement outlined in
section 2.1.5.2 by Rabis, Rodriguez & Schmidt (2012). Delamination of MXene’s can be undertaken

through either sonicating methods or chemical intercalant methods.

2.3.5.1 Sonication as a Means of Delaminating TisAIC, Flakes
As mentioned in Section 2.3.4.2, in-situ HF etching with the ideal set of parameters, requires no
secondary delamination stage. This section therefore relates specifically to the treatment of post HF

etched MXene’s.

Sonication, in accordance with Maleski et al. (2018), is a very strong function of the etching
parameters. While sonication was only used by other researchers as a means of delaminating flakes,
Maleski et al. (2018) used it, in conjunction with density gradient centrifugation to determine which
2D MXene flake sizes, in a delaminated colloidal solution with large lateral-size polydispersity, are
responsible for key conductivity properties. They found that by varying the input energy, sonication
can also be used as a means for selectively controlling the flake size. This agrees with previous
literature by Alhabeb et al. (2017), who stated that longer sonicating times with higher powers are
responsible for smaller, more defective flakes. As discussed, for catalytic applications it was
recommended to make use of smaller flakes to increase electrochemical performance. This was
further motivated by Maleski et al. (2018) who determined that smaller flake sizes can provide more
active sites for deposition, which in turn enables better electrolyte accessibility leading to an increase
in electrochemical performance. Maleski et al. (2018) noted that flakes with a lateral size of +1 um
show the best capacitance and rate performance of flakes between 0.1 and 5 um and that conductivity
is inversely proportional to lateral flake size. The transformation of the crystalline structure from MAX

phase to MXene pre and post sonication, is shown in Figure 2.9 replicated from Naguib et al. (2011).
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Figure 2.9: Crystal structure transformation from a) MAX phase to MXene b) pre and c) post sonication
adapted from Naguib et al. (2011). Ti, C, Al, O and H are shown in grey, black, red, blue and pink,
respsectively.
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2.3.5.2 Intercalation as a Means of Delaminating Ti3AIC2 Flakes
Li, Wang, et al. (2015), found that the spacing between atomic planes (or d-spacing) of layered MXene
flakes can be increased using intercalating compounds. This step could be achieved by weakening
interactions between the 2D layers and consequently, separating or delaminating them. Intercalation
of MXene’s takes place in a suitable solvent for both the multi-layered sheets and the intercalant.
Several intercalants have been studied to delaminate MXene’s, each with their own advantages and
disadvantages. Dimethyl sulfoxide (DMSO) was among the first of these investigated. This intercalant
does, however, require that sonication follows. Without sonication the multi-layered sheets would
settle as sediment. Intercalating with DMSO will provide a lateral flake size, after sonicating, of the
order of a few hundred nanometers (Alhabeb et al., 2017). When obtaining diffractogram results, each
peak corresponds to an individual d-space. As a result of the intercalation, it is therefore expected
that the XRD peaks will be shifted. This was confirmed by Li, Wang, et al. (2015), who mention that
the MXene peaks after intercalation with DMSO were shifted to a lower angle and broadened. The
broadening they attributed to an increase in d-spacing and a decrease in the thickness of the sheet

layers.

Another intercalant investigated was urea. It was found by Li, Wang, et al. (2015), that while
intercalation with CHsN,O at 60 °C for 24 hours increased the physical unit cells dimensions — or ¢
lattice parameter (LP c) — from 19.853 to 25.108 A, the MXene characteristic peaks were sharpened.
This meant urea molecules diffused into the crystal planes and glued the layers together resulting in

an increase in thickness of the layers.

A final consideration for intercalation is with Li* ions in hydrochloric acid (HCI). The exfoliation
parameters of TisAlIC; using LiF, NaF, KF and NH4F salts were investigated by Liu et al. (2017). They
reported that of all the species tested, LiF performed most desirably and provided the most
delaminated sheets. This corresponds to what was previously mentioned in Section 2.3.4.2, where
MXene synthesis using the MILD method, due to the excess of Li* ions and sufficiently concentrated

HCI, provided etched and delaminated sheets in a single stage.

2.4  Electrochemical Performance Evaluation

2.4.1 Platinum Deposition
Many methods of depositing Pt to a support exist with different advantages and disadvantages. The
methods evaluated for use in this project include polyol, wet chemistry, spray coating and metal-

organic chemical deposition (Li & Hsing, 2006; Jackson et al., 2017; Palma et al., 2018).
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The first two investigated methods of polyol (or ethylene glycol reduction) and wet chemistry (or
borohydride reduction), while most commonly employed are disadvantaged by their long preparation
times of up to 40 hours (Huang, Ganesan & Popov, 2010; Lv et al., 2010). Furthermore, Castillo et al.
(2018), have found that while electrospray methods can achieve above 90 % deposition into pores, Pt

nanoparticles formed from electro sprayed droplets are found to agglomerate at the support surface.

Studies conducted by Gertzen & Moydien (2017) & Jackson et al. (2017) on metal organic chemical
deposition (MOCD), showed favourable results in depositing well dispersed, platinum nanoparticles
between 2 and 6 nm onto a carbide support material in 10 hours. Based on its ease of application,

time efficiency and application to carbides, MOCD was selected for use in this project.

2.4.2 Electrochemical Surface Area Measurements
To assess whether the MXene-based support outperforms its carbon alternative in terms of both
durability while maintaining similar activity, an electrochemical performance evaluation was to be
conducted. The protocols used in this report are those scientifically standard and typically employed
by Hydrogen SA (HySA). These protocols involve the preparation of an ink containing catalyst dropped
and uniformly dispersed over a polished glassy carbon electrode. It was shown by Kocha et al. (2017),
that both the magnitude of the measured ORR activity and the ability to achieve consistent results is
a function of system cleanliness. Consequently, glassware was regularly cleaned. Much like system
cleanliness, Kocha et al. (2017), also show that both the magnitude of the measured ORR activity and
the ability to achieve consistent results is a function of both ink formulation along with film drying. To
achieve the desired consistency, both respects were kept routine as discussed in section 4.4. Following
the ORR measurements, the charge under the hydrogen potential region between approximately 0.05
and 0.40 V (vs RHE), shown in Figure 5.28 was related to an electrochemical surface area (ECSA). Using
210 puC cm? as the charge for the adsorption of an atomic monolayer of hydrogen in the acid

electrolyte (Garsany et al., 2014), Equation 15 was used to calculate the ECSA.

(15)

Charge (C‘t:n—cz)
gPt

- 210 (;‘TCZ)-Pt loading (cm_z)

ECSA (;’"Tj) -

In accordance with Garsany et al. (2014), electrocatalytic activity measurements should be reported
area and mass specifically at 1600 rpm and at 0.90 V vs RHE. Before reporting, corrections to the
voltage and current are required to remove the effects of impedance and acquire the corrected ORR
polarization curves. Equation 16 shows the Equation of the mass transport corrected current:

I, = m (16)

Iim—1

In Equation 16, limis the limiting current, and |, the current measured at a potential of 0.90 V vs RHE.
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The final Equation to model the solution and diffusion flow conditions around a rotating disk
electrode, is the Levich Equation 17. All variables are as described in the nomenclature.

ip = (0'620)nFAD2/3w1/2V_1/6C .

2.5 Rationale and Sustainable Development Goals

2.5.1 Rationale of the Study
From literature, high surface area carbon supports and particularly carbon black, is often employed to
facilitate the ORR in PEFC’s. Platinum use in the fuel cell was motivated and the carbonaceous catalyst
support found to be employed due to its high specific area, diverse range of morphologies and low
cost. The supports were, however, found to be susceptible to two mechanisms of electrochemical
surface area reduction. First, they are vulnerable to oxidation and secondly, due to its instability,
platinum dissolution, agglomeration and Ostwald ripening are also possibilities. The ECSA loss is a
consequence of the low pH, start-up potentials and, the oxygen rich environment under which the
supports are subjected to. By consequence of these conditions, a decrease in the PEFC’s operating

efficiency and durability are observed.

With their structural properties combining the advantages of both metallic conductivity and ceramic
corrosion resistance, MXene’s possess the potential to replace carbon catalyst supports for the ORR.
TisC,Tx, was the selected MXene for this analysis as it offers a theoretically higher surface activity based
on its termination groups than the currently employed carbonaceous supports. Further, it may also
offer a more durable, longer lasting catalyst support, based on its acid and oxidation resistance at PEFC
operating conditions. The overall aim of the project will therefore be to determine if TisC;Tx can offer

a more durable support with a similar level of activity to carbon black for the ORR in a PEFC.

2.5.2 Sustainable Development Goals
To restrict global warming to at least 1.5 °C, it has been determined by the IPCC (2018), that low
emission final energy fuels in the transport sector will need to rise to around 10 times its current
market share value of 5 %. To achieve this, PEFC’s will be required to reach the 5000-hour lifetime

target for transport applicable fuel cells set by the DoE of the U.S (Majlan et al., 2018).

With current catalyst supports restricting the lifespan to 1700-hours, the development of more
durable supports is crucial. This research, which focuses on the potential of MXene’s to help realize
the durability targets, contributes toward sustainable development goals relating to cleaner energy

and more sustainable communities.
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Chapter Three: Hypothesis and Key Questions

3.1 Hypothesis

Based on the literature in Chapter Two and the context of this study, it is hypothesised that:

By exfoliating TisAIC; with in-situ HF or HF methods followed by sonication, it will be possible to attain,
high (>50 m? g'1), specific surface area, delaminated TisC,Tx sheets. Further, the as synthesized TizC,Ty
sheets will provide a more durable catalyst support for Pt enabling a similar level of activity to that of

carbon black.

3.2 Key Questions

The key questions derived from the hypothesis are as:

e s it possible to attain high (>50 m? g) specific surface area, delaminated, TisC,Tx sheets by
exfoliating TisAlC, with either in-situ HF or HF methods followed by sonication?

e Does the TisC, Ty catalyst support outperform the commercial carbon black in the electrochemical

environment of a PEFC for the ORR in terms of durability while maintaining similar activity?
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Chapter Four: Research Approach

4.1  Experimental System

As the starting particle size and sintering conditions of TisAIC; impact the synthesised MXene, a single
source with as few batches as possible of starting material will be used to eliminate inconsistencies
on the product properties (Wei et al., 2021). To this end, three batches of MAX phases ordered from
Changsha Easchem Co were used in this report. All three batches were synthesised using the same
materials and under the same conditions. The attained MAX phases were listed as 98 % pure with
batches one and two having a maximum stipulated lateral particle size of below 74 ym, and batch
three 37 um. The only variation between the synthesis methods of the first two batches and the third,

was the final grinding and sieving which was through a smaller sized screen of 400 vs 200-mesh.

Due to company confidentiality, Changsha Easchem Co. were only able to provide the outlining
synthesis condition of hot pressing (HP). The alternative to hot pressing is pressure-less synthesis
(PLS). Through the variation in starting material synthesis methods, a differential in the degree of
preferred orientation is introduced into the derived MXene (Kuo & Shen, 2000; Li, Wang, et al., 2015).
Whereas pressure-less synthesis derived MXene’s are highly orientated, those synthesised from a hot-
pressed MAX phase are relatively lesser so. As a result, when Li et al. (2015), recorded XRD
diffractogram’s of the MXene’s synthesized under the same conditions but using differently
synthesised MAX phases, they found significantly greater intensity in the peak intensity from the PLS
samples. Li et al. (2015) compared the XRD diffractograms between PLS and HP synthesised MAX

phases and while there are subtle differences in peak intensities, they share the same pattern.

Only TisAIC; has been selected for this investigation based on its corresponding MXene’s electronic
and thermal conductivities, as well as its oxidant resistant properties. Further, all synthesis routes
investigated will be at the mildest possible conditions as described in Chapter One due to safety

concerns.

4.2  MXene Synthesis Parameters

For the exfoliation and where applicable, delamination, of the MAX phase, TisAlIC;, the following
protocols were performed for in-situ HF and HF acid etching, respectively. It can be noted that
irrespective of the etchant, all etching took place on an IMIUTP-350+ EA Digital magnetic stirrer

hotplate with the associated support rod and temperature probe.
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The temperature probe was always placed in a silica oil bath with a magnetic stirrer and stirred at 350

RPM. The beaker containing the etching solution was then placed three quarter way into the bath.

4.2.1 In-situ HF Etching
By performing in-situ HF etching with the HCI:LiF molar ratio herewith reported, it was possible to etch

and delaminate in a single step, thus negating the need to use either intercalants or sonication.

To etch using this method, the etching solution was prepared by adding a weighed amount of LiF to
the 10 ml 10 M HCI. The solution was left under continuous stirring at 300 RPM using a magnetic Teflon
bar for 5 minutes. Where a specific HCl molarity was required, the acid would be added to a known
volume of deionized water to a total etchant volume of 10 ml. Where changes to the etchant
concentration was made, stirring was performed for 5 minutes before proceeding with the synthesis.
0.5 g of TisAIC; powder was added to the prepared etchant over the course of 5 minutes as the reaction
of aluminium with HF acid is exothermic. If the MAX phase powder was not added gradually into the
etching solution, bubbling and a temperature spike would occur. The reaction was then left to
continue at the desired temperature and for the desired time. Once the reaction was completed, the
MXene flakes in solution were placed into a polyethylene beaker with 500 ml of deionized (D.l), water
and allowed to settle overnight. With this quantity of D.l water, the resultant pH was reduced to within
the desired 4-5 range. Once the MXene powder had settled from solution, the surface water was
decanted and safely disposed of. The MXene concentrate was then placed into a 200 ml polyethylene
beaker which was placed into an oven at 60 °C and allowed to dry before characterisation was

conducted in accordance with Section 4.5 to follow.

4.2.2 HF Acid Etching
The HF etching solution was prepared measuring out 10 ml of 48 wt % as received hydrofluoric acid.
Where a lower assay than provided was required, the HF acid would be added to a known volume of
deionized water and brought to a total etchant volume of 10 ml corresponding to the desired molarity.
Where changes to the etchant concentration was made, stirring was performed for 5 minutes before
proceeding with the synthesis. 0.5 g of TisAlC; powder was then added to the prepared etchant over
the course of 5 minutes as again, the reaction of aluminium with HF is exothermic. The reaction was
then left to continue at the desired temperature and for the desired time. Once the reaction was
completed, the MXene in solution was placed into a polyethylene beaker with 1-litre of deionized
water and allowed to settle overnight. This was repeated to bring the total wash water to a volume of

2-litres over two days.
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Where vacuum filtration was desired to allow for a shorter period between synthesis and
characterisation, the 1-litre of dispersed flakes was vacuum filtered. The slurry was then redispersed,
and the process repeated. Vacuum filtration was performed using an N840 diaphragm pump with
guantitative grade 390 filter paper. With the quantity of D.| water mentioned above, the resultant pH
was reduced to the desired 4-5 range. Once the MXene powder had settled from solution, the surface
water was decanted (and the slurry collected). The MXene concentrate was then placed into a 200 ml

polyethylene beaker which was placed into an oven at 60 °C and allowed to dry.

Where grinding by mortar and pestle was required, the dried MXene powder would be ground by the
same individual for exactly 10 minutes. As much as possible, this process was attempted to maintain
uniformity in terms of the applied force. Where grinding by micronizor was required, the dried MXene
flakes were placed into a McCrone Micronizing Mill along with the grinding media for exactly 10
minutes. To remove the flakes from the media and mill, deionized wash water was used. The quantity
of D.l water was kept to a minimum to not extend the secondary drying process which would take

place in the same oven at 60 °C.

Where sonication was required, it was performed by dispersing 200 mg of dried MXene powder in 50
ml of deionized water. Sonication was performed in a plastic beaker using an SMSC-8801 probe
sonicator at 100 % power with a 1s on, 1 s off frequency. This process was done over various time
ranges all of which were undertaken in an ice bath. Once more, the sample was placed into an oven

at 60 °C and allowed to dry before characterisation was conducted in accordance with Section 4.5.

4.3 Platinum Deposition

As discussed in Section 2.4.1, platinum deposition was be carried out by metal organic chemical
deposition. The protocols were as follows. First, BET specific surface area results were used to
determine the amount of the precursor material (97 %, platinum acetoacetate or Pt(acac);), to achieve
a desired particle dispersion. The platinum precursor was then placed alongside the MXene flakes in
a vial in an ultrasonic bath for 30 minutes. The mixed catalyst precursor and support material were
then placed in a reactor and into a tube furnace. Argon gas was slowly passed through the reactor to
remove surface contaminants as the furnace ramped from 0° to 100 °C at a rate of 3.3 °C/ min or over
half an hour. The temperature was then held at 100 °C for 30 more minutes. Over the next hour, the
reactor ends were closed with a saturated argon atmosphere inside. The furnace temperature was
then ramped from 100 °C to 350 °C at a rate of 4.2 °C or over an hour. After maintaining a temperature

of 350 °C for 2 more hours, the catalyst deposition was complete.
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4.4  Electrochemical Performance Evaluation

To assess whether the MXene-based support outperforms its carbon alternative in terms of both
activity and/or durability, an electrochemical performance evaluation was conducted in accordance

with the below.

4.4.1 Electrode and Catalyst Ink Preparation
The following protocols were strictly employed to ensure consistency of results as per Section 2.4.2.
A glassy carbon electrode sheathed in Teflon (A = 0.196 cm? with @ = 5 mm, Pine Instruments), was
polished on a moistened polishing cloth to a mirror-finish. Polishing was completed in three cycles
using milli-pure water and decreasing particle sizes 1 to 0.03 ym of Al,Os. The electrode was placed in
a beaker of milli-pure water and bath sonicated for 5 minutes before being left to dry. The catalyst ink
was then formulated using HySA’s internally developed protocols for Pt/C. For Pt/MXene, the same
volume of ink to retain the same dispersion was used, however, the ink formulation was adapted from
Faraji, Parsaee & Kheirmand (2021). The ink composition was as follows:
e The platinum/carbon ink solution consisted of 5 mg catalyst, 5 ml milli-pure water, 1.5 ml
isopropanol alcohol and 25 pl of Nafion 5 wt % solution
e The platinum/MXene ink solution consisted of 5 mg catalyst, 6.5 ml of anhydrous ethanol and 25
pl of Nafion 5 wt % solution
Following the ink formulation, all inks were bath sonicated for 30 minutes to create a homogenous
catalyst suspension. In all instances, 10 ul of ink was dropped onto the surface of the glassy carbon
electrode and dried by attaching it to an upward facing shaft rotated at 700 RPM. Garsany, Singer &
Swider-lyons (2011), have shown that this method of ink drying produces more reproducible and

smooth films than allowing it to air dry.

4.4.2 Electrochemical System Configuration
All electrochemical measurements were performed using a standard three-compartment, glass,
electrochemical cell. The electrolyte solution was 0.10 M HCIO, and was de-oxygenated by bubbling
through argon gas for at least 30 minutes before experiments were initiated. The working glassy
carbon electrode was attached to the electrode rotator and guided into the electrolyte ensuring that
no argon bubbles contacted its surface. For the counter electrode, a platinum wire was used, and all
potentials were measured against a reversible hydrogen electrode (RHE), which was sealed and
bridged using the same electrolyte (0.10 M HCIO.). For consistency, the height of the working
electrode and by virtue the resistance of the solution between the working and RHE were kept as

constant as possible.
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All electrodes were then connected via the same channel to the Bio-Logic SP-300, potentiostat. This
was done with shielded cables with the same channel always used as to retain the specific calibration

parameters. Finally, the results from all experiments were analysed using EC-Lab.

4.4.3 Electrochemical Surface Area and Activity Parameters
To measure the electrochemical surface activity (ECSA), following the system configuration as above,
the working electrode was cycled at 100 mV s from 0.05 to 1.20 V for 50 cycles to remove
contaminants and clean the electrode surface. Five cyclic voltammograms (CV’s), were then recorded
over the same potentials at a scan rate of 50 mV s for calculation of the ECSA in accordance with
Equation 15 mentioned in Section 2.4.2. Activity measurements for catalysts were determined by
performing linear sweep voltammetry (LSV). For background corrections, recordings were done in an
argon purged electrolyte. At a scan rate of 20 mV s}, the potential was varied from 1.00 V to 0.02 V,
before being reversed from 0.02 V back to 1.00 V. This was conducted at four rotational speeds of
400, 900, 1600 and 2500 RPM to attain a full set of polarization curves. These background
measurements were significant as they were required to eliminate capacitive current contributions
for platinum oxidation and reduction. Additional background corrections included an impedance
measurement that was recording using the software integrated in EC-Lab. This impedance resistance
was later used for voltage corrections and was assumed constant throughout the experiment. Finally,
the electrolyte was saturated in oxygen and the same LSV parameters used for further measurements.
After correcting the voltage for the impedance, the difference between the current from the argon

and oxygen polarisation curves can be related to the activity of the catalyst.

4.4.4 Accelerated Durability Testing Parameters
The parameters for the catalyst degradation assessment were adapted from Jackson et al. (2017).
After initial ECSA measurements, scans at 50 mV s by cycling between 0.6 and 1.0 V vs RHE were
performed for up to 5000 cycles. At select intervals, the scan rate was changed to 100 mV s and
cycled between 0.01 and 1.2 V for 50 cycles to remove surface contaminants. Following, the scan rate
was reverted to 50 mV s and a revised CV recorded before resuming cycling between 0.6 and 1.0 V

vs RHE.

4.5 MXene Characterisation

To ensure analyse the results, the following characterisation protocols were strictly performed for all

samples and starting materials under the same conditions.
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For analysis of the morphology and structure of both the TisAIC; MAX phases and TisC,Tx MXene flakes,
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction
(XRD), were performed. For only the MAX phases, Raman spectroscopy (RS), was also performed to
confirm the chemical composition. In this project, a Tescan MIRA SEM utilizing a backscatter detector
was used for the capturing of SEM images such as those shown in Figure 5.2. To identify the elemental
composition and specifically, the location of such elements, energy dispersive spectroscopy (EDS) was
used and performed using a Nova Nano SEM with an Oxford X-MAX 20 mm? detector. For catalyst
particle size and dispersion analysis, TEM was performed using an FEIl Tecnai F20 field emission cryo-
TEM. Image J was used to analyse TEM images and provide the particle size distributions. The last
characterisation method for chemical composition was RS which was performed using a Witec

Confocal Raman Microscope (Alpha 300).

To assess the specific surface area of etched and or delaminated TisC,Tx flakes, the Brunauer-Emmett-
Teller (BET) measurement technique was utilized. The information was collected using a physisorption
analysis performed on a Micromertics Tristar Il 3020. All samples were degassed at 200 °C for 3 hours
with nitrogen used as the adsorbate and helium employed for determining the void volume of the

sample tube.

To determine composition and lattice parameters, powder X-ray diffraction (XRD) was utilized. In this
work, measurements were recorded using a Bruker D8 diffractometer utilizing Co Ka radiation and
analysed using Diffrac.Suite. The step sizes were constant at 0.02° with 1 s dwelling time and powders
placed on holders rotated throughout the analysis to improve particle statistics. Lastly, samples were

pressed into the holders to increase peak intensity using a glass slide.
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Chapter Five: Results

The following Section reviews the results of the study. As mentioned in Chapter One, all methods
applied were at the mildest possible conditions to attain the desired MXene properties. The results in
this work are discussed in three Sections where TisAIC; powder is first characterised by batch and
particle size. Following, the transformation from this MAX phase powder to MXene flakes with a high
(>50 m? g?1), specific surface is documented. Finally, the synthesized TisC,T, flakes were
electrochemically assessed for application as a catalyst support material to facilitate the ORR in terms

of activity and durability.

5.1  MAX Phase Material Characterization by Batch

The XRD diffractogram for the starting materials is shown in Figure 5.1. As seen, primary peaks are
observed at 11.04°, 22.33°, 39.69°, 43.00°, 45.61°, 48.94°, 56.97°, 61.69° and 66.68°. After correcting
for the different x-ray sources, agrees with Zhao et al. (2016) who also designated the peaks to planes
(002), (004), (101), (103), (104), (105), (107), (108), and (109) respectively. The correction was required
as the literature values were measured using a Cu radiation source vs cobalt in this report. The

corrections were completed using Braggs Laws.
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Figure 5.1: XRD of TisAlC; MAX phases synthesized by hot pressing as sourced from Easchem Co.
Diffractogram is shown first by batch number and then particle size of 200 and 400-mesh, respectively,
against the reference pattern of TisAlC,.

As shown in Figure 5.1 in red, all reference peaks align with literature. The low intensity peak at 52.65°,
corresponding to plane (106), is not visible after normalizing, however, does exist in the original

spectrum.
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In accordance with (Alhabeb et al., 2017), the most common impurity in TisAlC, powder is Ti,AlC. The
two are distinguishable from each other by their first and their primary peaks which are at around 10°
and 45°, respectively. As seen, no Ti,AlC peaks are observed around 10°, but there is a tangent to the
TisAlC; 45° peak. This means that a single MAX phase with all specific properties relating to it cannot
be entirely considered due to a small proportion of impure Ti,AIC, phases. As mentioned in Section
4.1, the attained MAX phases are listed as 98% pure, this agrees with what the XRD results have shown
in that there exists a proportion of Ti,AIC in the sample. Based on the XRD, all three samples have

been confirmed to possess the crystalline structure of the desired TisAlC..

In Figure 5.2, SEM images of the first, second and third MAX phase batches are shown. Images a) and
b) represent the first, c) and d), the second, and e) and f), the third. In the figure, the layered structure

of the TisAlc; metal carbide can clearly be seen in all the high magnification SEM images b), d) and f).

For the first batch, while the particle size observed in Figure 5.2 image b) is around 15 um, the bulk
material is shown in a), to have a larger particle size (up to 25 pum). This variation in the lateral particle
size distribution (PSD), is expected to influence the etching parameters during MXene synthesis. In
accordance with Wei et al. (2021), larger flakes take longer to etch than smaller, or £ 2 um are
expected to take. This was attributed due to the etching kinetics which is a function of aluminium
access and by virtue, lateral flake size. Similarly, for batch two, a particle size distribution of between
10 and 25 um can be seen in c). These two batches based on the discussed crystalline structure as well
as morphology and particle size distribution shown in b) and d), are therefore considered similar. This
is noteworthy as batch 1 will be consumed using in-situ HF experiments, and batch 2 using HF

experiments.

Batch three, or the 400-mesh TisAlC; MAX phase is also shown in Figure 5.2. As seen in f), an
approximate flake size of 10 ym is shown. This is smaller than that observed in the preceding two
images and as this sample was sieved through an aperture of half the diameter to the 200-mesh
sample, it is expected. While not easily seen in e), the bulk material should consist of smaller laterally
sized flakes. This, as per Section 2.3.2 will influence etching time as well as MXene flake size post
synthesis. Should the MXene flake size be decreased, the result should correlate to an increase in the

specific surface area as measured by the BET analysis.
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Figure 5.2: SEM images of batch 1 a), b) batch 2 c), d) and batch 3 e), f) of TisAIC; MAX phases
synthesized by hot pressing as sourced from Easchem Co. Images a), b) and c), d) correspond to a 200-
mesh particle size and e), f) a 400-mesh particle size. All particles inscribed in red squares are shown
at a higher magpnification in their adjacent right sided image.
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Following the XRD and SEM analysis which confirmed the crystalline structure and morphology to be
consistent across batches and with literature, Raman spectroscopy was performed to describe the
bonding within the MAX phase’s crystal structure. Figure 5.3 shows the Raman spectra for each of the

three batches of TisAIC, procured. As seen, the peaks are in the region between 200 and 700 cm™.

Intensity (a.u)

e Batch 1 200 mesh

Batch 2 200 mesh

e Batch 2 400 mesh

0 100 200 300 400 500 600 700 800
Raman shift (cm™)

Figure 5.3: TisAIC; starting material Raman spectrums shown first by batch size and then particle size.

As per Section 2.2.1, for a 312 MAX phase, or TisAlC;, MX layers are reflected about the A-group
element located at the centre of a trigonal prism (Eklund, Rosen & Persson, 2017). In accordance with
Naguib et al. (2011), the Al-Ti vibrations corrospond to the first three peaks at 70, 250 and 400 cm™.
The last two peaks at 490 and 600 cm™™, in Figure 5.3 are said to then correspond to Ti-C vibrations. It
is therefore expected that after the selective etching of the Al, that the first three peaks will cease to
exist. Once more, this selective etching of Al occurs due to its weaker metallic bonding by comparison
to the MX layers covalent bonds as discussed in Section 2.2.2. From Figure 5.3, consistency in the bond

order and functional groups between samples is confirmed.

A BET analysis confirmed a starting material specific surface area of 2 m? g for each of the three
batches. While the 400-mesh TisAl; is supposed to have smaller particles on average and thus a higher
specific surface area (SSA), the accuracy at such small values must be considered. After etching,
however, the smaller starting particle size is expected to show differences. The attained SSA agrees
with literature where previous investigations into TisAlIC, SSA by Tang, Yang & Que (2018), found it to
also be 2 m? gl. As mentioned in Section 4.5, the BET analysis was performed after degassing for 3
hours at a temperature of 200 °C. These conditions were replicated from Tang, Yang & Que (2018), on

the basis of TisAlC,’s resistance to oxidation below temperatures of 400 °C (Li, Wang, et al., 2015).
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5.2 TisC,Tx MXene Synthesis

5.2.1 X-ray Diffraction Analysis Considerations
During the experimental characterisation of the as-synthesised MXene’s herewith investigated, it was
noted that the intensity of the primary MXene characterisation peak (002), at around 8° would

decrease in intensity and broaden over time as shown in Figure 5.4.
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Figure 5.4: XRD evolution from zero to 90 hours showing a decrease in peak intensity of 0.5 g, 200-
mesh TisC,Tx etched in 10 ml of 30 wt % HF at 30 °C after vacuum filtering and oven drying at 60 °C.

Gogotsi & Barsoum (2012), have noted that exfoliation of MAX phases introduces a drastic loss in
structural order and by virtue, crystallinity. They note further that cold-pressing of MXene samples
forces the delaminated layers to restack in their preferred orientation. Without cold-pressing,
however, delaminated MXene (002) peaks shift to lower angles. This in turn relates to higher c

parameters which is observed as peak broadening in Figure 5.4.

This analysis was performed by dispersing and vacuum filtering the MXene solution to the desired pH
immediately after synthesis. From Figure 5.5, it is observed that through the vacuum filtering process,
no harm is inflicted on the flakes as none of the edges were rounded. Further, the exfoliated sheets
remained in the desired accordion like morphology. It was only to the additional risk of having to
decant volumes of dilute HF through a vacuum filter, that this processing methodology was not seen

as practical for long term use.

Finally, in the XRD diffractograms to follow, it should be noted that due to laboratory equipment
sharing, even while measurements were recorded as quickly as equipment became available, it would
not always be within the desired first 4 hours after etching and drying where the sharpest peaks are

attained.
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Figure 5.5: SEM images of 0.5 g, 200-mesh Ti;C;Tx etched in 10 ml of 30 wt % HF at 30 °C after vacuum
filtering and oven drying at 60 °C. The particle inscribed in the red square is shown at a higher
magnification the adjacent right sided image.

5.2.2 In-situ HF etching
5.2.2.1 Etchant HCI:LiF Molar Ratio Optimization
It was found by Lipatov et al. (2016), that to provide delaminated sheets without sonication, a LiF:HCI
ratio of 3:1 should be employed. The bypassing of the sonication process was said to be possible by
having excess Li* ions available for intercalation. This was therefore employed as the first molar ratio
considered. All samples in this section were etched for 24 hours and at 35 °C as per Lipatov et al's.
(2016), outlined synthesis conditions. In Figure 5.6, for the 3:1 HCI:LiF molar ratio a new peak at 8°

becomes visible. The primary MAX phase peaks at 11.04°, 45.61°, and 48.94° are, however, also still

visible.
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Figure 5.6: XRD diffractogram of 0.5 g, 200-mesh TisAIC; etched in 10 ml in-situ HF at different molar
ratios of LiF:HCI, for 24 hours at 35 °C against reference patterns of TizAIC; and LiF.
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The XRD spectrum shown in Figure 5.6 indicates that there are both MAX phases and MXene’s present
inthe sample. As mentioned earlier in Section 5.1, this is a consequence of the particle size distribution
with smaller flakes etching quicker than larger ones. Additionally, a set of new peaks at 45.5 ° and
53.3 ° are formed. This indicates that there remains residual LiF not washed away in the washing
process. This phenomena was also experienced by Alhabeb et al. (2017), who mention copious

amounts of washing may be required to remove residual LiF and or LiCl salts.

Shown in Figure 5.7 images a) and b), are the SEM images for the 3:1 HCI:LiF molar ratio etched sample.
While it can be seen in b), that not all sheets are etched and delaminated, in a), several delaminated
sheets are seen scattered throughout the sample. It is also evident from a), that many of the
delaminated sheet’s agglomerate. This, as previously referenced Section 5.2.1, is the physical

manifestation of the loss in structural order and by virtue, crystallinity.

Figure 5.7: 0.5 g, 200-mesh TisAlIC; etched in 10 ml in-situ HF using a 3:1 HCI:LiF molar ratio for 24
hours at 35 °C shown at different magnifications in a) and b).

From the EDS analysis performed and as shown in Figure 5.8, nearly all the aluminium is seen to have
been removed with traces remaining on the surface of some sheets as shown in Figure 5.8, Spectrum
1. It is also seen that residual Cl* ions are still present albeit in small quantities and have not been
washed away in this same location. This went undetected by XRD measurements due to the small
quantity of only up to 1.2 atomic wt %. The location of LiF, is predominantly in spectrums three and
four in Figure 5.8 which is between sheet layers where etching has occurred. This is aligned with
literature which suggest rigorous washing may be required to remove the LiF after it reaction with the

aluminium where it is in excess against HCI (Alhabeb et al., 2017).
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While the presence of oxygen from the EDS analysis was originally unexpected, without any new peaks
forming in the XRD in Figure 5.6, oxidation of the MXene and the subsequent formation of Rutile or
Anatase titanium dioxide (TiO,), was ruled out. This was further supported by work from Li, Wang, et
al. (2015), who noted that TisC,Tx oxidation does not occur even in an oxygen environment below
temperatures of 200 °C. The oxygen is therefore presumed to be no more than a few nanometres

thick layer of alumina present due impurities or exposed aluminium not bound between Ti-C layers.

EDS analysis in atomic weight %

C 0] F Al | Cl |Ti

Spectrum1 | 16.7 | 9.6 | 353 |18 | 1.2 | 354

Spectrum2 | 38.0 | 229 | 23.7 | 0.3 | 0.6 | 145

Spectrum 3 6.3 40 (84.4]101]|02| 5.0

Spectrum4 | 322 | 96 | 5070104 ]| 7.0

Figure 5.8: EDS spectrum sources and elements shown in atomic weight % of 0.5 g, 200-mesh TisC,Ty
etched in 10 ml 3:1 HCI:LiF for 24 hours at 35 °C.

Finally, the expected termination groups of -OH and -F are also seen to be present in Figure 5.8 as per
Naguib et al's. (2011), findings. Rabis, Rodriguez & Schmidt (2012), recommended for an alternative
support material for the ORR, a BET surface area of 50 m? g'! must be attained. For this sample,
however, the BET surface area measurement was limited to only 5 m? g. While exfoliated and
delaminated sheets are seen in both a) and b) of Figure 5.7, on closer inspection in image b), some of
the layers have not been completely etched. This relates to only a moderate extent of exfoliation and
agrees with the results as seen from the XRD diffractogram. It also motivates that etching and
delamination parameters may need refinement. In the process of trying to increase the specific
surface area, alleviate the residual impurities and etch and delaminate a larger portion of the sample,

different HCI:LiF ratios were investigated.

To remove the residual traces of LiF salt after etching, different molar ratios were investigated. LiF was
set as the limiting reagent when reacted with the in situ-HF. As the limiting reagent, LiCl formation is
kept to a minimum. This is important as it requires generous amounts of water to be washed away

(Alhabeb et al., 2017).
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To enact the above, the exact same protocols as per the previous sample were used, only the HCI
diluted to only 10 M with 0.25 g of LiF added into solution. This provided a 10:1 HCI:LiF ratio. From the
diffractogram in Figure 5.6, it was clear that the MAX phase powder had been transformed to a
MXene. This was confirmed by the presence of the TisC,Tx primary peak at around 8° which is observed
along with the complete disappearance of the original MAX phase’s primary peaks at 11.04°, 22.33°

and 45.61°. Lastly, the LiF peaks signifying the presence of these impurities have been removed.

While the XRD indicates a successful etching process, the SEM in Figure 5.9 images a) and b), indicate
that the desired accordion like morphology has not been attained. Therefore, by the correlation
between morphology and SSA, little change in the BET results is expected from the original MAX phase.
The in-situ HF reaction uses solvated Li*ions as an intercalant and while the molar ratio maintains LiF
as the limiting reagent versus HCI, the ratio utilized was out of standard practice parameters. Due to

the shortage of Li* ions to act as an intercalant, little to no change in morphology has occurred.

= P/
Figure 5.9: SEM images of 0.5 g, 200-mesh TisC,Tx etched at different HCI:LiF molar ratios in 10 ml in
situ-HF for 24 hours at 30 °C. Images a) and b) 10:1 HCI:LiF at different magnifications & images c) and
d) 6:1 HCI:LiF at different magnifications. The particle inscribed in the red square is shown at a higher
magnification in the adjacent right sided image.
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Due to the lack of delamination of flakes or any change in physical characteristics, no BET
measurements were taken for this sample. It is evident however, that some midpoint should exist
between decreasing residual traces of LiCl and attaining delaminated flakes. For this, a third etching

ratio was investigated which lay between the two already considered.

The final molar ratio investigated was an HCI.LiF ratio of 6:1. As previously mentioned, this was
selected as a midpoint such that delaminated TisC; flakes without any residual LiF or LiCl which
requires generous washing, could be synthesized. Much like with the previous sample investigated,
the XRD in Figure 5.6 indicates a successful etching process with no residual LiF in the sample. The
SEM images in both c) and d) of Figure 5.9, however, once more indicate that the desired accordion
like morphology has not been attained. By virtue, little change in specific surface area is again
expected. The degree of etching and delamination shown in Figure 5.9 is superior to that from the
previous 10:1 ratio but falls significantly short of the 3:1 HCI:LiF ratio as shown in Figure 5.7. This was
due to a shortage of intercalant material in the form of Li* ions. This means that while the sample is
free of impurities due to a smaller portion of solvated Li* ions in solution, intercalation and by virtue

etching and further, delamination, is near impossible.

As expected, an approach to the desired BET SSA for this sample was not observed. The SSA was
measured at 4 m? g%, which although it is an improvement from the original 2 m? g%, it does not satisfy
the catalyst support requirements (>50 m? g). Having recognised the source of the impurity, an
approach to make corrections to the experimental parameters and have these impurities removed
was undertaken. Based on the degree of delamination and the corresponding change to the specific

surface area, an investigation into modification of parameters using the 3:1 HCI:LiF molar ratio ensued.

5.2.2.2 Temperature and Molar Ratio Optimization

In accordance with Alhabeb et al. (2017), a molar ratio of greater than 7.5, corresponding to a mass
ratio of one, is a minimum parameter between LiF and TisAIC; MAX phase powders. This is to facilitate
the desired etching role of the Li* ions present in solution. As a result, 20 ml of etchant with 0.52 g of
LiF will now be used along with the 0.5 g of TizAIC; powder. This will satisfy both the requirements
from Lipatov et al. (2016) and Alhabeb et al. (2017). The final modification to the experimental system
was to cover the etching solution. This was implemented to reduce etchant loss due to evaporation.

Further, it was found by Liu et al. (2017) after performing TizAlC; in-situ HF etching over a temperature

range from 30 °C to 60 °C, that temperature plays a significant role in MXene synthesis.
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With anincrease in temperature, Liu et al. (2017) found a larger proportion of the sample to transform
from a MAX phase to a MXene in the same amount of time. This was the result of increased atomic
collisions which increases the rate of reaction. This means more Al atoms are being reacted with the
in-situ HF and by virtue, more hydrogen being formed. The rate of hydrogen gas formation is directly
responsible for the desired accordion like structure synonymous with successful etching (Alhabeb et
al., 2017). Following the above, a 3:1 HCI:LiF ratio was used, with modifications to the etchant volume
and LiF salt mass to align with optimised literature conditions mentioned above. Etching was now also
set at 60 °C as opposed to 45 °C. The diffractogram comparing the results between the original and

optimized conditions is shown in Figure 5.10.
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Figure 5.10: XRD diffractogram of 0.5 g, 200-mesh TisC,Tx etched in 20 ml 3:1 HCI:LiF for 24 hours at
60 °C (covered) contrast to 0.5 g TizAIC; etched in 10 ml 3:1 HCI:LiF for 24 hours at 60 °C (uncovered).

From Figure 5.10, it is seen that the aluminium has been successfully etched from the MAX phase. This
is confirmed by the disappearance of the primary MAX phase peaks at 11.04°, 22.33° and 45.61° along
with the presence of the MXene 8° peak. With the modified experimental conditions, it was also
possible to eliminate the presence of impurities. Figure 5.11 shows the SEM results. From the SEM
images a) and b) shown in Figure 5.11, a significant improvement to the degree of etching and
delamination when compared to the unoptimized conditions shown in Figure 5.7 is observed. By
comparison, a larger portion of the bulk TisAIC; powder has been transformed to TisC,Tx. From image
b) it is further confirmed that the Ti-C layers have been split apart and the accordion like morphology
attained. After etching and delaminating, this sample had a specific surface area of 14 m? g*. While
considerably larger than the starting material (2 m? g?), it still falls significantly short of the 50 m? g*!

target (Rabis, Rodriguez & Schmidt, 2012). The attained specific surface area, does however, agree

with literature from a study performed by Kumar et al. (2020), where a value of 11 m? g was attained.
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Figure 5.11: SEM images of 0.5 g, 200-mesh TisC,Tx etched in 20 ml 3:1 HCI:LiF for 24 hours at 60 °C
(covered). The particle inscribed in the red square is shown at a higher magnification in the adjacent
right sided image.

5.2.2.3 Etching Time Optimization
When similar experimental conditions as shown in Section 5.2.2.2 were repeated, only this time for

48 instead of 24 hours, the diffractogram in Figure 5.12 was attained.
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Figure 5.12: XRD diffractogram of 0.5 g, 200-mesh TizC,Tx etched in 20 ml 3:1 HCI:LiF for 24 hours at
60 °C (covered) comparison to 0.5 g TisAlIC; etched in 20 ml 3:1 HCI:LiF for 48 hours at 60 °C (covered).

From the XRD, the presence of the TisC,Tx MXene is again confirmed for the sample etched for
48 hours. In general, an increase in time allows a greater opportunity for a solution or etchant to act
on a substrate. However, if the reaction was already completed within the shorter period, extending
it would offer no value. Without any changes in the XRD or SEM images shown in Figure 5.14, the 24-
hour etched sample was therefore deemed ideal. This agrees with literature which suggests for TizAIC;
etched in a 3:1 HCL:LiF ratio, at a temperature of 50 °C, only 24 hours is required (Liu et al., 2017). No

BET measurements were taken for this sample as no changes were observed.
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Figure 5.13: SEM images of 0.5 g, 200-mesh Ti3C,Tx etched in 20 ml 3:1 HCI:LiF for 48 hours at 60 °C

(covered). The particle inscribed in the red square is shown at a higher magnification the adjacent
right sided image.

5.2.3 HF Etching
5.2.3.1 TisAIC; Etching in 30 wt % HF for Different Times
Without having attained the desired specific surface area with in-situ methods, HF etching was
introduced. For all HF experiments, 10 ml of etchant was used with 0.5 g of TisAlC; powder. These
conditions were replicated from Alhabeb et al. (2017), who showed them to be suitable. Alhabeb et
al. (2017), also showed that 30 wt % HF is the minimum concentration required to provide the desired
accordion like morphology. As such, this concentration served as the starting point for this analysis.
For the etching temperature, the minimum heater plate setting of 30 °C was used in all HF

experiments. This was to maintain the mildest possible conditions as outlined in Chapter One.

Shown in Figure 5.14, are the XRD spectrums attained after the processing of TisAIC, etched in
30 wt % HF from 1.5 to 24 hours. From 1.5 hours the TizAIC; MAX phase is transformed to TizC,Tx with
the aluminium completely etched out. The morphological changes are also seen to take effect from

1.5 hours as shown in Figure 5.15.
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Figure 5.14: XRD diffractogram of 0.5 g, 200-mesh Ti3AlC; etched at 30 °Cin 10 ml 30 wt % HF at various
time intervals from 1.5 to 24 hours against the reference pattern of TisAlC,.
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hours. The particle inscribed in the red square is shown at a higher magnification the adjacent right
sided image.

It is immediately evident from Figure 5.15 b), that a higher degree of exfoliation was achieved when
compared to in-situ HF application. As seen in Figure 5.15 a) the exfoliation, however, does not extend
to delamination. The increased degree of exfoliation is the result of a higher molar concentration of
HF acting on the MAX phase substrate. While etching is observed clearly in b), the bulk sample a) can
be seen to warrant a higher degree of etching from a longer time exposure to the etchant. This again
relates to the particle size distribution of the MAX phase with some larger particles seen to be

unetched. As seen in Figure 5.15, it is predominantly the smaller flakes which have been exfoliated.

At double the etching time of the 1.5 hour experiment shown in Figure 5.15, a similar degree of
exfoliation is observed in Figure 5.16 b). Itis, however, observed to a larger portion of MAX phases as
seen in a). The exact same testament is observed for the 6-hour etched MXene c) and d). The only
variance being small, delaminated flakes are also observed in d) across the etched layers. From the
XRD diffractograms shown in Figure 5.14, all samples shown in Figure 5.16 are confirmed as MXene's.
By extending the etching time to 12 and 24 hours in e), f) and g), h), respectively, a continuous increase
in the degree of exfoliation to the bulk sample was observed up until the 24 hour etched sample was
approached. The specific degree of exfoliation to any single flake, however, remained relatively
constant as can be seen in f) and h). While the results show success in attaining the desired
morphology, the BET measurements reveal that the SSA is only increased to 7 and 6 m? g for the 12
and 24 hour exfoliated samples, respectively. The decrease between the 12 and 24 hour SSA may be
attributed to the accuracy of BET measurements which serves primarily as an indication as opposed
to an absolute figure. Kumar et al. (2020), have, however, also suggested that this decrease may also
be the result of adhesion between oxidized MXene layers. On the basis of a larger proportion of the

MXene’s being etched in the 24 hour sample, these samples are taken for further processing.
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Figure 5.16: SEM images of 0.5 g, 200-mesh TisC,Tx etched in 10 ml, 30 wt % HF at 30 °C for a), b) 3
hours, c), d) 6 hours, e), f) 12 hours and g), h) 24 hours. The particle inscribed in the red square is
shown at a higher magnification in the adjacent right sided image.
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5.2.3.2 Concentration Changes
Due to the 30 wt % HF etching not providing the desired SSA, the etchant concentration was increased
to 48 wt % HF. After 24 hours of etching at this HF concentration, it was expected that the XRD
diffractogram would remain unchanged as the reaction was already complete with all the aluminium

reacted at the milder (30 wt % HF) set of conditions. From Figure 5.17, this expectation was confirmed.
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Figure 5.17: XRD diffractogram of 0.5 g, 200-mesh TisAIC; etched in 10 ml 48 wt % HF at 30 °C for 24
hour comparison to 30 wt % HF at 30 °C for 24 hours against the reference pattern of TizAIC,.

From the SEM images shown in Figure 5.18, a minor degree of delamination can be seen throughout
the bulk sample in a). Further, all layers are seen to possess the desired accordion like morphology as
shown in b). Figure 5.18 therefore also indicates that after etching at these conditions, the constraint

of etching TizAlC; particles with a sizable particle size distribution have been overcome.

Figure 5.18: SEM images of 0.5 g, 200-mesh TisC,Ty after etching in 10 ml of 48 wt % HF at 30 °C for 24
hours. The particle inscribed in the red square is shown at a higher magnification the adjacent right
sided image.
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The specific surface area was measured for the sample etched for 24 hours in 48 wt % HF, and the
results only marginally increased to 6 m? g!. A means of delaminating the etched sample was
therefore to be determined. To this end, sonication was introduced to the sample etched in 48 wt %

HF at 30 °C for 24 hours. Intercalation was not utilized in this work.

5.2.3.3 Sonication of HF Etched MXene’s
The conditions selected for further modification on the basis of literature where it is suggested that
for favourable MXene synthesis, high temperature, and HF concentration are both desired along with
longer times, were therefore selected as 48 wt % HF for 24 hours at 30 °C (Li, Wang, et al., 2015). The

hot plate temperature of 30 °C was maintained on account of using the mildest possible conditions.

Unlike certain in-situ HF etching conditions which do not require sonication to initialise flake
delamination, for the breaking of hydrogen bonds post HF etching, sonication is required (Naguib et
al., 2011). Maleski et al. (2018), have indicated that the power applied from a probe sonicator and the
duration over which it is applied directly affects the lateral size of the flakes. To investigate the effects
of sonication time, flakes were sonicated from 5 to 40 minutes. Power was always kept at a constant
100 % and while Maleski et al. (2018), used a pulse setting of 8 s on 2 s off, due to the equipment
available, 1 second on and 1 second off was used in this project. The same flake dispersion as Maleski
et al. (2018) of 200 mg in 50 ml of deionized water was employed. From the XRD results post sonication
processing displayed in Figure 5.19, no changes are observed from Figure 5.17 through the sonicating
process to the TisC;Tx MXene’s. This was expected as no changes to the crystalline phases or chemical

composition were made.
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Figure 5.19: XRD diffractogram of 0.5 g, 200-mesh TisAIC; etched in 10 ml 48 wt % HF at 30 °C for 24-
hours and probe sonicated for various times from 5 to 40 minutes against the reference pattern of

TisAIC,,
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From the SEM results in Figure 5.20 b), even with only 5 minutes of sonicating, changes can be seen
to have taken effect to the sample. In this image, subtle changes to flake ends by comparison to Figure
5.18 are observed. These changes were recognised as the onset of delamination. Inimage a), however,
little change to the bulk sample is observed suggesting an increase of sonication time is required for
bulk flake delamination. In image d), as expected, after 5 more minutes of sonicating, more flake end
rounding is seen than that in the sample sonicated for only 5 minutes. Still, however, little changes to
the bulk c) are observed. The same observation was made with progressively increasing flake
delamination for the sample sonicated for 20 minutes, images e) and f). The trend outlined above
continued through to the sample sonicated for 40 minutes, shown in g) and h). After 40 minutes,

however, unlike with previous periods, a large portion of the bulk was seen to be delaminated in g).

Based on the bulk material in Figure 5.20 g), 40 minutes of sonication was considered ideal. Further,
from g), clusters of delaminated flakes are seen to agglomerate and form larger groupings of support
material. This means the support material will have porous regions where catalyst particle deposition
can occur. The agglomerated groupings, in accordance with Hazirah & Junaidi (2021), is the result of

strong van der Waals forces between delaminated TisC, T flakes.

From the results, it was determined that a longer sonication time with the same power leads to more
exfoliated MXene’s delaminating in the bulk. This agrees with literature where (Maleski et al. (2018),

found that by varying the mechanical energy input, the lateral size of MXene flakes can be controlled.

For the most delaminated sample sonicated for 40 minutes, the specific surface area was measured
as 18 m? gl Once more, this is inadequate based on the requirements outlined by Rabis, Rodriguez &
Schmidt (2012), suggesting again that experimental modification is required. The following section
looks to advance and on the sonicated flakes and develop a methodology to attain high specific surface

area MXene’s.
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Figure 5.20: SEM images of 0.5 g, 200-mesh TisC,Tx etched in 10 ml of 48 wt % HF at 30 °C for 24 hours
and probe sonicated for 5 minutes a), b) 10 minutes c), d), 20 minutes e), f) and 40 minutes g), h). The
particle inscribed in the red square is shown at a higher magnification the adjacent right sided image.
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5.2.3.4 Size Reduction by Mechanical Grinding
As mentioned in Section 5.2.3.3, the desired specific surface area could not be attained by sonication
only. It was therefore required that further experimental modification be undertaken. From literature,
Shahzad et al. (2017), attained a BET SSA of 68 m? g* for delaminated TisC,T, flakes. By comparison
between their synthesis methods to those performed, it was noted that they had ground their
powders prior to sonicating. As the grinding method was not disclosed, two methods were employed
in this project to increase the specific surface area of the delaminated flakes. The grinding methods
selected were based on available laboratory equipment and comprised of grinding by mortar and
pestle as well as micronizing in a lab scale mill. The XRD diffractograms for the MXene samples post
grinding and sonicating is shown in Figure 5.21. Once more, both samples are confirmed to have been
transformed to MXene’s by the complete disappearance of the original MAX phase’s primary peaks at

11.04°, 22.33° and 45.61°.
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Figure 5.21: XRD diffractogram of 0.5 g, 200-mesh TisAIC; etched in 10 ml 48 wt % HF at 30 °C for 24-
hours and ground by mortar and pestle and a micronizor before being probe sonicated for 40 minutes
against the reference pattern of TisAlC,.

The SEM images a) and b), shown in Figure 5.22 are those after grinding by mortar and pestle, but
before sonication. As seen, agglomerates are formed in a) which are due to more delaminated flakes
flocking together because of the van der Waals forces between them. In b), etched flakes can be seen
to have suffered no structural damage by the grinding process. As the flakes were already etched and
their sides exposed, little change to the SSA was expected and was also confirmed with a measured

specific surface area of 6 m? g%

The second method of grinding was performed by micronizing c) and d). Here, ceramic media was
placed along with the sample into a holder. Autogenous grinding then ensued for a period of 10

minutes. Unlike with the mortar and pestle, significant morphological changes occurred after grinding.
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Figure 5.22: SEM image of 0.5 g, 200-mesh TisC,T« etched in 10 ml of 48 wt % HF at 30 °C for 24 hours
and ground by a), b) mortar and pestle and c), d), micronizor. The particle inscribed in the red square
is shown at a higher magnification the adjacent right sided image.

The first change observed after micronizing is significantly reduced lateral flake size d). This is across
the bulk of the sample as seen in c). Further, large clusters of delaminated flakes are seen in both
images with the once clear edges shrunk and made round. In the case of micronizing, the specific
surface area was measured at 5 m?/g. Compared to the as synthesised TizC,T,, neither mechanical
grinding mechanism offers significant changes to the specific surface area of the MXene. Shown in
Figure 5.23 are the delaminated flakes after 40 minutes of sonication post grinding by a), b) mortar
and pestle and c), d) micronizor. In a), there are now many more delaminated and agglomerated flakes
visible when compared to the original sample in Figure 5.18. In b), smaller flakes with rounded edges
are observed. The specific surface area for the sample ground by mortar and pestle before being
sonicating for 40 minutes was measured as 16 m?/g. This increase confirms that the grinding pre

sonicating is effective at attaining an increase in the number of delaminated flakes.
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From Figure 5.23 c) and d), it is immediately apparent just how significant an impact the combined
micronizing and sonicating method has on the etched flakes. In c), an almost transparent area of
delaminated sheets can be seen. This is an indication of how small, light, and concentrated the
agglomerated flakes have become. In image d), this is again visible at a higher magnification. The

specific surface area for this sample ground by micronizor and sonicated for 40 minutes was measured

as 79 m%/g.

x r_ ' 4 - b
Figure 5.23: SEM images of 0.5 g, 200-mesh TisAIC; etched in 10 ml 48 wt % HF at 30 °C for 24-hours
and ground by a), b) mortar and pestle c), d) sonicator before being probe sonicated for 40 minutes.

The particle inscribed in the red square is shown at a higher magnification the adjacent right sided
image.
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To assess the influence of starting particle size on the MXene’s specific surface area, the methodology
applied above was applied to the 400-mesh TisAIC; particles. It was expected following the literature
discussed in Section 2.3.2, that by etching MAX phases with a smaller lateral particle size, etching
should be completed over a shorter period. It was also expected that by virtue of the starting particles
being smaller, once subjected to the processing methodology outlined above, MXene’s with a smaller

average flake size and higher specific surface area will be synthesized.
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The exact same protocols that were applied to the 200-mesh samples shown in Figures 5.21 and 5.23
were applied to the smaller 400-mesh starting particle size, TisAlC; MAX phase. The XRD shown in

Figure 5.24 shows after processing by the same conditions, TisC,Tx MXene is once more attained.

e 400 mesh 48 wt% HF
e

Intensity (a.u.)

TI3AIC2

5 15 25 35 45 56 65
20 (%)

Figure 5.24: XRD diffractogram of 0.5 g, 400-mesh TisC,Tx etched in 10 ml of 48 wt % HF at 30 °C for
24 hours after micronizing for 10 minutes and probe sonicating for 40 minutes with TisAlC; reference.

In Figure 5.25, the TisC,Ty flakes synthesized from 400-mesh TisAIC; are shown. As seen in a) and b),
the flake size has been significantly reduced and large, porous agglomerates formed. With the
decreased flake size expected to translate to a higher SSA, the smaller starting particle size is seen as
ideal as it avails additional sites for catalyst deposition or platinum anchoring. Further, it is observed
that the flake sizes remain polydisperse. This agrees with literature by Maleski et al. (2018), where

additional methods in density gradient centrifugation is said to be required to isolate a flake size range.

For this project, this sample is considered adequate even with polydisperse flake sizes. A specific
surface area of 86 m? g! was attained for the sample confirming literature by Wei et al. (2021), that

decreasing the MAX phases particle size leads to a decrease in the MXene’'s flake size.

B B

Figure 5.25: SEM images of 0.5

g, 400-mesh TisC;Ty etched in 10 ml of 48 wt % HF at 30 °C for 24 hours
after micronizing for 10 minutes and probe sonicating for 40 minutes
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5.2.3.5 Etching Results Summary
In review, the best fit for purpose MXene synthesized under this experimental matrix of mild in-situ
HF conditions, was 0.5 g, 200-mesh TizAIC; etched and delaminated for 24 hours in 20 ml of 10M HCI
and 3.33M (or 0.52 g) LiF at 60 °C. This provided a BET SSA of 14 m? g Table 2 summarises the

attained specific surface area from the experimental matrix.

Table 2: TisC,Tx in-situ HF etched specific surface area by different methods of grinding and sonicating.

Condition Specific Surface Area (m? g?)
MAX Phase Starting Material 2
45 °C, 24 hours, 3:1 HCI:LiF molar ratio 5
45 °C, 24 hours, 6:1 HCI:LiF molar ratio 4
60 °C, 24 hours, 3:1 HCI:LiF molar ratio (optimised) 14

Based on Table 2 and the specific surface area requirement for an advanced catalyst support as
outlined by Rabis, Rodriguez & Schmidt, (2012), none of the above meet the > 50 m? g'* benchmark. It
was therefore required that HF etching be employed. While the results in Section 5.2.3.4 speak only
to the 48 wt % HF etched powders, all experimental protocols were repeated and tabulated for the

30 wt % HF materials. These results are shown in Table 3.

Table 3: TizC, T« HF etched specific surface area by process method of grinding and sonicating.

Etchant and time Size reducing mechanism SSA (m?/g)
None 6
24 hours 30 wt % HE Sonication only 17
Mortar & pestle 6
(200-mesh) Mortal & Pestle + sonication 20
Micronizor 5
Micronizor + sonication 64
None 6
24 hours 48 wt % HF Sonication only 18
Mortar & pestle 5
(200-mesh) Mortal & Pestle + sonication 16
Micronizor 5
Micronizor + sonication 79
24 hours 48 wt % HF (400-mesh) Micronizor + sonication 86

Based on the specific surface area requirements set out Rabis, Rodriguez and Schmidt (2012), for an
advanced catalyst support to facilitate ORR, only those samples micronized prior to sonication are
suitable having attained SSA’s greater than 50 m? g. With the 400-mesh TisAIC, has the highest
specific surface area of the analysed matrix, this powder was selected for use in the electrochemical

performance evaluation section of this work.

52



5.3  Electrochemical Performance Evaluation

5.3.1 Platinum on Carbon Baseline Activity Measurements
As a baseline for the electrochemical evaluation on the TisC,Ty catalyst support to follow, an analysis
was first conducted on a commercial 40 wt % platinum on carbon (Pt/C), catalyst. This served to
provide a fair, comparative standard. It further allowed the rigour of the methodology to be critically
evaluated. The TEM images for this, commercial catalyst are shown in Figure 5.26 in images a) and b)
at different magnifications. As seen from the histogram in c), after measuring 100 particles, the
average particle size is in the region of 2-4 nm. This particle size agrees with literature from Tran et al.
(2016), where the platinum particle size was investigated for the same loading and was found to be

within the same region. As seen from a) and b), a high dispersion with fairly constant interparticle

distance is also observed in the commercial catalyst.

35 /
30 \
< 25 \
2 2 / \
N /
10 /
i / N\
0 - —— |

Particle diameter (nm)

Figure 5.26: TEM images of a 40 wt % Pt/C commercial catalyst at different magnifications a) and b)
with the histogram c) showing of the corresponding platinum particle size distribution.
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In this work, all cyclic voltammograms were recorded at 50 mV/s after cycling at 100 mV/s for 50
cycles. This pre-measurement cycling was performed to remove any by products or oxides formed on
the catalyst film. In Figure 5.27, the first cyclic voltammogram for the commercial catalyst is displayed.
These measurements were taken in an electrolyte solution of 0.10 M HCIO, after formulation of the
catalyst ink, polishing of the electrode surface, and catalyst deposition onto its surface as per Sections
4.4.3 to 4.4.5. In Figure 5.27 the typical hydrogen adsorption-desorption peaks are clearly visible in
the region between 0 and 0.3 V vs RHE. The platinum oxidation region between 0.7-1.2V vs RHE and

oxide reduction peak around 0.8 V vs RHE on the reverse can also be clearly observed.
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Figure 5.27: First cyclic voltammogram from 0.01 to 1.2 V versus RHE of a 40 wt % Pt/C catalyst
recorded at 50 mV/s in 0.10 M deoxygenated HCIO, solution recorded at room temperature.

To calculate the ECSA, the charge was determined as 0.511 mC by integrating the positive region
between the hydrogen underpotential and the double layer plateau after extrapolation. Using a
charge of 210 YC cm™ for the monolayer adsorption of atomic hydrogen in the electrolyte as per
Section 4.4.5, and by then determining the Pt loading from the ink formulation, catalyst synthesis and
electrode deposition, the electrochemically active surface area of 80 m? g was determined as per

Equation 17 (Garsany et al., 2010).

uc
cm? Charge (— 1000-0.5108/0.196
ECSA (gPt) = 210 (*\p I(CZ') gPtY — 210( .59 10 -0.4{) . )1 =79.5m?/gPt (17)
0(cm—2) tloading (cm_z) 1000-(6500+25) 0.196

This agrees with typical literature values where a 40 wt % Pt/C catalyst was found to have an ECSA in
the region from 74.5 to 87.4 m? g (Fu et al., 2016; Taylor et al., 2016). The above analysis was
repeated using the same catalyst, but with a re-developed ink in a fresh electrolyte solution. This also
meant the electrode surface would have to be cleaned and polished before catalyst deposition could

be performed again. The cyclic voltammogram recorded from this analysis is shown in Figure 5.28.

54



As seen in Figure 5.28, the cyclic voltammogram clearly indicates the presence of the hydrogen
adsorption-desorption, the platinum oxidation region, and oxide reduction peak. By performing the
same integration as above, a charge of 0.495 mC relating to an ECSA of 77 m? g was determined. The
results both agree with literature and are within 5 % of each other thus indicating that the laboratory

setup, ink preparation and film quality are reliable.
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Figure 5.28: Second cyclic voltammogram from 0.01 to 1.2 V versus RHE of a 40 wt % Pt/C catalyst
recorded at 50 mV/s in 0.10 M deoxygenated HCIO, solution recorded at room temperature.

To determine the mass specific and surface specific activity, linear sweep voltammetry with a rotating
disk electrode (RDE), was recorded at different rotation speeds of 400, 900, 1600 and 2500 RPM as
per Section 4.4.5. This analysis was performed using the second baseline catalyst for the Pt/C
electrochemical performance evaluation and followed straight after. The obtained curves were
corrected for iR drop and background current in accordance with Equation 16 and are shown in Figure

5.29. In this report, only the cathodic current will be referenced which speaks to the positive current.
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Figure 5.29: Linear sweep curves corrected for IR drop and background current for a 40 wt % Pt/C
catalyst in 0.1M HCIO, solution recorded at room temperature.
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In Figure 5.29 the typical shape of the curves is obtained for all rotation speeds (Wang et al., 2015). In
addition, for all rotation speeds, the curves came close to the theoretical limiting current as shown in
Table 4. The Levich Equation used for Table 4 assumes a 4 e transfer with a diffusion co-efficient, O,

concentration and kinematic viscosity for a O, saturated 0.10 M solution.

Table 4: Corrected current densities of the linear sweep curves for a 40 wt % Pt/C catalyst from an
RPM range of 400 to 2500 RPM referenced against results from the Levich Equation.

RPM Obtained Value (mA/cm?) Theoretical Limiting Current (mA)
400 3.05 3.02
900 4.40 4.53
1600 6.05 6.04
2500 7.50 7.55

The limiting cathodic current corresponds to the current whereby movement from the equilibrium
potential offers no marginal increase in mass transport over a finite range. This was read off the
plateau in Figure 5.29 as 6.05 mA/cm? which is equivalent to 1.19 mA (with A = 0.196 cm?). Using the
current from Figure 5.29, at 0.9V for the electrode rotated at 1600 RPM (0.08 mA), the activity (l) with

a cathodic current of 0.087 mA was attained in accordance with Equation 19.
11 1
=y = 19
I Iy Dim (19)
Finally, the kinetic specific activity is attained as per Equation 20:

I _ 0.086 (mA)
Pt (mass)ECSA 3 99.10-6 (gPt)- 795 155 (;’"Ti)

KSA = = 353644 (20)
cm

Similarly, the mass specific activity (MSA), was calculated in accordance with Equation 21.

_ Ix _0.086 (mA)
MSA = Pt (mass)-  2.99-1073 (mgPt)

=29.1024 (21)
mg

The values attained for the KSA and MSA are within range of literature indicating that a successful

standard for the comparison of the TiC,T catalyst support has been established (Taylor et al., 2016).

5.3.2 Platinum on MXene Activity Measurements
As per Section 5.2.2, in-situ HF etching was unable to provide a high surface area support. With HF
etching, the accordion like morphology was attained and after micronizing and sonicating, the
material was transformed into a relatively high (>50 m? g!), surface area support as seen in Table 3.
With a smaller MAX phase starting particle size of 400-mesh from 200-mesh, the SSA after synthesis
and processing was seen to increase. With the XRD confirming all the material had been transformed
from a MAX to MXene, the 400-mesh starting material etched for 24 hours in 48 wt % HF before being
micronized and probe sonicated for 40 minutes, was selected for electrochemical performance

evaluation. For the MXene supported catalysts, three were synthesized.
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All MXene based catalysts were synthesized using metal organic chemical deposition which took place
at 350 °C for 4 hours as per Section 4.2. The objective was first to find an active catalyst before

assessing its stability in an accelerated durability test.

5.3.2.1 21wt % (40 eq. wt % Pt/C) Platinum Deposited on TisC,Ty
The first catalyst synthesized was based off an equivalent Pt/C loading of 40 wt %. This loading was
selected as it served to provide a starting point by relating an equivalent Pt/C particle distribution and
interparticle distance to the Pt/MXene catalyst. With approximately a third of the specific surface area
(measured at 227 vs 87 m? g'1), the equivalent loading on this catalyst was calculated as 21 wt %. This
equivalent loading was calculated by scaling the platinum mass by the ratio of the SSA of the
commercial to the MXene support materials. This was designated such that the TisC,Tx based catalyst
has the same Pt mass per unit support surface area as the commercial catalyst. TEM imaging of this
catalyst is shown in Figure 5.30. By comparison to Figure 5.26, the desired dispersion and interparticle
distance shown in a) and b) was successfully attained. This is confirmed as the platinum nanoparticles

are well distributed on the surface of the TisC,Tx support. Figure 5.30 c) shows the average particle

size measured around 3 nm. The above indicates a successful catalyst deposition onto TisC,Ty.
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Figure 5.30: TEM images of a 40 eq. wt % Pt/C to Pt/MXene catalyst at different magnifications a) and
b) with the histogram c) showing of the corresponding platinum particle size distribution.
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After performing an electrochemical performance evaluation on the above catalyst, no part of the
surface was found to be electrochemically active. This is shown in Figure 5.31. As per the platinum on
carbon analysis, all cyclic voltammograms in this section were recorded at 50 mV/s after cycling at 100
mV/s for 50 cycles to remove any by products or oxides formed on the catalyst film. No activity
measurements were recorded for this catalyst as it would prove insignificant after already having
determined no electrochemically active surface area available. To further understand this higher Pt

loadings were attempted.
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Figure 5.31: Cyclic voltammogram from 0.01 to 1.2 V versus RHE of a 40 eq. wt% Pt/C to Pt/TisC,Tx
catalyst recorded at 50 mV/s in 0.10 M deoxygenated HCIO, solution at room temperature.

5.3.2.2 40wt % (78 eq. wt% Pt/C) Platinum Deposited on TizC,Tx
The second catalyst synthesized was 40 wt % Pt/MXene. While this is a high loading for this support
material, it was selected as the results from the first catalyst had no indicative ECSA. The TEM images

and particle size distribution histogram are shown in Figure 5.32, images a) and b) and c, respectively.

Figure 5.32: TEM images of a 40 wt % Pt/TisC,Tx catalyst at different magnifications a) and b).
Corresponding particle size distribution shown in Figure 5.33.
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Figure 5.33: Platinum particle size distribution of a 40 wt % Pt/TisC,T, catalyst corresponding to TEM
images a) and b) in Figure 5.32.

From Figure 5.32, in a) uniformity and adequate dispersion is observed. In b), clusters of platinum
particles are seen in some regions, and unutilized support regions seen in others. In the bottom right
side of this image, the density of this loading can be seen. From Figure 5.33, an adequate platinum
particle size distribution is, however, still maintained. The above indicates that while the MOCD

method remains fit for purpose, this loading is considerably high for the Ti;C,T.

The cyclic voltammogram for this catalyst is shown in Figure 5.34. While a semblance of
electrochemically active surface area exists, it was considered insignificant and not warranting of

further activity measurements.
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Figure 5.34: Cyclic Voltammogram from 0.01 to 1.2 V versus RHE of a 40 wt % Pt/MXene catalyst
recorded at 50 mV/s in 0.10 M deoxygenated HClO, solution at room temperature.

It was suspected that the lack of activity from this catalyst was due to an insufficiently conductive
support material. This relates back to findings by Maleski et al. (2018), where it was discovered that
while smaller flake sizes provide more active sites for deposition, which in turn enables better

electrolyte accessibility, decreasing TisC,Ty lateral flake size, decreases its conductivity.
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Based on the specific surface area (>50 m? g1), requirement outlined by Rabis, Rodriguez & Schmidt,
(2012), a constraint therefore exists between conductivity and SSA. It is therefore recommended that
considerations to the conductivity of the support material be undertaken to develop the catalysts
conductivity within the SSA requirement. To overcome the suspected conductivity issues carbon was

added to the catalyst film.

5.3.2.3 40wt % (78 eq. wt% Pt/C) Platinum Deposited on TizC,Tx after Carbon
Addition
The final catalyst synthesized was a 46 wt % Pt catalyst mixed with additional carbon at the ink
formulation stage. This loading reduced the amount of Pt on the surface of the electrode to that
equivalent to the 40 wt % Pt/C previously tested in Section 5.3.2.2. This ink formulation was selected
after reviewing literature by Fabbri et al. (2014), who found that composite electrodes utilizing both
a support material and acetylene black were able to increase electron transfer by a factor of 3.5 to
either individual material. The 15 wt % of Vulcan 72XC was thus introduced into the ink. For this
catalyst and in Figure 5.34 a), b) is the TEM imaging showing platinum dispersion and interparticle
distance prior to carbon addition. Shown in c), d) is the same catalyst after carbon addition. As

mentioned, the carbon was added at the ink formulation stage and then bath sonicated post platinum

deposition onto the MXene support.
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Figure 5.35: TEM images of the 46 wt % Pt/MXene at different magnifications a), b). Images c), d) show
the catalyst after carbon addition (to 15 wt % of the catalysts total mass), post bath sonication for 30

minutes.
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As can be seen in Figure 5.35 c) and d), the high surface area carbon (225 m? g?), disperses the
Pt/TisC,Ty catalyst. It is anticipated that the addition of the carbon will allow for better electron
conductivity to and from the catalyst sites. The particle size distribution was recorded from the original
catalyst before dispersion with carbon as this allowed more particles to be accumulated into the
analysis. From the histogram shown in Figure 5.36, particles remain around the desired 3 nm size even
while their dispersion and interparticle distance shown in Figure 5.35 b) is considerably lower than the

commercial catalyst shown in Figure 5.26.
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Figure 5.36: Histogram of Pt particle size distribution based off TEM imaging from Figure 5.35 a), b)

showing Pt dispersion and inter particle distance for the 46 wt % Pt/MXene.

From the cyclic voltammogram for this catalyst shown in Figure 5.37, the desorption of hydrogen from
Pt (110) sites and the desorption of hydrogen from Pt (100) sites are visible in the expected 0 - 0.3 V
regions. The Pt oxidation region (0.7 — 1.2 V) as well as the oxide reduction peak (about 0.75 V) are
also visible. Lastly, the double layer, a non-faradaic current due to current which must flow to charge
an electrode interface upon a change in applied potential is also visible. With the above elements all
visible, a favourable interaction between the carbon and catalyst is seen to exist. This confirms the

observation by Fabbri et al. (2014).
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Figure 5.37: Cyclic Voltammogram from 0.01 to 1.2 V versus RHE of a 46 wt % Pt/MXene catalyst +
15 wt % carbon recorded at 50 mV/s in 0.10 M deoxygenated HCIO4 solution at room temperature.
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The charge was determined from the cyclic voltammogram shown in Figure 5.37, by integrating the
region under the hydrogen desorption peak as 0.1739 mC. The electrochemically active surface area
of the catalyst was subsequently determined as 28 m? g as shown in Equation 22. While this is less
than half of that of a 40 wt % Pt/C catalyst (80 m? g?1), it was deemed acceptable for further

electrochemical measurements to follow in the form of activity and durability testing.

uc
cm? Charge (— 1000+0.1739/0.196
ECSA (35) = sroraey l(cgfz) PR = T—sora s o —— = 28.6 m?/gPt (22)
210 (cm—z) Ptloading (cm—z) 1000 -(6500+25) 0.196

For an activity comparison to the commercial catalyst, linear sweep voltammetry was performed.

After normalizing both the voltage and current, the linear sweep profiles are shown in Figure 5.38.
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Figure 5.38: Linear sweep curves corrected for IR drop and background current for a 46 wt % Pt/MXene
catalyst + 15 wt % carbon catalyst in 0.10 M HCIO, solution recorded at room temperature.

From Figure 5.38, it is evident that electrical transport limitations play a significant role in what is
limiting both the electrochemically active surface area, and by virtue, the kinetic surface activity. This

is visible by the significant over-potential required before the limiting current is attained.

The limiting cathodic current was read off Figure 5.38 as indicated and was equal to 5.1 mA cm™ or
1.02 mA by using A = 0.196 cm?. This is significantly lower than the theoretical limiting current of 6.02
mA cm™ and hence the activity parameters calculated below can only be regarded as indicative
numbers as the correction through Koutecky-Levich is not entirely reliable with the obtained limiting
current. Thus, solving for the activity (li) using the Koutecky-Levich, a current of 0.204 mA was
attained. Finally, the kinetic specific activity and mass specific activity is attained as per Equations 23

and 24 shown respectivelty.
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KSA=—% 0200 md) 020874 = 20844 (23)
Pt (mass)-ECSA 2.99-106 (gPt)- 327 084 (%) cm cm

MSA =t _— 02000 ___ 70814 _ g o34 (24)
Pt (mass) 2.99-1073 (mgPt) cm? mgPt

The above shows that while the catalyst is active, due to electron transport limitations introduced by

the support material it remains limited in its ability to facilitate the oxygen reduction reaction.

5.3.3 Platinum on MXene Durability Measurements
The final assessment of the electrochemical performance evaluation was to determine the durability
of the support material. With the addition of the carbon to the support, it would be difficult to
deconvolute between carbon or MXene corrosion which would have similar results as platinum is lost
to solution. An approach to instead assess the platinum corrosion was therefore undertaken. This
would allow the assessment of the metal support interaction. To this end, a scan rate of 50 mV s
cycling between 0.6 and 1.0 V vs RHE was used and the ECSA was measured after 100, 1000 and every
thousand thereafter up to 5000 cycles or until no electrochemically active surface area remains. These
conditions were replicated from works by Jackson et al. (2017). The result of this analysis is shown in
Figure 5.39. Much like in the previous experiment, a starting ECSA of around 26 m? g is attained.
After 3000 cycles, no more recordings were performed as the ECSA reduction had reached such an

extent that no more peaks could be observed. Table 5 summarises the evolution of ECSA by cycle.
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Figure 5.39: Metal support durability measurements recorded up to 3000 cycles from 0.01 to 1.2 V
versus RHE for a 46 wt % Pt/MXene catalyst + 15 wt % carbon catalyst recorded in 0.10 M
deoxygenated HCIO,4 solution at room temperature.
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Table 5: Electrochemical surface area results summary for a 46 wt % Pt/MXene catalyst + 15 wt %
carbon catalyst recorded in 0.10 M deoxygenated HCIO, solution at room temperature.

Cycles ECSA (m2g?)
Initial 25.77

100 17.19

1000 5.73

2000 1.70

3000 0.00

5.3.4 Platinum on Carbon Durability Measurements

For comparative purposes, the same accelerated durability analysis as above was performed for the

commercial Pt/C catalyst. These cyclic voltammogram results are shown in Figure 5.40.
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Figure 5.40: Metal support durability measurements recorded to 5000 cycles from 0.01 to 1.2 V versus
RHE for a 40 wt % Pt/C catalyst recorded in 0.10 M deoxygenated HCIO, solution at room temperature.

It is immediately evident from Figure 5.40 that the carbon support holds a significantly better metal

support interaction. Unlike with the MXene catalyst support, which was rendered inactive after 3000

cycles, for the carbon catalyst support, even after 5000 cycles the Pt features were clearly still visible.

This, from Figure 5.40 is clear as both the hydrogen adsorption-desorption and oxide reduction peaks

are visible as well as the Pt oxidation region even after the 5000™" cycle. Table 6 summarises this

electrochemical surface area evolution by cycle.
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From Figure 5.39 and Table 5, it is clear that a very poor metal support interaction exists for the

Pt/MXene catalyst. After the first 100 cycles approximately 35 % of electrochemical surface area is

lost due to poor catalyst anchoring. By comparison, from Figure 5.40 and Table 6, even after 5000

cycles for the Pt/C catalyst, this sort of reduction is not seen.

Table 6: Electrochemical surface area results summary for a 40 wt % Pt/C catalyst recorded in 0.10 M

deoxygenated HCIO, solution at room temperature.

Cycles ECSA (m?g?)
Initial 74.80
1000 73.91
2000 72.74
3000 65.44
4000 63.33
5000 59.95

The above results agree with literature from Jackson et sal. (2017), who, for a catalyst with the same

loading, noted a 23 % ECSA loss (after 6000 cycles), vs the 20 % herewith shown (after 5000 cycles).
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Chapter Six: Overall Discussion

The synthesis of the catalyst support material was attempted first with mild in-situ HF conditions.
While this method could both etch and delaminate flakes in a single stage, because the flake size
remained large and unchanged, the specific surface area attained of 14 m? g, did not satisfy the
outlined requirements of 50 m? g (Rabis, Rodriguez & Schmidt, 2012). Using the in-situ method here
reported, it was possible to attain flake sizes around 10 uym, as shown in Figure 5.11. While it was
reported by Alhabeb et al. (2017) and Maleski et al. (2018), that larger flakes are more conductive,
due to the specific surface area requirement for an advanced catalyst support, smaller flakes had to

be utilized.

To synthesize TisC,Tx flakes with a high specific surface area, HF etching was utilized. Here, 0.5 g of
400-mesh TisAIC; flakes synthesized by hot pressing was etched in 48 wt % HF for 24 hours at 30 °C.
After micronizing for 10 minutes and sonicating for a further 40 minutes, high surface area MXene
flakes of 86 m? g were attained. The approximate size of these flakes, from Figure 5.25, ranged
between 0.1 and 2 um. It should be noted that literature reports flake sizes smaller than 0.5 um have
five times lower conductivities of 1000 vs 5000 S cm™, than flakes around 5 um. It is further believed
that this conductivity trend continues for both smaller and larger flake sizes (Maleski et al., 2018).
Based on the above, it was expected that the desired conductive properties of the TizC3Ty sheets would
have been diminished in increasing its specific surface area. It was also noted that agglomeration
occurs with increasing effect as TisC,Tx sheet size is reduced. This is said to be caused by strong van
der Waal’s forces between the negatively charged delaminated sheets attracting each other (Ahmad
Junaidi et al., 2021). While the increase in degree of flake agglomeration was initially seen as beneficial
due to the porosity it offers for catalyst deposition, there were unexpected consequences for both the

activity and durability which are later addressed in the discussion.

By performing metal organic chemical deposition at 350 °C for 2 hours, well dispersed platinum
nanoparticles averaging between 2 and 5 nm were consistently deposited onto the TisC,Tx support.
While the deposition was confirmed successful through TEM imaging, the location of the nanoparticles
could not be confirmed to be within the porous agglomerated structures or only on their surfaces.
This is a significant consideration as shown in a study by Lee et al. (2021), where particles deposited

on the edge of sheets are found to donate more electrons to platinum than basal dominated supports.
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The initial electrochemical performance evaluation used a 40 equivalent Pt/C wt % to synthesize an
equally dispersed Pt/MXene catalyst. It was immediately evident that no part of the catalyst was
electrochemically active as shown in Figure 5.31. Similar results were shown in Figure 5.34 for the 40
wt % Pt/MXene, even though this loading is considered relatively high for a support with a specific
surface area of 86 m? g'*. The cause for these poor results relates back to the conductivity constraint

that lies within utilizing small flakes as well potentially the location of the deposited Pt nanoparticles.

With the incorporation of carbon to the catalyst material in the ink formulation stage, a degree of
electrochemical surface area could be observed. While this was less than half of that of Pt/C which
was 80 by comparison to the Pt/TisC,T,'s 28 m? g}, it served as a strong indication as to where the
electrochemical constraints lie. Upon accelerated durability testing of the Pt corrosion, the MXene
supported catalyst was rendered inactive after only 3000 cycles. By comparison to a commercial
catalyst, this loss is extremely high. After 3000 cycles the commercial catalyst lost only 13 % of its
ECSA. This high loss of ECSA for the Pt/TisC,Ty catalyst is due to an unstable support or a poor metal-
support interaction. There are therefore three potential issues identified:

- A poorly conductive support material

- Anunstable support material

- Anunfavoured metal-support interaction
While the cause of the low conductivity has been clearly identified and related to the small flakes
shown in the results and Figure 5.25, the underlying principle was described by Maleski et al. (2018).
The decrease in conductivity they hypothesized, is the result of more defective flakes and by
correlation, an increase in the number of flake end interfaces which leads to increased resistance
between flakes. Having decreased the lateral flake size and by virtue, increased the number of
interfaces, their hypothesis agrees with what was observed in the results. Further agreement with
results from literature is provided by Lee et al. (2021), where individual sheets are seen as less

conductive than those with multiple (22), layers.

What was observed as potentially an unstable support or an undesired metal-support interaction
limiting the stability of the catalyst, was unexpected based on the MXene’s ability to withstand both
the acidic environment and oxidation under PEFC operating conditions (Xie et al., 2013; Li, Wang, et
al.,, 2015). Further, their surface termination groups (-F, -O, and -OH) are said to enhance the
interaction between the platinum nanoparticles and the MXene’s hydrophilic surface (Xie et al., 2013).
More specifically to the above, strong platinum-support interactions are said to arise from -O

terminated MXene’s.
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By comparison, F-terminated MXene’s, with weaker interactions, however, show increased activity
and performance for the ORR. By the synthesis method here reported, it was expected that both
termination groups were present (Liu & Li, 2019). This therefore suggested a relatively proportionate

degree of both a favourable metal support interactions and activity would be observed.

It was therefore expected from the literature that the TisC,Tx support would overcome deficiencies
presented by the currently employed supports. This was, however, until a recent study by Zhang et al.
(2020), showed that MXene flake disorder and restacking may trap unwanted intermediate products
formed during the oxygen reduction reaction. Not only do these intermediates restrict catalyst site
access, but in accordance with Hazirah & Junaidi (2021), also result in both a two and four electron
transfer processes occurring. This is said to occur between sheets or in porous regions where Pt
nanoparticles have been deposited. As mentioned in Section 2.1.3, the two-electron transfer process
is highly undesirable as in accordance with Equations 6 to 9, these protonation and reduction reactions
form hydrogen peroxide. As discussed, hydrogen peroxide is extremely detrimental to the PEFC proton
exchange membrane. The damage to the PEM is irreversible and is identified as the cause of the rapid
ECSA observed during the accelerated durability testing of the Pt/TisC,Ty catalyst. This is specifically as
he methodology in this report synthesized high specific surface area, or 86 m? g delaminated TisC,Ty
sheets. These sheets, due to their small sizes and increased interfaces therefore possess many porous

regions as shown in Figure 5.25 where trapped intermediates formed from the ORR can further react.

Means of mitigation to the above has been previously investigated by Xu et al. (2020), who have
hybridized TisC,Tx with carbon nanotubes. They then found that the composite material enhances
both durability and ORR activity performance compared to Pt/C. Further mitigation should extend to
optimizing on that work with a focus on tuning the Pt nanoparticle deposition position, and the TisC, Ty

termination groups such that the selectivity of surface activity and durability may ensue.
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Chapter Seven: Conclusions and Recommendations

7.1  Conclusions of the Study

TisC,Tx was first synthesised from hot pressed TisAlC; using in-situ HF methods. Here, it was found that
larger flakes can be synthesized than HF methods due to intercalation performed by Li* ions. The SSA
of flakes synthesised from in-situ methods, however, is limited to below 14 m? g%, For in-situ methods,
etching at a higher temperature, for a longer time and using a 3:1 HCI:LiF ratio provided the most
delaminated flakes. By synthesising TisC;Tx using HF methods, similar conclusions were drawn for
etching time and concentration with the following additional conclusions:

e The SSA of TisC;Tx is dependent on the starting particle size of the TisAIC; MAX phase

e Sonicating for a longer time provides a higher degree of exfoliation

e Grinding before sonicating has significant effects on the performance of the

sonication and by correlation, the SSA of the flakes
e By delaminating and reducing the TisC;Tx flake size, large porous agglomerates of

sheets are formed and held together by van der Waals forces

For the electrochemical performance evaluation, little activity was rendered in initial tests due to poor
support conductivity. The support conductivity was significantly lower than the reported literature
due to its direct relationship to flake size which was significantly reduced in this project to meet the
reported guidelines. The decreased flake size increased the number of sheet interfaces and by virtue,
increased the electrical resistance. The conductivity was possibly further reduced by the Pt deposition

which could have favoured basal over edge anchoring on account of the smaller sheets.

After eliminating the conductivity constraint through the synthesis of a hybrid electrode, it was found
that due to the agglomerated TisC,Tx sheet regions, the entrapment of ORR intermediates occur. These
trapped intermediates then go on to limit catalytic site access and react and form H,0,, irreversibly

damaging the PEFC proton exchange membrane and ultimately rendering the catalyst inactive.

7.2  Recommendations from the Study

The relationship between flake size and conductivity is inversely proportional and, on this basis, in-
situ methods are preferred. However, while conductivity is an essential element for an
electrochemical performance evaluation, the low specific surface area of these sheets, placed it

significantly short of the advanced support requirement which requires high Pt dispersion.
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As expected from the relationship between conductivity and flake size, the high specific surface area
MXene’s synthesized from HF etching was found to be a poor conductor and therefore significant
limitations were posed on electron transport. Given the extremely hazardous nature of HF it should
be investigated to try and find an alternative acid for the etching process. A further limitation resulting

from the high specific surface area MXene application included the entrapment of ORR intermediates.

To mitigate the above concerns, it is recommended to perform density gradient centrifugation to
isolate a specific range of delaminated lateral flake sizes. The uniformity of the flakes will aid in
maintaining a constant degree of electron transport across the support material. It is further
recommended that the ratio of carbon addition is optimized or the use of carbon nanotubes to limit
catalyst support agglomeration is optimized. Lastly, the selectively of the termination groups on the
MXene’s surfaces should be tuned, the material doped, and the Pt nanoparticle deposition position
optimized to increase its activity toward the ORR. These recommendations may allow for the
synthesize a catalyst which can meet the DoE’s PEFC durability targets with similar activity to the

carbonaceous.
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